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B. illMuf}m

MIiI CTapaJIlICb IISOeraTb cIITyaIJ;IIM, KorAa sa CJIOnaMlI

(<JIerKO nOKaaaTb» CKpIiInaIOTCH Hyp,HIiIe II rpoMoSAKIIe BIiI­
KJIap,KII. IIO'lTII Bce peayJIbTaTIiI, p,aHHIiIe B KHIIre, BbIBep,eHJ>I

lIS (mepBIiIX npIIHIJ,IInon» II '1IITaTeJIb cnocooeH npOCJIep,IITb

sa BIiIBOp,OM OT Ha'laJIa p,o KOHIJ,a. MIiI Bcerp,a CTapaJIIICb npo­

CTO II OIiICTpO nOJIy'lIITb Ka'leCTBeHHIiIM pesyJIbTaT, OIJ,eHKy

no nopHp,Ky BeJIII'IIIHIiI, BMeCTO Toro '1TOOIiI IISJIaraTb CJIOmHIiIe

paC'IeTIiI, Bep,yIIJ,IIe K TO'lHOMy oTBeTy.
IIPII HanIIcaHIIII KHIIrII npep,nOJIaraJIOCb, 'ITO '1IITaTeJIb

aHaKOM C OCHOBaMII KBaHTOBOM MexaHIIKII II qJIISIIKII MeTaJIJIOB.

IIepBaH rJIaBa HOCIIT BBOp,HIiIM xapaKTep. B HeM npIIBop,HT­

CH OCHOBHIiIe 3KcnepIIMeHTaJIbHIiIe ~aKTIiI, p,aeTcH KpaTKIIH

O'lepK pasBIITIIH TeopIIII cBepxnpoBop,IIMOCTII II IISJIaraeTCH

TepMop,IIHaMIIKa cBepxnpoBop,HIIKon. BTopaH rJIaBa nOCBH­

IIJ,eHa JIIIHeMHOM 3JIeKTpOp,IIHaMIIKe cnepxnpOBop,HIIKOB Ha

OCHOBe ypaBHeHIIM JIoHp,oHOB. OCHOBIiI TeopIIII cBepx~poBO­

p,IIMOCTII fIIHsoypra - JIaHp,ay - cop,epmaHIIe TpeTbeII rJIa­

BM. B '1eTBepToM rJIaBe IISJIaraeTCH ~IIsIIKa CJIaOOM cBepx­

npoBop,IIMOCTII (3~~eKToB ,D;moae~coHa). 3p,ecb me p,aeTCH
onIIcaHIIe OCHOBHMX npIIHIJ,IInoB paooTM cBepxnponOp,HIIJ,IIx

KnaHTOBMX IIHTep~epoMeTpoB (CKBIIP,OB). IIHTaH rJIaBa no­

CBHIIJ,eHa npOOJIeMaM cBepxnpoBop,HIIKOB BToporo pop,a. B me:

CTOM rJIaBe p,aeTCH IISJIOmeHIIe OCHOBHMX ~IISII'IeCKIIX IIp,eII

MIIKpOCKOnII'IeCKOM TeopIIII cBepxnpoBop,IIMOCTII Bapp,IIHa ­

Kynepa - II1pII~~epa. aT '1IITaTeJIH npII 3TOM
y

TpeoyeTcH
JIIImb caMoe MIIHIIMaJIbHOe SHaHIIe OCHOB KBaHTOBOIIMexaHIIKII.

B 3TOM rJIaBe AaeTcH npep,CTaBJIeHIIe 00 3JIeK~pOH-3JIeKTpOH­

HOM BsaIIMop,eMCTBIIII '1epes ~OHOHM, 00 OCHonHOM COCTOHHIIII

CBepxnpOBop,HIIKa, 00 3HepreTII'IeCKOM IIJ,eJIII II ee sanIICIIMO­

CTII OT TeMnepaTypM. IIoKasMBaeTcH, KaK cyIIJ,eCTnOBaHIIe

3HepreTII'IeCKOM IIJ,eJIII oOyCJIaBJIIIBaeT nOSMomHOCTb oesp,IIc­

CIInaTIIBHoro TOKa. 3aKJIIO'IIITeJIbHaH cep,bMaH rJIana no­

CBHIIJ,eHa IIsy'leHIIIO HeKoTopbIX HepaBHoBecHMx 3~~eKToB

B cBepxnpoBop,HIIKax.
ABTOp pap, BOCnOJIbSOBaTbCH BOSMomHOCTbIO, 'ITOOM IICK­

peHHe nOOJIarOp,apIITb ,D;. A. KIIpmHIIIJ,a, npO'lIITaBmero

pyKonIIcb 3TOM KHIIrII, aa MHOrIle IIHTepeCHMe sa:Me'laHIIH

II p,IICKyCCIIII.
ABTOp npIIHOCIIT CBOIO rJIyooKyIO OJIarOp,apHOCTb K. K. JIII­

xapeBy saoocymp,eHIIe HeKOTopMX BonpOCOB ~IISIIKII CBepx­

npOBop,HIIKOB H sa ero KOHCTpyKTIIBHyIO KPIITIIKY pyKonIIcII

3TOM KHIIrII.

1981-82 rr.
MocKBa- "tJepHOrOJIOBI,a

r JI a n a 1. BBE,ll,EHHE

§ 1. OCHOBHbIe 3KcnePHMeUTaJIbHbIe l{laKTbI

1.1. OTKpbITHe CBepxnpOBop,HMOCTH. CBepxnpoBop,IIMOCTb

OMJIa OTKpMTa B 1911 r. B fOJIJIaHp,11l1 n JIeMp,eHcKoM JIaoopa­

TOpIIII. KaMepJIIIHr OHHec, Ilsy'laH aaBIICIlMOCTb 3JIeKTpOCO­

npOTIIBJIeHIIH pTyTII OT TeMnepaTypM, oouapymIIJI, 'ITO npII

TeMnepaType OKOJIO 4 K conpOTIlBJIeHIIe oopasIJ,a BHesanHO
IIC'IeSJIO II He OMJIO oOHapymeHo npII Bcex p,OCTIImIIMMx TeM­

nepaTypax mIme 3TOM [61. BamHo, 'ITO conpOTHBJIeHIIe IIC­

'1esaJIO He nOCTeneHHO C YMeHbmeHIIeM TeMnepaTypM, a cpasy,

CKa'lKOM. CTaJIO HCHO, 'ITO OopaseIJ, nepemeJI B KaKoe-TO

HOBoe, p,o Tex nop He IISBeCTHoe COCTOHHIIe, B KOTOpOM OH

He IIMeeT 3JIeKTpII'IeCKorO conpOTIlBJIeHIIH. 8TO HBJIeHIIe OMJIO

HaaBaHO cBepxnpoBop,IIMOCTbIO.

Bce nOllMTKII oOHapymIITb XOTb KaKIle-TO CJIep,M conpo­

TIIBJIeHIlH y MaCCIInHIiIX cBepxnpoBop,HIIKOB HII K '1eMy He

npIIBeJIII. lIcnoJIbsyH cOBpeMeHHMe '1YBCTBIITeJIbHlile npIIoopM

MM MomeM yTBepmp,aTb, 'ITO conpOTIIBJIeHIIe CBepxnpOBOp,­

HIIKOB OTcyTcTnyeT no KpaMHeM Mepe Ha ypoBHe 10-24 OM ·CM.

,D;JIH cpaBHeHIIH yKameM, 'ITO yp,eJIbHOe conpOTIIBJIeHIIe

o,'1eHb '1IICTOM Mep,II npII TeMnepaType 4,2 K IIMeeT nopHp,oK
10- 9 OM·CM.

BCKope nOCJIe OTKplilTIIH cBepxnpoBop,IIMOCTII pTyTII OMJIO

oOHapymeHo, 'ITO aTIIM CBOMCTBOM OOJIap,aIOT II HeKOToplile

p,pyrIIe MeTaJIJIM: OJIOBO, CBIIHeIJ" IlHp,IIM, aJIIOMIIHIIM, HIIO­

OIIM II p,p. CBepxnpOBop,HIIKaMII OKaSaJIIICb II MHorIIe CnJIaBM

II IIHTepMeTaJIJIlI'IeCKIIe coep,IIHeHIIH.

TeMnepa'l'ypa, npII KOTOpOM npOIlcxop,IIT nepexop, lIS

HOpMaJIbHojo COCTOHHIIH B CBepxnpOBop,HIIJ,ee, HaSMBaeTCR

KpIITII'IeCKOM II OOOSHa'laeTCH Te' O'leHb CKOpO nOCJIe OT­

KPlilTIIH CBepxnponop,IIMOCTII OMJIO oOHapymeHo, 'ITO cnepx­

nponop,IIMOCTb MomHO paspymIITb He TOJIbKO HarpeBaHIIeM

OopaaIJ,a,! HO II nOMeIIJ,eHIIeM ero B cpanHIITeJIbHO CJIaOoe
MarHIITHoe nOJIe. 8TO nOJIe HaSBaJIII KpIITII'IeCKIIM nOJIeM

MaccIIBHoro MaTepIIaJIa II OOOSHa'lIIJIII Hem B OTJIII'IIIe OT
KpIITII'IeCKIIX nOJIeM nJIeHOK, TOHKIIX HIITeM, mapIIKon II T. p,.
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PIIC. 1.1. 3aBlIcIIMoCTb KpllTII­
qeCKOrO nOJUI Hem OT TeMnepa­

TypbI.

t ~ "I I L'lllll"I"~"l""c TCMllCIJ8TYIlbi II W.l,IITll'lCClmeI , a 0 ~] If 1.I, a . 1\ .il-..- l.. ,-" , ,~, - " '"-'I

Jllal'HIiTH;,:e IIO;W ;W:C}WHTOll-CBi:,pXnpoBoJJ;HlIKOB [I].

aJle~I(HT
T e• K Hem (0), 3

Al 1,175±O,O02 lOti, 9 ±O,3

Be 0,026
28+1

Cd 0,517±O,O02
59;2±0,3

Ga 1, 083±O, 001
HI 0,128

411±2
Hg (a) 4,154±O,O01

3,949 339
Hg (p)

3 /108+0,001 281,5±2
In

0: 11251::0,001 16+0,05
Ir

4,88±O,02 800+10
La (a) 1096;- 1600
La (p) 6,lJO±O,1

<400
Lu 0,1

96+3
Mo O,915±O,O05

2060f50
l'Ib 9,25±O,02
Os 0,(j6±0,03 70

Pa 1,4
803+17 19CHO,OO6Pb

1: 697 fO, 006 200+5
Re o 49+0,015 69+2
Ru

3:72210 ,001 305+2
Sn 82916Ta 4 47+0,04

7:8£0,01 1410
Tc 160±3
Th 1 38+0,02

0:4010,04 56
Ti 178±5
TI 2,38 +0,04

5 40+0,05 1408
V 0'0154+0,0005 1,15±O,03
W 0' 850+0,01 54±O,3
Zn

0:61£0,15 47
Zr

BeJIR'IIIHbI Te H, Hem ~JIH ::meMeHTOB-CBepXnpOBO~HRROB

npHBe.o;eHl>I B Ta6JI. 1.1.
3 H (0) - RpHTH'IeCROe none, ::mcTpanOJIHpOBaH-

.o;eCb em 3 h H OT
Hoe R a6COJIIOTIIOMy HyJIIO TeMnepaTypl>I. aBHCHl\:,OCT em u

TeJl.-WepaTypl>I xoporno OnHCblBaeTCH 3MnHpR'IeCROH <pOpMyJIOH

Hem(T)= Hem (0)[1- (TITe?]. (1.1)

8Ta aaBRCHMOCTh npRBe.o;eHa Ha pRC. 1.1. 8TOT pRCyHOR no­

cym;eCTBY npe.o;CTaBJIHeT C060H <paaOBYIO P;Harpa~JI.-)IY ~Begx­
npOBO;rvnn;ero COCTOHHllH B Roop.o;HHaTax (H, . IO a~

"TOUu TIJIOCROCTU JIemUm;aH B aamTpuxOBaHHOH
~_MD., !
06JIaCTH, COOTBeTcTByeT CBepxnpOBO.o;Hm;eMy COCTOHHRIO.:

1.2. KB8UTOBauue lU8rUIITuoro UOTOR8. 8JICRTpU£IeCRHM

TOR B MaCCHBlIOM CBepXnpOBO~Hm;eMROJIhU.e MOiI\eT Cym;ecTBo­

BaTb HeOrpaHlPIeHHO ~OJIro. IIpH nOM, ROHe'IHO, UHRaIwro

IICTO'IHHRa TORa He Tpe6yeTcH, TaR RaR conpOTHBJIellHe ROJIh­

n;a paBlIO UYJIIO. Coa~aTh TaIWH ueaaTyxaIOm;HH TOR MomllO

CJIe~YIOm;HM 06paaOl\L IIoMecTHM ROJIbU.O npH T > Te no

BuemHee MarHHTuoe nOJIe, TaR 'IT06b1 MarHUTUble CHJIOBhIe

JIHlHIH npOXO~IIJIH 'Iepea oTBepcTHe ROJII'U.a. IIepene~mI

ROJIhU.0 n CBepxnpoBO~Hm;ee COcToHHIIe, T. e. nOUHaHM TeM­

nepaTypy HHJI~e Te, H nblRJIIO'IHM nOCJIe nora HCTO'IUHR

MarUHTHoro nOJIH. B nepBbIii

MOMeHT BblRJIIO'IeUHH nOJIH Hemin!
MarUHTHblH nOTOR BHyTpH Ha'I- H;;l{J)
HeT YMeUhmaThCH H, no aaRoHy

l3JIeRTpOMarHHTHOH IIH~YRn;HH

<Papa~eH, HH~yn;HpyeTB ROJIh­

n;e TOR, ROTOpblH yme He aaTy­

XHeT. 8TOT TOR 6yp;eT npenHT­

CTBOBaTh YMeUhmeHHIO MarUHT­

Horo nOTORa n ROJIhu.e, T. e.

6y~eT Teneph, nOCJIe BblRJIIO­

'IeUHH BHemuero HCTO'IUHRa

MarUHTuoro nOJIH, caM nop;~ep­

mHBaTh nOTOR B ROJIl?u.e ua

npemueM ypoBue. )l;eHCTBHTenb­

HO, eCJIII 6b1 ROJIhn;O 06JIap;aJIo

RaRHM-TO conpOTHBJIeUHeM R,
TO nOCJIe BblRJIIO'IeHHH nHern-

Hero nOJIH nOTOR B ROJIhn;e aaTyx 6b1 aa npeMH nopH~I~a

L/R, rp;e L - HH~YRTHBHOCTh ROJIhu.a, uo n cBepxnpoBo~H­

m;eM ROJIhn;e R=O, II TaRoe a8TyxaHHe 6y~eT npo~OJImaTl>CH

6eCROHe'IHO ~oJIro. 8TO aHa'IHT, 'ITO B ROJIhn;e ORaaaJICH «aa­

MOpomeHUblM>) MarHHTHblH nOToR, a no ROJIbn;y u.HpRynHpyeT

HeaaTyxaIOm;HH TOR. 8TO - TaR uaablBaeMblH CBepxnpOBO~H­

m;HH TOR, HJIH CBepXTOR.

Ha nepBblH BarJIHp; RameTCH, 'ITO BeJIH'IHUa «aal\wpOJl{eu­

Horo>) B ROJIhu.e MarHHTHoro nOTORa MOJl~eT 6b1Th npOHa­

BOJIhUOH. ,IJ;JIH HCCJIep;OBaUHH ::noro Bonpoca 6b1JIH nOCTanJIeHl,I

::mcnepHMeHTbI [8, 9J, ROTopble 060raTHJIlI Hac naJlmeiirnmI

::mcnepHMeUTaJIhHblM <paRTOl\I: MarHHTHblH nOTOR B nOJIOM

CBepxnpOBO~Hm;eMn;HJIHH~pe MomeT nplIUHMaTh TOJIbRO 8Ha­

1J:eHHH, RpaTHble ueROTopOH BenH1J:HHe cDo=2,07 ·10- z fC'CM2,

ROTOpyIO Haal>IB8IOT RBaUTOM MarHHTHoro nOTORa. RBRUT

MarHHTHoro nOTORa MomeT 6b1Th BblpalfieH 'Iepea <pYH~aM€H­

TaJIhHLle ROHCTallTbI: <Po=1rnc/e, r~e n - nOCTOHHHaR

•



::me:kTplItIeCRoe nanplDHeHne. OKa3LIBaeTCH, 'lTO 3TO HanpJI­

meHHe, KpOMe nOCTOHHHOH COCTaBJIHIOm;eH V, OYJJ;eT HMeTb

em;e ~ nepeMe~HYIO COCTaBJIHIOIJJ;YIO, OCIJ;HJIJIHpyIOm;yro C yr­
JlOBOH 'IaCTOTOH w, rrplI'IeM

rotE=-~ an
c at'

~~~~ E~~OPOCTbCBeTa B .BaKYyMe. Ho B IIJJ;eaJIbHOM npOBOJJ;­
H - , TaK I,aK E=lP, rJJ;e P - yJJ;eJIbHoe conpOTIIBJIe-

lIe, KOTopoe B HameM cJly'Iae paBRO HyJIIO, j _ nJIOTHOCTb

~:BeJJ;eHHOrO TOKa. OTcIOJJ;a CJIe.o;yeT, 'ITO B=const HO no-

B
~JlObRY )J;O BReceHIHI oOpa3IJ;a B nOJIe B =0 TO H~HO 'ITO
- II nOCJIe BH 8"eceHHH B nOJIe. TO MOl-KRO IIHTepnpeTHpo-

BaTb e~e II TaK: nOCKOJIbKY p=O BpeMH npORlIKROBeHHH
MarHHTHoro nOJlH u'
HOc B H)J;eaJIbHbIH npOBOJJ;HHK paBHO 6eCKOHe'I-

TH.

.J

<DYHJJ;aMeRTaJIbHbIH 3KcnepHMeRT no npHMOMy oOHapyme­

HHIO SToro H3JIy'IeHHH H3 JJ;l-K03etPCOHOBCKoro nepexoJJ;a lIJlH

HHa'Ie, JJ;m03etPCOHOBCKOH reHepaIJ;HH, ObIJI ycnewHo np~BeJJ;e~
COBeTCKHMH tPH3HKaMH J1 K HHCOHOM B M C

Til" ", • • BHCTyHOBbIM
II .n. M. )J;MIITplIeRKO [11 J.

1.4. 3lJ!ifleKT MeiiccHepa - OKceHlJ!eJlb)J;a. IJ;eJIbIX 22 rO)J;a

nOCJIe OTKpbITIIH cBepxnpoBoJJ;IIMOCTH C'IlITaJlOCb, 'ITO CBepx­

npOBOJJ;RIIK - STO lIJJ;eaJIbHbIH npOBO)J;HHK, T. e. npOCTO Me­
TaJlJI C HyJIeBbIM yJJ;eJIbRbIM conpOTIIBJleRHeM.

PaCCMOTpHM, KaK JJ;OJImeR BeCTH ceOH TaKon H)J;eaJlbHbIn

npOBOJJ;RHR B CJIaOOM BHeWHeM MarHHTHOM nOJIe, 'KOTopoe

em;e Re MomeT pa3pYWHTb ero lI.o;eaJIbRYIO npOBO)J;IIMOCTb.

ITYCTb B IICXO.o;HOM COCTOHHHII H)J;eaJlbRbIH npOBOJJ;RHK OX­

JlamJJ;eH HHtRe KpIlTH'IeCKoH Te:r.mepaTypbI H BHemHee Mar­

HHTHoe nOJle OTCyTcTByeT. BHeceM Tenepb TaKon lIJJ;eaJlbHbIn

npOBo.o;~HR BO BHeWHee MarRHTHoe nOJIe. I13 06~IIX co06­

pameHIIH JlerKO yCTaHoBHTb, 'ITO STO nOJle B Ram 06pa3eIJ;

He ~pOHIIRaeT, 'ITO CXeMaTH'IeCRII H306pameHO Ra PHC. 1.2, a.
)J;eHcTBIITeJIbHO, cpa3y no nOHBJIeRHH BReWRero nOJlH Ha

nOBepxH,?cTH H.o;eaJIbHOro npOBOJJ;HHKa B03RHKaeT TOK co­

3)J;arom;HH no npaBHJIy JIeHIJ;a CBoe COocTBeHHoe MarR~THoe
nOJIe, HanpaBJIeHHOe HaBCTpe'Iy npHJIOmeHHoMy, II nOJIHOe
nOJle B oopa3IJ;e 6YJJ;eT paBHO HyJIIO.

)J;oKameM 3TO, BOCnOJIb30BaBWHCb ypaBReHIIHMII MaKCBeJI­

Jla. ITPII I13MeHeHHII IIHJJ;YRIJ;IIH B BHyTplI oopa3n;a )J;OJImHO
B03HHRHYTb 9JIeKTpH'IeCROe nOJIe E;

ITJlaHKa, C - CKOpOCTb CBeTa B BaKyyMe, e - 3apHJJ; :me­

KTpOHa.

KOHe'IHO, 3TH HCCJleJJ;0BaHHH (1961 1'.) ObIJlH npe.o;npH­

HHTbI He cJlY'IaHHO. Y.o;HBHTeJlbHO JJ;al-Ke, 'ITO OHH He ObIJlH

npOBeJJ;eHbI paHbwe, nOToMy 'ITO yme K cepeJJ;HHe 30-x ro.o;OB

CJlO/KHJlOCb MHeHHe, 'ITO CBepxnpOBOJJ;HMOCTb - 3TO KBaHTO­

Boe HBJrtlHHe.

1.3. 3.pifleKTbI ,I:(mo3elJ!coHa. ,D;PYI'HM nOJJ;TBepl-K.o;CHI:IeM

Toro, 'ITO CBepxnpOBo.o;HMOCTb HBJlHeTCH KBaHTOBbIM 3tPtPeK­

TOM, CJlYl-KaT 9tPtPeKTbI TaK Ha3bIBaeMOH CJlaOOH CBepxnpOBO­

JJ;HMOCTH, HJlH 3tPtPeKTbI .n:l-K03etPCOHa [10]. ITpe.o;CKa3aHHbIe

B 1962 ro.o;y, OHH BCKope ObIJlH 3KcnepHMeHTaJlbHO oOHapy-

meHbI. IQ'1

ITOJJ; CJlaOOH CBepxnpOBo.o;HMOCTbIO nOHHMaeTCH TaKaH

cHTyaIJ;HH, Kor.o;a JJ;Ba CBepxnpOBOJJ;HlIKa coe.o;HHeHbI MeJI,JJ;y

COOOH KaKOH-JlHOO CJlaOOH CBH3bIO. TaKoH CJlaOOH CBH3bIO

MomeT ObITb TYHHeJlbHbIH nepexoJJ;, TOHKOnJleHO'IHOe cyl-KeHHe,

npOCTO cJlaooe KacaHHe .o;ByX CBepxnpOBo.o;HHKOB Ha MaJlOH

nJlO~aJJ;H H JJ;pyrHe nOJJ;OOHbIe «oCJlaOJleHHH» CBepxnpOBOJJ;H­

MOCTH KOHTaKTa Mel-K.o;y JJ;ByMH CBepxnpOBOJJ;HHKaMH.

Pa3J1H'IaIOT JJ;Ba 3tPtPeKTa )J;l-K03etPCOHa: CTaIJ;HOHapHbIH II

HeCTaIJ;HOHapHbIH.

OCTaHOBHMCH cnepBa Ha CTaIJ;HOHapHOM 9tPtPeKTe. ITpo­

nycTHM TOK 'Iepe3 cJlaoyIO CBH3b (lIJlH, HHa'Ie, 'Iepe3 nepexo.o;

,1];m03etPCOHa). OKa3blBaeTCH, 'ITO, eCJllI TOK .o;OCTaTO'IHO cJla­

ObIH, OH npOTeKaeT 'Iepe3 CJIaoyIO CBH3b 6e3 conpOTlIBJIeHlIH,

JJ;ame eCJlH caMa cJIa6aH CBH3b CJJ;eJIaHa H3 HeCBepxnpOBOJJ;H­

m;ero MaTepHaJIa, HanplIMep B TyHHeJIbROM nepexoJJ;e - H3

H30JIHTopa. 3.o;eCb MbI caMbIM Renocpe.o;CTBeRRbIM oopa30M

CTaJIItHBaeMCH C BaII\ReHmlIM CBOHCTBOM CBepxnpOBOJJ;HlIKa ­

COrJIaCOBaRRbIM, KorepeRTRbIM nOBe.o;eHHeM ero 9JIeKTpOHOB.

8JIeKTpOHbI JJ;BYX CBepxnpOBOJJ;HHKOB C nOMO~bIO CJIaOOH

CBH3H OO'beJJ;HRHJIlICb B e.o;HHbIH KBaHTOBbIH KOJIJIeKTlIB.

To me MomHO CKa3aTb 1I nO-JJ;pyroMy. BOJIHOBaH tPyRKIJ;HH

SJleKTpOHOB C OJJ;ROH CTOPORbI CJIaOOH CBH3H, npoRlIKRyB

'Iepe3 3Ty CBH3b Ra .o;pyryIO CTOpORy, npolIRTePtPeplIpOBaJIa

C «MeCTHOH» BOJIROBOH tPYRKIJ;lIeH 9JIeKTpOHOB. B pe3YJIbTaTe

Bce CBepxnpOBOJJ;Hm;ue 9JIeKTpOHbI C ooeux CTOpOH CJIaOOH

CBH3H CTaJIH onUCbIBaTbCH eJJ;uRoH BOJIROBOH <pYRKIJ;ueH.

ITPH 9TOM CJIaOaH CBH3b He JJ;OJIl-KRa CHJIbHO H3MeRUTb BOJI­

ROBbIe tPyHKIJ;HU C JJ;BYX CTOpOH CBH3H ITO cpaBReRHIO C TeM,

KaKUMU OHH ObIJIU .0;0 yCTaHOBJIeHHH STOH CBH31I.

l.t~ Em;e OOJIee Bne'IaTJIHIOm;UM HBJIHeTCH ReCTaIJ;HORapHbIH

StPtPeKT ,D;l-K03etPCOHa. YBeJIU'IHM nOCTOHHRbIH TOK 'Iepe3 cJla­

6yIO CBH3b RaCTOJIbKO, 'ITOObI RU HeH IlOHBHJIOCb ReKoTopoe

8
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ihaK, llBeceHHbllI no llHGllIIWe Mal'IIIl'rHOe nO.TIe ili.\caJlb­

Hblll npOBO,ll;HIlK IIMeeT B=O B .TlI060ll TO'lKe 06pasI.l,a. O,ll;HaKO

Toro me COCTOHHlHI (lI,ll;eaJIbHhlH npOBO,ll;HIIK nplI T < To
BO BHemBeM MarHIITHOM nOJIe) MomHO ,ll;OCTlIrHYTb II ,ll;pyrlIuM

nyTeM: cnepBa HaJIOmIlTb BHemHee nOJIe Ha «TenJIhlIl»

oopasen;, a saTeM OXJIa,ll;I1Tb ero ,ll;0 TeMnepaTyphl T < To'
3JIeKTpo,ll;I1HaMIIKa npe,ll;cKashlBaeT ,ll;JIH I1,ll;eaJIbHOrO npo­

nO,ll;HIIKa cOBepmeHHo ,ll;pyroH pesyJIbTaT. .IJ:eHcTBIITeJIbHO,

oopasen; npH T > Te IIMeeT conpOTIIBJIeHIIe II MarHIITHoe

nOJIe B Hero xopomo npOHIIKaeT. IIocJIe OXJIam,ll;eHIIH ero

HIIme To nOJIe OCTaHeTCH B oopasn;e. 3Ta cIITyan;HH IIsoopa­

meHa Ha pIlC. 1.2, 6.

(2.1 )B=Ho+41tM,

IIo CBOHM MarBHTHhlM CBOHCTBaM CDepXrrpOBO,ll;HHHH ,ll;e­

JIHTCH Ha CBepxnpOBO,ll;HIIKH rrepBoro po,ll;a H CBepXrrpOBO,ll;­

BIIKH BToporo pOAa. It CBepxrrpOBOAHHKaM nepBoro pOAa

OTHOCHTCH Bce 3JIeMeHThl-cBepxrrpOBOAHI1KI1 KpoMe HHOOHH.

HIIOOI1H, cBepxnpOBOAHIIJ;I1e CrrJIaBhl I1 XHMII'IeCKl1e coeAH­

BeHIIH HBJIHIOTCH cBepxnpOBOAHI1KaMH BToporo pOAa.

fJIaBHOe OTJIII'Il1e 3THX AByX rpynrr cBepxnpOBoABHKOB

SaKJIIO'IaeTCH B TOM, 'ITO OHH no-paaHoMy OTKJIHKaIOTCH Ha

BHellHee MarHIITHoe nOJIe. 3cPcPeKT MeHCCHepa - OKceH­

cPeJIbAa (§ 1) HaOJIIOAaeTCH y cnepxnpoBOAHIIKOB nepBoro

pOAa.

2.1. MarBIITBbIe CBOHCTBa cBepxnpOBO,ll;BHKOB nepBoro

pOAa. PaccMoTpIlM KPIlBYIO BaMarHHqHBaBHH CBepxrrpOBOA­

BIlKa. IIYCTb oopasen; rrpeACTaBJIHeT COOOH AJII1BBhlH n;I1JII1B,ll;p,

nOMeIIJ;eHBhlH B np0,ll;OJIbHOe BHellHee MarHHTHoe nOJIe Ho•
C yneJIIflleBHeM nOJIH Ho I1H,ll;YHn;IIH nHyTpH CBepxnpOBOA­

HHI\a He oy,ll;eT I1SMeHHTbCH, OHa OCTaHeTCH paBHOH B =0.
II03TOMY KpHBaH HaMarHl1'1HBaHHH B=B (Ho) OYAeT IIMeTb

BHA, HaoopameHHhlH Ha pHC. 2.1, a. KorAa H o CTaHeT paB­

HhlM Hem' CBepxnpOBO,ll;HMOCTb paapylllITcH, nOJIe rrpOHI1KHeT
B cBepXnpOBO,ll;HHK I1 B CTaHeT paBHhlM lIo•

MarHI1THaH I1H,ll;YKI.l,I1H B I1 HarrpHlf\eHHOCTb nOJIH Ho
CBHsaHhl I1SBeCTHhlM COOTHOlleHlIeM

divB=O.
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§ 2. MarHHTHbIe CBOHCTUil CtiCpJl.lIpUDUIV..'l....UD

r,ll;e M - MarHHTHhlH MOMeHT e,ll;HHI1I.l,hl OO'beMa oopasn;a.

llacTo KPHBYIO HaMarHl1'1HBaHHH CTpOHT B BH,ll;e aaBI1CIIMOCTI1

BeJIl1'1l1Hhl -47tM OT H o• oTa SaBI1CHMOCTb nplIBeAeHa Ha

pllC. 2.1, 6. BhlBe,ll;eM OCHOBHhle MarHI1THhle CBoHcTBa cBepx­

npoBoAHllKOB rrepBoro pOAa lIa ypaBHeHllH (1.3) II (1.4) [131.
1) MarHllTHhle CI1J10Bhle ,TllIHlll1 BHe cBepxnpoBoAHHKa

BcerAa KaCaTeJIbHhl K ero nOBepXHOCTII. )J;eHcTBHTeJIbHO, Mhl

SHaeM HS 3JIeKTpO,ll;I1HallHIKll, 'ITO MarHllTHhle CI1JIOBhle JlII­

HIIII, T. e. JIllHlIll BeKTopa I1H,ll;yI'I.l,llll B HerrpephlBHhl II saMK­

HyThl. OTO MOmHO CcP0PMYJIl1pOBaTb B BI1,ll;e ypaBHeHllH

OrCIOAa CJIeAyeT, 'ITO HOpMaJIbHhle COCTaBJIHIOIIJ;lle BeKTopa B
K nOBepXHOCTH JIIOOOrO MaTepIIaJIa BHyTpII II cHapymII AOJImHbI

OhlTb paBHhl. Ho BHyTpl1 CBepxrrpOBOAHHKa B{i)=O, CJIeAO­

BaTeJlbHO, II HOpMaJIbHaH IWMrrOHeHTa BAil =0. CJleAOBaTeJIbHO,

HOp:'W.'lbIIaH IWMIIOHeHT11 n;,'1 BUO CBep';'ljY)'l'JJ{HllKa na erd
(1.3)

(1.4)

Puc. 1.2. MarHuTHoe COCTOH­
lIue lIAeaJIbliOrO npoBoA­
1I1IRa nplI l' < To. H > 0
aaBUCUT OT rrpeAbIcTopUU:
a) I1AeaJIbHbIH npoBoAIIUR
BHeceH B MarHUTHoe I10JIe
npu l' < 1'0' 6) TO me,

HO npu l' > To. ,.

p=o,

B=O.

oj

OOpaTl1Te BHI1:MaHIle IIa TO, 'ITO BO Bcex npep,bl,ll;yIIJ;IIX pac­

cym,ll;eHIIHX Mbl BCer,ll;a HaahlnaJIII oopaaen; B COCTOHHIIU p=O
lI,ll;eaJIbHhlM npOnO,ll;HIIKOM, a He CBepXrrpOBO,ll;HIIKOM •

.IJ:0 1933 r. C'IIITaJIOCb, 'ITO CBepXnpOBO,ll;HIIK - 3TO II eCTb

I1,ll;eaJIbHhlH npOnO,ll;HIIK. Ho BOT MeHCCHep I1 OKCeH<peJIb,ll; [12]
rrOCTaBIIJIII orrhlT II oOHapymIlJII1, 'ITO 3TO He TaK! OKaaaJIOCb,

'ITO nplI T < Te 'lIOJIe n oopaan;e paBHO HyJIIO BCer,ll;a (B =0),
HeaaBI1CIIMO OT rryTI1 rrepeXO,ll;a K yCJIOBIIIO T < To rrpl1 Ha­

JII1'1I1I1 BHellHero MarHHTHoro nOJIH.

3TO OhlJIO 'IpeaBhl'laHHO BamHoe OTKpiiITl1e. Be,ll;b eCJIII

B =0 HeSaBI1CHMO OT rrpe,ll;hlcTOpIlI1 oopasn;a, TO 3TO paBeHCTBO

MomHO paCCMaTpl1BaTb KaK xapaKTepl1CTI1Ky CBepXrrpOBO,ll;H­

IIJ;ero COCTOHHHH, KOTopoe BosHHKaeT rrpl1 H < Hem' Ho

Tor,ll;a MomHO paCCMaTpHBaTb nepexo,ll; n CBepxnpOBOp,HIIJ;ee

COCTOHHl1e KaK cPaaoBhlif rrepexo,ll; B HOBoe cPasonoe COC
u
TOHHl1e

I1 HCnOJIbaOBaTb ,ll;JIH I1CCJIe,ll;OBaHI1H CBepxnpOBOp,HIIJ;el1 cPashl

BeIIJ;eCTna nCIO MOIIJ;b TepMO,ll;HHaMI1'1eCKOrO nop,XO,ll;a.

IlTaK, CBepxnpOBO,ll;HIIJ;ee COCTOHHHe y,ll;OBJIeTDopHeT ypaB­

BeIlHHM
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Puc. 2.1. a) KpuBaH HaMa­
rHUqHDaHHH CBepxnpOBOA­
HHRa, 6) 3aBHCHMOCTb Mar­
HIITHoro MOMeHTa ep;HHHl~hI

06'beMa M OT Ho B cBepx-
npoBop;HlIKe.

r}];e I - nOJIHbIll TOR, npOTeRaIOm;llll: 'lepe3 nOBepXHOCTb,

OrpaHII'leHHyIO ROHTypOM 1-2-3-4-1. OTCIO}];a CJIe}];yeT,

'ITO nepneH}];IIRyJIlIpHO nJIOCROCTII 'lepTe~Ra B HanpaBJIeHIII1

(<aT HaC» (TaR, RaR 8TO nORasaHO Ha pllC. 2.2) no nOBepxHocTll

cBepXnpOBO}];HIIRa Te'leT nOBepXHOCTHIilll: TOR, JIllHell:HaH

nJIOTHOCTb ROToporo jrroB onpe}];eJIHeTClI llS ypaBHeHllJJ

H l [4rc. l
012= - JIlOB 12'C

(2.2)

PRC. 2.2. IIo nOBepxHocTII cBepxnpoBop;HIIKa, Haxop;Hm;erOCH BO
BHeillHeM MarHIITHOM nOJIe, TeqeT nOBepxHocTHhIH TOK.

uarHllTHIilM nOJIeM Ha nOBepXHOCTH CBepXnpOBO}];HHRa:

*) IIop; 0P;HOCBH31IbIM TeJIOM nOHHMaeTCH TaKoe TeJIO, B KOTOPOM
MOllllIo IIPOH3BOJIbHblH ~3aMKHYTblj,j IWHTyp CTHHyTb:n TOqKy,~He nepe­
ceRaH npil ::ITOM HIIrp;ei..rpalIHI~ TeJIa.

~ I r-----------,2. BOII!J!JM

4t~~,,#;h~/~/J/
Jno6 4~ - - __ -- - -- JJ C(jep:rop

r}];e n - e}];IIHll'lHbIll: BeRTop BHemHell: HOpMaJIll R nOBepx­

HOCTIl cBepXnpOBO}];HIlRa.

lITaR, nOBepXHOCTHbIll: TOR jnoB nOJIHOCTbIO Sa}];aH Mar­

HIlTHIilM nOJIeM Ha nOBepXHOCTII CBepXnpOBO}];HIIRa Ho• lIHbIMIl

CJIOBaMIl, nOBepXHOCTHbIll TOR aBTOMaTII'leCRII CTaHOBIITCH

TaRIlM, 'lTOObI ero COOCTBeHHoe MarHllTHoe nOJIe BHYTPll CBepx­

npOBO}];HIIRa ObIJIO B TO'lHOCTII paBHO II npOTIIBOnOJIOmHO no

VJ,V~""M- ~---r"Iv--

HanpaBJIeHIIIO BHemHeMy nOJIIO, "'lTO oOeCne'lIlBae"T oTcyTcTBIIe

pesyJIbTIIpyIOm;ero nOJIH BHyTpII cBepXnpOBO}];HllRa (B =0).
3) Y RameM na em;e O}];HO nO'lTll O'leBII}];HOe CBOllCTBO:

B O}];HOCBlISHOM *) CBepXnpOBO}];IIIIRe TORII no ero nOBepx­

HOCTll TeRyT TOJIbRO TOr}];a, ROr}];a OH Ha:tO}];HTCH BO BHemHeM

MarHIITHOM nOJIe. ,I!;ell:CTBIITeJIbHO, eCJIll nOBepXHOCTHIile TORII

COXpaHlIIOTClI II nOCJIe OTRJIIO'leHIIlI BHemHero nOJIH, TO OHll

COS}];aIOT CBoe nOJIe B CBepXnpOBO}];HIIRe, 'ITO HeBOSMomHO.

3ap;aqa 2.1. I{aKoH TOI, TeqeT no nJIOCKOH nOBepxHocTII CBIIHl~a

B IIOJIOCe illllpHHOH 1 CM, eCJIll 06pa3el~ lIaxop;HTCH B KpHTHqeCKOM IIOJIe
npII TeMnepaType 4,2 K?

P e ill e H II e. IIoBepxlIocTHaH nJIOTHOCTb TOKa fnoB onpep;eJIHeTCH
<POPMYJIOH (2.2). IIoJIe H o Hyllmo nOJIOll<I1Tb paBHhIM KpHTHqeCKoMy
P;JIH TeMIIepaTyphI 4,2 K COrJIaCHO <popMYJIe (1.1). B pe3YJIbTaTe nOJIy­
qllM fnOB=422 A/cM.

2.2. ITpoMemyTO"'lHOe COCTOHHlle. MbI yme 3HaeM, 'ITO

paspymeHlIe CBepXnpOBO}];IIMOCTII }];JIllHHOro IJ;IIJIIIH}];pa llS

CBepXUpOBO}];HIIRa nepBoro po}];a B O}];HOP0}];HOM MarHIlTHOM

aJ

/
/

/
/

/
/

/
/

/
/

/

o

o

8
I

-4ft'"

nOBepXHOCTII TOme paBHa Hymo. 110 paBeHCTBO Un"' =U

RaR pa3 II 03HR'laeT, 'ITO MarHIITHbIe CI1JIOBbIe JIIIHIIII Raca­

TeJIbHIil R nOBepXHOCTII cBepXnpOBO}];HIIRa.

2) CJIe}];CTBHeM npe}];bI}];ym;ero CBollcTBa HBJIHeTCH TO, 'ITO

no nOBepXHOCTH CBepXnpOBO}];HIIRa, HaXO}];Hm;erOCH BO BHeIIl-

HeM MarHIITHOM nOJIe, BCer}];a Te­

'leT nOBepXHOCTHIilll 8JIeRTpR'le­

CRIIll TOR. PllC. 2.2 llJIJIIOCTpH­

pyeT 8TO yTBepm}];eHlle. IIycTb

Ho - nOJIe B }];aHHOM MeCTe no­

BepxHocTH cBepXnpOBO}];HllRa. lI3

ypaBHeHllH MaRCBeJIJIa rot B =
= (4 '1tlc) j CJIe}];yeT, 'ITO BHyTpII

H
o

CBepXnpOBO}];HIIRa HeT OO'beMHOrO

TORa 0=0), TaR RaR B=O. 3Ha­

'lHT, B03MomeH TOJIbRO nOBepx­

HOCTHblll TOR. PaCCMOTpllM ROHTyp

1-2-3-4-1 Ha pHC. 2.2 II

B03bMeM IJ;HpRyJIlIIJ;HIO f B d I BeR­

Topa B no 8TOMy ROllTypy. Ha

yqaCTI,e 1-2, ROTOPbIH napaJIJIe­

H
o

JIell ~oBepxuocTH CBepXnpOBO}];-

UMRa, ~ B dl = H ol l2 , r}];e l12-

1
}];JIMUa yqaCTRa 1 - 2. BRJIa}]; OT

yqaCTROB 2 - S II 1 - 4 paBeu

UyJIIO, TaR RaR ll3 COOOpaiI{eUllH

CI1MMeTpMll MomllO yTBepm}];aTb,

'ITO BeRTOp B ua 8TMX yqa­

CTRax opTOrOnaJIeu nyTII IIuTerpMpOBaUMfl. BRJIa}]; yqaCTRa

3 - 4 Tome uyJIeBOH, TaR RaR B=O BllYTPll CBepXnpOBO}];llllRa.

11TaR, f B dl = HOl12' Ho COrJIaCllO ypaBHellllIO MaRCBeJIJIa

f B dl = :rc I,

12
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n

o
1{2
1{3
1

reOMCTpilli o6pas~a

UUJUlH,!\P napaJIJIeJIeH noma
UUJIUH,!\P nepneHAuKyJIlIpeH nomo
map
IIJIOCKall nJIaCTUHKa, neprreRAllKyJIllpHall noma

IIcnonbsyJl 8Ty TaOJIll~y, nerRO BhI<J:IICJIUTb nOJIe H o,
npH KOTOpOM TeJIO TOH lIJIH JIROH .pOPMhI nepexo.a;UT B npo­
MemyTOqUOe COCTOJlHlle. 8TO npOIICXOP;IIT Torp;a, Hor.a;a nOJIe

Hm .a;OCTuraeT SUaqeHIIH Hem' 8TO SHaqlIT, 'ITO c<l>epa nepexo­
P;lIT B npoMemyTOqUOe COCTOHUIIe, HOrJJ;a COrJIaeHO (2.3)
BHelliHee none H o p;OCTIIraeT SHaqeHIIH

Sua<IeIIIIH n )I.JIH TeJI pU3JIWIHOii (IJOPAILI npHllel~oHhI B HH­

mecnep;YIOm;eH TaOnIIlI,e *):

IIJIacTInma B nepnen.a;IIHyJIHpUOM nOJIG nepeXOJJ;IIT B npo­
MeiRyTO<J:Hoe COCTommo B JIlOOOM, I\UH yrOJJ;HO CJIaOOM nOJIe

Ho. 8TO cnep;yeT Halt 1I3 <l>OpMyJIhI (2.3) (n=1), Talt U lIS qlICTO

.puSlI<IeCRIIX cooopameuIIH. )J;eHcTBUTeJIbHO, nycTb nJIaCTlIHHa

B Bu.a;e TOHHoro p;IICRa oplIeHTlIpOBUHa nepneHp;IIHynHpuo
BHemHeMy MaruIITuoMy nOJIIO. OOTeHaHHe JJ;UCHa MarUIIT­

HhIMII ClInOBhIMU JIIIUIIHMII npllBOJJ;IIT H OOJIbIIIOH UX ROH­

~eHTpa~lIU ua HpaHX p;UCHa. lIe1\! oonbIIIo oyp;eT pap;IIyc

JJ;llCRa, TeM OOJIbme STa IWH~eHTpa~Jm, T. e. nOJIe H m• IIPlI
oeCROUeqUOM pap;IIyce p;IICHa nepexop; B npoMeiKyTOqUOe
COCTOHUIIe npOIIcxo.a;IIT B oecHoue<J:Ho ManOM nOJIe H o•

IIJIaCTlIlma B npoMemyTO<J:HOM COCTOHUIIII II30opameH'a
Ha puc. 2.4.

PaccMoTpHIvI Tenepb yCJIOBUH TepMop;IIUaI\UlqeCHOrO paB­
UOBeCllH .a;JIH npoMeiHyTOqHOrO COCTOHHIIH.

IIoHaiHeM, 'ITO none B UOpMaJIbHoi! .pase Bcerp;a paBUO

KpllTIIqeCHoMY nOJIIO IIem, a paSMephI UOpMaJIbUhIX OOJIaCTeH

d" (CM. puc. 2.4) aBTOMaTlIqeCRII no.a;CTpaIIBaIOTCH TaR, qTOOhI

nOJIe TaM paBUHJIOCb Hem' )J;eHCTBIITeJIbUO, npe.a;nOJIOmUM,
qTO nOJIe B UOpMaJIbHOH OOJIaCTII OOJIbIIIe Hem' Torp;a STO

nOJIe .a;OJIiHUO oy.a;eT paspymIITb cBepxnpoBop;llMOCTb co­

ce.a;HlIX cBepxnpoBo.a;Hm;IIX OOJIaCTeH. HaooopoT, ecnII none
(2.3)II =~m 1- n •

PIlC. 2.3. CBepx­
IlPOBO,!\flITJ;Illl: map
B O,!\IIOP0,!\llOM I10JIe
COJIeHOIl,!\a; 1
o6MoTKa COJIeHO­
H,!\a, 2 - cBepx­
npoBo,!\flITJ;Hll: map.

nOJIo, nupu.T[.lIOJlT,1l0M I~lIJ]IlHlJ,PY, npOJISOHAeT TorAU, Horp,a
3TO nOJIo )J.0CTurHCT I\[JHTiI'IOCIWrO 3Ha<!eIIIUI lIem . 3naqUTeJlbHO

OOJIce CJIOmnhIM 6YiJ,eT np01WCC paspymemm CBepxnpOBOAII­
MOCTII Toro me I~nJIIIH)J.pu, eCJIU ero nOMeCTIITb B nOnepeqHOe

MarHIITIIoe IlOJIe. To iRO MOiRHO CHasaTb 06 flJIJIlInCOIl)J.O,

mape U )J.pyrIIx TeJIaX oOJIee CJIOmHOH <l>OPMbI.
PaccMoTplIM, nanpUMep, IIOBe)J.eHIIe cBepxnpoBop,HIII;ero

mapa, nOMem;eHHoro BO BHemIIee MarHUTHoe nOJIe (puc. 2.3).
IIOCHOJIbRY MarHUTHhIe CUJIOBhIe JIUHUII

Bcerp,a RaCaTeJIbHhI R nOBepXHOCTII CBepx­

npOBop,HIIRa, TO HCHO, 'ITO IIa «SRBaTope»
mapa npOIISOHp,eT crym;eHIIe CIIJIOBhIX JIII­

md"!, T. e. MarIIIITHoe nOJIe YBeJIUqIlTCH,

a lia «nOJIIOcax» mapa nOJIe oy.a;eT OT­

CyTCTBOBUTh. Ha .a;aJIeROM paCCTOHHiln

OT mapa, Ry.a;a He oy.a;eT .a;OCTlITaTb BOS­

Mym;eHile nOJIH, BIIOCIIMoe mapOM, O.a;HO­

po.a;Hoe BHelllIIee nOJIe H 0 oy.a;eT MeHbllle

«SRBaTOpUaJlhHoro».
B03:mmaeT eCTeCTBemruu Bonpoc:

«A 'ITO oyp;eT, Ror.a;a nOJIC HU «SREa TOpe»

,n:OCTurHeT RpUTUqeCIWrO snaqonurr Hem?»
JICHO, 'ITO nplI STOM em;e H o 6yp,eT Menh­

me Hem II nosToMy nOJIHhIH nepexop, mapa
B HOpMUJIbHOe COCTOHHlIe HeBOSMomeH.

Ho, C il:pyrou CTOpOHhI, HeBOSMomHO II

nOJIHOCTbIO CBepxnpOBOp;HIlI,ee COCTOHHne mapu, TUR RUR

nOJLe Ha «3RBaTOpo» yme p;OCTllrJIO RpIlTnqeCIWrO 3lraqeHIlH.

PuspemOHIIe noro npOTIIBOpeqUH SaRJIIOqaeTCH B TO:\I,

'ITO map nepellAeT B TaR HaShIBaeMoe npoMemyTOqHOe CO­

CTOHIIIIe, T. e. pa300heTCH lIa ceTb qepe.a;YIOm;UXCH OOJIaCTelI

CBepxnpOBOAHm;OH II IIOpMaJIbHOii ¢as. IIpn 3TOM rpaIUIqnhIe

nOBopXHOCTII nux oOJIaCToiI Oy.a;YT BcerJJ;a napaJIJleJIbHLI

lIlarullTHoMy nOJIIO, XOTH B CeqeHIIII, nepneHp;IIRyJIHpHOM

nOJIIO, OHII MoryT oopasoBhIBaTb <purYPhI BeCbMa npII<J:yp;JIlI­

BOll .pOPMbI.
IIYCTb JJ;O nepexop;a '['eJIU n npoMemyTo<J:Hoe COCTOHUlIe

MUHCnMUJIhUOe nOJIe Ha ero nOBepXUOCTII (B CJIyqae mapa ­

Ha «::lI\BaTope») paBUO H tn' 11pH STOM BHelliHee nOJIe Bp;aJIH OT

TeJIa PUBllO Ho. JICHD, 'ITO H", > IIo, HCUO TaHHte, 'ITO II",
nponop~nOHaJIbHO H o, nplIqeM Ros<l><l>II~IIeHTnpOnOpll,IIOHanb­

HOCTH saBlICIIT OT <l>OPMhI TeJIa. 3anIIIIIeM (lTO B BIIp;e
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B HOP1WJIbHOll 06JIaCTII MOHbme Hem' TO TOriW 3Ta HOpMaJIb­

HaJl 06JIaCTb p;OJImHa nepellTII B CBepXnpOBOp;JlIn;ee COCTOJlHIIe.

I103TOMy YCTOlllIIIBO cocym.eCTBOBaTb HOpMaJIbHLIe II CBepX­

npOBOp;Jlm.IIe 06JIaCTII MoryT TOJIbKO npII yCJIOBIIII, lITO nOJIe

B HOpMaJIbHLIX 06JIaCTJlX paBHO Hem'
CTpyKTypa npoMemyTolIHoro COCTOJlHIIJI CBepxnpOBop;HII­

KOB B nJIOCKOCTII, nepneHp;IIKyJIJlpHOH MarHIITHoMy nomo,

MomeT 6LITb BeCbMa HeperyJIJlpHoH. RJIaCCIIlIecKIIe onLITLI no

JlCCJlep;OBaHIIIO nOH CTpyKTypLI y cBepxnpoBop;Jlm.ero mapa

6LIJIll BLInOJIHeHLI COBeTCKIIMll <pII3llKaMll A. M. lliaJIbHIIKO­

BLIM II A. r. MemKoBcKllM [14, 15], KOTopLIe llCCJIep;OBaJIII

pacnpep;eJIeHIIe MarHIITHoro nOJIJI B 3KBaTOpllaJIbHOH nJIOC­

KOCTll mapa C nOMom.bIO TOHKOH BllcMyToBon npOBOJIOlIKII.

PilC. 2.4. IIpoMeJRyToq­
Hoe COCTOHHHe nnocKoft
CBepxnpOBO):{Hm;eft nna­
CTI'lHbI, pacnOnOJReHHoft
nepneH~HKynHpHo Mar­
HI'lTHOMy nomo; dB - paa­
Mep CBepxnpOBO):{Hm;eH
06JIaCTI'l, dn - paaMep
HopManbHOH 06naCTH.

o ICM
I J I ! , , ! ! I II

,II;JIJI nora IICCJIep;yeMLIH map pa3pe3aJICJI no 3KBaTopy, II 3a­

TeM 06e ero nOJIOBIIHKII pacnOJIaraJIIICb TaK, lITO Memp;y

HIIMII OCTaBaJICJI OlIeHb Y3Kllii: 3a30p, a BHemHee nOJIe 6LIJIO

HanpaBJIeHO nepneHp;llKyJIJlpHO nJIOCKOCTII pa3pe3a. B 3TOT

3a30p BBOp;IIJIaCb TOHKaJl BllcMYToBaJl npOBOJIOlIKa. I1pII

HII3KOii: TeMnepaType conpOTIIBJIeHIIe npOBOJIOlIKlI CIIJIbHO

3aBlIClIT OT MarHIITHoro nOJIJI, B KOTopoe OHa nOMem.aeTCH.

I1epeP;BllraJl nOT BIICMyTOBLIll 30HP;, MomHO 6LIJIO II3YlIllTb

Tonorpa<plIIO MarHIITHoro nOTOKa B m.eJIlL Pe3YJIbTaT 3Toro

3KcneplIMeHTa npIIBep;eH Ha pIlC. 2.5. I1poMemyTolIHoe co­

CTOJlHIIe 6LIJIO llCCJIep;OBaHO II p;pyrIIMII MeTop;aMIl, HanpIlMep,

c nOMom.bIO <pIIryp, nOJIYlIeHHbIX npII HanLIJIeHIlIl <peppoMar­

HIiTHoro nopomKa Ha cBepxnpoBop;Hm.yIO nOBepXHOCTb

(pIlC. 2.6).
MHTepecHaH II cBoe06pa3HaH KapTIIHa npoMemyTolIHoro

COCTOHHIIH B03HIlKaeT B JJ;IlJIIIHp;pIIlIecKoii: npOBOJIOKe np!,]:

npOTeKaHIIll no HeH TOKa. Rorp;a TOK B npOBOJIOKe p;OCTIlrHeT

TaKOH BeJIlIlIlIHLI, lITO ero MarHIlTHoe nOJIe Ha nOBepXHOCTIl

npOBOJIOKll CTaHeT paBHLIM KpIITIllIecKoMy nOJIIO Hem' HalI­

HeTCH nepexop; npOBOJIOKll B npoMemyTolIHoe COCTOHHlIe.
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PHC. 2.5. Pacnpe.rleneune cBepxnpOBO.rlJIm;nx II HOPMaJIbHblX 06JIaCTeH
B OnOBJIHUOM mape. 3amTpHxoBaHbI cBepxnpOBOAJIm;l'le o6nacTII [15].

PIIC. 2.6. IIpoMemyTolffioe co­
CTOHHIIe MOHoKpHCTanJIIIqeCKOH
OJIOBHHHOH cP0JIbrII TOJIm;illIOH
29 MKM B nepneH):{HKyJIHpHOM

nOJIe [16].
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Pacnpell,c.rrCHIlO nOpMaJILHblX 11 CBepXnpOBOll,fl1D.HX (3aUlTpll­

XOnaHI.r) OOJlaCTell: ll,Jlfl C.rry'laH, Korll,a TOK OOJlbUJe KpIITIl­

'leCKOrO nOKa3aHO Ha pIlC. 2.7. B <lTOM CJly'lae Ha nonepx-
, u u

HOCTII npOBOJlOKH noHBIITCH nOJlHOCTbID HOpMaJlbHMlI CJlOlI,

TOJlm;lIHa KOToporo (R - a) oyll,eT YBeJllI'llIBaTbCH no Mepe

npeBI.rmeHlIH TOKOM CBoero KplITlI'leCKOrO 3Ha'leHlIH.

2.3. MarHHTHbIe cBoiicTBa cBepxnpoBO;IJ;HHKOB BToporo

po;IJ;a. B OTJllIQHe 0'1' cBepXnpOBOll,HHKOB nepBoro po;IJ;a CBepx­

npOBOll,HlIKH BToporo poll,a He OOHapYiRHBaIDT <llfllfleKTa Meiic­

cHepa-OKCeHlfleJlbp;a. MarHHTHoe nOJle B HlIX npoHlIKaeT,

HO BeCbMa cBoeoopa3Ho.

§ 3. TepMo;IJ;HHaMHKa cnepXIIpOR01J,HIHa)B

3.1. I(pHTIIlJeCKOe nOJle ~H1CCllBlIoro M3Tepn:aJl3 (KpHTU­

1JeCKOe TepMO;IJ;HUaMu<IeCROe MarmlTlIOC nOJle). l1YCTb ll,JIHII­

HblH cBepxnpoBOll,Hm;IIH IJ;UJlllHll,P 113 CBepXnpOBOll,HllKa nep­

Boro pop;a nOMem;eH B Oll,Hop0ll,HOe np0ll,OJlbHOe nOJIe H o.
Haiip;eM TO 3HalIeHlle <lToro nOJlH, npll KOTOpOM npOII30Hp;eT

pa3pymeHlle CBepxnpOBop;IlMOCTll, T. e. naiIp;eM Hem'
ECJIll Ilo < He",' TO CYm;ecTByeT <l<p<peKT MeHCCHepa­

OKCeHlfleJlbp;a, T. e. B=O, 1I MarHIITHLIH ~lOMeHT ep;IIHlIIJ;I,I

OO'beMa IJ;IlJlllHp;pa M paBeH

(3.1)

IIPlI 1I3MeHeHlIll BHemHero nOJlH Ho Ha BeJlll'llIHY dHo IICTO'l­

HllK MarHllTHoro nOJlH COBepmllT paOOTY Hap; ep;IIHllIJ;eii OO'b0Ma

CBepxnpOBop;HlIKa, paBnyID

(3.2)

CJlep;OBaTeJIbHO, nplI II3MeHeHIlH nOJIH 0'1' °P;O H o HCTO'lHHK
nOJIH COBepmIIT paooTy

IIepexoll, B HOPJl.WJlbHOe C,Oc,TOHJ:IIIe npm:30ll;:\8T Torp;a, Iwr.n:a

cB060ll,HaH <lHeprIIH F8ll TIOJ\HInI8TCS gO ypomHI TIJIOTHOCTU

CBOOOll,HOiI <lHOpnIH IIOp:,IaJILIIOrO 1;:GTaJI.TIa: F811=F
lI

npn
Ho=Hcm. 8'1'0 3HalIIIT, 'ITO

('3.3)

( ') / \
d.c/

(3.5 )

Ho

- ~ M dUo = H5I81t.
o

8Ta paooTa 3anaceHa Tenepb B cBouop;noH 3HGprlIH cncps­

npOBOll,HHKa, HaXOll,flnJ,erOCH B MarHlITHOl\I nOJIe H o. Talm,,,,

06pa30M, eCJIll nJIOTHOCTL cIlo60P;IIOll ,moprUH CBepxnpOnoll,­

HllKa B OTCyTcTBIle MarUUTHoro IIOJIll parma F8o , TO nJIOTHOc,T'"

CBOOOll,HOiI <lHeprllH CBepXnpOnOll,HHKa B Jl.WrHIITHOM lIOJI')
paBHa

lI3 aTOll lflOPMYJILI CJIell,yeT, lITO KpnTIFI8CKOO IIOJI0 Mll~Clm­
Horo MaTepUaJIU JIBJIHeTCH MepOll Toro, HaCKOJILRO CP,8PX­

npOBOll,Hm;ee COCTOflHHO llBJIHOTCfl ::moprOTIIT'[E'CRH 6oJJoe ink
rOll,HMM, 'leM HOpMUJlbHOO, T. e. IIaCKO~!I>IW Cl106olJ,lHUI 3UOp­

rHH cBepxnpOllol],HIIJ,erO COC1\)5JHI1Jf MeUhruo cn 16U1WOH 3Hep-

B03bMeM ll,JllIHIIMll: IJ;IlJlIIHP;P H3 CBepxnpOBOp;HllKa BToporo

pop;a 1I nOMeCTlIM ero B npOp;OJlbHOe BHemHee MarHlITHoe nOJle.

Ha'lHeM YBeJlH'lIlBaTb <lT0 nOJle 0'1' HymI. Torp;a MM oOHapy­

iRlIM, 'ITO CHa'laJla IJ;IlJlllHP;P nOJlROCTbID BMTaJlKlIBaeT <lTO

nOJle, T. e. IIHP;YKIJ;IlH BHYTPII IJ;HJlHHll,pa panHa Hymo. 8'1'0

3Ha'lHT, 'ITO cnepBa OOHapYiRHBaeTCH <llfllfleKT MeiiccHepa­

OKCeHlfleJlbll,a. Oll,HaKO, Ha'lIIHaH C HeRoToporo nOJlH (Ha30BeM

ero nepBMM RpHTll'leCRIIM nOJleM II 0003Ha'lHM H el ), BHYTPII

IJ;HJlHH;IJ;pa Ha'llIHaeT nOHBJlHTbCH ROHe'lHaH HHll,YKIJ;IIH B,
ROTopaH YBeJlll'lIIBaeTCH C YBeJlH'leHlIeM BHemHero nOJlH H o•
TaR oYll,eT npollcXoll,IITb ll,0 Tex nop, nORa Cpell,Hee nOJle B
BHYTPII IJ;IIJlHHll,pa He CTaHeT paBHMM BHemHeMY noma H o•
8'1'0 npOH30iill,eT nplI TaR Ha3bIBaeMOM BTOpOM KpIITH'leCROM

nOJlo H e2 , npH ROTOpOM Ham IJ;UJlIIHll,P HepeMll,eT B HOpMaJlbHOC

COCTOHHlle. IIpaBll,a, ll,aiI\e npII H o > H e2 CBepXnpOnOll,H­

MOCTb Bce-TaKH coxpaHllTCH B TOHKOM nOBepxHOCTHOM cJloe.

Ho npII Ho=1,69 H e2 CBepXHpOBOll,IlMOCTb II 3Toro HOBepx­

HOCTHoro CJlOH ORa}KeTCH pa3pymeHHoii. 8'1'0 nOJle na3bIBaIDT

TpeTblIM RpHTU'leCKlIM 1I 0003Ha'laIDT H e3 •

llO;IJ;pOOHO lfl1I3uKa CBepXHpOBOll,HUROB BToporo poll,a 6y­

ll,eT paccMoTpeHa B rJl. 5.

PIIC. 2.7. IIpOMeJI,yTOqHOe COCTOJIHIIe npOBOJIORII, no IWTOpOll: TeqeT
TOR 60JIbillIIH RpIITIIqeCIWfO.
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rMII HOpMaJIbHOrO COCTOHHIIJI. iloJIe n em '!aGTU l1itdhU>ctlV 1

RpMTMlIeCRIIM TepMO,n;MHaMMlIeCRMM MarHMTHbIM nOJIeM.

3.2. 3HTponHH CBepxnpOBOJ\HHK3. COrJIaCHO nepBoMy Ha­

qaJIy TepMo,n;HHaMIIRH

r,n;e T - TeMnepaTypa TeJIa, S - nJIOTHOCTb 3HTponHH. Tor,n;a

of=oU - ToS -SaT.

IIOCROJIbRY npH 06paTHMOM npOIJ;eCce aQ = T as, HMeeM

BOCnOJIbsyeMcH <!>OpMyJIOM (3.10), 'IT06bI BbI'IHCJIHTb pas­

HOCTb y,n;eJIbHbIX 3HTponHM cBepxnpoBo,n;HIQerO M HOpMaJIbHOrO

COCTOHHHM. IIo,n;cTaBHM ,n;JIH 3Toro (3.5) B (3.10):

S _ S = Hem (iJHem ) • (3.11)
• " 41t iJT n

(3.12)

PRC. 3.1. 3aBRcRMoCTb pa3HOCTlI
3HTPOIIRH 8.-8" OT TeMIIepa­

TypbI.

C C T [(iJHem )2+H iJ2H em J
' - n = 41t"7fi' em -af2 .

MbI MOiKeM c,n;eJIaTb Teuel'b JHJvbMit J:Sitlt\tlhltJ J:ShlJ:SV,IJ,hl.

1) ORa3bIBaeTcH, CBepxnpOBO,n;Hm;ee COCTOHHHe HBJIHeTCH

qeM-TO oOJIee ynopH,n;OlleHHbIM, lIeM HOpMaJIbHOe, TaR RaK ero

3HTponHH MeHbille.

2) IIepexo,n; npll T = Te npOHCXOJ\HT oe3 norJIOm;eHHH lIJIH

BbIJ];eJIeHHH CRpbITOH TenJIOTbI, TaR RaR S. = S" npH T = T e•
CJIeJ];OBaTeJIbHO, nepexo,n; npH T= To - 3TO <!>a30BbIH nepexo,n;

BTOporo po,n;a.

3) IIPH T < Te nepexo,n; H3 CBepxnpOBO,n;Hm;ero COCTOH­

HHH B HOpMaJIbHOe npOHcxo,n;HT no,n; ,n;eiicTBHeM MarHHTHoro

nOJIH. IIOCKOJIbRY npH aTOM S, < s", TO nplI nepexo,n;e

npoHcxo,n;HT norJIOm;eHHe CRpbI­

TOH TenJIOTbI. Ha060poT, nplI

nepexoJ];e H3 HOpMaJIbHOrO

B cBepxnpoBO,n;Hm;ee COCTOH­

HHe CRpbITaH TenJIOTa BbI,n;eJIH­

eTCH. CJIe,n;OBaTeJIbHO, Bce ne­

pexOJ];bI B MarHHTHOM nOJIe

npH T < T e HBJIHIOTCH <!>a­

30BbIMlI nepeXO,n;aMH nepBOrO

lJoJ];a.

¥ J];HBHTeJIbHO, RaR HeCROJIb­

1\0 <!>OpMyJI TepMOJ];HHaMHRH

H BCerO JIHillb O,n;HH 3RCnepHMeHTaJIbHbIH <!>aRT - 3aBHCH­

MOCTb Hem OT T (pHC. 1.1) - n03BOJIHIOT CJ];eJIaTb CTOJIb <!>YH­

J];aMeHTaJIbHbIe BbIBO,n;bI! Be,n;b OT nOHHMaHHH TorO, liTO CBepX­

npOBO,n;Hm;ee COCTOHHHe XapaRTepH3yeTcH 06JIbillHM nOpH,n;R0ll1

(MeHbilleH 3HTponHeii), lIeM HOpMaJIbHOe, JIelI\lIT nYTb R no­

HlIMaHlIIO TOrO, 'ITO no - COCTOHHHe C COrJIaCOBaHHbIM ROre­

peHTHbIM nOBeJ];eHlIeM 3JIeKTpOHOB.

3.3. TeIIJIOeMKOCTb. IIOCROJIbRY yJ];eJIbHyIO TenJIOeM-

ROCTb Bem;eCTBa MOiKHO onpe,n;eJIHTb <!>opMyJIoii C= T (as laT),
pa3HOCTb yJ];eJIbHbIX TenJIOeMROCTeH CBepxnpOBOJ];Hm;ero 1I

HOpMaJIbHOrO COCTOHHHH aanlIilleTCH B BlIJ];e

ITPlI nOJIYlleHlIlI 3TOH <!>OpMyJIbI lI1bI npo,n;H<!><!>epeHIJ;lIpOBaJIII

<!>OPMYJIy (3.11). Ho nplI T=Te RpHTll'IeCROe nOJIe Hem=O,
n03TOMY

C - C =.!..s.. (iJHem )2 (3.13)
• "41t iJT T e '

3Ta <!>opMyJIa, 1I3BeCTHaH RaR <!>opMyJIa PyTrepca, nORa3bI­

BaeT, liTO rpa<!>lIR 3aBHClIMOCTll TenJIOeMROCTH OT TeMnepaTypbI
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(3.8)

(3.9)

(3.6)

(3.10)

aQ=aR+au,

S = - (aF/aT)n'

OU= ToS -oR,

of= -oR - SoT.

lIs (3.9) CJIe,n;yeT

cDopMyJIa (3.11) n03BOJIHeT nOJIy'IHTb BaiKHbIe <!>H3H'IeCKHe

CJIe,n;CTBHH:
1) COrJIaCHO TeopeMe HepHCTa 3HTponHH Bcex TeJI npM

T = 0 paBHa HyJIIO. IIOaTOMy (aHem/aT)T=O = O. VTO 3Ha'IMT,

qTO I\pMBaH 3aBMCMMOCTH Hem (T) npH T = 0 HMeeT HyJIeByIO

npOH3Bo,n;HyIO.
2) lIs 3RcnepMMeHTa CJIe,n;yeT, 'ITO 3aBHCHMOCTb Hem (T) ­

3TO MOHOTOHHO cna,n;aIOIQaH C yBeJIH'IeHHeM T RpHBaH (CM. pHC. 1.1),
T. e. 'ITO BO BceM HHTepBaJIe TeMnepaTyp OT 0 ,n;o Te BeJIH­

'IHHa aHem/aT < O. CJIe,n;oBaTeJIbHO, B 3TOM MHTepBaJIe TeMne-

paTyp S. <s".
3) IIOCROJIbRY npH T = Te nOJIe Hem = 0, TO S. = S" npH

T = Teo CXeMaTH'IeCRH 3aBHCHMOCTb S. - S" OT TeMnepaTypbI

nORa3aHa Ha pHC. 3.1.
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r,n;e 'OQ - npHpam;eHMe nJIOTHOCTlI TenJIOBOH ~meprMM pac.:­

Cl\1aTpIIBaeMoro TeJIa, 'OR - paOOTa, COBepilleHHaH e,n;HHMIJ;ell

OO'beMa :::lToro TeJIa Ha,n; BHeillHIIMH TeJIaMII, oU - nplIpam;e­

HlIe ero BHyTpeHHeH ::meprlIlI•. IIo onpeJ\eJIeHHIO nJIOTHOCTb

CBOOO,n;HOH ~meprlIll F paBHa

F= U - TS, (3.7)
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§ 4. OqepK pa3BHTHJI TeopllR cBepxnpOBop;HMOCTH

3a~a'la 3.1. HanWJlblW lIOlIU;.lIln-a cnoGop,IHlH :moprUH 1 CM:!
CBlIH~a I1pll ero I1epexop,e B CBopXlIpOnO)w~eo COCToHHne? fIepe:wA
npollcxOAIlT B lIIarHllTHOIll lIOJIe IIpll TO:lHlepaType 4,2 K.

P e ill e H II e. PaalIOCTb cBo6op,HbIX :moprllii oIIpep,emIeTCH q,op­
MyJIOB: (3.5). BeJIllqllHa Hem I1plI 4,2 K MO)IleT 6hI'fb BhIqHCJIeHa I10 q,op­
MyJIe (1.1). MCIIOJIbaYH AaHHhIO Ta6JIII~hI 1.1, IIMeeM OKOHqaTeJIblIO
F..-F.o=1,1.104 apr/CMS.

3ap;aq~ 3.2. II.aRoe KOJIlI'IOCTBO TeIlJIOThI BhIgeJIIITCH I1pll nepe­
xOAe 1 CIII CBIIH~a B cBepxIIpoBogHm;ee COCTOHHlle B yCJIOBHHX aa­
AaqH 3.1?

P e ill e H II e. BhIgeJIllBilleeCH KOJIllqeCTBO TeIIJIOThI paBHO Q=
=T (8,,-8.). MCIIOJIbaYH q,OpMyJIhI (1.1) II (3.11), IIOJIy'llIM Q=
=2,30.104 3pr.

SaMe'Ioanue. <I>opMYJIa (3.11) gaeT BhIpameHlle paaHocTll aHTpoIIull
'Iepea BeJIllqllHY (iJHem/iJT)R. B YCJIOBIDIX AaHHoii aagallll, Korga q,HKClI­
pOBaRO BHeillHee I10JIe aa 6eCKOHeqHOCTlI, CBepXIIpOBOP;lIHK He COBep­
ma~ pa60TY Hag BHeillHIlMlI Te.JIaMIl I1pll H3MeHeHlHI ero TeMIIepaTyphI.
)l;eBcTBllTeJIbHO, egIlHcTBeHHhIlI BIlg pa60ThI Hag BHeillHIlIIIH TeJIaMII
AM TaKoro cBepxIIpoBogHIIKa - 31'0 lIaJIY'leHlIe 3JIeKTpOMarHHTHoii
BOnHIlI DpII IIaMeHeHlIll ero BHyTpeHHero COCTOHlIlIH. Ho AmI 3Toro
Hylf(HO, qT06b1 llHTerpaJl BeKTopa IIoiiH'fIIHra (c/4n) [Ell 1 I10 I10BepX­
HOCTII CBepxnpOBOAHllKa He paBHHJICH HyJIJO. 3JIOKTpU'IeCIWO I10JIe E
Mome'!' BoaHlIKUYTb TOJIblW I1pIl IlaMeHeHIllI llHgYK~Hll B, no B=O
DO(}TOMy DplI ll3~ieDeHllIl TOMIIepaTyphI cnepxIIpoBogHllKa B MarHlITHOI\~
nOJIa RaJIyqeHIlH He I1pOIlCXOgIlT, 3Ua'iIlT, (iJlIcm/iJT)R=(iJlI /iJT)H
II MOlf(HO DOJIbaOBaTbCH q,OpMyJIOii: (3.11). em'

3~aqa 3.3. HaiiTll TeMIIepaTypy, npll KOTOpoii y CBllH~a TeIIJIO­
eMROCTII HOpMaJIbHOii H cBepxrrpoBoilHm;e:ii: <paa OKaahIBaIOTCH paBHblMU.

P e ill a H II e. MCCJlegYH paaHocTb (}HTPOIllIii (3.11) Ha MlIHlIMYM,
aaxoA1IM, 'ITO IlCKOMaH TeMIIepaTypa paBHa T N3~4 16 K

3ap;a'la 3.4. HaiiTIl KpHTll'leCKOe Teplllop;r:'HaMIllle~Koe ~arHHTlIoe
DOJIa OJIOBa DpIl TeMIIepaType 3 K.

Om6em. 108 3.
3aJlaqa 3.5. HaiiTIl CKallOK TeIlJIOeMKOCTH eAlIHH~bI 06'bOMa

cBIlHIJ,a DpIl KpHTll'leCKOii TeMIIepaType.
Omoem. 2,8.104 apr/cM3.K.

IIepBoH TeopIleH, ycnemHo OIIHcaBmeH 3JIOKTpOp;IIHaMIIRy

cBepxnpoBop;HRKOB, 6hIJIa TOOpHH JIOHP;OHOll (1935). 8TO 6hIJIa
<peHoMeHOJlOrR'1eCKaH TeopIlH, T. o. B p;OnOJIHeHIIO I, ypaB­

HeRHHM MaKCBeJIJIa 6hIJIIl npep;JIOmOHbl ypauHeHHH 8JIeI\TPO­

MarRHTHOro nOJIH n CBepxnpOBop;HIIRO, HS KOTOPhIX CJIOP;O­

BaJiH ero OCHOBHhIe CBoHCTBa: a6COJIIOTHhIll p;IIaMarHoTIIsMi OTCyTcTBIle conpOTIlBJIeHIlH nOCToHHHOMy TOKy. B 'leM

OCTOHT MRKpOCKOnlI'leCKHH MoxaHHSM cBepxnpoBoAHMOCTIl

;a aJIeKTpOHHOM ypoBHe, He 06'DHCHHJIOCh, T. e. sa paMRRMII

eopRlI OCTaBaJICH OTBeT Ha Bonpoc: «IIo'1eMy CBopxnpOBOp;­

RHR Be;t\eT ce6H TaK, KaK 131'0 CJIe;a;yeT lIS ypaBHeHIlH JIOH­
AOHOB?&.

(3.14)

C = F - llHo!4r;.

dJ = ~ GdV,
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Prrc. 3.2. TeMIIepaTypHaH
aaBHCllMOCTb TeIlJIOelllKOCTIl

cBepxIIpoBop;HllKa.

lIcrrhITMnUOT CKU'lOl, rrpll l'= l'c' <DopMyJIa PyTrepCa AaOl'
BeJIlI'1l1lIy STOrO Cl'U'1Ra. rpU<plIl{ TeMnopuTyplIOH SaBlICnMO­

CTn TOIIJIOOMROCTlI npllBep;eII lIa puc. 3.2. I1pu l' > 1'e Terr­
JIOeMROCTh mmellHo saBlICHT 01' TOJl;IllOpaTyphI, RaR 31'0 6hIBaeT

y 06hI'1lIhIX HOpMaJIhUhIX MOTaJIJIOB (3JIORTpOHHaH TenJIOOl\1-

ROCTh).
llORasaHHhIH Ha pUC. 3.2 xop; TeIIJIOeMROCTIl MhI IIoRa pac-

CMaTpIlBaeM npoCTO RaR 3RcnopIlMeHTaJIhHhIH <paRT, HO TO,

'11'0 npIl l' < 1'c cym;eCTByeT TO'1Ra, rp;e npOAOJImeHne npHMoii
C

n
(1') IIepeceRaeT RpnByIO

C. (1') - 31'0 CJIep;CTBIle IIpOBO­

p;eHHhIX BhIme paccyjf{p;eHnH. ,JJ;oii­

CTBIlTeJIhHO, B 3TOH TO'1Re C.=Cn ,

T. e. a(8. - 8 n)/fJ1'=O. Ho
COrJIaCHO pIlC. 3.1 IIpII l' < 1'c
TaRaH TO'1Ra 06HSaTeJIhHO p;oJIjfma

cym;ecTBoBuTh.
3.4. CBoooiwan 3HeprIIH. OCTU­

HOBnMCH Ha cnoHcTBax TOX TOpMO­

p;IIHaMIlQeCKnX IIOTeH~UaJIOB,C KO­

TOpbIMII HaM npup;eTCH '1UCTO BCTpO­

'laThCH npu IISy'10HHU CBopXIIpono­

AHMOCTII. 8TII IIOTeH~HaJlhI B paB­

HOH Mepe IIpIIrop;HbI P;JlH paC'1eTOn

CBOllCTB JIIOOOrO BOIII,OCTBa, B 'laCTIIOCTU CBepxnpOllop;mmu.

Bce p;ORaaaTeJIhCTlla II nop;pOUHOCTIl MO,HHO HaflTn B [131-
ECJIIl TeJIO Haxop;HTCH BO BHomHeM MarIlHTHOM IIOJIO Ho

IIpII 3ap;aHHhIX MarHHTHoll IIHp;yR~HII BHyTpU TOJIa B II 1'01\{­

nopaTypo, TO npn TepMop;IlHaMH'leCIWM paBHOBOClllI Ml'mn-

MyMa p;oCTuraWf CBooop;HaH 3HeprHH cf} = ~ F dV, rp;e nJIOTHOCTb

cBo6oP;HOH 3Hepnul F onpOp;eJIOHa B (3.7). IIHorp;a 3Ty BomI­

'1IlHY IIaSblBUIOT reJIhMrOJIh~OBCROH cBo60P;HOH 3Hepruoll.

,JJ;JIH MHornx paC'leTOB TaROll nOTeH~HaJI Hoyp;o6eH, Tal, RaH

P;JIH TeJIa, Haxop;Hm;erOCH no BHomHOM MarHHTHOM noJIe,

OObI<.IHO sap;aIOTCH yCJIOllIIH nOCTOHHCTBa TeMnepaTyphI II BHom­

Horo nOJIH Ho·
B 3TOM CJIy'1ae TOpMop;llHaMII'IOCROO paBHOBeCHO HUCTyIWOT

TorAa, Rorp;a p;OCTlJlraOT MUHIIMyMa p;pyroll TOpMop;IIHaMII'W­

CRHll nOTOH~HaJI - TaR HaShIBaOMaH cB06op;HaH 3ueprUH

rn66ca dJ, ROTopaH onpep;OJIHeTCH CJIep;YIOm;IIM oopaSOM:



COrJIaCHO TeOp1i1i JloHAoHon SJIeRTpOHbI B CBepXnpOnOJ~­

HIiRe MOmHO paCCMaTp1lBaTb RaR COBoRynHocTb AByX SJIeK­

TpOHHblX ROJIJIeRTIiBOB: ROJIJIeRT1IB CBepXnpOBOAHJIJ;1IX II

HOpMaJIbHblX SJIeRTpOHOB. ITJIOTHOCTb CBepXnpOBOAHJIJ;IIX

SJIeRTpOHOB n. AOJImHa YMeHbmaTbCH C nOBblmeHHeM TeM­

nepaTypbl II oopaJIJ;aTbCH B HyJIb npH T= Te• HaooopoT,

npH T=O neJIll'lHHa n. AOJImHa paBHHTbCH nJIOTHOCTH BCeX

CBOOOAHblX SJIeRTpOHOB MeTaJIJIa. 8TO - 1!>0pMyJIHpOBKa

TaK HaSblBaeMOll AByxmHARoCTHOll MOAeJIIi cBepxnpoBoAHHRa.

TOR cBepxnpoBoAHJIJ;IlX SJIeRTpOHoB - STO TOR oes conpo­

TIIBJIeHIIH. HCHO, 'ITO nOCTOHHHorO SJIeRTpll'leCROrO rrOJIJI

rrpH STOM B CBepxrrpOBOAHIiRe OblTb He MomeT, TaR RaR B rrpo­

THBHOM CJIy'lae STO np1lBeJIO Obi K HeorpaHH'IeHHoMy yCRope­

HHIO ROJIJIeRTIiBa CBepxrrpOBOAJIJIJ;IlX SJIeRTpOHOB. ITOSTOMy

B CTaD;IlOHapHblX yCJIOBllJIX, RorAa SJIeRTpll'leCKorO rrOJIH

HeT, HOpMaJIbHble SJIeRTpOHbI rrOROHTCJI. HaooopOT B rrepe­

MeHHOM SJIeRTpll'leCROM rrOJIe eCTb II TOK CBepxrrpOBOAJIJIJ;HX

SJIeKTpOHOB, II TOR HOpMaJIbHOll ROMnOHeHTbI. llpH

STOM HOpMaJIbHblll TOK rrOA'IIIHJIeTCJI OObl'IHOMy saRony

OMa.
PeaJIbHblll CBepxnpOBOAHIiK B STOll MOAeJIIi MOJIUIO MOAe-

JIlIpOBaTb SRBIIBaJIeHTHOll cxeMOll, B KOTOpOll HopMaJIbHOe

corrpOTIIBJIeHlle H 1IAeaJIbHblll rrpoBoAHIIK coeAIIHeHbI na­

paJIJIeJIbHO. lIAeaJIbHblll npoBoAHHK rrpII STOM AOJIiI\eH IIMeTb

HeKoTopyIO 1IHAYRTIIBHOCTb, C rrOMOJIJ;bIO ROTOpOll MomHO

MOAeJIHpOBaTb HHepD;HaJIbHble CBOllCTBa CBepxrrpOBOAHJIJ;IlX

SJIeRTpOHOB.
llpeAJIOmeHHble 31oHAoHaMH ypaBHeHHH AaJIH on~caHHe

rroBeAeHHH CBepxrrpOBOAHJIJ;ell ROMrroHeHTbI SJIeRTpOHHOII mllA­

ROCTH B rrocToHHHOM II nepeMeIIHOM SJIeRTpOMarHllTHOM nOJIHX.

C IIX rrOMoJIJ;bIO YAaJIOCb onlicaTb MHorlie acrreRTbI nOBeAeHIUI

CBepxnpOBOAHIIROB, HO R ROHD;y 40-x rOAOB CTaJIO HCHO,

'ITO no RpallHell Mepe B OAHOM Bonpoce TeopliH 31oHAOHOB

AaeT HeBepHblll OTBeT. lis STOll TeopliH CJIeAOBaJIO, 'ITO SHep­

rliH rpaHIID;bI paSAeJIa MemAY HOpMaJIbHOll 11 cnepxnpOBOAJI­

JIJ;ell l!>asaMli 0". y cnepxrrpoBoAHIiRa B npoMemyTO'IHOM CO­

CTOHHlIll OTpllD;aTeJIbHa. 8'1'0 SHa'lHT, 'ITO BO BHemHeM Mar­

HIITHOM nOJIe CBepxnpOBoAHliRy BblroAHO OblJIO Obi paCCJIO­

llTbCH Ha BOSMOmHO OOJIee MeJIRyIO CeTb '1epeAYIOJIJ;IIXCJI

OOJIaCTell HOpMaJIbHOll II CBepxnpOBOAHJIJ;ell I!>as, '1TOObl BHyTpIl

CBepxnpOBOAHliRa cyMMapHaH rrJIOJIJ;aAb rpaHllD;bI paSA8JIa

OblJIa RaR MO/RHO OOJIbme, TaR RaK ee SHeprllH 0". < O.
llpll'leM TaR AOJImHO OblJIO Obi OblTb Aame AJIH AJIIIHHOrO

D;llJIIIHApa B MarHllTHOM rrOJIe, napaJIJIeJIbHOM ero OCIi.

8'1'0 rrpoTIIBOpe'lllJIO pesyJIbTaTaM SRcrrepllMeHToB Toro Bpe-
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MeHII. OrrblT nORaSblBaJI, 'ITO TaRoe paCCJIOeHIIe npOIICXOAllJIO

TOJlbRO y TeJI C OTJIII'IHblM OT HyJlH paSMarHII'IllBaIOJIJ;IIM l!>aK­

TOpOM (rrpOMeiI\yTo'lHoe COCTOHHIIe, CM. § 2), II pasMepbl CJIOeB

ORasblBaJlIICb AOCTaTO'lHO OOJIbmIIMII (~1 MM, CM. pIIC. 2.5),
a STO MOrJIO OblTb TOJIbRO npll on. > 0, 'ITO npOTHBope'lIIJIO

npeACRaSaHIIHM TeOpIIH 310HAOIIOB.
8TO npOTIiBOpe'IIIe ObIJlO CHHTO TeOpIIell B. 31. rUHSoypra

II 31. A. 31aHAay (TeOpIIell r31), ROTopaH TOme OblJIa l!>eHo­

MeHOJIOrII'IeCROll TeopIIell, HO Y'IIITblBaIOJIJ;ell RBaHTOBble

al!>l!>eKTbI. HeOOXO~IIMOCTb y'IeTa RBaHTOBblX sI!>I!>eKToB cell­

'lac CTaHeT HCHOll. llYCTb CYJIJ;eCTByeT HeROTopaH BOJlHOBaH

I!>YHRD;IIH W, KBaHTOMeXaHII'IeCRll OIIIICblBaIOJIJ;aH nOBeAe:"

RHe CBepxnpOBOAHJIJ;IIX SJIeKTpOHOB. TorAa RBaApaT MOAYJlH

aTOll I!>YHRD;IIII (IIpOIIopD;IIOHaJIbHblll n.) AOJImeH OOpaJIJ;aTbCH

B HyJIb B HOpMaJIbHOll I!>ase H, nJIaBHO yBeJIII'IIIBaHCb Ha

NS-rpaHHD;e, AOCTIIraTb RaRorO-TO paBHOBeCHoro SHa'IeHHH

B CBepXIIpOBOAHJIJ;ell I!>ase. CJIeAOBaTeJIbHO, Ha rpaHIID;e

~OJImeH BOSHIIKHyTb rpaAIIeHT W, HO I~W [2, RaK IISBeCTHO

HS KBaHTOBOll MexaHIIRII, IIpOIIopD;IIOHaJIeH nJlOTHOCTII RIIHe­

TH'IeCKOll SHeprIIII. 8'1'0 SHa'IIIT, 'ITO, Y'IIITblBaH RBaHTOBble

al!><I>eKTbI, MbI Y'lIITblBaeM AonOJIHIITeJIbHYIO IIOJIOmIITeJIbHYIO

:meprllIO, sarraceHHyIO B N S-rpaHHD;e. TaKIIM oopaSOM,

y'leT KBaHTOBblX s<I><I>eKToB OTKpblBaJI BOSMomHOCTb nOJIy':

'1HTb a". >0.
ITO~POOHO OOOCHOBaHIIe II OCHOBbI TeOpUII r 31 OYAyT pac­

CMOTpeHbI B rJIaBe 3. Cell'laC me OTMeTUM TO rJIaBHOe, 'ITO

OIIpe~eJIIIJIO orpOMHoe SHa'leHIIe TeopIIII r31 BO Bcell HayRe

o "CBep:XIIpOBO~IIMOCTII.

. AJIH onIIcaHIIH nOBe~eHIIH CBepXIIpOBOAHIIKOB OblJIa npII­

BJIe'leHa RBaHTOBaH MexaHIIKa. IToBeAeHIIe Bcell COBOKyIIHO­

CTII CBepXIIpOBOAHJIJ;IIX SJIeRTpOHOB OblJIO OIIIIcaHO BOJIHOBOll

<l>YHKD;IIell W (r) OT O~HOll npOCTpaHCTBeHHOll Koop~HHaTbI

(HarrOMHIIM, 'ITO, BOOOJIJ;e rOBopH, BOJIHOBaH <l>YHKD;IIH n
SJIeKTpOHOB B MeTaJIJIe eCTb <l>YHRD;IIH n KOOPAIIHaT"

W(r1,r2, ••• , r,,)). 8THM yCTaHaBJIHBaJIOCb KorepeHTHoe, CorJIa­

COBaHHoe nOBe~eHIIe Bcex CBepXIIpOBOAHJIJ;IIX SJIeKTpOHOB.

)l;ellcTBIITeJIbHO, IIOBe~eHIIe O~Horo SJIeRTpOHa B CTaD;llOHap­

HOM COCTOHHIIII orrHCblBaeTCH B KBaHTOBOll MexaHHKe <l>yHK­

D;Heii 'If (r). ECJIH me n. SJIeKTpOHoB (r~e n. - rrJIOTHOCTb

CBepxnpOBO~HJIJ;HX SJIeKTpOHoB - MaKpOCKOIIH'IeCKH OOJIb­

moe '1HCJIO) Be~YT ceoH cOBepmeHHo oAIIHaKoBo, corJIaco­

BaHHO, TO IIOHHTHO, 'ITO ~JIH OIIllcaHHH IIX IIoBe~eHIIH

~OCTaTO'lHO TOll me Cali-lOll BOJIHOBOll <l>YHKD;llH 0'1' OAHoro nepe­

MeHHoro. OTKpblBaJIaCb BOSMomHoCTb IIpe~CRasaHIIH cYJIJ;e­

CTBOBaHIIH MHorliX HeOObl'lallHO RpaCIIBblX RBaIITOBblX U

2fi



B TO iRe BpeMH MaKpOCKOllIflIeCKMX 3tPtPCKTOB CBepxnpOBO­

)l.MMOCTM.
IIOCKOJIbKY TCOpMH rJI ObIJIa nOCTpOOHa Ha OCHOBC TeopIIH

tPaSOBbIX nepeXO)l.OB BToporo pO)l.a (TeopMH JIaH)l.aY2, OHa
OKaSaJIaCb cnpaBe)l.JIMBOll JIHmb BOJIHSM KpMTM'IeCKOH TeM­

nepaTypbI CBepxnpOBO)l.HHKa, T. e. B. OOJIaCTH To-T ~ Te.
BOJIce nO)l.pOOHO 00 OOJIaCTM npIIMeHMMOCTII TOOpHH rJI

CM. § 41.
IIpIIMOHIIB TOOpIIIO r JI K MSy'IeHMIO CBepxnpOBO)l.Hm,IlX

CnJIanOB, A. A. AOpMKOCOB (1957) COS)l.aJI TeopIlIO TaK Ha­

ShIBaOMbIX CBopxnpoBO)l.HMKOB BToporo pO)l.a. OKasbIBaeTcH,

HO Bcor)l.a y cBepxnpoBo)l.HIIKOB )l.OJIiRHO ObITh an. > 0.
CBepxnpOBO)l.HIlKII Can. >°- 31'0 CBepXnpOBO)l.HMKM nop­
BOrO p0)l.a. BOJIbmMHCTBO CnJIaBOB M XMMM'IeCKMX COO)l.MHe­

HRIT, KOTOphle HBJIHIOTCH CBepXnpOBO)l.HMKaMII, MMOIOT a". < 0,
II 3TII CBepxnpOBO)l.HIIKII HBJIHlOTCH CBepXnpOBO)l.HMKaMM BTO­

poro po)l.a. B CBopxnpOBO)l.HIIKaX BToporo pO)l.a 3tPtPeKT MellC­

CHepa OTCyTcTByeT, II MarHIITHoe nOJIe npOHIIKaeT BHYTPb

CBopxnpOBO)l.HIIKa BToporo pO)l.a, HO npOHIIKaOT ~'IeHh CBOOOO:

paSHO - B BM)l.e KBaHTOBaHHbIX BIIxpeBbIX HMTeM (KBaHTOBbIII

3tPtP0KT B MaKpOMacmTaOe!). CBepxnpOBO)l.MMOCTh B TaRIIx

MaTepMaJIaX MOiReT cym,eCTBOBaTh AO O'IeHh OOJIhmlIX Mar­

HIITHbIX nOJIell.
OAHaKo HII TeopMH JIOH)l.OHOB, HII TeoplIH rJI He AaBaJIII

OTBOTa Ha Bonpoc, 'ITO iRe aTO sa «CBopxnpOBOAHm,lIe 3JIeK­

TpOHbI», onIIcaHIlIo nOBeAeHIIH KOTOpbIX II ObIJIII nOCBHm,OHbI

3TII Teopull. IIpomJIo YiRe 46 JIeT C MOMeHTa OTRpbITllH CBOpX­

npoBo)l.IIMOCTII, a IIOIHIMaHIIH Ha MHKpOCROllII'IOCKOM ?POBIIO

Toro 'ITO TaIWO CBepxnpORO)l.HIIK, Bce om,o He OhIJIO.

Ii BOT B 1957 r. IIOHBlUhCb paooTa ,1J;m. Bap)l.IIIIa, JI. H'y­

IIopa H ,1J;'R. IllplltPtPopa (T~OpMH BRIll), KOTopaH ~TnOTIIJIa
II Ha 31'01' Bonpoc. BOJIhmOII BKJIaA B pemomw aTOll saAa'III

BHOC H. H. BorOJIIOOOB (1958), paspaooTaBmIlll MaTOMaTHlIO­

CKIlll MOTOA, KOTOpbIll celllIac mHpOKO IlCIIOJIbSYOTCH IIpl1

IlSYlIeHIlll cBopxnpoBoAIlMOCTIl.
PomaIOm,Illl mar n IIOHlIMaHIIIl MlIHpOCKOIIIIlIOCKoro MO­

xaHIlSMa cBepxnpoBO)l.lIMOCTIl ObIJI CAeJIaH JI.. RyIIopmI

(1956). CYTb )l.eJIa SaKJIIO'IaOTCH B CJIeAyIom,OM. !lYCTh HOp­

MaJIhHbIll MOTaJIJI HaXOAUTCH B OCHOBHOM COCTOHHllII, T. e.

Bce COCTOHHHH HOBsaIlMoAellcTBYIOm,UX APyr C )l.pyroM

3JIeKTpOHoB B k-IIpocTpaHcTBe BHYTPll CtPOpbI <DepMlI sanOJI­

HeHbI a Bce COCTOHHIlH BHe 3Toii. CtPepbI - IIycTbIe. BHeceM

em,e ~apy 3JIeKTpOHOB II paCIIOJIOiRIIM IlX B H'IellKaX (k t )
U (-k t) BOJIIISII CtPephI <DeplIUI (cTpeJIKaMU IIOKasaHO Ha­

npaBJIeUlIO 3JJeRTPOHHhIX cnlIHoB). OKaSbIBaeTCH, lITO CCJIn
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iJU ABa 3JIOKTpOlIa no Wl Koli-JIUOO npIPIlmC npuUr[UBjUQTC if

r K)l. r TO :HaK CbI HB ObJJlO c.'1aOo 31' '. "

HII 0 as !IOT CBHsaUIIOC COCTOJIHIIe. B npOCTpaUCTBe 31'0

YAel' CEHaaHuaH napa 3JIeKTpOlIoB - KynepoBcKaH napa.

B TeoplIII BRIll ObIJIO nOKaaauo, lITO YlIeT 3JIeKTpOH­

tPOHOHHoro BSaUMO)l.ellCTBIIH I\IOiReT npIl onpe)l.eJIeHHbIX yCJIO­

BlIHX nplIBeCTU K IIplITJIiReUIIIO MeiR)l.y 3JICKTpouaMU. B po­

syJIbTaTe lIaCTb 3JIeKTpOUoB oopaayeT KyrrepoBcIUIO napE.

Ho TaRue napbI OOJIa)l.aIOT HyJICBbIM cyMMaplIhIM CTIlmOM,

II nOaTOMy HBJIJIIOTCH ooae-lIacTHIJ;aMlI (1'. e. 'IaCTHIJ;allIII,

nOA'IIIHHIOm,lIMIICH CTaTHCTIIKe Bose-8llumTollua). TaKHO

qaCTlIIJ;bI OOJIaAaIOT OAUIIM saMelIaTeJIhUbIM CBOllCTBOM: OCJIH

TeMllCpaTypa CIICTOMbI HlIme neKOTopoll TeMnopaTypu T e,

OHlI MoryT CKarrJIIIBaThCJI Ha Cal\lOM HIIIKHeM 3HoprOTHlIeCKOM

ypoBHe (B OCUOBUOM COCTOHUIIII), ...npII'IOM lIOM GOJIbmO fiX

TaM COOCpCTCH, TOM Tpyp;uce KaKoH-.TIu60 H3 3Tl1X lIaCTIm

UhIiiTlI lIS 3Toro COCTOJIIIlIJI. IIpOIICXO)l.IIT 0030-KOH)l.CHCaIJ;IIJI.

Bce 'IaCTIII'bI, HaXO)l.JIm,nOCJI B HOH)l.OnCaTO, OTIlICUBaIOTCJI

OAHOll BOJIHOBOll tPYHKIJ;IIell 01' O)l.IIOH npOCTpaHC!rnCHHOll

nepeMeHHoll. II'HHTIIO lITO TO'ICHIIe TaHoro HOH)l.CnCaTa

AOJIiRHO ObITh cBepxToI,ylIllM, (03)l.IICCIIrraTIIBHbIM. CllCTBII­

TeJIbHO, KaKOll-JIIl 0 ll3 lIaCTIIIJ; HOH)l.CHCaTa Toneph COBCCM

He n OCTO accc Ha n III\IOCHOM aTOMO IIJIll RaIWI\I­

H1I YAh )l.pyroM )l.eWeKTC KpIlCTaJIJIII'ICCKOII pomen,II MeTaJIJIa.

~JIH 31'oro Oll Hyllmo npCO)l.OJICTb «conpOTIIBJIOHIIO» 3T9~Y.

aRTy CO CTOpOHbl BCOX OCTaJIbHbIX lIaCTIrIJ; HOHp;OHcaTa.-

TaRIII\I oopaSOM, CBepXnpOBO)l.III\IOCTh MmRHO Tcnoph

npeACTaBllTh ceoe TalC IIpII T < Te B CBopXnpOBO)l.HIII'C cy­

m,eCTByeT KOlIAeHcaT KynepoBcKIIX nap. 81'01' KOH)l.CHCaT

06JIaAaeT CBOMCTBOM CBOpXTOHy'ICCTlI. 81'0 aHa'IIIT, 'ITO 8JIeR­

TpnqeCKIIll TOK OOS conpOTllBJIOHUJI nepOHOCIITCJI B CB~pxnpo­

80AH1IRe KynepoBcKIIMll napal\1II, T. e. 3JIeMOHTapHbIII HOCII­

TeJIh ToKa IIMeOT aapJI)l. 2e.
~aJIhHOiimeo pa3DIITIIe MIIKpocKonIIlIeCHaJI TOOpIIJI CBCpX­

npoBoAlIMOCTII nOJIy'IIIJIa B paooTax JI. II. rOphHoBa (1958),
ROTOpbIll paspaOOTaJI MCTO)l. pemOHIIJI MOAOJIbHOll 3a)l.a'III

:E~mC nOMom,hIO tPYHRIJ;Illl rpuHa. 8TIIM MeTO)l.OM, B'IaCTHOCTII,

eMy YAaJIOCb rrOJIy'IIlTb I\IIIKPOCKOllIllICCKYIO paCmII<PPoBHy

Bcex tPOHOMCHOJIOrII'ICCRHX IIapa~WTpOB TOOpHil rJI II yKa­

aaTb eo oOJIacTb npIIMCIIlIMOCTH (CM. § 41).
PaOOTal\III rOpblwBa OhIJIO aaIWIIlICUO IIOCTpOOHIle TOOpUII

rIIHsoypra-JIaH)l.ay-AOPIIKocoBa- fopbKoBa (TeopHII

rJIAr) , HOTOpaJI B 1966 ro)l.y ObIJIa y)l.OCTOCHa JIeIIIIHcHoll

npeMIIII.



(5.5)

(5.6)

(5.7)

t H
· 41t.

ro =c J"

npuBOAHM BHpameHHe AJIFI WIIRB (5.4) R BHAY

1..2
WIIHB= s;t (rot H)2,

YpaBHeHlIe (5.2) - 81'0 npoc1'o BTOpoii 3aROH HbIOTOHa ]l;JIlI

CBepxrrpOBO]l;lIm;HX 8JIeKTpOHOB. li3 81'oro ypaBIIeHHH CJIe­

l-\yeT, 'ITO B CTalJ;HOHapHOM COCTOHHHH, Kor]l;a dj.ldt=O,
8JIeKTpH'IeCKorO rrOJIH B CBepxrrpOBO]l;HHKax HeT. MhI 3]l;eCb,

npaB]l;a, He Y'IHThIBaeM B03MomHoro npOC1'paHCTBeHHoro H3­

MeHeHHH XHMH'IeCKorO nOTeH~HaJIa CBepxnpOBO]l;HIIJ;HX 8JIeK­

TpOHOB. TaKon 8<{l<{leKT cYIIJ;ecTByeT, IIanpHMep, B cBepxnpo­

BOl-\HIIKe BOJIH3H ero rpaHH~hI C HOpMaJIbHhIM MeTaJIJIOM,

Kor]l;a 'Iepe3 8Ty rpaHH~y H]l;eT TOK. IIo]l;p06Hee 01' 8TOM
CM. rJIaBy 7.

5.2. BTopoe ypaBHeHue JIOHl-\OHOB. Cenqac oy]l;eT Haii­

l-\eHa CBH3b Mem]l;y CBepXTOKOM U MarHHTHhIlII nOJIeM B CBepx­
npOBO]l;HIIKe.

0003Ha'IHM HanpHmeHHOCTb HCTHHHoro, MIIKpOCKOnH'Ie­

CKoro MarHHTHoro nOJIH B ]l;aHHon TO'IKe CBepxnpOBO]l;HHKa

. H (r). 3]l;eCb TpeoyeTcH IIeKOTopoe pa3'bHCHeHHe. B rJIaBe 1
OhIJIO CKa3aHO, 'ITO MarHHTHoe nOJIe B CBepxrrpOBO]l;HUK nep­

Boro pO]l;a He npOHIIKaeT, 'ITO OHO TaM paBHO HyJIIO. Cen'Iac

MhI yoe]l;HMCH, 'ITO 81'0 BepHO JIHmb npH6JIHSHTeJIbIIO. Ha He­

OOJIbmylO rJIyoHHy 01' nOBepXHOCTH TeJIa (nopH]l;Ka 500--;-
1000 A) MarIIHTHoe nOJIe Bce me npOHHKaeT. Hama aal-\a'Ia

KaK paa U COCTOHT B TOM, 'ITOOhI BhIHCHHTb, KaK MeHHeTCH

B npOCTpaHCTBe 81'0 nOJIe H (r).
llYCTb CBOOO]l;HaH 8HeprHH CBepxnpOBOl-\HUKa oea MarHUT­

Horo nOJIH II TOKa paBHa $'0' IIJIOTHOCTb KUHeTU'IeCKOn
8HeprHH CBepXTOKa paBHa

W ERB = n,mv~/2 = mm2n,e2. (5.4)

¥'!uThIBaFI ypaBHeHue MaKCBeJlJIa

I1JIOTHOCTb MarHHTHon 8HeprHH B TOM me MeCTe CBepx­

npOBOAHHKa paBHa, KaK H3BeCTHO, H2 /8 'It, n08TOMY CBOOO]l;-
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(5.1)

(5.2)

(5.3)

r JI a B a 2. JlRHEliHAH 3JIEKTPOnRHAMlIRA
CBEPXllPOBO~HlIKOB

,II;JIJI Toro 'ITOOhI nOHJlTb, KaK Be]l;eT ceoH CBepXnpOBO]l;HHR,

nOMeIIJ;eHHhIn BO BHemHee 8JIeKTpOMarHlITHoe nOJIe, BocnOJIb­

3yeMcJI TaR Ha3hIBaeMon ]l;ByxmIIl-\KOCTHOii MO]l;eJIbIO. BY]l;eM

C'IIITaTb, 'ITO Bce CBOOO]l;HhIe 8JIeRTpOHhI CBepXnpOBO]l;HHRa

pa3]l;eJIeHbl Ha ]l;Ba ROJIJIeKTIIBa: CBepXnpOBO]l;HIIJ;IIe C rrJIOT­

IIOCTbIO n. II IIOpMaJIbIIhIe C nJIOTHOCTbIO nn' llJIOTHOCTb CBO­

OO]l;HhIX 8JIeinpOHOB n=n.+nn' IIpu II3MeHeHHH TeMnepaTypbl

01' 0 ]l;0 To BeJIH'IHHa n. MeHHeTCH 01' n ]l;0 O.
. Ha'IHeM CHCTeMaTII'IeCKOe H3y'IeHHe CBonCTB CBepxnpo­

BO]l;HHKOB B 8JIeKTpOMarHHTHOM nOJIe C caMoro rrpOCToro

CJiy'IaH. MhI npe]l;nOJIaraeM, 'ITO HanpJIlReHHOCTII 8JIeKTpH'Ie­

CKoro H MarHHTHoro nOJIen CTOJIb MaJIhI, 'ITO OHH He OKa3hI­

BalOT 3aMeTHoro BJIHHHHH Ha nJIOTHOCTb CBepXrrpOBO]l;HIIJ;HX

8JIeKTpOHOB, KpOMe Toro, npel-\nOJIaraeM, 'ITO nJIOTHOCTb n.
BCIO]l;y O]l;HHaKOBa, T. e. npeHeoperaeM npOCTpaHCTBeIIIIhIM

H3MeHeHHeM n•.
CBH3b Mem]l;y 8JIeKTpH'IeCKHM nOJIeM, MarHIITHhIM nOJIeM

II TOKOM B 8TOM CJIy'Iae JIHHenHaH II ]l;aeTCH ypaBHeHHHMH <D.
H r. JIoH]l;OHOB [17].

5.1. llepBoe ypaBHeHue JIOHl-\OHOB. 3anIImeM ypaBHeIIHe

]l;BHmeHHH ]l;JIH e]l;IIHH'IHOrO OO'1eMa CBepXrrpOBO]l;HIIJ;HX 8JIeK­

TpOHOB, HaXO]l;HIIJ;HXCH B 8JIeKTpII'IeCKOM nOJIe:

dv. En.m(J;t =n.e ,

§ 5. YpaBHeHUJI JIOHl-\OHOB

r]l;e m - Macca 8JIeKTpOHa, e - ero sapH]l;, v. - cBepxTeKy'Iail

CKOpOCTb.

Y'IHThIBaH, 'ITO llJIOTHOCTb CBepXTORa ('IaCTO rOBopHT CBepx­

npOBO]l;Hm;erO TOKa) i, = n,ev" HMeeM
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BOCIIOJIbSOBaBIIlIlCb TOIKll,eCTBm.I

a rot b = brota - div lab], (5.11)

(5.14)

(5.15)

(5.16)

div A =0,

An=O,

• C AJ8 = -1.'2 .
::i7tr....

IlepenTu OT (5.13) Ii (5.14) MOlHIlO TOJlhRO npn YCJIOBlm, 'ITO
MbI BbIoupaeM Tali HaSbIBaeMYIO JlOH.n;OUOBCRyIO KamlopoBKy
BeRTopHoro nOTCUIl,uaJIa

i3To II eCTb BTopoe ypaBHeHue JIOH.n;OHOB. Ero MOiRHO aanu­
caTb II no-.n;pyrOMY. I1cnOJIbayH ypanneuHe MaRCBCJlJla (5.5)
II paBeHcTBo II = rot A, JlerIW IIOJIyl.JUM us (5.1.3)

§ 6. rJlyouuu npOIIIIRIIOBeIUUI l\1aI'IIlITHOI'O nOJUI

• 1 A
J8 =-ex: '

r.n;e n - BeRTOp HOpMaJIII R IIOBepXHOCTU CBepxnpOBo.n;HURa.
"YpaBHemIe (5.15) COB1IeCTUO C (5.14) .n;aeT, uepaapbIB­

HOCTb JIIIHIIll CBepXTOIW, OTCyTcTBIIe IICTO'IHIIROB CBepXTORa,
a (5.16) - HeBoaMOlHUOCTb CEepxToRy TeTJb 'Iepea nOBepx­
HOCTb CBepxnpOBo.n;HIIl,erO TeJIa. OTCyTCTBIIG nnemHIIX n,cnen
II KOUTaRTOB, nOJJ:Bo.n;H~nx TOKH, ROneTJHO, npell,nOJlUraeTCH.

llcnoJlbayH (5.3) II (5.7), ypanHemIe (5.14) MOIHHO aa­
nncaTb e~e n B Bu.n;e

llccJIe.n;yeM C nOMO~bIO ypaBJIeHIIll JIOHll,OHOB Bonpoc
o TOM, RaR npOHIIRaeT MarHIITHOe nOJIO B CBepxnpOBo.n;IUIR.
PaCCMOTpIIM CBepxnpOBo.n;HIIl,ee nOJIynpocTpaUCTBO x > O.

aHaTJIIT, 'ITO nOBepXHOCTb CBepxnpOBOJJ:HuRa COBna.n;aeT
nJIOCROCTbIO x=O. B UanpaBJIeHIIII ocu z UaJIOmeHO BHem­

MarHuTHoe nOJIe H o• AJIn pemcnun 3TOM aa.n;a'ln BOCnOJIb­
'W!1IyeMCH ypaBHeHueM (5.13). "Y'liITbInaH, 'ITO rot rot H=

= - \72 II, II YTJIITbIBaH CIIMMeTpIIIO aal~a'm, ypaBHonHO (5.13)
anIICbIBaeTcn B BII.n;e

iPHJdx2-),,-2II=0. (6.1)

paHHTJHbIe yCJIOBHH aa.n;aTJH: H (0) =Ho, H (OJ )=0. IIocJIe.n;­
eo rpaHlITJHOe YCJIOBlIe YTJI1ThlBaeT 8<PtPC'HT MellccHepa­
l\CeHtf!eJIhJJ:a. PemeHlIe 3TOll aa.n;aTJII:

II = Hoe- x /),. (6.2)

3l
(5.13)

(5.10)

H +),,2 rot rot H =0.

IIoCJIe.n;HIIH IIHTCrpaJI, o.n;uaIW, paBeH HyJIIO. AencTBIIToJIbuo:
BOCnOJIbSOBaBIIlIICb TcopelVIOli faycca, npeoopasyeM nOCJIe.n;HIIH

UHTcrpaJI R BUll,y ~ [rot H, oH] clS, r.n;e lIHTCrpaJI oepeTcH IIO

nOBepXHOCTH cnepxnpOBo.n;UIIKa. Ho nOJIe Ha mmepXHOCTH HaM
sa.n.aHO - ::ITO BHCTlInee none, n03TOMY TaM napIIaIl,IIH oH (1') - O.

Mhl IIpIIIIIJH! K ypamwHllIo ~ (II + ),2 rot rol H)oH dV = O.

ITp!! npOIIS30JIbHOH BapnaIl,lIH 01:1 (1') ::ITO ypaBHe~I::e l\I~IK~T
y.n;OB.'lOTBOPlITbCH, TOJlbKO eCJIII BbIpamenuc B CRoo,~ax p3BdO
Hymo. Ihm<, MbI II[)JlY'IJUlII ypaBHenue .n;JIH MarHlITHOrO nOJIH

n cDspxnpoHo.n.HuKe:

HmerpMpOBaHlIe Be.n;eTCll no BceMy OO'l>eMy CBepxnpono.n;oHUKiL
PeiliUM TencpI, BapHaIVIOHlIym sa.n;aTlY: ySHaeM, RaROU BUlJ;

tPymO:l,HU II (1') oy.n;eT .n;asaTb cpyIIRIl,HOaaJIy '"$8H"MIIHllMaJlb­
HOC SHa'IeIlIIe. OrOBopUMcn, 'ITO npaBIIJIbUee OMJIO ObI CTaBUTb
Bonpoc 0 1!HUIIMHsalJ;HI! cBoOo.n;aoli 3HeprHH fuo6ca. MM TaR
II nocTyIIHM npH BbIBo.n:e ypaBHeHIIf! fHHsOypra-JIaH.n;ar
(CM. § 14). Pesym,TaT, o.n;uaEW, He saBHCMT OT

ca
TDro, Ha~WH

<pym{Il,IlOHaJI HCCJle.n;yeTcn na MUHHMyM: $811 MJIlI ({j sT!· IT03 rO~IY
MbI oy.n;eM BapblIponaTI, $,,11, qTO .n;eJIaTb npmTl,e.

IhaR, ll,a.n;II~I <pyrmIl,I1H H (1') MaJIyIO napH1llJ;IIIO HI (1').
HS~IeHeHIIe $811 OY1~eT paBllo a$8Il:

078[[=8~1'": ~ (2HoH +2),,2 rollll'otoH) dV. (5.~l)

I1clWMaH cPYlmIl,IIJI II (1') - 3TO TaHaH <pyEIf(Il,HH, ua I\()T()­

POR $8H .n;ocTflTaoT MHlIlIMyMa, T. c.

npeoOp3.syeM (5.9) II (5.10) R BII.n;y

~ [H +),,2 (rot rot H)] oH dV - ~ div [rol H, oH]dV = O. (5.12)
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1I3 3TorO pemeHIHI CJIeAyeT, 'ITO MarHIITHoe nOJIe Y°:bIBaeT

B rJIyoIIHY CBepxnpOBOAHHRa. XapaRTepHaH AJIII~a(, Ha R;~r
OH n OIICxoAIIT OCJIaOJIeHHe nOJIH B e pa3, eCT:b pHC:..

~ lIPeCTb tPII3H'IeCRIIH CM:bICJI BeJIII'IIIH:bI A, DBeAeHHOII tP°p­

M:~:bHO tPOPMYJIOH (5.7). ;:)Ta BeJIlI'IHHa Ha3:bIBaeTCH JI~HAO­
HOBCROH rJIyoHHoH npoHHRHoBeHHH MarHHTHoro nOJIH.

T a 6 JI II II; a 6.1 JIoHJWHoBcKaH fJly6JIHa npOHHKHOBCHHH
,rt;.JJJI HCKOTOpbIX CBCpXlIpOBO,rt;HIIKOB [2]

A(0), A 500 1300 380-450 640 470 390 510 920
(aHH8oTpOIIII1I )_(~)1/2

A- 4 2 •1tn.e
(6.3)

3neMeHT I AJ I Cd I Hg I In I Nb I Pb I Sn I Tl

J• -(c/47t) rot H 'ITO B HameR nJIOCROR reoMeTplIH
CTBHTeJI:bHO, .-, 6 2)
AaeT j.=(c/47t) dH/dx. lloACTaBJIHH cIOAa (. ,nOJIy'IHM

llOCROJI:bRy A3aBIIClIT OT n., OHa 3aBIICHT OT TeMnepaTYP:bI~

)J;OBOJI:bHO xopomHM npHOJIHmeHIleM AJIH TeMnepaTypHoH

3aBHClIMOCTH A HBJIHeTCH 3MnHpH'IeCRaH <J!opMyJIa

333 B. B. mMHIlT

'rAe Q- Hel'oTopliIH orrepaTop, ROTOp:bIH, AeucTByH Ha BeR­

TOp A, rrpeBparn;aeT ero B BeRTOp QA. Pa,ll,I1yc ,lI,ei1cTBI1H orre­

paTopa Q(r - r') oepeTcH paBH:bIM ~O, T. e. Q(r - r') OTJIWIeH

OT HyJIH TOJIbRO rrpn Ir - r' I< ~o. Tal' rrpOllCXO,ll,IlT ycpe,ll,He­

ll11e ,lI,en:cTBI1H Bel'Topa A Ha qaCTJIU;Y (HOCJITeJIb cBepxTol'a)

§ 7. HCJIORaJIbHaH 3JICRTpOAHHaMHRa CBcpxnpOBOAHHROB

To, 'ITO rOBOpHJIOC:b AO CHX nop 00 3JIeRTpOAHHaMHRe

. CBepxnpOBOAHHROB, OTHOCHJIOC:b R TaR Ha3:bIBaeMOH JIORaJI:b­

J HOH 3JIeRTpOAHHaMHRe. )J;eHCTBHTeJI:bHO, ypaBHeHIIe JIoHAO­

'; HOB (5.17) CBH3:bIBaeT nJIOTHOCT:b CBepXTORa i. (T. e. CROpOCT:b

ABlImeHHH HOCHTeJIen CBepXTORa v.) C BeRTOpH:bIM nOTeHIJ;IIa­

JIOM A B 3TOH me TO'IRe. ll03TOMy, CTporo rOBopH, OHO npH­

MeHHMO, TOJI:bRO eCJIH pa3Mep:bI HOCHTeJIen CBepXTORa cy­

m;eCTBeHHO MeH:bme xapaRTepHoH AJIlIH:bI, Ha ROTOpOH npo­

lICXOAHT H3MeHeHHe BeRTopHoro nOTeHIJ;IIaJIa, T. e. rJIyolIH:bI

npoHHRHoBeHHH A. HOCIITeJIH cBepxToRa - 3TO 3JIeRTpOH­

H:bIe nap:bI. 0003Ha'IHM pa3Mep nap:bI ~o. OIJ;eHRa no nopHARy

,', BeJIlI'IHH:bI, ROTOpyIO M:bI npoBeAeM B rJIaBe 6, nORameT, 'ITO

l~ AJIH 'IlICT:bIX MeTaJIJIOB ~O ~ 10-4 CM. C APyroH CTOpOH:bI,

rJIyolIHa npOHHRHoBeHlIH A ~ 10-5--;-.10-6 CM. OTCIOAa CJIe­

AyeT, 'ITO JIORaJI:bHaH JIOHAOHOBCRaH 3JIeRTpOAIIHaMlIRa R 'III­

CT:bIM CBepxnpOBOAHHRaM He nplIMeHlIMa, nOToMy 'ITO Ha

pa3Mepe ~O MarHHTHoe nOJIe AOJImHO CHJI:bHO 1I3MeHlITbCH.

ll03TOMy JIORaJI:bHOe ypaBHeHHe (5.17) AOJImHO O:bIT:b

aaMeHeHO Ha HeJIORaJI:bHOe, YCTaHaBJIHBaIOm;ee CBH3b MemAY

CROpOCT:bIO 'IaCTHIJ;:bI II MarHlITH:bIM nOJIeM, ROTopoe CIIJI:bHO

MeHHeTCH Ha pa3Mepe 'IaCTIIIJ;:bI ~o. TaRYIO HeJIORaJI:bHYIO

CBH3:b npeAJIOI:I\I:IJI lllInnapA [18) em;e AO nOHBJIeHlIH MlIRPO­

CROnlI'IeCROH TeopIIII CBepxnpOBOAlIMOCTII.

B 06rn;eM BIIAe HeJIOl'aJI:bHaH CBH3:b MemAY i. II A MomeT

~:bIT:b 3anIIcaHa B BIIAe

j.(r)= ~ Q(r-r')A(r')dr', (7.1)

(6.5)

(6.4). clio -XI),.
J.= 41tA e .

).(0)
A(T) = (1- (T/T

c
)4lI 2 •

O:u;eHlIM nopHAoR BeJIH'IHH:bI A (0). llpH T=O ~~~2 3JIe_~­
TpOH:bI MeTaJIJIa - cBepxnpoBoAHm;He, T. e. n.=n~ 10-~~ .
lloACTaBJIHH B (6.3) 3TO 3Ha'IeHHe, a TaRme m ~ A'
c ~3.1010 CM/C, e=4,8·1O- 1O aoc. eA., nOJIY'IHM A (0) ~600 .

3Ha'IeHHH A (0) AJIH HeROTOp:bIX cBepxnpoBoAHHROB npH-

DeAeH:bI B TaOJI. 6.1.
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PIIC. 6.1. IlPOHIIKHoBeHlIe
MarHIITHoro IIOJHI B Mac­
CIIBHhI:il: cBepxlIpoBOWilIK.
IloJIe Ha lIoBepxHocTIl

paBHO Ho•

U ( HC
Ha TaRyIO me BeJIH'IHHy Y0:bIBaeT H 3RpaHHpyIOm;HH M~ u-

CHepOBCRIIH) cBepxToR, TeRym;HH no nOBepxHoCTH. f-\eH-

H
Ho



MbI nOJIyqIIM, ImK II XOTeJIII, 3RcnoHeHD,IIaJIbHbIM aaROH cnaAa­

HIIfl nOJIII Ha rJIyoIIHe AP. CpaBHeHIIe (7.4) II (7.5) AaeT Ai>-:

04

oOJIbiliIIX pa3MepOB. ECJIII 9'1'0'1' pa3Mep yCTpeMIITb K HyJIlO,

TO () npeBpaTIITCfl B O-epYHK~IIlO, II MbI BepHeMCfl K JIOKaJIb-

HOM 9JIeKTpO,Il,IIHaMIIKe. ~

IIIInnap,Il, npe,Il,JIOiKIIJI QA BbI6paTb B BII,Il,e

() (r - r') A (r') =
=_ .:1n.e

2 (r-r;)4(A(r'), r_r')e-lr-r'I/Eo. (7.2)
47tmc~o (r - r )

B HeJIOKaJJbHOM cJJy"lae BaKOH rrpoHIIKHoBeHIIH MarHIITHoro

rrOJIfl B cBepxrrpoBo,Il,HI:lK OTJIII"laeTCII 0'1' 3RcnOHeH~l:laJIbHOrO,

O,Il,HaRO II B 3TOM cJIy"lae MOiKHO rOBopIITb 0 rJIy6llHe npOHIIK­

HOBeHlUI MarHIITHoro nOJIfl, onpe,Il,eJIIIB ee TaK:

::>53*

§ 8. KBaHToBoe 0606m;eBHe ypaBHeHHH JIOH,Il,OHOB.

KBaHToBaHHe MarHHTHoro nOTORa

=A"'Eo/Ap, oTKy,Il,a OI(eHRa Ap no rtOpH,Il,Ry BeJll1qMHhl oy,Il,e'l'

Ap~ (A2eo)'/, • (7.6)

Bem[lUIHa A 3AeCb no-npeiKHeMy onpeAeJIHeTCH epOpMyJIOH (5.7).
Ma epOpMyJIbI (7.6) CJIeAyeT, lITO B CJIylIae A~ eo IIMeeM

AP ~ A, T. e. HeJIORaJIbHaH 3JIeRTpO,Il,HHaMHRa npe,Il,CRa3bI­

BaeT oOJIee rJIyooRoe npoHHRHOBeHHe MarHHTHoro nOJIH,

lIeM TO, ROTopoe CJIeAyeT Ha JIORaJIbHOH 3JIeRTpO,Il,HHaMHRH.

IIpH 3TOM, .ROHelIHO, npe,Il,nOJIaraeTCH, lITO Ap TOiKe y,Il,OBJIeTBO­

pHeT BepaBeBcTBy Ap ~ eo. Ho TaR MOiKeT ObITb Be BCer,Il,a

)J;aiI{e y lIHCTbIX MeTaJIJIOB.

THnHlIHbIM npe,Il,CTaBHTeJIeM CBepxnpOBOABHROB, XOpOlliO

onHCbIBaeMbIX HeJIORaJIbHbJMH COOTHomeHHHMII (nHnnapAOB­

CRHX CBepxnpOBOAHHROB), HBJIHeTCH AI. HaooopoT, AaiI{8

lIHCTbIH Ph HBJIHeTCH JIOHAOHOBCRHM CBepxnpOBO,Il,HHROM.

C npHOJIHmeHHeM T R T e Bce cBepxnpoBoABHRH CTaBO­

BHTCH JIOHAOHOBCRHMH, Tal{ RaR A pacTeT npH T - Te,

a eo 0'1' T He 3aBHCllT.

Bce, 'ITO rOBOpHJIOCb AO CHX nop, OTBOCHTCH R CJIy'IaIO

lIHCToro MeTaJIJIa, T. e. TaRoro, y ROToporo )J;JIHHa CBo60,Il,­

BOl'O np06era 3JIeRTpOHa l ~ eo' ECJIH aarpHaHHTb MeTaJIJI

npHMecHbIMH aTOMaMH, TO MOiKeT B03HIIRBYTb cHTyaD,HH,

ROr,Il,a l ~ ~o' TaRHe MeTaJIJIbI MbI 6y,Il,eM Ha3bIBaTb rpH3BbIMH.

CIO,Il,a iKe OTBOCHTCH H CnJIaBbI. B OlIeBb rpH3HbIx MeTaJIJIaX

pOJIb paaMepa 3JIeRTpOHHOH napbI y}l{e HrpaeT ,Il,JIHHa npo­

6era l. MHRpOCROnHlJ:eCRaH TeopHH nORaabIBaeT, lITO ,Il,JIH

rpH3HbIx CBepXnpOBO,Il,HHROB rJIyoHHa npOHHRHOBeHHH Mar­

BHTHoro nOJIH Ad~A (eo/l)'/, npH l ~ eo' TaRHM 06paaOM,

cnJIaBbI xopomo onHCbIBaIOTCH JIORaJIbHbIMH JIOH,Il,OHOBCRHMH

ypaBHeHHHMH. B ,Il,aJIbHeHmeM MbI oY,Il,eM nOJIb30BaTbCH

JIORaJIbHbIMH ypaBHeHHHMH.

8.1. KBauToBoc o606m;euHe ypaBHeuHH JIOU~OUOB.

B rJIaBe 1 yme rOBopIIJIOCb 0 TOM, lITO 3JIeMeUTapUbIM UOCII­

TeJIeM CBepXTORa HBJIHeTCfl napa 3JIeRTpOHOB, RynepoBcRaH

napa. IIPII 3TOM Bce napbI HaxoAHTCfl Ha O,Il,HOM 3HepreTHlIe­

CI\OM ypoBHe, B OAHOM RBaHTOBOM COCTOHHllH, 06pa3YIOT ROH­

,Il,eUcaT. BOJIHOBaH epYHRD,llH TaROH ROH,Il,eHCaTHOH lIaCTHD,bI

MomeT ObITb aanHcaHa B BH,Il,e qr (r)=(n.J2)'/, e,Olr l , r,Il,e

6 - epa3a BOJIHOnOH epYHRD,HH. B HOpMHpOBRe qr (r) YlITeBO,

lITO nJIOTHOCTb 3JIeRTpOHHbIX nap paBua n./2, r,Il,e n. - nJIOT­

UOCTb cBepXnpOBO,Il,fl~llX 3JIeRTpOHOB.

(7.5)

(7.4)

(7.3)

• C Al.=- 47tA2 ,
P

0)

A=1}0 ~Hdx.
o

ECJIII 3'1'0 ypaBHeHIIe saUIICaT& B BIIAe

3,Il,eCb H o - nOJIe Ha nOBepxHocTli nOJly6ecKoHellHoro cBepx­

npoBo,Il,HlIlm. EcmI nOJIe YMeHbIIIaeTcH II rJIy6b cBepxnpoBo,Il,­

HlIRa 3KcnOHeHl~HaJIMIO,TO 8TO onpeAeJIeUIIe ), II npeAbIAY~IIe

(CM. (6.1) n (6.2)) COBna,n:aIOT.
MbI He 6YA8M p8maTb II8JIOIWJIJ>UYIO aaAa"ly, a nOKaiI\eM,

RaK MOiImo npOCTO IIOJIy"lIITb npaBIIJIbIII,IM OTBeT no nopHAKY

BeJIIIlIIIHbI [q]. ,lJ,onycTIIM, lITO HCTlIHHYIO aaBncnMOCTb

H (x), T. e. aaIWH npomIlmOB8HHH l\WrHIITHoro nOJIH MbI

annpoKcIIMIIpyeM 8RcnOHeIITOH C HOBOH rJIy6IIHoH npOHIII{­

HOBeHIIH. 060aHalHIM ::lTY rJIy6IIHY Ap (mmnapAOBCKaH rJIy­

OIIHa npOHIIKHoneIIIIH). IhaK, Ha lIaCTIIIl,y AIIaM8TpOM ~o
BeRTopHbIH IIOTeH~naJI A AeMcTByeT TOJIbKO Ha rJIy6IIHY

),p ~ ~o' B poayJIbTaTe lIaCTIII~a ylIacTByeT B coaAaHIIII

rrJIOTHOCTII TOlm L, no AeHcTBIIe A Ha lIaCTIII~y B HeJIORaJIbHOM

CJIylIae MeHee 3epepeKTIIBHo, BeAb TOJIbKO AOJIH lIaCTII~bI Ap/ ~o
«lIyBcTByeT» AeHcTBIIe BeKTop-rroTeH~IIaJIaA. CooTBeTcTBeHHo

II nJIOTHOCTb TORa 6YAeT MeHbllie B ~olAp paa. IIOACTaBHB 3'1'0'1'

R03epepIID,HeHT B epOpMyJIy (5.14), nOJIylIHM

• c Ap
J. = - 41>A2 -ro- A.



ECJllI "'IaCTlI:IJ;a C MaccolI 2m II C 3apH,lJ;oM 2e ,lJ;BJUKeTCH

B MarHIITHOM nOJIe, TO IIMnYJIhC "'IaCTIUJ;hI MOI:I\HO 3anIIcaTh

B BII,lJ;e

r)J;e 11, - nOCTOHHHaH IIJIaHKa. ,l];ellcTBIITeJIbHO, B OTCyTcTBIIe

MarHIITHoro nOJIlI nJIOTHOCTh nOTOKa 1J.aCTIIIJ; n.v.j2 MOlRHO

sallIIcaTh B BII,lJ;e (i11,j4m)(W\lW* - W*\lW). IIO,lJ;CTaBJIlIH CIO,lJ;a

BbIpalReHIIe W(r)=(n.j2)'/'e i9 , nOJIY'IIIM fi\lO = 2mv•. ECJIII

lJaCTIIIJ;a ,lJ;BIIlReTCH B MarHIITHOM nOJIe, TO nOJIHhIll IIMnYJIbC 11,\10
2e

eCTb cyMMa 2mV-IIMnYJIhCa II IIMnyJIhCa - A, C03,lJ;aBaeMOro
e

MarHIITHhIM nOJIeM.

11 CnOJIh3YH BhIpalReHIIe ,lJ;JIJI nJIOTHOCTII CBepXTOKa B BII,lJ;e

(8.5)

(8.6)

(8.4):: f \lOdl=fAdl.
o 0

II> = (lI>0/27t) f \76 dl.
a

IIMeeM

3)l,eCh lI> - STO nOJIH.hIll MarHIITH.hIIUi[ n
OTOR, OXBaT.hIBaeM.hIH

KOHTYPOM C. OTCIO,lJ;a cpa3Y Hll)J;HO, 1J.TO 6- MHOr03Ha1J.HaH

IIHTerpaJI ypaBHeHlIH (8.3) no 3TOMy KOHTypy CBe,lJ;eTCH K BhI­
pameHIIIO

(8.1 )

(8.2)i. = n.ev.

() 2e
11,\lv=2mv.+-A,

e

II tPOpMyJIhI (5.7) II (5.18), JIerRO nOJIy'IIIM II3 (8.1) CJIe,lJ;YIOllJ;ee

0606llJ;eHIIe BToporo ypaBHeHIIH JIOH,lJ;OHOB:

3,lJ;eCh BDe,lJ;CHO 0603Ha"'leHIIe <1>0= 7t 11,c/e. 8Ta DOJIII'IIIHa

IIMoeT pa311ICpHOCTh MarHIITHoro nOTORa, a C co tPIl3II'ICCKIIM

CMbICJIOM MhI n03HaROMIIMCJI B CJIO,lJ;YIOllJ;OM nYHRTC.

8.2. KBaHToBaHHe MarHHTHoro nOTOKa. MhI nOpOXO,lJ;IIM

K II3y"'lOHIIIO O"'lOHh IIHTepOCHoro (II BalRHorO ,lJ;JIJI pa3JIII"'IHhIX

TOXHII"'IOCKIIX npIIMeHeHIIH cBopXnpOBO,lJ;IIMOCTII) HBJIOHIIJI­

KBaHTOBaHIIJI MarHIITHoro nOTOKa B CBopXnpOBO,lJ;HIIRax.

PaccMoTpIIM BHYTPII MaCCIIBHoro CBopXnpOBO,lJ;HIIKa IJ;II­

JIIIH,lJ;pII"'IOCKyIO nOJIOCTh (pIIC. 8.1). IlycTh cnepBa T > Te,

II cBepxnpoBo,lJ;HIIK HaXO,lJ;IITCH B HOpMaJIhHOM COCTOHHIIII.

HaJIOjf{IIM BHemHoe nOJIe Ho napaJIJIOJIhHO o6pa3yIOllJ;eH

nOJIOCTII. IlOHII3IIM TeMnepaTypy TaR, "'IT06hI CBopXnpODO,lJ;­

lIIlK nepemeJI B CBepxnpOBO,lJ;JlllJ;eO COCTOHHIIe. Tonoph nOJIe

II3 TeJIa cBepxnpoBo,lJ;HIIKa 6y,lJ;eT BhITocHeHo, a B nOJIOCTII 6y,lJ;OT

3aMopomeH HOKOTOphIH MarHIITHhIH nOTOK. 8'1.'0'1.' nOTOR 6y,lJ;OT

C03,lJ;aBaThCJI CBepXTOKOM, B03HIIKaIOllJ;IIM Ha BHyTpOHHOH

nOBopXHOCTII nOJIOCTII. HaH,lJ;eM 3'1.'0'1.' 3aMopomeHHhIH Mar­

HliTHhIH nOTOK.

PaCCMOTpIIM ROHTyp C (pIIC. 8.1), KOTOphIH OXBaThIBaOT

nOJIOCTh II npOXO,lJ;IIT BCIO,lJ;y BHyTpII CBepXnpOBO,lJ;HIIRa Ha

paCCTOJlHIlJlX 0'1.' rpaHIIIJ;hI nOJIOCTII MHom 60JIhmnX A. Tor,lJ;a

B JIIQ60H T01J.RO noro KOHTypa CBepXTOR i.=O, II ROHTypHhIH

36

if> TIne he
""'o=-e-=2;-o (8.8)

(
113 tPOPMYJIbI (8.7) CJIO)J;yeT, "'ITO MarHHTHbIH nOTOR B nOJIOCTII
TO'IHee _ MarH U

IITH.hIII nOTOK, OXBaT.hIBaOMhIH KOHTypOM C)

(8.7)

PHC. 8.1. B CnJIOillHOM cBepx­
npoBoAHlIRe (aaIIITpHxoBaHo)
lIMeeTClI I\lIJIlIHAplIQeCRalI no­
JIOCTb. ROHTYP C npoxo,!{lIT
BCIOAY BHYTplI cBepxnpoBO,!{HHRa
Ha 60JIbIIIlIX no cpaBHOHlIIO C A
paCCTOlIHlIlIX OT rpaHHI\bI no-

JIOCTH.

<PYHKIJ;HH; RarK)l,.hIll pa3 npH ooxo)l,e BORpyr oTBepCTHJI OHa

H3MeHJleTCJI Ha HOROToPYIO BeJIH'IHHY. Ho BOJIHOBaH <P H IIH

\]J" )l,0JIlRHa ~.hITh 0)l,H03Ha1J.HoH. IIoSTOMY MhI )l,OJIIKH.hI Yn:: e­

OOBaTb, 1J.TOO.hI H3MeHeHHe 0 npH ooxo)J;e BORpyr OTBe CT~H
C ~arHHTH.hIM nOTOROM O.hIJIO RpaTH.hIM 2'1tn r)J;e n = olE
,IJ;eHCTBHTeJIhHO, )J;ooaBJIeHHe R 0(r) BOJI~1J.HH.hI 2'1tn 'He' ~ •• ~
HHeT tPYHRIJ;llIO W(r) = (n./2)'/2e>9, TaR RaR e>2,," = 1. IIoaT~~ey

f\70dl = 2'1tn II paBeHCTBO (8.6) MOiKHO HanHcaTh OIWH1J.aTeJIhHO
o
B BII,lJ;e

r)J;e

(8.3)i. = e~ (~: \10 - A) •
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MOiKeT npIIHIIMaTb TOJIbRO aHatIeHIIH, RpaTHbIe MHHHMaJIbIlO

BOaMOiKHOMY noToRy <Po - RBaHTy IIOTORa. BeJIHtIHHa <Po

OlIpe;rJ;eJIHeTCH cPOpMyJIOH (8.8) H paBHHeTCH

<Po = 2,07 . 10-7 fc . eM2•

<PIIaIItIeCRH RBaHTOBaHHe MarHHTHoro IIQTORa IIMeeT TO iKe

IIPOHCXOiKp;eHHe, tITO RBaHTOBaHHe Op6IIT :meRTpOHOB B aTO~t:e ...

lIYiKHO, tITo6bI BOJIHOBaH cPYHRn;HH 3JIeRTpoHoB. BpamalO­

.!!!IIXCH IIO HeKoTopoMy aaMKHyToMy KOHTYPY, HMeJIa U;eJIoe

tIHCJIQ lIJUIij BOJIJI Ha ;rJ;JIHHe 3Toro KOHTypa.

8KCIIepHMeHTaJIbHO KBaHTOBaHHe MarHHTHoro IIOTORa 6bIJIO

06HapyiKeHo IIpaKTHtIeCKH O;rJ;HoBpeMeHHo B CIlIA (E. ,IJ,H­

nep H B. <Pep6eHK) [8] H B <pPf (P. ,IJ,OJIJI II M. He6aY3p) [9]
B 1961 f. MHTepecHo OTMeTIITb, tITO <P. JIOH;rJ;OH, npep;CRaabI­

naH KBaHTOBaHHe MarHHTHoro IIOTOKa, CtIIITaJI, tITO RBaHT

6Y;rJ;eT paBeH he/e, T. e. IIpep;CKa3bIBaJI 3HatIeHHe B ;rJ;Ba paaa

60JIbmee <Po. 8TO II IIOHHTHO, OH CtIIITaJI, tITO 3JIeMeHTapHbIH

aapHp; HOCHTeJIH CBepXToKa paBeH aapH;rJ;y 3JIeInpOHa e.
OlIbIT IIO;rJ;TBep;rJ;HJI IIpaBHJIbHOCTb cPOpMyJIbI (8.8). TaKHM

06paaoM, peayJIbTaTbI OlIbITOB IIO HaytIeHHIO KBaHTOBaHHH

MarHIITHoro IIOTOKa HBHJIIICb IIpHMbIM ;rJ;ORaaaTeJIbCTBOM Toro,

tITO CBepXToK IIepeHOCHTCH IIapaMII 3JIeKTpOHOB.

38J\aqa 8.1. B MaCCHBHOM cBepxnpoBoAHHKe HMeeTCH oTBep­
CTHe AHaMeTpoM 0,1 MM, B KOTOpOM aaXBaqeHO 7 KBaHTOB MarHHTHoro
nOTOKa. OnpeAeJIlI.Th HanpHiReHHocTh MarHlI.THOrO nOJIH B oTBepcTHH.

Om8em. H=1,84.10-2 3.
38J\aqa 8.2. B MaCCHBHOM cBepxnpOBOAHlI.Ke HMeeTCH lI,HJIlI.HAPH­

qeCKOe oTBepcTHe AHaMeTpOM 2 CM. B HeM aaXBaqeHO MarHHTHoe nOJIe
C HanpHmeHHOCThIO H=300 3. HaRTH BeJIHqllHY BeKTopHoro nOTeH­
n;HaJia A Ha paccToHHIIH R=2 CM 01' lI,eHTpa oTBepCTl'IH. Ha:iiTu rpa­
AHeHT cl>aabl va Ha aTOM me paCCTOHHUU R.

Om8em. A=75 fC·CM, Va=2,36.f09 paA/CM.
38J\aqa 8.3. PaccMaTpHBaeTcH TOHKaH cBepxnpOBOAHIIJ;aH nJIeHKa

TOJIIIJ;llHbl d~ >., HaHeCCHHaH Ha nOBcpXHOCTll AlIaJICKTPHqCCKOii HIITH.
PaAllYc CCqCHHH HlI.TIl paBCH R. HUTh BllCCCHa B npOn;OJIhHOC MarHHTHOC
IlOJIC npll KOMHaTHoR TeMncpaType, H aaTCM TCMncpaTypa HIITII onYIIJ;CHa
HHmc T•. IIoCJIC aToro BHCillHCC MarHIITHoe nOJIe BblKmoqaeTCH. RaK
KBaHTyeTcH MarHllTHbIR nOrOK, aaXBaqeHHblR HIIThIO C IIJICH!WR?

P e ill e H II e. IIoCKOJlhHY d ~ >., TOIt 6Y,ll,CT pacnpC,ll,eJICH no
nJIeHKe OAHOpOAHO. IIoaToMy lIHTerpnpoBaHlIc BblpamcHlIH (8.3) no
aaMKHyToMy KpyroBoMy IWHTypy paAIIyca R AaeT

2rcmcR
ell = eIlon - --2- i.. (8.9)n.e

nOaTOMy nOTOK BHyTpll lI,IIJIIIH,ll,pa $= (4n2/c)j.dR2. BhIpamaH OTCIO,ll,3 .
II n0,ll,CTaBJlHH B (8.9), lIMeCM I.

3aMC'lanuc. ECJIlI Rd ~ 2>,2 KBaHToBaHlIe MarHHTHoro nOTOKa
B TOHKOCTCHHOM n;HJIIIH,ll,pe (d ~ >.) IIPOllCXOAliT TaK me, KaK U B MaCCHB­
HOM. B OCTa.JlhHbIX CJIyqaHX «KBaHT IIOTOKa» MeHhme $0•

1/

Pl'IC. 8.2. Pacnpe,ll,eJIeHl'Ie
MarHl'ITHOrO nOJIH, aaXBa­
qeHHOrO TOHKOCTeHHbIM

cBepxnpOBO,ll,HIIJ;l'IM n;H- Of------l--\..----.-
JIl'IH,ll,pOM.

3~aqa 8.4. HaiiTH pacnpeAeJleHlle MarHHTHoro lIOJIH B
Bl'IHX npe,l\blilyul,eii aa,ll,a'UI. yCJIO-

Om8em. CM. pne. 8.2.

§ 9. Pacnpe;rJ;eJleHBe nOJlH B TORa B npOCTeHUIBX

ROB~Brypan;BHX cBepxnpoBo;rJ;HBROB

9.1. lIJIacTBHa B napaJlJleJlhHOM nOJle. Ilepexo;rJ;BM R pac­

CMOTpeHBIO pacnpep;eJIeHBH IIOJIR II TORa B HeRoTopbIX npo­

CTbIX ROHcPlIrypan;HHx. Ha1IHeM co CJlytIaH, Ror;rJ;a OOCROHelJ­

HaH nJIaCTIIHa TOJIIn;BHbI d IIOMeIn;eHa B O));HOpop;Hoe IIapaJI­

JIeJIbHoe IIJIaCTBHe MarHIITHoe nOJIe Ho• IlYCTb nJIOCROCTb

x=o npOXO;rJ;BT no n;eHTpy nJIaCTlIHbI, nOBepXHOCTII llJIaCTllHbI

COBna;rJ;aIOT C nJIOCROCTHMII X= ±d/2, MarHIITHoe nOJIe Ha­
npaBJIeHO B));OJlb OCB Z.

IloJIe BHyTpll nJlaCTIIHbI ;rJ;OJIiKHO y));OBJIeTBOpHTb ypaBHe­

HHIO (5.13). ¥tIIITbIBaH, tITO no co06paiKeHlIHM CBMMeTplIlI

nOJIe H BHYTPlI nJlaCTlIHbI ;rJ;OJIiKHO 6bITb HanpaBJIeHO BP;OJIb

OCII Z II aaBlIceTb TOJIbRO OT x, ypaBHeHlle (5.13) MOiKHO aa­
nlICaTb B BlI));e

C APyroR CTOpOlIbl, MarHHTHoe nOJle BHyTpH n;UJlHHApa n TOK no nOBCpx­
HOCTII lI,IIJIHH,ll,pa CBHaaHbl COOTHomeHnCM

4rc
H=c

'

•d,

38

C rpaHHtIHbIMII YCJIOBlIHMlI H (±d/2)=Ho•
06In;ee pemeHlIe ypaBHeHlIH (9.1) IIMeeT BlI));

H = HI Ch(X/A) + H2 sh (xfA),

(9.1)

(9.2)

39



B pe3YJIbTaTe IIOJIyqHM

d/2 .r

PIlC. 9.2. PacnpelleJIeHlle
MarHHTHoro llOJIH H TOKa
B TOHKO:H DJIeHK6 C aaAaHHhIM:

TOKOM.

(9.7)

H = -HI' 2xfd,

H (x) = -HI ::((;f~), (9.6)

rJ{e HI = 2rcIfe.
CHOBa HCnOJIb3yH ypaBHeHIIe

MaRCBeJIJIa (9.4), HaH,ll;eM pac­

npe,ll;eneHHe TORa B nnaCTHHe:

. (x) _ cHICh (X/A)
I. - 41tA sh (d/2A)

113 (9.6) 1I (9.7) Cne,ll;yeT, 'ITO

1I B 8TOM cnyqae none 1I TOR

pacnpe,ll;eneHhI TonbRO B nOBepx­

HOCTHOM cnoe TOJIm;lIHhI A, eCJIlI

d ~ A. B cnyqae me TOHROH nJIeHRlI (d ~ A) TOR TeqeT

no BceMy celIeHlIIO nJIaCTlIHLI, a nOJIe - nlIHeHHaH cPYHRJUlH

Koop,ll;lIHaT:

lhaR, B e,ll;MI-IMlJI-IOM IIlJJIOCe B,ll;OJIb OCII Z TetreT TOR I.
Ra nOBepXHOCTHX nJIaC~HHhI (x= ±d/2) OI-l C03,ll;aeT MarHIIT­

Hoe nOJIe H (±d/2)=+ HI' llo,ll;CTaBJIHH 8TII rpaHIIqHhIe

yCJIOBMH B 06m;ee peIIIeHIIe (9.2),

HaH,ll;eM none B nJIaCTIIHe: I

CHI I
J.= 21':d=(fo

RanOMHlIM, 'ITO OJ{HOPO,ll;HhIH TOR B 6eCROHelIHOH nJIaCTlIHe

C03J{aeT BHe 8TOH nJIaCTlIHhI Hey6hIBaIOm;ee OJ{HopoJ{Hoe Mar­

HlITHoe nOJIe. Pacnpe,ll;eJIeHHe TOKa 1I nOJIH B nJIaCTlIHe C 1'0­

ROM nORa3aHO Ha plIC. 9.2.

9.3. nJIaCTHHa C TOROM B O,ll;HOpO,ll;HOM nOnepeqHOlll

MarHHTHOM nOJIe. llYCTb nJIaCTlII-la HaXO,ll;lITCH B O,ll;HOP0J{HOM

BHemHeM MarHlITHOM none H o, HanpaBneHHOM B,ll;OJIb OClI Z

RaR B n~9.1, 1I no nnaCTlII-Ie TelIeT TOR B HanpaBJIeHlIlI OClI y:
~OTOPhI!I O,ll;HOP0,ll;HO pacnpe,ll;eneH B,ll;onb OClI Z, RaR B n. 9.2.

onHhIlI TOR qepe3 nOnepeqHOe CeqeHHe e,ll;lIHlIlIHOH BhICOThI

~~BeH!, OH C03,ll;aeT Ha nOBepXHOCTHX nnaCTlIHhI (x= ±d/2)
ne +H1• TaRaH cynepn031IJJ;lIH ycnoBlIH )l;BYX npe)l;hIJ{Y­

~X 3a,ll;aq, B ClIJIY JIlIHeHHOCTlI ypaBHeHlIH JIOH)l;OHOB

J{onilma nplIBeCTlI R cynepnoalIJJ;lIlI lIX pemeHlIH. '

PaCCMOTplIM qaCTHhIH cnyqaH Ror)l;a H1=H 81'0 3Ha­

lJlIT, 'ITO BHemHee none H o 6Y)l;~T nOJIHOCTbIO R~MneHclIpo­
~aTb no~e TORa C O,ll;HOH CTOpOHhI nnaCTlIHhI 1I y,ll;BalIBaTb ero

6 J{pyroll CTOpOHhI, lITO nplIBe)l;eT R TOMy, 'ITO TOR I Tenepb

Y)l;eT TelIh TOJIbRO no O)l;HOH cTopoHe nJIaCTlIHhI. TaRYIO

41

(9.5)
. clIo Sh(X/A)
1s=- 41tA ch (d/2A)"

llJIOTHOCTb cBepxToRa B IIJIa­

CTMHe MomHO HaMTH, BOCIIOJIb30­

BaBIIIMCb (9.3) M ypaBHeHMeMMaR-

d/2 .r CBeJIJIa rot H=(47t/c) is:
. c dll
1s= - 41': dx • (9.4)

113 (9.3) H (9.5) CJIe,ll;yeT, 'ITO

H MarHHTHOe IIOJIe, H TOR IIpO-

I-IMRaIOT B rJly6b IIJIaCTHHhI TOJIbRO Ha rJIy6HI-IY IIopH,ll;Ra A,
eCJIM IIJIaCTHI-Ia TOJICTaH (d ~ A). ECJIH me 81'0 TOHRaH IIJIeHRa

(d ~ A), TO, pa3JIaraH rHnep60JIHqeCRHe cPYI-lRJJ;HH IIO CTe­

neI-lHM MaJIhIX IIapaMeTpoB X/A H d/2A, IIOJIyqHM B JIHHeHHOM

npH6JIHmeI-lHH

81'0 03HaqaeT, 'ITO MarI-lHTHOe IIOJIe IIOJII-IOCTbIO IIpOI-lliRaeT

B nJIeI-lRY, a nJIOTHOCTb CBepXTORa - JIHI-IeHHaH cPYHRJJ;HH

KOOp,ll;HHaThI.
Pacnpe,ll;eJIeI-lHe IIOJIH H ToRa B mIaCTMHe IIpH d ~A IIO-

RaaaHO Ha pHC. 9.1.
TORM TeRyT IIO RpaHM mIaCTHHhI TaR, qT06hI C03,ll;aI-lI-lOe

MYH MarI-lHTI-IOe noJIe YHHqTOmaJIO BI-IeIIIUee nOJIe Ho B rJIy-

6HHe nJIaCTHI-IhI.
9.2. IIJIacTlma C TOROM. B 3TOM IIyuRTe paccMoTpHM

CJIyqaH, Ror,ll;a no 6eCROI-leqHOH IIJIaCTHHe TelJeT 3a,ll;aHHhIH

TOR, a BHeIIII-Iee nOJIe OTCyTcTByeT. llYCTb IIJIaCTlII-la 6Y,ll;eT

TaRaH me, RaR H B n. 9.1, a aa,ll;aI-lI-lbIH TOI{ TeqeT B HaIIpaB­

JIeHMM OCM y. llpM 8TOM, ROI-leqI-lO, IIpe,ll;nOJIaraeTCH, 'ITO TOR

pacnpe,ll;eJIeH O,ll;HOP0,ll;I-IO B,ll;OJIb OCM Z, T. e. RpaeBbl8 8cPcP
eRThI

He yqMThIBaIOTCH.

H=Ho,

PIlC. 9.1. PaCllpe~eJIeHlle

MarHIlTHoro llOJIH Il TOKa no
CelIeHIlIO TOHKOR IIJIeHKIl, Ha­
xOAH~eRcH B OAHOpOAHOM,
llapannenbHoM MarHHTHOM

llone.

r,ll;e H
l

M H
2

- IIOCTOHHHhIe MHTerpMpoBaHMH. llO,ll;CTaBJIHH

B (9.2) rpaHR'IHhIe yCJIOBMH, IIOJIyqMM M peIIIMM ,ll;Ba aJIre6paM­

qeCRMX ypaBHeHMH C ,ll;ByMH HeM3BeCTHhIMM (Hl H H 2 )·

• B pe3YJIbTaTe HMeeM OROnqa-

'1\' H
o

TeJIbHO
ch (X/A)

H (X) = H o ch (d/2A) • (9.3)
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cllTyan;HIO MOmlIO peamr30BaTb, C03)J,aB BlIemBee norte Ho
nocpe)J,CTBOM BTOPOH nJIaCTHHbI C TaKHM me TOKOM I, HO npo­

THBonOJIOmHO HanpaBJIeHHbIM (pHC. 9.3). 1I0JIe H =2Ho
Mem)];y nJIaCTHlIaMH paBHO *) H=(4TClc) I. Mom~o ClJHTaTb,

lJTO 81'0 nOJIe C03)J,aHO OOOHMH ToKaMH. TOK I JIeBOH nJIaCTHHbl

r,03)];aeT BCIO)];y npaBee 01' nJIaCTHHbI O)];HOp0)];HOe nOJIe H1=

=2 Ttl Ie, HanpaBJIeHHOe BBepx, H TaKoe me
u

nOJIe JIeBee

lIJIaCTHHbI, HanpaBJIeHHOe BHHa. TOK npaBOH nJIaCTHHbI,

HaooopOT, C03)];aeT nOJIe HI, HanpaBJIeHHOe BHH3 cnpaBa

01' 8TOii: nJIaCTHHbI H BBepx CJIeBa 01' Hee. CJIOmeHHe 8THX

PHC. 9.3. ECJIH B IIapaJI­
JleJIbHblX cBepXIIpoBo;qJI­
IIJ;HX IIJIaCTHHax TeRYT
paBHble R IIpOTRBOIIOJIOm­
Hble TORR, TO MarHRTHoe
IIOJIe 3TRX TOROB 6YAeT
«aaIIepTO» MemAY IIJIaCTR-

HaMR.

nOJIeii: npRBO)];HT K nOJIHoii: KOMneHcan;HH nOJIeii: cnpaBa H

CJIeBa 01' napbI nJIaCTHH H K y)];BOeHHIO nOJIH B npoMemyTKe

Mem)];y nJIaCTHHaMH.
9.4. llJIeHRa Ha)]; 3KpaHoM. B 8TOM nyHKTe MbI paCCMOT­

pHM OlJeHb BamHbIH )];JIH npaKTHKH cJIylJaii:: nJIeHKa Ha)]; no­

JIyoecKOHelJHbIM cBepXnpOBO)];HDJ;HM npocTpaHcTBoM (~Kpa­
HOM). qTOObI Haii:TH, KaK pacnpe)];eJIHeTCH nOJIe B TaKOH CH­

CTeMe, Kor)];a no nJIeHKe TelJeT aa)];aHHblH TOK, paCCMOTpHM

COBceM npocToii: CJIylJaH.
IIYCTb Ha)]; CBepXnpOBO)];HDJ;lIM nOJIynpocTpaHCTBOM (8Kpa­

HOM) HaXO)];HTCH npHMOH npOBO)];HHK C TOKOM B)];OJIb OCH Y
Ha HeKOTopOM paCCTOHHHH a 01' nOBepXHOCTH 8KpaHa. Ka­

KOBO 6y)];eT MarHHTHoe nOJIe Ha)]; 8KpaHOM? ECJIH ObI 8KpaHa

He ObIJIO, TO MarHHTHbIe CHJIOBbIe JIHHHH ObIJIH ObI KOHn;eH­

TpHlJeCKHMH oKpymHocTHMH C n;eHTpOM B MeCTe pacnOJIome­

HHH npOBO)];HHKa C TOKOM.

*) IIo TeopeMe CToRca tH dl = (41r.Jc) I, rAe I - nO~HHii};TORI

IIepeceRaroIIJ;ldi IIoBepxHocTL, ;,OrpaHHQeHHyro KOHTypoM, no KOTO­
pOMy 6epeTClJ KOHTypHHH RHTerpaJl. IIpoBe;w uHTerpupoBaHRe IIO
IDTpRXOBOMy KOHTypy (pRC. 9.3), nOJIyQRM H = (41r.Jc) I.
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IlOCIWJIbKY CHJIOBbIe JIHHHH npomlKHyTb B cBepXnpOBO)];­

HHK He MoryT (811J11JeKT MeHCCHepa-OKceH4>eJIb)];a), HCHO,

'lTO HaJIH'lHe 8KpaHa npHBe)];eT K )];e4>opMan;HH nOJIH.

HaHp;eM 81'0 nOJIe. B OOJIaCTH Z > 0 H BHe npOBO)];HHKa·

C TOKOM HHKaKHX TOKOB HeT, n03TOMY rot H=O. 81'0 aHalJHT,

QTO B 8TOH OOJIaCTH nOJIe oe3BHxpeBoe, T. e. ap;eCb MomHO
BBeCTH nOTeHn;HaJI MarHHTHoro nOJIH, yP;OBJIeTBOpHIODJ;HH

ypaBHeHHIO JIanJIaca. C p;pyroH CTOpOHbI, MbI 3HaeM, lJTO

MarHHTHoe nOJIe Ha nOBepXHOCTH CBepXnpOBO)];HHKa BCer)];a

KaCaTeJIbHO R nOBepXHOCTH, T. e. Hz (z=O)=O. 81'0 rpaHHlJ­

Hoe yCJIOBHe p;eJIaeT pemeHHe ypaBHeHHH JIanJIaca O)];HO­

3HalJHbIM.

1I3 CKaaaHHoro CJIe)];yeT, lJTO npaBHJIbHOe nOJIe B OOJIaCTH

z > 0 MomHO HaHTH O'leHb npOCTO -Y.J!Q1!2l\1:!1:?00'p3meHHii.

81'0 oyp;eT nOJIe, C03)];aHHOe ]l;ByMH npHMOJIHHeHHbIMH TOKaMH,

paBHbIMH H npOTHBOnOJIOmHbIMH, KOTopbIe Tenepb yme Te­

KyT B npOCTpaHCTBe oea 3KpaHa. OP;HH H3 TOKOB HaXO]l;HTCH

Ha paCCTOHHHH a 01' nJIOCROCTH z=O, a HMeHHO B TOlJKe

(0, a), a p;pyroH (H300pameHHe) - B TOlJKe (0, -a). ,D;eH­

CTBHTeJIbHO, B OOJIaCTH z > 0 H HHe npOBO]l;a C TOKOM nOJIe

no-npenmeMY yp;OBJIeTBOpHeT ypaBHeHHIO rot H=O, a rpa­

HHlJHOe yCJIOBHe Hz (z=O) =0 BbInOJIHHeTCH aBTOMaTHlJeCKH

oJIarO]l;apH CHMMeTpHH aap;alJH.

TaRIIM oopaaoM, MbI npHmmI H MeTO]l;y H30opameHHH,

KOTOpbIH CeHlJaC npHMeHHM P;JIH aHaJIH3a nOJIH, COa]l;aHHOrO

cBepxnpoBop;HIn;eH nJIeHHOH, pacnOJIOmeHHOH HU]l; CBepxnpo­

BO]l;HDJ;HM: 3KpaHOM.

lITaH, nYCTb nJIeHHa TOJIDJ;HHbI d > A H mHpHHbI W ~ A
pacnOJIOmeHa Ha]l; cBepXnpOBO]l;HDJ;UM nOJIyoecHOHelJHbIM 8H­

paHOM Ha paccToHnHu b 01' 8KpaHa. 1I0 nJIeHKe H]l;eT TOK I.
HaHTH pacnpep;eJIeHHe TOKa B nJIeHKe H B 3HpaHe H MarHHT­

Hoe nOJIe Mem)J,y nJIeHHOH H 3RpaHOM.

BOCnOJIb3yeMcH MeTO]l;OM H300pameHHH. 3aMeHHM ]l;eii:­

CTBHe 3HpaHa ]l;eHCTBHeM nJIeHRH-HaoopameHHH, OTCTOHDJ;eii:

01' HameH IIJIeHKH Ha paCCTOHHHH 2b. 1I0 IIJIeHHe-H300pame­

HHIO Tome TelJeT TOK, HO B IIPOTHBOIIOJIOmHOM HanpaBJIeHHH.

TaKHM oopaaOM, MbI IIpHmJIH K 3a]l;alJe 0 paClIpe]l;eJIeHHH

TOKa H IIOJIH BCJIyqae ]l;BYX lIapaJIJIeJIbHbIX IIJIeHOK C npOTH­

BOIIOJIOmHbIMH TOKaMH. 8Ta aa]l;alJa ObIJIa paCCMOTpeHa

B II. 9.3 (pHC. 9.3). 1I03TOMy MbI cpaay MomeM ]l;aTb OTBeT:

Mem]l;y IIJIeHKOH H 8HpaHOM BoaHHKaeT O]l;HOp0]l;HOe MarHHTHoe

H 41r.
1I0JIe. 1= - I/w. TOH I B IIJIeHKe oY]l;eT cOCpe]l;OTOlJeH

c
TOJIbKO Ha HHmHeH (oopaDJ;eHHOH K 8KpaHY) CTopOHe IIJIeHKH

B CJIoe - A. IloJIe HI Memp;y IIJIeHKOH H 3KpaHoM corJIacy-
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eTCH no 3alwHy nOJIHOrO TORa C TOROM B ::mpaHe. 81'01' TOR

cocpep;OTo-rreH B CJIoe ~ A OROJIO nOBepXHOCTH :mpaHa, H

nOBepXITOCTHaH nJIOTHOCTb ero paBHa I/w. HanpaBJIeHRe

TORa B ::mpaHe npoTHEOnOJIOIKHO HanpaBJIeHRIO TORa B nJIeUKe.

PRC. 9.4. MarHRTHoe IIOJIe, C03p;aHHoe IIJIeHKOll: C TOKOM, paCIIOJIOmeH­
HOll: Hap; impaHOM.

RRM CJIOeM H30JIHTOpa TOJIITJ;HHOH b, npH-rreM b~ w, a 3aTeM

ObIJIa HaHeceHa p;pyraH CBepxnpOBop;HITJ;aH nJIeHRa, Tome

mHpHHbI w H P;JIHHbI HaMHoro OOJIbmeH l. IIo aTOH BepXHeH

nJIeHRe nponycRaJICH TOR 01' BHemHero HCTo-rrHHRa. B npe­

p;eJIax P;JIHHbI 1 ooe ITJIeURH ObIJIH napaJIJIeJIbHbI p;pyr p;pyry

H pacnOJIaraJIHCb op;Ha Hap; p;pyroH. JIerRo cooopa3HTb, -rrTO

HHmHHH nJIeHRa HHRaRoro alfJlfJeRTa aRpaHHpOBaHHH p;aTb He

MomeT. ,Il;eHCTBHTeJIbHO, eCJIH no BepXHeH nJIeHRe Te-rreT

RaROH-'l'O TOR I, TO B npOCTpaHCTBe Memp;y nJIeHRaMR p;OJImHO

B03HHRHYTb MarHHTHoe nOJIe. 81'0 SHa-rrRT, -rrTO no HHIKHeH

nOBepxHocTH BepxHeH nJIeHRH H no BepxHeH nOBepXHOCTH

HHmHeH nJIeHRH p;OJIlKeH Te-rrb op;HHaRoBbIH no BeJIH-rrHHe

nOBepXHOCTHbIH TOR. Ho p;JIHHa HIImHeu nJIeHRH ROHeqHa,

H TORY, TeRYITJ;eMy no ee BepXHeu nOBepXHOCTII, npllp;eTCH

3aMRHYTbCH no ee HHllmeH nOBepXHOCTH (CM. pHC. 9.6).
81'0 3Ha-rrHT, -rrTO Ha HHIRHeU nOBepXHOCTH nOHBHTCH TOqHO

'faROe IRe nOJIe, RaR H B npoMelRyTRe MelRp;y nJIeHRaMII.

BOJIee Toro, TOR B BepXHeu nJIeHRe pa3p;eJIIITCH nopOBHY

MelRp;y BepXHeu II HIIIRHeU nOBepXHOCTHMII, RaR aTO nORa­

3aHO Ha pHC. 9.6. TaRIIM 00pa30M, nOJIe HaA, MelRp;y II nop;

HameH CIICTeMOU nJIeHOR oYAeT TaRoe IRe, RaR II B OTCyTcTBIIe

HIIIRHeU nJIeHRII, T. e. HIIRaRoro alfJlfJeRTa aRpaHIIpOBaHIIH

ORa He cos,n;aeT.

9,5. npIIH~IIrr 3aMbIRaHHlI. B cOBpeMeHHoii CBepxnp&­

BOAHIIROBOH tlJIeRTpOHHRe, RorAa COSAaIOTCH CJIOIRHbIe MHoro­

ITJIaHOBLIe CIICTeMLI, ObIBaeT AOBOJIbHO saTpYAHIITeJIbHO cpa3Y

Cooopa3IITb, RaR OYP;YT Teqb TORII no nJIeHRaM H RaR OYP;YT

pacnpep;eJIeHbI MarnllTHbIe nOJIH. BOJIbmyIO nOMOITJ;b SAeCb

MOlReT ORa3an TaR Ha3bIBaeMLIH npHH~IIn saMbIRaHHH [20].
OH npIIMeHIIM R TO.TICTbIM nJreHRaM, TOJIITJ;IIHa ROTOpLIX

npeBocXOAIIT rJIyoHHy npOHIIRHOBeHIIH, a HX AJIHHa R

mHpHHa CYITJ;eCTBeHHO npeBocXoJ!;JlT paccTol1HIIJl Meamy
mH~JJ~a~1J •

Bce aTO CXeMaTHqeCKR H300paIKeHo Ha pRC. 9.4. I\paeBbI~
alfJlfJeRTbI B aTRX paccyiHp;eHHHX He y-rrRTbIBaJIRCb. ToqHbIR

pac-rreT C y-rreTOM RpaeBbIX alfJlfJeI{TOB [19] p;aeT pacnpep;eJIeHHe

MarHRTHbIX nOJIeH, nORasaHHoe Ha pRC. 9.5.

PRC. 9.5. PaCIIpep;eJIeHIIe MarHIlTHoro IIOJIJI B6JIII3II KpaJI cEepxIIpOBOP;JI­
m;ell: IIJIeHKR C TOKOM, paCIIOJIOmeHHOll B6JIII3R cBepxIIpOBOp;JIIn;ero
BKpaBa: 1 - IIOJIe Ha BepXHell: IIoBepxHocTII IIJIeHKII, 2 - IIOJIe Ha HIlm-

Hell: IIOBepXHOCTII IIJIeHKII, 3 - IIOJIe Ha IIoBepxHocTII BKpaHa.

IIOJIyqeHHaH RapTRHa oyp;eT COOTBeTCTBOBaTb p;eiicTBII­

TeJIbHOCTR B TOM CJIyqae, eCJIR peaJIbHyIO nJIeHRy, RrpaIOITJ;YIO

POJIb aRpaHa, MOIRHO annpORCIIMIIpOBaTb nOJIyoecROHeqHbIM

aRpaHOM. IIpRBep;eM npRMep, RorAa aTO Cp;eJIaTb HeJIb3H.

IIYCTb TOJICTaH CBepxnpOBop;HITJ;aH nJIeHRa (TOJIITJ;IIHa

d> A) mRpIIHLI w II P;JIRHLI 1 HaHeceHa Ha CTeRJIHHHyIO

nOnJIOIRRY, w~ l. IIocJIe tlTOrO IIJIeHRa ObIJIa nORpLITa TOH-

4~

PRC. 9.6. Pacupep;eJIeHRe
IIOJIJI R TOKOB AJIJI CJIyqaJI

ABYX 6JIRSKO R IIapaJI­
JIeJIbHO paCIIOJIOmeHHbIX
IIJIeHOK. BepXHJIJI IIJIeHKa
BeceT sap;aHHbIll: TOK I.
B BRmHell: IIJleHKe TOK

Be 3ap;aH.

I/Z

[: : : : : : : : : : I@I
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tlOBepXHOCTb OOOJIO'lKH n nOBepXHOCTb npOBop;a. Becb TOR

npOBop;a nOHp;eT no HapymHoH rrOBepXHOCTH 060JIOtIKH

H coap;aCT MarHHTHoe nOJIe B oKpymaI01II;eM npOCTpaH­

CTBe.
3. HaH;o;eM pacnpep;eJIeHHe TOKOB B CHCTeMe, 06paaOBaH~

Hoi TOJICTOH cBepxnpOBOp;Hm;eii nJIeHKOH C TOKOM, pacnoJIo­

meBBOH Bap; MaCCHBBbIM cBepxrrpoBOfl;Hm;HM TeJIOM (pHC. 9.7).
B peayJIbTaTe aaMLIKaHHH HHmBeH nOBepXBOCTH nJIeBKH

H BepxBeH nOBepXBOCTH MaCCHBHoro 6pycKa BoaBHKaeT

CHCTeMa, pacnpep;eJIeBHe TOKOB B KOTOpOH MbI MomeM BapH­

COBaTb. )J;eHcTBHTeJIbBO, TOK ll3 rrJIeBKH paCTe'leTCH no Bepx­

BeH nOBepXBOCTH CBepxnpOBop;Hm;ero 6pycKa, HO He60JIbmaH

ero P;OJIH nOHp;eT BOKpyr 6pycKa 'lepea ero HumHIOIO IIoBepx­

BOCTb. nJIOTBOCTb TOKa B BepxHeH nOBepxHocTU nJIeHKH

peaKO YMeHbmUTCH. IIcrroJIbayH STOT peayJIbTaT, Tenepb

MomBO CKaaaTb, 'lTO B HCXOP;HOH, neaaMKHyToi CHCTeMe 'laCTb

nJIeBKU, KOTopaH Baxop;UTCH Bap; 6pyCKOM, 6yp;eT BeCTH aa­

p;aBBbIH TOK I rJIaBBbIM 06paaoM no BumBeH nOBepxBocTH.

TalwH me, BO npOTHBOnOJIOmBO BarrpaBJIeBBbIH TOK nOHp;eT

no BepxBeH nOBepXBOCTU 6pycKa, naxop;Hm;eHcH Benocpep;­

CTBeBBO nop; nJIeBKoH. 3aTeM 31'01' ·TOK paCTe'leTCH no Bepx­

Bei nOBepXBOCTH 6pycKa U aaMKBeTCH, a MaJIaH ero tIaCTb

8aMKBeTCH Ba nyTu BOKpyr 6pycKa.

MomBo Cp;eJIaTb BbIBOP;, 'lTO POJIb 6pycKa B STOH cxeMe

npU6JIHmaeTCH K pOJIU nOJIy6ecKOH€'lHOrO 3KpaHa

(CM, puc. 9.5).

Puc. 9.7. ITJIeHRa C TOKOM OTJAeJIeUa OT IIJIOCKOB: nOBepxuocTu MaCCBB­
Bora CBepxnpOBOJ{llllKa yaKllM aaaopOM: a) 061l\lIB BUA, 6) B~ c60xy

nOCJIe aaMhIKaUllH, 6) BUA B lIJIaue.

CYJ:JV!OCTb npllHD;lIna CBOfl;llTCH K CJIefl;YIOm;eMY· ITo fl;BYM

06pam;eHH:bIM fl;pyr K fl;pyry nOBepxHocTHM nJIeHOK, paSfl;eJIeH­

HbIX TOHKlIM CJIOeM fl;1I3JIeKTplIKa, MoryT Te'lb JIlimb paBHbIe

II npOTHBOnOJIOmHO HanpaBJIeHHbIe TOKli (fl;eHCTBlITeJIbHO,

nOBepXHOCTHbIH TOK onpefl;eJIHeTCH MarHlITHbIM nOJIeM Ha

nOBepXHOCTll CBepxnpOBOfl;HlIKa, a MarHlITHoe nOJIe B aasope

l\{8~Kfl;y nJIeHKaMli - 06m;ee fl;JIH 06elIx nJIeHoK). ECJIli saaop

Memfl;y nJIeHKaMli MaJI, TO MarHlITHbIH nOTOK B 3TOM aasope

6Yfl;OT TOiI\e MaJI, 1I, BbIHfl;H Ha KOHD;e IIJIeHOK liS sasopa, OH

cosfl;aeT IIpeHe6pellUIMO MaJIOe MarHHTHoe nOJIe. II03TOMY,

IIpeHe6peraH aTUM KpaeBbIM 3cp<peKTOM, MomHO yTBepll{fl;aTb,

'lTO OCTaJIbHhle 'laCTU IIJIeHO'IHOH CUCTeMbI (<He sHaIOn) 0 cy­

m;eCTBOBaHUli 31'01'0 rrOTOIW 1I (<He aaMeTHT», eCJIU OH rrpona­

;o;eT. A nponacTb OH MomeT B pesyJIbTaTe Sa:MbIIWHU~, co­

npmwcHoBeHlIH ;o;BYX cnepxnpoBO;O;Hm;lIX IIoBepxHocTelI, 06­

pam;eHHhlx ;o;pyr K ;o;pyry 1I necym;IIX rrpoTlIBOIIOJIOIl\HbIe 1I

paBHbIe TOKII.
IhaI{, C<pOpMyJIUpyeM IIpUHD;HII aaMbIIWIIJUI [20 I: eCJIH

SnTWpOTHTb (aaMlmyTb) ;O;Be ~6pam;oHHbIC ;o;p}r K ;o;pyrr
IIOBOpXHOCTII IIJIeHOK n KaKOlI-JInGo CJIOmHOU TIJIenO'lHOli

CTpyKType, TO 31'0 He rrOBJIUHeT Ha pacrrpe;o;eJIeHUe TOKOB

BO ncox OCTaJIbIIbIX y'laCTKaX CTpyKTypLI, KpOMO aaMKHyTbIX

rronopXIIOCTeH.
PaCCMOTpHM HeCKOJIbKO rrpHl\lOpOn, IIJIJfIOCTpHpyIOm;HX

;)1'01' rrpHHD;HII.
1. HaH;o;eM pacrrpe;o;eJIeHHe TOKon B ;o;nyx TOJICTbIX O;o;H­

HaIWBbIX napaJIJIeJIbHhIX rrJIeHKaX, paa;o;eJIeHHbIX TOH~HM

aaaopOM, ecm! B rrepnoH rrJIeHKe aa;o;aH TOK 11, aBO BTOpOli ­

B Ty ~Re CTOpOHy TOK 12 , 3aMKHeM aTII ;o;ue rrJIeHK~. IIOJIy­

'lIITCH o;O;Ha, HO C rrOJIHI,JM TOROM 11 +12 , KOTOpbUI paBHo­

MepHo pacrrpOfl;OJIHTCH rro ;o;ByM HapY!1\HbIM rroBepxHoCTHM

aa:MKHyTbIx nJIeHOK. ](Inu" rro 1\am;O;OIl lIa 3THX rroBepxHo­

cTeH Te'lei 01\ (II +12)/2. TaK MbI cpaay HamJIII HapymHbIe

rroBepxHocTHhle TOKII HameH rrJIeHO'lHOH CHCTeMbI. 06osHa­

'lIIM TeHepb TOK, TeKym;lIH rro BHyTpeHHlIM rroBe~xHoCTHM

rrJIeHOK, 'lepea i. IIoc1\oJIbKY rrOJIHbIH TOK B rrepBoII rrJIeHKe

aa;o;aH paBHbIM II' TO (II +12)/2 +i=11, T. e. i=(I1-12)/2.
Bce rroBepxHocTHbIe TOKli HameH CIICTeMbI Terrepb IIOJIHOCTbIO

OIIpep;eJIeIfbI.
3aMeTIIM, 'lTO eCJIII 12 =0, TO MbI cpaay rrOJIy'lIIM peayJIb­

TaT, KOTOpbIH nOKaaaH Ha pIIC. 9.6 - OTCyTCTBIIe ~mpaHH­

pylOID;ero p;eHcTBHH nJIeHKH.
2. ECJUI IIaOJIHpOBaHHbIi npOBO;O; C TOKOM nOKpbIT CBepx­

npoBOp;Hm;eH 060JIO'lKOH, TO 060JIO'lKa Be CMomeT 9KpaHB­

pOBaTh DOJIe TOKa. )J;eiCTBHTeJIbHO, BaMKHeM BHyTpeHHIOIO
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(10.4)

(10.5)

(10.6)

4 B. B. mMHJJ;T

ECJIH BOCnOJIb30BaTbCH BNpameHHeM (10.1) II HaHTH Ty

qaCTb MarHHTHOH HHAyRTHBHOCTH, ROTopaH CBH3aHa C Mar­

HHTHNM nOJIeM, npOHIiKmHM B cBepxnpoBoAIIHK, T. e. B CJIOH

~).. y nOBepxHOCTH, TO nOCJIe 8JIeMeHTapHNx paCqeTOB nOJIy­

'IHM TO me caMoe 3HaqeHHe:

8TOT me pe3YJIbTaT OYAeT cnpaBeAJIHB H AJIH nJIOCROH nOBepx­

HOCTH CBepxnpOBOAHm,ero nOJIynpocTpaHCTBa.

ITOJIHaH lIHAYKTIIBHOCTb Ha RBaApaT A-CJIOH nOBepxHOCTH

MaCCHBHoro CBepXnp0.BO~HHRa paBHa cyMMe (1004) H (10.5):

is (x)=i.oe-x'l, rAe x=R-r, i.o=i. (0). IIOJIHNll: TOR

1=2TtR)'i.o' IIOACTaBJIHH 3TlI AaHHNe B (10.3) H npOBOAH

lIHTerplIpoBaHlIe, nOJIyqHM L"=LA/R.
BBe~eM Tenepb O'leHb nOJIe3HOe AJIH npHJIOmeHH:ii: nOHH­

THe - HHAYRTHBHOCTb Ha RBaApaT: L o . ECJIH paCCMaTplI­

BaeTCH nJIOCRlIH npOBOAHHR, TO IIHAYRTHBHOCTb ero (TaR me,

KaR H conpOTHBJIeHHe) TeM OOJIbme, "leM OOJIbme ero AJIHHa,

H TeM MeHbme, qeM OOJIbme ero mlIpHHa, n08TOMY HHAyRTHB­

HOCTb RBMpaTa BcerAa OAHa H Ta me AJIH ~aHHoro npOBOA­

HHRa - 0YAb 8TO 1 RM2 HJIH 1 MM2
• IIoCROJIbRY AJIHHa oKpym­

HOCTH nOnepeqHOrO CeqeHHH Hamero npOBOAa paBHa 21tR,
TO KHHeTlIqeCRaH HHAYRTHBHOCTb Ha RBaApaT 6YAeT paBHa

B eJA 9Ta <popMyJIa HMeeT BHA L o = /-1oA, /-10=41t .10-7 fH/M.
RaK CJIeAyeT H3 (10.4-10.6), L o H3MepJIeTCJI B CM, a B CJA ­
B fat rrpHqeM 1 cM=10- 9 fH=1 HfH.

[ill~ ITOCROJIbRY L'b AJIJI nOJIynpocTpaHcTBa aaBHCHT TOJIbRO

OT rJIyoHHbI UPOHlIRHOBeHlIJI, MomHO cRaaaTb, qTO A xapaRTe­

pHayeT HHepn;HaJIbHNe CBoHcTBa HOCHTeJIe:ii: cBepxToRa.

ECJIH A~5·10-6 CM! TO Lo=4TtA=6~3.10-5 CM=
=6,3 . 10-14 fH.

2. PaCCMOTplIM RHHeTHqecRYIO HHAYRTHBHOCTb TOHROH

cBepxUpOBOAJIm,eH UJIeHRH. ITyCTb TOJIm,HHa UJIeHRH d < A,

H U09TOMy TOR B UJIeHRe OYAeT pacupeAeJIeH no TOJIm,lIHe OAHO­

POAHO. ITo mHpHHe UJIeHRH paCCMOTpHM MaJINH yqaCTOR mH­

PIUIl>I W, Ha ROTOpOM TOR OYAeM CqHTaTb pacnpe~eJIeHHNM

OJUlopo~o. OrpaHHqHB ~JIHHY paCCMaTpHBaeMoro yqaCTRa

(10.2)

(10.3)

JAH~YKTHBHOCTb KaROrO-JIHOO y'lacTKa ClJIeRTpH'IeCROn

~enH OON1JHO onpeAeJIReTCH no BeJIH1JHHe ClHeprHH MarHHT­

Horo nOJIR $", B03HImaIOm,ero npH npOTeKaHHH 3a~aHHoro

TORa I no 8TOMy y1JaCTRy:

$"= 8~ ~ H2 dV = 2~2 L
MJ2;

HHTerpaJI oepeTcR no BceMy npocTpaHcTBY. 8Ty HH~YRTHB­

HOCTb MN oYAeM Ha3NBaTb MarHHTHOH HJIH reOMeTpH'IeCRoH.

Ho npH c03AaHHH 13 Y1JaCTRe n;enH TORa ] 1JaCTb 8HeprIIH ne­

pemJIa em,e H 13 RHHeTH1JeCRYIO 8HeprllIO $" HOCHTeJIeH TORa

(8JIeRTpoHoB). C 8TOH ClHeprHeH MomHO aCCO~HHpOBaTb TaR

Ha3NBaeMyIO RHHeTHqeCRYIO HHAYRTHBHOCTb yqaCTRa n;enH L
B

:

er"_ r mv
2 dV _ 1 L"]2

(J7' -- J n-2- -]C2 ,

§ 10. KHHeTH'IeCKaH HH~YKTIIBHOCTb

3AeCb n - ROHn;eHTpan;HR HOCHTeJIeH TORa, m - Macca

OAHoro HOCHTeJIR, v - CKOpOCTb. JAHTerpHpOBaHHe BeAeTcR

no OO'beMY npOBOAHl1Ka.

B cJIyqae, RorAa paCCMaTpHBaeMNH yqaCTOR n;enH­

HOpMaJIbHNH, BRJIaA OT RHHeTHqeCRo:ii: HHAyRTHBHOCTH B nOJI­

Hoe conpOTHBJIeHHe yqaCTRa OqeHb MaJI no cpaBHeHHIO C ero

aRTHBHNM conpOTHBJIeHHeM H HM OON'IHO npeIieOperaIOT.

YqeT RHHeTHqeCROH HHAyRTHBHOCTH B HOpMaJIbHNX npOBOA­

HHRax MomeT OKa3aTbCR cym,eCTBeHHNM npH OqeHb BNCORHX

qaCTOTax (OOJIbmHX 1013 fn;). HaooopOT, B CBepxnpOBOAHHRax

RHHeTH'IeCRaH HHAYRTHBHOCTb HrpaeT HHorAa BamHyIO pOJIb.

JATaR, nJIOTHOCTb CBepXTORa i.=n.ev•• TorAa H3 <pOpMyJIN

(10.2) nOJIyqHM CJIeAyIOm,ee onpeAeJIeHHe RHHeTH'IeCROH HH­

AyRTHBHOCTH CBepxnpOBOAHHRa:

rAe HHTerpaJI oepeTcH no OO'beMy cBepxnpoBoAHHRa, a 1­
nOJIHNH TOR, TeRym,H:ii: no CBepxnpOBoAHHRy.

ITpOHJIJIIOCTpHpyeM nOHHTHe RHHeTH'IeCROH HHAyRTHB­

HOCTH Ha ROHRpeTHNx npHMepax.

1. PaccMoTpHM CBepxnpOBOAHHR RpyrJIOro CeqeHHH

AJIHHN l H pa~Hyca R. ITYCTb R ~ A. HaHAeM RHHeTHqeCRYIO

HHAYRTHBHOCTb Hamero rrpOBOAa L". ECJIlI no npOBOAY

TeqeT TOK I, TO OH Te'leT no rrOBepxHOCTH npOBOAa. IlJIOT­

HOCTb TOKa i. Ba paCCTOHHHH r OT n;eHTpa npOBOAa paBHa
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lIs nOCJIeAHerO paBeHcTBa cpasy IIOJIyqHM BLlpameHHe AJIH

Lo TOHRon nJIeHKH:

'1'ome BeJIHqHHOn W, HMeeM AJIH KHHeTHqeCKOn aHeprHH CBepx­

npOBOAHm;HX aJIeKTpOHOB B aTOM yqaCTKe BLlpameHHe

$0= ~ j;w2d.

ITOCKOJIbRY TOR I no CeqeHHIO yqaCTRa npeAnOJIaraeTCH OAHO­

pOAHLIM", TO j,=Ifwd" oTRYAa

erE _ 1 AI2 1 41tA.2 2 1 E 2
(!/' o-U =UCI I =2'C2 Lo1 .

(11.2)

(11.1)E=Adjs/dt.

,IJ;JIH HOpMaJIbHLlX aJIeRTpOHOB MomHO HanHcaTb

eE-~ jn =.!!!:- djn
nne"t nne dt •

3AeCb B JIeBOH qaCTII CTOHT CIIJILI, p;encTByIOr:u;He Ha HOpMaJIb­

HLle aJIeKTpOHLI: aJIeKTplIqeCROe nOJIe H ycpep;HeHHaH «CHJIa

TpeHHH>} H3-sa coyp;apeHHH, a cnpaBa - npoHsBep;eHHe MaCCLI

Ha YCKopeHHe. 8'1'0'1' BTOPOH saKOH HbIOTOHa P;JIH HOpMaJIb­

H,oro aJIeRTpOHa MomHO saIlHcaTb B BHp;e

§ 11. ROMIIJIeKCHaH npoBoAHMOCTb cBepxnpoBoAHHKa

B aTOM naparpa<f!e OYAeT paCCMOTpeHa KOMnJIeKCHaH npo­

BOAHMOCTb CBepxnpOBOAHHKa, Ha nJIOcKyIO nOBepxHOCTb

KOToporo naAaeT aJIeKTpOMarHHTHaH BOJIHa. llpH aTOM MbI

npeAnOJIaraeM, qTO AJIHHa CBooOAHoro npooera aJIeKTpOHOB l
HeBeJIHKa, T. e. cnpaBeAJIHBO npHOJIHmeHHe HOpMaJIbHOrO

CKHH-a<f!<f!eRTa. MHLlMH CJIOBaMH, l AOCTaTOqHO MaJIa, a qa­

CTOTLI He CTOJIb BeJIHKH, H nOaTOMy l MeHbme rJIyoHHLI npo­

HHRHOBeHHH aJIeKTpOMarHHTHoro nOJIH. llpH aTOM qaCTOTa

COYAapeHHH aJIeRTpOHOB 't-
1=vF Il ~ <0, rp;e <0 - qaCTOTa

aJIeKTpOMarHHTHOH BOJIHLI, VF - CROpOCTb aJIeKTpOHoB Ha

nOBepxHoCTH <DepMH.
B H3JIOmeHHH aTHX BonpocoB MLI oyp;eM qaCTHqHO CJIe-

AOBaTb KHIue BaH-,IJ;ysepa H TepHepa [21],
,IJ;JIH BLlqHCJIeHIIH npOBOp;IIMOCTH cBepxnpoBop;HHKa B BLI­

cOKOqaCTOTHOM nOJIe BOCnOJIbsyeMcH p;ByxmHP;KocTHOH MO­

p;eJIbIO, T. e. oyp;eM CqHTaTb, qTO cym;eCTBYIOT HOpMaJIbHLle

aJIeKTpOHLI C nJIOTHOCTbIO nn H cBepxnpoBop;Hr:u;IIe C nJIOT­

HOCTbIO n
s

' nplIqeM nJIOTHOCTb aJIeRTpOHOB npOBOp;IIMOCTH

n=ns+nn'
YpaBHeHlIeM p;BlImeHIIH p;JIH cBepxnpoBop;Hr:u;IIX aJIeKTpO-

HOB HBJIHeTCH nepBoe ypaBHeHHe JIoHAoHOB (5.2)

(10.8)

(10.7)

ITOHHTHO, qTO B CJIyqae d ~ A RHHeTHqeCKaH HHAYKTHBHOCTb

MomeT CTaTb SHaqHTeJIbHoH.

TaR, AJIH TOHKOH nJIeHKH (d "'- 10-6 CM), HMeIOm;eH rJIy­

OHHy npoHHKHoBeHHH A=3 .10-6 CM, KHHeTHqeCKaH HHAyK­

THBHOCTb Ha KBaApaT OYAeT, COrJIaCHO (10.7), paBHa L" ~
~10-2 cM=lO-n fH. 0

3. PaccMoTpHM, HaKOHen;, CJIyqaH TOJICTOH nJIeHKH HaA

MaCCHBHLlM CBepxnpOBOAHm;HM aRpaHOM. llycTh paCCTOHHHe

MemAY nJIeHKOH H nJIOCKOCTbIO aKpaHa paBHO b. ECJIH no

nJIeHKe HAeT HeKoTopLlH TOK, TO B sasope MemAY nJIeHKOH

H aRpaHOM nOHBHTCH HeKOTopoe MarHHTHoe nOJIe. BLlqHC­

JIHH aHeprHIO aToro MarHHTHoro nOJIH B sasope, HaHAeM BKJIaA

B HHAYKTHBHOCTb nJIeHKH 0'1' aToro nOJIH: L o =4rcb. Ho Mar­

HHTHoe nOJIe OYAeT TaKme npOHHKaTb Ha rJIyoHHY Al B nJIeHKy

H Ha rJIyoHHy A2 B aKpaH. COrJIaCHO (10.6) aTO npOHHKHOBe­

HHe AaeT AOnOJIHHTeJIbHLlH BKJIaA B HHAYKTHBHOCTb BceH CH­

cTeMLI, TaK qTO nOJIHaH HHAYKTHBHOCTb nJIeHKH HaA aKpaHOM

paBHa

ITpeAnOJIaraH, qTO is ~ e,"'t, sanlImeM (11.1) II (11.3) TaK:

OTCIOAa BHAHO, qTO AJIH CHHmeHHH HHAyKTHBHOCTH nJIeHKH

ee HaAO pacnOJIaraTb KaK MomHO OJIHme K aKpaHy (YMeHb­

maTh b), HO YMeHbmaTb b cym;ecTBeHHO MeHbme Al HJIH A2
HeT CMLlCJIa, TaK RaK MarHHTHaH H RHHeTHqeCKaH HHAyKTHB­

HOCTH B CJIoe nopHAKa rJIyoHHLI npOHHKHOBeHHH oCTaHyTcH

H B nJIeHKe" H B aKpaHe.

E=~A djn +.:2 A jn.
nn dt nn "t

• . 1 E
J,=-£ A(o) ,

(11.3)

(11.4)
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(11.5)
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IIOJIHaH

TeJIbHO

nJIOTHOCTb TOKa

j=aE,

i = is + "in' II MhI IIMeeM OKOWla-

(11.6)

rAe

(12.6)

a = _1 [1 + nn (WC)2 ]
a Aw n. 1 + (o)'c)2 •

YpaBHeHIIH (11.6)-(11.8) ,Il;aIOT ROMnJIeKCHyIO

MOCTb CBepxnpOBO,Il;HMKa B BhICOKOqaCTOTHOM nOJIe.

(11. 7)

(11.8)

npOBO,Il;II-

B IIpIIHIJ;IIIIe IIOCTaBJIeHHaH aap;a'Ia peilleHa. ,IJ;eiieTBIITeJIbHO,

IIpOHIIRHoBeHIIe nOJIH onpe,Il;eJIHeTeH BeJIII'IIIHOii k, ROTopaH,

COrJIaCHO (12.5) II (12.6), BhIpamaeTCH 'Iepea Haii,Il;eHHyro

IIPOBO,Il;IIMOCTb a. IIpOBep;eM HeROTopbIe ynporu;eHIIH. By,Il;eM

C'IIITaTb, 'ITO TeMIIepaTypa He O'IeHb OJIIIaRa R T., TaR 'ITO

BhIIIOJIHHeTCH HepaBeHCTBO (n)ns ) (<01:)2 ~ 1. H.poMe TOro,

ROHe'IHO, BCer,Il;a npep;IIOJIaraeTCH, 'ITO w't ~ 1. Tor,Il;a (11.7)
II (11.8) ,Il;ap;yT

§ 12. CKlfH-3$$eRT If nOBepxHOCTHbID: IfMne)l;RHC

12.1. HOPMRJIbHbIll cRlfH-a$$eRT. H3BeCTHO, 'ITO eCJUI

Ha nOBepXHOCTb HOPl\IaJIbHOrO l\IeTaJIJIa na,Il;aeT 3JI.eKTpr)MarHlfT­

HaIl BOJIHa, TO mlJIe npOHlmaeT BHYTPb Ha TaI{ Ha3hIBaeMYlO

CRIIfI-rJlyOIIHy, IIJIIf rJIyoIIHy CRMH-CJIOH. B 3TOM nyHKTe oy,Il;eT

paCCMOTpeH nonpoc 0 npOHIIKlIOBeHIIII nOJIH B rJIyob CBepx­

npOBO,Il;HIma, Ha nJIOcRyro nOBepXHOCTb KOToporo na,Il;aeT 3JIeK­

TpOMarHIITlIaH BOJIHa. IIOBepXHOCTb CBepxnpOBO,Il;HIIKa COBna­

.n;aeT C nJIOeKOCTbIO x = 0.
3aUIIIIIeM ypaBHeHMH MaKCBeJIJIa

,IJ;JIH MaJIhIX 'IaCTOT, IWr,Il;a (njns ) (<01:) ~ 1, IIMeeM

()= y2i'A='A (1+i). 110,Il;CTaBJIHH 3'1'0 BhIpameHIIe B (12.5),
IIOJIy'IIIM k=-i1'A, T. e. II ~ e-n,"x:=e- x /\ T. e., KaK II CJIe­

,Il;OBaJIO OiKIIp;aTh, HII3RO'IaCTOTHoe MarHIITHoe none npOHII­

RaeT B CBPpxnpOBO,Il;HIIK, RaK II CTal~IIOHapHoenOlle - Ha rJlY­

OIIHy npOHIIKHOBeHIIH 'A. B OOlI\eM me CJIy'Iae npOHIIRHOBeHIIe

onpe,Il;eJIHeTCH <popMyJIaMII (12.5) II (12.8).
12.2. IIoBepxHocTHbIH IfMne,Il;aHC. lIo onpep;eJIeHIIIO no­

BepxHocTHhIll IIMnep;anc paBeH

H 4n
rot =,- aE

c '

rotE=,-~ oR
c at'

(12.1)

(12.2)

nIl 'C • 1
a----l--

- n s A Aw'

lIop;CTaBIIB 3'1'0 BhIpalI<eHII8 B (12.6), nOJIyqIIM

0- v2'A
- (nn .)1/2'-<01:-[

ns

(12.7)

(12.8)

3,Il;eCb MhI, IICnOJIbsyH ypaBHeHIIe div H = 0, Bocnonb30Ba­

JIMCb p.aneHcTBoM rot rot H = -\72H. IIo,Il;cTaBnJm B (12.3)
H ~ e-' (h x-wi), nonyqHM

(12.9)

:=ho BhIpameHIIe IIMeeT lICHhIlI rIJIISIIqeCRIIll CMhICJI. lIYCTh

Ha nOBepXHOCTII MeTaJma CYlI\eCTBYIOT nepeMeHHhIe 3JIeKTpII­

'IeCKOe II MarHIITHoe nOJIH, npUqeM BeRTophI E II H Kaca­

TenbHhI I{ nOBepXHOCTII II opTorOHiUbHbl .n;pyr K ,Il;pyry. Tor,Il;a

cH/4rt - :3'1'0 nOBepXHOCTHaH nJIOTHOCTJ, TOKa inaB' rr03TOMY Z
B (12.9) - 3'1'0 OTHOIIIelnre E/jnoB' T. e. Inme.n;aHC Ha KBa,Il;paT

nOBepXHOCTII MeTaJIna.

Hallp;eM Tenepb nOBepXHOCTHhITI IIMnep;aHC CBepxnpOBO):\­

HIIRa. 3anIIChIBaIl cnOBa MarHIITHoe none B BII,Il;e H ~ e-i(kX-WI),

npIIBep;eM ypaBHf)HIIe (12.1) K BH,Il;Y

ikH = _41't aK (12.10)
c

(12.3)

(12.4)

(12.5)k == (1 _. i)!o,

k2 • 4n
=-l-2 aw

c '

IIpe,Il;!I0naraH, 'ITO MarHIITHoe nOJIe B CBepxnpOBO,Il;HIIKe H ~
e-' (kx-wt1 o"'ep t u u

~ . II H elI\e pa3 ro 0'1' npaBOli II neBOli qa-
CTeH (12.1), nonyqHM

-\72H = _~ a oR
c at
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BOm,OCTBOHHaJI qaCTh HMIIO,n;aHCa R o XapaKTopfl3yOT IIO­

TOpH 3HOprHH Ha HarpOBaHHO, a MHHMaJl qaCTh XLO JlBJIJlOTCJl

HH,n;yKTHBHUM COIIpOTHBJIOHHOM.

Tor,n;a, COrJIaCHO (12.9) H (12.5),

Z=~= 1+i
a all

IIo,n;CTaBJIJIJI ClO,n;a (12.6) H (12.7), IIOJIyqHM

Z=Ro+iXLO ,

R
_ 27tW2A u"

0---2---'"
C Us

(12.11)

(12.12)

(12.13)

(12.14)

H t ~ T IIJIOTHOCTh n
s
~ 0, H HopaBoaCTBO HapymaOTCJl.

ri'o9TOMY III)H T ~ Te H3 (11.8) HMoeM o=(n,,~ns)'t/A­
. ( In) (<o"C)2/A<o. IIpoHo6poraJI 3)'J;OCb MHHMOH TJaCThlO

;~O~~T;BJIJIJI 31'0 BhlpamOHHO If (12.5) B (12.11), nOJIyTJHM

27C ( U.)1/2A (1 + ')_ 1+ i (12.16)Z = - 2<0" - - l - ll'
c2

U" 't a" "

H B _ IIpOBO)'J;HMOCTh H rny6HHa CKHH-CnOJI HOpMaJIb-
r)'J;e 0" "
Horo MeTaJIJIa.

IIs 9Toro BupameHHJI CJIe,n;yeT, 'ITO Ro H XLO IIpH T ~ Tc

npHHHM8lOT o,n;HHaKoBoe 3HaqeHHe H TepJIlOT CBOlO saBHCHMOCTb

01' TeMIIepaTypbI, TaK KaK n~/2 A= const.
3aBHcHMOCTb Ro H XLO 01' TOJ\mopaTyphl, ,n;aBaOMaJl ,n;BYX-

mH,n;KocTHOH MO)'J;OJIblO, IIpo)'J;cTaBJIOna Ha pHC. 12.1.

-_----..==-=--->.-..;~o 7c T

PRC. 12.1. AKTlIBHan II peaK1'RBHafl qaC1'R IIoBepxHoc1'Horo RMIIe,qanca

B aaBIlCIIMOC1'II 01' 1'e~mepa1'yphI [22].

BUJICHHM, KaI{ 3aBllCH'!' 01' TOMHopaTyphl Ro H XLu '
BOCIIOJIh3yOMCJI ,n;JIJI 31'01'0 3MHIIPllqOCKOH 3aBHCHMOCThfO

A~ (1 - t4)-1!2, t = TITe• IIoCKOJIhKY A~ n;1/2, HMOOM

ns~ 1 - t4, llJIH ns= n (1 - t4
), r,n;o n - IIJIOTHOCTh CBOOO,n;HhlX

3JIOKTpOHOB MOTamla. Tor,n;a n" = nt4, TaKHM oopa30M,

(12.15)

8TH <pOpMyJIU xopomo (no KpaHHOH MOpO KaTJOCTBOHHO)

nopo,n;alOT TOMnopaTypHylO 3aBHCHMOCTh aKTHBHOH H poaKTHB­

HOH COCTaBJIJIlOm;HX HMno,n;aHca 3a HCKJIlOTJOHHOM 06JIaCTH

ToMnopaTyp OKOJIO Te• B 3TOH 06JIaCTH <pOpMyJIhl (12.13)
II (12.14) ymo HOBOpHU. ,Z:(OHCTBIITOJIbHO, npH HX BUBO,n;O Mhl

IICnOJIb30BaJIH <pOpMyJIy (12.7), nOJIyqOHHylO B IIpo)'J;nOJIomo­

HIIH (n"ln,) (<o"C)2 ~ 1, HO KaK 6u HH 6hlJIa Mana 1J:aCTOT8,.
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Pnc. 13.1. MJIJIIOCTpa~RJI CKa'lKOo6pa3Horo n3MeHeHRJI CRMMeTpRR npR
CTpyRTypHOM q,a30BoM nepexo;n;e BToporo p0j:la; a) BepOJITHOCTb Hall:TR
aTOM copTa A B j:laHHOll: TO'lKe KpnCTaJIJIa npR T > Te• 6) TO me npR

T< Te•

Mepe CJIep;YIOIIJ;erO CTpyKTypUOIO nepexoll:a (HBJIeHl'lH ynopH­

p;OqeHHH). IIycTb aTOMbI COpTOB A H B paC~OJIOiKeUbI B JIlIHeii­
HOH :qenOqKe II rrpH ll:0cTaTOqUO BbICOKOH TeMnepaType Be­

pOJITHOCTH BanOJIUeUHH y3JIOB aTOMaMH A II B Oll:IIHaKOBbI

(nOJIHbIH 6ecnopHp;oK, plIC. 13.1, a). Ha plIC. 13.1, 6 nOKa­

aaHa BepoHTHOCTb 3arrOJIHeHlIH yaJIOB aTOMaMII copTa A
nplI T < T

e
• Terrepb aTOMbI paCrrOJIOiKeHbI B 60JIbilleM no­

pJIp;Ke - «qepea Oll:IIH>}. IIPII npoxoiKll:eulIlI qepe3 TOqKY Te
nOJIBHJICH H HaqaJI YBeJIHqHBaTbCH C TIOHHiKeHHeM TeMrrepa­

TypbI napaMeTp nopHll:Ka 11, a nepHOll: CTpyKTypbI a H3MeHHJICH

cKaqIWM npH T=To 1I'~cTaJI paBubIM 2a.

(13.1)
I W(r) 1

2 = n./2.

BoaBpaTHMCH K cBepxrrpoBoll:HMOCTH. B OCUOBe TeoplIlI

waaOBbIx rrepexOll:OB BToporo p0ll:a JI. )l;. JIaHll:ay JIeiHHT

p'a3JIOiKeHlIe CBo60ll:UOH 3ueprHH no CTeneHHM rrapaMeTpa

nOpHll:Ka, KOTOpbIii MaJI B6JIH3H TOqKH nepexOll:a. IIOCKOJIbKY

TeopHH fJI OCHOBaua Ha TaKOM pa3JIOiI{eHHH, HCHO, qTO 06­

JIaCTb ee rrpHMeHHMocTH orpaUHqeHa 6JIH30CTbIO K KplITHqe­

CKOH TeMnepaType: Te-T ~ Te. BOJIee nOll:p06HO 06JIaCTb

npHMeHHMOCTH TeopHII f JI ll:aHa B § 41.
IhaK, 6Yll:eM CqHTaTb ~OJIHOBYIO WYHKIJ;IIIO CBepxnpOBOll:H­

IIJ;IIX 3JIeKTpOHOB 'I' (r) napaMeTpOM nopHll:Ka. BOJIee Toro,

Tenepb HaM nOHHTHO, KaK yp;06HO BbI6paTb HOpMHpOBKy

3TOH BOJIHOBOH WyHKIJ;HH. IIYCTb 1'1' (r) 12 6Yll:eT nJIOTHOCTbIO

8JIeKTpOHHbIX KynepoBcKIIX nap, T. e.

r JI a B a 3. TEOPHH CBEPXIIPOBOll:IIMOCTII
fUH3BYPfA-JIAHll:AY

§ 13. BBe~euHe

B TeopHH JIOH~OHoB (rJI. 2) He yqHTbIBaJIHCb KBaHTOBbIe

8WWeKTbI CBepxnpOBO~HMOCTH. TeopHH fHHB6ypra-JIaH­

ll:ay (fJI) [23] CTaJIa nepBoH KBaHTOBOH weHOMeHOJIOrl'l'IeCKOH

TeOpl'leH cBepxnpOBO~l'lMOCTl'l.

B TeOpl'l1I ll:0JIiKHO 6bIJIO 6bITb yqTeHO TO, qTO CBepxnpOBO­

ll:HIIJ;ee COCTOHHl'le - 60JIee ynopH~OqeHHOe,qeM HOpMaJIbHOe,

l'l qTO nepexo~ HB O~Horo B ll:pyroe (B OTCyTcTBl'le MarHl'lTHOrO

nOJIH) - no waBOBbIH nepexop; BToporo pop;a. OTCIOp;a CJIe­

P;OBa~OI qTO B CBepxnpOBop;HHKe ll:OJIiKeH CYIIJ;eCTBOBaTb

KaKOl'l-TO napaMeTp nopHp;Ka, KOTOpbIH OTJIl'lqeH OT HyJIH

npH T < Te l'l 06paIIJ;aeTCH B Hy-;.rb npl'l T> Te. C ll:pyroH

CTOpOHbI, P;JIH COBp;aHIIH KBaHTOBOH TeOpl'lH Heo6xop;l'lMO 6bIJIO

BBeCTl'l KaKyIO-To 8wweKTHBHYIO BOJIHOByIO WYHK:qHIO CBepx­

npOB0ll:HIIJ;IIX 8JIeKTpOHOB 'I' (r).

B. JI. fl'lHB6ypr l'l JI. )l;. JIaHp;ay peilllIJIl'l 06'I>ell:IIHl'lib 8TH

p;Be BeJIlIql'lHbI t peilllIJIII paCCMaTpl'lBaTb 'I' (r) B KaqeCTBe

napaMeTpa nopHp;Ka. )l;JIH 3Toro nOTpe6oBaJIaCb 60JIbillaH

HayqHaH CMeJIOCTb l'l npOHIIKHOBeHHaH WIIBl'lqeCKaH l'lHTylI­

:ql'lH. B [OCHOBy TeoplIlI fJI nOJIOiKeHa paBpa60TaHHaH

JI. )l;. JIaHll:ay TeOpl'lH waBOBbIx nepexop;OB BToporo pop;a [24].
COrJI3;.cHo 8TOH TeOpl'l1I waBoBbIH nepexop; BToporo pop;a ­

8TO TaKOl'l nepexop;, nplI KOTOpOM COCTOHHl'le TeJIa MeHHeTCH

HenpepbIBHO, aero Cl'lMMeTpl'lH - CKaqKOM. IIpl'l 8TOM HIIBKO­

TeMnepaTypHaJI waBa - MeHee Cl'lMMeTpl'lqHaJI waBa, T. e.

waBa, 06JIap;aIOIIJ;aH 66JIbilll'lM nOpJIp;KOM.

R waBoBbIM nepexop;aM BToporo pop;a OTHOCHTCH nepexop;bI

nOpHll:~K-6ecnopHP;oK B HeKOTopbIX CnJIaBaX, weppoMar­

HIITHbIl'l nepexop; B TOqKe RIOpl'l, nepexop; reJIl'lH B CBepx­

TeKyqee COCTOJIHl'le, nepexop; MeTaJIJIa B CBepxnpOBOp;HIIJ;ee

COCTOHHl'le.

IIOHCHIIM T.enepb, KaK HenpepbIBHoe l'lBMeHeHl'le COCTOJI­

Hl'lH TeJIa MOiKeT conpOBOiK~aTbCJI CKaqKOo6paaHbIM l'laMeHe­

Hl'leM ero CIIMMeTpl'll'l. Hal'l6oJIee HarJIHp;HO 8TO Bl'lP;HO Ha npl'l-
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Tor].l;a 'If He ].l;OJlmHa 3aBHceTb 01' r H pa3J10meHHe CBOOO].l;HOll:

3HeprHH IIO CTeIIeHHM 1'If 12 BOJlH3H T. ].l;aeT BbIpamemIe

F.o=Fn+a 1W 1
2 + ~ I W 1

4
• (13.2)

3].l;eCb F.o- IIJIOTHOCTb CBOOO].l;HOM :meprHH CBepXIIpOBO].l;HHRa

B OTCYTCTBHe MarHHTHoro nOJIH, Fn - IIJIOTHOCTb CBOOO].l;HOM

::meprHH TeJIa B HOpMaJIbUOM COCTOHHMH, a H ~ - HeROTopbIe

!J>eHOMeHOJIOrHtIeClme R03!J>!J>MIJ;MeHTbI pa3JIOmeHHH, xapaRTepM­
3YIOIl1,Me MaTepMaJI.

HaM].l;eM TO SHatIeHHe 1W 12, npM ROTOpOM CBOOO].l;HalI <lHep­

rMH O].l;HOpo].l;HOrO cBepXIIpOBO].l;HMRa F,o ,ll;OCTMraeT MMHMMyMa.

01'0 3HaTIeHMe 1W012
OY].l;eT perneHMeM ypaBHeHMH

dF.o °
d I \jf 12 = .

lIO].l;CTaBJIHH CIO].l;a (1;3.2), IIOCJIe aJIeMeHTapHbIX BbI'lHCJIeHHM
IIOJIyTIHM

I Wo 1
2 = -a/~· (13.3)

lIO,ll;CTaBJIHH (1;3.:3) B (13.2), HaM].l;eM pa3HOCTb

F" - F.o= a2/2~. (13.4)

Ho COrJIaCHO ,hopMyJIe (3.5) 3Ta pa3HOCTb pa H2 18't' . BHa em 7t, 01'-
Ry,ll;a MMeeM

(13.5)

OOCy].l;MM TeMIIepaTypHyIO 3aBMClIMOCTb Koa!J>!J>HIJ;lIeHToB a
H ~. lIOCKOJIbKy npH T = T. llapaMeTp IIopH].l;Ra ,ll;OJImeH ObITb

paBeH HyJIIO, a IIPII T < T. - OTJIHtIeH 01' HyJIH, 1I3 (13.3)
CJIe,ll;yeT, tITO a =°IIpH T = Te II a <° IIpH T < T•. lIo-

o 3TOMy B nepBOM IIOpH,ll;Ke IIO (Te - T) MomHO 3anHcaTb

a ~ (T - T.). (13.6)

TmmH TeMllepaTypHaH SUBHCIIMOCTb a corJIacyeT BOJIH3H T
!J>OpMyJIy (13.5) H aMTIHpHtIecRyIO !J>OpMyJIy (1.1). •

l{oa!J><pHIJ;HeHT ~ IIOJJOmlITeJIeu H 01' TeMIIepaTypbI He sa­

BHCIIT. )J,eMCTBHTeJIbHO, corJIacuo (13.3) IIpH T < T. II a <°
IIOJIOmHTeJIbHOe SHatIeHHe BeJIlItIHHbI I \If0 12 MomeT ObITb no­

JIy'leHO TOJIbRO npH ~ > 0. C ].l;pyroH CTOpoHbI, eCJIH T> T.
II, COrJIaCHO (13.6) a> 0, TO npH ~ >0 BeJIH'IMHa F ,ll;0­

CTHraeT MHHHMyMa npH IWo12 = 0, T. e., RaR H ,ll;OJImHO ·6bITb,

cBepXIIpOBO,ll;HIIJ;ee COCTOHHHe IIpH T> T. oTcyTcTByeT. TaKHM

OOpa30M, IIpH T < T. H T> T. napaMeTp ~ > 0. lIoaToMy

MbI MomeM B nepBOM no (T. - T) npHOJlHmeHHH CtIHTIlTb,
'ITO ~ = const.

58

§ 14. YpaBUeUIIlI TeopHH rHu30ypra-Jlau].l;ay

14.1. IIJlOTHOCTb cBo6o,ll;uoll: 3HeprHH. lIepeXO,ll;IIM Tenepb

K paccMOTpemuo oOIl1,ero CJIy'IaH HeO,ll;HOp0].l;HorO CBepXnpOBO,ll;­

HHRa, uaXO,ll;Hm;erOCH BO BHernHeM MarHHTHOM nOJle.

BOJIH3H T. pa3JIOmeHlIe CBOOO].l;HOM aHeprHH fHooca no

CTeneUHM W MomHO 3anHcaTb TaK:

(14.1 )

G - nJlOTHOCTb CBOOO].l;HOll: 3ueprMH CBepxnpOBO,ll;HHKa

B"UOpMaJlbHOM COCTOHHHH, Ho - uanpHmeHHOCTb BHemHero

O,ll;Hopo,ll;HOrO MarHHTHoro nOJlH, B ROTOpOM HaXO,ll;HTCH

CBepxIIpoBO,ll;HMR. lIpe].l;nOCJle,ll;Hee CJlaraeMOe B (14.1) IIpe].l;­

CTaBJlHeT COOOll: npOCTO IIJlOTHOcTb'.MarHMTHOll: 3HeprlIH, r].l;e

H - 31'0 TOTIHOe MMRpOCROIIH'leCROe TIOJIe B ].l;aHHOll: TO'IRe

CBepXIIpOBO,ll;HHKa. CJlaraeMOe C rpa,ll;HeHTHbIM 'lJleHOM - 31'0

IIJlOTHOCTb RHHeTIITIeCROll: 3HeprlIM CBepXnpOBO].l;HIl1,MX 3J1eRT­

pOHOB. PaCCMOTpMM 31'0 CJlaraeMOe oOJlee IIO].l;pOOHO.

IIJlOTHOCTb RIIHeTH'leCKOll: 3HeprlIH TIaCTHIJ;bI C MaCCOH m
B KBaHTOBOll: MexaHHKe 3aIIHCbIBaeTCH B BH].l;e

B CJlyTIae, eCJlH TIaCTHIJ;a IIMeeT 3apH].l; e H ].l;BHmeTCH B IIOJle

BeKTopHoro IIOTeHIJ;HaJla A, B BbIpameHHM ].l;JlH IIJlOTHOCTH

KHHeTHTIeCKOH 3HeprHH, oIIepaTop -iii\! Ha].l;O H3MeHHTb:

-iii\!~ -iii\! - .!:. A = mv.
c

OnepaTOp CROpOCTH II03TOMY paBeH

v = - (ililm) \! - (elcm) A.

1l0CKOJlbKY B BbIpameHHe ].l;JIH IIJlOTHOCTH KHHeTH'leCKOH 3Hep­

rHH BXO].l;HT HMeHHO CKOpOCTb TIaCTHIJ;bI v, CTaHOBMTCH IIOHHT­

HbIM BbIpameHHe (14.1). OCTaeTcH TOJlbKO CKa3aTb, 'lTO B 3TOM

BbIpameHHH IIpOH3Be].l;eHa 3aMeHa e ~ 2e, nOCROJlbKY 3JIe­

MeHTapHbIll: 3apH].l; HOCHTeJlH CBepXTORa paBeH 2e: COOTBeT­

CTBeHHO IIO].l;'S m* B (14.1) IIOHHMaeTCH y].l;BOeHHaH Macca

CBOOO,ll;Horo 3J1eKTpOHa.
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14.2. YpaBHeHHII I'HHs6ypra-JIaHAay (I'JI). CHOOOil.HaH
:meprMH fM15Gca Bcero CBepXllpOBOil.HMRa, COrJIaCHO (111.1),
paElla

&'sH=$n + Ha IIV 1
2 + ~ IIV 1

4 +
+ 4~ l-invlV - 2

c
e A IV r+ (ro~7tA)2 rot ~7t' Ho ] dV, (14.2)

rAe HHTerpHpoBaHMe Beil.eTCH no BceMy o15~eMY cBepxrrpoBOil,­
mma. Hama sail,aqa - Hal'ITM TaRHe ypaBHeHHH OTHOCHTeJIbHO
<pyHRU;HM W(r) M A (r), pemeHMH ROTOphIX, 15Yil,yqH rrOil,CTaB­
JIeHhI B (14.2), il,aBaJIH 15hI MMHHMaJIbHOe SHaqeHHe (jj .H.

,IJ;JIH perneHHH aTOM BapHaU;MoHHoM Sail,aqM 6yil,eM cnepBa
CqMTaTD W(r) H A (r) HeHSMeHHhIMH, a npoBapbMpyeM <PYHR­
U;HIO W* (r). 11TaR, pemaeM BapHaU;HoHHyIO sail,aqy

llw*$.H=O, (14.3)

3W*$.H= 1dV [aW llW* + ~w IW 1
2 llW* +

+ 4~ (inv llW* - 2ce A llW*) (-invW - 2
c
e AW)J. (14.4)

BhIHecTM llW* sa RBail.paTlIhIe clm15Im MemaeT TOJIbKO qJIeH
invllW*. IIpoil,eJIaeM TaRHe npeoopa30BaHMlI. 0150SIIa1fHM

Ifi = (-invW - 2
c
e AW).

I1cnoJIbsyH Tomil,eCTBO

v (llW*Ifi) = IfivllW* + llW*vlfi,
HMeeM

::31'0 BhIpameIHIe MomeT OhITb paIHIo uyJIIO npII npOII3BOJlbHOM
<pyHRU;HH oW* TOJIbRO B TOM CJIy1fae, eCJIH BhIpameH'lIll B KBa,!l,­
paTHhIX CRoOlmx paBHhI HyJIIO. Tal, MhI nOJIy1fllM nepBoe
ypaBHeHHe TeopHII fJI H rpaHH1fHOe yCJIOBIIe K HeMy:

aW+~WIWI2+ 4~ (inv+ 2ce AyW=O, (14.6)

(inv\1J' + 2
c
e AW)n=O,

r]l;e n - e,!l,HHH1fHhIM BeRTOp, HOPl\IaJIbHhIM R nOBepXHOCTH
oBepxnpoBO,!l,HHRa. JIerRo rrpOBepHTb, qTO l\HIHIIl\lHSaIJ;IIH $.H
rro W ]l;aCT ypaBHeHHe, ROMnJIeRCHO corrpmH:eHHoe ypaBHeaHIO
(14.6). IIoJIyqeHIIOe ypaRHeHIIe eCTb ypanHeHIIe OTIIOCHTeJIbHO
rrapaMeTpa rrOpll,!l,Ra W. Y lIac OCTaJIOCb eru;e O,!l,HO nepeMeH­
Hoe: A. qTOObl lIatiTH ypaBHelIlle ,!l,JJH A, MllHllM1l311pyeM
BhIpameHlle (14.2) il,JIlI $.H no A:

<lA$.H = 1dV {4~ <lA [(invw* - 2ce AW*) X

X (-invW - 2ce A w)] + :7t rot A rot <lA - ~: rot <lA} =

= 1{4~ (- 2ce W* <lA) (-invW - 2ce AW)+ 4~ (invW* ­

- 2: AW*) ( _ 2
c
e W<lA)+ 1:7t (rot A - Do) rot <lA} dV. (14.7)

I1s (14.7) CJle,!l,yeT, qTO BhIHeCTll BapllaU;llIO <lA sa <pllrypIIyIO
oIw6Ry MemaeT qJIeH (1/47t) (rot A - H o) rot <lA. BOCnOJIb­
SOBaBmllCb TOm,Il;eCTBOM

Ho aTOT rroBepxHocTHhII-i: IIlITerpaJI paBeH lIyJIIO, Tall: RaI,
MarHllTHoe rrOJIe Ha rrOBepXHOCTll CBepXrrpOBO,Il;HIIRa Sa,Il;aHO,
II noaToMy <lA 18 = 0.

npOHHTerpllpyeM rrOCJIe,Il;Hee CJJaraeMOe B (14.7):

4~ 1dV (rot A - H o) rot <lA = 4
1
7t 1dV <lA rot rot A -

- :7t f dS [<lA, rot A - Ho]· (14.9)

IIPll aTOM MhI BOCnOJIbSOBaJlIICb TeOpel\lOM faycca MrrepernJIll
01' 06~eMHoro IIIITerpaJIa R rrOBepXHocTHOMy:

1dV div [<lA, rot A - Hol = f dS [<lA, rot A - Dol·

IIocJIeil,HHM HHTerpaJI B aTOM paBeHCTBe no TeopeMe faycca
npeBpmu;aeTCH B nOBepXHOCTlIhIM MHTerpaJI:

1v (oW*Ifi) dV = f <lW*1fi dS.
8

IIOil,CTaBJIHlI (14.5) B (14.4), a (14.4) B (14.3), nOJIyqIIM

<lW*(jj.H = 1dV [aW +~w I W 1
2 +

+ 4~ ( -inv - 2ce AYW] <lW* +

+f[-ilivW - 2: AW]<lW* dS =0.
8

a rot b = b rot a - div [ab], (14.8)
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IIepeH,n;eM K oespasMepHoH BOJIIfOBOH <PYHKIJ;HH ~ (r), ooos­
HaTIHB

r,n;e, COrJIaCHO ypaBHeHHIQ MaKCBeJIJIa, llJIOTHOCTI> TOKa i.
B CBepxrrpOBo,n;HHKe paBHa

(14.20)

(14.21)

<PYHKIJ;HH,

, lIa (14.6) rrOJIy'lHM rpaHH'IHOe yCJIOBHe ,n;JIH ~. ECJIH
~BepxrrpOBop;HHK rpaHH'IHT C BaKyyMoM HJIH KaKHM-JIHOO
APyrHM p;H3JIeKTpHKoM, TaKHM yCJIOBHeM oyp;eT

(iV+ ;: A)n~=O, (14.19)

rAe n - ep;HHH'IHNH BeKTop HOpMaJIH K rroBepxHocTH cBepx­
npoBoAHHKa. JIerKo rrpoBepHTb C rrOMOIIJ;bIQ «pOpMyJIN (14.11),
'ITO yCJIOBHe (14.19) oOeCrre'lHBaeT BNrrOJIHeHHe eCTeCTBeH­
Horo <pHaH'IeCKOrO TpeooBaHHH, 'ITOON CBepxTOK 'Iepea rpa­
HHIJ;y CBepxrrpOBop;HHK - p;H3JIeKTpHK paBHHJICH HyJIIQ.
OAHaKo 3TOMy me TpeOOBaHHIQ paBeHCTBa HyJIIQ HOpMaJIbHOH
KOMrrOHeHTN TOKa Ha rpaHHD;e yP;OBJIeTBOpHeT H oOJIee oOIIJ;ee
paBeHcTBo:

rAe a '--- rrpOHaBOJIbHOe BeIIJ;ecTBeHHoe 'IHCJIO. C rroMoIIJ;bIQ
. MHKpoTeopHH cBepxrrpoBop;HMOCTH MOiI\HO rrOKaaaTh, 'ITO

yCJIOBHe (14.20) COOTBeTcTByeT CJIy'laIQ, Korp;a cnepxrrpOBOp;­
HHK rpaHH'IHT C HOpMaJIbHNM MeTaJIJIOM.

14.3. fpa,n;HeuTHaH HHBapH8HTUOCTb TeopHH r JI. B ypaB­
HeIlHH fJI BXO,n;HT BeKTopuNH rrOTeUIJ;HaJI A. Ho xopomo
H3BeCTHO, 'ITO BhIOOP A ueo,n;H03HaTIeH. )J;eHcTBHTeJII>HO, nepe­
xo,n; K ,npyroMy rrOJIIQ A' 110 <popMyJIe

A=A' +Vep,

r,n;e ep (r) - npOHSBOJII>UaH o,n;HOSHa'lHaH CImJIHpHaH
He HSMeHHeT BeJIHTIHHN MarHHTHoro nOJIH:

(14.12)

(14.13)

(14.14)

H=rotA.i. = :rc rot rot A,

STOT HHTerpaJI MomeT ONTI> paBeH Hymo rrpH JIIOOOH Ba­
pHaIJ;HH ~A TOJII>KO B TOM CJIyTIae, eCJIH BNpameHHe B <pHryp­
UNX CKOOKax paBUO HyJIIO. STO TpeOOBaHHe orrpe,n;eJIHeT BTopoe
ypamfeHHe TeopHH f JI OTHOCHTeJII>HO BeKTopHoro rrOTeH~HaJIa A:

i. = - ~~ (W*VW - WVW*) - ~: I W 1
2A, (14.11)

aA6i.H = 1dV [~'::c (w*vw - wVW*) +
2e

2
1 ]+ mc2 A I W 1

2
+ 41t rot rot A 3A = O.

~ (r) = W(r)/W0'

TIo,n;CTaBJIJuI Terrepl> (14.9) oes rrocne,n;Hero TIJIeHa B (14.7),
rrpOHSBo,n;H 3JIeMeHTapHNe rrpeoopasoBaHHH H rrpHpaBHHBaH
BapHaIJ;HIQ CBOOO,n;HOH ~meprHH HyJIIQ, rrOJIyTIHM

r,n;e W~ = n./2 = 1a Ii~.
HpoMe Toro, BBe,n;eM cJIe,n;YIQIIJ;He OOOSHaTIeHHH:

n2
~2= _

4m Iltl '

(14.22)

(14.23)

(14.15)

Tor,n;a ypaBHeHHH f JI MomHO SanHCaTb B oOJIee KOMnaKTHoH
H y,n;OOHOH <popMe:

~2(iV+ ~ AY~-~+,~1~12=0, (14.16)

rotrotA=-i 4~~2 (~*V~-~- Itr A. (14.17)

3,n;ecb (J)o=rcnc/e - KBaHT rrOTOKa (§ 8). ~'
IIpe,n;cTaBHB BOJIHOByIQ «PYHKD;HIQ ~ B BH,n;e = I~ I eta,

BTopoe ypaBHeHHe fJI MomHO aarrHcaTb B CJIep;yIQ eH <popMe:

rotrotA= Itt (~~ Va-A). (14.18)
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H=rotA =rotA',

rot Vep=O.

)J;JIH Toro 'ITOON peayJIbTaTN TeOpeTH'IeCKHX paC'IeTOB
He aaBHCeJIH OT Toro HJIH HHoro BNoopa BeKTop-II0TeHD;HaJIa A,
T. e., HHa'le rOBopH, ONJIH ON rpap;HeHTHO HHBapHaHTHNMH,
HymHo, 'lTOOhI caMH ypaBHeHHH fJI yp;OBJIeTBOpHJIH Tpeoo­
BaHHIQ rpap;HeHTHOH HHBapHaHTHOCTH.

JIerKo IIpOBepHTb, 'ITO 3TO TpeOOBaHHe BNrrOJIHHeTCH B CJIy­
'lae, eCJIH OT lIepeMeHHNX A H ~ rrepeHTH K rrepeMeHHNM A'
II f no CJIep;YIQIIJ;HM «popMyJIaM rrpeoopaaoBaHHH:

A=A' +Vep,

~ = 0/' exp [i ;: ep (r»).
npoBepHM 3TO P;JIH «pOpMyJIbI (14.18).
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ITO,ll;CTaBJIHH aTO BMpameHIIe ,ll;JIH 1J B (15.1) II OCTaBJIHH TOJIbKO

JIHHerrHMe no e (x) qJIeHM, nOJIyqIIM

(15.1)

(15.2)

(15.3)

(15.4),

e (x) ~ 1.

A2= mc2~j(8n: jlX Ie2),

~2 = tl2j(4m IIX /),

~2 iPe (x)jdx2 - 2e (x) = O.

cjI= 1- e(x),

CBepXnpOBOJl;HIIK, MomeM CqIITaTb 1J Bem;eCTBeHHorr .pYHKD;IIerr

(CM. § 14). TorJl;a nepBoe ypaBHeHIIe rJI (14.16) npIIMeT

cJIeJl;yrom;IIrr npocTorr BUJI;:

A~ (T. - T)-1 /2, t (T T) 1/2
v !~~ 0- -. (15.5)

Bo BceM ,ll;HanaSOHe TeMnepa~,~ A (T) XOpOIDO annpORCHMU­
pyeTcH 3MIIHpUqeCROrr .pOPM):'orr

A(T) = A(0) (1 - (T/To»-1/4. (15.6)

3UaqeHIIH A (0) ,ll;JIH HeKOTopMX cBepxnpOBo,ll;HIIKOB 6MJIU

npHBe,ll;eHM B Ta6JIuD;e 6.1. lICnOJIbsYH HOpMupOBKy (13.1)
B cP0PMYJIY (13.3), y6em,ll;aeMCH, qTO rJIy6uHa npOHHKHOBe­

UBII (15.3) COBnaJl;aeT C rJIy6lIHorr npOHIIRHOBeHIIH, BBe,ll;eHHorr
11 (5.7).

,
¥qIITMBaH, qTO npII x -+ co .pYHKD;IIH 1J -+ 1, IIMeeM e (CXl) =0.
PemeHHe ypaBHeHIIH (15.2) OqeBII,ll;HO:

e = e (0) e-{2 xiE.

OTcro,ll;a CJIe,ll;yeT, qTO e- aTO U eCTb no nOpHJI;Ky BeilIUqHHM

TOT xapaKTepHMrr MacmTa6,; Ha KOTOpOM npOlICxOf(HT USMeHe­

BHe napaMeTpa rrOpH,ll;Ka 1J.
STy ,ll;JIHHy HasMBaroT ,ll;JIHHOrr KorepeHTHOCTU.

,IJ;pyraH BeJIflqHHa, BBe,ll;eHHaH B rrpe,ll;M,ll;ym;eM rraparpa.pe,

AHaM yme HSBeCTHa (§ 6). 8TO rJIy6uHa npOHUKHOBeHUH CJIa­

6oro MarHHTHoro nOJIH. OHa TaK me, KaK U e, saBHCIIT OT TeM­
nepaTypM;

,ITpe,ll;nOJIOmUM, qTO CJIorr HOpMaJIbHoro MeTaJIJIa Ha nOBepx­

r HOCTU TaKorr TOHKIIrr, qTO SHaqeHIIe 1J Ha nOBepXHOCTU OqeHb
I MaJIO OTJIflqaeTCH OT 1, T. e.

nOCROJIbKY Bomr3lI To lIMeeM IIX I~ (To - T). TaRlIM oopaaoM,
'Ii B6JIIISH To

~
f

ITeperrf(eM OT A II If R A' II q/ rro .popMYJIaM (14.2;
II (14.23). JIemo BIIJI;eTb, qTO BTopoe ypaBHeHlIe rJI (14.IE
OCTaHeTCH HeIISMeHHMM:

rot rot A' -l.:r.!(~ \76' - A')- "-2 27t •

AHaJIOrlIqHMM oopaSOM MomHO yoeJl;IITbCH B rpaJl;lIeHTHOrr IIH

BaplIaHTHOCTII II rrepBoro ypaBHeHIIH rJI (14.16).
lIs cBorrcTBa rpaJl;lIeHTHOrr HHBaplIaHTHOCTII ypaBHeHlIrr rJI

CJIeJl;yeT OJl;IIH OqeHb BamHbIrr l':JIH 0YJl;ym;ero BMBOJl;: Jl;JIH OJl;HO­

CBHSHoro CBepxrrpOBOJl;HIIRa BCerJl;a MomHO BMOpaTb TaRyro

RaJIIIOpoBRY BeRTop-rrOTeHIJ;lIaJIa A, qTOOM 1J (r) OMJIa Be­

m;ecTBeHHorr .pYH:KIJ;lIerr.

(HarroMHIIM, qTO rrOJl; OJl;HOCBHSHbIM TeJIOM rrOHIIMaeTCH

TaRoe TeJIO, B ROTOpOM MomHO rrpOIISBOJIbHMrr saMKHyTMrr

KOHTyp CTHHyTb B TOqKY, He rrepeceKaH rrplI aToM HlIrJl;e rpa­

HIID; TeJIa. lIHaqe rOBopH, B OJl;HOCBH3HOM TeJIe .HeT CrrJIOIDHMX

OTBepCTlIrr. TOPOIIJI; - rrplIMep Jl;ByxcBHsHoro TeJIa.)

TpeOOBaHlle OJl;HOCBH3HOCTlI SJI;eCb cym;ecTBeHHO rroToMy,

qTO B MHorOCBHSHOM CBepxrrpOBOJl;HIIKe .pasa rrapaMeTpa rro­

pHJI;Ka 6 yme He HBJIHeTCH OJl;H03HaqHOrr .pyHKD;lIerr, a MomeT
MeHHTbCH Ha BeJIlIqlIHY KpaTHyro 2n: rrplI ooxoJl;e BOKpyr OT­

BePCTIIH B CBepXrrpOBOJl;HIIKe. IToaToMy a (r) CTaHOBIITCH

HerrplIroJl;HOrr Jl;JIH COOTBeTCTByrom;err KaJIlI6pOBKlI A.

§ 15. ,IJ;Ba xapaI'TepHLIX MaCillTa6a Jl;JIIIHLI

B CBepXnpOBOJl;HIIKax. S<lJlfleKT 6JIlI30CTlI

15.1. ,IJ;JIHHa KorepeHTHOCTII II rJIy6lIHa npOHIIKHOBeHIIH.

B npeJl;MJI;ym;eM rraparpa.pe OMJIa BBeJl;eHa qlICTO .popMaJIbHO

orrpeJl;eJIeHHaH Bemrqrma ~ (14.14). Cerrqac MM ySHaeM ee

.puSUqeCKUrr CMMCJI.

PaccMoTplIM TaKorr rrpocTorr rrplIMep. Ha qlICTyro rrJIOcKyro

rrOBepXHOCTb CBepxrrpOBOJl;HlIKa HaHeceHa rrJIeHKa HOpMaJIb­

Horo MeTaJIJIa. TorJl;a JIOKaJIbHO OKOJIO rrOBepxHOCTU nJIOT­

HOCTb CBepxrrpOBOf(Hm;lIX aJIeKTpOHOB HeCKOJIbKO rrOHlISlITCH.

lIHMMlI CJIOBaMU, SHaqeHlIe rrapaMeTpa rrOpHJI;Ka 11J I Ha rro­

BepxHOCTU oYJl;eT HeCKOJIbKO OTJInqaTbCH OT ero paBHOBeCHoro

SHaqeHlIH B rJIy6lIHe CBepXrrpOBOJl;HIIKa, rf(e 11J 1=1. KaKoB

TOT xapaKTepHMrr MaCIDTa6 Jl;JIIIHM, Ha KOTOpOM rrapaMeTp

rropHJI;Ka BOCCTaHOBlITCH Jl;O eJl;IIHIIn;M?

HanpaBIIM OCb x nepneHJI;lIKyJIHpHO K nOBepxHOCTII CBepx­

npOBOJl;HlIKa (Ha nOBepXHOCTII x=O). OqeBIIJI;HO, IISMeHeHIIe

1J ~IOmeT npOlICxOJl;lITb TOJIhKO BJI;OJIb OCU~·x, T. e. 1J= 1J (x).
KpoMe TOro, nOCKOJIbKY MM paCCMaTpUBaeM OJl;HOCBHSHMrr
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(15.11)
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rAe C - KOHCTaHTa uHTerpIlpoBaHIIH. I10CKOJIbKy npIl X ~ CD

llMeeM (d~/dx) ~ 0, ~ ~ 1, TO C=-1I2. I1o~cTaBJIHH

8TO 3HalJeHIIe C B (15.10) II I1HTerpIIpyH, nOJIylJIIM

5*

C nOMOlIl;bIO A (T) II ~ (T) MomHO BBeCTlI OlJ
BeJIIIlJIIHY - napaMeTp TeOplIlI r 0 eHb BamHyIO 3a~aqa 15.1. CBHH~OBbIll: ~I1JIHH~P HaxoAHTCH llpH TeMllepaTypEl

lIH3 ypra-JIaH~ay x: 4,2 K B OAHOpoAHOM MarHIITHOM llOJIe, llapaJIJIe~bHOM ero ocn. IIoJIe

x = A/~. lIa llOBepXHOCTn ~nJInHlIpa paBHO Ho=300 8. Ha.IlTII.I1JIOTHOCTb W Mar-
(15.7) 1IllTHOH: tmepr.II.II B CBnH~e Ha paCCTOHHHII X= 300 A OT lloBepxHocTII

MCrrOJIb3YH tP0PMYJIbI (15.3), (15.4) ( IVlJI.IlHlIpa. ()J;I1aMeTp ~HJIIIHApa MHoro 60JIbille rJIy6I1HbI I1pOHHKHOBe-
II 15 7) 'JIIH cJIa60ro MarHHTHoro llOJIH.)

~pyroe BbIpa'\I?eHIIe TTJI<T v'. • , rrOJIylJIIM .u A A
'" '" n ~ P e III e H.II e. ECJHr A (0)=390 , TO A (4,2)=415 . MarHIITHOe

I10JIe Ha paccToHHIIH 300 A OT llOBepXHOCTII 6YlIeT paBHO H=Hoe-xP,=
=145,6 8. TorAa W=H2/8rr.=844 spr/cM3 •

38J\aqa 15.2. KpIlTIIQeCKaH TeMIIepaTypa CBIIH~a paBHa 7,18 K.
Bo CKOJIbKO paa rJIy6I1Ha rrpoHIIKHoBeHIIH A llpIl T=7,10 K 60JIbIIIe,
'1eM rJIy6I1Ha llpOHIIKHOBeH.IlH llpIl T= 4,2 K. O~eHIITb llJIOTHOCTb CBepx­
npOBOllH.ID;rrx SJIeKTpOHoB rrprr T=7,10 K.

Om(Jem. A. (7,10)/1. (4,2)=4,49; n. (7,10)=8,06.1020 CM-3 •

15.2. 31fJlfJeKT 6JIHaOcTH. O'leHb HpKO npOHBJIHeTCH POJIl.

~JIHHbI KorepeHTHOCTII B CJIylJae xopomero KOHTaKTa Mem~y /

HOpMaJIbHbIM MeTaJIJIOM N II CBepxnpOBOAHIIKOM S. KynepoB­

CKIIe rrapbI MoryT npOHIIKaTb U3 S B N U HeKOTopoe BpeMH

TaM mIITb. 8TO npuBo~IITK TOMy, lJTO KaKOH-TO CJIOH HOpMaJIb­

Horo MeTaJIJIa BOJIUaU rpaHIID,bI SN CTaHeT cBepxnpoBoAHIIl;IIM.

Ho npOHIIKHOBeHue nap ua S B N npuBeAeT K YMeHbmeHuIO

IIX nJIOTHOCTU B S, T. e. napaMeTp nopHAKa ~ B cBepxnpoBoA­

HIIKe BOJIUaU NS-rpaHIID,bI oYAeT MeHbme 1 Aame B oTcyr­

CTBue MarHIITHoro nOJIH.

8TO HBJIeHIIe Ha3bIBaeTCH atPtPeKToM 6ml30cTIL

PaccMoTpIIM HaII60JIee npocToM CJIylJaH. I1YCTb xopomIIH

KOHTaKT OCYlIl;eCTBJIeH MemAY AByMH CBepxnpOBO)J;HIIKaMH,

KpIITUlJeCKIIe TeMnepaTypbI KOTOpbIX (Ten uTes) CJIerKa paa­

JIUlJHbI: Te.> Ten' Tes-Ten ~ Ten' TeMnepaTypa 06paaD,a
T BbI6paHa TaIWH, lJTO BbInOJIHHeTCH HepaBeHCTBO T e" << T < T e" T. e. MaTepUaJI C KpUTUlJeCKOH TeMnepaTypoii

Ten HaXO)J;IITCH B HOpMaJIbHOM COCTOHHUII. I1JIOCKaH rpaHIID,a

MemAY )J;ByMH MaTepllaJIaMU cOBnaAaeT C nJIOCKOCTbIO x=O:
CBepxnpOBOAHIIK aaHIIMaeT nOJIynpocTpaHCTBO Xi> 0, HOp­

MaJIbHbIH MeTaJIJI - COOTBeTCTBeHHO X <O.
I10BeAeHIIe napaMeTpa nOpH)J;Ka 'B S-06JIacTu (X> 0)

MOmHO OnpeAeJiUTb, pemIIB nepBOe ypaBHeHIIe rJI (14.16)
B tPopMe (15.1). 8TO ypaBHeHlle IIHTerpIIpyeTcH TOylO.

)J;eHCTBIITeJIbHO, ero nepBbIH UHTerpaJI llMeeT BII~ /
/

_~2 (d~/dx)2 _ ~2 + 1/2~4 = C, (15.10)

x=2y2 nee ).,2Ifem · (15.8)

C nOM0lIl;bIO BbIpameHuH ~
$0= TClic/e JIerKo nOJIylJllM oTc~~a~:e::a MarHuTHoro nOTOKa

nOJIe3HYIO tPOpMy.'Iy:

y2 If _ 1>0
em-27tA~' (15.9)

06cy~uM B 3aKJlIOlJeHlIe Bonpoc 0 BJIIIH
nOJIH Ha napaMeTp nopH~Ka II Ha rJI 61I HIIll MarHIITHOro

ITYCTb x .-g: 1 T e ~..'l' ~ C Y Hy npoHIIKHOBeHIIH.
""" , • • /I """ <; BepxnpoBO U 6

3aHIIMaeT nOJIynpocTpaHcTBO x· >° ~Hm;IIII 0 pa3eD,
nOJIe HanpaBJIeHO B~OJIb OCII zIT' a BHemHee MarHIITHOe
HIIIO ).. ~ ~ MarHIITHoe nOJIe'n OCKOJIbKY no npe~noJIO)f\e-

6 ' pOHIIKaeT B 06pa3e
Ha He OJIbIDYIO no cpaBHeHIIIO C ~ rJI 6 8 D, JIIIIDb
napaMeTp nopH~Ka If oKa3bIBaeTcH y I1HY· T~ 3HalJIIT, lJTO
HllTHoro nOJIH JIIIIDb Ha rJIy6I1He )., no~ B03~eIICTBIIeM Mar­

HIITbCH OH MomeT TOJIbKO Ha pacc ,a C~m;ecTBeHHo 1I3Me-
U TOHHlIlI <; ITOaTOM

HOBHOll lJaCTII ~JIIIHbI KorepeHTHOCTII' y Ha OC-
«He 3HaeT» 0 CYlIl;eCTBOBaHIIII MarH napil"MeTp nopH~Ka
K Wo=( 111. I/~)'!'. CJIeAOBaTeJIbHO MbI lITHOro nOJIH II 6JIII30K

B CJIylJae x ~ 1 napaMeTp nop~~Ka:;:::r~M 3aKJIIOlJIITb, lJTO
HIITHbIM nOJIeM. 1I3MeHHeTCH Mar-

OCTIO~a Cpa3y me CJIe~yeT, lJTO II rJI 6I1
MarHIITHoro nOJIH, KOTopaH 3aBIICIIT 0; 11:fl'1~ np~HIIKHOBeHIIH
MeHHeTCH MarHIITHbIM nOJIeM TOlJ U ' Tome ~raJIO 1I3-

lJTO YMeHbmeHIIe MO~YJIH nap~MeTP:~:p~~:lJe~"n0
6
Ka3bIBaeT,

BepXHOCTlI 06pa3D,a BO BHeIDHeM a 'r B JIII3U no-
o MarHIITHOM nOJIe H

lICXO~IIT Ha BeJIIIlJIIHY [23] 0 npo-

1 H2--x 0

4V2 H~m'

BJIIIHHIIe BHemHero MarHIITHoro no
pH~Ka B CJIylJae A?> ~ OKa3bIBaeTcH JIH Ha napaMeTp no­

CIIJIbHbIM II npIIBO~IIT K MHOrIIM lIHTe 3HalJIITeJIbHO 60JIee

HOBbIM 8tPtPeKTaM. 06 aTOM MbI 6 peCHbIM II KalJeCTBeHHO
B 6y~ylIl;eM. y~eM no~p06HO rOBOpIITb
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(15.15)

(15.16)

OTCIO)];a CJIe)J;y8T, 'iTO napaMeTp nopH)J;I\a, 3KCIIOHeH­

!l;lIaJIhHO 3aTyxaH, IIpOHlII\a8T ,B N-06JIaCTb Ha rJIy6lIHY ~n'

IIOCKOJIhKY Ton II T eB 6JIIl3KII, MomHO ClIlITaTb ~ II d~/dx

HeIIpephIBHhIMII HU NS-rpaHHIJ;8. Tor)J;a 1I3 (15.13) IIMeeM

b= ~n'
B 06llJ,8M CJIy'iae I\OHTaI\Ta CB8pXIIpOBO)J;HIIKa C IICTIIHHO

HOpMaJIhHhIM MeTaJIJIOM (Ten = 0) npIIMeHHTb ypaBH8HlIH f JI
B HopMaJIbHOlI 06JIaCTlI yme H8JIb3H. T8M H8 M8Hee Ka1I8CT­

BeHHO HBJIeHlI8 coxpaHHeTCH: IIapaMeTp IIopH)J;Ka IIpOHIII\aeT

Ha HeI\OTOpyIO rJIy6HHy en B HOpMaJIbHyIO 06JIaCTb.

PaclIeT C HCnOJIb30BaHHeM MeTO)J;OB MIIKPOCKOIIII'ieCKOlI

TeopllH cBepxnpoBo)J;HMOCTII )J;aeT CJIe)J;yIOllJ,lIe P83YJIbTaThI [26].
B 1IlICTOM N-MeTaJIJIe, T. e. Kor)J;a )J;JIIIHa cB060)];HOrO IIPO­

6era 3JIeKTpOHa In ~ ~n' )J;JIIIHa KorepeHTHOCTII 6y)];eT paBHa

1wF n
en = 2rr.k

B
T ' (15.14)

OIJ;eHKII IIO 3TlIM cPopMyJIaM )J;aIOT )J;JIH ~n 3HalIeHlIH B 06­
JIaCTII 10-5~10-4 CM.

IIoBe)J;eHlle ",IIapaMeTpa IIopH)J;Ka··~ B 06llJ,eM CJIyqae 1130"7

6pameHO Ha plIC. 15.1. BeJIII'iIIHa b CorJIaCHO [27] B «rpHf

HOM» CJIYlIa8 paBHa ~

b as e
=== aa" n'

r)J;e VFn - CKOpOCTb 3JIeKTpOHa Ha nOB8pxHOCTH <I>epMH, kii­
IIOCTOHHHaH BOJIhIJ;MaHa. IIPII aTOM, O)J;HaKO, Ha)];O HMeTb

B BII)J;y, lITO IIplI T _ 0 3aTyxaHlI8 IIapaMeTpa IIopH)J;Ka B rJIy­

6llHY N-06JIaCTII CTaHOBIITCH He 3KCIIOH8HIJ;lIaJIbHhIM, a 3Ha­

'iHTeJIbHO 60JI88 Me)];JIeHHhIM.

B «rpH3HOM» N-MeTaJIJIe (In ~ en) )J;JIIIHa KorepeHTHOCTII

6Y)J;eT

r)J;e as, n- npOBo)J;IIMOCTII S- II N-o 6JIacT81I, en OIIP8)];8JIH­

8TCH cPOPMYJIOH (15.15), K03cPcPHIJ;1I8HT a HMe8T IIOpH)J;OK e)];11­

HIIIJ;hI. TOlIHhIe 3HRqeHlIH a )J;JIH pa3HhIX clITyaIJ;lIlI )];aHhI
B [27 J.

CYllJ,eCTBoBaHII8 3.plfJeKTa 6JIlI30CTlI Ha)J;8mHO nO)J;TB8pm­
)J;eHO 3KcIIepIIM8HTOM.

ECJIII Ha IIOB8pXHOCTb HOpMaJIhHOrO MeTaJIJIa HaH8CTlI

IIJIeHKy CB8pXnpOBO)];HIIKa, TO ee KPllTlI1I8CKaH TeMII8paTypa

llOHII3IITCH. TaK B pa60T8 [28] 6hIJIa HCCJIe)J;OBaHa CIICTeMa
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(15.13)

(15.12)

PHe. 15.1. I1apaMeTp no­
pllJ\Ka tjJ (x) B6JI113H rpa­
HHI.\bI MemAY cBepxnpo­
BOJ\HHKOM (x > 0) H HOp­
MaJIbHbIM MeTaJIJIOIll (x <

< 0).

Pornoml0 3Toro ypaBHoHliH npli YCJ10BlIII ~ - 0 npII x - -(X)

6y)l,8T

r)l,e ~.~ = n2j4mCl.n•
IIapaMeTp nopHp;Ka B HopMaJIbHOlI 06JIaCTII MaJI (~ ~ 1),

n03ToMy MomHO npeHe6pelIh Ky61I1IecKIIM lIJIeHOM. B pe3yJIb­

TaTe lIM8eM

IIO)];CTamm (15.11) B (15.12), HalIp;eM CBH3h Me/K)];y KOH­

cTaHTolI lIHTerpIIpoBuIUIH Xo II BeJIHlIHHOlI b:
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PaCCMOTpIIM Tenepb nOBep;eHIle napaMeTpa nopHp;Ka 7B HOp­

MaJIbHOlI 06JIaCTII (X < 0). 3)];eCb MhI TOme MomeM IICnOJIh­

30BaTb (CM., HanplIMep, [251) nepBoe ypaBHeHIIe fJI. ,Ueii:­

CTBIITeJlbHO, COrJIaCHO (13.6) K03cPcPII1J;IIeHT Cl.n~ (T - Ten)'
T. e. Cl.n< 0 npII T < Ton II Cl.n> 0 npII T> Ten' II03TOMY
nepBoe ypaBHeHIIe fJI (14.6) B HameM CJIyqae )];JIH N-06JIaCTII

II npli yCJIOBlili T - Ton~ Ten 6y)];eT lIMeTb BlI)];

1 d<jJ _ 1
I; dx -T)'

BeJIlIlIHHa b B 06llJ,eM cJIy'lae ,u,OJIiRHU 6hITb BhI'lIlCJIeHa C no­

MOllJ,bIO MIIKpOCKOnIIlIeCIWlI TeopMII. Ee reOMeTpHlIeCKIIH

CMhICJI HCeH 113 pIIC. 15.1.

3)];eCb Xo - KOHCTaHTU MHTOrpllpOBaHlUI, KOTOpaH )];oJimlIa

6hITb OnpOp;eJIeHU 1I3 rpUHII'lIIOrO yCJIOBlUI npM x=O. 3'1'0

YCJIOBlIe (14.20) B HameM CJIylIae lIMeeT BlIP;



(16.'1)

H3 TIJleHRH Al (TOJIIIJ;HHa 4400 A, Te=1,2 K), nORpbITOH nJIeHo­
ROH Pb. IIpII TOJIIIJ;IIHe CBIIH:u.OBOH nJIeHRII d (Pb)=900 A
RpHTIIqeCRaH TeMnepaTypa CIICTeMbl T e OJIIISRa R RpIITIIqe­
CROH TeMnepaType MaCCIIBHorO CBIIH:u.a (7,2 K), HO npII
d (Pb)=600 A, T e yome CTaHOBHTCH paBHbIM npIIMepHo 5,6 K,
a npII d (Pb)=200 A, T e=1,6 K, T. e. npIIOJIIImaeTCH R RpII­
TII'IeCROH TeMnepaType aJIIOMIIHIIH.

8epepeRT OJIIISOCTII IIClIOJIbsyeTcH .n.JIH cos.n.aHIIH .n.moseep­
COHOBCRIIX nepexo.n.oB THna SNS, Ror.n.a epasoBaH RorepeHT­
HOCTb Mem.n.y cBepxnpoBo.n.HIIJ;IIMII 'lJIeRTpo.n.aMII yCTaHaBJIII­
BaeTCH qepes HOpMaJIbHyIO npOCJIOHRy, ROTopaH MomeT OblTb
.n.OCTaTOqHO TOJICTOH (~ 1 MRM).

§ 16. 8HeprIIlI rpaHuqbI pas.n.eJIa Mem.n.y HOpMaJIbHOii
u cBepxnpoBo.n.lIIqeii <I>aaaMII

Mbl yJI,e SHaeM, qTO cBepxnpoBo.n.HHRII nepBoro H BToporo
po.n.a MoryT COBepmeHHO no-pasHoMy pearIIpoBaTb Ha BHem­
Hee MarHIITHoe nOJIe. 8TO npoIIcxo.n.IIT lIOTOMy, qTO ,lHeprIIH
rpaHIII~bI pas.n.eJIa Mem.n.y HOpMaJIbHOH II cBepxnpoBo.n.HII~eH
epasaMII 0ns y cBepxnpoBo.n.HIIROB rrepBoro po.n.a rrOJIOII\II­
TeJIbHa, a y cBepxrrpoBo.n.HIIROB BToporo po.n.a oTpII:u.aTeJIbHa.
Terrepb Mbl MMHeM rrOHHTb npIIqIIHy 3Toro. OHasbIBaeTcH,
qTO B rrepBOM cJIyqac A <~, a BO BTOpOM cJIyqae A> ~.
BOJIee TOqHO rpaHII:u.a Mem.n.y cBepxrrpoBo.n.HIIRaMH rrepBoro
H BToporo po.n.a oy.n.eT orrpe.n.eJIeHa HIIme. HaqHeM co cBepx­
rrpoBo.n.HIIHa rrepBoro po.n.a.

IhaH, paCCl\mTpIIBaeTcH rrJIOCRaH N S -rpaHH:u.a cBepxrrpo­
Bo.n.HHHa, Haxo.n.HIIJ;erocH B rrpoMemyTOqHOM COCTOHHIIH.
IIycTb .n.aJIeRO CJIeBa OT 3TOH rpaHII:u.bl HaOJIIO.n.aeTcH qIICTO
cBepxrrpoBo.n.HI:u.ee COcToHHHe, a .n.aJIeRO crrpaBa - HOpMaJIb­
Hoe. rpaHII:u.a paCrrOJIMReHa rrepneH.n.IIRyJIHpHO OCII x, Mar­
HIITHoe rrOJIe rrpIIJIOmeHO rrapaJIJIeJIbHO OCH Z. IIOCROJIbRY
Mbl paCCMaTpHBaeM JIeBOe CBepxrrpOBo.n.HIIl,ee nOJIyrrpoCTpaH­
CTBO, T. e. O.n.HOCBHSHblH CBepxrrpOBo.n.HIIR, Bcer.n.a MomHO
BblopaTb TaR RaJIIIOpoBRy BeRTop-rroTeH:u.IIaJIa A, qTO BOJIHO­
BaH epyHR:u.HH TeopIIH rJI oy.n.eT BeIIl,eCTBeHHoH. RpOMe Toro,
B CIIJIy npOCTOH reOMeTpHII sa.n.aqII, Bce rrepeMeHHble oy.n.y1'
saBHceTb TOJIbHO OT x, a BeRTOp A MomHO CqIITaTb rrapaJIJIeJIb­
HblM OCII y. HaqaJIo Roop.n.HHaT x=O BblopaHo B ooJIaCTII

rpaHII:u.bl •
IITaR, epOpMyJIIIpyeM IICXO.n.Hble .n.aHHble:
1) H = (0, 0, H (x)),
2) ~ = ~ (x) - BeIIl,eCTBeHHaH epYHI{1~IIH,

3) A = (0, A (x), 0).
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¥qIITblBaH <lTO, IICXO.n.Hble ypaBHeHIIH rJI (14.16) II (14.18)
MO/RHO rrpeoopasoBaTb R BII.n.y

_~2~:~+(~~Y A2~ _~+~3=0,

d2A/dx2= (~2j)'o2)A.

JIerRo rrpoBepIITb, qTO rrepBblM IIHTerpaJI 3TIIX ypaBHeHIIM

oy.n.eT

(16.2)

r.n.e C - lIOCTOHHHaH IIHTerpIIpOBaHlIJI. Ee Mbl JIerRO HaM.n.eM
liS rpaHIIqHblX YCJIOBIIM: lIpII x~ -00 ~ ~ 1, d~/dx ~ 0,
A~O.

,D;eHcTBIITeJIbHO, .n.aJIeRO CJIeBa, T. e. rrpII x ~ -00, Mar­
HIITHoe rrOJIe oy.n.eT oTcyTcTBoBaTb II BOJIHOBaH epyHR:u.IIH Teo­
pIIlI r JI oy.n.eT cTpeMIITbcH R 1. IIo.n.cTaBJIHH 3TII rpaHHqHble
yCJIOBHH B (16.2), rrOJIyqIIM C=1/2. aTCIOil;a, IICrrOJIbSYH
(15.9), OROHqaTeJIbHO lIMeeM

[(21teA)2_1J~2+~~~=~2(dtjJ)2+ H: _-!.. (16.3)
<1>0 2 dx 2H em 2

IIocJIe TaRon rrpe.n.BaplITeJIbHOH no.n.rOTOBRlI nepen.n.eM
Henocpe.n.CTBeHHO R BblqlICJIeHIIIO 3HeprIIlI rpaHII:u.bl pas.n.eJIa
Mem.n.y HOpMaJIbHOH II CBepxrrpOBo.n.HIqeH epa3aMII, rrpIIxo.n.H­
IIl,enCH Ha e.n.IIHII:u.y rrJIoIIl,a.n.II. Ho cnepBa HeMHoro epIISHRII.
Ror.n.a Mbl oy.n.eM paCCMaTpIIBaTb CBepxrrpOBo.n.HIIl,IIH yqaCTOR,
Ha.n.o oy.n.eT TOqHO orrpe.n.eJIIITb, B RaHOM BHemHeM MarHIITHOM
nOJIe OH Haxo.n.IITcH. OH HBJIHeTCH cBepxnpoBo.n.HIIl,IIM yqaCT­
KOM oopas:u.a, Haxo.n.HIIl,erOcH B lIpoMemyTOqHOM COCTOHHIIH.
CJIeil;OBaTeJIbHO, pH.n.OM C HIIM Haxo.n.IITcH HOpMaJIbHbln Siqa­
CTOK, 1I0 KOTOpOMy lIpOXO.n.IIT MarHIITHoe lIOJIe HalIpHme
HOCTbIO Hem' HanOMIIHaeM, qTO IIMeHHO 3Ta HalIpHJI,eHH Tb
aBTOMaTIIqeCKII yCTaHaBJIIIBaeTCH B HOpMaJIbHblX qaCTHX
CBepxlIpOBo.n.HHKa, Haxo.n.HIIl,erOCH B lIpoMemyTOqHOM co­
CTOHHlIII.

I:lTaK, BHemHee lIOJIe lIO OTHomeHIIIO K CBepXlIpOBO.n.H­
IIl,eMy yqaCTKy oy.n.eT Bcer.n.a paBHO Hem' 3alIlImeM TelIepb
lIJIOTHOCTb rlIooCOBCKon CBoOo.n.Hon 3HeprIIII CBepxlIpOBO.n.H­
IIl,ero yqaCTKa r.n.e-TO .n.aJIeKO CJIeBa OT NS-rpaHII:u.bl. COrJIaCHO
tPopMyJIe (3.15) IIMeeM

G$ = F80 - HH em/41t.
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IIOCKOJIbKY ]l;aJIeKO CJIeBa OT N S-rpaHHJJ;bI H =0, HMeeM

G.=F.o' r]l;e F.o - nJIOTHOCTb CB060]l;HOii :meprHH CBepX­

npOBO]l;HHKa B OTCyTcTBHe MarHHTHOro nOJIH. ,IJ;aJIeKO CnpaBa

OT N S -rpaHHJJ;bI, T. e. B HOpMaJIbHOM MeTaJIJIe, r;n;e cym;ecT­

ByeT nOJIe Hem' nJIOTHOCTb cB06o;n;HOii ,meprHH 6y;n;eT paBHa

F= Fn+ H~m/81t,

GsH = F8H - HHem/41t, (16.6)

F.H = F,,+ l~~ [_I ~ 12+ ~ I~14+~2Ii\7~+ 21': A~12+lJ2
«Po 81': '

r]l;e BTopoe CJIaraeMOe npOCTO ]l;aeT nJIOTHOCTb ,meprHH Mar­

HHTHoro nOJIH.

oTCIO]l;a nJIo'J;'HocTb rH66coBCKOH cB060;n;HOH ,meprHH

B HOpMaJIbHOM CJIoe 6y]l;eT

Gn= F - HHem/41t = Fn+H~...!81t - H~...!47t =
=Fn-H~m/8rc=F.o' (16A)

(16.7)

Gn=Fn-H;m/81t . (16.8)

et>opMyJIa (16.6) CJIe;n;yeT lIS 06m;eii rl.o
CKoii CB060]l;HOH aHeprII (H '*' pMyJIbI ;n;JIH r1I66cOB-

II - HanpHmeHHOCTI> MarHHTHoro
nOJIH B CBepxnpOBO]l;HHKe) rl.OPMYJIa (16 7)

u , '*' . HBJIHeTCH OCHO-
BOIl ]l;JIH nOCTpOeHHH TeOpHH rJI, JIerKO nOJIyqaeTcH lIS (14 1
epopMyJIa (16.8) nOJIyqeHa paHee (CM. (16.4» . )t

IIo]l;cTaBJIHH (16.6)-(16.8) B (16.5), nOJIy'qlIM

CD

°n.= I {~; [-I~r2+~ 1~14+~2Ii\7~+21t A~12+
-CD «Po

C8epxnpolJoi!,'ijH ipOHUIJ/J

GsH ~t

r. ~.i'0h.

U,<

..i

Hop",anbHblU
Irlemann

Pac. 16.1. I1JIOTHOCTb
ra66coBcKoft cBo6o~oft

8HepraH CBepXTIpOBO~-

Gr, HIma G.H B 06JIaCTH rpa­
HH~MMe~HOpMaJIbHoft
H CBepXTIpOBo~Hrqeft cPa­

3aMH.

IIoCKOJII>Ky A=(O, A, 0), 8
IIMeeM

H2 HH H2 }+8---.!!?!+ ---!!!} dx1t 41t 81t •

~ - Bem;eCTBeHH8H epymnVUl,

3p;eCb MbI BOCnOJIb30BaJIHCI> yCJIOBHeM, qTO B HOpM8JII>HOM

CJIoe H = Hem H H3BeCTHbIM COOTHOmeHIIeM Mem]l;y Fn H

F.o (3.5):

CD

an. = -L (~~n [_~2+ ~ ~4+~2(;~Y+C~~oAY ~2]+

TaKHM 06p830M, MbI npHmJIH K TOMy pe3yJIbTaTy, KOTOPbIM

II CJIe;n;OBaJIO OmlI;n;aTI>: B yCJIOBHHX paBHOBeCIIH nJIOTHOCTb rH6­

6COBCKOH cBo6o;n;HOii :meprHII ]l;aJIeKO CJIeBa OT rpaHIIJJ;bI paBHa

COOTBeTcTByIOm;eH nJIOTHOCTH ;n;aJIeKO cnpaBa OT rpaHIIJJ;'bI.

A qTO me 6y]l;eT B 06JIaCTlI rpaHIIJJ;bI?

CXeMaTHqeCKHH qepTem Ha pHC. 16.1 ]l;aeT OTBeT Ha aTOT

Bonpoc.

IIJIOTHOCTb rH66coBCKOii cB06o;n;HOii aHeprlIH MomeT S;n;eCb

OTJIHqaTbCH OT ypOBHH Gn • ECTecTBeHHo TOr]l;a nOBepxHocTHyIO

~meprlIIO rpaHIIJJ;bI paS;n;eJIa a". onpe;n;eJIIITI> TaK:

OTM~:aHa:~SIIPyeMnOJIyqeHHbIii pesyJIbTaT. IIpem]l;e Bcero

JIaCTI>, B~er]l;a M:Z;:;e npOHHKmee B cBepxnpOBO]l;Hm;yIO 06-
1I0aTO nOJIH Ha ee rpaHHJJ;e T. e. nOJIH H

My BTOpoe CJIaraeMoe ' em'
OTPHJJ;aTeJII>HO. B KBa]l;paTHbIX cK06Kax Bcer]l;a

RaI?::P;e nO::T7:~' qTO B TeopHH JIOH]l;OHOB On. < 0, TaK
S2 (drr'ld)2 y aJOTCH KBaHTOBhle aepepeKTIJ II CJIaraeMOe

'r X OTCyTCTByeT.

H2 HH H2 )+8-- ---E!!+ ---!!!!!. dx1t 41t 81t •

(16.3) II nOJIyqlIM OKOH-

(16.9)

CD

an. = H~m J[~2 (do/)2+ H (H - Hem)]
21t dx 2H2 dx.

_0) em

BOCnOJIbsyeMcH Tenepb epOPMYJIOH
"'IaTeJII>HO

(16.5)
CD

0".= ~ (G.H-Gn)dx,
-a;>
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eT TaKme 'ITO TeOpHH rJI CHHMaeT 3TY
tI3 (16.9) CJIeAY 'Y'IeT KBaHTOBblX a<iJ<iJeKToB

TpYAHOCTb TeopHH JIOHAOHOB
n
· OJIOmHTeJIbHorO CJIaraeMoro

K nOHBJIeHHIO
npHBoAHT ooecne'IHTb nOJIOmHTeJIbHOCTb
~2 (d<Jr ldx?, KOTOpoe MomeT

;:meprHH On.' pble Oll,eHKH. B OOJIaCTH nepe-
IIpoBeAeM Tenepb HeKOTO H Ka MeHHeTCH OT °AO 1.

xoAa OT N- K S-<iJa3e napaMeTp nO~C~OHHHH nopHAKa AJIHHbl

8TO H3MeHeHHe npoHcxOAHT ;aIax 1I ~ II ~2 (d<Jr Idx)2 ",::,'1.
KorepeHTHocTII ~. IIo3TOMY <Jr oOJIaCTII rpaHHll,bl Ha AJIHHe
8TO CJIaraeMOe OTJIH'IHO OT HYJIH B

X :- .. ~. IIo3ToMY

x

HOPMOl7bHbiU
MemonnH

rpOHUUOUiepL'lIpo8o!JHUA

:q1I1I ~, a BTopoe - Ha paccToHHHH A. B aTOM CJIY'Iae B03HII­

KjaeT oOJIacTb TOJIIll,HHOD: ~~, rAe napaMeTp nopHAKa yme AO­

CTaTO'IHO MaJI, a MarHHTHoe nOJIe OTCyTcTByeT. 8TOT y'IaCTOK

nOJIb3yeTcH «npIIBIIJIerIIHMlI» cBepxnpoBoAHHKa - CBOOo)l;eH

OT MarHHTHoro nOJIH, HO no cpaBHeHllIO co cBepXnpOBO)l;HIIKOM

IIMeeT O'IeHb MaJIblD: napa?IeTp nOpH)l;Ka, 'ITO )l;OJImHO yBe­

JIlI'IHTb aHeprlIIO ;:noro y'IaCTKa no cpaBHeHIIIO C OOJIee )l;a­

JIeKIIMII BJIeBO y'IaCTKaMII CBepxrrpOBOAHHIW. )J;pyrlIMII CJIO­

BaMlI, 3HeprlIH 3Toro y'IaCTKa OOJIbme 3HeprlIH CBepxnpo­

BOAHIll,HX y'IaCTKOB Ha Ty BeJIHtIHHy 3HeprHII, KOTOpyIO HymHo

PMC. 16.2. IIpocTpaHcTBeHHoe M3MeHeHMe rrapaMeTpa nOpR):(Ka tjJ M Mar­
HMTHoro rrOJIH H B 06JIaCTH N S-rpaHHU;bI AmI CJIyqaH x ~ 1.

OblJIO 3aTpaTIITb, tITOOhI pa30pBaTb ;:meKTpOHHble (KynepoB­

CKHe) napbl B 3TOD: OOJIaCTII, II TeM CaMblM nOHII3HTb BeJIIItIIIHy

napaMeTpa nOpH)l;Ka <Jr. IIJIOTHOCTh 3TOll: 3HeprIIII paBHa

H;ml8n, a 3HeprHH ytIaCTKa IIMeeT BeJIHtIMHy --- H~m ~ 18n,
'ITO xopomo corJIacyeTcH C <iJOpMyJIOD: (16.11).

HeMHoro nO-APyroMy 3TO MomHO OO'hHCHMTb TaK. )J;JIH

oopa30BaHIIH OOJIaCTII C MaJIOll: BeJIIItIIIHOii <j> (T. e. OJIM3KOii

no 3HeprIIII K 3HeprIIII HOpMaJIhHoro MeTaJIJIa) H CBOOOAHOll:

OT MarHIITHoro nOJIH HymHo OblJIO COBepmIITh paooTy no YAa­

JIeHllIO MarHIITHoro nOJIH II3 3TOll: OOJIaCTH. )J;JIH 3Toro Ha)l;O

OblJIO npeOAOJIeTb )l;aBJIeHMe MarHIITHoro nOJIH H~ml8n II OTO­

ABMHyTb ero rpaHIIll,y BnpaBO Ha paccToHHIIe ~. IIPII 3TOM OblJIa

cOBepmeHa paooTa (H~mI8nH.

2) CJIytIaii x~ 1, A ~ ~. <l>YHKll,MM <j> (x) M H (x) AJIH
3Toro CJIyqaH nOKa3aHbl Ha pHC. 16.3. Teneph <j> II3MeHHeTCH

3HaqIITeJIbHO oblcTpee, qeM MarHMTHoe nOJIe H B03HMKaeT

OOJIaCTh ...... A, B KOTOpOD: eIll,e coxpaHHeTcH II cpaBHMTeJIhHO

BblCOKoe MarHIITHoe nOJIe, II BeJIIItIMHa <j> ...... 1. IIpIIcyTcTBIIe

MarHIITHoro nOJIH 3aCTaBJIHeT cpaBHMBaTh 3TOT ytIaCTOK C HOp­

MaJIhHblM MeTaJIJIOM. B OTJIIIqIIe OT nOCJIeAHerO, 3JIeKTpOHbl
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(16.12)

(16.10)

° ~ _H2 A.
nB em

° __ H~m A.
n' - 87'

OJ

-OJ

TO'IHblll paCqeT AaeT

2) x~l, T. e. A~~. Tor)J,a rJIa,B~M
(16.9) AaeT cnaraeMoe H (H - Hem)/2 em
OYAeT

(H H )/2H2 B oOJIaCTII nepexoAa AOCTII-
CJIaraeMOe H - em 0 em CeT B HYJIb KaK B S-, TaK

H -1 II 0 paIll,aeT n.
raeT 3Ha'IeHH 0 CJIaraeMOe OTJIH'IHO OT HYJIH,
II B N-<iJa3e. OOJIaCTb, rAe aT rJIYOHHbl npOHIIKHOBe-

npOCTHpaeTCH Ha paCCTO~HIIIIe~~~:yAK:KJIaA 3TorOCJIaraeMOro
HIIH MarHIITHoro nOJIH 1\. 0
B IIHTerpaJI B (16.9) oYAeT --- (-A).

PaccMoTPIIM ABa npe~eTJIbHblX ~:i:::~o (16.10), rJIaBHblD:
1) x ~ 1 TeA ~~. orAa, u

. ," (16 9) TTaeT rpaAHeHTHbllI 'IJIeH II
BKJIaA B HHTerpaJI • I-'

° ~ H2 ~ >0.n8 em

TOtIHI>lM paC1leT HHTerpaJIa (16.9) no TeopllH fJI AaeT

on.=1,89~~m~. (16.11)

BKJIaA B HHTerpan

H 3HeprHH rpaHHll,bl
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Puc.' 16.3. llpocTpaHcTBeHHoe I13MeHeHl'Ie IlapaMeTpa IlOpJI,!J;Ka <jJ II
MarHIITHoro nOJllI H B 06J1aCTII NS-rpaHl'I~hI ,!J;JlJI CJlY'IalI 11. ~ 1.

MTaK, nOABeAeM IITor.
ECJIn " ~ 1, TO an. ,> O. TaKue MaTeplIaJlliI Ha3liIBaIOTCH

CBepxnpOBOAHIIKaMlI riepBoro pOAa (CII1).
ECJIII " ~ 1, TO an. < O. TaKue MaTepUaJIliI HaaliIBaIOTCH

CBepxnpOBOAHIIKaMlI BToporo pOAa (CII2).
HCHo, qTO nplI KaKOM-TO 3HaqeHIIU ,,- 1 3HeprHH an.

AOJIiKHa 06paTuTbCH B HyJlb. TOqHliIH paCqeT nOKa3liIBaeT, qTO

3TO npOlI30HAeT npu ,,=1fV2.

TaRlIM 06pa30M:

I

~
~a'la 16.1. CBepxIlpOBO~JI~ee OJIOBO Ilpil T=0,9 Te HMeeT

1= ,70.10-8 CM II e=4,35.10-5 CM. HaUTH SHeprilIO rpaHU~hI pa3~eJIa

HOp JlbHO:ii: II CBepXIlpOBO~JI~I1X .pa3 an.'
p e me H II e. IIoCROJlbKY A~ e, UCIIOJIb3yeM .pOPMYJly (16.11).

Haxd,lVI Hem U3 .pOPMYJlhI (15.9) II IIO~CTaBJIJIJI B (16.11), IIOJIy'lIIM

"".=1,24.10-2 apr/cM2•

§ ~7. KpHTlIqeCKOe nOJIe TOHROR nJIeHRH
,

ToHKaH CBepxnpOBOAH~aH nJIeHRa, TOJI~HHa KOTOpOH

MeHbme rJIy6lIHliI npOHIIKHOBeHIIH, MOIKeT coxpaHIITb CBepx­

npoBoAIIMOCTb B napaJIJIeJIbHOM eH MarHIITHOM nOJIe, Aame

eCJIH BeJIHqHHa 3Toro rrOJIH cy~ecTBeHHO 60JIbme Hem' Mar­

HlITHoe nOJIe, npH KOTOpOM ee npoBOAIIMOCTb nponaAaeT,

o603HaqlIM HE'
CXeMa 3KCneplIMeHTa npeACTaBJIeHa Ha plIC. 17.1. Ha qlI­

CTyIO nOBepXHOCTb CTeKJIHHHOH rrJIaCTlIHRII rrpOlI3BOAlITCH

BaKyyMHoe paCrrliIJIeHlIe IICCJIeAyeMoro MaTeplIaJIa. 3aTeM

R nJIeHKe nOAcoeAIIHHIOTCH TOKOBbIe II rroTeH~IIOMeTpHqeCRlIe

npoBoAa 1I3MeplITeJIbHOH cxeMliI. IIplIrOTOBJIeHHliIH TaK 06­

pa3e~ nOMe~aeTCH B KplIOCTaT II oplIeHTlIpyeTcH TaR, qT06liI

BHemHee MarHIITHoe nOJIe 6liIJIO napaJIJleJIbHO nOBepxHOCTlI

06pa3~a. 'YBeJIlIqlIBaH BHemHee MarHlITHoe rroJle, perlICTplI­

PYIOT MOMeHT rrOHBJleHlIH corrpOTIIBJleHIIH nJleHKlI. 8TO II 6YAeT

RpHTHqeCROe rroJle rrJleHRlI. Ha pHC. 17.2 rrpHBeAeHliI pe3yJlb­

TaTliI 'lRCrreplIMeHTa. M3 BliImelI3JIOiKeHHoro (§ 3) HaM yme

H3BeCTHO, qTO MaCCHBHblH CBepxnpOBOAHIIK BO BHemHeM Mar­

HHTHOM rrOJle, paBHOM Hem' COBepmaeT <pa30BliIH rrepexOA rrep­

Boro pOAa. ~eHCTBHTeJlbHO, Ha TOJlCTliIX rrJleHKaX COrJlaCHO

pHC. 17.2 06HapymeHo HBJleHlIe rrepeOXJlaiI{AeHIIH. 8TO 03Ha­

qaeT, qTO eCJlH rrJleHRa rrOMe~eHa B AOCTaTOqHO ClIJlbHOe Mar­

HHTHoe rrOJIe TaR, qTO OHa HaXOAHTCH B HOpMaJlbHOM COCTOH­

HHH, TO npH YMeHbmeH1I1I nOJlH nepexOA B CBepxrrpOBOAH~ee

COCTOHHHe npH nOJle, COOTBeTcTByIOIl1eM paBeHcTBy CBo60A­

HliIX 3HeprlIH HOpllIaJlbHOH H CBepxrrpOBOAHIl1eH <pa3, MOiKeT

He npOH30HTH. OH MomeT 3aAepiKaTbCH AO 60Jlee CJla6liIX

nOJIeH - nOJleH nepeOXJlaiKAeHIIH. 8TlI rrOJlH Ha pnc. 17.2

. YRa3aHliI mTpnxoBoH JIIIHlIeH. IhaK, MliI BIIAHM, qTO C yMeHb­

meHHeM TOJI~HHliI nJIeHKH nepeOXJlamAeHHe CTaHOBHTCH Bce

cJIa6ee, H, HaqHHaH C HeKoTopoH TOJl~HHliI, HBJIeHHe nepeox­

JIamAeHHH nponaAaeT. ECTecTBeHHo npeAnOJlOmHTb, qTO

DJIeHRH 3TOH TOJI~HHliI H 60JIee TOHRHe COBepmaIOT nplI nepe­

xop;e B cBepxnpOBop;H~ee COCTOHHHe <paaoBliIH nepexop; BTO­
poro pop;a.

IIycTb TOJI~HHa nJIeHKH d ~ e, A. 8TO 3Haq1IT, qTO 1I3Me­

H8HHeM BeJIHqHHliI Iji nJIeHKH MOiKHO npeHe6peqb, a nOJIe MomHO
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B HeM coeAIIHeHlil B KyrrepoBCKlIe rrapliI (Iji - 1) II rr03TOMY

ero 3HeprlIH MeHbme 3HeprlIlI rrpaBliIX HOpMaJIbHliIX 06JI~CTeit
Ha 3Ty 3HeprlIIO KOHAeHca~lIlI. IIOCKOJIbKY pa3Mep 3TOlI 06­

JIaCTII -A, a rrJIOTHOCTb 3HeprlIlI KOHAeHca~1I1I paBHa

H2 18n HCHO qTO a - -(He2mI8n)A.
em' , nB

IIocMoTpeB C APyroH TOqKII 3peHIIH, MOmHO CKa3aTb, qTO

B CJIyqae " ~ 1 B 06JIaCTlI NS-rpaHII~liI cy~ecTByeT 06JIaCTb

-A C Iji ~ 1, B KOTOpyIO rrpOHIIKJIO MarHIITHoe rrOJIe. 8TO

3Haq1IT, qTO 3HeprlIH BceH CIICTeMliI YMeHbmlIJIaCb Ha BeJIII­

qlIHY pa60TliI, KOTopaH 6bIJIa COBepmeHa rrplI rrpOABlImeHlI1I

nOJIH Hem Ha paCCTOHHlIe A.



IIpII 9TOM BeRTOp A HaIlpaBJIeH BAOJIb OCII y, Ha MarHIITHoe

nOJIe HaJIOiReHLI rpaHIIlJHLIe· YCJIOBIIH

C1J TaTb I1011TH I10JIHOCTbIO npOHIIRmHM B I1JIeHRy. MLI I1peA­

no araeM, llTO I10BepXHOCTH I1JIeHRH COBIIaAaIOT C I10BepX­

HOC HMH X= +d/2. TIOCROJIbRY I1JIeHRa - TeJIO 0AHOCBH3­

Hoe MLI BLI6npaeM TaRyIO RaJIH6poBRy BeRTOp-I10TeHIJ;HaJIa

A,. To6LI ~ 6LIJIa Bem;eCTBeHHLIM llIICJIOM. YllIITLIBaH Bce :3TO,

3anII eM I1epBOe ypaBHeHlIe fJI B BIIAe:

PIlC. 17.1. CxeMa :mcne­
pllMeHTa no 1l3MepeHIlIO
KpIlTIIqeCKOrO MarHIIT-

Horo nonH nneHKII.

-(1 - (2'1teAjIl>0?) ~ + ~3 = 0,

d2Ajdx2=~2A.

(17.1)

(17.2)

YAOBJIeTBOpHH rpaHlIlJHLIM yCJIOBIIHM (17.3), HaxoAIIM

rAe H o - BHemHee, I1apaJIJIeJIbHOe I10BepXHocTII I1JIeHRII,

MarHIITHoe I10JIe. PemaeM cIIepBa ypaBHeHlIe (17.2):

A = Al ch (~xjA) +A2sh (~xjA),

rAe Al II A 2 - I10CTOHHHLIe ~HTerplIpOBaHIIH.

MarHIITHoe I10JIe H B HameM cJIylJae HaxoAIITcH I1POCTLlM

AlIcPcPepeHI:J;lIpOBaHIIeM A:

H =A I (~jA) sh (~xjA) +A2(~jA)ch (~xjA).

(17.4)

(17.3)

q, ch (q,dj2A) •

A=HoA sh (<jJxjA)
q, ch (<jJdj2A) •

ch (<jJxjA)
H = H och (<jJdj2A) ,

OTCIOAa lIMeeM

21-----~---

31----+-----+----·-+r--

Pile. 17.2. Pe3ynbTaThI :mcnepllMeHTa no u 1l3MepeHIIIO KpllTIlQeCKOrO
MarHIlTHoro nOJIJI nneHOK OJIOBa pa3JIIIqffOll TOnIIJ;llHhI [29], d - TOJI­
IIJ;llHa WIeUKIl. CnJIOnmaH nllHIlH - peayJIbTaT Teopllll rllHa6ypra-

JIaHllay.

DL----,J--:------:1.--
0,2 D," Of) .' m/d

TIpIIMeHIIM Tenepb 9TlI pesyJIbTaThI R TOHKOH I1JIeHKe

(d ~A). B 9TOM cJIytIae ~xjA II ~dj2A 6YAyT MHoro MeHbme 1
II MOiRHO BOCnOJIbSOBaTbCH cPopMyJIaMII paSJIOiReHIIH rlInep6o­

JIlIlJeCKIIX cPYHKIJ;IIH B PHA TeHJIOpa, OrpaHlItIIIBmlICb JIlImb
JIlIHeHHLlMII lJJIeHaMII:

ch(tdj2A) = 1, Sh(~xjA)=~xfA.

TIoAcTaBJIHH 9TII paSJIOiReHIIH B (17.4), IIMeeM: A = Hox II
lIS (1 7.1) nOJIytIIIM
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PIIC. 17.3. 3llBlICIIMOCTb
napaMeTpa nopH~a or

'BHeWBero napaJIJIeJIbHO­
ro MarHlITHOrO nOM H o
B CJIytIlle TOHROH ITJIeHIUI

(d ~ A).

nOJIe npHHHTb sa KpBTH'leCKOe nOJIe nJIeUKH H ... HCHOs 'ITO

npH aTOM npOHCXO)l;lIT <!>aaOBIiIH nepeXO)l; BToporo pOAa.

I1TaK, KpHTH'IeCKOe nOJIe TOHKOH nJIeHKH TOJIm;HHIiI d
B napaJIJIeJIbHOM BHemHeM nOJIe H o paBHO

(17.6)..

3a){a'la 17.1. Ha CTeKJIHHHyIO nO)l;JIOlKKY HaHeceHa OJIOBHHHaH
nJIeHKa TO~1DI0H d=1000 A. IIJIeHKa BHeceHa BO BHeWBee, napaJI­
Jl8JlJ>Hoe ITJIeHKe MarHIITHOe nOJle Ho=10 3 npn TeMnepaType T=0,9 To.
HaiiTll no:JIe B D;eHTpe nJIeHKlI 11 l\lIaMarHlITHhIH MOMeHT M o, npIlXO)l;H­
JD;BiiCII Ha e/J;lIHlID;y nJIOID;a/J;lI nOBepxHocTlI ITJIeHRlI.

P e me H 11 e. IIOCKOJlbKY A (T=0,9 To)=870 A (eM. YCJlOBlIe sa­
Wl'lIf 16.1), lIMeeM, COrJlaCHO (17.4), H (x=0)=8,55 3. 3)l;ecb npe/J;no­
JlaraeTCH, 'ITO napaMeTp nopH/J;Ka (4J=1) HO lISMOHlIJlCH nO)l; BJllIHHlIeM
MarmnHoro nOJlH, KOTOpOO p;OCTaTO'IHO MaJIO (Ho~ H_ (T=0,9 T,)~

::;::60 3).
IIJlOTHOCTb /J;HaMarHlITHoro MOMeHTa M (x)=(1/411:)(H (x)-Ho).

IIpllHHB, COrJlaCHO (17.4), H (x)=Ho (ch (x/A»/(ch (d/2A» 11 lIHTerpll­
PYH MOMeHT no TOJIID;lIHe ITJIeHKlI, HaX01lHM M 0:

lis llTOH .pOPMYJlbI CJle/J;yeT M 0= -7,74.10-7 rc· CM.
~a'la 17.2. TOJlCTaH OJlOBHHHaH nJleHKa TOJIID;1DI0H 1 MKM Haxo­

AlITCH B napaJIJIeJlLHOM ee nOBepxHocTH MarHlITHOM nOJIe npll T=O,9 To.
HaHTH KpHTlI'IeCKOO nOJle nJlOHKII H.., np0/J;nOJlaraH, 'ITO napaMeTp
nopH~a 4J OT nOJlH He saBlICIlT H paBoH 1 (cPasOBhIB: nepexop; nepBoro
pO/J;a).

Po me H 11 e. lls .pOPMYJlhI (17.6) cnep;yeT, 'ITO CP0)l;HHH nJlOT­
BOCTb/J;lIaMarBIlTHorOMOMeHTa M=(Hb)Ho((2)"/d) th (d/2A)-1]. Pa­
6oTa, COBopmeHHaR IlCTO'IHlIKOM MarHIlTHoro nOJIR, paBHa

Bo

W(Ho)=-l MdHo·
o

IIopoxoJ]; B HOpMaJIbHOO COCTORHHO npollsoHA6T, KOfJ];a llTa pa60Ta

CTQHOT paBHa F" - F.o= H~m/(87t). OTcIOAa

(
2A. d )-1/2

H.. =H_ 1- Tth2[ •

¥'IHTLlBaR, 'ITO A~ d, lIMOOM H" = Hom (1 + A/d) = 1,087Hom.

IIoaTdMy llJIeHKa OKaaL1BaeTCH BO BHemHeM ttoJIe ropaaAo

60JIee \.YCTOii'lHBOH H MOiReT coxpaHHTb cBepxnpoBo)J;HMOCTb

D noJIJlX cym;ecTDeHHo 60JIbmHX" '1eM MaccHBHIiIR 06paaen;.

§ 18. KpUTU'IeCRHH TOR TOHROH nJIeHRH

Tenepb paCCMOTpHM CJIyqaHr KOr)J;a nJIeHKa He HaXO)J;UTCJI

DO BBeillHeM nOJIe, BO no HeH Te'leT HeKOTopliIH TOK I. IIpH

atoM MLl CBOBa npe)J;nOJIaraeM, 'ITO nOBepXHOCTII nJIeHKH COB­

n~aIOT C nJIOCKOCTHMII X= ±d/2, TOR Te'leT B HanpaBJIeHHH

OCH· Y. H nop; TOROM I Mliil nOHHMaeM nOJIHbIH TOR B nJIeHKe,

IIpHxop;mn;eiicH Ha ep;HBHn;y P;JIHBIiI B)J;OJIb OCH z.

6 B. B. mMHI\T 81

(17.5)

(IIPOHHTerfH-

{

¥ Cpe)l;HHM aTO BbIpaiReHHe IIO TOlIII(HHe 1I1IeHRH

pyeM IIO x OT -dj2 )1;0 +dj2):

rh2d = d _ H2 J:.. dS (27t~)2
T - 012 «p •

o )

¥'1HTbIBaH <!>OpMylIy (15.9), nOlIy'lHM OKOH'IaTem,Hd aa­

BHCHMOCTb BelIH'lHHbI napaMeTpa nOpH)I;Ka B nJIeHKe OTUpH­
lIOiReUHOrO MarHHTHoro nOJIH:

2_ 1 H'6d2

~ -1-24H2 A2 •om

3Ta aaBHCHMOCTb Hao6paiReHa Ha pHC. 17.3. MIiI BH)I;HM" TaKHM

06paaOM
"

'ITO napaMeTp nOpH)I;Ka ~ B TOHKOH IIJI9BKe CHJILBO

aaBHCHT OT npHJIOiReHHOrO nOJIH H o H nJIaBHO o6pam;aeTCH

B HyJIb npH nOJIe, paBHOM 2 '1/6 HomAld. ECTeCTBeHHO 9TO

l1a aTOR <pOpMyJIIiI CJIe)l;yeT, '11'0 C YMeHbmeHHeM TOJIm;mILl

nJIeHKH ee KpHTH'IeCKOe nOJIe yBeJIH'lHBaeTCH. TaK.lJ eCJIH

TOJIm;HHa nJIeHKB Ha nOpH)I;OK MeHbme ee rJIy6HHbI npOHHK­

HOBeHlIH, A/d --- 10, a Hom --- 10S 3, TO H.. --- 40000 3.
WHaIPIeCKH 9TO BnOJIHe nOHHTHO. IIOCKOJIbKY MarHHTHoe

nOJIe npOHHKaeT B llJIeHKy, OHa HMeeT cym;eCTBeHHO MeHbmHH

)l;Ha:trIarHHTHbIH MOMeHT Ha e)l;HHHn;y 06'LeMa, '1eM MaccHBmm

o6paaen;. Ho MaJIIiIH )l;HaMarHHTHbIR MOMeHT BO BHeillHeM

nOJIe - aTO MaJIeHbKaH MarHHTHaH CTpeJIKa, opHeHTHpoBaB­

HaH HaBcTpe'ly nOJIIO. TaKaH cHTyan;HH 9HepreTH'leCKH 60JIee

BIiIrOp;Ha", 'IeM B CJIyqae 60JIbmOrO )J;HaMarHHTHoro MOMeHTa.
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8TOT TOK 6YJJ;eT C03JJ;aBaTb Ha nOBepXHOCTHX llJleHKlI Mar­

HlITHOe nOJIe HI, TaKHM o6pa30M, MhI HMeeM CJIe)l;yIOm;He rpa­

HlIlIHhIe yCJIOBHH:

o

Puc. 18.1. 3aBucHMOCTb napa­
MeTpa nopH)J;Ka B TOHKon CBepx­
npoBoJJ;Hm;en nJIeHKe OT nponyc­
KaeMoro qepea nJIaCTHHKy TOKa.
«mUpHaH» 06JIaCTb KpuBorr co­
OTBeTcTByeT YCTOrrqHBOrr cBepx-

npoBo)J;uMOCTH.

rpa<lJHRe . HaH)l;eM aTOT TOK. ,IJ;JIff aToro onpe)l;eJI~M 3HalIeHHe

,f, COoTBeTcTByIOm;ee MaRcHMyMy BeJIIIlIIIHhI Hz:
'l'o'

emeHHH: tj>=0 H tj>=1. lIa 06m;HX coo6pameHHH HCHO, lITO

; aTOM CJIyqae CBepXnpOBO)l;Hm;ee COCTOHHlIe (tj>=1) HBJIHeTCH

aBepreTHqeCRH 60JIee BhIrO)l;HbIM H HMeHHO OBO Flu 6y)l;eT pea­

JIHaOBbIBaTbCH. ECJIFI MbI BRJIIOlIFlM OlIeHb CJIa6hIH TOR lIepe3

nJIeBRy, TO onHTb 6Y)l;yT )l;Ba pemeHHH ypaBHeHlIH (18.3):
OABO COoTBeTcTByIOm;ee tj> < 1, )l;pyroe, cooTBeTcTByIOm;ee

tj> ~ '1. ·lI3 coo6pameHFlH BenpephIB~ocTH HCHO, lITO HMeHHO

nepBoe pemeBHe COOTBeTcTByeT yCTOHqHBOMy CBepxnpOBO)l;H-

IIJ;eMy COCTOHIIHIO.
RaROH me MaRCHMaJIbHhIH TOR MomeT nporrycTHTb nJIeHRa,

BaXO)l;ffCb B CBepxnpOBO)l;Hm;eM COCTOHHHFI?
OTBeT Herrocpe)l;CTBeHHO CJIe)l;yeT H3 rpa<lJHRa Ha pHC. 18.1.

8TO, olIeBH)l;HO, TOT TOR, ROTOphIH coOTBeTc1ByeT MaRcHMyMy Ha

(18.1)H (±d/2)= +HI •

.RaK H B npe)l;hI)l;ym;eM naparpa<lJe, MhI lIcnOJIb3yeM O)l;HO­

CBH3HOCTb nJIeHKH II BhI6epeM TaKyIO KaJIlI6poBKy A, lIT06bI

tj> 6hIJIO Bem;eCTBeHHbIM. .RpoMe Toro, npe)l;nOJIaraeM, lITO

nJIeHKa TOHKaH: d ~ A, t Tor)l;a H3MeHeHHeM napaMeTpa

nOpH)l;Ka no TOJIm;lIHe nJIeHKH MomHO npeHe6pelIb II MhI nplI­

XO)l;HM K ypaBHeHHHM rJI B BH)l;e (17.1) H (17.2). I1oaToMy

MhI CHOBa 6Y)l;eM aHaJIH3HpOBaTb aTH ypaBHeHHH, HO yme

C rpaHHlIHhIMlI yCJIOBHHMlI (18.1). 06m;ee pemeHlIe ypaBHeHHH
(17.2) 6y)l;eT .

A = Al ch (~X/A)+A ash (~X/A).

I1OCKOJIbKy )l;JIff HameH aa)l;aTIlI H = dA/dx, lIMeeM

H = (AI~/A) sh (~X/A)+ (Aatj>/A) ch (tj>X/A).

IIo)l;cTaBJIHH CIO)l;a rpaHlIlIHhIe YCJIOBlIH (18.1), nOJIyqlIM )l;Ba

ypaBHeHHH C )l;ByMff HeHaBeCTHbIMH (AI II Aa). Ilx pemeHHe

6y)l;eT

TaKlIM o6paaoM, OROHTIaTeJIbHO HMeeM

H _ sh (tJixjA)
-H1Sh (tJid/2A) , A

AHI ch (tJixjA)

tJi sh (tJidj2A) • (18.2)

~ (2AaHl/daH~m)= 4t~ - 6t~ = 0,
dtJi

OTCIO)l;a tj>~ = 2/3.
CJIe)l;OBaTeJlbHO,

(18.5)

(18.4)

Ils (18.4) JIerKO nOJlYTIIITb Cpe)l;HIOIO no nJIeHKe Rp~TIITIecKYIO

nJIOTHOCTb TORa j e' BocnOJIb30BaBIIIIICb <lJOPMYJIOII HIe =
- (41t/c) Ie'

CYMMHpyeM rJIaBHbIe pe3YJIbTaThI aToro naparpa<lJa •

1) I1OJIe, C03)l;aHHoe RpIITH'leCRHM TOROM Ha nOBepXHOCTH

IIJIeHRH, ORa3hIBaeTCff nponopIJ;HOHaJIbHhIM ee TOJIIIJ;lIHe:

H
lo

__ d, T. e. na)l;aeT C YMeHbmeHHeM TOJIm;HHbI nJIeBRlI, B TO

BpeMH, RaR RplITHTIeCROe nOJIe IIJIeHRII HE - lId1 T. e. pacTeT

6* 83

(18.3)

¥TITeM Tenepb MaJIOCTb TOJIm;lIHhI nJIeHKlI, T. e. tj>d~ A. 8TO

SHa'llIT, lITO )l;JIH A B (18.2) MhI nOJIOmHM ch (tj>X/A) ~ 1
sh (tj>d/2A)~ tj>d/2A, T. e.

A =2AaH1 /tj>ad.

I1O)l;CTaBJIffH aTO BbIpameHlIe B (17.1) 1I HCnOJIloayH (15.9)
nOJIy'llIM

rpa<lJlIR aaBlIClIMOCTlI BeJIlI'lHHhI Hi OT tj>a nOKaaaH Ha plIC. 18.1.
«iKlIpHOih JIlIHHeH BbI)l;eJIeHa Ta qaCTb rpa<lJHRa, ROTopaH COOT­

BeTcTByeT YCTOH'lHBhIM COCTOHHlIHM. ,IJ;eHcTBHTeJIbHO, ROr)l;a

HHRaRoro TORa B rrJIeHRe HeT, ypaBHeHlIe (18.3) lIMeeT ABa

R2



iJF,/iJn, = -I a I+ ~n, + mv~/2 = O.

F =F -lain +1.. n2+n ~V2
'n '2' '2 "

3p;eCb n, - nJIOTHOCTb cBepxupOBOJJ;Hm;UX 3JIeKTpOHOB, ct H

~ - I13BeCTHbIe K031fllfluqueHTbI TeopIlIl rJI, lIeTBepTOe CJIa­

rae?we p;aeT KIIHeTHlJecKyIO :meprIlIO cBepxupOBOp;Hm;UX 9JIeK­

TpOHOB, "s - CKOpOCTb UX yrropHp;olleHHoro JJ;BHmeUIIH,

«CBepxTeKyllaH» CKOpOCTb.

3aBlIcIIMoCTb paBHoBeCHoro 3HalleHIIH n (v) OT BeJIHlIUUbI
u ' ,v, HalIp;eM 1I3 YCJIOBIIH MIIHIIMYMa CBOOOP;UOH 3Hepruu upu

paBHoBeclIH

3a.n;a'Ja 18.1. Ha CTeRJIJIHHyro nop;JIOmRy HaHeceHa CBIIHI\oBafl

llJIeHKa TOJIm;IIHbl d=200 A. fJIy6I1Ha IIpOHIIRHOBCHllJI MarHIITHoro IIOJIfl

npu T=O 6yp;eT A (0)=390 A, a KPIlTII'ICCKOe TepMoJ\IlHaMIl'ICCROe
nOJIe Hem (0)=803 9. HarrTII HaIIpHmeHHOCTb MarHIITHOrO nOJIJI ua 110­
BepXHOCTil nJIeHRII, c03p;aHHoro KPEITII'IeCKIIM TOROM. CpaBHIlTh C IIPO­

P;OJIbHLIM KpIITII'IeCRilM nOJIel\! STOll me nJIeHRIl.
OTn6em. HI =12,5 9; H,,=1015 9.

P ~a1Ja 18.2. HarrTII IIJIOTHOCTb KpIITII'IeCROrO TOKa nJIeHRll I13

npe)J;bI~eH 3ap;a'III.
Omeem. je=2,30.10s A/CM

2
•

~aqa 18.3. TOHRaH (d~ A) GBepXnpoBop;HHIaH IIJIeHRa I1H)J;~
HMee-r lJOCTOHHHYro TeopIlH fJI x=O,1. fJIy6I1Ha npoHIIRHOBeOIIJI A­
=800 A. HaiiTH RpIlTII'IecRyro CROpOCTL cBepxnpoBOP;flDJ;P.X SJICRTPOHOB.
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Puc. 18.2. 3aBucnMocTb
IIJIOTHOCTR cBepxIIpOBOP;JI-
m;I1X SJIeRTpOHOB n. II IIJIOT:
HOCTIl cBepxToRa j s B TOHROR
IIJIeHRe OT CROpOCTlI p;BIlme­
HIHI cBepxnpOBop;JIHIerr ROM~
IIOHeHTbI SJIeRTpoHHoi'1 IIJIOT-

HOCTII.

TORa npOlI30iiTlI He MOrReT npOCTO nOToMy, liTO CHJIbHO CHII­

3HJIaCb nJIOTHOCTb CBepxnpOBop;Hm;IIX 3JIeKTpOHOB. He XBa­

TaeT HOCIITeJIeii, liTOObI nepeHeCTII 3ap;aHIIbIii TOR. :3TOT KplI­

TlIlIeCKIIii TOR II p;aeTCH 1fl0PMYJIoii (18.5). qacTo ero Ha3bIBaIOT

KplITlIlIecRIIM TOKOM pacrrapIIBaHIIH.

j. = n.ev.. (18.7)

3aBlIClIMOCTlI n. (v.) II j. (v.), p;aBaeMbIe lflopMyJIaMII (18.62
H (18.7), 1I30oparKeHbI Ha plIC. 18.2~ CHOBa Ta lIaCTb KplIBOH

• ( ) ROTopaH COOTBeTcTByeT YCTOlIlIIIBbIM COCTOHHIIHM, no­

l. v'H'a '''lIpHOii JIIIHlIeii 0 lIeM rOBoplIT 3TOT rpalfllIK?
Ka3a Tn •

TIo Mepe yneJIlIlIeHIIH nJIOTHOCTII cBepxnpoBOp;Hm;ero TOKa

yBeJIl:I'IlIBaeTCH CKOpOCTb 3JIeKTpOHOB. Ho <lTO COnpOBO}({­

JJ;aeTcH YMeHbmeHIIeM IIX nJIOTHOCTII n. (vs )' IIpoIlcxoP;HT

pa3pbIB aJIeKTpOHHbIX nap. B03HIIKaeT TaK na3hmaeMoe pac­

napHBaHlIe 3JIeKTpOHOB. HaKoHeq, HacTyrraeT TaKoe COCTOH­

IDle, Korp;a p;aJIbHeiimero YBeJIlIlIeHIIH cnepxrrpoBOp;Hm;ero

IlJIOTHOCTb TOKa j. B aToM CJIyllae orrpep;emleTCH II3BeCTHbIM

BbIpameHlleM

(18.6)n, = (/ a I~ mv:/2)/~.

OTCIOJJ;a cpa3Y nOJIyllIIM

C YMeHbmemreM TOJIm;HHbl. TaK, eCJIH d/'A ...... 0 1, a H =
= 1000 :3, TO H" -- 4·1()4 :3, a HIe ...... 30 :3. :3T~ 3HR'IHT, e;TO

JJ;JIH TOHKOH nJIeHKl1 pa3pymeHHe CBepxnpOBOJJ;l1MOCTH TOKOM

HHKaK HeJIb3H CBOJJ;HTb K pa3pymeHHIO CBepxnpOBOJJ;HMOCTH

MarHHTHbIM nOJIeM 3Toro TOKa.

2. RpHTHlIeCKaH nJIOTHOCTb TOKa je' CorJIaCHO (18.5), He

~aBHCHT OT TOJIITJ;HHbI nJIeHKH. lI3 3TOH lflopMyJIbI CJIeJJ;yeT, liTO

1e npOCTO HBJIHeTCH xapaKTepHCTHKOH TOKoHecym;eH cnocoo­

HOCTH JJ;anHoro MaTepHaJIa.

3) OTMeTHM, HaKoHeq, em;e OJJ;HH OlleHb BarKHbIH MOMeHT.

Pa3pymeHHe CBepxnpOBOJJ;HMOCTH TOKOM He conpOBomJJ;a­

eTCH KaKHM-JIHOO lfla30BbIM nepexOJJ;OM. IIpH 3TOM MbI, KO­

HellHO, HMeeM 13 BHJJ;y, liTO nJIeHKa C TOKOM xopomo OMbIBa­

eTCH mHJJ;KHM reJIHeM H Bce BbIJJ;eJIHIOm;eeCH 13 HeH TenJIO cpa3Y

OTBOJJ;HTCH, T. e. ee TeMnepaTypa OCTaeTCH paBHOH TeMnepa­

Type reJIHeBOH BaHHbI. B 3TOM CJIyllae JJ;ame npH TOI{e Ie CBO­

oop;HaH 3HeprHH CBepxnpOBOJJ;Hm;ero COCTOHHHH Bce em;e

OCTaeTCH MeHbme CBOOOJJ;HOH 3HeprHH HOpMaJIbHOrO 00­

CTOHHHH.

qTO me npOHCXOJJ;HT npH TOKe 1=1/ IIolleMY no UJIeUKe

He MomeT Tellb oe3JJ;HCCHnaTHBHO TOK, OOJIbmHB: KpHTHlJe­

CKoro?

,JJ;JIJI OTBeTa Ha 3TH BonpOCbI BOCnOJIb3yeMcH aHaJIU301l1,

KOTOpbIH npeJJ;JIomUJI ,JJ;m. BapJJ;HH. IIOCKOJIbKY nJIeHKa

TOHKaH, <JHeprHeH MarHUTHoro nOJIH TOKa MomHO upeHe­

opellb H 3auucaTb UJIOTHOCTb CBOOOP;HOii 3HeprUH UJIeHRH

13 Bup;e
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~ e III e H II e. ItpIITII1WCKaJI IlJIOTHOCTb TOKa oIlpegeJIJIeTC.H iPop­
MyJIOII (18.5), a KpIITIIqeCKaJI CKOpOCTb - iPOPMYJIOH: (18.7). HCIlO.-lJ,­
3YJI (5.7) II (15.8), IIMeeM

Ve = tl1./(3 vB" rnA) = 2,81 . 103 CM/C.

3~aqa 18.4. CpaBHIITb IlJIOTHOCTb MeH:CCHepOBcKoro TOKa J' H
!VI a

rrOBepXHOCTII MaCCIIBHoro CBepxIlpoBogHIIKa nepBoro poga Korga 0
HaXOp;IITCJI B ~pIITIIqeCuKOM BHeillHeM IlOJIe Hem' C KpIITllqe~KOiI IlJIOT~
HOCTbIO TOKa Je TOHKOl:I IlJIeHKll lI3 Toro me MaTepIIaJIa .

.P_eIII~HlIe. COrJIaCHO (6.4) jM=cHem/47tA, oTKyp;a jMlje=

= 3 V3/2 v2 = 1,837. IIJIOTHOCTb MeH:CCHepOBcKoro TOKa IlplI Ilone H
Ha nOBepxHoCTll OKa3aJIaCb B 1,84 paaa 60JIbille KPIITlIQeCKor'o TO~~
pacrrapIIBaHIIJI. ::lTO npOllaOIIIJIO IlOTOMY, qTO B iPopMyne (6.5) He YQTeH~
YMeHbIIIeHlle llJIOTHOCTH CBepxnpoBogJIIU;lIX SJleKTpOHOB n. B MarHIITHOM
nOJIe Hem.

r JI a B a 4. CJIABAH CBEPXIIPOBOAIIMOCTb

§ 19. <l>aaoBaH KorepeHTHOCTb H BHAbI CJIa6bIX CBHaeii

B 1962 r. nOHBIIJI3Cb CTaTbH [10] HHKOMY AO 8Toro He­

H3BecTHoro aBTopa B. AiK03e<pcoHa~r B KOTOpOH TeopeTH­

qeCKII npe;IJ;CKa3b1BaJIOCb CYIIJ;eCTBOBaHIIe ABYX Y;IJ;IIBIITeJIbHblX

8<p<peKToB. 8TlI 8<p<peI{TbI CJIeAOBaJIO OiKlI;IJ;aTb B TYHHeJIbHblX

cBepxnpoBo;IJ;HIIJ;IIX KOHTaKTax. IIepBblH 8<p<peKT 3aKJIIOqaeTCH

B TOM, qTO qepe3 TYHHeJIbHblH nepexoA *) B03MOiKHO npoTe­

KaHIIe CBepxnpoBO;IJ;HIIJ;erO (6e3;IJ;IICClInaTIIBHoro) TOKa (CBepx­

TOKa). llpe;IJ;CKa3b1BaJIOCb, qTO KpIITlIqeCKOe 3HaqeHIIe 8Toro

TOKa 6Y;IJ;eT BeCbMa npIIqY;IJ;JIIIBblM 06pa30M 3aBlIceTb OT BHem­

Hero MarHIITHOrO nOJIH. ECJIII TOK Qepe3 TaKoii nepexo;IJ; CTa­

HeT 60JIbme KplITIIQeCKOrO TOKa nepexo;IJ;a, TO nepeXO;IJ; CTa­

HeT HCTOQHIIKOM BblCOKOQaCTOTHoro 8JIeKTpOMarHlITHoro H3­

JIyqeHIIH. 8TO - BTOpOH 8<p<peKT AiK03e<pCOHa.

IIpomJIo COBceM HeMHoro BpeMeHII, II 8T1I 8<p<peKTbI 6b1JIII

;IJ;eiiCTBIITeJIbHO 8KCUepIIMeHTaJIbHO 06HaPYiKeHbI [11, 30].
BOJIee Toro, CKOPO CTaJIO HCHO, QTO 8<p<peKTbI AiK03e<pCOHa

nplICYIIJ;1I He TOJIbKO TYHHeJIbHblM nepeXO;IJ;aM, HO II MHorlIM

;IJ;PyrlIM TlInaM TaK Ha3b1BaeMOH cJIa60ii CBH3lI, T. e. YQaCTKaM

cBepxnpOBo;IJ;HIIJ;eH u;enlI, B KOTOpblX KplIT~eCKlIii TOK CY­

IIJ;eCTBeHHO nO;IJ;aBJIeH, a pa3Mep YQaCTKa - nopH;IJ;Ka ;IJ;JIIIHbI

KorepeHTHOCTlI [20, 31, 32].
B OCHOBe npIIpO;IJ;bI 8<p<peKTOB cJIa60ii cBepXnpOBO;IJ;IIMOCTlI

JIeiKaT KBaHTOBble CBoHcTBa CBepxnpOBo;IJ;HIIJ;erO COCTOHHIIH.

MbI YiKe 3HaeM, QTO CBepxnpoBo;IJ;HIIJ;ee COCTOHHIIe MeTaJIJIa ­

8TO COCTOHHHe, B KOTOpOM CYIIJ;eCTByeT 603e-KoH;IJ;eHCaT, IIJIII,

IIHaQe, COCTOHHHe, B KOTOpOM 8JIeKTpOHHble napbl HaXO;IJ;HTCH

Ha O;IJ;HOM KBaHTOBOM ypoBHe II OnIICblBaIOTCH 06IIJ;eii ;IJ;JIH Bcex

BOJIHOBOH <PYHKU;lIeH. IIx nOBe;IJ;eHlIe B3aIIMo06ycJIOBJIeHO,

OHlI KorepeHTHbI.

llpe;IJ;CTaBIIM ce6e Tenepb, QTO IIMeIOTCH ;IJ;Ba MaCCIIBHblX

KYCKa O;IJ;Horo II Toro iKe cBepXnpOBO;IJ;HMKa nplI O;IJ;HOH II

*) 0 TyHHeJIIlpOBaHIIII SJIeKTpOHOB II3 OAHoro CBepxIlpoBogHIIKa
B APyroH: qepea TOHKIIH: CJIOH: IIaOJIJITOpa CM. § 39.
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Puc. 19.1. BUAM CJIa6MX CBl13eH: a) TyHHeJIbHMH rrepexoA, 6) caHABU'I,
6) HOpMaJIbHalI rrJIeHRa N JIORaJIbHO IIOH~lRaeT rrapaMeTp rrOplIARa
CBepxrrpOBOAlIIIJ;eH IIJIeHRH S, a) MOCTHR

u
,IJ;aueMa, BHA B rrJIa.He, 8) MO­

CTBR rrepeMeHHoH TOJIIIJ;UHM, IIpOAOJIbHMH paapea, e) TO'IelIHMH ROHTaRT.

#30flRmOjJ

m ~ &u "

d~1D3HM
d~2HM

0) 0) 8)

e)il)<I)

Toro JI{e 3WweKTa MomHO P;06HTLCH, nOMeJIJ;aH Memp;y

AByMH CBepxnpOBop;HHKaMH BMeCTO CJIOH HOpMaJIbHOrO Me­

TaJIJIa CJIOH JIerHpOBaHHorO nOJIynpoBop;HHKa llJIH APyroro

CBepxnpOBOp;HHKa C MaJIOH nJIOTHOC~blO KpHTH'IeCKuOro TOKa.;

IIepeKpLITlle ySKOH CBepxnpOBop;HJIJ;eH nJIeHKH ySKOll nJIeHKOH

HOpMaJILHOrO MeTaJIJIa (pHC. 19.1, 8) npHBop;HT sa c,;:eT 3W­

<peKTa 6JIHSOCTH K yMeHLmeHHlO aMnJIHTYP;LI BOJIHOBOH <PYHK­

IJ;llH CBepxnpOBop;~HX 3JIeKTpOHOB B nJIeHKe B 06JIaCTll no­

KpIiITllH ee HOpMaJILHLIM MeTaJIJIOM. 8TO npHBOAHT K JIOKaJIL­

HOMy yMeHLmeHllIO nJIOTHOCTH KpHTH'IeCKOrO TOKa, T. e.

K nOHBJIeHllIO CJIa60H CBHSH.
B yCTpoHcTBax C KOHIJ;eHTpaIJ;HeH TOKa nJIOTHOCTb KpH-

TfflIeCKoro TOKa B 06JIaCTll CJIa60H CBHSll TaKaH me, KaK II

Bae ee, HO n;OJIHIiIH KpllTH'IeCKBii: TOK CYJIJ;eCTBeIlHO MeHLme.

89

1J;OCTllraTD BemPIIIHIiI B HeCKOJI~KO MllKPOH (pllC. 19.1, 6).
BO~HOBLIe <PYHKIJ;llll cBepxnpOBoP;HJIJ;llX 3JIeKTpOHOB npoHll­

KalO
T

B HOpMaJILHIiIH MeTaJIJI sa C'IeT 3wweKTa 6JIllSOCTll.

B 06JIaCTll llX nepeKpIiITllH BoSHIIKaeT llHTepwepeHIJ;llH BOJI:

HOBLIX <PYHKIJ;llH, KOTopaH OSHa'laeT YCTaHOBJIeHlle wasoBoll

I<orepeHTHOCTll MemAY 3JIeKTpop;aMll. ECJIll aMnJIllTy~a BOJI­

HOBOH <PYHKIJ;Hll cBepxnpoBop;HHKa B 06JIaCTH CJIa60ll CBHSH

MaJIa, TOH KpuTfflIecKHH .TOK B 3TOH 06JIaCTH 6yp;eT MaJI.

TOB me TeMnepaType, nO.ITHOC1'bIO 1130JIIIp()BaHHI:Je p;pyr OT

p;pyra. IIOCKOJILKy 06a KycKa Haxop;HTCH B CBcpxnpOBop;HJIJ;eM

COCTOHHHll - B Kamp;OM liS HllX 6yp;eT CBOH BOJIHOBaH WyHR­

IJ;llH CBepxnpOBop;HllKa. TaK KaK MaTepIIaJIIiI II TeMnepaTyphI

06011X KyCKOB op;llHaKOBIiI, Mop;yJIll 06ellX BOJIHOBIiIX WYHK­

IJ;IIH p;OJImHIiI cOBnap;ah. 8Toro HeJILSH CKasaTL 0 wasax,

KOTopIiIe MoryT 5IiITL npOllSBOJILHIiI. Ho (lT0 TaK TOJILKO P;O

Tex nop, nORa KyCKll llSOJIllpOBaHIiI p;pyr OT p;pyra. ¥CTa­

HOBllM Memp;y 3TllMll KycKaMll CJIa6IiIH KOHTaKT, T. e. cp;e­

JIaeM TaK, 'IT06IiI KOHTaKT He MOl' pap;llKaJILHO llSMeHllTL CO­

CTOHHllH 06ellX nOJIOBllHOK, a CIiIrpaJI 6IiI pOJIL Bos:r.rYJIJ;eHllH.

TenepL BOSHllKHeT ep;llHaH BOJIHOBaH WYHKIJ;llH Bcero CBepx­

npOBop;HllKa, KOTOpylO MOJImO paCCMaTpIIBaTL KaK pesyJIL­

TaT llHTePWepeHIJ;llll BOJIHOBIiIX WYHKIJ;llH p;ByX nOJIOBllHOK.

MIiI yme rOBOpllJIll, 'ITO aMnJIllTYP;LI BOJIHOBIiIX WYHKIJ;llH 06ellX

nOJIOBllHOK 5IiIJIH op;llHaKOBIiI eJIJ;e P;O YCTaHOBJIeHllH CJIa60H

CBHSll. COrJIaCOBaHlle me was BOJIHOBIiIX WYHKIJ;llH - 3TO yme

pesyJILTaT 05paSOBaHllH CJIa50H CBHSll. II03TOMY rOBopHT,

'ITO B CJIa50CBHSaHrnaJX CBepxnpOBop;HllKax YCTaHaBJIllBaeTCH

<paSOBaH KorepeHTHOCTL.

3p;eCL yMecTHo OTMeTllTb, 'ITO CJIa6aH CBHSL Memp;y p;ByMH

cBep:x.npoBop;HllKaMll - 3TO npocTo yp;05Hoe MeCTO P;JIH 06­

HapymeHllH llHTepwepeHIJ;llOHHhIX 3<p<peKToB. CaMll llHTep­

<pepeHIJ;llOHHIiIe awweKTIiI B CBepxnpOBop;HllKax 6IiIJIll llS­

BeCTHIiI sap;OJIro p;o OTKpLITllH 3<p<peKToB ,Il;moseWcoHa. ,Il;eH­

CTBllTeJILHO, Ha1l60JIee HPKHH TOMy npllMep - KBaHTOBaHlle

MarHllT~oro nOTOKa B cB~pxnpOBop;HJIJ;eM KOJILIJ;e. 3aMopo­

meHHIiIll B HeM MarHllTHIiIll nOTOK npllHllMaeT KBaHTOBaHHIiIe

SHa'leHllH nOToMy, 'ITO KBaHTyeTcH CBepXTOK, TeKYJIJ;llH no

KOJIbIJ;y II COSp;alOJIJ;llH 3TOT MarHllTHhIH nOTOK. Ho KBaHTOBa­

Hll~ CBepXTOKa B KOJILIJ;e - <lT0 Tllnll'lHO llHTepWepeHIJ;llOH­

HIiIll 3<PWeKT. TOK MomeT npllHllMaTb TOJIbKO TaKlle SHa'leHllH '.
npll KOTOpIiIX Ha p;JIllHe KOJILIJ;a MomeT YJIOmllTbCH IJ;eJIoe

'IllCJIO P;JIllH BOJIH BOJIHOBOH WYHKIJ;llll cBepxnpO~OP;HJIJ;llX
3JIeKTpOHOB - nOJIHaH aHaJIOrllH C KBaHTOBaHlleM Op611T

3JIeKTpOHOB B aTOMe Bopa.

OCTaHoBllMcH Tenepb Ha Bllp;ax CJIa6IiIX CBHseH. < IIpemp;e

Bcero OTMeTllM yCTpoHcTBa 6es KOHIJ;eHTpaIJ;llll TOKa. TaK,

B TyHHeJIbHIiIX nepexop;ax (pllC. 19.1, a) (c TOJIJIJ;llHOH llSOJIH­

IJ;llOHHOH npOCJIOHKll OKOJIO 2 HM) xapaKTepHaH nJIOTHOCTb

KPllTfflIeCKoro TOKa MomeT llMeTL BeJIll'lllHy nopH]J;Ka He- "

CKOJILKllX p;eCHTKOB A/CM2, 'ITO Ha MHoro nopHll:KOB MeHbme

KpllTfflIeCKOH nJIOTHOCTll 'l'OKa 3JIeKTpop;OB.

B caHABfflIax CBepxnpOBOAHllK - HOpMaJIbHIiIH MeTaJIJI ­

CBepxnpOBOAHHK TOJIJIJ;llHa HOpMaJILHOH npOCJIOHKll MomeT
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R TaRMM yCTpoiicTBaM OTHOCHTCH nJIeHRa C cylliemIeM (MOCTHR

,IJ,aiie~Ia) (pIlC. 19.1, e), eCJIIl pa3Mep cyllieHHH 6yp;eT nopHp;Ka

P;JIIlHbI KorepeHTHocTII ~ MaTepIlaJIa nJIeHRIl. MOCTIIK nepe­

MeHHoii TOJIIIJ;lIHbI, nJIeHO'lHbIe 6epera ROToporo MMeIOT 1'0"'1­

III,HHY nopHp;Ra COTeH HM, a nJIeHRa c06CTBeHHO MoCTHKa ­

p;eCHTRH HM (pIlC. 19.1, a), II, HaROHeII, TO'le'lHbIii ROHTaRT,

B03HHRaIOIIIIlii B pe3YJIbTaTe cJIa60ro RacaHHH OCTporo ROHIIa

cBepxnpoBop;HIIIeii npOBOJIORH H nJIOCROrO y'lacTRa nOBepx­

HOCTH p;pyroro cBepxrrpOBop;HHRa (pIlC. 19.1, e) - Tome

rrpHMepbI CJIa6bIX cBH3eii.

IIepexop;HM Terrepb R 113y'leHIHo rrepBoro 8<!J<!JeKTa ,IJ,mo­

3e<!JcoHa - cTaIIlloHapHoro 3<!J<!JeKTa. <P1l3IPlecKll OH 3aKJIIO­

'1aeTCH B TOM, 'ITO p;OCTaTO'lHO CJIa6bIii TOR. Te'leT 'lepe3 cJIa60e

3BeHO 6e3p;llccllrraTHBHo, T. e. rrpll npOTeKaHHIl TaKorO TOKa

Ha cJIa60ii CBH3II He B03HIIRaeT rrap;eHHe HarrpmIWIHIH.

IIoCKOJIbRY paccMaTpIIBaeTcH CJIa6bIii TOR, MbI MonWM rrpeHO­

6pe'lb C03p;aBaeMbIM lIM MarmITHbIM rrOJIeM. II03TOMY MOn\HO

CRa3aTb, 'ITO ero rrJIOTHOCTb orrpep;eJIHeTCH rpap;HeHTOM <!Ja3bI

V8 BOJIHOBOii <!JYHRIIllH CBepxnpOBOp;HI:U;IlX 8JIeRTpOHoB (co­

rJIaCHO TeopHll fIIH36ypra-JIaHp;ay).

XapaRTepHoe CBoiicTBO cJIa60ii CBH311 RaK pa3 3aIWIO'IU­

eTCH B TOM, 'ITO 31'01' rpap;lleHT O'lOHb BeJIllR BHYTPll CJIu60ii

CBH311 rro cpaBHeHllIO C BeJIIl'lIlHOii rpap;lleHTa <!Ja3bI B cBepx­

rrpoBop;HIlRax, Mellip;y ROTOPbIMIl yCTaHOBJIeHa CJIa6aH CBH3b.

(Byp;eM Ha3bIBaTb IlX B p;aJIbHeiiIIleM «6eperaMIl».) ,IJ,JIH TyH­

HeJIbHOrO rrepexop;a Bo06IIIe HeJIb3H rOBopIlTb 0 rpap;ueHTe

<!Ja3bI, a Hap;o rrpoCTo rOBopIlTb 0 CRa'lRe <!Ja3bI Ha rrepexop;e.

II08TOMY B p;aJIbHeiiIIleM Bcerp;a 6yp;eM llHTepecoBaTbcH CKU'l­

ROM <!Ja3bI cp Ha cJIa60ii CBH311:

ep =82 -61 ,

rp;e 81 - <!Ja3a BOJIHOBOii <PYHKIJ;llll cBepxrrpOBop;HI:IIllX 3JIOK­

TpOHOB rrepBoro 6epera, a 82 - COOTBeTCTBeHHO BToporo 6e­

pera.

Tenepb HaM npep;CTOllT yCTaHoBllTb, RaK CBH3aHbI Mellip;y

c060ii TOR 'lepe3 CJIa6yIO CBH3b Is II pa3HOCTb <!Ja3 6eperoB

nepexop;a cp.
Y CTaHOBllM HeROTopbIe caMbIe 06IIIlle II nO'lTll O'leBllp;HbIe

COOTHOIIleHllH.

1) ECJIH TOR 'lepe3 rrepexop; OTCyTcTByeT, 1.=0, TO II pa3­

HOCTb <!Ja3 cp=O.
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2) B CllJIY Toro, 'ITO 113MeHeHlle <pa3bI 8 op;Horo Il3 6eperoB

Ha 27t Hll'lerO <!J1l311'leCRll He 113MeHHeT, HCHO, 'ITO <PYHRIIllH

Is (cp) - nepllOp;ll'leCRaH C nepllop;OM 27t, T. e. Is (cp)=
=1. (cp+27t ).

3) M3MeHeHlle 3HaRa TORa P;0JIlliHO 113MeHllTb II 3HaR pa3­

HOCTH <!Ja3, n03TOMY I. (ep)=-I. (-cp).
4) IIocJIep;Hee, HeCROJIbRO MeHee O'leBIlp;HOe CBoiicTBO rJIa­

CllT: Is (7t)=0. ,IJ,eiicTBllTeJIbHO *), rrpep;rrOJIOllillM, 'ITO cJIa6aJI

CBH3b llMeeT MaJIyIO, HO ROHe'lHyIO P;JIllHy II l\Ionmo BBeCTli

nOHHTIIe rpap;IIeHTa <!Ja3bI V 6 B cJIa60ii CBH3II. IIPII rrepexop;e

rro nyHRTIIpHOii JIIIHIIII (pIIC. 20.1, a) ROl\IrrJIeRCHbIii rrapal\IeTp

rJ1
1m rp Cft

I

82 81 -Re If
If·
2

OJ 01

PliC. 20.1. a) BllA cJIa60M: CBH3ll (MOCTllR .n;aiieMa). fpaAlleH1' <I>a3bI Va
6epe1'cH BAOJIb rrYHK1'llpHOii JIllHllll 01' 1'O'lRll J AO 1'O'lKll 2; 6) rrpeAc1'aB­
JIeHlle rrapaMe1'pa rrOpJIAKa Ha ROl\lIIJIeKCHOM: rrJIOCKOCTll. B cJIa60M: CBJI3ll
rrepexoA 01' 1'O'lKli 1 R 1'O'lKO 2 coo1'Be1'c1'Bye1' rrepexoAY B ROMrrJIeKCHOH

rrJIOCKOC1'II 01' <h K t)i2 BAOJIb rrpHMoii 1-2.

llopHp;Ra 6yp;eT l\IeHHTbCH BP;OJIb npHl\Ioii, Coep;IIHHIOIII,eii TO'lRII

~1 II ~2 B nJIOCROCTII ROMnJIeRCHOro nepel\IeHHOrO ~ (pIIC. 20.1,
6). HCHO, 'ITO eCJIII cp= 82-61, TO V6 BP;OJIb 8TOii rrpHl\Ioii paBeH

HyJIIO, a OTCIOp;a CJIep;yeT, 'ITO II TOR 1.=0. 3p;ecb, ROHe'lHO,

B03l\I01KHO TaRoe B03palKeHIIe. A 'ITO, eCJIII rrepexop; 01' ~1 R ~2

npOIICxO)l;llT H(il-110 yRa3aHHoii npHl\Ioii, a,· CRalliel\I, no rrOJIyoR­

PYlliHOCTII C pap;IIycOl\I I~ I? B 3TOl\I CJIy'lae V6=f=0 II I.=f=O.
Ml\IeHHO TaR Bce II npOIIcxOP;IIT Ha Cal\IOM p;eJIe B P;JIIIHHbIX

TOHRIIX cBepxnpoBop;HIIIIIX HIITHX. Ho Torp;a, O'leBIIp;HO, B03­

l\IOlliHbI p;Ba nYTII nepexop;a 01' ~1 R ~2: C rrOl\IOIIIbIO JIeBoii rrOJIy­

ORpynmocTII (p;BIImeHIIe npOTIIB '1acoBoii CTpeJIRII) II C no­

MOIII,bIO npaBoii nOJIyORpylliHOCTII (no 'lacoBoii CTpeJIRe).

fpap;IIeHTbI V6 rrpII 3TOM 6YP;yT llMeTb pa3HbIe 3HaRII. 81'0

03Ha'laeT, 'ITO I. (cp) Tenepb 6yp;eT l\IHOr03Ha'lHOii <!JYHRIIIIeii.

TaRIIe nepexop;bI Yllie He JIBJIJIIOTCJI )l;1li03e<!JCOHOBCRIIl\III rro
onpep;eJIeHIIIO .

*) IIplIB8AeHHbIe HlIlli8 paccYlliAeHIlH rrpIIHaAJIema1' K. K. JIllxa­
peBy.
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il.aeT

(20.2)

(20.5)

Hss=-eV. IIepexoA napu C ypOBRH 1 Ra ypoBeHb 2 onpe­

AeJIHeTCH BeJIlIlJlIROU MaTplIlJROrO 3JIeMeHTa H 12=H21=K.
YpaBReHlIe (20.4) B 3TOM CJIylJae 6YAeT IIMeTb BlIA

in d~l =eVCl (t) + KCs (t),

in d~2 =KCl (t) - eVCs(t).

CTOJIb BeJ11tk (I, > Ie)' tIro Ita nepaxo.rte B03RllKJIa paalIOCfh
nonmn;lIaJIOB V. 8HepreTIItIeCKaJI cxeMa TaKoro nepe­

xOAa 11306pameHa Ha pIIC. 20.2. BYAeM paCCMaTpllBaTb (co­

fJIaCHO <PeuHMaRY [33]) ClICTeMY CBepxnpOBOAJIIIJ;IIX :weR­

TPOHOB (KynepoBcKIIX nap) RaR AByxypoBReByIO KBaRTOBO­

MexaBlllJeCRYIO cIIcTeMy, T. e. nOJIOmlIM, 'ITO napa MOiKeT

HaxoAllTbCH llJIlI Ha ypoBRe 1, HJIII Ra ypoBRe 2. Ee 3ReprlIJI

6YAeT TorAa COOTBeTCTBeRHO Hll HJIII H22 , npnlJeM Hll=eV,

PIIC. 20.2. 3HepreTIIQeCKan 4
CxeMa TyHHeJIbHOrO l{moae.pco- '+<x>-<X>-cxrI
HOBCKoro nepexol{a, K KOTOpOMy eV _. __

npllJIOmeHO HanpnmeHII:e V.
YpOBHII: 1 II: 2 paal{eJIeHhI II:HTep­

BaJIOM 2eV.

II nOACTaBJIHH B ypaBReRlIH (20.5), nOJIylJIIM nOCJIe pa3AeJIe­

BHJI BelD;ecTBeHRoH 1I MRlIMOU tIaCTeU CJIeAYIOIIJ;IIe BUpameHIIJI:

dn,_2Kn, . (206)(jt--/i-smep, .

3AeeL Cl - aMnJIlITYAa COCTOHRlIJI napbI Ra ypoBHe 1, a ICl l2
HOpMllpyeM TaR, tITO ICl I2=n" rAe n, - nJIOTROCTL cBepx­

npOBOAHIIJ;IIX 3JIeRTpORoB B cBepxnpOBOAHIIJ;IIX 06KJIaARaX

nepexoAa. ,I:l;JIH npOCTOThI npeAnOJIaraeM, 'ITO 06e 06K~AKII

CAeJIaHLI lIS 0ARoro II Toro me MaTeplIaJIa. IIpeACTaBJIHJI aMn­

JIHTYALI C1 II Cs B BlIAe

(20.4)

(20.3)

rAe fJ - onepaTop faMllJIhTORa paCCMaTpRBae!<lOU CII­

CTeMU. ECJIll 3Ta CRCTeMa MOiKeT RaxoAllThCJI TOJIhKO 13 AII­

CKpeTHux COCTOJIHIIJIX lji" (a - Ra60p IIHAeKcoB, xapaKTe­

PII3YlOIIJ;RX AaRRoe AllcRpeTRoe COCTOJIRIIe), TO BOJIHOBYlO

l{>YRKIJ;IIlO CllCTeMU MOiKRO pa3JIOmRTb no nOJIROMY 6a3Hcy

{ljiJ:

3aAaAllMC» Teneph taKMM BonpOCOM: KaKOU caMUUunpo­

CTOU BIIA AOJDIma llMeTh l{>YHKIJ;llJI I. (ep), llMelOIIJ;aJI CBOllCTBa

1) -4)? HeTpYAHo coo6paallTh, 'ITO 3TllM CBOUCTBaM YAOBJIe­

THOpJIeT l{>YHKIJ;llJI sin ep, II MU MOiKeM npeAnOJIOiKllTh, LITO

I. (ep) = Ie sin cp, (20.1)

rAe Ie - MaKCllMaJIhHUU 6eaAllccllnaTllBHuu TOK qepea nepe­

XOA, KpllTllqeCKllU TOK.
Ceuqac MU AOKaiKeM 3TO npeAnOJIOiKeHlle. BYAYT npu­

BeAeHU AaiKe ABa AOKaaaTeJIhCTBa paBeHcTBa (20.1). IIepBoe,

cnpaBeAJIllBOe AJIJI TYHHeJIhRUX nepexoAoB AiKo3el{>coHa,

npllRaAJIeiKllT <PeuHMaRY [33], a BTopoe, OTROCJIIIJ;eeCJI K KO­

POTKIiIM MOCTllKaM, 3allMCTBOBaRO RaMll 1I3 pa60ThI ACJIa~Ia­

aOBa II JIapKllRa [34]. u

Ho cnepBa - Re6oJIhmOe RanOMllRaHlle II3 KBaHTOBOH

MexaRllKll.
8BOJIlOIJ;llJI KBaRToBoMeXaRIIqeCROU CllCTeMU 130 BpeMeHll

onpeAeJIJIeTCJI BOJIROBOU l{>YHKIJ;IIeU W (t), KOTOpaJI JIBJIJIeTCJI

pemeRReM ypaBReRRJI IIIpeAllRrepa:

."" aw =fJw
In at '

O<JeBllAHO, 'ITO H ~~ - 3TO 3HeprllJI CIICTeMbI ~COCTOJIHHH o/~,
a H - MaTplllJHbIH 3JIeMeHT, xapaKTepHSYlOm;IIll BepOJITHOCTb

~ <DnepexoAa CllCTeMbI II3 COCTOlIHIIJI ?" B COCTOJIHRe ljiw yHK-

IJ;llJI C" (t) npeACTaBJIlIeT ~060H aMnJIllTYAY COCTOHHll,JI 0/",
a IC" 12 - BepOJITROCTb RaIITII CIICTeMY B COCTOJIHHII q>",

BepReMCJI Tenepb R AJIW3el{>COHoBCKOMY TYRReJIhHOMY ne­

pexoAY. IIycTb B 06IIJ;eM CJIyqae TOK qepe3 TYRReJIbRbIU nepexoA
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d62 K eV
- - -- cos cc+-dt - n Tn'

(20.7)

(20.8)
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94

(20.13)

2

i= ic sin rp,

PMC. 20.3. KOpOTRM:iI MO­

CTMR C ,!l;JIMHO:iI L ~ E
coe,!l;MHHeT IIIIIpoRMe IIJIeH-

RM 1 II 2.

3)l,eCb 0/1' 0/2' 81 II 82 - nOCTOHHHhIe, He saBIICHIJJ;IIe OT ROOp­

)l,lIHaT. flCHO, 'ITO Ha caMOM MOCTIIRe npOIICXO)l,IIT IIHTePcPe­

peHD;IIH <lTIIX )l,ByX BOJIHOBhIX lflYHRU;IIH, II pemeHIIe ypaBHe­
HUH (20.11) IIIJJ;eM B BII)l,e

y=tlei81f(r)+Y2ei8'(1-f(r», (20.12)

npH'leM t (r) - 1 B rJIy6IIHe nJIeHRII 1 II f (r) _ 0 B rJIy6IIHe
nJIeHRU 2.

IIo)l,cTaBJIHH (20.12) B (20.11), nOJIy'lIIM ypaBHeHIIe OTHO­
CUTeJIhHO t (r);

\72f (r) = O.

O)l,HaRO HaM HeT Heo6xo)l,IIMOCTII pemaTh <lTO ypaBHeHIIe.

,I.J;ocTaTO'lHO SHaTh, 'ITO pemeHlle CYIJJ;eCTByeT, U nepeHTU

R BLI'IIICJIeHUIO CBepXTORa, ROTOphIH, COrJIaCHO BTOpOMy ypaB­

HeHUIO fUHs6ypra-JIaH)l,ay, MomHO sanIIcaTh B BII)l,e

. _I a I lie I (,1.*\7,1.)
Js -- ~m m r r'

IIo)l,cTaBJIHH CIO)l,a lflOPMYJIy (20.12), nOJIy'lIIM nOCJIe npOCThIX

npeo6pasoBaHIIH BhIpameHue )l,JIH nJIOTHOCTII cBepxToRa '1epes
MOCTIIR B BU)l,e

r)l,e cp= 81- 82,

TaRIIM 06paSOM, II )l,JIH CJIy'laH MOCTIIRa MhI CHOBa npu­

XO)l,IIM R TOMy me npocToMy cooTHomeHIIIO Mem)l,y CBepXTO­

ROM II paSHOCTbIO lflas BOJIHOBhIX lflYHRU;IIH CBepxnpOBO)l,HIIROB
Ha «6eperax» nepeXO)l,a.

B )l,aJIbHeiimeM MhI Bcer)l,a 6Y)l,eM npe)l,noJIaraTb, 'ITO <lTO
eOOTHomeHIIe BhInOJIHHeTCH.

§ 21. HecTaquoHapHbID: acfJ.peRT Amoae.pcoHa

,D;o CIIX nop paccMaTpUBaJICH cJIy'laii, Ror)l,a TOR '1epes

CJIa6yIO CBH3b 6hIJI MeHbme RpUTH'IeCROro TORa <lToii cJIa6oD:

CBJl3U. ECJIII TOR, 3a)l,aBaeMhID: BHemHIIM UCTO'lHIIROM, npe-
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(20.9)

(20.11)

(20.10)

,I.J;pyroii BhIBO)l, <lTOrO paBeHCTBa, npIIMeHIIMhIii R ROPOTRIIM

nJIeHO'lHhIM MOCTIIRaM, 6hIJI C)l,eJIaH ACJIaMaSOBhIM II JIapRII­

HhIM [34].
IIycTh MOCTIIR (pIIC. 20.3) HaCTOJIhRO ROpOTRlIii, 'ITO ero

)l,JIIIHa L ~ ~. IIpIIMeHIIM R TaRoMy MOCTIIRy nepBoe ypaB­

HeHIIe TeopIIII fIIHs6ypra -JIaH)l,ay (14.16), ROTopoe B OTCyT­

CTBIIe MarHIITHoro nOJIH npIIMeT BII)l,

IIycTh )l,aJIeRO OT MOCTIIRa B nJIeHRe 1 napaMeTp nopH)l,Ra

tp paBeH

TOR '1epes TYHHeJIhHhIM nepexo)l, nponOpU;110HaJIeH dn.Jdt.
,I.J;eiiCTB11TeJIhHO, np11 BRJ1IO'leH11I1 TORa, B nepBhIii MOMeHT

npOTeRaH11H ToRa, nJIOTHOCTh cBepxnpoBo)l,HIJJ;11X <lJIeRTpO­

HOB Ha'lHeT 11SMeHHThCH CO CROpOCThIO dn.Jdt II BOSHIIRHeT

TOR Is - dn.ldt. KOHe'lHO, nOT YXO)l, <lJIeRTpOHoB 11S cBepx­

npOBO)l,HIJJ;eii 06RJIa)l,RII 6Y)l,eT TOT'IaC me ROMneHclIpoBaH

np11Xo)l,oM HOBhIX <lJIeRTpOHoB lIS IICTO'lHIIRa TORa, nOCROJIhRY

nepexo)l, BRJIIO'IeH B saMRHyTyIO <lJIeRTplI'IecRyIO u;enh, 11

ROHu;eHTpaU;IIH ns 6Y)l,eT OCTaBaThCH nocTOHHHOii lIs-sa <lJIeR­

TpOHeMTpaJIhHOCTII Bceii CIICTeMhI. O)l,HaRO )l,JIH onpe)l,eJIeHIIH

cBepxToRa )l,oCTaTO'lHO np11HHTh, 'ITO Is - dnsldt. Tor)l,a 11S

cPOpMyJIhI (20.6) cpasy nOJIy'laeM ypaBHeHIIe CTaU;IIOHapHoro

<lcPcPeRTa ,I.J;mosecPcoHa

B HameM ROpOTROM MOCTIIRe cYIJJ;eCTBeHHoe IISMeHeHIIe napa­

MeTpa nOpH)l,Ra npOIICXO)l,IIT Ha )l,JIIIHe MOCTIIRa L. C)l,eJIaeM

ou;eHRY BeJIII'IIIHhI Vz~ )l,JIH <lTOrO CJIy'laH:

yZt _ Y/Lz.

t = y1ei81
,

a )l,arreRO OT MOCTIIRa B nrreHRe 2

Y= Y2eiS,.

C )l,pyroii CTOpOHhI, caMa BeJIII'IIIHa napaMeTpa nopH)l,Ra

I~ I - 1. IIo<lToMY nepBhIH '1JIeH B (20.10) 6Y)l,eT rJIaBHhIM,

TaR RaR ero nOpH)l,OR 6y)l,eT

P/Lz,?> 1,

a Bce OCTaJIbHhIe CJIaraeMhIe -1. IIo<lToMY ypaBHeHIIe (20.10)
MomHO ynpOCTIITh:



BhICHT KpHTlIqeCKOe aHaqeHlIe,. Ha CJIa60H CBHall nOHBlITCH

HanpHiReHlIe V. R KaKlIM '3TO npllBe)l;eT nOCJIe)l;CTBlIHM?

IIoBe)l;eHlIe KBaHTOBOMeXaJ'lllqeCKOH ClICTeMhI onpe)l;eJIH­

eTCH pemeHIleM ypaBHeHlIH illpe)l;lIHrepa

iii ao/ - fl,hat - 'j',
(21.1)

rAe R - conpOTHBJIeHlIe nepexo)l;a B HOpMaJIbHOM COCTOH­

rom. 8TO )l;H<p4>epeH~aJIbHOeypaBHeHHe OTHOCHTeJlbHO 4>YBK­

I{lIlI rp (t) 3JIeMeHTapHO HHTerpHpyeTcH. IIo)l;cTaBJIHH peme­

HHe B (21.4),; nOJIYIIlIM HanpHiReHHe Ha nepeXO)l;e B BlI)l;e

V (t) = R 1
2

- I~ (21.6)
I + Ie cos cut'

ECJIlI Ha CJIa60H CBHall YCTaHOBlIJIaCb paaHocTb nOTeH­

~lIaJIOB V, TO 3TO 03HaqaeT, qTO 3Heprllll KynepoBcKlIX nap

B 6eperax nepeXO)l;a E 1 II E 2 CBHaaHhI COOTHomeHlIeM

(21.7)

v

2e Vw=-R P - 12•1i c

PRC. 21.1. PesRCTHBHaJI
MOf{eJIL f{iKOseq,coHoBCRO­
ro rrepexo):\a. CBepx­
TOR qepes co6CTBeHHO­
):\iKoseq,COHOBCRRii rrepe­
XOf{ paBeH I.=Iesin 'P.

TaK MhI o6HapyiRlIBaeM y)l;HBHTeJIbHOe CBOHCTBO )l;iRoae4>­

COHOBCKoro nepexo)l;a. ECJIlI aa)l;aHHhIH HaBHe nOCTOJlHHWB

TOR I 60JIbme KpllTlIqeCKOrO TOKa nepexoAa, Ha HeM BOSHlI­

RaeT HanpJliReHlIe V, nepHO)l;nqeCRlI aaBlICJlm;ee OT BpeMeHlI.

8TO JlBJIeHlIe nOJIYIIHJIO HaaBaHHe )l;iROae<pCOHOBCKOii reHepa­

~H. CXeMaTlIqeCKaJl aaBHCHMOCTb V (t) OT BpeMeHlI )l;aHa Ha

pHC. 21.2. 1JacToTa KOJIe6aHlIH HanpHiReHHJI aaBlICHT OT Toro,

HaCROJIbKO npeBhImaeT TOR qepea nepeXO)l; I ero RpHTnqeCKoe

3HQ'leHHe Ie (CM. (21.7».
BOJIbTMeTp nOCTOHHHoro TOKa, nO)l;KJIIO'leHHl>lH R nepe-

XO)l;y, nORaiReT, KOHe'lHO, Cpe)l;Hee no nepllo)l;y SHa'leHHe V.
Ycpe)l;HeHlIe no BpeMeHH <pOpMyJIhI (21.6) )l;aeT

2eV =nw. (21.8)

iha 4>0pMYJIa lIMeeT COBepmeHHO JlCHyIO lIHTepnpeTa~IO.
ECJIH Cpe)l;Hee paCCTOHHlIe no 3HeprllHM MeiR)l;y YPOBHJlMlI RY­

nepoBCRlIX nap B )l;BYX nOJIOBHHKax nepeXO)l;a paBHO 2eV,
TO npll nepeXO)l;e O~HOH naphI 'lepes 06JIaCTb CJIa60H CBJlaH

TaKaH 3HeprHJI BhI)l;eJIJleTCH B BlI)l;e RBaHTa 3JIeKTpOMarHHT-
BOro HaJIyqeHlIH. .

BOJIbTaMnepHaH xapaKTepHCTlIRa nepeXO)l;a, ROTOp8.ll eJle­

AY'tlT HS <popMyn; (21.7) H (21.8), nOKasaHa Ha pRe. 21.3.(21.5)

(21.4)

(21.3)

I -I . + 1i o'P. - ~ sm rp 2e/;l iJt'

E1 -E2 =2eV,

TaK KaR aaplI)l; O)l;HOH naphI paBeH 2e.
IIo)l;cTaBJIJIH (21.3) B (21.2), nOJIy'lHM

TaJIbHOe COOTHomeHlIe ,IJ;iROae<pcoHa

2 a'P
eV =n at.

TOqHO TO iRe caMoe cOOTHomeHHe nOJIyqHTCH, eCJIlI lIa <pop­

MyJIhI (20.6) BblqeCTb <pOpMyJIY (20.7).
1JTO iRe npOHCXO)l;lIT C )l;iR03eglCOHOBCKHM nepeXO)l;OM,

KOr)l;a no HeMy TeqeT aa)l;aHHhIH H3BHe nOCTOHHHhIH TOK

I > Ie? IIOCKOJIbKY CB_epXTOK He MOiReT 6hITb 60JIbme Ie'
HCHO, qTO Tenepb, KpOMe CBepXTOKa, BoaHlIKHeT TOK HOp­

MaJIbHOH KOMnoHeHThI, T. e. BoaHlIKHeT TOK O)l;lIHOqHhIX 3JIeK­

TpOHOB. 8TO BhICKaahIBaHlIe cpaay npllBO)l;lIT Hac K TaK HaahI­

BaeMOH peallCTlIBHOH MO)l;eJIlI: paCCMaTpHBaeM )l;iROae<pCOHOB­

CKlIH nepexo)l; KaK napaJIJIeJIbHO BKJIroqeHHhIe co6CTBeHHO­

)l;iR03e<pCOHOBCKHH nepexo)l; II HOpMaJIbHhIH YIIaCTOK (pllC. 21.1).
IIoJIHhIH TOK I paBeH cyMMe HOpMaJIbHOrO TOKa V/R H cBepx­

TOKa I.=Ie sin ep:

r)l;e E - :meprHlI 3Toro CTa~HOHapHoroCOCTOlIHHH, ~ = ~leia(t),
npHIJeM ~1 He 3aBHCHT OT BpeMeHlI. llO)l;CTaBJIHlI 3TY BOJIHo­

BYro <PYHR~Hro B (21.1), nOJIyqllM

a6-n at =E. (21.2)

r)l;e fl - raMHJIbTOHHaH CHCTeMhI.

BOJIHOBaH <PYHK~HH CTa~HOHapHoro COCTOlIHHH ~1 y)l;OBJIe­

TBOplIeT ypaBHeHHro
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3p;ecl> Heo6xop;lIlI-lO OrneTIITI>" 1JTO COOTHomeHIIH (21.4) II

(21.8) HBJIJlIOTCJI COBepmeHHO 4>YHp;aMeHTaJII>HIiIMII II TO'l­

HlilMII. MHOr01JIICJIeHHI:iIe :mcnepIIMeHTI:iI nop;TBepp;HJIII IIX

C rpoMap;HoH T01JHOCTI>IO.

v(tl

PHC. 21.2. HarrpHmeHHe
Ha rrepexoAe (,n;moae4>co-

OL-_-..J.rc---2.l-rc--J~rc'-.--•..l.rc-w-t HOBCRaH reHeparvrn).

qaC'tOTO:H '1=10 Mru;, T. e. I=Io+hsin 27tvt. HaHTIl HanpHmeHlle
sa nepexoAe, nOJIbaYHcb CM.

P e III e H II e. PaaHocTb <paa Ha nepexo,n;e IIlI\eM B BlI,n;e '/'='/'0+,/,1,
r,n;e '1'0 - paaHOCTb 4>aa, coa,n;aBaeMaR nOCTOHHHbIM TOKOM 10 • HanpHme­
HHe Ha nepexo,n;e V=(cI>0/27t) d,/,/dt=(cI>0/27t) d,/,I1dt, HO d,/,I1dt=
=(dIldt) (dI/d'l'1)-1. IIo,n;cTaBJIHR 'lTO BbipameHlle B BbipameHlle ,n;JIH VI
nOJIy'lHM

cI>0
V = 1

0
cos '/'0 'Ill sin (21M + '1'/2).

IIPlI YCJlOBIIHX aa,n;a'llI aMrrJIIITYAa rrepeMeHHoro HarrpHmeHlIH 6YAe't
0,58 HB.

3aMe'lallue. Ma peIIIeHHR aaAa'lIl CJIe,n;yeT, 'lTO HanpHmeHIIe V
onepemaeT no 4>aae TOR 'lepea rrepexo,n; Ha yrOJI 7t/2. STO aHa'llIT, QTO
nepexoA Be,n;eT ce5H RaR IIH,n;yRTlIBHOCTb L=cI>0/(27tlocos 'Po)'

§ 22. OTKJIHK WKo3e4>coHoBcKoro nepexop;a

Ha BHeDlHee MarHHTHoe nOJIe

B aTOM naparpa4>e MI:iI OrpaHII1JIIMCJI nepeXOp;al\IlI, B KOTO­

pI:iIX HeT KOHJJ;eHTpaJJ;HH TOKa, To e. nepexop;aMH THna CaHp;BH1J

IIJIH TYHHeJII>HI:iIMH nepexop;aMH. IIyCTI> , HanpHMep, TaKOH

nepexop; npep;CTaB,UIe'f C060H p;Be MaCCHBHliIe CBepxUpOBOP;JI­

m;He nJIaCTHHKH, paap;eJIeHHliIe TOHKHM CJIOeM p;H8JIeKTpHKa

(pHC. 22.1). ECJIlI TaKyIO cHcTeMy IIOMeCTH'l1> BO BHemHee

MarHHTHoe IIOJIe, napaJIJIeJII>HOe nJIOCROCTH nepexop;a, Ha

BHemHeH nOBepXHOCTH nJIaCTHH BoaHHKHeT aKpaHHpyIOID;uH

CBepXTOK. OTOT TOK Te1JeT B CJIoe nopHp;Ka JIOHP;OHOBCROH

rJIy6HHI:iI npOHHKHo-qeHHH "A. Ho npH aTOM OH p;OJIiKeH nepe­

ce1J1> nJIOCKOCTI> p;iKoae4>coHOBCKoro nepexop;a, a nJIOTHOCTI>

KpIlTlI1JeCKOrO TOKa TaM 01JeHI> MaJIa (cJIa6oe MecTO!). IIo­

aToMy, 1JTo6I:iI COXpaHIITI> 6eap;IICCHnaTHBHocTI> Te1JeHIIH, TOKy

npIIXOp;IITCH paCTeKaTI>CH Ha aHa1JIITeJII>HOH mHpHHe B rJIy61>

nepexop;a. OTO II nOKaa3HO Ha pHC. 22.1. IIonpo6yeM onlI­

CaTI> STY cHTyaJJ;HIO MaTeMaTII1JeCKII.

22.1. YpaBHeHlIe <l>eppeJIJIa-llpeHHWKa. IIycTI> OCI> x
JIemlIT B nJIOCROCTII nepexop;a, a MarHIITHoe nOJIe HanpaBJIeHO

BP;OJII> OCH z. 06JIaCTI> BP;OJII> OCII y, rp;e npOTeKaeT TOK II cy­

m;ecTByeT MarHHTHoe nOJIe, IIMeeT paaMep d (eM. pHC. 22.1),
nplI1JeM d=2"A +t. 3p;ecl> t - TOJIm;HHa lIaOJIHJJ;HoHHOH npo­

CJIOHKH TyHHeJII>HOrO nepexop;a. PaccMoTpHM p;Be 6JIH3KIIe

napI:iI T01JeK (1, 2; 3, 4) Ha nepexop;e (pIlC. 22.2). OTH T01JKH

BI:iI6paHI:iI BHe 06JIaCTII, aaHHTOH 1IIarHHTHI:iIM UOJIeM, a pac­

CTOHHlIe Memp;y HHAIlI IIplIHHTO paBHI:iIM dx.
0606m;eHHliIH IIMnYJII>C P;JIH KynepoBcKoH naplil aanllmeM

B BHp;e

BnepBI:iIe p;iKoae4>coHoBCKaJl reHepaJJ;IIJI Ha6JIIOp;aJIaCI> CO­

BeTCKIIMII 4>lIalIKaMII I1. R. J!HCOHOM, B. M. CBHCTyHOBliIM

II I1. ,IJ;. ,IJ;MIITpeHKo [11] B 1964 r.

PHC. 21.3. BOJIbTaMrrep­
HaH xapaRTepHcTHRa ,n;mo­

~---------V ae4>coHoBcRoro rrepexoAa.

3a,n;aqa 21.1. ,I(Ba ,n;;Roae4>coHoBCRIiX rrepexo,n;a C KpIiTIi'leCIUIMII
TOKaMM 1

01
=500 MKA H 102=]00 MKA BKJIJO'leHbI napaJIJIeJIbHO B CBepX­

npOBO,n;mn;yJO l\enb. 110JIHbIll TOK 'lepea 05a nepexo,n;a paBeH 1 MA.
qeMy paBHbI TOKH B Kam,n;OM lla nepexo,n;oB?

P e III e H II e. 110CKOJIbKy nepexo,n;bI BRJIJO'leHbI rrapaJIJIeJIbHO,
paaHocTII 4>aa '/'1 H '/'2 Ha nepexo,n;ax 6y,n;yT paBHbI. 110'lTOMy TOKII no ne­
pexo,n;aM pacrrpe,n;e~HJOTCH nporrOpn;I10HaJIbHO I1X RpIITII'leCKIIM TORaM:
h=0,417 MA, 12=0,583 MA.

3a,n;aqa 21.2. HaihIl paaHocTb Mem,n;y MaKCIIMaJIbHbIM II MHHH­
MaJIbHbIM aHa'leHIIRMH V Ha rpa4>IIKe pIlC. 21.2.

Omeem. Vmax-Vmln=2IoR. "
3a,n;aQa 21.3. TO'le'lHbIH ROHTaRT IIMeeT RpIITII'leCRHII TOR 1!=

= 1 MA II conpOTIIBJIeHIIe B HOpMaJIbHOM COCTOHHIIH R= 2 OM. HaHTll
BeJIII'lIIHy nOCTOHHHoro HanpHmeHIIH Ha ROHTaKTe V H 'laCToTy ,n;moae<p­
COHOBGROH reHepal\IIH v, eCJI11 'lepea ROHTaRT Te'leT TOR 1= 1,2 MA.

Omeem. V=1,33 MB; '1=641 rrn;.
3a,n;aQa 21.4. RplITll'leCRll:H TOR AlftOae4>coHoBcRoro n9p~xo,n;a

paBeu I =100 MRA. qepea nepexoA nponycRaeTcH nOCTOHHHbIll TOK
1

0
=70 ~RA II CJIa5bIH rrepeMeHHbIH TOR C aMnJIHTYAoH h=2 MRA Jl

98

{} 2e
n'Vv=2mv.+-A,c

(22.1)
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r,u;e 0 - 4JaM BOJIHOBOn: tPymm;HlI, v. - CROpOCTb ll,?-PLI,
m - Macca SJIeRTpOHa, e - ero aapH,u;, A - BeRTopHbIH no­
TeHIJ;HaJI MarHHTHoro rrOJIH. llpoHHTerpnpyeM aTO ypaBHeHn8

L

CtJepxnpotJoilHIJK

d J],1J,J/leHmpUX

fJ8epxnpotJoiJHIJIf

r,u;e d<I> - MarHUTHliIi rrOTOR, OXBaThIBaeMhlH rryHKTupHhIM
RoHTypOM, eCJIH STOT KOHTyp ,u;orrOJIHIITb OTpeSKaMII 3-4
II 2-1. Tenepb, OlleBH,u;HO, nOCJIe HHTerpupOBaHHH JIeBon:
lIaCTB B (22.2), nOJIyllHM

'Ii (6s - 01 +62 - 6,) = 2e d<I>.
e

¥lIIIThlBaJI, liTO 6s -6,=cp(x+dx), a 61-B2=cp(x), HMeeM

cp (x +dx) - cp (x)=~: d<I>,

UJIII

(22.4)

nOCROJIbRY <I>o = tt'lic/e.
¥lIHThIBaH, liTO (ild) d(f)ldx - :'lTO HanpHmeHHocTb H

MarHHTHoro nOJIH B nepexo,u;e B TOqRe x B HanpaRJIeHIIH
OCU Z, IIMeeM

CBepxTOR lIepea nepexo,u; B HaUpaBJIeHIIII OCH y, COrJIaCHO
ypaBHeHIIHM MaRCBeJIJIa, paBeH

e dB
1·=4rr. fiX·

PIlC. 22.1. ,I:{mose4>coHoBcKIlH TYHHeJlbHbIH IIepexo~, IIoMem;eHHbIH
B lIIarHHTHoe IIOJle B o• IIoKasaHo paCIIpe~eJleHlle 9KpaHllpYIOm;ero

(MeHccHepoBcKoro) TOKa.

no nyHRTHpHbIM yllacTRaM, nORaaaHHliIM Ha pHC. 22.2. Bee
TO~RH BToro ROHTypa Haxo,u;HTCH B OOJIaCTH, rAe HeT cnepx­
TOKa, nOSTOlfY TaM V. =0:

h[f Vi dl+jW dl]=:'[f Adl+ jAdl]' (22.2)

PaccToHHHe d 6y,u;elf B ,u;aJIbHen:melf ClIHTaTb npeHeOpemI4MO

H 11>0 d'f
= 21td dx' (22.5)

d /--/ ....
l' \3

I I

:r x+d:c :r

llo,u;CTaBJIHH CIO,u;a (22.5) H YlIIITLIBaH OCHOBHoe ,u;mos8«pco­
HOBCKoe COOTHomeHHe Mem,u;y TOKOM II paSHOCTbIO !pas:
j.=j. sin cp, liMeeM OROHlIaTeJIbHO TaR BaSLIBa8Moe ypaBHEr
Hlle <I>eppeJIJIa-fIpeiH,u;ma [35]

d 2'f 1 .
dX2 =A.J SID cp, (22.6)

Puc. 22.2. 'Y'laCTOK ,u;mose4>coHoBcKoro IIepexo~a B6J1IlSIl Kpafl rrepe­
xo~a. 3aurrpllXoBaHa 06J1aCTb C lIIarHIlTHbIlII IIOJleM. (22.7)

MaJIliIM. Tor,u;a rrpanyIO lIaCTL «pOpMyJIliI (22.2) MomHO aaUH­
caTb rrpHOJIHmeHHO B BH,u;e

100

2e ! A dl = 2e del)
e J e'

(22.3)

PemeHHe cp (x) ypaBHeHHH (22.6) ,u;OJImHO OUHcaTb pac­
npe,u;eJIeHlle paSHOCTII «pas B,u;OJIl, uepexo,u;a. PaccMoTpIIM
CJIYllai OlleHb cJIaooro BHemRerO UOJIH Ho~ (f)0/(27tAld).
,B aTOM CJIyllae TORH lIepes nepexo,u; Tome 6y,u;yT CjlaOhI II
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\ (11)0 )'"
I\J= 2 . d '111'-01e

.x

x

(22.10)

is

PHC. 22.3. PacnpeAeJIe­
HHe pasHocTH «pas 'Po (x),
MarHHTHoro nOJIH H (x) H
CBepXTORa i. (x) J];JIH AiRO­
ae«pcoHoBcRoro BHXpH.

IIpllMOB: no.n;cTaHOBKOB: HeTpy.n;HO y6eAHTbClI, 'ITO ypaBHe­
RHe (22.6) aTHM pemeHHeM YAOBJIeTBOplleTClI. BH.n; ffo (x),
d'Po/dx ~ H H d2'PO/dx2 ~ j. nOKasaH Ha pHC. 22.3. TaKIIIII
o6pasoM, AiROseqicoHoBcKHH BHXpL npeACTaBJIlIeT co60B: TaR
H3SMBaeMMB: COJIHTOH, yeAHHenHoe Bos6YiRAeHHe mHpOKOIO
.n;iROseqiCOHOBCKoro nepeXOAa. BAOJIL nepexo.n;a FHXpL HMeeT
paSMep ~ 2AJ, a nonepeK nepeXOAa
(B.n;OJIL OCH Y) - pUSMep d ~ 2)'J. flO ll ) Zit

MTaK, Ha'lHHaH C nOJIlI H e1 , npo- - - - -- - -----
lIHKHOBeHHe .n;iROseepCOHOBCKHX BHX­
pen B nepexoA CTaHOBHTCH 9Hepre­
TII'IeCKH BMroAHLIM. IIpoHHKmHe
BHXpH o6pasYIOT mmeB:HyIO n;e­
nO'lKy, H KOHTaKT nepexoAHT B CMe- """'==----+::-----..
maHHoe COCTOllHHe. IIoKa - nOJI- r
HaH aHaJIOrHlI co cBepxnpoBoAHHKOM
BToporo pOAa. Ho nOJIHaH JIll? ORa­
5MBaeTClI - HeT!
~ Bce AeJIO B TOM, 'ITO AiROseqico- -"'=::....-__+-__~"'__

HOBCKHB: BHXpL, B OTJIH'IHe OT a6pH­
KOCOBCKoro (CM. rJI. 5) He HMeeT
HOpMaJILHOB: cepAn;eBHHLI. A BTopoe
KpHTH'leCKOe nOJIe B cBepxnpoBoA­
HHKax BToporo pOAa H 02 CBlISaHO
C CYII:(eCTBOBaHHeM 9TOB: HOpMaJIL­
HoB: cepAn;eBHHM: CBepxnpOBOAH­
MOCTL nponaAaeT, KorAa BHemHee
nOJIe CiRHMaeT BHXpH HaCTOJILKO,
'ITO OHH Ha'lHHaIOT conpHKacaTLCH
CBOHMH HOpMaJILHMMH cepAn;eBH­
HaMH. OTCIOAa nOHlITHO, 'ITO AJIH
.n;iROseqicoHoBcKoro nepexoAa HeT
BToporo KpHTH'IeCKOrO nOJIH, XOTH
saBHCHMOCTL MaRCHMaJILHOrO TORa
nepexoAa OT MarHHTHoro nOJIH, KaJ{ MM BCKope yBHAHM,
MOiKeT 6MTL BeCLMa npH'IYAJIHBOB:.

HaB:AeM Tenepb nepBoe KpHTH'IeCKOe nOJIe nepexoAa Hot.
,l(JIH 9Toro HaAO paCCMOTpeTL cBo6o.n;HyIO 9HeprHIO nepeXOAa.

IIpH HapaCTaHHH TOKa '1epes nepeXOA OT HyJIlI AO BeJIH­
'1HHM j. sa BpeMH t B nepexoAe sanaCaeTell HeKoTopaH 9Hep­
rHH. OTHoo«mnall K eAHHHn;e nJIOm;aAII nepexoAa, OHa 6YAeT
paBHa.

(22.9)

(22.S)

CPo (x) = 4 arctg exp (x/AJ).

r.n;e fLo=41t.10- 7 rH/M, <1>0=2,07.10-15 B6, je - KpHTH­
'1eCKaH nJIOTHOCTb TOKa '1epes nepexo.n; B A/M2

, d BMpaiReHO
B M. ECJIH npHHHTb, 'ITO d ~ 10-5 CM, jo ~ 102 A/CM2

, TO AJ
OKaSMBaeTCH nopH.n;Ka 0,1 MM, T. e. BnOJIHe MaKpOCKOnn'le­
CKOB: BeJIH'IHHOB:.

22.2. llpOHHKHoBeHHe. MarHHTHoro, .. nOJIH B nepexo.n;.
~o3ecPcoHoBcKHe BHXpH. B~ npe.n;M.n;ym;eM naparpaqie MM
HSy'lHJIH cJIy'laB: cJIa6oro BHemHero nOJIH, KOTopoe npOHH­
KaeT B nepexOA Ha BeJIH'IHHy AJ - AiROseqicoHoBcKyIO rJIy­
6HHy npOHHKHOBeHHH. A 'ITO 6YAeT, eCJIH MM Ha'lHeM yBeJIH­
'1HBaTL BHemHee nOJIe? OKaSMBaeTCH, 'ITO nOBeAeHHe AiRO­
seq,COHOBCKoro nepeXOAa BO BHemHeM MarHHTHOM nOJIe BO
MHorOM HanOMHHaeT nOBeAeHHe CBepxnpOBOAHHKa BToporo
pOAa. 3.JleCb Tome, KorAa BHemHee nOJIe npeBMCHT HeKOTopoe
xapaKTepHoe nOJIe nepeXOAa H e1 , BHyTpL nepexOAa Ha'lHyT
npOHHKaTL CBepxnpOBOAHm;He BHXpH, HeCYII:(He KBaHT Mar­
HIITHoro nOTOKa <1>0' TaK HaSMBaeMMe AiROseqiCOHOBCKIIe
BHXpH.

,[(eB:CTBHTeJILHO, OAHO HS pemeHHB: ypaBHeHHlI <1>eppeJI-
JIa-IIpeB:HAiRa (22.6) HMeeT BHA

KOTopoe 9JIeMeHTapHO pemaeTCH:

cP (x) = cP (0) exp (-xP"I).

IIOACTaBJIHH 9TO pemeHHe B (22.5), HaB:.n;eM MarHHTHoe nOJIe
B nepexo.n;e:

OTCIO.n;a BHAHO, 'ITO BeJIH'IHHa 1..1, HMeIOII:(aH paSMepHOCTb
.n;JIHHM, npe.n;CTaBJIHeT C060H fJIy6HHy np~HHKHOBeHHH CJIa­
6oro MarHHTHoro nOJIH B .n;moseqiCOHOBCKHH nepexo.n;.
~" B npaKTH'IeCKHX paC'IeTaX BeJIH'IHHM AJ y.n;06HO nOJIbSO­
B~TbCH CM, nOaTOMy npHBe.n;eM qiOpMyJIy (22.7) TaKjl\e B :3TOll
CHCTeMe:

MaRa 6y.n;eT pa3HOC'1'b q,as ff. It03TOMY ypaBHeHHe (22.6)
MomHO sanHCaTb B BH.n;e

d2'P _ 1
dx 2 -,,2 cP,

1
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3AeCb V - aTO TO HarrpHiReHHe, KOTOpOe BOaHIIKaeT H~ rrepe­
XOAe B rrpo:qecce HapaCTaHHH TOKa COrJISCHO 06m;eH <pOp­
MyJIe (21.4). IIOACTaBJIHH eIOAa i.=io sin Cf' H (21.4), rrOCJIe
aJIeMeHTapHoro HHTerpHpOBSHHH, rrOJIyqHM

wJ =2: io (1- costp). (22.11)

HeTpYAHO aaMeTHTIJ, 'ITO AiKoae<pCOHOBCKHH rrepeXOA Hrpae:
B aTOM CJIy'Ise POJIl, HeJIHHeHHOH HHAyKTHBHOCTH, B KOTOpOH
H aarracaeTCH aTa aHeprHH. RpoMe ~)TOH aHeprHH B rrepexoAe
em;e rrpHcyTcTByeT MarHHTHaH aHeprHH, KOTopaH B rrepe­
C'IeTe Ha eAHHH:qy rrJIOm;aAH rrepexoAa 6YAeT

WH=~~2d. (22.12)

Pernan BapuaquoHHyIO aaAa'Iy Ha MllHllMBaa:qIIIO ::lTOrO
<pyHK:qHOHaJIa, CHOBa rrpUXOllHM K ypaBHeHHIO <DeppeJIJIa­
IIpeHHAiRa (22.6).

I1crrOJIbayH BbIpaiReHHe (22.13), JIerKO HaHTH cB060AHyIO
::lHeprHIO OAHHO'IHOrO AiROaecPcoHoRcKoro BHXpH W. B 6ecKo­
He'IHOM rrepeXO,l(e. )J;JIH nora AOCTaTO'IHO rrOACTaBUTb BbIpa­
iReHRe (22.9) AJIH Cf'o (x) B (22.13) H rrpoHHTerpupoBaTb. B pe­
ayJIbTaTe rrOJIy'IUM

(22.19)

Us sroH <pOpMyJIbl nllARO, 'ITO rrpH AOcra'l'O'IIto Ma60M BHern­
BeM nOlle ~0 > 0 H cym;ecTBoBaHHe AiROae<pCOHOBCKoro nHxpH
BHyTpH rrepeXOAa aHepreTll'IeCKH HeBbIrOAHO. IIepnoe KpHTH­
'IeCKOe nOJIe HoI - aTO TaKoe BHenmee nOJIe H o, npH KOTO­
pOM /i9o CTaHOBHTCH paBHLIM HyJIIO H, Ha'IHHaH C KOToporo,
cym;ecTBoBaHHe BHXpH B nepeXOAe CTaHOBHTCH ::lHepreTH­
'IeCKH onpaBAaHHLIM. TaRHM 06paaOM,

H 2 cIlo
d = 'Il:2lJd' (22.16)

O'IeBJQHO, tITO STO nOJIe MeHbrne IIOJIH B IJ;eHTpo BHXpH H (0),
ROTopoe, corllaCHO (22.9) 11 (22.5), panHO

H (0)= 'Il:~;d . (22.17)

IloJIe H (0) HBJIHeTCH nOJleM neperpeBa MeHccHepoBcRoro co­
CTOHHHH nepeXOAa.

22.3. MaKCUM8JII>HhIii oe3~uccunaTUBHhIii TOR ~m03ecfJ.
COUOBCRoro nepexo~a. CUJlI>HOe U8rHUTHOe nOJIe. PaCCMOTpHM
~nepL cJIyqai CHJIbHLIX MarHHTHLIX nOJIeii:

H o~ 2'1l:~:d . (22.18)

KpoMe Toro, npe~OJIOiRHM, 'ITO paaMep nepeXOAa L ~ 2Al,
T. e. MI>I MomeM npeHe6pe'I13 co6CTBeHHLIM MarHHTBLIM nOJIeM
CBepXTORa, TeKym;ero qepea nepexoA, no cpaBHeHHIO C H

o
.

HepaneBcTBo (22.18) MomHO HHTepnpeTHpOB8Tb KaR yCJIOBHe
Toro, 'ITO IJ;enO'IR8 ~iROae<pCOHOBCRHX BHxpeii B nepeXOAe
CBJILHo cmaTa, T. e. P8CCTOHHHe MemAY coceARHMH BHXpHMH

MUoro MeHbrne BeJIH'IHHId AI. B 9THX YCJIOB1IHX nOJIe BHyTpH
nepexo~a MomHO C'IHTaTb nocTOHHHLIM H paBHIdM BHernHeMy
nOJIIO Ho• Tor~a 1Ia <pOpMyllld (22.5) CJIe~yeT, 'ITO

dCf 2M
dx = cIlo Ho'

a \ IlIITerpupOBaHHe SToro B:bIpameHHH AaeT

2M
cp(x)=~Hox+C,

(22.13)

(22.14)

L

- r d [ cIl~ (dCf)2+!!-. (1 _ cos co)].W - j x 32'1l:3d dx 2eJOT

o

CyMMHPYJI WJ H WH H fiHTerpHpyH BAOJIb BceH AJIHHbI rrepe­
xOAa L (pHC. 22.1), rrOJIylJHM rrOJIHyIO cB060AHyIO (}HeprHIO
rrepexOAa, OTHeceHHyIO K eAIIHH:qe ero AJIHHbI BAOJIb Mar­
HHTHoro rrOJIH (BAOJIb OCH z):

L

W = ~ dx [~2 d+ :e jo (1 - cos tp)J.
o

IIoAcTaBHB CIOAa BbIpaiI\eHHe AJIH H HS (22.5), MOiRHO rrpe­
BpaTHTb W B <PYHKIJ;HOHaJI OTHOCHTeJIbHO <pyHKIJ;UH Cf' (x):

ECJIH HB rrepexoA HaJIOiReHO BHenmee rrOJIe Ho, rH66coBcKaH
cBo6ollHaH ::lHepnJH OAHoro AiROae<pcoHoBcKoro BHXpH B rrepe­
xOAe 6YAeT, COrJIaCHO (3.15), paBua

$0 = W o- <PoHo/4rc. (22.15)

104

~e C - npOUaBOJIbUaH IIOCToHHHaH HHTerpHpoBaHHH. IlOA­
e~J1HH (22.19) B ~m08e<pcoHoBcRoe BldpameHHe ~JIH nJIOT­
80cTK TOKa (20.13), nOllyqIIM

\, i.=i. sin ,2: +c~, (22.20)
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rAe BBe,n;eao 0003HaQeHl:le

a=epo/Hod. (22.21)
rJ1;e MLI o003HalIMJIM

\

Ua BLlpameHHH (22.20) CJIe)J;yeT, 'ITO )J;ell:CTBHTeJIbHO B pac­
CMaTpHBaeMOM CJIy'lae B nepexo)J;e cym;ecTByeT nJIOTHO cma­
TaH n;enO'lKa BHXpell:. OHa CXeMaTH'IeCKH HaoopameHa Ha
pHC. 22.4, a, a pacnpe)J;eJIeHHe TyHHeJIbHOrO CBepXTOKa ­
Ha pHC. 22.4, 6.

<!>opMyJle (22.23) MomBO npHAaTb oOJIee y)),OOHLlll: BHJJ:, eCJIII
y'leCTb, 'ITO COrJIaCHO (22.21)

1tL/a = 1tep/epo, (22.24)
rAe 'lepea <!> MLI 0003Ha'lHJIH nOJIHLlll: MarHMTHLlH nOTOK

PIIC. 22.5. 3aBllcilMoCTb
MaKCHMaJIbHOrO OeS.I\lIccH­
uaTHBHoro nOJIHOrO TOKa
'Iepes .I\mOse<lJcoHOBCKI1ll
nepexo.I\ OT BHemHero Mar­
HIITHoro nOJIH, napaJI­
JIeJIbHOrO UJIOCKOCTI1 lle-

pex0.I\a.

(22.22)

(22.23)

JO,.----------------

(22.25)
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PIIC. 22.6. PesYJIbTaTbI 8KcnepIIMeHTaJIbHOrO IICCJIe.I\OllaHI1H saBIlCII­
MOCTII MaKCIIMaJIbHOro cBepxToKa 'Iepes nepexo.n; Sn-SnOx-Sn

OT MarHIITHoro nOJIH [36].

B HameM AmoaelflcoHoBCKOM nepexoAe:

ep = HoLd.
IlOAcTaBJIHH (22.24) lJ lflOpMyJIy (22.23), nOJIy'lHM OKOn'la­
TeJlbHO

Pile. 22.4. a) CXeMaTII'IeCKOe'lIsoopameHlle CMemaHHoro COCTOHHHJI
WKose<lJcoHoBcKoro TyHHeJIbHOrO uepexo):ta -:UJIOTHO cmaTaH :u;euo'IKa
BHXpeH, 6) pacupeAeJIeHlle TyHHeJIbHOrO cBepxToKa 'Iepes uepexoA,

KOTopoe upll aTOM BosHHKaeT.

IlOJIHLlH TOR 'Iepea nepeXOA MOmHO Hall:TH, npOHHTerpH­
POBaB i. B (22.20) no x BAOJIb Bcero nepexoAa:

L/2

I.=io I sin (21tx/a +C)dx.
-L/2

B pesyJIbTaTe HHTerpHpOBaHHJI HMeeM

I . L sin (~Lla) • C
.=]0 'ltLla sm.

Ua aToll: !f>OpMyJILI CJIeAyeT, 'ITO npll 8aAaHHOM MarmlTHOM
nOJIe 1I3MeHeHHe nOJIHOrO TORa nepeXOAa I. (3aAaBaeMoro
BHemHHM HCTO'lHHROM) BJIe'leT 8a co6oll: H3MeHenHe ROH­
CTaHTLI C. OHa nOACTpaIfBaeTCH nOA RamAoe AaHHoe 3Ha'le­
HlIe nOJIHOrO TORa. HCHO, 'ITO MaRCHMaJIbHLlH 6e3AIICCHna­
THBHLlH nOJIHLlll: TOR 'Iepe3 nepeXOA I max 6YAeT paBeH npocTo
MOAYJIIO BeJIH'IHHLI, cTOJlm;eii nepe)), sin C B !f>opMyJIe (22.22):

Isin (1tLla) I
lmax=Io 'ltLla '
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*) BB-C aTo~ naparpalfJe MhI 6y~eM nOJIb30BaTbCH lIuTepuan;IlOHaJIIo-v. RCTeMOIl e1J;lluuq (ell).

(23.1)

v

1

~ I

a
PRC. 23.1. ,l\Ba AlRoaelfJ­
eOBOBCKIIX nepexo~a a R
b, BKJIIOqeHBhle napaJI­
JIeJIbBO--CBepXnpoB01J;H­
~ HHTePlfJepOMeTp.
B OTBepcTue CKBHAa BBe­
AeB ueKOTophlii MarHIlT-

Bhlii nOTOK ep••

\
IIJ;e~BJlHeTCH MaCCIIDHLIMlI CBepXIIpOBop;HIIRaMlI, ROTopLIe
BMe Te C p;mose41coHoBcRIIMlI nepeX01l;aMlI a 1I b 06paaYlOT

aaM HyTLIH ROHTyp (KOJlbIJ;O). BHyTpb aToro ROJIbIJ;a BBe1l;e1l8

RaT~mRa, cosp;aIOm;aH MarHIITHLIH II,?TOR. MLI XOTIIM IIOHHTb,

KaR \~p;eT 3aBIIceTb MaKCIIMaJlbHLIlI 6esp;IICCIIuaTIInHLIH TOR
[max epes TaKoe yCTpOHCTDO OT BeJIHqllHbI IIOJIHOrO MarHlIT­

HorO,OTOKa $, SaKJIIOqeHHOrO BHyTpll KOJIbIJ;a IIHTep41epo­

KeTpa% BLIp;eJIIIM nHyTpll KOJIbIJ;a p;Be IIapLI TOqeR (1 2)
0: (3, ~), 6J1l1SRlIX R IIepexop;aM a 1I b, II coep;IIHIIM lIX nYHR.

TUpHLIM ROHTypOM, KaK ITORaSaHO Ha pIIC. 23.1. IIpollHTe­

rpupyeM BLIpameHIIe (22.1) ll:JlH 0606IIJ;eHHoro lIMnYJIbCa

KynepoBcKOH UapLI OT TO'IKII 1 11;0 TOqRlI 3 U OT TOqKII 4
11;0 TOqKlI 2. B pesyJlbTaTe nOJlyqIlM*)

CJIaraeMoe 2mv. IIpU I1HTerpllpOBaHlIlI onYIIJ;eHO, TaK RaR

Bce TO'IKlI nYHKTllpHoro KOHTypa npOX01l;HT B 06J1aCTII CBepx­

npOBOJJ,HlIRa, 1I;aJleKOR OT Kpan. TaM cBepxToK oTcyTcTByeT

H VB-O. IIOCKOJIbRY paCCTOHHHH Mem1l;y TOqKaMU 1 1I 2
:aR me, v KaK 1I Memp;y TOqKaMlI 3 1I 4, MaJILI no cpaB:QeHlIIO

1I;JIlIHOII UYHKTllpHoro KOHTypa, a BeKTopHLIH nOTeHIJ;UaJI A
:Qf)HMeeT oc06eHHocTeH OKOJIO p;moae<pCOHOBCRIIX nepeX01l;OB

Momno 1I;OnOJIHIITb npaByIO qaCTb BLIpameHIIH (23.1) eIIJ;~
\

\

§ 23. CBepXnpOB01l;HI.qlle RBaHTOBhIe IIHTepcflepoMeTphI

(CRBB1I;1>1)

3aBltCIIMOCTb I max OT BHemHero MarHIITHoro nOJHI Do=;
=(fl/(Ld) IIs06pameHa Ha pIIC. 22.5. Ms d>OpMyJILI (22.25)
II liS pllcyHRa CJIe1l;yeT, 'ITO CMemaHHoe COCTOHHlle B nepe­

X01l;e COBepmeHlfO HeYCTOHqmlO (1I;0CTa'l'OqHO H~TomHoro

BHemHero TORa, qTo6LI ero paspymllTb), ROr1l;a B nepexo1l;e

YRJIa1l;bIBaeTCH IJ;eJIoe qllCJIO RBaRTOB nOTORa. Hao60pOT, OHO

Hall60JIee YCTOHqIlBO, ROr1l;a MarHHTHLIll nOTOR B nepeX01l;e

paDeH nOJIYIJ;eJIOMy qllCJIY RBaHTOB IIOTORa. $opMyJIa (22.25)
npeRpacHo II01l;TBepm1l;aeTCH 3RCIIepIIMeHTOM [36] (pIIC. 22.6).

3~a1Ja 22.1. HaiiTII KpIlTIIqeCKOe nOJIe npouIIKuoBeuIIH BnxpH
B 1J;lR03e4JcouoBcKnii TyuHeJIbUhIii nepex01J; H el n nOJIe B qeuTpe :'lTOrO
BIIXpH, ecml nepexo1J; o6paaoBau 1J;BYMH CBIlUqOBhIMIl nJIeUKaMIl. JIou1J;O­
UOBCKaH rJIy6nua npoullKuoBeullH MarUIlTuoro nOJIH B cBllueq A=
=400 A, KpllTITqeCKaH nJIOTUOCTb TOKa nepeX01J;a paBua ;e=10 A/CM2.

Omeem. Hel=0,290 8; H (0)=0,455 8.
3~a1Ja 22.2. ITyCTL ~JIllua TyuUeJIbUOrO nepexo~a, onllcauuoro

B aa~a1Je 22.1, paBua L=0,2 MM. ITPH KaKOM BuemueM nOJIe 6YAyT
Ua6JII01J;aTbCH nepBhIe 1J;Ba MaKcllMyMa KpllTIIqeCKOrO TOKa?

Omeem. ITepBhIii MaKcllMyM 6Y1J;eT npll nOJIe Hl=1,85 8, BTOpoii ­
npll H 2=3,18 8.

B aTOM naparpa41e MLI paCCMOTpllM rJIaBHLIe npIlHIJ;I1IIllI

pa60TLI TaR HaSLIBaeMLIX CBepXnpOB01l;HIIJ;IIX RBaHTOBLIX IIH­

Tep41epoMeTpOB - CRBII1I;0B. ::no YTBep1l;IIBmeeCH B pyCCROH

HayqHOH II TeXHllqeCROH JIIITepaType CJIOBO B03HIIRJIO OT

aHrJIIIHCROro CORpaIIJ;eHIIH SQUID (Superconducting Quan­

tum Interference Device - CBepXIIpOB01l;HII\ee RBaHTOBoe HH­

Tep41epeHIJ;1I0HHOe yCTpOHCTBO). 3TlI qpe3BLIQaHHO npOCTLIe

no ROHCTpyRIJ;lIl1 CBepxupOBOp;HIIJ;lIe yCTpOHCTBa OTRpLIJIlI co­

BepmeHITO HOBLIe rop1l30HTLI B TeXHlIRe H1I3ROTeMnepaTypHLIx

1I3MepeHlIH. C lIX nOMOIIJ;bIO MomHO c0311;aTh MarHeTOMeTpllI

C qYBCTBIITeJIbHOCTbIO nopHp;Ra 10-11 fc, BOJlbTMeTpLI C qyB­

CTBlITeJlbHOCTbIO nOpH,llRa 10-1
1) B 1I 1I;pyrlle np1l60pLI yHH­

RaJIbHOH qYBCTBIITeJlbHoCTII. HeCOMHeHHO, 'ITO B 6J1l1maHmIIe

r01l;LI c41epa npIIMeHeHlIH CRBIIP;OB 6Y1l;eT pacmIIpHTbCH.

IlTaR, 'ITO me TaRoe CRBII1I;?

Pa3JIllqaIOT 1I;Ba TlIna CRBII1I;0B - JJ,ByxRoHTaRTHLIH CKB1I1I;,

lIJIlI, RaR rOBopHT, CKB1I1I; Ha nOCTOHHHOM TORe, 1I 01l;HOROH­

TaRTHLIH CRBllP;, lIJIlI, 'ITO TO me caMoe - BLICOROqaCTOTHLIH

CRBlIp;.

23.1. ~ByxKOHTaRTHhIii CKBB)l;. 3TO yCTpoiicTBO npe1l;­

CTaBJIHeT coGoR UpOCTO p;Ba 1I;mOae41coHoBcKlIX nepexop;a,

BKJIIO'Iemn.IX napaJIJIeJIbHO (pllC. 23.1). BRJIlOqeHHe ocy-
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*) BDO.... C aTo~ naparpa«lJe MhI 6y;n;eM nOJIhaOBaTbCH IIHTepHaI:\HOUaJIIt-
.. HCTeMOII e;n;lIHH~ (CII).

KynepoBcKOH napbI 0'1' TOQKH 1 ,lJ,0 TOlfKH 3 H 0'1' TOlfKH 4
AO TOlfKH 2. B peayJIbTaTe IIOJIYlfUM*)

(23.1)

v

1

J---t-t'_

PHC. 23.1. )l;Ba ;n;moae«lJ­
eOHOBCKIIX nepexo;n;a a H
b, BKJIIOqeHHhIe napaJI­
JIeJIbHO--CBepxnpoBO;n;H­
~Hii HHTeptPepoMeTp.
B OTBepcTHe CKBH;n;a BBe­
i1;eH HeKoTophIR MarHIIT-

HHR nOTOK <l>••

ID;e4TBJIHeTCH MaCCHDHbIMH cBepxnpoBoAHHKaMII, KOTopLIe

BMe~Te C AmoaecPcoHoBCKHMH nepexop;aMH a H b o6pasYlOT

aaMi}HyTbIH KOHTyp (KOJIbD;O). BHyTpb 3Toro KO.JIbD;a BBeAe!l1l

KaTymKa, coaAaIOID;aH MarHHTHbIH IIOTOK. MIJ XOTHM IIOHJlTb

RaK 6yp;eT aaBHceTb MaKCnMaJIbHbIH 6esAHccHnaTHnHIJH TO~
[max 'repea TaKoe yCTpOHCTBO 0'1' BeJIHlfHHbI TIOJIHOrO MarH1IT­

Horo nOToKa <1>, aaKJIIOlfeHHOro BHyTpH KOJIbD;a HHTepcPepo­

MeTpa~ BbIAeJIHM BHyTpH KOJIbD;a ABe napbI TOlfeR (1, 2)
H (3, ~), 6JIHaKHX K nepeXOAaM a 11 b, 11 coep;HHHM 1IX nYHR~

THpHbIM KOHTypOM, KaK ITOKaSaHO Ha pHC. 23.1. IIpoHHTe­

rpHpyeM BbIpameHHe (22.1) P;JIH o606ID;eHHoro HMnyJlbca

CJIaraeMOe 2mv8 llpn HHTerpHpOBaHHII onYID;eHO TaK KaK

Bce TO'rKH IIYHKTHpHoro KOHTypa IIpOXOAHT B 06JIa~TII CBepx­

:POBO,lJ,HHKa, p;aJIeKOH 0'1' Kpan. TaM cBepxToK oTcyTcTByeT

VB-O. IIOCKOJIbKY paCCTOJlHHH MemAY TOlfKaMH 1 H 2
~aK me, 0 KaK H Memp;y TOlfKaMH 3 H 4, MaJIbI IIO cpaBlleHHIO

AJIHHOH nyHKTHpHoro KOHTypa, a BeKTOpHIJH TIOTeHD;1IaJI A
He 1IMeeT oc06eHHOCTeH OKOJIO p;moaecPCOHOBCKHX rrepeXOAOB

MomHO AOIIOJIHHTb npaByIO lfaCTb BbIpameHHH (23.1) eID;~

3aBHCHMOCTb [max 0'1' J.memHero MarHHTHOrO IIOJIH Ho=
=f!l/(Ld) Ha06pameHa Ha pHC. 22.5. lIa dJOpMyJIbI (22.25)
H Ha pHcyHKa CJIeAyeT, lfTO CMemaHHoe COCTOHHHe B IIepe­

xOAe cOBepmeHl:TO HeycToHlfHlJO (AoCTaTolfHO HHlfTomHoro

BHemHero TOKa, lfT06bI ero paapymHTb), KorAa B IIepexoAe

YKJIaAbIBaeTcH D;eJIOe lfHCJIO KBaRTOB IIOTOKa. Ha060poT, OHO

HaH60JIee yCTOHlfHBO, KorAa MarHHTHbIn IIOTOK B IIepeXOAe

paBeH IIOJIyn;eJIOMy lfHCJIy KBaHTOB nOTOKa. <1>opMyJIa (22.25)
IIpeKpaCHO IIOATBepmAaeTCH 3KCIIepHMeHTOM [36] (pHC. 22.6).

3~aqa 22.1. HaRTH KpHTHqeCKOe nOJIe npoHHKHoBeHHH BHXpH
B ;n;moaetPCOHOBCKlIlI TYHHeJIbHhIR nepexo;n; lId II nOJIe B ~eHTpe i'lTOrO
BHXpH, eCJIH nepexo;n; 06paaOBaH ;n;ByMH CBHH~OBhIMII nJIeHKaMH. JIOH;n;o­
HOBCKaH rJIy6IIHa npOHHKHoBeHHH MarHllTHoro nOJIH B CBHHe~ A=
=400 A, KpHTlIqeCKaH nJIOTHOCTb TOKa nepexo;n;a paBHa jc=10 A/CM2.

Om8em. lIc1=0,290 8; H (0)=0,455 8.
3~aqa 22.2. ITyCT» ;n;JIHHa TyHHeJIbHOrO nepexo;n;a, onHcaHHoro

B aa;n;aqe 22.1, paBHa L=0,2 MM. ITpn KaKOM BHemHeM nOJIe 6YAyT
Ha6JIIO;n;aTbCH nepBhIe ;n;Ba MaKclIMyMa KpHTHqeCKOrO TORa?

Om8em. ITepBhIR MaKclIMyM 6y;n;eT npil nOJIe lIl=1,85 8, BTOpOR ­
npH lI2=3,18 8.

§ 23. CBepxIIpOBOAIII.qHe KBaHTOBMe uHTep<IJepoMeTphI

(CKBUAbI)

B aTOM naparpalf!e MbI paCCMOTpHM rJIaBHbIe IIpHHD;HIIbI

pa60TbI TaK HaSbIBaeMbIX CBepXIIpOBOAHID;HX KBaHTOBbIX HH­

Teplf!epoMerpOB - CKBHAOB. 3TO yTBepAHBmeeCJI B pyCCKOH

HayqHoH H TeXHHlfeCKOH JInTepaType CJIOBO BOaHnKJIO 0'1'

aHrJInHCKOro cOKpaID;eHnJl SQDID (Superconducting Quan­

tum Interference Device - CBepXIIpOBOAJlID;ee KBaHTOBoe HH­

Teplf!epeHD;HoHHoe yCTpOHCTBO). 3TH lfpeSBbIlfaHHO IIpOCTbIe

IIO KOHcTpyKD;nH CBepXUpOBOAJlID;He yCTpoHcTBa OTKpbIJIH co­

BepmeHIJO HOBbIe ropHSOHTbI B TeXHHKe HHSKOTeMIIepaTypHbIx

HSMepeHnH. C HX IIOMOID;bIO MomHO coaAaTb MarHeTOMeTpbI

C lfYBCTBHTeJIbHOCTbIO nopHAKa 10-11 fc, BOJIbTMeTpbI C lfyB­

CTBHTeJIbHOCTbIO nOpJlAKa 10-1Ii B H Apyrne IIpn60pbI yHII­

KaJIbHOH lfYBCTBnTeJIbHOCTll. HecoMHeHHo, lfTO B 6JInmaHmHe

rOAbI clf!epa npHMeHeHHJI CKBHAOB 6YAeT paCmHpJlTbCH.

lhaK, lfTO me TaKoe CKBnA?

PaSJIHlfaIOT ABa THna CKBHAOB - ,lJ,ByxKoHTaKTHbIH CKBnp;,

HJIH, KaK rOBopHT, CKBHA Ha IIOCTOJlHHOM TOKe, H OP;HOKOH­

TaKTHbIH CKBnA, HJIH, lfTO TO me caMoe - BbICOKOlfaCTOTHbIH

CKBHA·
23.1. )l;ByxKoHTaKTHhIH CKBUA. 8'1'0 yCTpOHCTBO npeA­

CTaBJIJleT e060H IIpOCTO ABa Amoself!coHoBCK1IX IIepexOAa,

BRJIIOlfeHHbIX napaJIJleJlbHO (pHC. 23.1). BKJlIOlfeHHe ocy-
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PIlC. 23.3. 3aBBCHMOCTh KpBTB­
qeCRoro TOKa AByxROHTaRTHOro
CRB~ O'l BBelUBero IIOTOKa IIpB
paSHI>IX 8BaQeHWlx napllMeTpa

~=2LIclfPo [37J.

aaBllCIiMOCTI, lmax OT <I> npep;CT8BJIeHa Ha pHC. 23.2.
0, 'ITO HallOOJIee yCTOH'IllBO CBepxnpOBop;mn;ee COCTOH­

lllle OJII,n;a no OTHo~eHHIO R BHemHeMy TORY 1 6yp;eT B CJIy­

lf8BX Rorp;a nOJIHhIli MarHllTHhIH nOTOR qepea llHTep4>epo­

MeTP <I> 6yp;eT paB~H n;eJIOMy qllCJIY RBaHTOB nOTORa <1>0.
Haoo OT, CJIY1Iali , Rorp;a

(P pa HO nOJIyn;eJlOMY 'IHCJIy

~o nOTORa, COOTBeTCT­

BYeT H CToiiqHBOMy CBepxnpo­

BOwnu; Y COCTOHHHIO: p;OCTa­

TO'IIIO ,llJIOmllTb R HHTeP4>epo­

MeTpy HJIr'ITOmHhIH TOR I, qTOObl

npK60p nepemeJI B peaHCTlIB­

Hoe COCTOHHlIe, II 'ITOOhI

BOJIbTMeTp (CM. pHC. 23.1)
oOHapymHJI HanpHmeUlie Ha
HHTeplflepoMeTpe.

TIop;qepRHeM,qTO <1> - aTO

nOJIHbIH nOTOR B ROJII,n;e IIH­

TeplflepOMeTpa. TIOToR, coa,IJ;aH­
HbIH uenocpep;CTBeHHO RaTym- .

ROH, BBe,IJ;eHHOH B HHTeplflepo­

JleTp <1>" CBH3aH C <1> npOCThTM
COOTHomeHHeM

r,IJ;e L - lIH,IJ;YRTlIBHOCTb ROJII,­

:u;a lIHTeplflepOMeTpa, 1.-
8RpaH~pYIOm;lIH TOR, TeRym;mI no HHTePlflepoMeTpy. RPIITII­

qeCRlIH TOR IIHTeplflepOMeTpa 3aBHCHT OT <1>, Tome nepHO,IJ;H­

qeCRII 11 Tome c nepHO,IJ;OM <1>0. cha aaBHCIIMOCTI, nOKa3aHa
Ha pliC. 23.3.

IIo,IJ;poOHLIii aHaJIH3 pa60TLI ,IJ;ByxKoHTaKTHoro CKBII,IJ;a
tpHBe,IJ;eH B paooTe RJIapKa [37l.

,n;ByxKoHTaRTHhIH CKBH,IJ; MomeT OhITI, HCnOJII,aOBaH KaK

DpJilOoP HeOOhI'IaiiHO BhlCOKOH qYBCTBHTeJII,HOCTH BO Bcex

CJJyqaHx, KOr,IJ;a 113MeHeHlle HaOJIIO,IJ;aeMoii BeJIlI'IlIHhI MOmHO

:eoopaaonaTI, B llRMeHeHHe MarHlITHoro nOTOKa. OrpaHH'Ie-
e 'IYBcTBllTeJII,HOCTll, onpe,IJ;eJIHeMOe JIllruI, TenJIOBhIMH ruy­

;aMll ,IJ;m03elflcOHOBCKllX nepeXO,IJ;OB, no TeOpeTll'IeCKllM On;eH­
aM MOmeT OhITI, nOpH,IJ;Ka HeCKOJII,KllX enHHllrr Ha 10-5 <1>

ecJJII , ,..,..... 0'
0& BpeMH H3MepeHllH OY,IJ;eT He MeHbme 1 ceKyH,IJ;hI. 3TO

aqaeT, 'ITO OTKphIBaeTCH B03MomHOCTI, 'IyBcTBoBaTb K3­
1l8HeHIIH MarHllTHoro nOJIH nopH,IJ;Ka 1O-10_1O-11 fe. ,n;JJH
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(23.2)

(23.4)

PIlC. 23.2. 3aBIlcIlMoCTb
MaRCHMaJIbHOrO TORa .. ''Ie­
pea ~ByxKOHTaRTHhIii:HH­
Tep!pepoMeTp OT IIOJl­
Horo MarHIlTHoro IIOTOKa

J ¢/1Po B ero ROJlblW·

1t\l> • ( 11:\1»
1= 2Ie cos~ sm ~b +~ .

b

r,IJ;e cD - nOJIHbIH MarHHTHbIH nOTOR, OXBaThlBaeMbIH ROJfbn;OM

HHTeP4>epOMeTpa, ~a= 62 - 61> ~b = 64 - 6:;, a Wo= 1tlije ­
RBaHT MarHHTHoro nOTORa.

TaR RaR comaCHO (20.1) TOR lIepea nepeXO,IJ; a paBeH

Ia= Ie sin ~a'

II IIHTerpaJIOM no y'IaCTRaM 3-4 II 2-1. B
nOJIy'IIiM

a lIepea nepexo,IJ; b

T. e.

(MbI npe,IJ;UOJIaraeM, lITO ooa nepeXO,IJ;a O,IJ;HHaROBbI, C O,IJ;HHM

II TeM iKe RpHTII'IeCRHM TOROM Ie)' nOJIHbIH TOR I lIepea

HHTep4>epOMeTp 6y,IJ;eT paBeH cyMMe TOROB I a H I b:

I=Ie(sin~a+sin~b). (23.3)

YlIHTbIBaH, lIrO sin ~",+sin~b=2 sin [(~a+~b)j2]cos [(~a-~b)/2],
II HCnOJIbayH 4>OpMyJIy (23.2), npeo6paayeM 4>OpMyJIy (23.3)
R BH,IJ;y

TIPII aa,IJ;aHHOM nOJIHOM MarHHTHOM nOTORe qepea ROJIbn;O

HHTep4>epoMeTpa <1> e,IJ;HHCTBeHHhIM napaMeTpOM, ROTOPbIH
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nO,IJ;CTpaIiBaeTCH no,IJ; aa,IJ;aHHhIH llOJIHhIH TOR llHTepiIJepo­

MeTpa I, HBJIHeTCH, COrJIaCHO (23.4), BeJIllqHHa 'fb' OTcIOp;a

(KaR H npH BhIBop;e dJOpMyJIhI (22.23)) CJIep;yeT, 'ITO MaRCH­

MaJII,HhIH oeap;HCCHnaTHBHhIH TOR HHTep4>epoMeTpa paneH

I mu = 21.1 COS (1tWjWo>I. (23.5)



cpaBHeHBH yKameM, 1ITO MarHBTHOe nOJIe 3eMJIH HMeeT ~JIH­
1IBHy OKOJIO 0,5 fc.

23.2. OAHoKoHTaKTHhID: CKBBA. fJIaBHbIM BJIeMe TOM

OAHOKOHTaKTHoro CKBHAa HBJIHeTCH CBepxnpOBOAHm;ee OJIb­

I{O, saMKHyTOe Amose!f>coHoBCKHM nepeXOAOM. BbIAeJIBM apy

T01IeK (1, 2) B6JIHSII nepexOAa, KaK nOKasaHO Ha PHi' 23.4,
H coeAIIHHM IIX IIITplIXOBbIM ROHTypOM, Bce T01IRII RO oporo

nemaT BHYTPII MaCCIIBHoro CBepxnpOBo,o;HIIRa II y aJIeHbI

OT KpaeB CBepxnpOBOAHIIRa Ha paCCTOHHIIH 60JIb He no

cpaBHeHHIO C rJIy6IIHOD: npOHIIRHOBeHIIH >... 3TO ~Ha1IIIT,

1ITO B JII060ii T01IKe nyHRTHpHoro ROHTypa CBePXTO~ paBeH

HyJlIO, T. e. CBepXTeRY1IaH CROpOCTb V. OTcyTCTByeT.

PllC. 23.4. 0ABOKOHTaKTm.m
CKBllA: cBepxnpoBOAJI~eeKOJIb­
IJ;O, aaMKHyToe AlKoaecPcoHoB­
CKaM nepexoAoM J. BHYTpb
KOJIbIJ;a BBeAeHa KaTyDIKa, COB­
AaIO~aJI BHeJDHllB: nOTOK ell ••

BepHaKCH TenepL CHOBa R BbIpameHlIlo ,o;JIH 0606ID;eHHoro

mmyJlLca KyIIepOBCRoii napLI (22.1) II npOBHTerplIpyeM ero

no nyHKTHpHOMy ROHTypy OT T01IRH 1 AO TO'lRH 2. Y1IHTbIBaH,

1ITO v.=O, HMeeM

ep - paaHocTb !f>aa Ha ,o;iIW3e!f>coHoBcROM nepexoAe J.
MyJIa (23.7) JIerKO npeo6pa3yeTcH K BHAY .

<p = 21tII>JlI>o, (23.8)

- nOJIHbIii MarHHTHbIH nOTOR, OXBa'leHHbIii ROJIbIJ;OM
OHTaKTHoro CRBH,o;a.

tP/tP~~

-2

-/

-2

PIIC. 23.5. 3aBllcluwCTb nOJIHOrO MarHllTHoro nOTOKa ell B KOJIbn;e
0AHoKOHTaKTHOro llHTepcPepoMeTpa OT BHeIllHero IIOTOKa ell., BBeAeH­

Horo B BTO KOJIbU;O.

PaCCTOHHHe MemAY T01IRaMH 1 H 2 'lepes nepexoA SHa'lH­

TeJlLHO MeHbme paCCTOHHHH MemAY BTHMH me TO'lRaMH no

DyHKTIIPHOMY ROHTypy, a BeRTopHbIii nOTeHIJ;HaJI A HHRaRHX

oco6eHHocTeii B 06JIaCTH J He HMeeT. IIoBTOMy npaBaH 1IaCTb

~PMYJlLI (23.6) cym;ecTBeHHo He IISMeHHTCH, eCJIH ee ,0;0-
t

nOJlHHTI> HHTerpaJIOM !A dl, npOXOAHID;HM 1Iepes nepexo,o; J.
2

TOfAa (23.6) MomHO 6YAeT nepenHcaTb B BHAe

2

n(02 - 01) = 2e !A dl.
1

nlfl= 2e~Adl,

(23.6)

(23.7)

Ho nOJIHbIH nOTOR cD OTJIH1IaeTCH OT BHemHero nOTORa cD.,
eosAaHHoro RaTymRoii B KOJIbIJ;e, Ha BeJIH1IIIHY, ROTopaH

cOSAaeTcH BRpaHlIpYIOID;HM TOIWM I., TeRYID;IIM no ROJIbIJ;Y:

II> = II>. - LI., (23.9)
'-'-­

rAe L - IIHAYRTHBHOCTb KOJIbIJ;a. IIoCROJIbRY BTOT BRpaHH-

PYIOID;lIii TOR npoxo,o;HT no ROJIbIJ;Y II no nepexo,o;y, OH CBHsaH

C paSHOCTbIO cf>a3 BOJIHOBOii !f>YHKIJ;IIH CBepxnpOBo,o;HID;HX

9JIeRTpOHOB Ha nepexo,o;e ep 1I3BeCTHbIM COOTHomeHHeM (20.1),
ROTopoe BMeCTe C (23.8) II (23.9) AaeT

II>. = II>+LIo sin (21tII>JlI>o). (23.10)

3Ty !f>OPMYJIy MomHo paCCMaTpIIBaTb RaR HeHBHoe BbIpa­

2fteHlIe AJIH saBIICIIMOCTII nOJIHOrO nOTOJUI ill OT BHemHero

!o.ToRa <1>.. fpa!f>II'leCRII BTa saBIICIIMOCTb IIs06pameHa Ha
pac. 23.5.
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06CYJJ;IfM Tenepb <pIf3IflIeCKYIO CTOpOHy JJ;eJla. HalIIfH~eM
YBeJUIlIIfBaTb BHemHIfH nOTOK <De ('1'. e. TOK B KaTymKe, KOTOpaH

BCTaBJleHa B KOJlbIJ;O CKBIfJJ;a). HeMeJJ;JleHHO B KOJlbIJ;e BO~HIf­

KaeT :3KpaHIfpYIOIIJ;IfH TOK I., KOTOpbIH C03JJ;aeT CBOH co6­

CTBeHHbIH nOTOK, lIaCTIflIHO KOMneHCIfpYIOIIJ;IfH BHemHIfii: no­

TOK <D•. IIoaTOMY noJlHbIH, pe3YJlbTIfPYIOIIJ;IfH nOTOK <D OYJJ;eT

MeHbme <De' IIolIeMY KOMneHCaU;IflI TOJIbKO lIaCTIflIHalI?

ECJIIf 6bI KOJIbU;O 6bIJIO CnJIOmHbIM, 6e3 CJIa60H CBH3If­

KOMneHCaU;IfH ObIJIa 6bI nOJIHOH If <D paBHHJIOCb 6bI HYJIIO.

8'1'0 MOiRHO npeJJ;CTaBHTb ce6e H HeMHoro nO-)J;pyrOMY.

\

HH~hlH nOTOK KOJIbu;a OKa31ilBaeTCH 60JIbme BHemHerO no­
'1'OR H aKpaHIfpYIOIIJ;HH TOK H3MeHHeT CBoe HanpaBJIeHHe

(T. ~ CT""O"TCD RaM.nn"'RBaHlIl\RM). O""'KO MY '''''RM,
1JT() qpH JJ;aJIbHeHmeM YBeJIHlIeHHH <D., KorJJ;a BHemHHH no­

T().I( d\raHeT paBeH KBaHTy nOTOKa <Do, IIOJIHbIH nOTOK Tome

eTaHet paBeH KBaHTy nOTOKa H aKpaHHpYIOIIJ;HH TOK HClIe3­

ReT -cHTyaU;HH BnOJIHe aHaJIOrHlIHaH CJIyqaIO, KorJJ;a <D. =0
(eM. p~c. 23.5). IIpH JJ;aJIbHeHmeM YBeJIHlIeHHH <De C nepHO­

.ztB'IHOCTbIO <Do Bce npou;eCCbI 6YJJ;yT nOBTopHTbCH. IIpH yMeHb­

meRHH <D. CKalIKH 6YJJ;yT npOHCXOJJ;HTb H3 TOlIKH B H aHaJIO­

l'H'IHbIX en TOlIeK. TUKIfM 06pa30M, U;HKJIHlIeCKOe H3MeHeHHe
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PRe. 23.7. lIaMeHeHHe
BHemHero nOTOKa co llpe­
MeHeM: a) TIplI BylleBoM
UOTOKe, coap;aHHOM BXOP;-

.' HOH KaTymKoH (cfIT = 0),
6) TIplI cfIp = cfIo/2.

BR.eumero nOTon:a <D. MomeT conpOllomJJ;aTbCH rHCTepe3HC­

nut U;HKJIOM CDABC. IIJIOm;aJJ;b 8TOH rHCTepe3HCHoH neTJIH

nponopU;HORaJIbHa BbIJJ;eJIHBmeHCH B KOHTaKTe 8HeprliIH.

,Toro, lITO MbI 3HaeM Tenepb 0 C:bOnCTBaX CBepXnpOBOJJ;H­

~ro KOJIbIJ;a, 3aMKHyToro Ha JJ;iIW3eljlcOHoBCRHH uepexoJJ;,

JlOCTRTOlIHO, lIT06bI nOHHTb, KaK pa60TaeT BbICOKOlIaCTOlfHbIH

(.uq:) CKBH)J;. Ero npHHIJ;HnHaJIbHaH 6JIOK-CXeMa H306pameHa

RRj>HC. 23.6. Bq reHepaTop C OlIeHb 60hmHM BHyTpeHHHM

conpOTHBJIeHHeM (reHepaTOp TOKa) nHTaeT TOKOM Ha lIaCTOTe 11

~lJ,oRaHcHIilH ROHTyp K. (OlIeHb ynoTpe6HTeJIbFbI YCTpOH-

..,a, B KOTOpbIX 11 ~ 10-.;-20 Mru;. OJJ;HaKO CYIIJ;eCTByIOT

~.,~Ra'lHTeJIbHO 60JIee BbICOKO'laCTOTHbIe CKBHJJ;bI C pa60lIeH

~~TOTOH B HeCKOJIbRO rr~.) RaTymRa aTOro ROHTypa

~KTHBHO CBH3aHa C KOJIbU;OM HHTepljlepoMeTpa H. "YCHJIH­...t·L Y YCHJIlIBaeT Bq HanpHiI,eHHe, KOTopoe naJJ;aeT Ha
,.J;tType K. 8'1'0 yCHJIeHHOe HanpHmeHHe Vo H eCTb BLlXOJJ;

:te.IJH60pa. BxoJJ; rrpH60pa - aTO KaTymKa T, TOiRe HH)J;yK­
!'JQJRO CBHsaHHaH C KOJIbU;OM H...

PlIC. 23.6. IIplIllI~lInlIaJIb­

HaH 6JIOK-exeMa Bll
CKBlIp;a. Bll - BbICOKO­
qaCTOTHbIll: reHepaTOp TO­
Ka (c 60JIbmlIM BHyTpeH­
HlIM conpOTlIBJIeHlIeM),
Y - YClIJIlITeJIb BbICOKOB:
qaCTOTbI, If - KOJIbIJ;O
lIHTep<pepOMeTpa C AmQ­
ae<pCOHOBCKlIM nepexo­
AOM, T - BTOplIqfiaH Ka­
TymKa TpaHC<popMaTopa
nOTOKa, K - Bll peao­

HaHCHbIll: KOHTyp.

)l;JIH 3aJJ;aHHH BHemHero nOTOKa <De COBCeM He 06H3aTeJIbHO

BBOJJ;HTb KaTymKy C TOKOM BHYTPb KOJIbu;a HHTepljlepoMeTpa

(aTO npOCTO npaKTHlIeCKH yJJ;06Hee). MomHo, Ha060pOT, ClIH­

TaTb, lITO KOJIbIJ;O BHeceHO BO BHemHee OJJ;HopoJJ;Hoe nOJIe,

H TorJJ;a <D. - aTO npOCTO npOH3BeJJ;eHHe MarHHTHOH HHJJ;yK­

IJ;HH aToro BHemHero nOJIH Ha nJIOm;a)J;b KOJIbu;a (npe)J;nOJIa­

raeTCH, KOHelIHO, lITO nJIOCKOCTb KOJIbu;a nepneHJJ;HKYJIHpHa

BHemHeMy MarHHTHoMy nOJIIO). Tenepb nOHlITHO, lITO eCJIH

KOJIbIJ;O CnJIOmHOe, 6e3 CJIa60H CBH3H, TO nOJIHIilH nOTOK <D
B HeM paBeH HyJIIO, a HaJIHlIHe CJIa60H CBH3H npHBOJJ;HT

K nOHBJIeHHIO TaKoro MeCTa B KOJIbIJ;e, lIepe3 KOTopoe BHem­

Hee MarHIfTHoe nOJIe lIaCTHlIHO npOHllKaeT BHYTPb KOJIbu;a.

8KpaHHpOBKa OKa3bIBaeTClI HenOJIHoH.

IIpH JJ;aJIbHeHmeM YBeJIHlIeHHH BHemHero nOTOKa <D. yBe­

JIHlIHBaeTCH H aKpaHHpyIOIIJ;HH TOK. OH JJ;OCTHraeT KpHTHlIe­

CKoro 3HalIeHHH npH BHemHeM nOTOKe <Dec (pHC. 23.5).
B aTOT MOMeHT (TOlIKa D Ha pHC. 23.5) CHCTeMa CTaHOBHTClI

HeycToii'IBBoH H CKalIKOM nepeXOJJ;HT B CJIeJJ;YIOIIJ;ee KBaHTOBoe

COCTOHHHe (TolIKa A Ha pHC. 23.5). IIpH aTOM nOJIHIilH Mar-
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)J;BYX " HCTepe3HcHhIx n;IlKJIOB DABC H D'A'B'C'. TOJIhKO

(COOTE' cTBeHHo - BHemHero nOTOKa <D.) IIpHBep;eT K yBe­

nJllteu', nOJIHOrO nOTOKa <D II BhIxop;Horo UaIIpHiReHIlH Vo'
810 yB JIllqeHlIe 6yp;eT npop;OJIiRaThCH p;o Tex IIOp, nOKa

aMnHIIT1p;a <D. He p;OCTHrHeT BToporo KpHTIlqeCKOrO 3Haqe­

I(HB.KaR TonhKO STO IIpOH30ti]J;eT, BHOBb B03HlIKHYT rUCTe­

peSI;ICHLIe IIOTepII II BeCh OIIlIcaHHIiIR BliIme npon;ecc IIOBTO­

pHTCB. Ha BOJIhTaMIIepHOR xapaRTeplICTHKe IIOJIBIlTeH BTO­

pof') nHaTO.
Teneph HaM Hap;o paCCMOTpeTh CJIyqaR, Korp;a Bxop;HaH

Ka1'¥JIIKa T 06TeKaeTCH TOKOM II C03p;aeT IIOCTOJIHHhIR Mar­

HUTlttilB: IIOTOK, paBHhIR <DT=<I>o/2. B aTOM cnyqae 3aBIiCIl­

MOCTh <D. OT BpeMeHIl IIpep;CTaBJIeHa rpa<pIIKoM 6 Ha

pueO' 23.7. HCHo, qTO KpliTIlqeCROe 3HaqeHIle <D'6 6y.n;eT

Te~f'Jpf> p;OCTlirHYTO IIpli 3HaqIlTeJIhHO MeHbmeM TOKe KOH­

T~a I =/tJ' no cpaBHeHIlIO co CJIyqaeM <DT=O (B TOM CJIy­

qa&(1).6 p;OCTliraJIOCh npli / =/tJ' pliC. 23.8). RpoMe Toro,

TenepL B p;JIBHa IIepBoro nJIaTO p;OJIiRHa 6liITh B p;Ba pa3a

Kopo1ie, TaK KaK TeIIeph reHepaTOp p;OJIiReH BOCCTaHOBIlTb

suepnuo KOHTypa, ymep;myIO TOJIhKO Ha OP;HH r1iCTepe3IlC­

H:r.mn;BKJI. Op;HaKO nocnep;YIOID;Ile IIJIaTO Ha BOJIhTaMIIepHOH

X~~IlKTepBCTIiKe BHOBh 6YP;yT p;nIlHHliIe, TaK KaK BHOBh

H)"»m0 6yp;eT BOCCTaHaBJIIlB-a;r:o SHeprIlIO napliI r1iCTepe3IlC­

Bitt IJ;HKJIOB.

TIepexop;IlM Tenepl> K 3aBepmaIOm;eMy sTaIIy aHaJIIl3a pa­

6Q~ Btl CKBBp;a. ,!J;aP;BM npIl60py HeKoTopliIR Btl TOK

B~Rall~, TaK lIT06LI pa60qaH'TOllKa no TOKy COOTBeTCTBOBaJIa

lt~llll1{BHe / pa6 (CM. pliC. 23.8). EMIl <DT=O, Ha BliIxop;e

o~eT HaIIpHiReHBe VOl' eCJIIi <DT=<Do/2 - BliIxop;Hoe Ha­

IIJ'HmeHBe 6yp;eT V02' A RaK 6yp;eT MeHIIThCH HaIIpHiReHIle Yo,
eo,lill MIiI 6yp;eM MeHHTI> BXOP;HOR nOTOK <DT OT 0 p;o <Do/2?
lIe'l'Pyp;Ho co06paBIlTl>, liTO MIiI 6yp;eM IlMeTh IIJIaBHOe yMeHh­

~Be Vo OT VOl P;O V02' Ho eCJIIi Q>T=Q>o, TO, COrJIaCHO

PJre. 23.7, p;OJIiRHa BOBHIlKHYTh cIiTyan;IlJI, IIOJIHOCThIO aHa-
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PBO. 23.9. 3aBHcRMoCTb B'bI­
xo~oro Bq HanpmReHRfl V 0

0'1' nOCTOflHHoro nOTORa «I>T'
~AaHHoro BxoAHOil RaTym-

Roil T.

PRC. 23.8. Bq BOJIbT­
aMIIepHalI xapalnepRcTR­
Ra CRBRAa, }RRpHalI JIR­
HRlI - BXO,f\HOM: IIOTOR

«I>T = °{RpHBalI Oabc ... ),
TOHRalI JIHHIm-wT=«I>o/2
(RpRBalI Oa'b'c'd' ... ).

OT 1 (HaqaJIhHhIR y'IaCTOK Oa Btl BOJIbTaMnepHoR xapaKTe­

pIICTIIIm, pIIC. 23.8). Ho TaK 6yp;eT npOp;OJIiRaTbCH TOJlbKO

p;o Tex nop, nOKa TOK KOHTypa / ne p;OCTlHHeT TaKOH BeJlII­

qIIHhI, qTO aMIIJIIITyp;a <D. CTaHeT paBHOM KpIITIlqeCKOH BeJIIl­

qIlHe (CM. pIlC. 23.5). B aTOT MOMeHT npoH30Hp;eT CKaqOK

nOJIHOrO nOTOKa, Ha rpa<p1IKe 3aBIICIIMOCTII <D OT <De Il306pa­

iRaIOID;aH TOqIW onIImeT IIeTJIIO rIlCTepe31Ica, BhIp;eJIHTCJI

TeIIJIO, IIpOIIOpn;HOHaJIhHOe IIJIOID;ap;II aTOH IIeTJIII, Ha aTO

IIoTpe6yeTCJI MHoro ,meprIIII, KOTOpaJI 6yp;eT 3a6paHa Il3

KOHTypa K. AMIIJIIlTyp;a TOKa / pe3KO yIIap;eT II B TeqemIe

cpaBHIITeJIbHO p;OJIroro BpeMeHII (MHoro neplIop;OB Btl KOJIe­

6aHIIM) aTa aMIIJIIlTyp;a 6yp;eT «p;OpaCTaTM p;o CBoeR IIpeiRHeH

BeJIllqIIHhI. "YBeJIIIqemle aMIIJIIlTYP;hI TOKa HaKaqKII OT Btl

reHepaTopa TeIIeph He MOiReT npIIBeCTIi K YBeJIlIqeHIIIO BhI­

xop;Horo HaIIpJIiReHIIJI Yo, TaK KaK Bce onlIcaHHhIe TOJIbKO

qTO npOn;eCChI 6YP;yT IIOBTOpJIThCH. Pa3HIln;a 6yp;eT JIIImb

B TOM, qTO BOCCTaHOBJIeHIle aMIIJIIITYP;hI TOKa KOHTypa I
6yp;eT IIPOIICXOP;IlTh 6hIcTpee, 3a MeHhmee qIICJIO Btl IIepIlo­

p;OB. 8TO 3Haq1IT, qTO MhI BhImJIIl Ha roplI30HTaJIhHhIR yqa­

CTOK ab BOJIhTaMIIepHoR xapaKTepIlcTIlKH (pIlC. 23.8). HaKoHen;,

IIpII HeKOTopOM TOKe Btl HaKaqKII TOK KOHTypa / p;o­

CTIIrHeT TaKOR BeJIIIqlIHhI (/b)' Korp;a 3a BpeMJI op;lloro ue­

pHop;a Btl reHepaTOp BOCCTaHaBJIIlBaeT 3HeprIlIO KOHTypa K,
KOTOpyIO aTOT KOFTyp OTp;aJI Konhn;y HHTep<pepoMeTpa p;nJI
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BhIHCHHM IIpeiRp;e BCerO, KaK 3aBHCHT BhIXOP; Vo OT BeplH­

'lIIHhI TOKa / qepe3 HHP;YKTHBHOCTh KOHTypa K. IIycTh'ToK

BXOP;HOR KaTymKH T paReH Hymo. Torp;a BHemHIIH nOTOl< <D.
C03p;aeTCH TOJIhKO KaTyIIIKoR KOHTypa K M KOJIe6JIeTCH c qa­

CTOTOR \/. 8TO nOKa3aHO Fa pHC. 23.7, Ha rpa<pIIKe a. CHHy­

COMp;aJIhHOe H3MeHeHIIe IIOTOKa <D. BhI30BeT COOTBeTcTByIOID;ee

1I3MeHeHHe nOJIHOrO nOTOKa <D (CM. pnc. 23.7), qTO IIpnBep;eT

B KOHeqHOM CqeTe K nOHBJIeHHIO HeKOToporo Btl HanpmReHHH

Vo Ha BhIxop;e cxeM},!. "YBeJIIIqeHHe TOKa HaKaqKII / npOIIOpIJ;II­

OIIaJIhIIO YBeJIIIqIIT aMIIJIHTyP;y <D. M COOTBeTCTBeHHO <D
II Yo' TaKHM 06pa30M, MhI Hl~IeeM JIHHeRHyIO 3aBIICIIMOCTb Vo



JIOrHqHaH CJIyqaIO <1>p=O, H BhIXO)l; oy)l;eT CHOBa paBeH VOl'

B pesyJII>TaTe MhI rrpHXO)l;HM R TaR HaShIBaeMOH «TpeyrOJIh­

HOH» saBHCHMOCTH BhIXO)l;HOrO HarrpHiKeHHH Vo OT BXO)l;Horo

rrOTORa <1>p (pHC. 23.9). lIs 9Toro rpaqnma CJIe)l;yeT, qTO

Hama cxeMa qyBcTByeT HSMeHeHHH HSMepHeMoro rrOTORa <1>T

\a·· ... em ECJIll KpIlTll'leC:KIIR TOR nepexo;o;a MeHbIDe BeJIII'Imlloi
tP /(2'Jt ... =o,165 MKA, aaBIICIIMOCTb ell OT ell. 6y.o;eT 6earllcTepeallcHoii.
° . qa 23.2. ,Il.moae4JcoHoBcKllii SNS-nepexoA C KPIlTII'IOORIIM
oROIl li·=1 MKA aaMhIKaeT ~BepxnpOBO)l;flm;ee KOJIb~O uC IIHAyKTIIB­

TOC'!'l)lO 1'=10-1) fH. BnemHlI1I lIi:lTO'lHlIK aa)l;aeT nOJIHhIlI TOK, '1aCTb
:OTOpor~(I,,=0,4 MKA) Te'l6T no KOJIbIJ;Y, a '1aCTb (/J ) - '1epea p;moaelJl­
COBOBCRUii nepexo)l; (pRC. 23.11). HaRTH nOJIHhIH TOR I.

-1,0

PIIC. 23.13.iOTBeT R s~a'le 23.3. 3a­
BUClIMOCTb TORa OT paaHocTII 4Jaa TO­
'1eK A II B. 3BeSAO'IKOR OTMe'lena
IICKOMaJl paaHocTb 4Jaa 'fAB=1,60 pa.o:.

Puc. 23.12. R aap;a'le 23.3.

P e ill e H II e. PaaHocTb 4Jaa ua nepexop;e 'f onpeAeJIfleT BeJIH'IRHY
TORa no ROJIbIJ;Y: '1'=2rcLI./elIo, a TOl, '1epea nepexoj\ paBen IJ=/osin 'f.
IIOJIHhtii TOR 1=1,34 MKA.
.,,~ ~a'la 23.3. CBepxnpoBOp;flm;ee KOJIb~O, IIHj\YKTIIBnocTb KOToporo
L;"'f<to fH, aaMKnYTO Ha Amoae4JcoHoBcRIIH SNS-nepexoA C KpIlTII­
'IOO~ TOROM 10 = 1 MKA. Ha npoTIIBOnOJIOmHOH: cTopoHe KOJIb~a
(CJt;ipUC• 23.12) CAeJIaH paape3, K KOTOPOMY nOj\KJIlO'IeH llCTO'lHIIK
TORlljCo3Aarom;Rii: B KOJIb~e TOK 1=0,4 MKA. qeMy paBlla pa3HocTb 4Jaa
BOOOOOH 4JYHK~1I11 '1'AB MemAY '1'O'lRaMII A II B? IIocTpoHTb rpa.pIlK
8aBUClIMOCTlI TOKa OT paaHocTII 4Ja3 'fAB'

Omsem: 'fAB = 1,60 paA. CM. plIC. 23.13.

§ 24. IIpHMeHeHHH CJIaOon CBepxrrpOBO)l;HMOCTH

PaCCMOl'peHHOe B 9TOH rJIaBe y)l;MBHTeJII>HO RpaCMBoe

!f>lt8HqecRoe HBJIeHMe - CJIq§,aH CBepXrrpOBO)l;HMOCTI> - Ha­

nuro·· MHOiKeCTBO crrOCOOOB rrpaRTHqeCROrO HCrrOJIhSOBaHMH.

PaeCMoTpHM HeROTophIe HS HHX.

MhI YiKe SHaeM, qTO eCJIM qepes )l;iKOse.pcoHoBCRMH rrepe­

:XO" rrporrycRaTI> TOR, OOJIl>mHH RpHTIlqeCROrO, HarrpHiKeHHe

Jut' rrepexo;o;e OY)l;eT HMeTI> rrepeMeHHyIO COCTaBJIHIOJD;YIO.

q~ToTa 9TOH COCTaBJIHIOJD;eH OY)l;eT Orrpe)l;eJIHTI>CH COOTHOme­

~ (21.8). HeTpy)l;HO cooOpaSHTI>, qTO eCJIM Terrepl> rrepe­

xQ~ nOMeCTHTI> BO BHemHee BhICOROqaCTOTHoe nOJIe, TO,

ee)tUqaCTOTa 9TOrO nOJIH COBrra)l;aeT C qaCTOTOH )l;iK03e.pCOHOB­

Cali reHepan;HH, )l;OJIiKeH BOSHI:IRHYTI> RaROH-TO peSOHaHC.

If AenCTBHTeJII>HO, B aTOM CJIyqae BOJII>TaMrrepHaH xapaRTe-
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PIlC. 23.11. R aana'le 23.2.
BHeillHllR IICTOqflllK TOKa
aaAaeT nOJIHhIR TOK I,
'IaCTb KOToporo I" ll.o;eT
no KOJIb~Y, a 'IaCTb I J ­

'Iepea .o;moae4JcoHoBcKIIR
nepexon.

PIlC. 23.10. OAHOKOHTaKTHhIR CKBIIA KOHCTPYK~1l1l JJ;IlMMepMaHa
a) 06m;IlR BIlA, 6) paapea HO ~eHTpaJIbHOR llJIOCKOCTII: 1. - HIl06I1eBhIll:

KOpRYC, 2 - aaocTpeHHhIR HIl061leBhIR BIIHT, 9'- HlIo6HeBHH BlIHT.

C qYBcTBHTeJII>HOCTI>IO MHoro JIyqmeH O)l;HorO RBaHTa rrOTORa,

TeOpeTHqeCRHH aHaJIHS qYBCTBHTeJII>HOCTH COBpeMeHHhlx Bq
CRBH)l;OB rrORaSaJI, qTO BOSMOiKHO COS)l;aHHe rrpMoopoB C qyB­

CTBHTeJII>HOCTI>IO rrOpH)l;Ra 10-5 <1>0 rrpH BpeMeHM HSMepeHMH

He MeHl>me 1 ceRyH)l;hI.

HaHOOJIee rrpaRTHqeCRH y)l;OOHhIM (M HaHOOJIee pacrrpo­

cTpaHeHHhIM) ORaSaJICH O)l;HOROHTaRTHhIH CRBH)l; ROHCTpyK­

n;HH IJ;HMMepMaHa (pMC. 23.10). ,JJ;iKose.pcoHoBCRMH rrepexo)l;

B HeM BhIrrOJIHeH B BH)l;e TOqeqHOrO rrpHiKHMHoro ROHTaRTa.

IIpHeMHaH RaTymRa T H RaTymRa MH)l;yRTHBHOCTM ROHTypa K
(CM. pHC. 23.6) BBO)l;HTCH B )l;Ba OTBepCTHH CKBM)l;a.

~a'la 23.1. HHAYKTIIBHOCTb KOJIb~a OAHOKOHTaKTHoro lIHTep.pe­
pOMeTpa paBHa 2.10-0 fH. ,Il.o RaKoR BeJIlI'IRHhI HymHo YMeHbIDllTb
KPIlTIl'lOOKIlR TOR nepeXO;!la, 'ITo6h1 saBIICIlMOCTb ell OT ell, CTaJIa 6ea­
rllCTepeallCHoii?
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plICTIIRa }1,JUI ycpe}1,HeHHLIX 3Ra'IeHIIH TORa II RanpJliReHlIa

6Y}1,eT lIMen, BII}1, cTyneH'IaTOH RplIBOH (pIIC. 24.1), a pac­

CTOJlHIIJI MeiR}1,y cTyneHbRaMII B TO'IHOCTII paBHLI 'Ii w/2e.
IIoCKOJIbKY II3MepeHlIe 'IaCTOTLI MOiReT 6bITb npOH3Bep;eIIo

C O'IeHb BLICOROH TO'IHOCTbIO, a BeJIII'IHHLI 'Ii II e JlBJIJlIOTCa

MIIPOBLIMII nOCTOJlHHLIMH, paCCTOJlHlIe MeiRp;y cTyneHbKaMII

TOKa Ha BOJIbTaMnepHoH xapaKTeplICTIIKe MOiReT 6LITb OlJ:eIII.

TO'IHO onpep;eJIeHO. 8TO II eCTb nplIH~lIrr C03JJ;aHIIJI cTaHp;apTa

ep;IIHII~LI lmeKTplI'IeCKOrO HarrpJliReHIIJI - BOJIbTa.

..__.._.~----:].'

~I
-- II

I

PlIC. 24.1. BOJILTaMnepuaH xapaKTepHCTDK8. POllelJ.leOuoBcKoro nepe­
xo~a: a) Gea BuelIIHero Bq BJIeKTpOMamHT!OrO nOJIH, 6) Bq nOJIe BKJIIO­
qeHO. HaqaJILHLIH yqaCTOK BOJILTaMIIepHolI xapaKTepnCTlIKII He COBrra­
~aeT C OCLIO op~lIHaT, rroToMy qTO Ha caMOIIlIcen; IIOAaBaJIOCL HarrpHiKe­
HlIe C ~iK03e~COHOBCKoro rrepexo~a II BKJIIOqeHHOrO C HlIM rrOCJIeAOBa-

TeJILHO yqaCTKa HOpMaJILHOH IIJIeHKlI [38].

CBepxrrpOBOp;Jlm;Ue RBaHTOBLIe IIHTepepepoMeTpLI (CKBUp;bI)

IICrrOJIb3YIOTCJI npeiRJJ;e Bcero RaK MarHeTOMeTpLI. 11M P;O­

cTynHLI JJ;JIJI perlICTpa~IIII II3MeHeHlIJI MarHIITHOrO rrOJIJI rr~­

pJlJJ;Ra 10-10 rc npII mHplIHe nOJIOCLI nponycKaHIIJI yCTpOU­

CTBa, paBHoH 1 r~. HanOMHIIM, 'ITO ypoBeHb MarHIITHOrO

nOJIJI 3eMJIlI COCTaBJIJleT 0,5 rc. HCHo, 'ITO IICrrOJIb30BaHlIe

CTOJIb 'IYBCTBIITeJIbHLIX nplI6opOB OTKpLIBaeT COBepmeHHO

HOBLIe B03MOiRHOCTlI B pa3HLIX 06JIaCTJlX HayKII: reOJIOrlIn,

reo eplI3lIKe , 6lIoeplI3lIKe II JJ;p. TaK, HarrplIMep, B ~OCJIep;HUe

rOJJ;LI Ha'IaJIIICb IICCJIeJJ;oBaHIIJI MarHIITHLIX rrOJIelI cepp;~a

'IeJIOBeRa - TaK Ha3LIBaeMLIX MarHIITHLIX Kapp;lIorpaMM.

ORa3aJIOCb, 'ITO OHII HecyT 60JIbmyIO IIHepopMa~IIIO 0 cepp;e'I­

HOH rraTOJIOrlIII 'IeM npIIBLI'IHLIe lmeKTpOKapJJ;lIorpaMMLI.

IIO-BIIJJ;IIMOMY, ~arHIITHLIe KapJJ;lIorpaMMLI ~ 6JIlIiRaHmlIe

rOJJ;Ll Ha'IHyT IICnOJIb30BaTbCJI JJ;JIJI 60JIee TO'IHOII JJ;lIarHOCTIIKII

cepJJ;e'IHOH naTOJIOrlIlI.
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'.. ;.llnOJIb30BaHlIe CKBIIJJ;a B Ka'IeCTBe HyJIb-rrplI6opa B 06LI'I-

Jf~;~OCTIIKOBOHcxeMe n03BOJIJleT c03p;aTb BOJIbTMeTp C 'IyB­

c1JJlI~bHOCTbIO OKOJIO 10-15 B. TaKIIe nplI60pLI YiRe u IIC­

~~.ap>TCJI B epII31I'IeCKIIX JIa60paToplIJlX. YiRe CelI'IaC
~ec)COHOBCKlIe aJIeMeHTLI IICrrOJIb3YIOTCJI B pa3JIlIlIHOrO

po}@. CEq nplI60pax JJ;JIJI nplIeMa n npeo6pa30BaHlIJI aJIeK­

~MaI'IDITHOrO 1I3JIy'IeHIIJI B MIIKpOBOJIHOBOM JJ;lIana30He.

B .,aCTHOCTn, cym;eCTByeT onLIT IICrrOJIb30BaHlIJI JJ;iR03eep­

~ftbBCKoro nepexop;a B Ka'IeCTBe 'IYBCTBIITeJIbHOrO aJIeMeHTa

B '~OTeJIeCKone.

¥R8meM, HaKOHe~, Ha B03MOiRHOCTb IICnOJIb30BaHlIJI

JJ;~e~coHoBCKIIX nepeXOJJ;OB B Ka'IeCTBe aJIeMeHTOB naMJlTII

B~OrlfqeCKIIX aJIeMeHTOB B aJIeKTpOHHLIX BM'IIICJIIITeJIbHLIX

y~cTBax. IIx nplIMeHeHlIe B 8BM n03BOJIlIT yBeJIII'IIITb

~}1,eHCTBne MamlIH II YMeHbmlIT 3aTpa'IIIBaeMyIO MOm;­

HO~I>.

Ci'lIecoMHeHHo, 'ITO npaKTII'IeCKOe IICnOJIb30BaHlIe CJIa60H

CBepXnpOBOJJ;IIMOCTII 6YJJ;eT B 6JIlIiHaHmlIe rOJJ;M paCmlIpJlTbCJI

H'BJ)JJJJ; JIll CeH'IaC MomHO npeJJ;CKa3aTb, KaKlIe yp;IIBIITeJlbHLIe
peayJIbTaTLI OT aToro nOCJIeJJ;yIOT.
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PRC. 25.1. RpRBbIe HaMarHHqH­
BaHHH cBepxnpoBOARHKa BTO­
poro po,n;a: a) aaBHCHMOCTb Mar­
HHTHOil: HH,n;yKn;HH B OT BHem­
Hero nOJIH Ho• 6) aaBHCRMOCTb
nJIOTHOCTH MarHHTHoro MOMeHTa

MOT Ho•

i'C. '-,

P~;.25.2. CMemaHHoe COCTOH­

13,',',' CBepxnpOBo,n;HHKa BToporo
~. CBepxnpOBO,n;HIn;He BHxpn
~yroT npaBHJIbHyro Tpe-

;. Hyro pemeTKy. CeP!"lI\e-
~ BHXpeil: HOpMaJIbHbI (aa-
"76." mTpHXOBaHbI).

\t1POHHKHOBeHHe MarHHTHoro nOJIJI B CBepxnpOBOl\HHR
B!?po,ro pOAa npOHCXOl\HT BeCbMa CBoeoopa3HO _ B BHAe
K~TOBaHHbIX BHxpeBbIX HH- 8
~•• Raml\aJI TaKaJI HHTb (HJIII
llltx'Pb) HMeeT HOpMaJIbHyIO
Cep1l:IJ;eBHHy, KOTOpaJI npeACTaB­
Jt1tOT COOOH l\JIHHHbIH TOHKHH

Ho,pMll.JIbHbIH IJ;HJIlIHAP, BbITJI­
iIifn.tH Bl\OJIb HanpaBJIeHHJI
BHettmero MarnHTHoro nOJIJI.

n,.~~eTpnOpJIAKa ~ B HeM pa­
BeJlHyJIIO. Pal\IIYc :'}Toro IJ;HJIHH­

1I:Pil- nOpJIl\Ka AJIHHbI Kore­
pelrrHOCTH ~. BOKpyr aToro
HOpMaJIbHOrO IJ;HJIHHApa TelleT -4TCM

neaaTyxaIOm;HH CBepxnpOBO­

l\;a:tI(ltii TOK (CBepxTOK), opHeH­
TupOBaHHbIH TaK, lIT06bI C03Aa­
Ba~Moe HM MarHHTHoe nOJIe

Oi.IJlo H~npaBJIeHO BAOJIb HOP­
MailbHOH cepAIJ;eBHHbI H COBna­
l\l;iJlO no HanpaBJIeHHIO C BHem­
Jri.tItMll.rHHTHbIM nOJIeM. BHxpe­
Boi TOK aaXBaTbIBaeT 06JIaCTb

p~ycanopJIAKa A- rJIyoHHbI
HRHOBeHHJI. 8TO MomeT

'i," OOJIaCTb, cym;ecTBeHHo
n~1tmnaIOm;aJI paaMep ~, TaK

.y cBepxnpoBoAHHKOB BTO-

eX ", pOAa MomeT ObITb A~ ~.

~9AHH BHXpb HeceT OAHH KBaHT MarHHTHoro nOTOKa.
.J!:.HHKHOBeHHe BHxpeH B CBepxnpOBOAHHK CTaHOBHTCJI
li7rreTHlIecKH BbIrOAHbIM npH H o > H cl ' llpH aTOM BHXpH,

~~~~
~~~~~
~~~~
(jj~~~~

UpoHHKHYB B C
~,""'.'."'". BepxnpOBOAHHK, paCIIOJIaraIOTCJI l\pyr OT~-Ba Ha paCCTOHHHH ~A, oopa3YJI B nonepellHOM celleHHH

. HJIbHYIO TpeyrOJIbHyIO pemeTKy (pHC. 25.2).

r JI a B a 5. CBEPXIIPOBO.n;HIIKH BTOPOrO P0,U,A

§ 25. BBel\eHHe

BnepBbIe TepMHH «CBepxnpOBOl\HHK BToporo pOl\a» 6hlJI
BBel\eH A. A. A6pHKOCOBbIM [39] B ero KJIaCCHlIeCKOH pa60Te
(1957), B KOTOpOH Ho. oaae TeopHH rJI ObIJia AaHa nOCJIel\OBa­
TeJIbHaJI weHOMeHOJIOrHlleCKaJI TeOpHJI CBepXnpOBOl\HHKOB
BToporo pOl\a II 001>JICHeHbI HX MarHHTHbIe CBoHCTBa. Pa3Bl!­
THe Wll3l1KH cnepXnpOBOl\HHKOB B nOCJIel\YIOm;lIe rOl\bI 6JIe­
CTJIm;e nOl\TBepl\HJIO TeopeTHlIeCKHe npeACKaaaHIIJI.

3l\eCb MbI CTo.JIKHBaeMCJI co CJIyllaeM, Korl\o. po.aBHTlie
OlleHb MOm;Horo Ho.npo.BJIeHHJI B WllaHKe CBepXnpOBOl\HIIKOB
ObIJIO npel\onpel\eJIeHO TeopeTHlIeCKOH po.OOToH. BOJIbme Toro,
CHo.llo.JIa aTa paOOTa ObIJIa BCTpelleHa C HeKOTopbIM HeAOBe­
pHeM, HaCTOJIbKO HeOObIllHbI ObIJIH ee npeACKaaaHHJI. TOJIbKO
lIepea HeCKOJIbKO JIeT,. KOrl\a OKaaaJIOCb, liTO CJIOmHOe no­
BeAeHHe B MarnHTHOM nOJIe. CBepxnpOBOAJIm;HX CnJIaBOB R
XHMHlIeCKHX coeAHHeHHH MomHO 001>JICHHTb C eAHHOH TOllKR
apeHHJI, Korl\a nOJIyllHJIH 001>JICHeHHe orpOMHbIe KpHTHlIeCKlle
nOJIJI HeKOTopbIX CnJIaBOB H coeAHHeHHH, TeOpHJI AOpHKOCOBa
nOJIyllHJIa BceOOm;ee npHaHaHHe.

MbI yme aHaeM, liTO y CBepxnpOBOAHHKOB BToporo pOAa
aHepnIJI rpaHHIJ;bI paaAeJia MemAY HOpMaJIbHOH H cBepxnpo­
BOl\JIIIJ;eH waaaMH On. <O. ::hOil3HallHT, liTO npH OnpeAeJIeH'
HbIX yCJIOBHJIX HM aHepreTHlIeCKH BbIroAHO paCCJIOHTbCJI
B MarHHTHOM nOJIe Ha OOJIaCTH HOpMaJIbHOH H CBepXnpOBOAJI"
m;eH WaabI.

,I(eHcTBHTeJIbHO, KpHBaJI HaMarHHlIHBaHHJI AJIHHHOrO IJ;1l­
JIHHl\pa Ha CBepXnpOBO;IJ;HHKa BTOpOrO pOAa B napaJIJIeJIbnOlII

nOJIe HMeeT BHA, HaOOpameHHbIH Ha pHC. 25.1. IIOKa BHemnee

rrOJIe H o <H Cl' cpeAHee'nOJIe BHyTpH OopaaIJ;a B=O. OAnaRO
npH H cl < H o < H c2 BHyTpH CBepxnpOBOAHIIKa nOJIBJIJIeTCI!
MarHHTHoe nOJIe B, HO OHO MeHbme nOJIJI H o, H CBepXnpOBO'
AHMOCTb BCe em;e Cym;ecTByeT. llpH nOJIe H o=HC2 cpeAnee

nOJIe B CTaHOBHTCJI paBHbIM H o H CBepXnpOBOAHMOCTb
B 001>eMe nponal\aeT. TaKHM 06paaOM, y CBepXnpOBOAHHROIl
BTOpOrO pOl\a OTCyTcTByeT aW«peKT MeHccaepa-OKceH<peJIbAl!.·
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(26.1 )

(26.2)

(26.4)Jrot \76 dS = 2'lt.
o

§ 26. DOJIe OP;HHO'lHOro BHXpH

llepexop;IIM K cHcTeMaTlI'IeCKoMy HSy'leHuIO C• . 1'0 H fl MemaHlIoro
./~c. HHlIlI. a1JHeM C HaHOOJIee IIpOCTOH sa _
/1,_.Op;IIH01JHblH BIIXph. . p;a1JlI paCCMOT-

If.•. TaR, OP;llHO'lHblH BIIXph 1I0MerrreHU'1T u e':
•. , ....... L<.wc1I B vesrpaHlflIHblH
~JJepXIIpOBOP;HIIR, IIpep;CTaBJIlIeT COOOH HOpMaJIhHYIO cep e-

1JJfBY pap;lIyca ..... e II OOJIaCTh BlIxpeBblX TOKOB p;n;
'P~YIOCH Ha paccToHHlIe -A. ' npOCTlI-

.•.•.•HyC'l'h nOCTOllHHaH TeoplIlI rJI "~1 3
Ha paCCTOHHlllI r ~ e IIMeeM 11fi/2=1 B' Ha1JIIT, A~ ~.
qelDlo aTOH 1JaCThIO BRX • yp;eM saHIIMaTbClI
'."y pH.

(~~~~a~:H~~or%I~JI1I1)ea~~:c~~:T:H~:::a(14.18) MomHO

rot rot A= _1_(~ \76 _ A)
1.2 2~ •

Y'ilHTbIBall, 'lTO rot A = H, 1I0JIYlJHM lI3 (26.1)

rotH=_1_(~ \76- A)
1.2 2~ •

BasB rot 01' ooelIx lJacTeii SToro ypaBHeHU ",
un 1I0JIyqlIM

H +A2
rot rot H = ~ rot \76

2~' (26.3)

~.·JIIOOOB T01JKe BIIXpll, KpOMe ero n;eHTpa rot\76-0LT pOTOp 01' rpap;lIeHTa JIIOOOB <pYHRn;II~ paBeH- ~ ;~K
'~.".... B.. n;eHTpe BIIXPll HaXO)l;HTCH ocooall T01JKa TaM )\76 I y •

" bI nOHHTh, 'ITO TaRoe rot\78 B n;eHTpe'BHXpll. Bo-a co.
JiQJ'l'erpaJI 01' SToro B ' hMeM
i'Otoporo 0 blpameHHH no nOBepxHocTH Rpyra He-
t,". He OJIhmoro pa)l;Hyca C n;eHTpOM B ~HTpe BRXpll:

Jrot \76 dS.
o

Puc. 25.3. I\apl'uHa
CMeUIaHHOrO caCTon­
HUH llII06UH, HOJIyqeH­

HaH C HOMOJIJ;"9IO aJIeR­
TpOHHoro MllRpOCRoua

[40J.

BOSHIIKaeT CMemaHHOe COCTOllHlle, T. e. COCTOllHlle, KO­

TOpOe MOiRHO OXapaKTepllSOBaTh 1JaCTll1JHblM IIPOHIIKHOBeHlielI

MarHIITHOrO 1I0JIlI B oopasen;. IIPII aTOM B oopasn;e cym;ecT­

ByIOT BIIxpeBble HIITII. 81'0 COCTOllHlle HaOJlIOp;aeTClI B IIHTep_

BaJIe 1I0JIeH 01' H el (liepBoe KpIITll1JeCKOe 1I0JIe) P;O H e2 (BTOpoe

KpIITll1JeCKOe 1I0JIe).

BOSHIiKHyB IIpII 1I0JIe H el BIIXpeBall pemeTKa IIpOp;OJIiRaeT

cyrn;ecTBoBaTh II B 60JIee CHJIhHblX 1I0JIlIX Ho• IIpH aTOM ee

lIepHOp; yMeHhmaeTClI, IIJIOTHOCTh BHxpeH YBeJIH1JHBaeTCH.

HaKOHen;, IIpll 1I0JIe H e2 HX IIJIOTHOCTh CTaHOBIITClI TaK Be­

JIHKa, 'ITO paCCTOllHHe MeiRp;y 6JIHiRaHmHMH BIIXpllMH, T. e.

lIepHOp; pemeTKH, CTaHOBHTClI 1I0pllp;Ka ~. 81'0 SHa1JIIT, 'ITQ

BHXpH COlIpHKaCaIOTClI CBOIIMII HOpMaJIhHbIMH CepP;n;eBHHaMH

H lIapaMeTp 1I0pllp;Ka \» ooparn;aeTClI B HyJIb IIO BceMy OO'heMy

06pasn;a. IIPOHCXOP;IIT <pasoBblH lIepexop; BTOpOro pop;a B HOP­

MaJIbHOe COCTOllHHe.

Cyrn;ecTBoBaHIIe CMemaHHoro COCTOHHHH B cBepxlIpoBO)l;­

HHKax BToporo pop;a OblJIO Hap;eiRHO IIOp;TBepIRp;eHO aKcliepR­

MeHTaJIbHO. RpoMe paSJIH'IHhIX KOCBeHHblX IIOP;TBepIRp;eHRii

cyrn;ecTByIOT OJIeCTHrn;IIe IIpHMble aKclIepHMeHTbl, 1I0CTaBJIeH­

Hble HeMen;KHMH <pHsHKaMH 8ccMaHoM H TpoHOJIOM [40 j,
OHH HaHeCJIH TOHKyIO OpraHH1JecKyIO IIJIeHKy Ha Topn;eByro

1I0BepXHOCTh CBepXlIpOBOp;Hrn;ero n;HJIHHp;pa lIS cBepxlIpoBOJ\"

HIIKaBToporo pop;a H lIepeBeJIH ero B CMemaHHoe COCTOHHliIe,.

HaJIOIKHB MarHHTHoe IIOJIe. 3aTeM OHH HalIblJIHJIH Ha TOp:o,e­

ByIO IIOBepXHOCTh TOHKHH CJIOH <peppoMarHIITHoro lIopomKa.

qacTHn;bl 1I0pomKa OCep;aJIH Ha IIOBepXHOCTb OOJIee rycTO

B MeCTax Bblxop;a MarIiHTHblX CHJIOBblX JIIIHHH, T. e. B u;eJl­

Tpax BHxpeH. OTp;eJIHB saTeM OpraHH1JecKyIO IIJIeHKy OT

CBepXlIpOBop;HHKa II IIOMeCTHB ee B aJIeKTpOHHblH MHKpOCKOH,

OHII IIOJIy'lHJIII BOSMOIKHOCTh JIIOOOBaThClI KapTHHoH CMenrau­

Horo COCTOllHIIH B CBepXlIpOBop;HIIKe BToporo pop;a (pIIC. 25.3).
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HanOMHRM aCRMnTOTRlJeCKOe nOBeAeHRe 3TOM: cPYHI{JJ;IUI:

Puc. 26.1. OI-\UHO'lHblll:
BllXpb B 6ecKOHe'lHOM
cBepxnpoBOI-\HllKe. Pac­
npel-\eJIeHlle napaMeTpa
nopal-\Ka II C031-\aBaeMoro
BllxpeM MarHUTHoro nOJIa.

rAe K
o
'- cPyHKLJ;UH MaRAoHanb,rt;a, unu cPYHlUJ;Ull raHKe:Iil OT

MHUMoro apryMeHTa.

(26.8)

(26.9)

(27.1)

H (0) = 2~~2 (lnx- 0,18).

! = S1
re

~ r82 +).2 (rot 8)2] dV,

TOqnOCTbIO, oope3aB JIOrapHcPMHlJeCKYIO
MyJIbI (26.6) Ha paAHyce r= e: pacxoARMOCTb cPop-

H(O)~~lnx2,.).2 •
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(rot H)2 = H rot rot H - div [rot H, H],

IIonpaBKa MaJIO cym;ecTBeHHa TaK
Be)];eTCJI B npeAnOJIOmeHIIH ~TO ~aK1 BOOOm;e BeCb paClJeT

r .f. ,"~ •
pa'i'HlJeCKH npOCTpaHCTBeHHoe

)loro BHXpH H300pameHo Ha plIC. H;6.~~eHHe nOJIJI O)];HHOlJ-

BOJIee TOlJHO, YlJIITbIBaH H3MeHeHHe ". ( )
BHHbI BHXpJI, BeJIHlJIIHy H (0) 't' r B OOJIaC.TH cep)];n;e-

MomHO nOJIYlJHTb lJHC e
npOlUlTerpHpoBaB ypaBHeHHJI rJI [39]: I JI HHO

§ 27. lIepBoe RpUTUqeCROe none

HaH)];eM nepBoe KpHTHlJeCKOe none H
nOJ,le, npu ROTOpOM BnepBbIe CT el' T. e. TO BHemHee
rO)];HbIM cym;ecTBoBaHHe BHX JIaHOBHTCH 3HepreTHlJeCKU BbI­
BToporo po)];a. p BHyTpH CBepXnpOBO)];IDIKa

)1,JIH aTOro HaAO cnepBa HaHT 0
BUXpH, TOlJHee _ CBOOO.n;HyIO a H CBO O.n;HyIO aHepruIO

C BuxpeM 8, OTClJHTaHHYIO OT CBO~~prH~ CBepxnpOBo.n;HUKa
BO~UKa oe3 BHX H B .n;HOH aHeprlIH CBepxnpo­
T. e. A~ t 8 p. y.n;eT paccMaTpHBaTbcH CJIYlJaH x ~ 1.

<::Y s. TO - THnlIlJHO JIOH.n;OHOBC U "

nonpaBRH 3a ClJeT Vtp He C RHH CJIylJaH, Kor.n;a
BOCnOJIb30BaTbCH JIOH.n;OHOBC~:eCTBeHHbI H nO:;)TOMY MomHO
HOH aHeprnH (5.8): M BbIpameHHe~.n;JIH CBOOO)];-

r)];e HHTerpaJI oepeTcH no n
KOHelJHbIMlI napaJIJIeJIbHbIMlIPocTpaHcTBY Mem.n;y .n;ByMH oec-
HbIMH BlIxpeBoH HlITH 1I OTCTO~JIOCROCTHMlI, nepneH.n;lIKyJIJIp­

HlIU .n;pyr OT .n;pyra. BbIPameHl:lI(~~1)a e.n;lIHHlJHOM paCCTOJI­
MarHHTHOH 1I RHHeTlIlJeCROH aHep • - aTO npOCTO cyMMa
TpOHOB BlIXpJI Ha e.n;H rlIlI CBepxnpOBOAHm;lIX aJIeR­
4'OPMYJIOH HlIn;y ero AJIHHbI. BoCnOJI1>30BaBmlIcb

(26.7)

(26.6)

(26.5)

H = 2~~2 K o(riA),

{
In (1/z) npII Z <{ 1,

Ko(z) ~ Ie-IIIZ t, npH z~ 1.

TaKHM 06pa30M, cPyHKJJ;HJI K o norapHcPMRlJeCKII pacxo­

AHTCJI npH ManbIX 3HalJeHIIJIX apryMeHTa II 3KcnoHeHJJ;IIaJIbHO
cTpeMIITCJI K HyJIIO npII 60JIbillIIX. 113 cPOpMyJI (26.6) H (26.7)
cJIe,rt;yeT, lJTO B JJ;eHTpe BIIXPJI MarHIITHoe nOJIe cTpeMIITCfl
K 6ecKoHelJHOCTII. B AeM:CTBHTeJIbHOCTH, OAHaKO, 3TO He TaR,

nOCKOJIbKY 3TH cPOpMyJIbI yme He cnpaBeAJIIIBbI B6JIH3II HOP'
MaJIbHoft cepAJJ;eBHHbI BHXPJI (paARyca ,..,,~). II03TOMY nOJIe
mlXpJI B ero JJ;eHTpe MomHO nOJIylJHTb C JIOrapRcPMHlJeCKOii
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rpaHRlJHOe yCJIOBRe AJIJI ,nora ypaBHeHRJI: H (00 )=0. Pe­

illeHlle :;)Toro ypaBHeHRJI:

rAe e
v

_ eAIIHIPIHbIM: Belnap, HanpaBneHHbIM: BAonb BRXpH.

B pe3YJIbTaTe BMeCTO (26.3) MbI RMeeM cneAYIOm;ee ypaB-

HeHRe:

l'1TaK, rot va - :;)TO TaKaH <PYHKJJ;RH, KOTopaH BCIOAY KpoMe
JJ;eHTpa mlXpH paBHa HyJIIO. B JJ;eHTpe BRXpJI OHa paBHa 6ec­
KOHelJHOCTR, HO ee RHTerpaJI, corJIaCHO (26.4), paBeH 27t.
8TO nOJIHOCTbIO aHaJIOrRlJHO nOBeAeHRIO O-cPYHKJJ;RR, R MhI

MomeM 3anRcaTb cJIeAyIOm;ee paBeHCTBO:

rot \76 = 2,.0 (r) eo'



H

6= ;7': ~ H(H+).,2 rotrotH)dV.

Y"'IHTblBaa, "'ITO H ;o;OJImHO y;o;OBJIeTBopaTb ypaBHeHH10 (26.5),

HMeeM
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(27.5)

(27.3')(
<Po )2

e = 47':A (In x +0,08).

9 B. B. mMH/{T

n.yaToii .pOpMyJIbl aCHO BII,lJ;HO, 'ITO ,lJ;JIa ;O;OCTaTOqHO cJIa6oro
~Hero nOJIa H o IIMeeM $ >°II 06paaOBauIIe Buxpa
~reTHqeCKII HeBblrO,lJ;HO. ao cym;eCTByeT TaKoe nOJIe H el ,

fl(eP - nJIOTUOCTb CBo6o;IJ;HOH 3uepruu. IIoCKOJIbKY Ho ­
a~~ Buemuee MarHIITHoe nOJIe, ero MomHO BblHeCTH 3a auaK
JUf~erpaJIa B (27.4). Tor;o;a, B CUJIy Toro, 'ITO BHXpb HeceT
0Alla KBaHT MarHIITuoro nOTOKa <Do, UMeeM

fJX4lvHo - Buemuee MarUUTuoe nOJIe, a cBo6o;IJ;uaa 3ueprua
e.lUlBH~ ;o;JIUHbl Buxpa paBua e. r

,1l;eHcTBHTeJIbUO, corJIacuo (3.15), nJIOTUOCTb rn66coB­
CR()it cBo6o;o;uoii 3uepruu paBua

G= F - BHo/41t,

BllXpa npHHaTb paBHblM e. IIcnoJIbaya tPOpMyJIY (15.9),
ne'l'py;o;Ho nOKaaaTb, "'ITO 3Ta 3HeprHa paBHa

1(4~~r ~(~oAY lnx.

Bonee TO"'IHblH yqeT BKJIa;o;a OT 3HeprIIII KOH;o;eHca~HH HOp­
MaJIbHOH cep;o;~eBIIHbl ;o;aeT CJIe;O;Y1Om;y1O OKOH'IaTeJIbHY1O
~9PMYJIY ;IJ;JIa 3HeprIIII BlIxpeBOH HIITII:

IifTaK, 1I3 nOCJIe;IJ;HeH tPOpMyJIbl CJIe;o;yeT, qTO 3HeprlIa
oJlltll0'IHOrO BlIxpa nOJIOmIITeJIbHa, T. e. 6ea BHemHero nOJIa
B~P1O 3HepreTIIqeCKH HeBblrO;IJ;HO OCTaBaTbCa BHYTPII cBepx­
n'pQBO;O;HIIKa. CJIe;O;OBaTeJIbHO, eCJIII Ha MacclIBHblH cBepx­
nI

'
9PO;o;HIIK BToporo po;o;a HaJIOmlITb cJIa60e MarHHTHoe nOJIe,

BUXpH em;e He 06paaY1OTca - HeBblrO;O;HO. By;o;eT 06bl"'IHOe
,YeiCCHepOBCKoe COCToaHlIe, KaK II B CBepxnpOBO;O;HIIKe nep­
lI()ro po;o;a. Haii;o;eM, npH KaKOM me nOJIe CTaHeT BnepBble
BLlfO;IJ;HblM 06paaOBaHHe BHxpeii B CBepxnpOBO;O;HHKe BTOpOfO
pO;o;Il.

~bl yme aHaeM, qTO ;O;JIa CBepxnpOBO;IJ;HIIKa B aa;o;aHHOM
Bn¢mHeM MafHUTHOM nOJIe B COCToaHUU paBHOBecua MUHU­
MllJIbUOH 6y;o;eT fH66cOBCKaa CBo6o;IJ;uaa 3ueprua $, KOTopaa
AJI,~eAHUU~bl ;o;JIUUbl nuxpa 6y;o;eT paBua

$=e- ~ B4~o dV, .. (27.4)

(27.3)

(27.2)
e= :~ H (0).

IIMeeM

6= i7': ~ H(H+).,2 rotrotH)dV _).,2 ~ div[rotH, H]dV.

BoCnOJIbaOBaBmIICb TeopeM~H raycca~ npeo6paayeM BTOpoii

IIHTerpaJI B nOBepXHOCTHblII:

~ div [rot H, H] dV = ~ [rot H, H] dS,

u 6epeTca no 6eCKOHe"'IHO y;o;a-
r;o;e nOBepxHocTHblII HHTerpaJI -0 z-1 (npen-

u II no nJIOCKOCTaM z- II - "
JIeHHOII nOBe~~:oBc::p, b HanpaBJIeH B;o;OJIb OCH z). IIoCKOJIbKY
nOJIaraeTCa, z-o II z=1 TOH nepneH;O;HKyJIapeH nJIOCKOCTaM - ,
BeKTOp H H] HT B nJIOCKOCTax z=o H z=1, a Be1\-
BeKTOp [rot, JIem yJIapeH nOaTOMy nO;O;blHTerpaJIbHOC
TOp dS lIM nepneH;O;IIK, C ;o;pyroR
BblpameHIIe Ha 03TlIX nJIOCK:Ta~o;;~=YO :~;:~TerpaJIbHOe

POHbl H _ npII r - , u

CTO, 10 II Ha 6ecKOHe"'IHO y;o;aJIeHHOII no-
BblpameHHe paBHO HyJI
BepXHOCTII. IIo3TOMY

~ div[rotH, H]dV=O
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RR'umaH C IWTOpOrO rJj CTanOBHTCH OTpnI(aTeJIbHbIM, T. e.
BnXpb CTaHOUnTCH 3HepreTU~eCKH BbIrO,lJ;HbIM 06paaOBaHlleM.
113 (27.5) CJIe;nycT, ~TO

H el = 41ts!(f)o' (27.6)

BOCilOJIbaOBaBmncb cPopMyJIoii (27 .3'), rrOJIY~HM nepBoe
KpnTlI~eCI\Oe rrOJIe CBepxnpOBo,a;mma BToporo po,a;a:

H el = 4:;2 (In it +0,08). (27.7)

CpaBHHBaH cPOpMyJIbI (27.7) II (26.8), BII,a;HM, ~TO nepBoe
KPIITJIlIeCIWe nOJIe rrpnMepno B 2 paaa MeHbme rrOJIH B IJ;eHTpe
O)J,nHO~Horo BnxpH.

IIop;~epKRcM eIIJ;C paa, ~TO 3TlI On;eHRII cnpaBe,a;JIIIBbI ,lJ;JUI
cBepxrrpoBop;HIIKOB C it ~ 1 II IIMeIOT JIorapmIJMH~ecKYlO

TO~HOCTb.

lIoJIe H el - cpaBHIITeJIbHO cJIaooe rrOJIe. ,I(eHcTBHTeJIbHO,
nYCTb it ~ 100, Hom~103 8, Tor)J,a Hel-30 8.

§ 28. B3aIIMO,lJ;eHCTBUe Buxpeii:

B npep;bI,lJ;yII(eM naparpalf>e ObIJIH paCCMOTpeHbI CBoiicTBa
O)J,HHO~Horo BIIXpH. Ho B CMemaHHOM COCTOHHUH ux MHoro
II onu ClIJIbHO p;pyr C ;npyroM BaaIIMo.n;eiicTBYIOT. Hama aa­
.n;a~a - nOHHTb, KaK OHlI BaalIMo.n;eiicTByIOT.

,I(JIH 3Toro paCCMOTplIM rrapy napaJIJIeJIbHbIX BlIxpei\:
o.n;noro HanpaBJIeHIIH B oearpaH~HoM CBepxnpOBO,lJ;HlIKe.
lIycTb, KaR IT paHbme, it ~ 1. IIoRa paCCTOHHlIe Mem,a;y
HIIMll OOJIbme A, OHII He {('IYBCTBYIOTl) .n;pyr ;npyra. Ho BOT
paCCTOHHHe COKpaTllJIOCb ;no BeJIII~IIHbI MeHbmeii A. Tor,a;a
cep;nn;eBlma nepBoro BIIXpH ORaSbIBaeTCH B OOJIaCTII CBepx­
TOKOB ;npyroro BllXpH II HaooopoT. 8Ta cHTyaI(IIH lIao6pameHa
Ha plIC. 28.1. 113 3Toro pllcyHKa BII,lJ;HO, 'ITO CROpOCTlI CBepx­
TeRy'leii KOMnOHeHTbI 3JIeKTpOnHoii )Im;nKOCTll cnpaBa OT
nepBoro BIIXpH 1I CJIeBa OT BToporo CRJIa;nbIBaIOTCH, a Mem,a;y
BHXpHMII - BbI'IHTaIOTCH. 8TO aHa~HT, ~TO B OOJIacnr, He­
rrocpe;nCTBeHHO nplIMbIKaIOIIJ;eH R Cep;nI(eBHHe rrepBoro BlIXpJI
(cnpaBa OT Hee), ;naBJIeHHe rro aaKoHy EepHYJIJIH MeHbIIIe,
~eM CJIeBa OT cep;nn;eBHHbI. CJIe;nOBaTeJIbHO, Ha cep;nn;eBHHy
rrepBoro BlIXpH .n;eiicTByeT paSHOCTb oepHyJIJIHeBCKIIX ;naBJIe­
HlIii CJIeBa HarrpaBO. IIpoBe;nH aHaJIOrII'IHOe paCCMOTpeHlle
.n;JIH BTOporo BIIXpH, YBII)l;lIM, ~TO O;nHOIIMeHHLIe rrapaJIJIeJII,­
HMe BIIXpU OTTamnIBaIOTCH. TIpu 3TOM ClIJIR BSRHMO;nenCTDlIJI
ORaSbIBaeTCH rrplIJIOmellHOii TOJI},J{O K HOpMaJlblJoii cep,a;n;e­
BlIHe.
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fipnBe,lJ;eM TenepI> paCqOT cnJt .. u

BHxpeit. IIycTb KOOP,lJ;HHaTliI C hI BaaHMO,lJ;enCTnlIH .D.Byx
COOTBeTCTBeHIlO r n C ept(n;eBlIH BIlxpeiI 1 II 2 OY.D.YT
• u 1 r 2• OrJIaCHO (5 8)
ABYX BHxpeH B cBepxrrpOBO,lJ;HHRe • tlHepruH CHCTellfhl
&Toro me cBepxnpOBO,IJ;HIIRa 0 ,0TCq~TaHHaH OT 3HeprnH

e3 BlIxpeH, paBHa

J. $'= 8~ JlH2+A2
(rot H)2] dV. (28.1)

~:& H - nOJIHoe MarHIITHoe II
~yrBlIxpeH. 8TO IIOJIe AOJI1I\HO ~TOJIe, c03AaHHoe ClICTeMOH

J,lJ;oBJIeTBOpHTb ypaBHeHlIID,

28.1. BaalIMo,qeiicTBu9 napaJIJleJIbHLIX
O,ll;HoUMeHHLI~ BJIxpeii.

(28.2)
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na'IIlIIaJI C IWTOpOrO $ CTaHOBMTCJI OTplln,aTeJlbHhIM, T. e.
BUXpb CTaH013UTCJI :mepreTU'IeCRll BhIroAHhIM OOpaaOBaHlleM.
l1a (27.5) CJIeAyeT, 'ITO

H c1 = 4rceJrf>o. (27.6)

BOCrrOJIbaOBaBmucb wopMyJIoii (27.3'), nOJIy'IllM rrepBoe
1'.pMTII'IeCROe nOJIe cBepxnpOBOAHJIRa BToporo pOAa:

H e1 = 4:{2 (In it+0,08). (27.7)

CpaBHUnaJI WOpMyJIhI (27.7) II (26.8), BIIAlIM, 'ITO nepBoe
RplITII'IeCIWe nOJIe rrplIMepHO B 2 paaa MeHbme nOJIJI B n,eHTpe
0AlIHO'IHOrO BlIXpJI.

IIoA'IepRHeM eIIl,e paa, 'ITO STII on,eHRlI cnpaBeAJIMBI>I AJUI
CBepxnpOBOAHllIWB C x ~ 1 II lIMeIOT JIOrapllWMII'IecRyIO
TO'IHOCTb.

IIOJIe He1 - cpaBHIITeJIbHO CJIaOoe nOJIe. ,l(eiicTBIITeJIbHO,
nYCTb x ~ 100, Hem~103 8, TorAa He1,,",30 8.

§ 28. BsalIMoAeHcTBHe BHxpeH

B npeAI>IAYIIl,eM naparpaWe OI>IJIH paCCMOTpeHI>I cBoiicTBa
0AllHO'IHoro BllXpJI. Ho B CMemaHHOM COCTOJIHIIll llX MHoro
II OHII CIIJIbHO APyr C APyroM BaallMoAeiicTBYIOT. Hama aa­
Aa'Ia - nOHJITb, RaR OHII BaaIIMoAeiicTBYIOT.

,I(JIJI aToro paCCMOTpHM napy napaJIJIeJIbHI>IX BIIxpeii
OAHoro HarrpaBJIeHllJI B oearpaHH'IHOM CBepxnpOBOAHHRe.
IIycTb, RaR II paHbme, ,,~1. IIoRa paCCTOJIHIIe MemAY
HHMII OOJIbme A, OHII He «'IyBCTByIOT» APyr APyra. Ho BOT
paCCTOJIHlle CORpaTIIJIOCb AO BeJIII'IllHI>I MeHbIDeii A. TorAa
cepAn,eBllHa nepBoro BHXpJI ORaabIBaeTCJI B OOJIaCTll cBepx­
TOROB Apyroro BllXpJI II HaooopoT. 8Ta cllTyan,IIJI llaoopameHa
Ha pllC. 28.1. l1a SToro pllcyHRa BIIAHO, 'ITO CROpOCTII CBepx­
TeRY'!eii ROMnOHeHTI>I ::JJIeRTpOHHOii mUAROCTll cnpaBa OT
nepBoro BllXpJI II CJIeBa OT BToporo CRJIaAI>InaIOTCJI, a MeiI\AY
BllXPJIMII - BI>I'IIITaIOTCJI. 8TO aHa'IllT, 'ITO B OOJIaCTH, He­
nocpeACTBeHHO npllMI>IRaIOIIl,eii R cepAn,enllHe nepBoro BHxpn
(cnpaBa OT Hee), AaBJIeHlIe no aaRoHy BepnYJIJIII Menbme,
'IeM CJIeBa OT cepAn,enUHI>I. CJIeAOBaTeJIbHO, Ha cepAn,eBllHY
nepBoro BIIXpJI AeiicTByeT paaHOCTb oepHyJIJIIIeBCRllX AaBJIe­
Hllii CJIeBa HanpaBO. IIpOBeAJI aHaJIOrll'IHOe paCCMOTpeHlIe
AJIJI BTOporo BllXpJI, yBIIABM, 'ITO 0AHOIIMeHHl>1e napaJIJIeJIb­
HI>Ie Bllxpn OTTamnIBaIOTCJI. IIpn aTOM CIIJI8 B88BMOAeHCTnlIJl
ORa3bIBaeTCJI npIIJIOmellHOii TOJIbI{O R HOpMaJIl>llOii cepAn,e­
BlIHe.
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?~~
;1~;;~'

.(;'~lt npHBeAeM Tellept P[\CqOT C
·;!i~DBxpe:it. IIycTl> ROOp)l;HnaT IIJIhI BaaIIMOAenCTBllH )l;ByX
~OOTBeTCTBeHno 1 Ill. Ccep)l;Il,eBlln BIlxpeii 1 II 2 UYAyT
i'1J,BYX BlIxpeii B c~e xn 2 0 orJIacno (5.8) 3neprIlJI CHCTellfhI
!M'oro me cBepx p P BO)l;nlIRe, OTC'IlITannaJI OT ::JneprlIH
. npoBOAHHRa oe3 BIIxpeii, panHa
> ..

Qjr = 8: J[H2+ ).2 (rot H)2] dV. (28.1)

8Aecb H - nOJInoe MarHlITHoe
.P;SYX BlIxpeii. ::ho nOJIe )l;OJIm nOJIe, C03)l;annoe ClICTeMOH

, no Y)l;oBJIeTBOpJITb ypaBneHlIIO
t ,

(28.2)

• .IIe H (11) - 3TO nOJIe B
OlIT 113 nOJIJI, C03)l;anHoro ~e:~pe nepBoro BlIXpJI. Ono

peM 11 113 nOJIJI H ( ) OM D;eHTpe CaMHM nepBhIM
H~M OT nepBO~~ Xn'a C03)l;annoro TaM BTopm,I BHxpeM,

paCCTOJInHH x-I I Tno. CKa3aTb H 0 nOJIe H ( ) -- 11-r2· 0 me
12 •
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TorAa lI3 (28.2) CJIeAyeT, 'ITO

'7' - 28 +~ 2Hw.(X),
Q7' - 81t

(28.3)

MomeT ABHraTbCH IJ!\OJIb IlITpUXOHOll JllIUHlI, rrpoBelWHHOH ncpllcHAllKY­
JHlpHO oTpe3KY ab '1epe3 ero cepeAuHy. HaiiTu CIIJlY, AellcTBYJO~YlO

Ha BTOT BHXpb, Korp;a OH HaXOp;UTCJI Ha paCCTOJIHIIU x OT JlHHUU abo
Bce paCCTOJIHUJI Mcmp;y BHXpJIMll 3Ha'll1TeJlbHO MeHbIIIe A, a %;y 1.

x

P.o. 28.2. R "","0 28.1. ~[-- "------8
,I(Ba BllXpJI aaKpellJleHbl [
Ha paCCTOJIHllll d. TpeTn:iI
BUXpb MomeT p;BlIraTbCJI
BP;OJlb IIITpllXOBOii JlUHlIli.

(28.4)CPoH 1l (x)
U (x) = 41t •

"He'prHH OAliHO'lHOrO BlIXpR, onpeAeJIReMaR ¢op­
rAe 8 - "

MyJIOll (27.3'). (28 3) O'leBliAeH: nepBoe CJIaraeMOe -
CMbICJI ¢OPMYJIbI . U IOIIl,lIX Blixpeii, BTopoe CJIa-

:meprllH AByX HeB3aM:l\mAellcTBY eiiCTBliR 0603Ha'lliM ee 'Ie-
raeMoe - 9HeprllR lIX B3allMOA .

pe3 U (x):
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xcp2o
f = 41t2). 2 x2 + (d/2)2'

.nJIOTHOCTh C03p;aHHoro BTIIM BlIxpeM TOKa B TO'lKe Ha paCCTOJIHlIlI r
OT IJ;eHTpa 6YAeT

P e III e H n e. IIOCKO.'lblty MarHIITuoe IlOJle, c03AaHHoe OP;HUM
BlixpeM Ha paCCTOJIHlIll r (r <:g A) OT Hero, paBHO COrJ1aCHO (26.6) 11

(26.7)

• C CPo
1 = 41t 21tA. 2r •

Terrepb (28.6), rrOJly'llIM OKOH'IaTeJlbHO, 'ITO BlIXpb 6yp;eT
OT']?aJlKllBa,rbCJI OT JlUHlIli ab C CUJlOll:

<Po A.
H = 21tA 2 In r '

llarrpan.IIeIIH()ll: BP;OJ1b IIITpliXOnOll: JlllHlnI.

§ 29. BTopoe RpHTHlJeCROe none

B OP;HOpOP;HOM CBepxnpOBop;HHKe BToporo pop;a CMemaH­
Doe COCTOHHHe xapaKTepll3yeTcH npaBlIJIbHOii, 06bI'IHO Tpe­
yronbHoii, BlixpeBoii pemeTKoii. ITo Mepe yBeJIlI'IeHHH BHem­
~,ero nonR nepllop; pemeTRlI yMeHbmaeTCH, II Rorp;a OH yMeHb­
maeTCH p;o BeJIlI'IllHbI nopHAKa P;JIHHbI KorepeHTHoCTH ~,

.• npOHCXOP;HT ¢a30BbIii nepexop; BToporo pop;a 113 CMemaHHoro
COCTOHHlIR B HOP?rIaJIbHoe. 8TO npOHCXOP;HT, Kor,n;a BHemHee
pOJIe ,n;OCTHraeT 3Ha'leHHR BToporo KplITlI'IeCKOro nOJIH H C2 '

He npOBop;H TO'lHOro paC'IeTa, MbI MomeM OIl,eHlITb IIOpR­
.n;OR BeJIH'IlIHbI H c2 Ha OCHOBaHliH CJIe,n;yIOIIl,IIX co06pameHlIii.
,D;JIH ,n;ByX pR,n;OM paCIIOJIOmeHHbIX BlIxpeii, Haxo,n;HIIl,lIXCH Ha
paccTORHlIlI ~ p;pyr OT ,n;pyra, 3TO paccToRHlIe ~ 6y,n;eT mlIplI-
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(28.6)

(28.5)

. OCTb ToKa, HaBeAeHHoro nepBbIM BlixpeM
rAe 112 (x) - nJIOTH lITCR cepAn;eBllHa BToporo BlIXpH (llJIlI
B TO'lKe, rAe Haxop;
Hao6oPOT), lIMeeM

cnOJlOiKelia
• Tb CTOpoHHero TOKa B MecTe, rp;e pa

rAe l - nJIOTHOC _ lP
ceplTTTeBll:Ha Blixpa, <1>0 - e. o·

1-\.... II aa-
rra aJlJleJlbHblX cBepxrrpoBOAIII1l;UX BUXP ac-

3al\a'la 28.1. ABa b p 6e3rpaHU'IHOM cBepxrrpoBoAHuKe Ha p Ka
KperrJleHbl B TO'lKaX a U B( uc 28.2). TpeTUll: BUXpb Toro me alIa
CToalIUII d APyr OT APyra p •

Clma B3allMoAeiicTBllR ABYX Bllxpeii, npllxoARIIl,aHcR Ha ep;ll­

HlIn;y lIX AJIlIHbI, O'leBllp;HO, paBHa

dU CPo dH 12

t=-dX=-~-ax·

x Blixpeii, corJIaCHO
¥'IliTbIBaH, 'ITO AJIH p;ByX napaJIJIeJIbHbI

ypaBHeHlIHM MaKCBeJIJIa ,

E!E..=~ j12(X),
dx C



(29.1)

Tor~a llJIOTHOCTb TORa 6YAeT j = (cj41t) d/J jdr. 3TO Aae'!'

";'2,cHem1/1 = 41t -).-.

34Me'lanue. Ha :noro pe3YJIbTaTa CJIe~yeT, 'ITO llJIOTHOCTb TORa
118 paCCTOJIHRU e OT u;eHTpa BlIXpJI IlIlIeeT UOPJI~OK TOKa paCnapIlBaHrUl
(Cp. c (18.5)).

38A8q8 29.4. CBepxnpOBOp;JIlU;UH CUJIan HMeeT He2= 150 1\3,
'lC=96. HaftTn 3HeprllJO OP;llHO'lHOrO nuxpJI. CpaBHllTb C 3Heprneii KOH­
~eaC8U;HH B cepp;u;eBllHe BHXpJI.

P e m e H H e. 3HaJI H e2, HaxoAnM e=4,69.10-7 CM. oTCJOp;a,
3H8JI x, HaxoAuM A=4,50.1O-!! CM. TenepL, IlCnOJIb3YJI (27.3), HMeeM
&=6,12.10-7 3pr/cM. CepAu;eBllHa BIlXpJI HOpMaJIbHaJI, U03TOMY WlOT­
HooTb ee 3Hepruu 60JIbme nJIOTHOCTU 3Heprull oKpymaJOm;ell cpep;LI
SIl BeJIlI'lllHy H~m /81'0. Il03ToMy 3HeprUJI cepAu;enHHhI panHa H~me2/8,
ecJIH CqUTaTb pap;uyc cepAu;eBIlHLI paBHLlM ~. 3Ta 3HeprIlJI B HameH
3llJ(aqe panH8 3,33.10-8 3pr/cM, T. e. BO MHoro pa3 MeHbme 3JIeKTpO­
MarHIlTHOii 3HeprIlIl nIlXpJI e.
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i=cdM/dx.

§ 30. 06paTuMLdi MaI'HUTHhIB MOMeHT

CBepxnpOBO~HHRa BToporo po~a

HaH~eM BhIpameHue ~JIH MarHHTHoro MOMeHTa e~HHH~hI

OO'LeMa CBepXnpOBO~HUKaBToporo po~a, Kor~a OH HaXO~HTCH

11 CMemaHHOM COCTOHHUH U Korp:a BHemHee nOJIe H o~ H el•

HHI>IMH CJIOBaMlI, MbI 6y~eM HCKaTb 3aBHCUMOCTb M (Ho)•
3Ty 3a~a'lY, KOHellHO, MO}KHO 61>1310 61>1 pemaTh 06J>I1JHI>IM

enoco60M, BapbHpyH 3HeprHIO CHCTeMbI H HaXO~H paBHOBec­

,.<>e 3Ha'leHHe MarHHTHoro MOMeHTa. Ho MbI npHMeHHM O~HH

',:,ReCKOJIbKO HCKyccTBeHHI>IH npueM, KOTOpbIH n03BOJIlIT HaM

ey~ecTBeHHO COKpaTHTb BbIKJIa~KH.

, TIYCTb MaCCHBHbIH ~HJIHH~P H3 CBepxnpOBO~HHKaBToporo

po~a, 06pa3YIO~aH KOToporo napaJIJIeJIbHa OCR Z, nOMe~eH

• npO~OJIbHOe MarHHTHoe nOJIe H o• TIYCTh ~JIUHa KorepeHT­

J[OCTH e3aBHCHT OT Koopp:HHaT~ x H nYCTb (~JIH onpe~eJIeH­

BOCTH) OHa MOHOTOHHO B03paCTaeT C yBeJIHlleHUeM x. fJIy6HHa

UBpoHIIKHoBeHHH A OT X He 3aBHCHT. 3TO 3Ha'lHT, llTO H e2
"~CTllHeT Tome 3aBHceTh OT x H 6y~eT YMeHbmaTbCH C yBeJIHlle­

,~t beM x. TIPH TaKRX yCJIOBHHX nJIOTHOCTb MarHUTHoro nOTOKa

',< (HJIH HH~YK~HH) B Tome CTaHeT ifJYHK~Heii x, a 3TO 3Ha'IIIT,
'ITO no 061>eMY 06pa3~a noil~eT TOK B HanpaBJIeHHU OCH y:

. c dB
] = 4,,; ax·

fJ
'0,\ Ho B=Ho+41tM, nOBTOMY HCRO, 'ITO M=M(x), T. e •

J
l;\'

~.

: ~.

~~,

(29.2)

'" u al1TaJI rnweT
lOBO HID;Illl cnJIan 111100lUl - T

3aAaqa 29.2. CBepxlll II; Boe KpnTlI'leCKOe norre.
H

c
o=4000 3 II 1<=3. O~eHnTb nep
• Omeem. H c1 =244.3. THOCTb BllxpeBoro ToKa Ha paccToRRIlH

38Aa'Ia 29.3. HaRTu nJIO CBe xnpoBOp;RllKe C 1<?? 1-
r= ~ OT ~eHTpa OP;llRO'lROrO BllXl~ ~ llo~e Ha paccTORHIllJ r ~ E

• P e III e H II e. IlOcKorrbltY ~ .,
cOfrracno (26.6) U (15.9) paBHO

1/2 Hem K (r)
H (r)= 1< 0 T .

onpe)l.eJIeHIUI P:JIlIHhI lwre­
3Ta 4JOpMYJIa OlleHb yp:06Ha p:JIH a CBH3bIBB,eT eC JIerKO

peHTHoCTH e. )J;eilcTBUTeJIbHO, poP:Z:.ruHoil _ BTOPbIM KpH­
3KcnepHMeHTaJIbHO H3MepHeMoll B

THlleCKHM noJIeM.
cBepxnpoBop;HID;ero CIlJraBa

38A8q8 29.1. BTopoe KPUTlI'lKecoleweTenp~~~TTIIHaMlI'leCKOe nOJIe paBHO
" ero KpUTIl'leC • " JlH Y 3TOfOpaBHo 30 K<1, a 6 POHIlKHoBeHIIH MarnIlTHoro no.

15003. qeMY panna rJIY IIHa n
cIlJIana? _

_ 1_1/~ = 1,4.8 . 10-5 CM.
Omeem. A = II r 4,,;em

. '0'1 )l.OCTlIraTb 3Ha~nrreJlh­
BTOPOC KPWfU'lCCIWC' nono MOlt II ~ 10'1 3 1I~ICC~1

HhIX nCJIU'llIH. TaI{, upn )( ~ 10 1I . em

He2.~ 10' 3. ('15(') ./~H ,...=e(l) j27tA~, 4JOP1.1YJIY
IX $I .hOPMYlIY •. il v .... cm 0
.nCIIOJIb3Y '1' • _) j" JIOrIW nOJly'IllM

(2\).2) II Bblpan;CIIlIC p:JI$I )(---, ;,

1>0 = '27te2H e2•
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.. , .. ''il'''lll !illl"
, ' ,,, 11 )O~WfI:YT1{(\ MC,h,L(j;, J'" "

lwJi. ClJ(\pXnpOB())J,}lIl~ll () II' ) ,c l"c,nOP11 - ,)10 TOHKun
cc. PiITlCBlIHUHll. 1,) 00 - , OIIrarr

MllJILHhl;o1II ~.,'-' ~ -1' B c 17 6hIJIO ITQRaaaHO, llTO r "
nrreIIRa TOJIIIl,IIIIbI ,> 10 '3 ><arHHTHOM nOJIe coBep-

• ~ M napaJIJIeJIbHOM ,u
nJIOHRa BO BHem.Ie, HopMaJIbHOe COCT011-

u 'OVQTT BTOporo pop:a B "
maeT 4Ja30BhIll nep A '"' jd' d _ TOJIIIl,IIHa nJIeHi~II.

IT IT,' H ~ II ), , I):i.e Hy ~
HHe npn OJ ~ K em JIeHRa HMeeT TOJIIIl,n >'
ECJIII me, IWR B HallieM CJIYlla~" n HopMaJII,HOC COCT011HIIC

TO MomHO oaaJP:UTb, llTO nep~~~p: ;aBHOM ~IIe",Aje. 3'10 1I

npoll30ilp:eT npn HHemIIOM ~~ ~pHTlIllecRoro nom!:
eCTb npocTaH OI\£'HRa BTOpO

Ii e2 ~ Y.fI em'



(30.2)

(30.1)
(30.5)

(30.6)

OTCIO]J,a MomHO norryqIlTh saBIICHMOCTh B (Ho):

B H cI>0 1 H e2
= 0 - 81'),.2 n---n;.

IIoJIy'IeHHLIe 4>OpMyJILI cnpaBe]J,JIIIBLI npIl yCJIOBIIII " ~ 1 II

BepHLI C JIOrapH4>MII'IeCli.OM TO'IHOCTLIO. IIcnoJIhsyeM 3TII

~OPMYJILI, 'IT06LI paCCMOTpeTb saBHCIIMOCTb M (Ho) ]J,JIH no­

JIeH Ho 6JIIISli.HX li. H e2 • IIpe]J,cTaBHB H e21Ho B BH]J,e

IInIt

norryqIIM BMeCTO (30.5)

M cI>0 I (1 + He! - Ho ) o:IJo He! - Ho
= - 321'2),.2 n . H o ;::::j - 321'2),.2 H o •

cI> )2 ( cI>0 )2 1 ),._(_0_ Inx= --, n e -
10 - 411:),. 411:11."

u II (30 1)
(30 2) H npHpaBHIIBaH npaBoII 'IaCT .,

Amp4>epeHlJ;HPYH. •
nOJIy'IIIM yCJIOBHe paBHoBecHH.

dM ( cI>0)2 1 dE
<Po dx = 41'),. Tax-

TfhlM DHXpb ]J,eMcTByeT CHJIa JIopeHlJ;a
Ho TOr]J,a Ha li.am",

1 . dM
h = - ]<Po= <Po dx ­c

u 'ITO CHCTeMa BHXpeM HaXO]J,HTCH
C ]J,pyroH CTOpOHhl, HCHO, f ]J,OJImHa 6bITb ypaBHoBemeHa
B paBHOBeCHH, n03TOMYu CHJIa L TfeHUe 3TOM BTOpOM CIWhl

u U CHJIOII IIpoHcxom", .....
li.ali.OII-TO ]J,pyroH • e- e(X) TO H C06CTBeHHaH

COBepmeHHO noHHTHO: eCJIH IITCH 4>~Hli.IJ;IIeM X, HO Tor]J,a

3HeprHH BIIXpH 10 Tome
6

CTaHO:eMCTBOBaTb CHJIa -Vs, r]J,e
HCHO, 'ITO Ha BHXpb y]J,eT '"

(CM. (27.3))

(30.l1)

(30.8)

(30.7)

JiIcnOJIbsyH (29.3), IIMeeM

-41tM = He! - Ho
41.2

Tali.HM 06paSOM, nOJIy'IeHO JIIIHeHHOe YMeHbmeHIIe IMI
npII Ho~ He2 • A. A. A6pHli.OCOBLIM [39] 6LIJI np0Be]J,eH

TO'IHLIH paC'IeT M (Ho) ]J,JIH noH 06JIaCTH nOJIeH II nOJIy'IeH

CJIe]J,yIOllJ;IIM pesyJIbTaT:

4 M He2-Ho
-1t =1,16(21.2-1)-

JIerli.O BH]J,eTb, 'ITO npH " ~ 1 MO,HHO npeHe6pe'Ib e]J,IIHH­

IJ;eM B li.pyrJILIX cli.06li.ax, H ToriJ;a TO'IHaH 4>opMyJIa (30.8)
OTJIII'IaeTCH OT npH6JIHmeHlIOM (30.7) TOJIbli.O li.034>4>IIIJ;HeH­

TOM ~1.

Pa3'bHCHIIM BOnpOC, IWTOpLIM MOIReT BLISBaTb HeiJ;OyMe­

HIIe. qTO TaRoe Hem ]J,JIH CBepXnpOBOiJ;HIIRa BToporo pOiJ;a?

B CBepxnpOBO]J,HHli.e nepBoro pOiJ;a - 3TO li.pHTH'IeCli.Oe nOJIe

MaCCHBHoro MaTepHaJIa. B 3TOM nOJIe cBepxnpoBoiJ;HHli. nepe­

XOiJ;IIT B HOpMaJIbHOe COCTOHHHe. A~'ITO me npOIICXOiJ;HT

CO CBepXnpOBOiJ;HIIROM BToporo poiJ;a B nOJIe Hem? OTBeT

COCTOHT B TOM, 'ITO HH'IerO OC06eHHOrO CO CBepXnpOBO]J,HHli.OM

BTOpOro pOiJ;a B nOJIe Hem He npOHCXOiJ;HT. Ha li.pHBOM Ha­

MarHH'IHBaHHH TO'Ili.a Ho=H
CJn

HIIli.ali. He BLIiJ;eJIeHa. ,ll.JIH

CBepxnpOBOiJ;HHli.a BToporo po]J,a BeJIII'IHHy Hem HaiJ;O pac­

CMaTpIIBaTL npOCTO li.ali. Mepy BLIrO]J,HOCTII CBepxnpOBO]J,H-
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(30.3)

IIJ;aH pa3MepHOCTb
r]J,e l _ li.OHCTaHTa HHTerpIIpoBaHIIH, HMeIO

]J,JIIIHhl. M (H) B (30.3) e]J,IIHcTBeHHaH
Mhl HIIJ;eM 3aBHCHMOCTbH _ ~T~ l. HaM]J,eM 3TY 3aBHCII-

BeJIH'IIIHa, 3aBIICHIIJ;aH o~ MO~OTOHHO B03pacTaeT C yBeJIII'Ie:

MOCTb Tali.. IIocli.OJIbli.Y TO HCHO 'ITO B Heli.OTOPOII
. H MOHOTOHHO na]J,aeT, ' H 8

IDIeM X, a e2 HhlM BHemHeMy nomo o' TO
TO'Ili.e Xo nOJIe H e2 CTaHeTJ(: )=0, T. e. l= e(Xo)' C ]J,pyroM

3Ha'IIIT, 'ITO B 3TOM MeCTe rl' p:YJIa CBH3hlBaIOIIJ;aH e II H e2
CTOpoHhl HaM H3BeCTHa ,*,0 ,

, TOTTUe X HMeeM
(29.3). IIpHMeHHH ee li. -.n 0'

21tl2Ho=<Po,

HaXOTfIIM OTHomeHIIe ell:
oTRy]J,a rrerRO "
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IIO]J,CTaBJIflll (30.4) B (30.3), I1MeeM

cI>o (H e2 )11
2

111 = - 161'2),.2 In JT; ,



He.

_ ~ MdHo=H~ml8'1'.

o

OTCIOAa nOJIyqHM CJIeAYIOm,ee onpeAeJIeHlIe Hem AJIH CBepx­

npoBoAHlIKa BToporo pOAa:
Pnc. 31.1. a) BOJIUOBaS tPyHK­
IJ;HS 0/ 3apOJlhIIlIa cBepxlIpo­
BOJVIm;ero COCTOHHUX B ne­
orpaUU'leUHOM cBepxnpoBoA­
HIlKe, pa3Mep 3apOJ\hIma
- 2~, 6) TO me Anx CJly'laH
cBepxlIpOBOAHm;ero IIOJIynpo­
CTpaHCTBa, pa3Mcp 3apo-

JlhIma -~.

§ 31. IIoBepxHocTHaH CBepXnpOBO;IJ;UMOCTL.

TpeTbe KpUTUqeCKOe nOJIe

ECJIU BHemHee MarHlITHoe nOJIe H o YMeHbmaeTCH 0'1'

sHaqeHlIH H o > H e2 , TO B TOT MOMeHT, KorAa H o CTaHOBUTCH

qyTb MeHbmllM H e2 , BO BceM OO'beMe CBepxnpOBoAHlIKa BTO­

poro pOAa BOSHlIKaIOT Sap0;IJ;bImU CBepxnpOBOAlIMOCTlI, no­

HBJIHeTCH nJIOTHO ynaKoBaHHaH pemeTKa BllxpeH. IIpll aTOM

napaMeTp nopHAKa ~ MaJI (I~ I~ 1). IIPOllcxoAlIT <J!a30BbIH

nepexoA BToporo pOAa us HOpMaJIbHOrO COCTOHHIIH (Ho > H e2)

B CMemaHHoe COCTOHHlIe (Ho< H 02 )'

PaccMoTplIM sapOAbIm cnepxnpoBoAIIMOCTII, 0 KOTOpOM

TOJIbKO qTO rOBOpIlJIOCb. 8'1'0 - yqaCTOR mIlpIlHbI nopHAKa

2e (T) Mem;IJ;Y ;IJ;BYMH HOpMaJIbHbIMU cepAI~eBHHa?HI ;IJ;flYX

coceAHIIx BIIxpen. ,IJ;onCTBIITeJIbHO, OCJIU pa;IJ;uyc HOpMaJIh­

HOH Cep;IJ;~eBuHbI MbI npIlHuMaoM paBHbIM e, TO npu nJIOTHOH

ynaKoBKo BUXpOH paCCTOHHUO MOiH;IJ;y ux ~OHTpaMII OY;IJ;OT

-2e. 3aBIICIIMOCTL napa?HiTpa nopH;IJ;Ka 0'1' Koop;IJ;HHaTbI HU

JIlIHIIII, coeAHHHIo~en~eHTpI>I BlIxpen, CXO~laTIIqHO nOKasaHa

aa PIll',. 31.1, a. B aTOM CeqOHIIU Sap0;IJ;bIIll IIMeeT BIIA KOJIO­

ROJIOOOpa3HOH KpIIBOH. Tal< OY;IJ;OT BOSHIIKaTL CBopxnpOBO;IJ;H­

MOCTb npIl nOJIO H 02 B o(heMo cnepXnpOBO;IJ;HIIKa BToporo

pOAa.
OKaSbIBaOTCH, O;IJ;HaKO, qTO Ha nOBepxHocTH CBopxnpo­

BOAHIIKa, TaM fl~O OHa napaJIJIOJIbHa BHomHOMY nOJIIO, CBepx­

npOBO;IJ;IIMOCTL .MomeT CY~OCTBOBaTb :n npu OOJIOO BbICOKHX
,} nOJIHX.
;>'\

IITaK, paCCMaTpIlBaeTCH nOJIyoecKOHeqHOO CBepxn~no-

p:fl~ee rrpOCTpaHCTBO, 3aHIIMaIo~ee OOJIaCTb x >O. TaKIBr

,t' 06PU30l\f, WIO('.I\oCTb x=O RBJIHeT('.H rpaHIIJl;eii namero cnepx-j np.n."",,,. BRemn•• nama'R•• HOJ" H, napannMh,::

(30.9)

Puc. 30.1. IIpu6JIumeHue KpnuOn:
HaMarHU'lnuaHus AByMH TpeyrOJIb­
HnKaMU. TpeyroJIbHUK (1) onpeAe­
JIeH paBencTBOM -4'1tM=Ho, TP~
yrOJIbHUK (2) paBeHcTBOM -4'1tM-

=(H
02
-Ho)/[1,16 (21.2-1)].

Ho,

H~m=2 ~ (Ho-B(Ho))dHo'
o

o

~ eeT H =50 K3, 1.=60.
3~a'la 30.1. CBeP:-lIpoBoAHm;UU CII~~B :;"eMa A} IIpU BHeIIIBeM

Bbl'lUCnUTb MarHuTHblU MoMeHT eAuHU...
none H o=10 K3.

Omsem. M=-0,445 fc.

TU'leCKOe nOJle cBepxnpoBoAHm;ero cnnana
~a'la 30.2. BTopoe Kr3 a 1.=3. AnnpoKcUMUpYH KpUBYIO Ha­

Hu06uH-TaHTaJI paBHO 4~0 M '(H) AByIDl TpeyrOJIbHHKaMu, KaK nOKa­
MarHU'lUBaHIiUl CIIJlaBa - 'It 0: K UTU'leCIWe I10Jle Hel ' KpUTH'leCKOe
3auo na puc. 30.1, On;eHHTb nepB C P 'b H C OTBeToM 3aIW'lU 29.2,
Te MOAUHlU,U1'leCKOe 1I0JIe IIom'. paBUUT 01

a 110m C TO'lHblM 3Ha;~HHeM aT~~ re;~::u~;o fl.l HBnHeTCH peilleuH~
P e ill e HUe. n3 pRC. ~ e k-l~116 (2lt~-1). OTCIOAa IIol-

ypaBueHUS IIel=k (IIe:.-gf/k) ~JIeAyeT ~031.101KH0CTb On;eUHTb II~
c=193 3. 113 tP°PMYJl~ ~arHR'lHBaHlHI. TaKas on;euKa AaeT H em­
no nJIOm;aAH"nnOA ~H8~90H;a TO'IHoe' 3t1a'leBue HaxoAliTCH no tPOpMyne
cc lk/(1+k)]' e:'- I .

(29.2): H.III=942 3.
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My llepexoA CBepx-
8TY me MblCJIb MomHO nOHCHlITb no-APyro. HlIe npo-

HOpMaJIbHOe COCTOH
npoBoAHlIKa BTOporo poAa B HaMarHlIqllBaHlIe oYAeT saTpa­
1I30nAeT TorAa, KorAa Ha ero

qeHa paooTa, paBHaH FII-F.o:

· ir no cpoUBUOHI1l0 e IwpMurrhHhBf ItrrH l\aHHol'O
in.ero COCTOf[HHn. , .
~IaTOpHarra B OTCYTCTBne ~IarHMTHOro liO.If[.

FII - F.o=H~,j8'1'.



OCIl Z. B CBCpXnpOBOJl,IIHKe C IIOl~epXHOCTLIO Ha HJIOCKOCTIl

X=O MOmHO OJIn'I)l;aTb, 'ITO 3apO)l;hIill, 06pa30BaBillIlMCH B6JIIl31l

IIOBepXHOCTIl, 6y)l;eT IlMCTb cHpt!JeKTIlBHYIO illIlPIlHY nopH)l;Ka

~ (T), TaR KaR Ha HOBepXHOCTIl d~/dx=O. Ha pIlC. 31.1, 6
CXeMaTH'IeCKII 1I306pameH 3ap0)l;hIill B6JIIl31l nOBepxHocTH.

Ho H3 t!JOpMyJIhI (17.5) )l;JIH KpHTH'IeCKOrO HOJIH TOHKOM nJIeHKlI

R3BeCTHO, 'ITO YMeHbrneHHe pa3MepOB nJIeHKH yneJIH'IHBaeT

ee KpHTR'IeCROe nOJIe. ll09TOMy BO BTOpOM CJIY'lae - 3apo­

)l;hIrna B6JIH31I nOBepXHOCTII - MomHO omlI)l;aTb 60JIbrnerO

KpIITII'IeCKOrO nOJIH 06pa30BaHIlH TaRoro 3ap0)l;blrna (npIl­

OJIH3IlTeJIbHO B )l;Ba pa3a). 8TO HOBoe KpIITH'IeCKOe nOJIe MhI

OY)l;eM Ha3hIBaTb TpeTblIM KpIlTH'IeCKHM nOJIeM HJIII KpHTH'Ie­

CKIlM nOJIeM nOBepXHOCTHOM CBepXnpOBO)l;HMOCTH II 6Y)l;eM

0003Ha'laTb H oa' MarnHHHhIM paC'IeT nOKa3aJI [41], 'ITO

(31.1)

f,tl1,40,80,6

2,0

1,6

1,2

o
O?:i,6~'--7rO.'R8---l-~/,oi)"--L.--!/.2;;-...L--/f.4:--..l--/.l..s-.J

HO/H
c2

PIiIC. 31.2. 3aBHcIiIMOCTb MO~YJl
cBepxIIpOBO}J;HIiIRa OT BHemHer: IIapaMeTpa IIOpH~Ra to Ha IIoBepxHocTH

MarHIiITHoro IIOJlH IIpH pa3J1li1lJHbIX 3Ha­
lJeHHHX x [42].

1.0 1,2

HoIHc2

IiIC. 31.3. 3aBlicHMoCTb mlilpHHbI B
Hero MarHlITHoro IJOJlil IIpH C epXIIpOBO~ilm;ero CJlOil .1 OT BHem­

pa3JlIil'IllbIX 3HalJellIfflx x [ 42~

IITaK, nO)l;Be)l;eM HeKOTopble HTorIl. lIa npOBe)];eHHhIX

paccym)l;eHHn CJIe)l;yeT, 'ITO npH YMeHbilleHHlI BHernHero

MarHHTHoro nOJIH, KOr)l;a OHO )l;OCTHraeT 3HaqeHHH H ca ' Ha

nOBepXHOCTII cBepXnpoBo)l;HI:IKa B03HHKaeT TOHKHM CBepx­

npOBO)l;H~Hn CJIOH. TOmIJ;HHa 9Toro CJIOH HMeeT nOpH)l;OK

e(T). BHyTpll CBepxnpOBO)l;HHKa coxpaHHeTCH HOpMaJIbHOe

COCTOHHHe H MarHlITHoe nOJIe, paBHoe BHeillHeMY nOJIIO. B no­

BepXHOCTHOM CBepxnpOBO)l;HIIJ;eM CJIoe MarHHTHoe nOJIe 6y)];eT

HeCKOJIbKO oCJIaOJIeHO, KaK 9TO ohIBaeT y TOHKHX CBepxnpo­

BO)l;HIIJ;HX nJIeHOK BO BHeillHeM napaJIJIeJIbHOM nOJIe. 8TO

03HaqaeT, 'ITO no BHeillHen H BHyTpeHHeH nOBepXHOCTHM

CBepXnpOBO)l;H~ero CJIOH TeKyT TOKH B npOTHBOnOJIOiKHhIX

HanpaBJIeHHHX.

qTO oy)l;eT npOHCXO)l;HTb C nOBepXHOCTHhIM CBepxnpOBO­

)l;HIIJ;HM CJIOeM no Mepe )l;aJIbHeHillero YMeHbilleHHH BHeillHero

nOJIH HHme H ca? PaCqeThI nOKa3aJIH, 'ITO no Mepe yMeHbille­

HlIH nOJIH oy)l;eT YBeJIHqHBaTbCH MO)l;yJIb napaMeTpa nOpH)l;Ka

IT YBeJIlIqllBaTbCH illHpHHa CBepXnpOBO)l;HIIJ;erO CJIOH ~.

Ha pITcyHKax 31.2 IT 31.3 nOKa3aHIil nOJIeBhIe 3aBlIClIMOCTH

MO)l;yJIH napaMeTpa nopH)l;Ka to Ha nOBepXHOCTH CBepxnpo­

BO)l;HITKa IT illHplIHIil CBepXnpOBO)l;HIIJ;ero nOBepXHOCTHoro

CJIOH ~ npH pa3HhIX 3HaqeHHHX napaMeTpa x.
IIoKphITHe nOBepXHOCTH CBepXnpOBO)];HHKa HOpMaJIbHhIM

MeTaJIJIOM CHHmaeT H ca )];0 BeJIlIqHHhI OqeHb 6JIH3KOn K H C2'

IIHTepecHo OTMeTHTb, 'ITO HBJIeHlIe nOBepXHOCTHOH CBepx­

npOBO)l;HMOCTlI MomeT HaOJIIO)l;aTbCH IT y HeKOTophIX CBepx­

npOBO)l;HIIROB nepBoro po)];a. ,D;encTBHTeJIbHO, BO Bcex HaillHX

paccym)l;eHIIHX HHr)l;e He npe)l;nOJIaraJIOCb, 'ITO x >1Iy2,
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H npH :nOM nOJIy'IHJIOCb, 'ITO Hc3=1,69 HC2=1,69V2xHem'
IIoBepxHocTHaH CBepxnpOBOIJ;HMOCTb B03HHRaeT B TOM CJIy­

'Iae, eCJIH HC3 6YlJ;eT 60JIbrne Hem' T. e. eCJIH

(31.2)

TaRHM 06paSOM, nOBepXHOCTHaH CBepXnpOBOIJ;HMOCTb MOiReT

B03HHRHyTb y CBepXnpOBOIJ;HHRa nepnoro pOlJ;a, eCJIR

x> 1/1,69 V2 = 0,42.

110,HciIHM 1'onoph, nO'IeMy <PYHJUI,Il5I rJj (xo) ITMeOT TaKoH

DBp;. ECJIII XO < A, TO JUIHIlII TOKon BIIxpn M()jfilIO 1I306paSliTh

TaR, RaJ, nORasaHo lIa pIlC. 32.2, OTI{YAU BlIAHO, 'ITO CJIeBa OT

cep)J;IJ;eBUlIbJ CBepxTeKy'IaH CROpOCTh 60JIhmO, 'IOM cnpaBa,

n03ToMY Ha cepP;IJ;eBuHy BIIXpH 6YP;OT P;OHCTBOBUTh paSHOCTh

6epHYJIJIU,?BCRBX )J;~BJIeHUif. Eho IIpuBe)J;eT R 1I0HBJIOHilIO

CRJIbI, )J;elICTBYIO~eu Ha BUXph B CTOpOHy R IIOBepxHOCTU.

lITaR, BsauMO)J;elIcTBile BIIXpH C nOBepxHOcTbIO npuBop;IIT

R ero npUTHiReHIIIO R nOBepxHOcTU. HCHO, 'ITO Ty iRe CIIJIY

I (Xo) MOiRHO 6bIJIO 6h1 nOJIy'IIITh, npocTo B3HB npousBop;HyIO

t= -d/ffjdxo· (32.1)

3TRM II 06'bHCHHeTcH Ta <popMa saBIICIIMOCTII Jj (x) ROTopaH
u306paiReHa Ha puc. 32.1. 0 ,

)J.JIH HaXOiRp;eHUH CIIJIbI npUTHJReHUH BUXpH R nOBepxHocTII

!\fbI BOCnOJIb3yoMCH TaR HaSbIBaOMbIM MeTO)J;OM IIs06pameHIIH.

IIoCROJIbRY npop;nOJIaraOTCH, 'ITO x ~ 1, nOJIe COSp;aJIHOO

BUXpOM, yP;OBJIeTBOpHoT JIUHeHHoMy ypaBHOHlIJO '(26.5). IIpn

3TOM nOJIe, cosp;aHHOO BuxpeM Ha nOBopXIIOCTU cBepxnpo­

BOIJ;HIIRa, Bcer)J;a paBHO HyJIIO (;no MOiImo p;OKasaTh TO'IHO

TaR iKe, RaR ,lJ;ORaSbIBaOTCH paBeHCTBO HyJIIO nOJIH ,lJ;JIIIHHOrO

COJIeHOlIlJ;a BHO aToro COJIOHOII)J;a). TaRIIM 06paSOM MbI CTOIIM
nepe u ,

)J; JIIIHelIHbIM ypaBHOHIIeM (26.5) C HyJIenbIM rpaHII'IHbIM

YCJIOBIIOM Ha nOBepxHocTII. ,IJ;JIH JIIIHellHbIX sa)J;a'I MomHO

npuMeHHTh npllHIJ;IIn cynopnosIIIJ;IIU. 3aMoHlIM nO<lTOMY Harny
3ap;a'I u u

u y )J;pyrOll, Oil 3RBBBaJIeHTHoH. PaccMoTpIIM 6oSrpaHH'I-

UbIU cBepxnpOBO,lJ;HIIJ{ C ,lJ;ByMH nHxpHMH npOTIIBOnOJIOiIUIOrO

:;lUll-RaJ pacnOJIOmeHHbIMn n TO'IRax ±xo. HeHo, 'ITO n CIWY

HJ

38jl8lJ8 31.1. HaiiTll TpeTbe RpllTlllJeCROe nOJIe cBepxIIpOBOAJI~ero

CIIJIaBa, IIMeIO~ero RplITlIlJeCROe TepMOAIIBaMlllJeCROe IIOJIe Hcm=
=900 ;:} n rJIyollHY npoHHRHonelIlI1I >'=2500 A.

Om8em. H e3=51 900 9.
3M8lJ8 31.2. HaRTH TpeTbe RpHTlIlJeCROe nOJIe cBepxnpOBoAHHRa,

U!l1CIO~ero AJlIIBY ROrepelITHOCTH ~=90 A.
Om8em. H03=68 700 9.

§ 32. IIoBepxHocTBblH 6apbep. IIeperpeB

MeHccBeponcRoro COCTOHBHH

,I(o CRX nop MbI paCCMaTpRBaJIll TepMOIJ;BBaMR'IeCRH pan­

HoneCHbIe clITyaIJ;HB. TaR, HanpRMep, C'IHTaJIOCI>, 'ITO eCJIR

npB nepnOM RpHTlI'IeCROM nOJIe CTaHonRTCH 3HepreTR'IeCRll

nbIrOIJ;IIbIM npOIIIIRHoneBHe nBxpell B cnepxnponOIJ;HHR nToporo

pOlJ;a, TO nllxpB IJ;ellCTnBTeJIbIIO TYlJ;a npOHRRaIOT npH aTOM

nOJIe.

OIJ;HaIW 60JIee nHIIMaTeJIbHbIll aHaJIBS nORaSbInaeT, 'ITO

IJ;JIH npOHBRHoneHIUI nBxpell nHyTpb BM HyiRHO npeOIJ;OJIeTb

HeROTopbIll 3HepreTB'IeCRRll 6apnep y nOBepXHoCTH cnepx­

npOnOIJ;HIIRa.

PaCCMOTpBM nJIOcRyIO BlJ;eaJII>HO rJIalJ;RyIO nonepXHOCTb

CBepxnpOnOIJ;HBRa B OIJ;BHO'IHbIH nBxpb BHyTpB 06pasIJ;a,

napaJIJIeJIbHbIll aTOll nOBepXHOCTB. ,I(JIH ylJ;06CTBa paC'IeTOB

6YlJ;eM npelJ;noJIaraTb, 'ITO x ~ 1. BHernHee nOJIe npelJ;nOJIOiRRM

nORa paBHbIM HyJIIO. rB66cOBCRaH CB060lJ;HaH 3HeprBH $
TaRoro CBepxnpOBOIJ;HBRa C BBxpeM Hs06paiReHa Ha pBC. 32.1
RaR <pyHRIJ;BH paCCTOHHIIH Xo OT CeplJ;n;eBHHbI BBXpH IJ;O no­

BepXHOCTR. IIs aToro pBcyHRa CJIelJ;yeT npeiRlJ;e Bcero, 'ITO

TaROll OIJ;BHO'IHbIll nBxpb 6es BHemHero nOJIH, RaR B CJIeIJ;O­

BaJIO OiRBlJ;aTb, 6yp;eT HeycTOll'IBBbIM B 'ITO Ha IJ;OCTaTO'IHO

60JIbmBX paCCTOHHBHX OT nOBepXHOCTB $ 6YlJ;eT npOCTO paBHa

Cn060lJ;HOll 3HeprBB OP;BHO'IHOrO BBXpH 8. 31J;ecI> B HRiRe 3Hep­

rllH cBepxnpoBolJ;HBRa C BBxpeM OTC'IBTbInaeTCH OT aHeprllH

cnepxnpoBof!:HJIRa 6es BHXpH.
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PHC. 32.1. 38BIICHMOCTb rHoocoBCIWR
CBOOOAHOR aHeprll1l cBepxnpoBOjllIllKa
C BllxpeM OT paCCTOJIHllJI MefKAY BlIX-

peM II nOBepXHOCTbIO.

PilC. 32.2. JIIIBIlII TOlta
nHXpJI nOJl1l311 llonepx­
HOCTH cnepxnponoAHlIKa.



H = Ifo n (32.2)

CHMMeTpMII 3ap;aqH nOJIe Ha nOBepXHOCTH X=O nCIOp;y panHO

HyJIIO, a nplI x > 0 P;OJIiKHO BMnOJIHHTbCH ypaBHeHMe (26.5).
B CMJIy op;H03HaqHOCTII pemeHMH p;MtPtPepeHIJ;lIaJIbHOrO ypaB­

HeHMH, nOJIe, C03p;aHHoe aTIIMM p;ByMH nllxpHMM B nOJIynpo­

CTpaHCTBe x > 0, B TOqHOCTM panHO nOJIIO, C03p;aHHoMy OP;HMM

BMxpeM, Haxop;Hm;MMCH n ToqKe Xo, Korp;a OH paCnOJIOiKeH

BOJIM3M peaJIbHOll nonepxHocTII CBepxnpOBop;HMKa, COBnap;aIO­

m;ell C nJIOCKOCTbIO x=O.

BOK!J!JM Cn2

B cnepxnpononmm.e, Korna :mepreTIlqeCKIl npeOMBaTb BIlXPIO

B CBepxnpOBop;HIIKe HeBMrop;HO, HO P;JIH BMxop;a Hap;o npe­

op;OJIeTb aHepreTlIqeCKlIii Oapbep. IIo IIMeHII tPIl3I1KOB, BnepBMe

paCCMOTpeBmMX TaKOll oapbep, OH HOCMT Ha3BaHlIe oapbepa
BIIHa-JInBIIHrcTOHa [43l.

IIpll Ho=Hcl (CM. pIlC. 32.4) BMXpIO BnepBMe npH yneJIM­

qeHMM nOJIH CTaHOBMTCH aHepreTMqeCKII BMrop;HO cym;ecTBo­

BaTb B cnepxnpOBop;mme, HO npOHHRHOBeHHIO BIIXPH B CBepx­

npOBop;HHK MemaeT oapbep BIIHa-JIMBHHrcToHa. IIpo­

p;OJImaeM YBeJIlIqlIBaTb nOJIe H o• Bapbep nOHHmaeTCH, HO

Bce em;e cym;ecTByeT, BHXpb Bce em;e He MomeT npoHHKHyTb

B CBepxnpOBop;HIIK, no-npemHeMy (YiKe Tenepb MeTaCTaOIIJIbHO)

cym;ecTByeT MellCCHepOBCKoe COCTOHHMe. B aTOM CJIyqae

rOBopHT 0 m:iperpeBe MellccHepoBcRoro COCTOHHHH.

Bapbep nponap;aeT JIMmb npH HeKoTopoM nOJIe Ho=Hn ,

ROTopoe Ha3MBaeTCH nOJIeM neperpeBa MellccHeponcKoro
COCTOHHHH.

PaCCqMTaeM aTO nOJIe neperpena. IIycTb cepP;IJ;eBMHa BHX­

pH Haxop;HTCH n TOqKe xo' CMJIa, KOTopaH npHTHrllBaeT ero

R nOBepXHOCTII - 3TO CMJIa H300paiKeHHH, T. e. CMJIa B3aM­

Mop;ellCTBMH MemAY BMxpeM M TOKOM, c03AaBaeMMM M300pame­
HHeM. COrJIaCHO (28.6) HMeeM

I _~_c_ dH. <I>
u306p - C 41t dx 0'

PRC. 32.3. MeiiccnepOBCRllii
TOR, COSl!aHHlaii BHeIllHRM JIO­
JIeM Ho, OTTaJIRHBaeT BHXpb

OT JIOBepXHOCTH.

PRC. 32.4. fRo6coBcKaH cBooollHaH
:meprHH 01{HHO'IBOrO BnxpH RaK
<pyHKIJ;HH ero paCCTOHHllH 1{O JIO­
BepxHocTIl JIpH pasHIilx SHa'le-

HHHX Ho•

rp;e H. - nOJIe, C03AaBaeMoe BIupeM - 1I30opameHlIeM,

a (cJ4rt) (dH./dx) - TOK Il300pameHIIH B TOqKe x = Xo' CIlJIa

BsaIIMop;ellcTBIIH Me,KAY BlIxpeM II MeiiccHepoBcKIIM TOKOM
paBHa

rp;e I = 1M + IU306p - nOJIHaH CIIJIa, p;ellcTByrom;aH Ha BI1Xpb.

IIop;cTaBJIHH (32.2) II (32.3) B (32.4) II IlHTerpupyH, no­
JIyqIlM

~ ~
$ (xo)= - 4~ He (2xo) + 4~ Hoe-xo/). +const. (32.5)
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Tenepl> JIefKO nOHHTb, qTO B3aMMop;ellcTnMe BMXpH C no- .

BepXHOCTbIO (npMTHmeHMe) MO,HHO TpaKTonaTb M KaR B3aMMO­

p;ellcTBlIe BMXpH co CBOMM M300pameHlIeM (npMTHiKeHMe, TaK

KaK BMXpb - M300paiKeHMe MMeeT npoTMBOnOJIOmHMll 3HaR).

BKJIIOqMM Tenepb BHemHee nOJIe H o napaJIJIeJIbHO no­

BepxHocTM cBepxnpoBop;HIIKa, RaR aTO nOKa3aHO Ha pMC. 32.3.
Cpa3Y no nOBepXHOCTM nOllp;eT MellccHepoBcRMll TOK, KOTOpMll,

B3aIlMop;ellcTBYH C BMxpeM, HaqHeT OTTaJIRIIBaTb ero OT no­

BepXHOCTII. B pe3yJIbTaTe, C OP;HOll CTOpOHM, BMXpb npllTH­

rllBaeTCH K nOBepXHOCTM CBOMM coocTneHHMM M30opameHlIeM,

C p;pyroll CTOpOHM - OTTaJIKIIBaeTCH OT nOBepXHOCTII MellC­

cHepoBcKIIM TOKOM. BlIP; rlIooconcKoll CBOOOP;HOll aHeprlI1I

BIIXpH B aTOM CJIyqae nOKa3aH Ha plIC. 32.4. BIIP;HO, qTO npH

H o <H ol B03MomHO MeTaCTaOIIJIbHOe COCTOHHlIe BIIXpH
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1 c H oI = - - - e-x/l'<I>
M c 41t A 0'

nOCROJIbKY (c/4rt)(HoFA) e-x /). - 3TO nJIOTHOCTb

cHepoBcKoM COCTOHHIIIl.

fIlOocoBcRaH CBoooAHaH aHeprllH

(32.3)

TORa B Mellc-

(32.4)



(32.10)

PHe. 32.5. fHcTepesHc KpHBOH
HaMarHHQHBaHHH, o6yc~oB~eH­
HhIH nOBepxHocTHhIM 6apbepoM.

rp;e $ _ cBo60p;HaJI <lHeprHJI cnepxnpoBoP;IIIma C, BII:pe~~
(He aaBHCHm;aJl OT BHemHero nOJIH H o), <I> - MarHII1HbIH nov
TOR BHXpJI,. pacnOJlOmeHHOro B6J1I13Il IIonepXHOCTII. ~ p;p~r~II
CToponbI 3Ta me BeJIIItIIIHa (fj p;aeTCJI cPOpMyJlOII (3 . ).
BLlP;eJIJI~ B 3TOR 4>opMyJIe, tIJleHbI, 3anIICHlIl;IIe OT H 0' II cpan­
HHBaJI lIX C (32.10), nOJlytIIlM nbIpa~KenIIe P;JIH nOTOKa BlIXpJI,
pacnOJIOmenHOro OKOJIO nOBepxnoCTII:

o Toro rHCTepeaIIca He yp;aeTCJI OCBo60P;HTbCJI HHKaKHMII
M;P:MH no yJlytImeHHIO 06'beMnOR op;nopop;nOCTH CBepxnpo-

BOP;~~:~THbI TaKme H npJIMbIe 3KcnepHMeHTbI no H3MepeHIIIO
TlItIeCKoro nOJlJI neperpeBa MeRCCHepOBCKoro COCTOJIHHJI

jfH T ,D;e BJlya II p;e Cop60 [44] HCCJlep;OBaJlII 06paan;bI
H;~6II~K~ He60JlbmOR npIIMecblO KIICJlOpOp;a II CnJlaBbI nHO­
6HR _ TanTaJl. ECJlH 06paan;bI HMeJlH xopomyro rJlap;KyIO
nOBepxHOCTb, nOJlytIeHHYIO C nOMOm;bIO 3J1eKTpOnOJlHpOBKII,

TO P;JlJI nepBoro o6paan;a 6bIJlH -Imld
nOJlytIeHbI cJlep;YIOm;He p;aH-
HLle: Hct=580 8, He2=7000 8,
H =1360 8, Hn=1330 8 t

a c;JIJI BToporo o6paan;a H el =
=1108, H c2=1600 8, Hem
=3108, H,,=180-:--320 8. Co-
nOCTaBJleHlIe 3TIIX p;aHHbIX no­
KaabIBaeT, tITO 4>opMyJla (32.9)
p;OCTaTOtIHO Hap;emHO nop;TBep­
mp;aeTCJI ;mcnepnMeHToM.

Bo MHorlIX CJlytIaHX, op;­
HaKO 6apbep BHHa-JIHBHnr-
CTOH~ npOHBJlHeTCH cJla60. TaK, B cnepxnponoP;~HKII C mepo­
xOBaToR nOBepxnocTbIO nponuKHoneHHe BHxpeH npoHcxoP;HT

nplI H o <H n •
Onpep;eJlHM TenepL neJllltIImy MarHIITHOrO nOTOK3, co-

ap;frBaeMoro BlIxpeM, pacnOJlOmeHHbIM BUJlH31I II napa~~eJIl>H~
nJIOCROCTlI nonepxHoCTH cBepxnponop;HHKa. l1a ouru,eII 4>op
MyJlbI P;JlJI rH66coBcKorr cB060p;noll :meprHH CJIep;yeT, tITO
rH66cOBCKaJI cB060p;HaJI <lHeprHH CBepxnpOBop;HIIKa C BIupeM

paB:r;ra

(32.6)

(32.9)

(32.8)Hu~Hc",'

Hn=Hcm·

ITPH nOJlytIenHH 3TOll 4>OPYJlbI npH p;H4>4>epenn;HpoBanHn
H, (2xo) BOaHnKJla pacxop;HMOCTb B TOtIKe xo=O. 8TO nponao­
mJlo nOToMy, tITO npn xo=O BCe paCCMOTpeHHe CTaHOBHTCJI He­
BepnbIM, TaK KaK MbI He ytIHTbIBaJln npOCTpaHCTBenHbIe Ha­
MenennJI napaMeTpa nOpJIp;Ka ~. 060HTH 3Ty TPYP;HOCTb MomHO,

CtIIITaJI, tITO BIIXpb BbIXOP;IIT na nOBepxnOCTb He npn xo=OJ
a npn xo=~, Korp;a Bnxpb BbIiip;eT Ha nOBepxnOCTb CBoell
cepp;n;eBHnorr. B 3TOM npep;nOJlOmeHnH H nOJlytIeHa 4>opMyJla
(32.8). TotIHbIll paCtIeT, npoBep;ennbIR ,,l(e meHOM, nop;TBep­
P;HJI 3Ty on;eHKy:

B ;nOH 4>opMYJle' CTOHT H, (2xo), Tim KaK aTO - noM, C6'"
ap;aHHoe B TOtIKe Xo BHxpeM - na06pamenIIeM, yp;aJleHHbIM OT
aTOll TOtIKH Ha paCCTOJIHne 2xo. OCTaeTCJI onpep;eJlHTb Kon­
cTanTy IIHTerpIIpOBaHnJI. IIpIIXo -4 co nepBl.Ie p;Ba tIJleHa
B (32.5) 06pam;a1OTCJI B HyJlb. C p;pyroll CToponbI, npn Xo -4 co
BeJlHtIHna $ CTaHOBHTCJI npocTo rH66coBCKOll cB060P;HOll aHep­
rnell OP;HHOtIHOrO BHXpJI B 6earpanlItIHOM CBepxnpOBop;nHKe,
KOTOpaJI onpep;eJlJIeTCJI BbIpameHHeM (27.5). I1cnoJlbayJI 4>op­
MyJlbI (27.5) H (27.6), nOJlytIHM BbIpamenne P;JlJI KonCTanTbI
HHTerpHpOBannJI B (32.5) B BHp;e

canst =$ (co) = ~: (Hel - Ho),

HeTpyp;no npoBepHTb, tITO aTa 4>opMyJla p;aeT Ty cepHIO Kpn­
BbIX $ (xo) npn pa3HbIX anatIennJIX H o, KOTOpaJI Ha06pameHa
Ha~·pHc. 32.4.

'IIoJle neperpeBa MellccnepoBcKoro COCTOJIHnJI H u MomHO

onpep;eJlHTb Ha yCJlOBHJI, OtIeBnp;noro Ha pnc. 32.4,

d$/dxolxo=o=O. (32.7)

IIop;cTaBJlJIJI B aTO ypaBneHHe BbIpamenHe P;JlJI $ (32.6) 'iii

HcnoJlbayJI 4>OpMyJlbI (26.6) H (26.7), nOJlytIHM

Cym;ecTBoBaHlIe 6apbepa BnHa-JIHBIIHrcTOHa p;OKa-
saHO 3KcnepHMeHTaJlbHO. IIpemp;e Bcero 3TOT 6apbep npo­
JIBJlJIeTCJI B .He60JlbmOM rHCTepealIce KpHBOii HaMarHHtInBa­
HHJI OP;Hopop;Horo CBepxnpOBop;HIIKa BToporo pop;a B6J1lIaH H el •

CXeMaTHtIeCKHR npUMep TaKorr KpHaOH nOKa3aH Ha plIC. 32.5.
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R nOBepXHOCTH CBepXnpOBOll;HIIRa. 8TO JIerRO nOHHTb. IIoJI­

HIiIii MarHIITHIiIii nOTOR BHXpH MomHO sanHcaTI. B BHll;e

aOCOJIIOTHO O.n;Hopo.n;Horo oopas:u;a RpHTHlleCRHii TOK paBeH

HyJIIO.
B Heo.n;HopO.n;HOM CBepxnpOBo.n;UHKe BToporo po.n;a, Kor.n;a

cym;ecTByIOT paSHIiIe BH.n;IiI .n;e4>eRToB (rpaHH:U;IiI sepeH, BKJIIO­

lleHHJI ll;pyroii 4>asIiI, .n;HCJIORa:U;HoHHIiIe CTeHKH, CKOnJIeHHH

.n;HCJIORa:U;Hii, nopIiI H T. n.), BHXpH MoryT Ha HHX saKpenHTI.cH.

Torll;a TpeoyeTcH yme KOHellHIiIii TpaHcnopTHIiIH TOR .n;JIH HallaJIa

ll;BHmeHHH BHxpeii. 8TOT TOR cos.n;aeT TaRyIO CHJIy JIopeHIW"

ll;eiicTByrom;yIO Ha BHXpH, ROTOpoii .n;OCTaTOllHO .n;JIH OTpIiIBa

BHxpeii OT ll;e4>eRTOB. 8TH ll;e4>eRTbI llaCTO HaSIiI~aIOTCH :u;eHT­

paMH nHHHHHra, a SaRpenJIeHHe Ha HHX BHxpeH - nHHHHH­

rOM *). IIJIOTHOCTI. TORa, npH KOTOpOM HallHHaeTCH OTPIiI~

BHxpeii OT :u;eHTpOB nHHHIIHra, HaSIiIBaeTCH KpHTHlleCROll

ITJIOTiWCTI.IO TOKa j o'
RpIITHlleCRaH nJIOTHOCTI. TORa MomeT OlleHI. CHJII.HO

(Ha HeCROJII.RO nopHll;ROB) MeHHTI.CH B pe3YJII.TaTe TepMOMe­

xaHH'leCROii oopaOOTRH MaTepHaJIa, TaR RaR HBJIHeTCH llpes­

BhIllaiiuo CTpyRTypHO llYBCTBHTeJII.UbIM CBoiicTBOM. IIPII aTOM

RpHTHlleCRaH TeMnepaTypa To H BTopoe RpHTHllecKoe nOJIe H c2

MoryT npaRTHlleCRH He HSMeUHTI.CH. Y HeKOTopbIX CBepxnpo­

BOll;UHKOB, npell;HasualleUUIiIX ll;JIH I1CnOJII.SOBaUHH B CBepx­

npoBOll;Hm;HX MarHI1TaX I1JII1 ll;pyrI1X CBepxnpOBOll;Hm;HX yc­

TpoiicTBax, BeJII111I1IIa KpI1TI111eCROro TOKa MomeT ll;OCTllraTI.

sualleHHii nopHll;Ka 106
A/CM

2
•

PaCCMOTpHM MeXaHI1SM npOTeKaIII1H KpHTI111eCKOro TORa

llepes CBepxnpOBOll;HI1K BToporo pOll;a, B ROTOpOM HMeeTC~

MUOI'O :u;eHTpOB nI1HHHHra. )];JIH 1'01'0 llTOOhI TpaHcnopTHhIH

TOR meJI no BceMy CelleHI1IO CBepxnpOBOll;HI1Ka, HeooxOll;HMO,

'ITOOhI cym;ecTBOBaJIO HeOll;Hop0ll;Hoe pacnpell;eJIeUHe BHX­

peii. )];eiiCTBHTeJII.HO, nJIOTHOCTI. nOJIUoro TOKa, TeRym;ero

B ll;aHHOM MeCTe, paBHa

Xo .1':::\---\!f),
I,
,Yo,

rll;e HHTerpHpOBaHHe Bel\eTCH no nOJIynJIOCROCTH z=O.
x > 0, a H - aTO HCTHHHoe nOJIe, COSll;aHHoe BHxpeM. H;
aTO nOJIe MomHO paCCMaTpHBaTI. RaR cynepnOSH:U;HIO nOJIeii

caMoro BHXpH Hero HSOOpaJ:I\eHHH, a nOJIe H300pameHHH

HMeeT npOTHBOnOJIOmHOe HanpaBJIeHHe. B pe­

syJII.TaTe HMeeM

PilC. 32.6. R aa­
p;aqe 32.2.

3a~a:a 32.1. HauTII CIIJIY npHTHmeHIIH BIIXpH
K nJIOCKOil nOBepXHOCTII cBepxnpoBo~HIIKa, eCJIH
BIIXpb napaJIJIeJIeH nOBepxHocTII, HaxogliTcH OT
Hee Ha paCCTOHHIIII l=500 A, a rJIy6IIHa npOHilKHO-
BemIR paBHa 1.=3000 A.

OmIJem. f=(lD o/4'Jt1.)2/l=6,03.10-2 gIIH/CM2.
3a,ll;a'la 32.2. OgIIHO'lHhIU BIIXpb nOMem;eH

B6JIIIaii nOBepxHocTII cBepxnpoBogHIIKa, KOTopaH
06paayeT npHMou AByrpaHHhIu yrOJI (pIlC. 32.6).

HauTII peaYJIbTlIpyrom;yro clmy, geucTByrom;yro Ha BIIXpb, co CTO­
POHhI nOBepXHOCTI1, eCJIII 1.=1500 A, xo=400 A, Yo=600 A.

OmIJem. fx=-2,08.10-1 gIIB/CM, fg=-6,20.1O-2 gIIH/CM.
3a~a'la 32.3. HauTII CIIJIy BaalIMogeucTBIIH BIIXpH C MeHccHepoB­

CKIlM TOKOM, eCJIII BIIXpb napaJIJIeJIeH nJIOCKOU nOBepxHocTII II Haxo-
glITCH OT Hee Ha paCCTOHHIIIl l=400 A. CBepxrrpoBop;HIIK HaxoAIITCH
BO BHeIIIHeM nOJIe Ho=50 9, 1.=1000 A.

On~IJem. f= (lDoHo/4'JtI.)e- IP·= 5,52 .10-2 gIIH/CM.
3a~a'la 32.4. HaHTII rrOJIe neperpeBa MeuccHepoBcKoro COCTOH-

HIIH, eCJIII %=24, 1.=2000 A.
OmIJem. H n =lDo%/2V2'Jt1. 2=1,40.103 9.
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*) OT aHrmlucKoro CJIOBa pin - 6yJIaBKa. AOCJIOBHO pinning ­
3TO npn.mnIIJIIIBaHIIe.

HO B-<Don - cpell;Hee nOJIe B ll;aHHoM MeCT6., T. e. HanpHmeH­

HOCTI. MarHHTHoro nOJIH, ycpell;HeHHaH no OOJIaCTH, ,paSMep

ROTOpoii HaMHoro OOJII.me paccToHuHH MeJRll;y BHXpHMH, n ­
cpell;uHH nJIOTHOCTb BIIXpen B ll;aHHoM MeCTe. lis (33.1)
CJIell;yeT, 'ITO iTP OTJII111eH OT HymI B ll;aHHOM MeCT6., eCJII1 nJIOT­

HOCTI. BIupen n=n (1').
TenepI. HaM Hall;O nOHHTI., KaK BosHHKaeT TaKoe COCTOH-

§ 33. RpHTHlleCRHH TOR B cepxnpoBoll;HHRax

BTOpOI'O poll;a. RpHTHlleCRoe COCTOJlUHe

ECJIH CBepxnpOBOll;HHR BToporo pOll;a HaxOll;HTCH B CMe­

maUUOM COCTOJlHHH H B HanpaBJIeHHH, nepneHll;HRyJIHpUOM

BHXpHM, Hll;eT TpaHcnopTUIiIii TOR (T. e. TOK, C03ll;aHHIiIii RaRHM·TO

BHemUHM HCTOllHHROM), TO Ha BHXpH ll;eiicTByeT CHJIa JIo­

peH:u;a. ECJIH OIiI CBepxnpOBOll;HHR OIiIJI COBepmeHHO Oll;HO­

pOll;eH, oeSll;e4>eKTeH, TO npH JIIOOoii, CROJII. yroll;Ho MaJIOR

CHJIe JIopeH:u;a, BHXpH OIiI HallaJIH CBoe ll;BHmeHHe nOll; .n;eii­

CTBHeM aToii CHJIIiI.

B § 35 oy.n;eT nOKasaHO, lITO TaKoe ll;BHmeHHe conpOBom­

ll;aeTCJI ll:HCCHna:U;Heii aHeprHH. 8TO OSHallaeT, lITO y TaKoro
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(33.2)

PHC. 33.2. 3aBIIcIIMoCTb KpII­
TII'leCKOrO TOKa OT IIOlIepeq­
Horo MarHIITHoro IIOJIH. BlI­
p;eH ClIJIbHbIR 1I1IR-a¢¢eKT

IIpII Ho~He~'

CBoOO~Ha oT TpancnopTuoto TORa, a oCTa~bnaH ~aCTL nJI~~

CTHHbl HeceT TOI" nJIOTHOCTb ROToporo paBua RpnTUqeCIWH.

ECJIII np0,!(OJImaTI. YBeJIlIqHBaTb TOR qepes nJIaCTHuy, MbI

npup;eM R TaRoMy TORY Ie' Ror,!(a B JII060H TO'IRe nJIaCTHUbI

nJIOTHOCTI. TORa oyp;eT RpHTHqeCI\OH. Bce aTO Hso6pameuo

Ha puc. 33.1, a.
TaRoe COCTOHHHe, Ror,!(a n JIIOGOM MeCTe nonepeqUoro

CeqeHIIH nJIaCTIIHbI TeqeT RpHTHlJ:eCRHii: TOR, uaSbIBaeTCH

RpllTlIqeCRIIM COCTOHUlIeM.

HaJIOmllM TenepI. BHemuee MaruuTuoe nOJIe H o, napaJI­

JIeJII.HOe nOBepxHocTII nJIaCTHHbI H nepneU,!(HRyJIHpHOe TORY,

T. e. nOJle H o ·napaJIJIeJII.HO OCH

z.llpep;nOJIO}KIIM, 'ITO Ho ?> HI. Ie
Torp;a paCnpep;eJIeHHe TORa B nJIa­

CTDBe B RpHTHlJ:eCROM COCTOHHHII

6YAeT TaRIIM, RaR nORasaHO Ha

pllC. 33,1, 6. IIpene6peraH He­

60JIbmoii: pasHHn;eii: B nOJIHX

Ho+Hz II Ho-HI , MOrRHO CqII­

TaTb, 'ITO Bce TOqRII npOBop;HHRa

HaXOAHTCH B nOJIe Ho• IIJIOTHOCTh

RpHTH'leCRoro TORa B nOJIe H o
MeHbme, qeM B OTCYTCTBHe nOJIH,
noaToMY RpIITUqeCRHii: rpap;IIeHT L- L_.~

ITJIOTHOCTH BHxpeii: MeHI.me. 0 '\2 HfJ

)l;eii:CTBHTeJII.HO, eCJIH CHJIa

JIop~a, Aeii:cTByrom;aH Ha ep;II­

H~Y AJIHHbI BHXpH, paBHa h=
= i7pfDo/C, TO clma JlopeHn;a,

omeceHHaH R e,!(HHIIn;e 06'beMa

paBHa FL=iTpB/c, nOCROJII.RY

CYMMapHaH AJIHHa Bcex BHxpeii: B ep;HHnn;e 06'beMa paBHa

n=B/fDo' 8Ta CnJIa ypaBHoBemIIBaeTCH B CTan;HouapHOM

COCTOHHIIH CHJIOii: aaRpeIIJIeHnH Bnxpeii: Ha HeO,!(HopO,!(UOCTHX.

IIycTb YAeJII.HaH CHJIa aaRpenJIeUIIH (nnHuHura) Bnxpeii:

B eAHH~e 06'beMa paBHa Fp' Tor,!(a RpIITHlJ:eCRHU TOR }:(6JIiI{eU

YAOBJIeTBOpHTb ypaBHeHIIIO

ECJIH npeAIIOJIO}KHTb, 'ITO Fp He aaBHCIIT OT BHemHero nOJIH

Ho, TO nOJIyqHM i, ...... B-1. TaRaH aaBIICnMOCTI> RpHTnqeC­

ROro TORa ot BHemHero IIOJIH Ha6JIIOAaJIaCb BO MHornx aR­
CnepHMeHTax.

H

-d/2

PIIC. 33.1. PacrrpCj:\CJIeHlIe
nOJIJI B IIJIaCTIIHe (TOJI­
~IIHbI d) C qeHTpaMII IIlliI­
HIIHra, Iwrj:\a no IIJIaCTlIHe
Te'leT TOI{ I: a) BHeIIIHee IIOJIe
OTCyTcTByeT, II < 12 < I e ­
TOHII B nJIaCTIIHe, 6) CJIyqaii:
IIJIaCTIIHbI C TOKOM H BO BHern­
HeM nOJIe. IIoKaaaHo paclIpe­
AeJIemle B KpIITII'leCKOM co-

CTOJIHIIII.

HIIe, Ror,!(a no RceMy CeqeHIIlo cnepxnponO,!(HIIRa YCTaHaBJIn~
BaeTCH RpIlTIIqeCRaH nJIOTHOCTb TORa.

IIycTb oeCROHeqHaH nJIaCTIIHa TOJIm;I1HbI d co,!(epmIlT OqeHb

MHoro ,!(e<f!eRTon, Ha ROTOpbIX cnepxnpOBO,!(Hm;I1e BnxpIl MoryT

H xopom:> SaRpenJIHTbCH, npIl aTOM

d?> A. IIOBepXHOCTII nJIaCTIIHbI
cOBna,!(aIOT C nJIOCROCTHMII x=

0) = ±d/2. BHemHee MarHlITHOe
nOJIe H o nORa OTCyTcTByeT. HalJ:­

HeM nponycRaTb TpaHcnopTHbIU

TOR qepes nJIaCTIIHy (B Hanpa­

B.'leHIIII OCII y). CHalJ:aJIa, I<aR

II y oes,!(c><f!eI<THoro CBepxnpo­
BO,!(HIIRa, TOR nOH,!(eT no no­

BepXHOCTII nJIaCTIIHbI (a<f!<f!eRT

MeHCCHepa-OlweH<f!eJIb,!(a). Ror­

,!(a nOJIe, cos,!(aHHoe TOROM Ha

nOBepxHocTHX, HI npeBbIcIIT

nOJIe H el MaTepUaJIa nJIaCTIIHbI,

BHyTpr, nJIaCTHHbI npOHlIRHyT

BUXpII. OIUT OYJJ:YT IIMeTI, pa3­

HbW HanpaBJIeHIIH Ha npOTIIBo­

nOJIOmHbIX CTOpoHax. Ho ,!(a­

JIeI<o nHyTpb OIUI He npOHIIRuyT,
Tal, RaI, 3aHpeIIJIHIOTCH Ha lIeo,!(­

HOpO,!(UOCTHX nJIaCTIIHbI. IIPII

aTOM BOsIIIIHaeT rpa,!(IIeHT IIX

IIJIOTIIOCTII. HCHO, 'ITO aTo Gy­

,!(eT M3.RCIIMaJIblIO BOSMOiI<HbIU

rpa,!(HeUT, T. e. TaROH, ROTOPbIU

o OeCnelJ:IIBaeT npOTeRaHIIe I<pII­

THqeCI<Oro TOlm. IITaI\, ueIWTopaH

OOJIaCTb BOJIIISII nonepXUOCTeu

nJIaCTIIUbI oy,!(eT HeCTH I\pIlTIIqe­

CI\IIH TOI\, a OCTaJIbUaH lJ:aCTI. nJIa­

CTIIUbI BOOOm;e TOI\a HeCTII lIe

6y,!(eT. OTO CXeMaTUqeCI\II HSO­

opameHO Ha pIIC. 33.1, a, r,!(e nORa­

saHO pacnpe,!(eJIeHIIe MarHIITuoro

nomI BUYTPII nJIaCTIIHbI npIl TOI\e
lJ:epes nJIaCTIIuy paBHoM II (Ha e,!(I1uHIJ;y BbICOTbI nJIaCTHHbI
BJJ:0JII. OCII z).

YneJIuqIl,;"f TonepI. TOR ,!(O BOJIIIqIlHbI 12 , BHxpH, CoxpaHIIB

I\pUTUqeClnnI rpa,!(HeuT IIJIOTUOCTII (\7 n)e' npO,!(BIIHyTCH OJIHfr:e

I\ n;eHTpy. TenepI. TOJIbRO n;eHTpaJII.HaH qaCTb nJIaCTHHI,l
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I III

ECJIlI AeiPeHTM CTpyRTypl>1 CBepXnpOBOAmma, T. e. n;eHTp1!

nHHHIIHra, paCrrpeAeJIeHM XaOTHqHO, TO a6COJIroTHO meCTHaa

pemeTHa BHXpeii Ha HHX He MomeT 3aHpenHTbCH. QT06M aTo

CTaJIO rrOHHTHO, CABHHeM MMCJIeHHO TaHyro pemeTHy Ha MaJIOe

paCCTOHHHe B HarrpaBJIeHHH AeiicTBHH CHJIM JIopeHn;a. Oqe­

BHAHO, qTO ::meprHH CHCTeMM npH 3TOM He H3MeHHeTCH, TaR

KaR HOBoe XaOTHqeCHOe pacrrOJIOmeHHe n;eHTpOB rrHHHHHra

OTHOCHTeJIl>HO meCTHoii BHxpeBoii pemeTHH HHqeM He OTJIII­

qaeTCH B rrpHHn;Hrre 01' CTaporo. Apa3 HeT H3MeHeHHH ::meprlIlI,

TO HeT H B03Bpam;arom;eii CHJIM, HeT H rrHHHHHra. ,

COBceM APyraH HapTHHa B03HHRaeT, eCJIH rrpeArrOJIOmHTl>,

qTO pemeTRa BHxpeii - 31'0 yrrpyraH cpeAa. TorAa BHXplI

RamAliIii pa3 6YAyT nOAcTpaHBaTl>CH H AaHHoMy XaOTHqeCHoMY

pacnpeAeJIeHHro n;eHTpoB nHHHHHra TaH, qT061iI BCH CHCTeMa

Blupeii HMeJIa MHHHMyM 3HeprHH. II03TOMY Tenepl> yme 6YAeT

HymHo HeHoTopoe yCHJIHe, qT061iI, CABHHyB BHXpH, npeB30iiTH

npeAeJI B03Bpam;arom;eii CHJIIiI H oTopBaTb HX 01' n;eHTpoB nHH­

HHHra. JICHO, n03ToMY, qTO qeM «MHrqe» pemeTHa BHxpeii,

qeM OHa nOAaTJIHBee, TeM 60JIbme CHJIa nHHHHHra. .

PaCqeTIiI [45] nOHa3aJIH, qTO MOAyJIH ynpyrocTH BHxpeBoi!

pemeTRH YMeHbmaroTcH npH H o~ H.2 • PemeTHa CTaHOBHTca

MHrqe, a nHHHHHr CHJIl>Hee. 81'0 npHBOAHT H AOBOJIbHO

qaCTO Ha6JIroAaeMoMy mmy HpHTHqeCHOrO TOHa npH Ho - H e2
(pHC. 33.2).

§ 34. BaaHMoAeucTBHe Buxpeu C ~eHTpaMH

UHHHHHra

CYlI\eCTByeT OqeHb MHoro. BHAOB AeiPeHToB, C ROTOpliIMH

B3aHMoAeiicTByroT CBepxrrpOBOAHm;He BHXpH, H 31'0 B3aHMO­

AeiicTBHe o6eCneqHBaeT BMCORHe 3HaqeHHH RpHTHqeCHOrO

TORa. B 3TOM naparpaiPe Ml>I n03HaROMHMCH C npOCTeHmHMH Ae­

iPeRTaMH H paCCMOTpHM iPII3HqeCRHH MexaHII3M B3aHMoAei!­

CTBIIH C HIIMH CBepxnpOBOAHm;IIX BHxpeH. He06xOAIIMO, OA­

HaRo" yqIITIiIBaTb, qTO He BCHRHe AeiPeHTIiI 3iPiPeRTHBHO B3aII­

MOAeHcTByroT C BHXpHMH. TaR, BaRaHcHH, 0AHHOqHliIe npIIMec­

HliIe aTOMIiI H nOA06HMe «MeJIRHe» AeiPeRTM He3cPcPeKTHBHM.

81'0 H nOHHTHO, BeAb xapaRTepHMH pa3Mep BHXpH - AJIIIHa

RorepeHTHocTII - HaMHoro npeBocxOAHT aTOMHMH pa3Mep ­

xapaRTepHMH pa3Mep TaRoro «MeJIROro» AecPeRTa. BHXpl>

npOCTO (<He 3aMeqaeT» TaHHe MeJIOqH. Ha060poT, CTpyRTyp­

HliIe AecPeRTIiI C pa3MepaMII - ~ H 60JIl>me HBJIHroTCH BeCbMa

3cPcPeRTHBHliIMH II MoryT 06eCneqHTb 60JIbmHe nJIOTHOCTII

KpHTnqeCROrO TOHa.
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34.1. BsaHMoAeHcToue ouxpeH C UJIOCROH uooepXHOCTLffi

cBepxupoBoAHuRa. PaccMoTpIIM AJIH orrpeAeJIeHHOCTU nJIO-
yrouAeaJIl>HO OAHOpoAHyro nJIaCTuHy U3 CBepxnpOBOAHURa

~~oporo pOAa TOJIm;IIHOH d ~ A. BHemHee MarHIITHoe nOJIe

H HanpaBJIeHO napaJIJIeJIl>HO nJIOCROCTH nJIaCTUHM, npUqeM

J( ~ 1, H
el
~ H o~ H e2 • 8TO 3HaqIIT, qTO B nJIaCTHHe cy­

m;ecTByeT TpeyrOJIbHaH BHx~eBaH pemeTHa, npUqeM, nepH~A

pemeTRH a ~ d. IIoAP06HbIII paCqeT nORa3MBaeT, qTO RpaII­

HUH BuxpeBOH pHA HaxoAHTCH OT RpaH n~aCTIIHMHa paccToH­

HUU ~a H qTO a C AocTaTOqHO xopomeH TOqHOCTl>ro MomHO

CqUTaTb nocTOHHHMM no Bceii nJIaCTHHe.
ITPH BRJIroqeHHH cJIa60ro TpaHcnopTHoro TORa BAOJI~

nJI3CTUHIiI nepneHAuHyJIHpHO MarHuTHoMy nOJIro, Ha OAHOU

uS CTOpOH nJIaCTUHIiI B03HHRaeT MarHUTHoe nOJIe Ho+HII

a Ha APyroH - cooTBeTcTBeHHo H o - H II rAe HI - nOJIe,

cosAaHHoe TpaHcnopTHIiIM TOROM. HaM yme u3Be~THo, qT~
YCTOHqUBOrO COCTOHHIIH C rpaAHeHToM nJIOTHOCTeu BlIxpeH

B OABOpOAHOM CBepxnpOBOAHHRe He MomeT 6MTb, n03TOMY

peaRn;HeH BceH BHxpeBOH CTpyRTypliI Ha TaRuoii TpaHCnOpTHMH

TOR AOJImHO 6liITb meCTRoe CMem;eHHe BceH CTpyRTypliI RaR

eAIIHoro n;eJIoro B HanpaBJIeHHH CHJIM JIopeHn;a. IIOCROJIbRY

BHXplI AO CMem;eHIIH HaXOAHJIHCb B COCTOHHHH YCTOHqHBOrO

paBHOBeCIIH, nOCJIe AOCTaTOqHO MaJIOrO CMem;eHHH AOJImHa

BOSHHRHyTb B03Bpam;arom;aH CHJIa. BCH CTpyRTypa 6YAeT

ynpyro CMem;eHa Ha HeROTopoe paCCTOHHHe, onpeAeJIHeMOe

paBeHCTBOM CHJIIiI JIopeHn;a H B03Bpam;arom;eH CHJIM. ECJIH

CHJIa JIopeHn;a CMomeT BorrpeRH B03Bpam;arom;eii CHJIe CABII­

HyTb BHXplI Ha paCCTOHHHe -a, TO BHXpH 6YAyT ABHraTbCH

yme HenpepliIBHO. ,IJ;eHCTBHTeJIbHO, 'I'enepb C OAHOH CTOpOHbI

UJIaCTHHRH RpaHHHii BHxpeBOH pHA BMXOAHT Ha RpaH H YHHq­

TomaeTCH CBOHM H306pameHHeM, a C APyroH CTOpOHIiI rrJIaCTHH­

RH - YXOAIIT Ha paCCTOHHHe -a H OCTaBJIHeT MeCTO AJIH BXO­

mAeHHH B nJIaCTHHRy HOBoro BHxpeBoro pHAa. 81'01' HOBIiIH

PHA HeSaMeAJIIITeJIbHO B Hee BOHAeT H BCH cTpyRTypa nOA

BJIHHHHeM Toro me TpaHcnopTHoro ToRa CHOBa CMeCTIITCH Ha

paCCTOHHHe -a II T. A. OTcroAa MomHO 3aRJIroqHTb, qTO TpaHC­

nopTHIiIH TOR, ROTOpliIH BliI3liIBaeT CMem;eHHe CTpyRTypJl!: Ha

BeJIHqHHY -a, eCTeCTBeHHO Ha3BaTb RpHTHqeCRHM.

B COCTOHHIIH TepMOAHHaMHqeCROrO paBHOBeCHH no no­

BepXHoCTH CBepxrrpOBOAHHRa npOTeRaeT TOR HaMarHIIqH­

BaHUH 1M , onpeAemIeMIiIH pa3HocTbro MemAY nOJIeM H o Ha

nOBepxHoCTH H cpeAHHM nOJIeM B BHYTPII

IM= :7t IB-Hol=cM.
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1111 I

(34.5)

(34.6)

Cpep;HlIlI no CeqeHBfO nJIaCTUHhl nJIOTHOCTb RpUTBqeCROrO TORa

6YAeT

J = 2clMlv~
D AvBd·

STa cf!opMyJIa xopomo nOATBepmAeHa 3RcnepUMeHTOM.

IbaR, nOABeAeM HeROTopLle HToru. 06pBcyeM RpaTRO"

RaR MI>I Tenepb ceoe npeACTaBJIJIeM npOTeRaHue TpaHcnopT­

Horo ToRa no nJIaCTUHe" HaXOAlIllJ;eHCH B CMemaHHOM COCTOH­

HUU. ECJIU TOR MeHbme KpBTU1IeCKOrO, TO BHxpeBaH CTpyK­

Typa RaK eABHoe n;eJIoe ynpyro CMellJ;aeTCH Ha HeROTopoe pac­

CTOllHue ox < a nOA AeHCTBHeM CUJIhl JIopeHn;a. ITpu 3TOM

CUJIa JIopeHn;a ypaBHoBemHBaeTCH B03HBKmeH B03Bpam;afO­

llJ;eH CUJIOH H BHxpeBaH pemeTKa CTaUOBHTCH uenOABunmo:ii:.

IIepHOA pemeTKB BCfOAY nOCTOHueu, nOaTOMy B 06'I>eMe

nJlaCTBHLl TpaucnopTUhlH TOK paBeH HyJIfO. CJIeAOBaTeJIbUO,

TpaHcnopTHhlH TOK TeqeT TOJIbKO BAOJIb nOBepXHOCTeH nJIa­

CTBIILl B CJIoe nopHAKa rJIy6uuLl npOHHKUOBeUHH A.
• On;eHBMBeJIuqHHY npeAeJIbHOrO TpaHcnopTlIoro TORa,

T. e. RpUTlneCKUH TOK. IIycTb H Dl ~ 100 S1 HD2 ~ 101> S,.

B ~ 104 fc, A~ 10-5 CM, d ~ 10-4 CM. On;eHKa AJIH I M I
AaeT BeJIuqUHY ~1 fc. ITo~cTaBJIHlI 3TH 3UaQeHHH B cf!OpMyJIy

(34.6), UMeeM

ITJIOTHOCTb TORa HaMarHlPfHBaHlHI MOmHO 3anHCaTb
B BUAe .... l' H

uepnenjtHRyJI1fPHOM TORY. paHCn~pTIIhlH TOR iWCTIil'Uei'

(34.1) RPBTB1IeCROrO 3HaqeHlHI, RorAa ox CTaHOBHTCH paBHhlM
a~ (cPolB)'/,. IToAcTaBJIHH 3TO BhlpameHHe B (34.3) H npHpaB­

rAe x - paccToHH~e AaHHo:ii: TOqRH OT RpaH nJIaCTHHhl. Ha HUBaH BLlpameHHIO (34.4), nOJIyqUM

BHXpb, HaxOAHm;HHCH Ha paCCTOHHHH x OT RpaH, Ae:ii:CTByeT 2c IM IVw
o

TaRHM o6pasoM, CHJIa JIopeHIJ;a ' I D = v
A B

tM= .!:..j·McI> = IM I Wo e-X!A
c 0 A •

ECJIU BUXpb CMeCTUJICJI Ha MaJIOe paCCTOJIHue ~ t
n ox, TO M lI3-

MeHUJIaCb Ha B8JIUQUHY atw:
MwIahI I= Ve-X!Aax.

CUJIa 1M Ae:ii:cTByeT TOJIbRO Ha BHXpU, HaXOAJIm;ueCJI Ha pac­

CT~JIHHH ~~ OT RpaJI, n03TOMY nOJIHOe H3MeHeHHe CHJIhl,

AeUCTBYIOm;eB Ha BUXpB, npB CMellJ;eHBB BX Ha paCCTOJIHlIe
ax 6YAeT

IM I Wo ~ A
1.2 oX Ii""

EC'::IH Tenepb YMHOn\HTb 3TO BhlpaiReHlIe Ha ROJIBqeCTBo BUX­

peB, JIemallJ;ux Ha eAUHBqHOM oTpe3Re BAOJIb HanpaBJIeHUH

TpaHcnopTHoro TORa, T. e. Ha Va, B yMHomuTb Ha 2, qTo6hl

yqeCTb cym;ecTBoBaHue APyroro RpaJI nJIaCTBHhl, TO Mhl no­

JIyqBM OROHQaTeJIbHOe Bhlpaif~eHBe AJIJI B03Bpam;afOm;e:ii: CI1JIhl

Fno •np , npBXOAJIm;eHCJI Ha eAHImn;y nOBepXHOCTU nJIaCTI1Hhl,

F 21 Mlwo
no.np = Aa2 ax. (34.2)

YCJIOBUeM ~aBHOBeCUJI, RaR Mhl yme OTMeQaJIH, 6YAeT pa­

BeHCTBO aTOB CBJIhl CBJIe JIopeHn;a, Tome OTHeceHHOH R eAII­
HBn;e nOBepXHOCTB nJIaCTUHhl

1
dfL =c IrpB,

rAe I rp - 3TO TpaHcnopTHhl:ii: TOR, TeRym;u:ii:

B OTHeceHHhlH R eAUHBn;e AJIIIHhl nJIaCTIIHhl B
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(34.4)

no nJIaCTIIHe

HanpaBJIeUIIII,

J. ~ 105 A/cM2
•

TaRUM oopa30M,; Aame OAuopoAHhle cBepxnpOBOAHllJ;ue nJIa­

CTHHhl B CMemaHHOM COCTOHHHU cnOCOOHLl ueCTH 3HaqUTeJIb­

HLIii TpaHcnopTHhlH TOK. A Tenepb npellCTaBHM ceoe, qTO

TOJlCTall MaCCUBHaH CBepxnpOBOAHm;aH nJIaCTHHa npeACTaB­

JllIeT COOOH Haoop TaRBX TOHRBX CBepxnpOBOAHJn;UX nJIaCTIm, QT­

AeJIeHH:bIX APyr OT APyra CJIOeM AB3JIeRTpBKa BJIB HOpMaJIbHOrO

u:eTaJlJla. Tenepb TpaucnopTHhlH TOR MomeT Teqb no KamAOH

H8 8TBX nJIaCTBH (ROHeqUO, RamAhlH pa3 B CJIoe ~A OKOJlO

KpaeB 3TBX nJlaCTBH), H B n;eJIOM no BceMy CeqeHBIO HamerO

ROlQl08HTHOrO CBepxnpOBOAUBRa 6YAeT BATB 60JIbmOH TpaHC­
DOpTBHii TOR.

t1)opMyJla (34.6) HamJla HaAemHoe 3KcnepBMeUTaJIbHOe

nOATBepmAeHBe B pa60Te KeMn6eJIJIa, MBeTca H )J;bfO-Xbf03a

155



ECJIH B CBepxnpOBop;HHRe HMeeTCH He U;HJIHHp;pII'leCRaJI

n(OJIOCTb, a nopa B BHp;e npHOJIHaHTeJIbHO mapOBon UOJIOCTII

paaMep d), TO CHJIy aaRpenJIeHHH BIIXpH Ha nOJIOCTU f
nOJIyqHM Ha (34.8) pd

q:OObI ou;eHHTb, HaCROJIbRO aTa CHJIa BeJIHRa, HaMp;ellf,

RaROH TOR HymHo npouycTHTb nepneHfJ;HRYJIHPHO BIIXpro,

qTOObI OH Coap;aJI CHJIy JIopeHu;a, ROTopaH npeop;OJIeJIa obI

aTy CHJIy fpa '
CHJIa JIopeHD;a, Up~XOfJ;Hm;aHCHHa efJ;HHHD;Y P;JIIIHbI BHXpJI,

RaR HaBeCTHO, paBHa J(J}olc. CJIep;OBaTeJIbHO, Ha qaCTb P;JIIIHI>I
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[461, B ROTopon Ilay'laJIOCb BaaHlIwp;encTBIle BIlXpellbIX HI' C

C 'laCT~u;aMII HOpMaJIbHOii /fJaabI B aBTeRTII'leCROM C /fell
Pb-Bl. UJIaBr

34.2. BaaIIMOfJ;eHCTBlle BIIXPJl C nOJIOCThlO B CBe
BO~HIIRe. IIycTb B oearpaHIIQHOM CBepxupOBop;HIIRe II~~:PO'
fJ;e'J!eRT B BIIp;e_ D;IIJIIIHp;pII'leCROn UOJIOCTII. HaR BaaIIMO :col!
cTByeT C TaROII nOJIOCTblO OP;IIHOqHbIn BIIXpb, pacnOJIO ~ II­
IJl>lII napaJIJIeJIbHO nOJIOCTII? meR·

IIycTb fJ;IIaMeTp nOJIOCTII d yfJ;OBJIeTBOpHeT HepaBeHCTB'

d > ~ (T). B aTOM CJIyqae ou;eHRa aHeprIIII BaaHMop;enCTBI/'

npOBOfJ;IITCH COBceM npOCTO. ECJIH BHXpb Haxop;IITCH p;aJleK~
OT nOJIOCTII, TO B ero cepp;U;eBHHe (fJ;IIaMeTpa ~2~) cocpep;o­

TOqeHa nOJIOmHTeJIbHaH aHeprHH (OTHoCUTeJIbHO COCTOHRIIH

CBepxnpOBOfJ;HIIRa oea BHXpH), TaR RaR CepfJ;u;eBHHa BIlX H

HOpMaJIbHa, a CBOOOfJ;HaH aHeprIIH HOpMaJIbHOrO COCTOHH~H
112JIJ;;e aHeprHII CBepxnpOBOfJ;Hm;erO COCTOHHHH Ha BeJIH'lIIHy

om 7t Ha Ramp;ylO ep;HHHU;y OO'beMa. 3Ha'lHT, B Cepp;u;eBIIHe

BHXpH Ha RaiI~fJ;YlO efJ;HHHU;y ero fJ;JIIIHbI cocpep;OTO'leHa aHep­

rIIH, no UOPHfJ;RY BeJIHqHHbI paBHaH

H;m 7t~287t • (3!L 7)

ECJIII me BIIXpb npoxop;IIT qepea nOJIOCTb, T. e. npocTo aaXBa­

qeH nOJIOCTblO, TO y Hero HeT HOpMaJIbHOn cepp;u;eBHHbI II

COOTBeTCTBeHHO, aHeprIIH Bcen CIICTeMbI MeHbme Ha BeJIH'lIIH;

~4.7). OTClOfJ;a ~JIep;yeT,"'ITO BIIXpb npHTHrIIBaeTCH R nOJIOCTII.

IIJIy BaaIIMop;eIICTBIIH Ha efJ;HHIIU;Y fJ;JIIIHbI I p JIerRO Hanp;ellf,

eCJIH yqTeM,- 'ITO aHeprHH MeHHeTCH Ha BeJIH'lHHy (34.7)

npII. CMem;eHIIII BHXpH OROJIO RpaH nOJIOCTH Ha paCCTOHHIIe

~~.

(34.10)

Ae/fJeRTOM, upuAeTcH

(34.9), nOJIy'lIIM
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. _ cHom
J - 16 v2 7tA. •

CpaBH1IBaH aTy /fJopMyny C RpHTIIqeCRHM TOROM paCnapII­

BaHIIJI, ROTOpblM MbI IIayqaJIII B § 18, MbI yBIIArrM, 'ITO nOJIy­

qlIJIU BeJIlIqrrHY Toro me nOpJIARa. TaRIIM oopaaOM, qTOObl

OTOpBaTb BIIXpb OT nopbI, HymHO nporrycTuTb MaRCHMaJIbHO

BoaMomHbln AJIH CBepxnpOBOAHHRa TOR.
ECJIrr BHyTprr cBepxrrpoBoAHuRa OyAyT rrprrcyTcTBoBaTb

M1IRpOCRonII'leCRrre BRJIlOqeHHJI ArraJIeRTprrRa, TO Bce rrpe­

p;blfJ;ym;rre paccymAeHIIH coxpaHHT CBOlO CIIJIy. ECJIrr me aTO

oYfJ;YT BRJIlOqeHrrH p;pyroro HecBepxnpoBOAHm;ero MeTaJIJIa,

TO II B aTOM CJIyqae paccymAeHIIJI oCTaHyTCH crrpaBeAJIIIBblMII

(no RpanHen Mepe, no nopJIfJ;RY BeJIUqIIHbI), eCJIII paaMep

BRJIlOqeHUn oyAeT OOJIbme ~. ,I:(enCTBUTeJIbHO, TaR HaablBaeMbln

a/fJ/fJeRT OJIUaOCTU cym;ecTBeH, rpyoo rOBOpJI, TOJIbRO Ha pac­

CTOJIHIlJIX rrOpJIARa ~ OT rpaHIID;bI. TaRuM oopaaOM, paaJIIIqHble

HOpMaJIbHble BRJIlO'leHUH HBJIJIlOTCH BeCbMa a/fJ/fJeRTUBHblMII

n;eHTpaMII aaRperrJIeHUJI Buxpen B CBepxrrpOBOAHIIRe, T. e.

n;eHTpaMu nIIHHuHra. 8TIIM CBOMCTBOM mupOI\O nOJIbaYlOTCH

Hll npaRTIIRe, RorAa C nOMOm;blO MeTaJIJIyprIIqeCROH oopaOOTRU

fJ;OOUBalOTCJI cym;ecTBeHHoro YBeJIIIqeHIIH TORoHecym;eH cnO­

COOliOCTU CBepxrrpOBop;Hm;ero MaTeprraJIa.
PaCCMOTpIIM npUMep CnJIaBa Nb-Ti, ROTopbln IICrrOJIb-

ayeTCJI BO MHorux CBepxnpOBOAHm;UX yCTpoHCTBax, rAe Tpe­

OYlOTCJI OOJIbmUe RpIITUqeCRIIe TORU. 3aRaJIeHHylO C 800°C

npOBOJIORy cnJIaBa nOABepralOT RpaTRoBpeMeHHoMY (~30 MU­

HyT) oTIRury npII TeMnepaType OROJIO 400°C. IIpII aTOM CBepx­

npOBOAHm;aJI MaTpuD;a ~-/fJaabl HaqUHaeT pacnaAaTbCJI C BbI­

1i;eJIeHIIeM MIIRpoCROnIIqeCRIIX BRJIlOqeHIIn HecBepxnpoBOAJI­

m;eH a-lfJaabl. B peayJIbTaTe RpIITIIqeCRUH TOR BoapaCTaeT Ha

HeCROJIbRO nopHAROB.
RpOMe nepeqIICJIeHHblX Iw/fJeRTOB, alfJlfJeRTIIBHblMII D;eHT-

paMII nIIHHIIHra HBJIHlOTCJI TaRme AIICJIORaD;UII, p;IICJIORaD;IIOH­

Hble JlqenRII, rpaHIID;bI aepeH, rpaHIID;bI MemAY AByMH paa­

JIIf'IHblMII CBepxnpOBop;HIIRaMII.

3aAa'la 34.1. MAeaJIbHO OAHopoAHaH nJIaCTllaRa lIM-eeT IDlIpllay
1=5 MM II aaXOAIITCH BO BaemaeM MarallTaOM- nOJIe H0~ B= 18 «fe,

IIocRonbRY Hom = fPo/2 y2 7tA~ (CM. (15.9)), rrerRO norry'lUM

113 (34.10)

BHXpfl, ROTopan BaauMop;encTByeT C

CIIJla j(J}odlc._llplIpaBHHBaH ee CIIJIe fpa
. __ cH~m t
J-~<;'

(34.8)

(34.9)f pa~ H~m~d/8.



§ 35. PesucTuBHoe COCTOHHue

*) B :nux paccYJRgeHlIJIX II1bI npene6perJIII BJIUHHIIeM 3.pifJeKTa
XOJIJIa.

Yp;eJIbHOe conpOTHBJIeHHe CBepxnpoBop;HHKa, KOTopoe BOS­

HHKaeT npH TeqeHHH MarHHTHoro nOTOKa B HanpaBJIeHHH

nonepeK TpaHcnopTHoro TOKa, Ha3liIBaeTCH conpOTHBJIeHHeM

TeqeHHH nOToKa (flux-flow) H OOOSHa'IaeTCH Pi
PI = Eli"p' (35.3)

(35.5)

MCnOJIbSyH Tenepb lPOpMyJIIiI (35.2) H (35.3), npeoopaayeM

(35.4) K BHP;y

BOJIbTaMnepHaH xapaKTepHCTIIRa CBepxnpOBop;HHKa B pe­

8UCTUBHOM COCTOHHlIH IIORI'l:lanl'l Ha plIC. 35.1. Ona Ha'ln­

aa{)TCJl C HeKOToporo 3aa'lcnaa TORa (KpnTlI'IeCKOrO TORa) U

159

f
- 91'0 cHJIa TpeHHH, KOTOpyro HCn},lTLIBaeT OP;HH

rp;e "peBU e: U

BUXPI>, p;Bumym;HnCH co CKOpOCTbro VL· IIpeHeuperaH Maccou

BBXpH, BMeeM ypaBHeHHe p;BHmeHHH BHXpH B BHp;e

f"peHn. +h = O.

llepexop;H K CHJIaM, p;eiicTByrom;HM B ep;HHHn;e 06':&eMa, nOJIy­

qHM

! 1jVL = ~ Bi.p' (35.4)
'¥o C

3p;ecl> Pn - 91'0 yp;eJIbHOe conpOTHBJIeHHe CBepxnpOBop;HHKa

B HOpMaJIbHOM COCTOHHHU.
MHTepeCHO On;eHHTb nopHp;OK CKOpOCTU p;BumeHHH BHX-

peil B peaJIbHOii 3KcnepHMeHTaJIbHOH cHTyan;UH. llYCTb

B CBepxnpOBop;HHKe, Haxop;Hm;eMCH B peSUCTHB:OM~OCTOH­
HHU BOSHHKJIO 3JIeKTpH'leCKOe nOJIe E - 10- B CM npu

HHP;yttn;HH B - 104 fc. Torp;a corJIaCHO (35.2) HMeeM

cE 10 10-6 1 10-2 I'"'VL=T=3.10 300' 104 = eM v.

flOCKOJIbKY p;BHiI<eHlIe BHxpeii conpOBO}l<p;acTcH, KaK MIiI
B},Ip;eJIeHHeM 9HeprHH, MomHO C'IHTaTb, "'ITO BHXpH

B:::
TCH

B BHSKon cpep;e, H BBeCTH HeKOTOp},ln K09<p<pHn;neHT

:H3KOCTH 1j no OO},lqHOn 4>opMyJIe

f.peHBB = -1jVL,

ECJIU 1j He saBHCHT 01' MarHUTHoro nOJIH, TO PJ 6yp;eT JIUHen­

Hoi 4>yHKn;uei B. llpu HU3KUX TeMnepaTypax 9KcnepHMeHT

p;eiCTBHTeJIbHO p;aeT TaKyro 3aBHCHMOCTb PlOT nOJIH.
MCnOJIb3yH pesyJIbTaT},I 9KcnepuMeHTa P;JIH T ~ 0, HMeeM

Pn = <PoHc2/e2Tj,

'ITO MomeT CJIymuTb P;JIH oupep;eJIeHHH 3Ha'IeHHH K09<P<PH­

, n;HeHTa BHSKOCTU Tj npu HU3KUX TeMnepaTypax:

1j = He2 (0) <Pole2Pn' (35.6)
(35.1)

(35.2)

FLvL=Ej"p'

Y TIHTIiIBaH, TITO FL = i"pBIe, nOJIy'IHM

E=BvL/e.

llapaJiJIeJJbHOM IitliPOKOil: CTOpOliO Ii iJopIiOn)J;Ul<YJHlptIOM TOKY, !J'2=
=75 K3, //01=130 3. O~eHlITb KpllTIl1lecKuii: TOK nJIaCTlIHKlI.

P e ill e II U e. MCnOJIb3YH .p0PMYiIbI (27.7) II (29.3), HaxOAlIM
1.=31. lIa (27.7) HaxoAIlM A=2,1.10-~ CM. AnnpoKClilImpYH "RPIlBylO
naMarHlIQUBaHIIH IMI AByllHI TpeyrOJIbUllKaMIl (pIlC. 30.1) II IICnOJIb3YlI:
cP0PMYJIY (34.5), IIlIIeeM OROnQaTeJIbnO

I _ 2ev'i;; l H el H eZ - B
e- AvB 41t H ez - H e1 ~ 13A.

PaCCMOTpHM TeUepb,qTO UpOHCXOP;UTf Korp;a CHJIa

JIopeHn;a, C03p;aHnaH TpaHcuopTHLUI TOKOM, upeB30np;eT CHJIy

UHHHlmra, H BHXpH UpHp;yT B p;BHmeHHe, T. e. Korp;a Ha'I­

HeTCH TeqeHHe BHxpen uouepeK TpaHcuopTHoro TOKa.

MIiI cen'Iac UOKameM, 'ITO B 9TOM CJIyqae B03HHKHeT P;HC­

CHuan;HH 9HeprHH, B03HHKHeT 9JIeKTpH'IeCKOe COUpOTHBJIeHHe.

II09TOMY TaKOe COCTOHHHe Ha3liIBaeTCH peSUCTHBHIiIM.

B03HHKmee TeqeHHe MarHIiTHOrO UOJIH C03p;aeT no saKony

9JIeKTpOMarHHTHon HHp;yKn;HH cDapap;eH 9JIeKTpH'IeCKOe nOJIe

E. 31'0 nOJIe 6yp;eT HanpaBJIeHO no TOKy *). 31'0 3Ha'IHT, 'ITO

B 06':&eMe cBepxnpoBop;HHKa B03HHKaeT p;HccHnan;HH 9neprHH

Ejw IIYCTb yCTaHoBHBmaHcH CKOpOCTb Te'IeHHH BHxpen

B HanpaBJIeHHH CHJIIiI JIopeHn;a, T. e. nepneHp;HKyJIHpHO TORY

H MarHHTHOMy nomo, 6yp;eT VL. Pa60Ta B ep;HHHn;y BpeMeHH,

aaTpaqeHHaH BHemHHM HCTOqHHKOM Ha 91'0 nepep;BHmeHHe

BHxpen, 6yp;eT paBHa FLVL, rp;e F L - nJIOTHOCTb CHJILI

JIopeHn;a. HCHO, 'ITO 9TO U eCTb Ta 9HeprHH, KOTopaH BIiIp;e­

JIHeTCH B e)J;HHUn;e 06':&eMa B ep;HHHn;y BpeMeHH, T. e.
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BLIpaiRaH oTcIOp;a vL II rrOp;CTaBJIHH B (35.7), IIMeeM

V = wBa2j21tc.

v
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o 0

o 0

o 0 0o

o 0 0 0
~U1

o 0 0 0

o 0

o 0

o 0 0 0

o 0 0 0

COCTaBJIHlOm;aH C '1a-

(35.8)

PHC. 35.2. BHxpeBalI
cTpyKTypa B cBepxIIpo­
BO~HHKe BToporo po~a

~BHlI\eTCH IIO~ ~ell:CTBHeM

CHJIbI JIopeHl\a co CKO-
POCTbIO vL'

(35.7)

11 B. B. llIMlIlIT

VI
W = 21t-" .

a

HCHO, 'ITO CMem;eHIIe BIIxpeBOH pe­

meTKH TpaHCJIHJJ;IIOHHO CIIMMeTpII'IHO

C nepIIop;OM a, rrOtlTOMY MOiRHO

OlliIIp;aTb, 'ITO B HarrpHiReHHII V
6yp;eT npIIcyTeTBoBaTb rrepeMeHHaH

CTOTOH

Ho Ba2
- <lTO MarHIITHhIH nOTOl', CBH3aHHhIH C Op;HIIM/BIIxpeM,

T. e. l'BaHT nOTOl'a <Do (<Do = 1tncje). OTClOp;a

11 =nwj2e,

T: e. nOJIy'laeTcH «f!opMyJIa (21.8).
B cBepxnpoBop;HIIRax BToporo pop;a, Haxop;Hm;IIXCH B pe­

3HCTIIBHOM COCTOHHIIII, TaRYIO reHepaJJ;IIIO TPYP;HO o6Hapy­

iRHTb rroToMy, 'ITO H:a-3a CTpyl'TypHLIX HeOp;HOpO)l;HOCTeii

a cpep;HHH paaHOCTb rrOTeHJJ;HaJIOB

V Ha p;JIHHe a nepHop;a BIIxpeBOH

pemeTKH (CM. pIIC. 35.2) 6yp;eT

paBHa

IIYCTb MaCCHBHLIH CBepxnpOBop;HHK BToporo pop;a Haxo­

AHTCH B peaHCTHBHOM COCTOHHHH co Cpep;HeD: IIHp;yRJJ;HeH B.
npHMeM P;JIH rrpOCTOTLI (<lTO HHRaR He orpamr'lIIBaeT 06m:­

HOCTb HamHX paCCYiRP;eHHH), 'ITO

BHXpH 06paaYIOT KBap;paTHyIO pe-

meTKy (pHC. 35.2).
IIpOTeKaIOm;HH TpaHcrropTHLIH

1'OR I coap;aeT CHJIy JIopeHJJ;a, rrop;

BJIHHHHeM KOTOpOH BCH BHxpenaH

cTpyKTypa p;BHmeTCH co CKO­

POCTbIO VL'
IIPH <lTOM B CBepxrrpOBOp;HI1Ke

BoaHHKaeT <lJIeKTpH'IeCROe nOJIe

npH MaJILIX HanpHiReHHHX HMeeT HemmeHHLID: XapaRTep.

B <lTOH HeJIHHeHHOD: 06JIaCTH B CBepXnpOBOp;HHRe em;e HeT

CnJIOmHOrO yCTaHoBHBmerOCH Te'leHHH BlupeH. OHII CJIy­

qaHHLIM 06paaoM nepeCRaRHBaIOT OT op;Horo n;eHTpa nIIHHHHra

R p;pyroMy, <lTO 06JIacTb nOJIayqecTH, RpHna BHxpeBOH CTPYR­

TypLI.

IIPH 66JIbllIHX TORax BOJIbTaMnepHaH xapaRTepHCTHRa

CTaHOBHTCH JIHHeHHoH. 3p;eCb YiRe HMeeT MeCTO Te'leHIIe

BHxpeBOH CTpyRTypLI RaR n;eJIoro.

Cym;eCTBYIOT p;Ba onpep;eJIeHHH RpHTH'leCROrO .TORa. TOR,

npH ROTOpOM Ha'lHHaeTCH CpLIB BHxpeH C n;eHTpoB nIIHHIIara,

PHC. 35.1. BOJIbTaMIIepHaJI xa­
paKTepHcTHKa CBepXIIpOBO~HHKa

BToporo po~a co CTpyKTypHbIMH
.qe«I!eKTaMH. IIoKaaaHo ~Ba paa­
HbIX cIIoco6a OIIpe~eJIeHHH KpH­
THlJeCKOrO TOKa: 108 - CTaTHlJe-

Vc.LL_~~"'--+- ~ CKHii: KpHTHlJeCKHll: TOK, lod-
o led les ~HHaMHlJeCKHll:.

T. e. TOR 1
08

, C ROTOpOrO Ha'lIIHaeTCH BOJIbTaMnepHaH XapaK­

TepHCTHKa, HaaLIBaeTCH CTaTH'IeCRHM RpHTH'IeCKIIM TOKOM.

Ero Onpep;eJIeHHe aaBHCIIT OT '1yBcTBHTeJIbHOCTH Toro BOJIbT­

MeTpa, C nOMOm;bIO KOTOporO aaMe'laIOT nepBLIe npHaHaRII

HanpHiKeHHH (06LI'IHO ~1O-6 B) Ha 06paan;e. BLIJIII npOBe­

}J;eHLI cnen;IIaJIbHLIe tlKCnepHMeHTLI [47], '1T06LI BLIHCHIITb,

HaCKOJIbKO 3aBHCIIT onpep;eJIeHHe KpHTH'IeCKOrO TOKa OT

ypOBHH '1YBCTBH1'eJIbHOCTH BOJIbTMeTpa. OKaaaJIOCb, 'ITO npII

BHemHeM nOJIe H o~ H 02 yBeJIH'IeHHe '1yBcTBHTeJIbHOCTH Ha

MHOrO nOpHp;KOB O'leHb Hecym;ecTBeHHO HaMeHHeT Onpep;eJIe­

HHe KpHTH'IeCKOrO TOKa.

,IJ;pyroe Onpep;eJIeHHe KpHTII'IeCKorO TOKa - p;HHaMII'Ie­

CKHD: KpHTH'IeCKHH TOK I Od ' STOT TOK onpep;eJIHeTCH no

<lKCTpanOJIHn;HH npHMOJIHHeHHOro y'lacTKa BOJIbTaMnepHOH

xapaKTepHCTHKH P;O nepeCe'leHHH C OCbIO TOKOB.

OTMeTHM, B aaKJIIO'IeHIIe, HeKoTopyIO 06m;HOCTb, KOTOpyIO

MOiRHO yCMoTpeTb MeiRp;y P;iROae«f!cOHoBCKHM nepexop;OM B pe­

iRHMe p;iROae«f!coHOBCKOH reHepaJJ;HH H CBepxnpOBop;HIIKOM

BToporo pop;a B peaIICTIIBHOM COCTOHHIIH [481.
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CBepxnpOBO;rJ;Hlma BlIXpeBaH pemeTIW ;rJ;BHiReTCH He KaR e;rJ;H­

Hoe n;eJIoe, JIaMIIHapHO, a BeCbMa xaOTII'IHlJM 06pa30M, Typ­

6yJIeHTHO. O;rJ;HaKO eCJIII cnen;HaJIbHO n03a60TIITbCH 06 ynopH­

;rJ;O'IeHHII ;rJ;BHiReHHH pemeTKH, MOiRHO Ha6mo;rJ;aTb HBJIeHIIH,

xapaKTepHlJe ;rJ;JIH HeCTan;HOHapHoro alfllfleKTa ,IJ;iR03elflcona

[49].
3a,IJ;aQa 35 .1. OI~eHIITh corrpOTIIBJIeHIIe Te'IeHlUl rrOTOKa Pj, eCJIH

If 5 103 Q T -10 K H (T=4 2 1\.)=40 K3 OCTa-
BHernHee rrOJIe 0=' a,.- ,.2' ,
TO'IHOe y,IJ;eJIhHOe corrpOTIIBJIeHRe o6paSIW B HopMaJIhHOM COCTOHHIUI

P =3.10-5 OM·CM. r:
n Pc ill C H II e. lis cPOpMyJI (35.5) II (3;).6) CJIe,IJ;yeT, 'ITO Pf=

= PnB11I•2
(0). IIpIIHHMaH rrpH6JIlIJKeHHO H. 2(T)=He2 (O) (1-T

2 /n) II

B=Ho laweM Pf=-3·10-e OM·CM. '0

3a,IJ;aQa 35.2. C Kalmll CKOpOCThIO vL ,IJ;BHJKyTCJl BHXpH B rrpOBO-

JIOKe, HaxoAH~eiicJl B peSHCTlIBBOM COCTOJlH H, e~JIH npOBOJJOKa AJl~I::
HOll l=8 CM HaXOAHTCJl B MarHHTHoM nOJIe B=5 'I H rrpH 310M Ha Holl

rraAaeT HarrpHJKeHlIe U= 15 MKB-':
5OmBem. v

L
= U!lB=3,75.10 M/c.

r JI a B a 6. MlIRPOCROIIHqECRAH TEOPlIH
CBEPXIIPOBO,IJ;HMOCTII

§ 36. BBe;rJ;eHHe. 3JIeKTpoll-.poHoHHoe B38HMo;rJ;encTBHe

MexaHH3M HBJIeHHH cnepxnpOBO;rJ;IIMOCTliI CTaJI nOHHTeH

J1Hillb cnycTH 46 JIeT nOCJIe OTKplJTHH CBepxnpOBO;rJ;H­

MOCTH, KQr;rJ;a Bap;rJ;HH, Rynep liI illpHlfllflep ony6JIHKOBaJIH

CBOIO TeopHIO (TeopHH BRIn) [50].
QTo6lJ nOHHTb, C KaKHMH TPY;rJ;HOCTHMH CTOJIKHyJIHCb Teo­

peTHRH, 1J;0CTaTO'IHO C;rJ;eJIaTb TaKHe On;eHKIL Pa3HHn;a MeiH;rJ;y

cBo6o;rJ;HlJMH aHeprHHMH HOpMaJIbHOrO MeTaJIJIa H CBepxnpo­

BOAJIHRa, npHXO,lIHIn;aHCH Ha 1 CM
s

paBHa, KaK MlJ SHaeM,

BeJIH1J:HHe H~m/8'1t ~ 100 apr/cMs, eCJIH H.m~ 10s 3. B 1 CMS

CO;rJ;epiRHTCH npH6JIHSHTeJlbHO 1022 aJIeKTpOHOB npOBO;rJ;HMOCTH.

3Ba'IHT, sa CBepxnpOBO;rJ;IIMOCTb OTBe'IaeT aHeprHH npHMepHO

106/1022=10-17 apr/aJIeKTpOH ~10-0 aB/aJIeKTpoH. 3Ty

SBeprHIO ByiRHO cpaBHHTb C KyJIOHOBCKOH aHeprHeH BsaIIMO­

AeiicTBHH ~ 1 aB, npeHe6peiReHHe KOTOpOH He MemaeT npe­

RpaCBO onHcaTb MHorHe CBOHCTBa MeTaJIJIa MeTO;rJ;aMH COBpe­

MeBBon KBaHTOBOH TeopHII MeTaJIJIOB. TaKHM 06paSOM, npe;rJ;­

CTOHJIO 06'bHCHIITb ynopH;rJ;O'IeHHOe nOBe;rJ;eHlIe aJIeKTpOHOB,

KorAa COOTBeTcTByIOIJJ;aH aHeprHH Ha MHoro nopH;rJ;KOB l\IeHbme

SBeprHH ;rJ;pyrHx B3aHMO;rJ;eHCTBHH, KOTOplJMH 06lJ'IHO npe­

Be6peralOT.

IIepBlJH HaMeK Ha npupo;rJ;y MexaHIISMa CBepxnpOBO;rJ;If­

MOCTH 6lJJI nOJIy'IeH C OTKplJTIfeM IIsoTon-alfllfleKTa. HBJIeHUe

3aRJlIO'IaeTCH B TOM, 'ITO paSHlJe HSOTOIIlJ O,lIHOrO H Toro me
CBepxnpOBOAHIJJ;erO MeTaJIJIa HMelOT paSHlJe KpHTH'IeCKlIe

TeMnepaTyplJ Te, npH'IeM BlJnOJIHHeTCH TaKaH saBHCIIMOCTb:

T.Ma = const.

CTeneBb a ORaSlJBaeTCH )l;JIH 60JIbmHHCTBa aJIeMeHTOB 6JIU3ROH
R 0,5.

TaRHM 06pasoM, CTaJIO nOHHTHO, 'ITO HOHHaH pemeTRa

MeTaJlJla aRTHBHO y'IaCTByeT B COS;rJ;aHHH CBepxnpOBOAHIJJ;erO

COCTOHHHH. TeOpeTH'IeCRHH aHaJIHS nORaSaJl, 'ITO BsaHMO;rJ;eH-
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(36.1)

(36.1),

'"

Puc. 36. f. ,D;uarpaMMa, IIJIJIIOCTPIIPYIO­
~aH BllanMOAeRCTBIIe MemAY ABYMH
llJIeKTpOHaMU rrocpeAcTBoM IIcrrYCKa­
HIIH u rrOrJIO~eHIIH «lJoHoHa C IIMrrYJIb-

COM Jiq.

KOro KOJIeOaHlIH 3JIeRTpOHHOll nJIOTHOCTII B AaHHoM MeCTe

np01I30mJIO JIOKaJIbHOe YBeJIlIlJeHUe rrJIOTHOCTlI 3JIeRTpoHOB.

MOHbI Ha'IHyT npIITHrlIBaTbcH R 3TOMy MecTy II, 06JIa~aH

oOJIbmoii Maccoll, Aame nOCJIe Toro, KaK CROMneHClIpYIOT

HaOLITOK 3JIeKTpOHOB, OY~YT npO~OJImaTb CBoe nepBOHa'IaJIb­

HQe )];BlImeHlIe H npOlIaOll~eT nepeKOMneHcaU;UH. Terrepb

B 3TOM MeCTe rrOHBHJICH yme IIaOhITO'IHhIii nOJIOmUTeJIblIhIii

aapJIJI,. Tor.o;a BTopaH 'IaCTlIIJ;a C IIMIIyJIbCOM k2 lIa'IIIHaeT

npIITHrIIBaTbCJI K 3TOMy MecTy C IIepeROMIIeHCHpOBaHHLIM

JIOKaJIbHbIM YBeJIH'IeHlIeM 3JIeRTpOIIHOll rrJIOTHOCTH. TaR Boa­

HHKaeT 8<p<peKTlIBHoe IIpHTHmelIlIe MemJl,y 'IaCTHu;aMH k
1

II

k 2• l:Ia npoBeJl,eHHhIx paccy}l{JI,elIHH lIeTpY~Ho C~eJIaTb BhIBO~,

qTO TaKOe npIITHmeHIIe MOmeT BOaHIIKlIyTb, TOJIbRO eCJIIr KO­

JIeOaHlIJI pemeTRlI (paCCMaTpHBaeMhIe KaR BhIHymJl,eHHhIe)

npOHCXO~HT B <paae C BbIlIymAalOIIJ;ell ClIJIOH (RoJIe6aIIHHMH

8JIeRTpOHHOH IIJIOTHOCTII C qaCTOTOM Ol = (Ek
l

- Ek,)/li). Ho 8TO

6YJl,eT TOJIbRO B CJIyqae, KOrJl,a lJaCTOTa BbIHymJl,alOrn;eM ClIJIbI

(J) MeHbme c06CTBeHHOH qaCTOTLI HOHHOH CHCTeMbI. TaKoH

xapaKTepHOH qaCTOTOH HBJIHeTCH Jl,eoaeBCKaH qaCToTa OlD,

T. e. MaKCHMaJIbHO BOaMO}lmaH *), II08TOMY yCJIOBIIe rrplITH­

meHlIH <P0PMYJIHpyeTcH TaR: Ol < OlD'

u ,IJ;eHcTBHTeJIbHO, paCCMOTpHM npOCTOH OCU;HJIJIJITOP C Mac­

COlI m U c06CTBeHHOH 'IaCTOTOH KOJIeOaHlIH OlO' KOTOphIH IIC­

nLITLIBaeT Jl,eHCTBUe BhIHym~alOIIJ;eH CIIJIhI fe,w t • YpaBHeHHe

)J:BIImeHHH TaROH ClICTeMbI 6YJI,eT

x+ CI)~X = 1-.- eiwt •
m

fxO=-2--f'
wo-w

*) Cy~ecTBOBaHIIerrpep;eJIbHOH: qaCTOTbI KOJIe6aHIIR aTOMOB B KplI­
CTaJIJIe JIerKO rrOHHTb: 6eCCMbICJIeHHO rOBOpIITI, 0 SByKOBOR BOJIHe

B K-encTaJIJIe, Y KOToporr p;JIIIHa BOJIHbI MeHbme rrepllop;a KpnCTaJIJIII'Ie­
CKOB: pemeTKII. TaKllM o6pasoM, cym;ecTBoBaHIIe MIIHllMaJIbHOR P;JIIIHbI
~aOJlHhI O'ieBIIAHO. OTcIOAa cpasy CJIep;yeT cy~ecTBoBaHII8 rrperrerrbHOR
'1 CTOThI. " •

cTBHe Mem~y 8JIeKTpOHaMH II KOJIeOaHIIHMII RPIICT8JIJIlIlle_

CROll pemeTRII MomeT BblaBaTb ~OnOJIHHTeJIbHOe BaaUMOAell­

CTBue Mem~y ,weRTpOHaMH. TIpu onpe~eJIeHHhIXyCJIOBHHX <lT0

BaanMo~ellCTBIIe OYAeT ~aBaTb npIITHmeHIIe MemAY 8JIeRTpO­

HallH!. ECJIII TaKoe npnTHmeHne oRameTCH CIIJIbHee RyJIOHOB­

CRoro OTTaJIKHBaHUH, TO B MeTaJIJIe BoaHIIRaeT 3W<peRTUBHoe

npIITHmeHIIe 3JIeKTpOHOB, peayJIbTaTOM ROToporo oy~eT CBepx­

npOBOJl,HIIJ;ee COCTOHHue.

TIocTapaeMCH nOHHTb cnepBa, IWR BaaUMOAellCTBYIOT

M8m)];y COOOll 3JIeKTpOHhI 'Iepea KOJIeOaHIIH pemeTKII. RBaHThI

ROJIeOaHIIll KpIICTaJIJIlI'IeCKOll pem8TRII (<p0HOHhI) xapaKTepH­

aylOTcH 3HeprIIell Ii Olq II BOJIHOBhIM BeRTopOM q.
PaCCMOTpIIM MeTaJIJI npII T =0. HCHO, 'ITO HIIKaKIIX <pOHO­

HOB npII aOCOJIIOTHOM HyJIe HeT. RaK me TOr)];a npoIIcXOAIIT

BaaIIMo~ellCTBIIe MeJI{)];y 3JIeKTpOHaMII 'Iepea <pOHOHhI?

CBOOO~HhIll 3JIeKTpOH MeTaJIJIa C BOJIHOBhIM BeKTopOM k1
pacnpOCTpaHHeTCH no RpIICTaJIJIy. B KaKOll-TO MOMeHT Bpe­

MeHlI on BoaOY~IIJI KOJIeOaHIIe pemeTKII. MHa'Ie 3TO MomHo

CKaaaTb TaK: B KaROll-TO MOMeHT BpeMeHII OH IIcrrycTIIJI <pOHon

(KOToporo ~O 3Toro MOMeHTa He CYIIJ;eCTBOBaJIO) II rrepemeJI

B KaRoe-TO ~pyroe COCTOHHIIe k;. BOJIHOBOll BeKTOp pOJI,­

)];eHHOrO <pOHOHa nYCTh 6YAeT q. TIPII 3TOM )];OJIJI{eH BhInOJI­

HHTbCH aaKOH coxpaHeHMH llMrrYJIbCa

k1=k; +q.
TIO'ITU B TOT }Ke MOMeHT BpeMeTIM 3TOT <pCHion OKameTCJl

IIOrJI0IIJ;enHhIM APyrMM 3JIeKTpOHOM k 2, KOTOphIM B peayJIbTaTe

TaKoro CTOJIKHOBeHIIH nepeMJI,eT B COCTOHHMe k~. qTO }I{8 1I0JIy­

TJ.IIJIOCb? CHaqaJIa 6hIJIII Jl,Ba 3JIeKTpOna B COCTOHHUHX k1 M k2,

B KOHIJ;e 3TU 3JIeKTpOHhI. OKaaaJIMCb B COCTOHHMHX k' IiI k;.
3HaTJ.IiIT, npOliIaomJlO pacceHHIIe 8JleKTpOHOB k1 M k2 Jl,pyr Ha

Jl,pyre, npliITJ.eM

Ho TaKoe pacceHHIIe ABYX TJ.aCTMU; MomeT npOIICXO)];IiITb TOJIbRO

B TOM CJly'Iae, eCJIII OHIiI BaaIiIMo~ellCTBYIOT. OTCIOAa MbI II Ae­

JIaeM BhIBO)];, 'ITO npou;ecc, KOTOphIll MhI MomeM IIa06paaHTb

)];lIarpaMMOM plIC. 36.1, onIIChIBaeT 3<p<peKTlIBHoe BaaIIMoAeii­

CTBlIe Mem~y 3JIeKTpOHa?Hi. Tenepb norOBopIIM 0 aHaKe 3TOro

BaalIMO)];ellCTBIiIH. B MOMeHT, IWrJl,a 3JIeKTpOH rrepeXOJl,HT lIa

COCTOHHIIH k1 B COCTOHHIIe k;, BoaHlIKaeT KOJIe6aHHe 3JIeR­

TpOHHOll rrJIOTHOCTII C 'IaCTOTOll Ol=(E -E, )/Ii, r~e Ekl n
kl kl

E , - COOTBeTCTBeHHO 3HepnUI 3JIeRTpOHa B COCTOHHlIflX
kl

k1 II k; (Ek=n2k2/2m). TIpe~nOJIOmlIM, 'ITO B peayJIbTaTe Ta-
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aHeprHH aJIeKTpOHa Ha nOBepXHOCTII <DepMH He OOJIhme '1eM Ha

BeJIIl'IIlHy nWD, npUTHrlIBaIOTCH p;pyr K p;pyry. 8HeprIlH lIX

BsaIlMop;eMCTBlIH paBHa - V. Bce OCTaJIhHbIe aJIeKTpOHbI He

BsaIlMop;eMCTBYIOT.

3anIlmeM MaTpIl'IHbIM aJIeMeHT BsalIMop;eMCTBIlH aJIeK­

TpOHOB B BIlp;e

OrCIOp;a CJIep;yeT, 'ITO, nOKa w2 < W~, KOJIeOaHlUI x=xoeiUo,

npOHCXOAHT B !f>ase C BbIHymp;aIOm;eM CHJIOM f. B npOTHBHOM

CJIy'lae KOJIeOaHHH OYAyT npOHCXOP;HTh B npOTHBo<pase.

BepHeMCH TenephK HamHM aJIeKTpOHaM. qTOObI aJIeKTpOII

Mor nepeMTlI lIS COCTOHHHH k 1 B COCTOHHIIe k~, nOCJIep;Hee

p;OJImHO ObITh CBOOOP;HO (npIIHI.J;IIn IIayJIII!). TaKoe BOSMOJl\HO

JIHllih BOJIMSlI nOBepXHOCTlI <DepMII, KOTOpyIO MbI npep;CTaB­

JIHeM ceoe B BMp;e c!f>epbI pap;IIyca kF B k-npOCTpaHCTBe.

BOT Teneph MbI MomeM c!f>opMyJIHpOBaTh saKOH BSalIMup;eii:­

CTBlIH aJIeKTpOHoB '1epes !f>OHOHbI, KOTOpbIM JIemIIT B OCHOBe

TeopHlI BIUU: aJIeKTpOHbI, aHeprlIH KOTOpbIX OTJIII'IaIOTCH OT

Puc. 36.2. BaalIMop;eii:­
CTByIOT 'wpea lfJOHOHbI no
~lOp;eJIlI BRIll TOJIbKO
~lJIeKTpOHbI, JIeiRarn;lIe B
CJIoe 2/1 k OKOJIO llO-

BepxHocTH <DepMu.

(37.2)

(37.3)

Ii = 17,mu + V,

E= I \]J'*lIWd't,

r,ll;e f}nu - onepaTop KIIlIeTll'leCKOH :meprlIlI, V- onepaTop

3HeprIIH B3alIMO,ll;eHcTBllH. Tor,n;1l cpeAHee 3Ha'leUlIe 3HeprlIll E
B COCTOllHlIll \]J' MomHO 3amlcaTb Il BII1I:e

BhIj>ameHlIe V"m Ha3bIBaeTCH MaTpR'lHbIM 3JIeMeHTOM nepexo,n;a
R3 COCTOllHIIH,1I B COCTOllHlle ,II •

Tm 'Tn-

r,n;e

V= ~w*17\]J'd't=I~ a:~:V ~am~md't= ~ a:amV"m' (37.4)
n m n,m

3Aecb yMecTHo HanOMHIlTb HeRoTopbIe OCHOBHbIe nOJIDrKe­

JIBS KBaHToBon MexaHIIRII, ROTopbIe HaM B p;aJIbHeiimeM no­

IIIm06STCH. IIycTb 1fI" (r1, r2,···, rN) - nOJIHaH cIICTeMa

~yBKI.J;:IIii, eCJIII n npo6eraeT RaRon-TO Haoop 3Ha'leHHii:, ROTO

pWm MhI HyMepyeM am !f>YHRI.J;HH. TorAa JIIOOYIO BOJIHOByIO

cflyJlRD;:IIIO \]J' (rl' r2, .. " rN) MomHO pa3JIOmIlTb no CIICTeMe 1fI,,:

\]J'= ~an~,,' (37.1)
"

a MhI oYAeM HaSbIBaTb aMnJIIlTy,n;oii COCTOHHHH II> a la 12
,. 'rn' n

AacT HaM BepOHTHOCTh OOHapYil\IITb ClICTeM~ B COCTOHHIIII 1f11I'
IIYCTb Tenepb onepaTOp faMIIJIbTOHa H paBeH

Btp'erpRpOBaHIIe Be,n;eTClI no BceM N nepeMeHHbIM. IIo,ll;cTaBJIlIH

B (37.3)4>OpMyJIbI (37.1) 1I (37.2), lIMeeM

E=ERlIU +V,

(36.2)
IEk' - SF I<nwD,
IEk' - SF I>nWD'

2M

IEk - SF I<nWD,
IEk - SF I> nWD,{

-V
Vkk'= 0:
TaKIIM 06pasOM, B MOp;eJIIl BRill npIlTHrIlBaIOTCH TOJIbKO

aJIeRTpOHbI, JIemam;IIe B Y3ROM c!f>epII'IeCKOM CJIoe OKOJIO no­

BepXHOCTIl <DepMH, TOJIru;IlHa KOToporo 2t::.k COOTBeTcTByeT

p;eoaeBCKOM aHeprnIl (pIlC. 36.2):

f1k/kF ~ nWD/SF, SF = n2k~/2m.

§ 37. OCHoBHoe COCTOHHHe CBcpxnpOBop;HllKa

37.1. PacnpeAeJIeHHe :meKTponOB B OCHOBHOM COCTOHHlIIf.

B aTOM naparpa!f>e MbI p;OJImHbI oyp;eM nOHHTh, B KaKOM COCTOR:­

HIIH Haxop;IlTCH CBepxnpOBOAHHK, Rorp;a T =0, T. e. HaiiTlI

COCTOHHIle, COOTBeTcTByIOm;ee MHHlIl\IaJIhHOii aHeprlIIl CBepx­

npoBop;HHKa.
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(37.5) •

B03Bpam;aeMClI R oocym,n;eHHIO OCHOBHoro COCTOHHHH

CBepxrrpOBo,n;HHRa. B HOpMaJIbHOM MeTaJIJIe OCHOBHoe COCTOH­

HRe xopomo 1I3BeCTHO. IIPlI T=O HalIMeHbmeii aHeprlIlI COOT­

BeT~TB eT COCTOHHlIe, RorAa Bce aJIeKTpOHbI B lIMrrYJIbCHOM •

IT CTpaHCTBe "IIpOCTpaHCTBe) 3aHIIMaIOT COCTOHHlIH, JIe­

aTa~lIe BHyTpIl rrOBepXHOCTlI <DepMlI, a Bce COCTOHHHH BHe

all rrOBepXHOCTR CBOOO,n;HbI. ,IJ;encTBlITeJIbHO O'leBlI,n;HO
'ITO 9TOMy COOT e "B TCTByeT MlIHlIMaJIhHaH RHHeTlI'IeCKaH aHep-

~~ A rroTeHI.J;1I8JIhHOn aHeprRlI BaTon Mo,n;eJIlI rrpOCTO HeT.

HaMJIlO'IlIM Terrepb aHeprIlIO Bsa:p:MOAenCTBlIH Mem,n;y aJIeRTpO­

, KOTopaH oocym,n;aJIaCb B rrpe,n;bIAyru;eM naparpa4>e.

167



IIOCKOJIbRY OHa ;a;aeT 3rPrPeRTHBHoe npHTHmeHHe Mem;a;y 3JIeK­

TpOHaMH, TO OHa 6y;a;eT ;a;aBaTb OTpHD;aTeJIbHblii BKJIa;a; H no­

HHmaTb 06m;yIO 3HeprHIO CHCTeMbI. Ho ;a;JIH 3Toro ;a;OJIHma

6bITb 06eCnetIeHa BOSMomHOCTb pacceHHHH 3JIeRTpOHOB lIS

COCTOHHHH (k1 , k 2) B COCTOHHHe (k~, k;). HCHo, tITO TaKoe

pacceHHHe ORameTCH BOSMomHbIM JIHrnb, eCJIH COCTOHHIIe

(k1, k 2) 6y;a;eT CHatIaJIa SanOJIHeHO, a COCTOHHHe (k~, k'2) 6y):\eT

CHatIaJIa nycTO.

II03TOMY MHHIIMaJIbHOii 3HeprHII npII T=O nepecTaeT

COOTBeTCTBOBaTb nOJIHOCTbIO SanOJIHeHHaH crPepa l1>epMII

B k-npocTpaHCTBe.

{

IIpIIpo):\a H;a;eT Ha HeKoTopbIii npoIIrpbIrn B RIIHeTIItIeCKOH

3HeprIIII B Ha;a;em):\e oTbIrpaTbcH Ha 3HeprHII nOTeHD;IIaJIbHOH.

• Tenepb MHHIIMaJIbHOii nOJIHoii 3HeprIIII 6y)];eT COOTBeTCTBO­

BaTb COCTOHHlIe C «paSMasaHHoii» nOBepxHocTbIO <l>epMII, T. e.

COCToHHIIe, B KOTOpOM Ha)]; nOBepxHocTbIO <l>epMH HeKoTOpbIe

HtIeiiKlI k-npocTpaHcTBa SanOJIHeHbI, B TO BpeMH KaK HCRO­

I TOPbIe HtIeiiKlI, JIemam;He no)]; nOBepXHOCTbIO <l>epMII, OKaSI,J-

BaIOTCH nycTbIMH. IIPlI 3TOM, RaK MbI ceiitIac IIOKameM, sarrOJI-

• HeHlIe HtIeeK )];OJIiI{HO npOlICXO)];lITb nonapHO, L e. eCJIII HtIeHRa

kt SanOJIHeHa, TO 1I HtIeiiRa - k} Tome )];O.T[mHa 6bITb sanoJI­

HeHa, CTpeJIKaMlI 060SHatIeHbI HanpaBJIeHIIH 3JIeKTpOHHbIX

cnHHOB. COBeprneHHO TO me caMoe Ha)];O CRasaTb 0 rrycTbIX

HtIeiiKax. 8TO CXeMaTlItIeCKII lIs06pameHO Ha· puc. 37.1.
06'bHCHlIM Tenepb, rrOtIeMy HaII60JIee BbIrO)];HbIM cnapIIBaHueM

16ii

r)];e ui = 1 - vi.
~m' B KOTOpOM HtIeHKll

(k', -k') SanOJIHllJIllCb,
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M~RTPOHOB 6y)];eT TaKoe, Ror.o;a B nape OKa3bIBaIOTCH 3JIeK­

TP()HbI C npoTlIBonOJIOmHbIMlI lIl\-lIIYJIbcaMII.

IIPH nepexo)];e napbI aJIeKTpOIWB (kl' k 2) __ (k;, k;) .o;OJImeH

BIJIITOJIRHTbCH saKOH coxpaHeRIIH IIMnyJIbCa k 1 +k 2 = k; +k;,

a cyMMlIpoBaHHe B rPopMyJIe (37.4) pacrrpocTpaHHeTcH Ha Bce

B03MomHbIe TaKHe nepeXO)];bI. HCHo, tITO tIeM 60JIbrne OKa­

)J{eTclI TaKlIX pasperneHHbIx ~epeXO)];OB, TeM 60JIbme )];OJImeH

6ml> oTpHD;aTeJIbHbIii BKJIa)]; V B Cpe)];HIOIO 3HeprlIIO E CBepx­

npOBo.o;HlIKa. IIycTb, HanplIMep, k 1+k2=q, RaK 3TO H306­

pameHo Ha plIC. 37.2. Tor)];a, KaK 3TO BH.o;HO H3 pHcyHKa, ytIa­

CTBOBaTI> B nep~xo.o;ax MoryT TOJIbRO Te 3JIeKTpOHbI, ROTopbIe

saIDIMaIOT lItIeHRH samTplIXOBaHHoro ytIaCTKa k-npocTpaH­

CTBa. HatIHeM YMeHbrnaTb q. 3amTpHxoBaHHall .o6JIacTb 6y.o;eT

YBeJllItIlIBaTbcH. IIPH q=O BKJIa)]; B YMeHbmeHlIe cpe.o;Heii

3HeprHH 6y)];yT .o;aBaTb Bce 3JIeKTpOHbI, COCTOHHlIlI KOTOpbIX

JlemaT B nOJloce rnlIpHHoii ~21iOlD no 3HeprlIH OKOJIO nOBepx­

HOCTIl <l>epMIl B k-npOCTpaHCTBe.

IIpeACTaBIlM ce6e Tenepb BCIO BosMomHyIO cOBoKyn­

HOCTI> COCTOHHIlii nO)];06HbIX TOMy, KOTopoe Hs06pameHO Ha

pIlC. 37.1. 3aHyMepyeM HX HHAeKCOM n. OHH 06pasYIOT nOJI­

HY10 CIlCTeMY rPyHKD;IIii, no KOTOpbIM MomHO paSJIOmIITb BOJI­

HOBYIO iPYHKD;IlIO OCHOBHoro COCTOHHHH CBepXnpOBO)];HIIKa W.
lITO OSHatIaeT Ha 3TOM HSbIKe pacceHHlIe )];pyr Ha )];pyre

naplal 3J1eRTpOHOB (k, -k) (cnlIHOBbIe lIR)];eKCbI MbI onycKaeM)

B COCTOHHHe (k', -k')? 8TO OSHatIaeT nepeXO)]; lIS COCTOHHlIH \ji ,
B ROTOpOM HtIeiiKH (k, -k) saHHTbI II (k', -k') CB060)];H~,
B APyroe COCTOllHIle \jim' KOTOpOe nOJIHOCTbIO nO)];06HO COCTOH­

HIlIO 1/1.. sa AByMH TOJIbKO HCKJIIOtIeHIIHMIl: B COCTOHHHII \ji
fllIeiiRIl (k, -k) CB060)];HbI, a (k', -k') saHHTbI. m

. BBeAeM Tenepb B paCCMOTpeHIIe HeKoTopylO rPYHKD;llIO v~

BOJIliOBOrO BeKTopa k. IIYCTb aTO 6v)];eT BepOHTHOCTb Taro

'ITO napa cocTOHHllH (k, -k) 3aHHTa~ Tor)];a aMnJIllTY)];Y CO~
CTOHHIlH, B KOTOpOM HqeHKll (k, -k) saHHTbI, a (k', -k')

cB060AHbI, MOiImo sanllcaTb B Bll)];e

an = [vi (1 - vi, )]1/2 = VkUk',

AUaJIOrIlqHO aMnJIllTy)];a COCTOHHllH

(k, -k) CTaJIll nyCTbIMll, a HqeHKII
6y~eT

PHC. 37.2. ECJ1H crraplIBaIOTCJI
3J1eKTpOHhI, lIMeIOIIJ;lIe cyMMap­
HhIn: lIMrrYJ1bC q, TO BO BaalIMO­
.n;en:CTBlIH yqaCTBYIOT JllImb Te
3J1eKTpOHhI, KOTophIe aarrOJ1HHIOT
aamTplIxoBaHHyIO qaCTb k-rrpo-

cTpaHcTBa.

•
PHC. 37.1. CXeMaTHqeCKOe Hao­
6pameHHe COCTOHHlIJI, nOJ1HaH
3HeprlIH KOToporo MomeT OKa­
aaTbCH MeHbme 3HeprlIlI COCTOH­
HlIH, B KOTOpOM Bce Hqen:KlI
k-npocTpaHcTBa no.n; c4Jepoll:
<1JepMH aaHHThI, a Ha.n; Hell:-

CB060.n;HhI.

•



IIepnoe CJIaraeMOe 3~eCb ~aeT nOJIHylO RMUeTMqeCRYIO flHeprHIO

CHCTeMhI, ek - flUeprHH flJIeRTpOna B JItlei1:Re k, OTCqMTallHaa

0'1' :meprMM <.DepMM, T. e.

ek = Ji2k2j2m -Ji2k~j2m= Ek - eF.

BTOpOe CJIaraeMOe corJIacuo (37.4) eCTb cpe~HHH nOTe~HaJIh_

HaH flHepnm B3a:(lMO~eiicTBHH fweRTpOHOB, r~e MaTpHquhln:

flJIeMeHT Vkk, onpe~eJIHeTCH epOpMyJIOH (36.2).
Tenepb Ha~o HaRTH TaRylO epYHRIJ;HIO vt ROTOpaH 6y~eT

MHHHMH3MpOBaTb nOJIHylO flHeprMIO E.. ;:ho SHaqHT, "ITO ~

~OJImHa y~OBJIeTBOpHTb ypaBHeHMIO

aE.tav'fr.=O.

i 2h2L "'I"
11: -~

: ",
!

PHC. 37.3. 3aBHcHMoCTh v~ :

0'1' k. Ha ypoBHe <DepMH 1_
sk = O. 06JIaCTL «paaMaaaH-

HOCTH)} v'fr. ITO 8HepruH

paBHa 2Ao• ------. ---""~-"--":"'k
k r

BllIqMCJIHM cnepBa BeJlH"IHHY Aa. IIop;cTaBHM BhIpameHHe ~JIH v~

(37.10) B (37.8):

~' [1 (' sk ) 1( Ek ) J1
/
2A-V -1---1+- =

0- 2 E
k

2 Ek
k

_~ ~' (E~ - Ef. )1/
2

_ VAo -"" ( 2+A2)-1/2
- 2 £.l E2- 2 ~ ek 0 •

k k k

TO.... f..... Aal KorAa pacnpep;eJIeHMe 3JIeI{TpOHOB OKOJIO nOBepXHOCT~.J
<I1ePMII «paS1-IaSaHO» Ha HeKOTopOM MHTepBaJle 3HeprHH,

.......2A
o

• EIqe pas nOp;qepKHeM, "ITO 8'1'0 npOMCXOP;MT npH a6co-'

JIIOTBOM HyJIe TeMnepaTYP! TaKOBO OCHOBHoe COCTOHHMe CBepx-

npOBO)l;HIIKa.
37.2. 3HeprHH OcHOBHoro COCTOHHHH. Hai1:AeM Tenepb

8HeprHIO OCHOBHoro COCTOHHMH CBepxnpOBOAHHKa. ,1J;JIH nora

(37.8)

(37.7)
VkUk do

1 - 2v~ - 2sk '

(37.11)

IIlTpMx npu 3HaKe CyMMhI OSHaqaeT, "ITO CyMMupoBaHue Be­

)l;eTCH TOJIbKO no TeM COCTOHHHHM k, KOTophIe JIemaT B clfJe­

pUqeCKOM CJIoe, OKOJIO nOBepXHOCTU <.DepMu, r~e OTJIHqeH 0'1'

HyJIH MaTpUquhJH 3JIeMeHT Vkk, (36.2).
BllIpamaH v'fr. MS (37.7), HMeeM KBa~paTHOe ypaBHeHHe OTHO­

CHTeJIbHO v'fr.:

vt - v'fr. + A~j4E'fr. = 0,

3AeCb MhI yqJIM onpe~eJIeHMe E k (37.9).
TaKHM 06pa30M, Mbl npHXO~HM R ypaBHeHMIO OTHOCM­

TeJIbHO Ao B BMp;e

v ~' -1/2
1= '2£.l (eli +A~) .

k

ECJIH Mbl nepei1:AeM 0'1' cyMMMpoBaHHH no k R HHTerpHpoBa­

HBIO no flHeprHH e no epopMyJIe

B aTOM paBeHCTBe Mill nOCTaBHM SHaK «MUHyC», TaK KaK us

epU3UqeCKUX co06pameHUH vi AOJImua CTpeMUTbCH K 1, a ek - Ek
npu k-+ 0.

fpaqllIK 3aBUCUMOCTU ~ 0'1' k u306pameH Ha puc. 31.3.
BUAHO, "ITO MIIHHMyMa nOJIHaH 8HeprUH CUCTeMhI AOCTuraeT
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... N(e)de,~' ... =
k

rAe N (e) - nJIOTHOCTb COCTOHHHH OKOJlO 3HeprHlI €, TO ypaB­

'flJr}J!3 (37.11) npeBpaTIITCH B ypaBHeHue

flOOD

}. = N~) V ~ (e2 + A~r1/2 de, (37.12)
.-1I(I)D

(37.9)

(37.10)



¥qUTblBaH onpep;eJIeHHe e.o (37.8), HaXO;D;HM

~' VkUkVk,Uk' = e.~/V2.
kk'

w = ~ ISk I(1 -Isk /lEk ) +~ Sk (1 - Sk/Ek)-
k<kF k>kF

- V~' VkUkVk,Uk' =2 ~ sk(1- skIEk)- V~'VkUkVk,Uk',
kk' k>kF kk'

IDTpUX y nOCJIe):\HeH CYMMbI 03HalIaeT, lITO CyMMHpoBaHHe

BeJJ;eTCH B k-npOCTpaHCTBe no CJIOIO B IlHTepBaJIe ± n(J)D OKOJIO

nOBepXHOCTIl <DepMH.

Ilop;cTaBJUIH CIOp;a BbIpameHHe P;JIH v~ (37. 10), nOCJIe 3JIe­

MeHTapHbIx npeoopasoBaHIlH nOJIylIHM

(37.16)- V~' VkUkVk,Uk',
kk'

lfCnOJII,3yH (37.6) H (37.15), HMeeM

w= ~ 2sk(vi-1)+ ~ 2SkVk-
k<kF k>kF

(37.13)

fi(J)DP,O = sh (1IN (0) V).

IlOCKOJIbKy N (0)V p;.lIH OOJfbllIJIHCTBa cBepxnpOBOp;HIH\OB

I1MeeT BeJII1'II1Hy nopH,[VW 0,3 FIJIIl MeHbIlIe, MOilUIO JIerKO

nOJIy'IIlTb npI10mIlHeHIIOe paBeHCTBO:

e.o = 2liltlD exp (-1IN (0) V). (:37.14)

HJIH

8TOT JIHTerpaJI 3JIeMeHTapHo IlHTerpJIpyeTcH, B peayJIbTaTe

nOJIy'IaeM

" 3p;eCI, N (0) - nJIOTHOCTI, COCTOHHHH OKOJIO ypOBHH <DepMII

(HanOMHHaeM, 'ITO ;meprHH E OTC'IIITI,IBaeTCH OT ypOBHFi

<DepMH) *). IlOCKOJII,Ry n0ll:bIHTerpaJII,HaH rPYHKI.I,HH B (37.12)
'IeTHaH H HHTerpHpOBaHIIe Bep;eTCH B CHMMeTpH'IHbIX npep;eJIax

HMeeM H3 (37.12) ,
nWD

1 = N (0) V ~ (E
2 +e.5r1

/
2

dE.
o

(37.15)

W=2N(0)

Ol.l,eHHM lleJIIllIIlHY t. o: p;eoaencKan TCMncpaTypa h (J)jJ ~ 100 K,
N (0) V ~ 0,3, TOr,rW t.o ~ 4 K. 3p;ecb MI,I clHeprIII1 Ii (1)0 II

t. o BbIpamaeM B Iwm,Blmax.

IlepeiiIp;eM TenepI> I\ Bhl'II1CJfeHIlIO 3HeprUIl OCHOBHoro co­

CTOHHIlH CBepxnpOBop;HIlKa. Oom;ee BI,lpa,HeHile E. P;JIH STOll

3Hepnm p;aeTCH rPOpMyJIOH (37.6). 8HeprHH OCHOBHoro COCTOR­

HIlH OOpa31.1,a B HOpMaJIbHOM COCTOHHHH, Korp;a BaaHMo):\eH­

CTBIle Memp;y 3JIeKTpOHaMH BI,H\JIIO'IeHO II OHIl aanOJIHHIOT Bce

COCTOHHIlH nop; ypOJlHeM <DepMII, p;aeTCH rPOpMyJIOH

E n = ~ 2Ek'
k<kF

3p;ecb CyMMIlpoBaHIle Be):\eTCH cpa3y no napaM COCTOHHHH

(k, -k), n03TOMY II nOHJlHJICH K03rPrPHI~IleHT 2.
8HeprHIO OCHOBHoro COCTORHHH CBepxnpOBO):\HHKa oy):\eM

TenepI, OTC'IHTbIBaTI, OT 3HeprIlII OCHOBHoro COCTOHHHH HOp­

MaJII,HOrO MeTaJIJIa, T. e. HaHp;eM BeJIH'IHHy

OTCIOJJ;a nerKO nOJIyqaeM

W = 2 ~ 8k (1 - 8k/Ek) - e.~fV.
k>kF

IIepeXO;D;lI OT cyMMHpoBaHHlI K UHTerpHpOBaHHIO, HMeeM

1iwD

58 (1- e ) dE- A5 •
Ve2+A3 V

°
IIocne uHTerplipoBaHulI nonyqUM

TV = N (0) £l~{(1iWD)2 _ liwD[1 + (hWD)~]1/2+Arsh liwD}_ A3 •
AD Ao AD Ao V \

llcnonoSYH paBeHCTBO (37.13) II HepaBeHCTBO n(J)D > e.o, lI.MeeM
OKOJlllaTenI,HO

Mbl BIlP;IlM, TaRIlM o6pasoM, 'ITO paSHOCTI, W Memp;y ,)Hep:­

fllHMII CBepXJ;IpOBOp;Hm;ero II HOpMaJII,HOrO 00C'rOHHllij: UpIl

T==P, OKa3hJBaeTCH OTPH~~WJII,HOH,; T. e. CBepxqpo~OJ!;Hr:qea

na

*) IIPII ITepeXop;e K <popMyJIe (37.12) MbT yqJIII, qTO HRTerpnpOBS­
RIle Be,IJ;eTCJI ITO MaJIOMy URTepBaJIy ,meprlll! (2n<!JD) ITO cpaBRoRIUo C <pep·
MlIeBcKoll ,lHepr[\OII EF' IIoClTouy MOlKHO CqUTaTh, qTO ITJIOTIIOCTh co·

CTOJIHHll N (E) MaJIO MeHlIeTCJI Ha gTOM IIHTepBaJI8 H paBna CB08MY sHa­
qeallIO Ha ypoBHe <P8P~1II N (0).
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w= - ~ N (0) £l~. (37.17)

=



COCTOJUUIe :mepreTIflIeCKli 60JIee BIdTOp,HO. A 31'0 SHa'l.IIT, '11'0
IIMeHHO TaKOe COCTOHHHe II 6yp,eT peaJIHSOBhIBaTbCH npHpop,oiI.

B CaMOM Ha'laJIe Kypca 6hIJIO yCTaHOBJIeHO, 'ITO paSHOCTb
CB060p,HhIX 3HeprHiI HOpMaJIbHOiI II CBepxnpOBOp,HIqeiI <pas

paBHa H:m/8rc , r;w Hem - KpIITII'IeCKOe TepMo,o;IIHaMII'IeCKoe
nOJIe. OTCIOp,a cpa3y CJIep,yeT, 'ITO npII T=O p,OJIiKHO BhInOJI­
HHTbCH CJIe,o;yIOIqee COOTHOlleHIIe:

lJ;,f, (0) _.!... N (0) 6.2
8n; - 2 0'

Mbl nOJIy'lHJIU, TaKUM 06paSOM, TepMO,o;HHaMH'IeCKOe KpnTU­
'IeCKOe nOJIe npn T=O, BhIpalf,eHHOe 'Iepes XapaKTepHhIe na­
paMeTphI CBepXnpOBOilHUIW - napaMeTpbl ero ::lJIeKTpORJIOro
cneKTpa II ::>JIOI,TpOII-qlOHoHIIoro IJ3aHMOp,eiicTBHH.

IIponeplIM, HiH',I\OJlbRO pa3YMHhIMH oI,amyTCH 'IIICJIeH­
HnIe OI~HKII HOpHp,IWB BCJIH'IIIH, lJ:aB,aeMhIe <popMYJIoii (37.18).
B 1 CM MCT8JI,na co~wpmHTCJf ~ 1022 ;)JIeKTpOHOIl, a sOHa npo­
nop,UMOCTU UMCCT UTHPHUY ~10 ::>13=10.1,6.10-12 3pr, CJIC­
p,OBaTeJIhHO, OI\8Ima llJJOTHOCTU COCTOJfHHM ,o;aeT N (0) ''­
~1022/10.1,6·10-12~ 1033 ::>pr-1CM- 3 . COrJIaCHO Hpe~\I»p,y­

ll\I1M 0I\CHKaM Il() ~ 10 K ~ 10-15 3pr. OTCIO,o;a cpasy nOJIy­
'IHM Hem ~ 10-1

& (1034)'/2=100 8. 81'0 BHOJIHe pasyMHaH
0I\eHKa KpUTU'IeCKOrO HOJIJf.

UJIH

J-Iem (0) = 6.0V4rr:N (0). (37.18)

\
\,

.J.1'e~bHYIO "Iacn 3Hepruu OCUOBHoro COCTOHHBH. npOIICXOJJ:H~
.i\lrli dT Toro, 'ITO paCCMaTpUBaeMaH napa y'lacTByeT BO Bce­
'j08MOJtBhIX npOI\CCcax BsaUMo,o;eM:CTBIIH, npu KOTOphIX OHa
JJepexo)i;BT B JII06hIe ,o;pyrue COCTOHHBH (k, -k) B Ha060pOT ­
aorAa JII06hIe ,o;pyme naphl (k, -k) nepexop,HT B Halle BhI,o;e­
JteBHoe ,o;JIH pacCMOTpeUBH COCTOJl.HUe (q, -q). K03<P<PIII\IIeBT 2
80 .BTOpOM CJIaraeMOM nOHBUJICH nOToMy, 'ITO napa (q, -q)
8: CyMMe (37.6) BCTpeTUTCH ,o;BaiKp,hI - Op,UH pas npu CyMMU­
pOBaBBB no k, ,o;pyroH pa3 - npu CyMMupoBaHUU no k'.
¥1IBTLlBaH Tenepl> BhIpaiKeHue (37.8) ,o;JIH 6.0 II <pOpMyJIM

(31.9) U (37.10), nOJIy'luM

lDq= 2Sq1/2 (1 - sq/Eq) - 2l1
/4 (1 - s~/E~)l/2llo=

= Sq - s~1Eq - ll~/Eq = Sq - Eq • (:38.2)

BOCnOJIb3yeMcH Tenepl> nOJIyqeHHhIM BhIpameHueM. IIpe,o;­
nOJIO)l(llM, 'ITO B OCHOBHOM COCTOHBUU CBepxnpOBO,IJ;BBKa
napa COCTOHHUM (q, -q) 3aBe,o;OMO nycTa. Blle,o;eM B TaKOM:
CBepxnpOBo,o;BBK Op,UH BHellBUM: 3JIeKTpOH B nOMeCTuM ero
B COCTOHBBe q. KaKOBa 6y,o;eT Tenepb aHeprBH CBCTeMM?
IlOCKOJIbKy MM BBeJIU O,o;UH aJIeKTpOH B COCTOHHue q, TO SBa­
~'f renepb napa COCTOHHUM (q, -q) Be MomeT Y'laCTIlOBaTb
BnpOn;eccax pacceHHUH, T. e. Be MOiKeT ,o;aBaTb BKJIa,o; B aHep­
ruIO OCBOBHoro COCTOHHUH CBepxnpOBo,o;HUKa. 8TOT BKJIa,o; MM
TOJII>KO 'ITO BhI'IUCJIHJIU, OB palleH Wq. CJIe,o;OBaTeJIbHO, aHep­
raH CBepxnpOBo,o;HUKa C Op,HUM «JIBmBUM» 3JIeKTpOHOM B CO­
CTOJllmB q 6y,o;eT

3TOT «JIUmuBH» HecnapeHHhIM: aJIeKTpOH MM 6y,o;eM Ha3hIBaTI>
9JIeMeBTapHhIM B036yiK,o;eHueM HameM: cucTeMM, BJIH KBa3B­
'1aCTBIJ;eH. B <popMyJIe (38.3) W - aHeprBH OCBOBHoro COCTOH­
HlIH c~epxnpoBop,BBKa,a Tpene CJIaraeMOe Y'lUThIBaeT npOCTO

IOIIBeTlI1:J:ecKyIO auepruIO Damato (<JIUmHero» \'lJIeKTpOBa. IIo,o;­
CTaBJIHH (38.2) B (38.3), UMeeM

W q = W +E q • (38.4) '--'

~ DOJI}1'IBJIB O'leHb BaiKBYIO <pOpMyJIy. llOCKOJIbKy, co­
rnac:u:o (37.9),

§ 38. Cneln'p a.rrClUCHTnpnhIX Bos6YiK~\eHlIii
CBcpxnponorvuma

38.1. 8nCIWCTJI'ICCIWn II\CJII,. CeiIqac MhI HOSHaI\OMllMCR
C O,o;HlIM lIS BalImeHUHIX nOHHTIIJf MUKpOCKOnU'IeCKOiI TeopUlf
CBcpxnpOBo,o;lIMOCTII - C 3HepreTH'IeCKOM IqeJIbIO B cneKTpe
3JIeMeHTapHhIX Bos6ymlJ:eHuiI CBepxnpOBo,o;HUKa.

,n;JIJf 3Toro 3a<pUKcHpyeM Halle BHUMaHlIe Ha KaKoiI-mr6o
npOUSBOJIbHOM: nape COCTOJfHUM: (q, -q) B uMnyJIbCHOM npo­
cTpaHcTBe cBepxnpOBop,HuKa, HaXOp,JfIqerOcH B OCHOBHOM co­
CTOHHIIII. KaKOM: BKJIa,o; B nOJIHyIO 3HepruIO BHOCUT aTa napa?
060SHa'lUM 31'01' BKJIap, 'Iepes Wq. lIs (37.6) cpasy BU,o;HO, 'ITO

Wq = W -Wq+Sq. (38.3)

(38.1)

,r:{eHCTBUTeJIblJO, nepBoe CJIaraeMoe s,o;eCb - KIIlJeTU'IeCKafl

aneprllR: llapw (lJ' -q), a BTOPO~ CJIaraelllOe - BKJIa,IJ; B OTpli"

~74

Eq=Vs~+6.~,

JICJIo, 'ITO, ,IJ;06aBJIHH O,o;BH aJIeKTpOB K CBepxnpOBo,o;BBKy,
1lax0AJID\eMYCH B OCBOBHOM COCTOHHHU, MM nOBMmaeM 9Hep­
nno CBCTeMLI MBBHMyM Ba BeJIB1DIBY 110 (B TOM CJI}1'Iae, eCJIB
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N(O) p(E)

E
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(38.5)p(E)= ~: :; = N (0) VE2 ~ A~
12 B. B. IIIMllJ:\T

n08TOMY

dv/dE = N (0).

Ha KOTOpyIO YBeJIH'IHBaeTCH 8HeprHH CHcTeMIiI, eCJIH K cBepx­

IIpOBOp;HHKy p;06aBJIHeTCH 8JIeKTpOH C HMnyJIbCOM k, IIpH'IeM

E k = VEr.. +~~ = V(n,zk2/2m _1i2k~/2m)2 + ~~.

3aBHcHMoCTb Ek OT k, KOTopaH CJIep;yeT H3 npHBep;eHHoii BIiIme

lfJOpMyJIIiI, H306pameHa Ha pHC. 38.2. Yme H3 pHcyHKa BHP;HO,

'ITO ypOBHH 8JIeMeHTapHIiIX B036ymp;eHHH CBepxnpOBop;HHKa

crym;aIOTcH npH Ek ~ ~O' IIJIOTHOCTb COCTOHHHH HJIH 'IHCJIO

3HepreTH'IeCKHX ypoBHeii, IIpHxop;Hm;HXCH Ha ep;HHH'IHIiIH

UHTepBaJI 8HeprHH 11. Ha 1 CMs MaTepHaJIa, O'IeBHp;HO, paBHa

p.(E) = dv/dE,

rp;e dv - 'III.CJIO ypoBHeH B 8HepreTII.'IeCKOM II.HTepBaJIe dE!.
OKOJIO ypOBHH E. Ho dv/dE - 8TO IIJIOTHOCTb COCTOHHHH

ORono ypOBHH <DepMH P;JIH MeTaJIJIa B HOpMaJIbHOM COCTOHHHH,

T. e.

PRC. 38.2. CneKTp llJIeMeHTapHbIx Bosoym,ueHHii: cBepxnpoBoplIKa E k

H IIJIOTHOCTb COCTOHHHii: P (E).

\
38.2. fiJIOTHOCTb COCTOJlHIIH 3JIeMeHTapHblX Bos6ymp;eHuH

cBepxnPQBop;HHKa II p;JIIIHa KOl'epeHTHOCTH. Ha},pHc. 38.1
6h1JIa CXet<IaTH'IeCKH IIOKa3aHa HHmHHH 'IaCTb cIIeKTpa 8JIe­

M:eHTapHIiIX B036ymp;eHHH CBepxrrpoBop;HHKa. MCIIOJIb3yH

lfJOpMyJIY (37.9), JIerKO IIOJIY'IHTb BIiIpameHHe P;JIH rr:;:roTHocTH

CQCTOHHHH B crreKTpe 8JIeMeHTapHIiIX B036ymp;eml:H CBepx­

npoBOp;HHKa. ,I.J;eHcTBHTeJIbHO, Ek - 81'0 8HeprHH 8JIeMeHTap­

Horo B036ymp;emIH (CM. lfJOpMyJIy (38.4», T. e. 8TO BeJIH'IHHa,

PRC. 38.1. 8HepreTRQeCKaH m;eJIb .do OTj{eJIHeT OOJIaCTb llHepreTRQeCKRX
ypoBHeii: llJIeMeHTapHI>lX Bosoymj{eHHii: OT ypOBHH OCHOBHoro COCTOHHRH

(ypOBHH KOHj{eHca~RH llJIeKTpOHHbIX nap).

Eq=O, T. e. ecmr COCTOHHHe q HaXOp;HTCH Ha IIOBepXHOCTH

<DepMH). 8TO 3HR'lHT, 'ITO CIIeKTp ::lJIeMeHTapHIiIX B036ymp;eHHH

CBepXIIpOBOp;HHKa OTp;eJIeH OT ::mepreTH'IeCKOrO ypOBHH, COOT­

BeTcTByIOm;ero OCHOBHOMy COCTOHHHIO CBepXnpOBOp;HHKa,

::mepreTH'IeCKOH m;eJIbIO.

,I.J;eHCTBHTeJIbHO, BHOBb BepHeMCH K CBepXIIpOBOp;HHKy

B OCHOBHOM COCTOHHHH. IIycTb B pe3YJIbTaTe KaKOrO-TO BHem­

HerO B03p;eHCTBHH OP;HH H3 ::lJIeKTpOHOB IIapIiI (q, -q) IIepe­

Bep;eH B cocep;HIOIO H'IeHKY k-IIpOCTpaHCTBa. HaIIOMHHM, 'ITO

IIOCKOJIbKY paCCMaTp~BaeTCH OCHOBHoe COCTOHHHe CBepXIIpo­

Bop;HHKa, IIepBOHa'IaJIbHO Bce HlJeHKH B k-IIpOCTpaHCTBe 6IiIJIH .

}

JHepcl!n!u¥et;'I!Uf}

c=
~~~-~~§~§~~ YP;:;~;~;:~;OfJHbII

~o

OCHo8Hoe
eDemOf/Hue

HJIH rroIIapHo 3arrOJIHeHIiI, HJIH rronapHo IIyCTIiI. IIepeBop; op;­
Horo H3 ::lJIeKTpOHoB IIapIiI (q, -q) B cocep;HIOIO H'IeHKY 03Ha­

'IaeT rrOHBJIeHHe p;ByX HecIIapeHHIiIx (B036ymp;eHHIiIx) ::lJIeK­

TpOHOB: OP;HH OCTaeTCH B OP;HOM H3 COCTOHHHH (q, -q),
a BTOPOH IIOHBJIHeTCH B cocep;HeH JIlleHKe H, KOHe'IHO, He HMeeT

IIapHoro ce6e B rrpOTHBOIIOJIOII\HOH TO'IKe k-IIpOCTpaHCTBa.

COrJIaCHO TOJIbKO 'ITO npOBep;eHHoMy paccymp;eHHIO Ha TaKOH

pa3pIiIB IIapIiI Tpe6yeTcH ::meprHH MHHHMyM 2~o' 8TO MomHO

CXeMaTH'IeCKH H306pa3HTb C IIOMOm;bIO p;HarpaMMIiI (pHC. 38.1).
Bce IIapHIiIe COCTOHHHH CKOHp;eHCHpOBaHIiI Ha ypoBHe, xapaK­

TepH3YIOm;eM OCHOBHoe COCTOHHHe CBepXIIpOBop;HHKa. JIHm­

HHH ::lJIeKTpOH Ha 8TOM YPOBHe OKa3aTbCH He MomeT H p;OJImeH

3aHHTb IIepBIiIH He3aHHTIiIH ypoBeHb crreKTpa 8JIeMeHTapHIiIX

B036ymp;eHHH. IIpH pa3pIiIBe rrapIiI 06a 8JIeKTpOHa IIapIiI

p;OJImHIiI IIOP;HHTbCH Ha ypOBHH CIIeKTpa 8JIeMeHTapHIiIX B03­

6ymp;eHHH, H II08TOMY p;OJImHa 6IiITb 3aTpa'IeHa 8HeprHH 60JIb­

maH 2~o.

Cym;ecTBoBaHHe 8HepreTH'IeCKOH m;eJIH HBJIHeTCH O'IeHb

BamHIiIM CBOHCTBOM CBepXIIpOBop;HHKa H 06'bHCHHeT MHorHe

saKoHoMepHocTH ero IIoBep;eHHH.
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(38.9)

3TO O'IeHb OOJIbmOe, BnOJIHe MaKpOCKOnI'l'IeCKOe par.cToHHHe.

3aAaqa 38.1. Bo CKonbKO paa nnOTHOCTb CocToHHnfi B cneKTpe
anellleHTapm>lX B036ymp;oHnii: cBopxnpoBop;Hlum 6onbIllo nnOTHOCTn co­
CToHHrrii: 3JIOI(TPOIIOB B ~oplllanbHolll lIleTaJIJIe OKono YPOBHH. <fleplllI~
;0:.'111 3Heprnii: Boa6ymr\OmUl E, paBHbIX COOTBOTCTBOHHO 1,01 L\o, 1,5 L\o'

2,0 L\o?
Om6em. piN (0)==7,12; 1,34; 1,15.

38.3. 3aBllclfMoCTb neJIlI'IHHhI aHepreTH'IeCIWH IIJ;eJIH OT

TeMnepaTyphI. 8nepreTHQeCRaH m;eJIb 6. YMeHbllIaeTCH C no­

BLIilleHHeM TeMnepaTypLI (oo03Ha'IeIII'le ~o MLI coxpaHHM

TOJIbKO ~JIH CJIy'IaH T=O). 81'0 MOiRHO JIerRO nOHHTb. RaR

MLI YiRe 3IIaeM, AJJH paapLIBa napLI H coaAaHHH Anyx aneMeH­

TapHLIX B030YiI\AeHUH: TpeoyeTcH aaTpaTHTb 3HeprHIO 2 A.
ECJIU TeMllepaTypa cnepxllponoAIIuRa T TaROBa, 'ITO

kBT ~ 26., TO HCHO, 'ITO yme MHOrO <lJIeRTp~HnbIX nap 6YAeT

pa30pBaHO no,n: nJIHHIIHeM TenJIOBOrO B03AeHCTBHH 11 CoOTBeT­

CTBeHIIO B k-npOCTpaHCTBe OYAeT yme MHoro H'IeeR aanOJIHeHO

aJIeMeHTapIILIMIf n030ymAeIIHfiMH (OAHIIO'IHbIMH <lJIeKTpOHaMH).

Ho aTO aHa'lHT, 'ITO <lTH COCTOHHI'lH B k-npOCTpaHCTBe YiRe He

Oy~YT y'IaCTBOBaTI, BO naaHlIiHbIX nepexoAax nap H, COOTBeT­

CTJieHHO, He OYAyT y'IaCTBOBaTb B OOIIJ;eM nOHlUReHHH <lHep­

rHI'l CBepxnpOBOAHHRa, T. e. :meprHH cnepxnpOBOAHI'lRa nonbI­

CI'lTCH. 8TH me COCTOHHI'lH, OqeBHAHO, He OYAyT Terrepb yqaCT­

BonaTb I'l B 4JopMHpOBaIIHIf IIJ;eJIH (OM. (37 .8)). OTCIO~a CJIe­

,~yeT, 'ITO 'IeM OOJIbme OYAeT pa30pBaHHbIx nap, TeM OOJIbme

9JIeMeHTapHbIX B030YiRAeHlIH I'l TeM MeHbme ID;eJIb.

Tenepb nponeAeM ROJIlIlJeCTBeHHLIH aHaJI1I3.
IIOCKOJIbKY aJIeMeHTapHble BoaOYiR~eHI'lH nOAlJIIHHIOTCH

CTaTIIC'flIKe <1>epMII-AI'lpaKa, BepOHTHOCTb aanOJIHeHIIH CO­

CTOHHHH k O~I'lHO'IHbIM 9JIeRTpOHOM paBHa

(h'y BeJII'l'IHHy eo MOiRHO TaRiRe paCCMaTpHBaTb RaR pa3Mep

3JIeRTpOBHOH napLI, ~JIH OD;eHRI'l ROToporo MOiRHO npHHHTb, 'ITO

lJF ~ 108 CM/C, Tc ~ 1 K, Tor~a

10-21 • 108 -4-
~o~0,18 138.10 18 .1 ~ 10 eM.,

(38.6)

(38.7)

6.x6.k~ 1.

nOCJIe~HHH 4JopMyJIa nORa3LIBaeT" 'ITO, ~eHCTBIITeJIbHO, nJIOl'­

HOCTb COCTOHHUH ~JIH aJIeMeHTapHLIX B036ym~eHIIH CBepx­

npOBO~HURa p (E) ~ 00 npu E ~ ~o' (ha curyaD;uH u306pa­

meHa Ha puc. 38.2.
PaCCMOTpHM Tenepb, RaR MHRpOCROnH'leCRaH 'IeOpHJI

cBepxnpoBo~HMOCTH n03BOJIHeT OD;eHHTb ~JIUHY RorepeHT­

HOC1'H .cBepxnpoBo~HHRa. BOJIHOBaH 4JYHRD;UH OCHOBHoro co­

CTOHHHH CBepxnpOBO~HHRa HaMH YiRe paCCMaTpHBaJIaCb

B n. 37.1. OCHoBHoe COCTOHHHe MOiReT OLITb H300paiReHO pac­

npe~eJIeHHeM cnapeHHLIX aJIeRTpOHOB B k-npOCTpaHCTBe

'ITO ~aeTCH 4JyHRD;HeH ~. rpa4JHR 3anHCHMOCl'U ~ OT k npe~~
CTaBJIeH Ha PHC; 37.3. BH~HO, 'ITO OOJIaCTb k-npOCTpaHCTBa,

r~e 4JYHRD;HH Vk HcnLITLIBaeT CHJIbHLIe H3MeHeHHH, HMeeT

nopH~OR

OTCIO~a CJle~yeT, 'ITO OOJIaCTb Ax B x-npocTpaHcTne, r~e BOJI­

HOBaH 4JYHRD;HH OCHOBHoro COCTOHHHH cnepxnpoBo~IIHRa

oy~eT cYlIJ;eCTBeHHo 113MeHHTbCH, ~OJIiRHa onpe~eJIHTbCHCOOT­

HomeHHeM

3~eCb PF - HMnyJIbC aJIeRTpOHa Ha nOBepxHocTH <1>epMH,

VF - 4JepMHeBcRaH CROpOCTb aJIeRTpoHa. Ho no caMoMy

CMLICJIy ~x - aTO RaR pa3 Ta BeJIH'IHHa, ROTOpyIO npH H3Y'Ie­

HHH TeopHH rHB36ypra-JIaH~ay MLI Ha3LIBaJIH ~JIHHOH

RorepeHTHOCTH e. IIoaToMy MLI Tenepb MOiReM rOBopHTb 'ITO

H3 (38.6) CJIe~yeT OD;eHRa ~JIH ~JIHHLI RorepeHTHOCTH eo' npH

T=O:

CROPO 6y~eT nORa3aHO, 'ITO 6.0~ kBT" r~e kB - nOCTOJIHHaJI

BOJIbD;Maua, T, - RpHTH'IeCKaJI TeMllepaTypa. T01JIIhlH paeqeT

~aeT

(38.8)

178

rAe Ek _ lmeprlIlI anellIeHTapHOro BoaOYiRAeHHlI. JIerRo BHp;eTb,

~TO fk~1 npH kBT~Ek' fk~1/2 npH kBT'fPEt · ECJIH

JOT~ ObI oARO H3 OOOTOIIHUH (k) HJIH (-k) 3ar,:OJIlIeao, TO napa

~P'J.'QJJII.Q:ij (k, -I,c) H~ HOiReT Y~llyTBq~aTbB c03~aIIB.Q: cpepx-

. U. 1W

-



nPOBO,IVoJmero COCTORHHR. BepORTHOCTb nora paBHa 2fk • OTCIO.D;o

CJIe,a:yeT, 'lTO BepORTHOCTb Toro, 'ITO napa COCTORHHH (k, -k~
MOIIWT y'laCTBOBaTb B pacceRHHRX, T. e. ro,a:HTCR )l;JIR yTJa·

CTHR B coa.n;aHHH CBepxrrpOBo.n;R~eroCOCTORHHR, paBHa 1 - 2fk ,

Tor.D;a BbIpameHHe .D;JIH rrOJIHOH aHeprHH CBepxrrpOBo.n;HHRa

npH T =1= 0 MomeT ObITb aanHcaHO B BH.n;e (CM. § 37)
Eq=VS~+~2(T).

ypaBHeHHe (38.14) rrpHMeT BH.D;

~ = V ~' 2;k ( 1 - exp (Ek(~BT)+ 1) .
k

w = ~21 skjik +2 ~ sk(1-2h)v~-
k k

- V~' VkUkV;'Uk (1 - 2/k) (1- 2fk').
kk'

(38.10)

Ha (38.14) HaXO.D;HM YP~BHeHlle .D;JIH

KaK H B (37.10), aarrHmeM Vq B BH,lI,e

v~= ~ (1 - sqfEq),

~eJIH. AJIH aToro,

3,a:eCb nepBoe CJIaraeMoe - KHHeTHqeCIl:aH aHeprHH aJIeMeH­

TapHbIX Boaoym.n;eHHH, BTopoe CJIaraeMOe - KHHeTHqeCKaH

:mepI'HH CBepxrrpOBOl.J;H~HX aJIeI{TpOHOB, rrOCJIe,a:HHH TJJIeH ­

aHeprHH BaaHMol.J;eHCTBHH cBepxrrpoBol.J;H~HX aJIeKTpOHOB

TJepea !f>OHOHhT, KOTopaH H rrpHBOl.J;HT K Coal.J;aHHIO CBepXrrpOBO­

l.J;H~erO COCTOHHHH. IIocJIel.J;HHe ,a:Ba COMHOmHTeJIH yqHTbIBaIOT

BepOHTHOCTb TaKoro BaaHMOl.J;eHCTBHH.

IIJIOTHOCTb CBOOOl.J;HOH aHeprHH CBepXnpOBOl.J;HHKa paBHa

. t1(T)/t1(0)

U .f.0pMe i.laBHCHMOCTb rr~eJIH OT
V !f>opMyJIa .D;acT B lIeHBHOH 'I:' .' 38 3

Ta vTa aamICHMOCTb H300pail{eHa Ha pHC. .' .
TeMrrepaTyphT.

ds vs 2 + 112 (T)
~===.=::;:;;:::- th 2k T •
vs2 + 112 (T) B

(38.15)

rrOCJIe He-
IIepexo,lI,H OT CYMMHpoBaHIIH R HHTerpHpOBaHHIO,

CJIOlliHhIX rrpe06paaOBaHHH rro;ry'lHM

hooD

1 .f.·N(O) V )
o

(38.11)F=W-TS,

r,a:e S - aHTponHH MaTepHaJIa. <I>YHKIJ;HH vi, xapaKTepHayIO­

~He pacrrpe,a:eJIeHHe CBepxrrpOBo,a:H~HX aJIeKTpOHOB rro HM­

rryJIbCaM H COOTBeTCTBYIO~He TepMo.n;HHaMHqeCKoMy paBHO­

BeCHIO, orrpel.J;eJIHM H3 yCJIOBHH MHHHMaJIbHOCTH rrJIOTHOCTH

CBOOOl.J;HOH aHeprHH F:

aFla (v~) = O. (38.12)

1,01-----_

0,6
PHC. 38.3. 3aBHcHMOCTb
<lHepreTH'leCKOll: m;eJIH OT 0,2'
TeMuepaTypM corJIaCHO L-~~~--~~~~~

TeopHn EI{ill. 0 0,2 0,6

r.n;e

IIo.n;cTaBJIHH B (38.12) cl'OpMyJIbI (38.11) H (38.10), nOJIy'lHM
PhI orrpel.J;eJIHeTCH

BomIaH T aaBHCHMOCTb ~eJIH OT TeMrrepaTy u TH
.f. u C A (T T)1/2 11a (38.15) MOlliHO Terrepb H;H u

'l:'0pMyJIOH L..\ ~ C-. u T ,u,eH-
HBHoe BhIpallieHHe .D;JIH RpHTH'leCR~~ ~eMne~~r:J; :~JIH Ha­

CTBHTeJIbHO, rrpH T = Tc ~eJIb -, ~o_ 0 ' nOJIy'lHM

(38 15) T BMeCTO T H rrOJIOlliHTb L..\ - , MhI .
ijHcaTb B •. c
ypaBHeHHe OTHOCHTeJIbHO Tc:

(38.16)
hOOD

)

ds E

-th 2k T.···E B c
o

N(O)V

(38.13)

(38.14)

(J>opMyJIa (38.14) ,a:aeT BbIpameHHe ,a:JIH aaBHClIMOCTH II{eJIH OT

TeMrrepaTyphT. TIPH T -- 0 ~eJIb ~ __ ~ (0), r,a:e A (0) Ap--
~eJJb npH T = 0, ijO.TJ'y'leHHaH pallee (37.8),

~8Q

JIpoBe,rVI lIHTerpHpOBaHIIe, lIOJIY'lI1M

kET
F
= 1,14nropc-1/

N
(OlV.

(38.17)

tjt



§ 39. TYHHeJIbHbIe alfllfleKTbI B cBepxnpoBo~HHK8X

HaHOOJIee rrpHMoe lIaMepeHHe aHepreTH'IeCKO:H m;eJIlI

B cBepxrrpoBo~HIIKax MOiI\eT ObITb npOBe~eHO C rrOMOm;bIO

TyHHeJIbHbIX aKcneplIMeHTOB. 8Ty MeTO,I\IIKY paapaOOTaJI reBep

B 1960 r. [51 J. B rrplIHIJ;lIne OHa O'leHb npOCTa (pIIC. 39.1).
Ha CTeKJIHHHyIO nJIaCTHHKy C aapaHee no~rOTOBJIeHHIiIMHKOH- •

TaKT8MlI HaHOCIITCH yaKaH nOJIOCKa nJIeHKII nepBoro MeTaJIJIa.

3aTeM aTa rrOJIOCKa OKIICJIHeTCH TaK, '1TOObI nJIeHKa OKaaaJIaCb

rroKpbITOH CJIOeM lIaOJIlIpYIOm;ero OKIICJIa TOJIm;IIHO:H B He-.

CKOJlbKO ~eCHTKOB aHrCTpeM (6apnepHbI:H CJIOM). nOCJle aToro

B uOnepe'lHOM HanpaBJIeHHH HaIlOCHTCH yaKaH nOJWCKa rrJIeHKII

BToporo MeTaJlJIa. MecTo nepeCe'leHHH aTHX ,I\BYX nOJlOCOK

(UJlOm;aAhIO ~1 MM2
) H npe~CTaBJlHeT COOOH TYHHeJIbHbIB:

uepexoA. MCCJleAOBaHlIe aaKJlIO'IaeTCH B lIay'leHIIII BOJlbT-'

aMIIepIlOH xapaKTeplIcTIIKII TaKoro nepeXOAa. <I>lIalIKa AeJIa

aaKJlIO'IaeTCH B TOM, 'ITO a,I\eCb IIcnoJlbayeTcH CneIJ;II4JII'IeCKOe

KBaHTOMeXaHII'IeCKOe CBOHCTBO aJIeKTpOHa npOXOAIITb TOHKlIe

nOTeHIJ;lIaJlbHbIe oaphepbI (B AaHHOM cJlY'Iae - CJIO:H OKIICJlaU

nocpeACTBOM TaK HaabIBaeMoro TyHHeJlbHoro nepeXOAa.

06CYAlIM Terrepb, KaKOH BII~ OYAyT IIMeTh BOJlbTaMrrepHIiIe

xapaKTepHCTIIKII AJIH paaHbIX cJly'laeB TyHHeJIbHbIX nepe­

XOAOB.

IIpOCTeiimlI:H CJIY'IaH - KorAa H nepBbIH II BTOPO:H Me­

TaJlJlbI - HOpMaJIbHbIe MeTaJIJIbI. llPII YCTaHOBJleHHH HOB;,

TaKTa oYewrry MerUnaMH HX YP9BHlI WepH» ypallHIIlIlUOTCW '
aa IDler B03HDJ5HOMUIl'! RQHTaKTHoii..lW3HOCTU UQTeHTVIAUOB.

3HepreTIIQeCKaH ,I\HarpaMMa HaoopameHa Ha pHC. 39.2, a.
ECJlHTenepb Ha TYHHeJIbHIiI:H nepexOA nOAaTb paaHOCTb nOTeH­

~aJIOB V (pHC. 39, 2, 6), TO ypOBHH <I>epMH MeTaJIJIOB pa:;lOH­

AyTCH Ha BeJlII'IIIHy eV, II B03HHKHeT TYHHeJIbHbIM TOK.

ECJIII npe~nOJIOmIITh, 'ITO nJlOTHOCTb COCTOHHIIH B HHTepe­

CYIOlIJ;eii HaC OOJlaCTII aHeprII:H OCTaeTCH nOCTOHHHoii (N (0)),

183

z

J
Puc. 39.1. CxeMa 9KCIlepll­
MeHTa AJIH uayqeHIlH TyH­
HeJIbHOrO 1l<j><j>eKTa: 1­
eTeKJUlHHaH IIJIaCTIfHa, 2­
WleHKa IIepBOrO MeTaJIJIa,
3 - IIJIeHKa BToporo Me-

TaJIJIa.

C ~PyroM CTOpOHW, HaM Ylf\e M3BeCTHO (37.14), 'lTO

6 0 = 21i<o0e-1/N(0) v.

OTcIO~a Cpa3y Haxo~MM

260 =3,52kB T.. (38.18)
8TH COoTHomeHHH Ha

COrJIaCHH C MHOrOlJ X0,I\HTCH B XopomeM KOJIH'leCTBeHHOM
HCJIeHHWMM aKcnepHMeHTaMH OOC

em;e paa 4JHaHlJeCRlrri: CMWC 11 nOJIYlJeHHIiIX pea' Y,I\HM
no • YJIbTaTOB.

,I\ RJIHJUIIIeM TenJIa HeIWTopwe napw paapymaIOTc

;IJIe:~aH:KaIOT HecnnpeHHwe a,lIeKTpOHbI, HJIH HOPMaJIbHbI:
po hI, JIJ[H a.'IeMeHTapHIiIe B030YiI\,I\eHI1H 81'0 np

pa3HIiIe IIa3BaHTfH 0 • OCTO

~:::JIHHH KaKHe-TO ~~~~~\:~-a:;o:;~a~~:::,e~~~r~,I\~~~~~::~
~I~) ~~O~~~~\JI(~;~)OTCOOTBeTCTBYIOm;n:e R'leMKH (M napHwe

. ,KOTopaH onpe~eJIJIeT TTIeJI~ ABe
ayJIbTaTe m;eJI I ....... D '-'. p-
eTCH h cymaeTCH. -IopMaJIhHoe COCTOHHHe ,I\OCTHra-
, TOr,I\n, Kor,I\a 6 cTaHoBHTCH paBHOM IIyJIlO '=lTO

3BOJIHeT onpe,I\eJIHTI • • u no­
(38.17). > KpH1IIlJecKYlO TeMnepaTypy COrJIaCHo

3aMelJilTeJIbIIO 'ITO qlOp (38 17)
II30Ton-a4Jq)eKTa Han MyJla • ,I\aeT 001>HCHeHHe
B TO • OMHIIM, lJTO H30Ton-::>4J4JeKT aaKJIIOlJaeTCH

M, lJTO KpIITH'leCKaH TeMnepaT
O,I\Horo H 1'01'0 me CBe ( ypa pa3HWX H30TonOB
aMmrpIl'leCKOH 4JoPM::oioBO~HIIJ;erOaJIeMeHTa onpe,I\eJIHeTCH

OlD ~M-1/2,

TO Ha (38.17) cpaay CJIe,I\yeT HaoTon-a4J4JeKT.

eCJIM3~~~~ ~~.~ O~p~~6JInTb KOHcTaHTy CBHall g=N(O)V ,LIJIH OJIOBa
P e III e' 'u 1-\ aeBCHaH TeMlIepaTypa paBHa 80=195 K '

H II e. J!lCIIOJIbSYH "'0 (38 17) .
3alTa'la 38 3 U'pn '*' pMyJIy • • IIOJIy'lIlM g=O 245

1-\ • • 11. TII'IeCKaH TeMil ' •
co CpenHlfM aTOMHhlM BeCOM 199 7 r epa?pa CMecn naOTOIIOB pTYTIl
KyIO CTOpOHy naMeHIfTCH H MTn~e paBHa ,161 K. Ha CHOJIbKO n B Ka­
lInM aTOMfIhlM BeCOM 200J r. CKaH TeMlIepaTYpa ,LIJIH CMeCIl co cpe,LI-

Om6em. IIoHll3HTCH Ha 0,01 K.
3a,LIa'la 38.4. TYHHeJIbHhlD: aKClIe (

aHa'leHHe aHepreTIl'leCHOll II(eJIII t. =f~~~~4 c~. § 39) f!.aJI AJIH IlHAIlH
COrJIaCHO Teoplfn BRIll Kplf o. a • RaKoll ,LI0JIlKHa 6Ii1Tb
C T. IfH,LI1f1I 3 37 K. TH'lCCKali TeMlIepaTypa IfHAIfH? CpaBa:IlTI,

Ommn. T.=2t.o/(3,5~k~)=3,19 ~. . ,

T M l/2
• '=const,

r,I\e M - MaCca aTOMa H3 n
• CTOTa OTona. OCKOJIbKY ~eoaeBCKaH '1a-

---
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PHC. 39.4. BOJIbTaMnepHaH xa­
paKTepHcTHKa TYHHeJI&HOrO

N S -nepexoAa.

TaRUM 06pa30M, BOJIhTaMnepHaH xa~a~TepHCTu~ta;aRO~~
TyHHeJIbHOrO nepexo,n;a 6y,n;eT He'IeTHOH ,*,yHRIl,UelI •

D306pameHa Ha pHC. 39.4.
B CJIy'I3e, eCJIU T+O,

TO, RaR lIeTpy,n;UO co06pa­

31ITb, BOJIbTaMnepHaH xapaR­

TeplIcTHRa ~y,n;eT HeCROJIbRO

pa3Ma3aHHolI.
IIepexo,n;uM R paccMoTpe-

HHIO TYHHeJIbHhIX 34!4!eRToB,

Kor,n;a ona MeTaJIJIa (81 H

8) HBJIHIOTCH CBepxnpOBO,n;­
2 T-O

HHRaMH. 3,n;ecb cJIy'IaH -

H T=I=0 pa3JIII'IaIOTCH npRH-

n;HIIlIaJIbHo.
CnepBa paccMOTPIIM CJIy-

'laM T=O. CorJIaCHO pIlc.39.5

TYHHeJIbHhIH TOK MomeT BOS-

HRKHyTb TOJIbKO TO r,n;a , Kor,n;a n IIJIOiI\eHO HanpJlmeHIle
K TYHHeJIbHOMY nepexo,n;y 6y,n;eT p 3TOM c.iiV'IaeV> (to +to, )/e. AeHCTBIITeJIbHO, TOJIbKO B '.

1 2 6 ameHHhIH Ha 3TOM pIIcyHKe.
B03MomeH npon;ecc, ~30 p eTCH o,a;rm lIS 3JIertTpOHOB

3JIeltTpOHHaH napa B ,s1 P~PhIB~Aerr~HIIeM 3HeprrIII paRHOH
9TOH naphI TYHHeJIUpyeT R. 2 C B • ~ "eKTpOH pasopRaH­
UJIII 60JIbrneH, 'IeM to 1· TIpu 3TOM llTOP~ll 931 aeTCH B COCTOHHlIR:
HOH naphI, IIOrJlOrn;aJI 3TY 3HepruIO, BOS ym,n;
cneKTpa KBaSII'IaCTIIn; 8 1 ,

Tb BTO OH 9JIeRTpOH 3TOH naphI B o6JIacTb pa3­
qT06bI 3aRUHZeprHH ~JIH O,n;HHO'IHhIX 3JIeRTpOHOB, T. e. BhIme

emeHHbIX 9 /-',
P eJID (CM. puc. 39.3, e).
m; N S

S N S
N ~- r=--
~~ £r ~A

e{~~ O~ ?;€F'77/mm-r

~. ~~~
~ W&/;:;/.<;·,

., iJ) (JJ

aJ JIH TYHHeJIbHOrO N S-nepexol{a:
PHC 39.3. 3HepreTH'IeCKaH AHarpaMM: AYPOBHIO OCHOBHoro COCTOHHHH

V· ° pOBeHb € npoTHBOCTOH
a) =, Y F Ii H eT TyHHeJIbHbIH TOK 3JIeKTpO-

CBepXnpOB01\HHKa, 6) VO""I~vlle>VI ?HAeTATYHHeJIbHLIH TOK 3JIeKTpOHOB
HOB H3 NBS, 6) V"" , S N

H3 B •

v~o

5)

v=o

0)

PIIC. 39.2. 3HepreTlI'IeCRaH l{HarpaMMa l{JIH-:CJIy'IaH ROHTaKTa l{BYX
HOpMaJI&HLIx!MeTaJIJIOB: a) V=O, 6) V""O, Hl{eT TyHHeJI&HLIB: TOR -eV.

TO li3 pUC. 39, 2, 6 HCHO, 'ITO CUJIa TOIW 6y,n;eT nponOpIl,u­

OHaJIbHa eV, T. e. 6y,n;eT BhInOJIHHTbCH 3aROH OMa.

PaCCMOTpliM Tenepb CJIy'IaH, ROr,n;a nepBhIH MeTaJIJI­

HOpMaJIbHMH, a BTOPOII - CBepxnpOBo,n;HUR. MhI YiI\e 3HaeM,

RaROH BU,n; UMeeT cneRTp 3JIeMeHTapHhIx B036Yi:l{,n;eHU:U CBepx­

npOBo,n;HURa (puc. 38.1 U puc. 38.2). 8HepruH 3JIeMeUTapHhIX

[

B036Yi:l{,n;eHUH OTC'IUThIBaeTCH 0'1' ypOBHH OCHOBHoro COCTOH­

HUH CBepxnpOBo,n;UURa. B HOpMaJIbHOM MeTaJIJIe 3HeprUH

9JIeMeHTapHoro B036yi:l{,n;eHUH OTC'IHTbIBaeTCH 0'1' ypOBHH

cJ>epMH. II03TOMY npH C03,n;aHHU TyHHem,Horo RoHTaRTa Mei:l{,n;y

~
OPMaJIbHhIM MeTaJIJTOM H CBepxnpOBO,n;HHROM 3a 'c'I~ ROH­

TaRTHOH pa3HOCTH nOTeHD;HaJIOB ,n;OJIi:I{HhI ypaBHHTbCH ypoBeHb

<DepMu HOpMaJIbHOrO MeTaJIJIa II ypoBeHb OCHOBHOrO COCTOH­

HHH CBepxnpOBo,n;HURa. 11MeHHo 3'1'0 COCTOHHHe H306pai:l{eHO

Ha plIC. 39. 3, a.
PaccMoTplIM cnepBa CJIy'IaH, Ror,n;a T=O.
IIpuJIoiI\UM R TyHHeJIbHoMy nepexo,n;y HeRoTopylO pa3­

HOCTb nOTeHD;uaJIOB V. IIycTb B pe3YJIbTaTe 3'1'01'0 ypoBeHb

<DepMlI HOpMaJlbHOl'O MeTaJIJIa no,n;HHJICH Ha,n; ypoBHeM OCHOB­

Horo COCTOHHlIH CBepxnpOBo,n;HURa Ha BeJIH'IHHy eV.
113 puc. 39.3, 6 HCHO, 'ITO TYHHeJIbHhIH TOR 3JIeRTpOHOB

HfJ NBS MOi:l{eT HalJaTpCH'TO.1JbRO Tor,n;a, Ror,n;a BeJIHlJHHa eV
CTaneT paBHOH 3HepreTIflleCROH IIl,eJIH to B S UJIH npeB30H,n;er

ee. TOT am pe3YJIbTaT nOJIy'IRTCH, eCJIH TIOMeHHTh nOJIHpHOCTb

npHJlOiReHHoro R nepexo,n;y HanpHi:I{eHHH. Tenepb TyHHeJIHpO­

BaHue 3JIeRTpOHa U3 S B N 6y,n;eT npolIcxo,n;UTb Tor,n;a, Ror,n;a

OKai:l{eTCH 3HepreTHlJeCKU ,n;onycTHMhIM pa3pbIB 3JIeKTpOHHOH

napbI B S, T. e. Ror,n;a 3HepruH, BhI,n;eJIUBmaHCH npu TyHHe­

JIHpOBaHHH o,n;Horo 9JIeKTpOHa napbI OHai:l{eTCH ,n;oCTaTOlJHOH,

84
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PRe. 39.7. BOJIbTaMrrCpHaH
XRpaRTepHcTIlRa TyHHCJIb­

Horo rrepexop;a 818 2,

Ha TO, qTO IIJ;eJIlI B 81 R 8 2 pa3HhIe, KOJTR'IeCTBO B036ym)J,eHHH

Ha npOTHBoCTOHID;RX )J,pyr )J,pyry ypOBlIHX B 81 f[ 8 2 6yp,eT O)J,H­

HaKOBO. TI03TOMY IWJTHqeCTBO 'IaCTRIJ;, TyHHeJIHpyIOID;RX 113

SIll S2 6Y)J,eT paBHO TOMy me 'IRCJIy 'IaCTllIJ;, TYllHeJIllpYIOID;IlX

lIS 8 2 B 81, T. e. KaK 31'0 II )J,omKrro 6hlTh, B paBHoBecHhlx

YCJIOBlIflX rrOJIHhlH TYHHeJIhHhlH TOR I =0.
ECJIlI TenepI. rrpllJIMKllTb )J,ame Hc60JlhlllOe HanpHmeIIlle

V, TO paBIIOBeClle uapyIIIllTcH Ii B03HUKHeT TOK KBa311'IaCTlIIJ;

118 oAHoro CBepxrrpOBO)J,HHHa R )J,pyroH. He 6Y)J,eM, op,HaKO,

8aOLlBaTh, 'ITO UJIOTHOCTh COCTOHHHH RBa311'IaCTHIJ; B CBepx­

npOBO)J,HHKe llMeeT oc06eUHOCTh rrpH E= ~ (CM. (38.5) II

plIC. (38.2)). TI03TOMY eCJIII rrpIIJIOiIUlTh K rrepexo)J,y pa3HOCTh

nOTeHIJ;lIaJIOB V TaKyIO, 'ITO eV=~I-~2 (pRC. 39.6, 6),
TO APyr rrpOTHB APyra oKamyTcH OOJIaCTR c rrJIOTHOCThIO CO­

CTOflHlIH p=CO H B 81, R B 8 2, ECTeCTBeHHo, no Bhl3(lBeT

6oJIhmOH BCrrJIeCK TyHHeJIhHOrO TOKa. ,[(aJIhHeHlllee yBeJf'H'Ie­

Hlle V rrpHBeAeT K TOMy, 'ITO ypOBHH C p-'=CO pa30H)J,yTCH II

rrOJIHhlH TYHHeJIhHhlH TOK yMeHhIIIRTCH. OTCIO)J,a MomHO C)J,e­

JlaTh BhlBOA, 'ITO rrpR V=(~I-~2)/eHa BOJlbTaMIIepHOM xa-.

paKTepHCTlIKe )J,OJImeH Ha6JIlo)J,aThCfI MaKcHMyM TOKa

(pIIC. 39.7). TIPII II3MeneHHH 3HaKa V B03HHKHeT )J,HarpaM~Ia,
8806pameHHaH Ha pllC. 39.6, e. 3)J,ecb TOiKe B03HHKHeT

187·

,[(JIfI peaJIhHoro CJIy'Iaff, Rorp,a T=/=O, RapTIIHa 6yp,eT He­

C:KOJIbKO 60JIee CJIOiI\HOM. Teueph B Ramp,Ol\-I liB CBepxrrpOBOp,­

HUKOB HMeeTCfI IWKOe-TO KOJIlFIeCTHO J.036YiI{p,eIIHhlX Op,R­

IIOqHLlX ::lJleKTpOHOB, paBHOBeCHoe ROJIR'IeCTBO ROTOphlX orrpe­

AeJIfleTCfI TeMrrepaTypoM.
i)HepreTR'IeCRIW p,lwrpaMlIIhl TyHHeJIhHOrO rrepexop,a

B aTOM CJIy'Iae H306panWHbi Ha pRC. 39.6. KOJIlI'IeCTBO B03­

6ymAeHRM B )J,aHHoM 06JIaCTR crreRTpa CXeMaTlI'IHO H306pa­

maeTCfl ROJIH'IeCTBOM TO'IeR Ha p,aUHOM 3nepreTR'IeCKOM

ypoBHe. BH)J,HO, 'ITO eCJIR V=O (pRC. 39.6, a), TO, HeCMOTpfl

./

s,
-----

.<1,

'\ 52

eV

.12

I

._~-------

~~~:~j"

a)

V=O,/=O

5,

PHC. 39.5. SnepreTHqeCRHe p;HarpaMMhI P;JIH TynHeJIbHOrO rrepexop;a
818 2 , T=O.

8)

PHC. 39.6. TyHHeJIHpOBaHHe Memp;y p;ByMH cBepxrrpoBop;HHRaMH rrpIl
Ti=O: a) V=O, ROHn;eHTpaIVIH Boa6ymp;eHHn C op;IIHaRoBon llHeprllen
B 81 H 82 op;IIHaRoBa, rrOllTOll1Y TOR paBeH HyJIIO; 6) eV=.1

1
-.1

2
, TOR

06yCJIOBJIeH rrepexop;oll1 Boa6ymp;eHHhIX qaCTIln; Ha 8 2 B 81: 6) eV=
=-(.11- .1 2), Boa6ymp;eHHRH qaCTIIJ~a rrepeXOAnT 113 8 1 B 8 2 (rrpon;ecc 1),
o6'beAIIHIIB~IICb C llJIeRTpoHa~m: B 8 2, OHa o6paayeT napy II nonaAaeT
Ha OCHOBHOH ypoBeHb (npon;ecc 2), BhIl\CJIJlBmenCH :mepruJI 2 t.1 p;OCTa-

TOqHO AJIH paapbIBa nap"I B 81 (rrpon;ecc 3).

-



BCIIJleCR TORa rrpn IVi=(~1-~2)le. TaRI1M 06paaoM, H

B CJIy'Iae ROHTaRTa p;ByX CBepXrrpOBOJJ:HHROB BOJJhTill\IIIelJ·

Hall xapaRTepnCTIma 6YJJ:eT He'IeTHOii rrymHl,nei'I HilrrpmEr­

HMll V.

t
I,D

0,8

<:> 0,6

~
~ D/f
<1

0,2

U

Puc. 39.8. SKcuepHMeHTaJIbHhIe peayJIbTaThI uayqeHHJI TeMuepaTypHOH:
aaBHCHMOCTU :mepreTUqeCKOll: lI(eJIH B UHAUU (cBeTJIhIe KpyiKKH), OJIOBe
(TpeyrOJIbHHKH) H CBHHl\e (qepHhIe KpyiKKH). IllTpHxoBaJI JIHHHJI-

aaBHCHMOCTb A (T) COrJIaCHO TeopHH ERIlL

B aaRJIIO'IBHlIe rrpllBeJJ:eM peaYJlbT3T TyHHeJIbHOrO 3RCrrB­

pllMeHTa reBepa n MerepJIe [52] rro lIay'IeHnIO BeJIlI'IlIHbI 3Hep­

reTn'IeCROH m;eJII1 B paaJIlIqHbIX CBepxrrpOBO)J;HnRax If ee

aaBlIClIMOeTll 01' TeMrrepaTypbI (puc. 39.8). lIlTPllXOBOH JIlI­

HlIeH rrORaaaHa aaElIClIMOCTb, CJIe)J;yrom;all lIa TeopHn Bap­

)J;lIHa - Ryrrepa - IIIpmlJrrepa.

§ 40. HeaaTyxarolll;nii TOK II a.p.peKT

MeiiccHepa-OKceH.peJIh)J;a il
B 3TOH rJIaBe ObIJIII HaJIOmeHbI OCHOBbI COBpeMeHHbIX npe)J;­

CTaBJIeHHM 0 npHpo)J;e CBepxnpOBO)J;llm;ero COCTOllHlIll. BbIJIO

onHcaHO OCHOBHoe COCTOllHHe cBepxnpoBo)J;HHKa, HCCJIe)J;O­

BaH crreKTp 3JleMeHTapIIbIX Boaoym)J;eHHH, )J;OKaaaIIO cym;e­

CTBOBaHHe 3HepreTH'IeCKOH m;eJIH. Ho y 'IHTaTeJIll )J;aBIIO,

nO-BlI)J;HMOMy, BoaIIIIK Bonpoc: «A r)J;e )J;OKaaaTeJIbCTBO Toro,

'ITO Bce, 'ITO ObIJIO H3JIOmeHO, HMeeT XOTb KaKoe-TO OTHome"

HHe K CBepxnpOBO)J;HMOCTH?». Be)J;b, B ROIIIJ;e KOHn;OB, Bce,

'ITO MbI CeH'IaC aHaeM no MHRpOCIWnH'IeCROH TeopHH CBepx­

npOBO)J;lIMOCTH, CBO)J;HTCH K CJIe)J;yrom;eMy.

~
. HaJIlI'IHe 3JIeRTpOH-rrOHOHHoro B3aHMO)J;eHCTBHH B HeKO­

TOpbIX MeTaJIJIaX MomeT npHBeCTH K 34>rfJeRTlIBHoMy npllTH­

meHHIO 3JIeKTpOHOB MeTaJIJIa )J;pyr R )J;pyry. 31'0 npHBo)J;HT
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rrOiIHmeHHIO 3HeprHH OCHOBHoro COCTOHHHH, KOTopoe Te­

:epb rrpe)J;CTaBJIHeT COOOH paaMaaaHHoe OROJIO nOBepxHocTH

<DepMH pacrrpe)J;eJIeHHe 3JIeRTpOHoB B k-npocTpaHcTBe.

CrreKTp 3JIeMeHTapHbIx Boaoym)J;eHI1i'I TaRoro MaTepHaJIa

"eel' 3HepreTI1'IecRyro m;eJIb, T. e. nepBbIe paapemeHHbIe
H"u t': U

P
OBHH cneKTpa 3JIeMeIITapHbIX B03uym)J;eHI1H OT)J;eJIeHbI 01'y U

ypOBHH OCHOBHoro COCTOHHlfH 3HepreTH'IeCROll m;eJIbIO.

Ho MbI JJ:O CHX rrop IIHRaR He nORaaaJIH, 'ITO MaTepllaJI,

OOJIa)J;aIOm;HH 3TRMH CBOHCTBaMH, - CBepxnpOBO)J;HHK.

CeH'IaC MbI nOKameM, RaR Ha CYIIl,eCTBOBaHHH 3HepreTH­

'1eCKOH .IIJ;eJIH CJIe)J;yeT BoaMomHOCTb HeaaTyxaIOm;ero TORa ­

OCHOBHoro CBOHCTBa CBepxnpOBO)J;HI1Ra. ,Il.JIH TOro 'ITOOnr 31'0

JIYlJme nOHHTb, oopaTHMCH crrepBa R HOpMaJIbHoMy MeTaJIJIy.

Hac 6y)J;eT IIHTepeCOBaTb pacnpe)J;eJIeHI1e 3JIeRTpOHOB HOp­

MaJIbHorO MeTaJIJIa B k-npocTpaHcTBe, Kor)J;a no MeTaJIJIy

HAeT nocToHHHbIH 1'01\. ECJIH T01\a HeT, TO rrpH T=O Bce

3JIeKTpOHbI aanOJIHHroT COCTOHHHH BHYTpI1 clfJepbI <DepMH,

H Bce COCTOHHHH BHe aTOH clfJepbI rrycTbI. C03)J;a)J;HM B MeTaJWe

3JIeKTpII'IeCKOe IIOJIe (rrycTb B HarrpaBJIeHI1H OCR x), Tor)J;a

3JIeKTpOHbI Ha'IHyT yCKopHTbCH B 3TOM HanpaBJIeHHlI,

a yCKopeHHoMy )J;BHiI\8HlIIO 3JIeKTpOHOB B x-npOCTpaHCTBe

oy)J;eT OTBe'laTb paBHOMepHoe )J;BmRenHe C rrOCTOHHHOH CRO­

POCTbIO 3JIeRTpOHOB B k-rrpOCTpaHCTBe. B peayJIbTaTe BCH

crfJepa <l>epMH Ha'IHeT C rrOCTOllHHOH C1\OPOCTbIO nepeMeIIl,aTbCH

B k-npOCTpaHCTBO B HarrpaBJIeHHlI OCH kx • 1'a1\ oy)J;eT

npoIIcxo)J;RTb )J;O Tex nop, rr01\a MbI MomeM rrpeHeoperaTb

npOn;eccaMH cOy)J;apeHI1H 3JIe1\TpOHOB C npllMecllMlI II )J;elfJe1\­

TaMH KpHCTaJlJII1'IeC1\OH pemeT1\lI. ECJIH 3TlI npOn;eccbI y'IeCTb,

TO OKameTCH, 'ITO B peayJIbTaTe pacceHHHH 3JIe1\TpOHbI,

HMeIOm;He MaKCHMaJIbHOe aHa'IeHlIe ROMrrOHeHTbI lIMrryJIbCa kx ,

OY)J;yT nepe1\H)J;bIBaTbcH B CBooo)J;HbIe H'IeH1\H k-rrpocTpaHcTBa

H, B KOHn;e ROHn;OB, BoaHlIRHeT )J;HHaMlI'IeCROe paBHoBeclIe.

31'0 aHa'lHT, 'ITO, HeCMOTpH Ha 3JIeRfpH'IeCKOe nOJIe H paBHO­

MepHoe )J;BHmeHlIe 3JIe1\TpOHOB B k-npOCTpaHCTBe B HarrpaB­

JIeHIIH OCH kx , pacceHHHe Ha )J;erfJe1\TaX rrpHBo)J;HT K TOMy, 'ITO

B n;eJIOM pacrrpe)J;eJIeHHe 3JIeRTpOHOB B k-npOCTpaHCTBe CTa­

HOBIITCH CTan;HOHapHbIM. CrfJepa <l>epMH 01\aabIBaeTCH He­

CKOJIbKO CJJ:BHHyTOH OTHOCHTeJIbHO Ha'IaJIa Roop)J;HHaT, ''ITO

eCTeCTBeHHO )J;JIH T01\OBOrO COCTOHHHH. PacceHHlIe 3JIe1\TpeROB

rrpHBO)J;HT 1\ rrepe)J;a'Ie 3HeprllII pemeTKe, 1\ paaorpeBy rrpo­

BO)J;HHKa.

Tenepb paCCMOTpHM CBepxrrpOBOJJ:HHR. 1'01\ B CBepxnpo­

BO)J;lIHKe (B OTCyTcTBHe 3JIe1\TpH'IeCROrO rrOJIH!) MOiI,eT Boa­

IIIIKIlYTb, eCJIH Bce 3J18RTpOHHbIe rrapbI Oy)J;yT HMeTb O)J;HIl

H TOT me HMnYJIbC K. IIYCTb 1'01\ Te'IeT B)J;OJIb OCH x cBepxnpo-
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OI<OJIO aJIeRTpOHa 2. I1pu 3TOM 3HeprUR CUCTeMM nOHuaUTCR

Ha BeJIU'IHHy

.!!:- (kF+ .!!-)2_!!!- (kF _ ~)2=!!!- kFK.
2m 2 2m 2 m

TaRa,

nYCTb

(40.3)

HBrneHCH BeJIHqHHM.
. O~eHHM nopH}J;OR 4noJIYQ

A ...... 10-6 CM, ~o - 10- CM, TOf}J;a

. 10-27 (3 ' 1010)2 1 _ 4. 10111 a6c. e}J;.

lc - 161t4,8. 10 10 (10 5)210 •

YlJItTLlBaH, 'ITO 1A conepiRHT 3· 10' a6c. e}J;. CHJIbl

HMOOM

.....• ~ _ nJIOTHOCTb cBepxnpoBonR~HX3JIe:KTpOHOB, :KOTOpaR

rAttnr_O npocTO paBlia 3JIeRTpOliHOH nJIOTHOCTH MeTaJIJIa.

npH - 'Ie ea JIOlinOHOBCRYIO rJIyoHHY npOHHRHOBellHR
B~paiRaH n. p A CliO (5 7) H ti qepea }J;JIHHY Rore­
MarHHTHOfO ;rOoTIR " COfJIU (38 '"')' ~OJIY~HM OROHqaTeJIbHO
peuTHOCTH ~o' COl JIaCHO • I ,
IIJiOTHOCTb KpHTUqeCROfO TOKa npH T=O B BH}J;e

nc2 1 (40.4)
jc=~ A2~O •

nJIOTJlOCTb TORa, corJIaCHO
TO:KpUTHqeCRaH •

oyAeT

HBTepeCHO cpaBuHTb peaYJIbTaT (40.5) C nJIOTHOCTbIO RpHTH­

'leCKoro TOKa, nOJIy'IeHHOH B TeopnH rHHa6ypra -JIaH.n;ay
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K
_ RpHTH'IeCRIiH HMrryJlbC rrapM. CJIenOBaTeJIbHO, Rpn­

rAe'· c
TJ(ll0CRHH HMrryJIbC rrapM paBeH

. Pc=1iKc~2mtilpF=2ti/VF' (40.1)

.,\ v _ CROpOCTb 3JIeRTpOHa ua rroBepxHocTH <DuepMH •

31Xecb' eH~M, RaRoH nJIOTHOCTH TORa COOTBeTcTByeT TaROH RpH­

I~ u HMrryrrbC I10CROJIbRy RpHTHqeCRaH CROpOCTb napM
TutiSC:KHH .'

" V
c
= P

c
/2m, (40.2)

(40.1) H (40.2),

PHC. 40.1. TOKOBoe COCTOJlHne
B CBepXrrpOBO)l;HJIKe. BCJI «paSMa­
aaHHaJl» c<l>epa cDepMH C)l;BHHyTa

Ha K/2.

/
/

/
/ ' ...

/
I ,

~'~~:+-HS~+----:-
\ ' k.l
\

\ ,
"---

Ho Tor.n;a napa (1, 2) 6y.n;eT paapyrneHa, n, RaR MM yl1,e
aHaeM, 3HeprHR CHCTeMM nOBMCIITCR lIa 2~, r.n;e ~ - 3Hepre­

THqeCRaR ~eJIb, m - Macca 8JIeRTpOHa, kF - pa.n;uyc

clfJepM <pepMH. •

OTcIO!~a HCHO, 'ITO npn nOCTaTO'IHO MaJIeUbInIX TORax (no­

CTaTOqHO MaJIMX K) BMHrpMrn B 3ueprlIH 1i2kF K 1m He MomeT

CROMrreHCHpOBaTb rrpolIrpMrn 2~ H rrapa paapMBaTbCR He 6y­

neT. ROHeqHO, B ~eJIOM TaRoe COCTORllne :mepreTH'IeCRH Me­

Hee BMrOnHO, 'IeM COCTORHHe 6ea TORa (K =cO), HO OHO MO­

mel' ORaaaTbCR MeTaCTaOHJIbHbIM H cy~ecTBonaTb oeCROHeqUO

nOJIro. I1pHMepoM TOMy CJIyiRHT aalllRlIyToe cBepxrrpoBOnR'

~ee ROJIbIJ;0 C TOROM. PaapyrneHne TaRoro COCTORHHH Ha'I­

HeTCR Torna, IWrna paapMB rrap CTaHer 3HepreTH'IeCRII

onpaBnaHHMM. IIpaBIIJIbllYIO o~elIRY MM nOJIy'IHM, eCJIH Ba­

nHilleM

plO.n;HHIW, ,1'. e. K=(K, 0, 0). 81'0 aHa'IIIT, 'ITO «paaMaaalj

HaR» clfJepa <PepMH 6y.n;eT C.n;BHHyTa B k-npOCTpaH~TBe Ha Be
JIIIqHHY K 12 B HanpaBJIeHIIII OCII ka;' 8TO cxeMa TH'IeCHH HSO

6pameHo Ha pHC. 40.1. IIpocJIe.n;uM aa nOBe.n;eHlIeM nOHaaalj

•HOH TaM :meRTpOHHOH napM (1, 2), HMel(lII~eH IIMnYJIbC1~

(kF +KI2, 0, 0). 8JIeHTpoHy 1, UMeIO~eMY Hau6oJIbrnYl(

U<HHeTU'IecRYIO ~lHeprnIO (1i 2/2m) (kF +KI2)2, HOUeqHO, OWl(

OM BMro.n;HO nepeHTH B cBo6o.n;HyIO RqeHRY r.n;e-Hu6YAl
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nl\paMeTpy nOpH)J.Ka WTeOplIlI rJI. ,Il;eHCTBlITeJIbHO, TOlIHLIH

pesyJIbTaT TaKOB:

[
n (3) mv~N (0) ]1/2

WP = 271:2kbT~ ~ (r), C(3)~ 1,202,

[

7I:mvFN (0) l ]1/2
Wd = 121ik

B
T

e
~ (r),

S)J.eCb C(X) - <fJYHKIl,lIH PIIMaHa.

IIplI T - T. lIMeeM

(

871:2 )1/2 1/2
~ (T) = 7~ (3) kBT, (1 - T/T.) ,

lIJIlI

,Il;JIlIHa KorepeHTHocTII II rJIy6IIHa rrpoHIIKHOBeHIIH MarHIITHoro

rrOJIH paBHLI COOTBeTCTBeHHO

~p=0,74~o(1- T/Tef 1/2
,

~d=0,85(~ol)1/2(1- T/Tef 1/2,

A - ), (0) (1 _ T/T )-1/2

p- ";"2 .'

Ad = 0,615A (0)(~o/l/12 (1 - T/T ef 1/2
,

H'oa<f!qJIIIl,lIeHTLI a. II ~ paSJIOmeHIIH cBo6o)J.HOH aHeprHlI no CTe­

rreJIHM rrapaMeTpa W B TeoplIlI r JI:

IIapaMeTp TeoplIlI r JI:

xp = 0,96A (O)/~o, xd= 0,725A (O)/l.
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¥ CTaHOBlIM Terrepb 06JIaCTb nplIMeHlIMocTH ypaBHeHlIH

1eopUH rJI. B paSJIOmeHlIlI (14.1) nJIOTHOCTlI m66coBcKOH

eJJo60)J.HOH aHepmlI G.H no CTerreHJlM lUi VW-(2elc)AW 1
2

yqTen TOJIbKO nepBLIH lIJIeH. STO OSHalIaeT, lITO npe)J.nOJIara­

J()'1'tJl Me)J.JIeHHLIe IISMeHeHlIH W II A Ha paccToHHHHX, cpaBHII­

JOIX. C xapaKTepHLIM paSMepOM Heo)J.Hop0)J.HOCTlI B CBepx­

npOBo)J.HlIKe, T. e. C pa3MepOM KynepoBcKoH napLI.

B cJIYlIae lIlICToro cBepxnpoBO)J.HllKa, Kor)J.a )J.JIllHa CBO­

6oAHoro npo6era aJIeKTpOHa 1 ~ ~o, llMeeM noaToMy cJIe)J.y­

~e yCJIOBlle npllMeHlIMOCTII TeopIIII rJI: ~ (T), A(T) ~ ~o.

II$KOJIbKY ~ (T) ~ ~o(1-TITet1j2, TO npll T ~ T. Be­

JIlABHa e(T) BCer)J.a 60JIbme ~o, II nepBOe YCJIOBlIe npIIMeHlI­

XOGTB y)J.OBJIeTBOpHeTCJI aBTOMaTlIlIeCKll.

PaCCMOTplIM BTOpOe yCJIOBIIe: ).. (T) > eo. STO eCTb Tpe6o­

BaRlIe cnpaBe)J.JIlIBOCTlI JIOKaJIbHOH 3JIeKTpo)J.IIHaMIIKII, Tpe­

~aHlle Toro, lIT06LI CBepxnpOBo)J.HllK 6LIJI JIOH)J.OHOBCKIIM.

IlpeIWJIbKY A (T) ~ ), (0) (1-TIT.)-1 /2, a x ~ A (OMo,
YCJIOBlle A (T) ~ ~o npeBparqaeTCJI B YCJIOBlle

x2~1-T/T.. (41.1)

(no )J.OBOJIbHO meCTKoe yCJIOBIIe, nOCKOJIbKY B cBepXnpOBO)l;­

HlIKax nepBoro pO)J.a x MomeT 6LITb MaJIOH BeJIIIlIIIHoH.

TaR, x (AI)=O,01, x (Pb)=O,23.
'. B «rpJlSHLIX» CBepxnpOBO)J.HlIKax (l ~ ~o) 06JIaCTb nplIMe-

• ~OCTll Teopllll rJI 3HalIlITeJIbHO mllpe. Tenepb xapaKTep­

di MacmTa6 HeO)J.Hopo)J.HOCTlI - 3TO )J.JIlIHa cB060)J.Horo

.o6era l, n03ToMY yCJIOBHJI npllMeHHMOCTlI TeopHlI rJI

~'IOT BII)J. HT), ).. (T) ~ l. IIoCKOJIbKY ~ (T) ~ (~ol)1/2X

><11:-TIT.)-1/2, YCJIOBlIe ~ (T) ~ 1 nplIHlIMaeT BlI)J.

ftll»i-TITe. Ho nOCKOJIbKY ~o~l, TO aTO yCJIOBHe ro­

~O IDlIpe 06rqero yCJIOBllJI cnpaBe)J.JIllBOCTll TeoplIlI JIaH­

Al.\y· tPaSOBLIx nepexO)J.OB BToporo pO)J.a: Tc - T ~ Te.
PaCCMOTpIIM BTopoe YCJIOBlle: A(T) ~ l. YlIlITLIBaJl, lITO

1\ IlPJlSHOM CJIYlIae A (T) ~ A (0) (~o/l)1/2 (1- TIT t 1/2 1I

~~).. (O)/l, BTopoe yCJIOBlIe MomHO sanlIcaTb • B BlI)J.e

»;~'t.Il) ~ i-TIT•. ECJIlI x ~ 1, TO CHOBa 3TO YCJIOBlIe 3Ha­

1fBTeJIbHO mHpe o6rqero yCJIOBHJI T.- T ~ Te.
)~fTaK, B CJIylIae rpJlSHOro cBepxnpoBo)J.HllKa (CTIJIaBa)

~HJI rJI cnpaBe)J.JIlIBa B BeCbMa mlIpoKHx TeMnepaTypHLIx

~AeJlax (no KpaHHeH Mepe KalIecTBeHHo), a KOJIlllIeCTBeH­

_:~:""'"" nplI yCJIOBlllI T.-T ~ T•.



r JI a n a 7. HEKOTOPbIE HEPABHOBECHbIE
3<1><I>EKTbI B CBEPXITPOBOJJ;HMKAX

Bonpoc 0 TOM, ~TO nporrCXO~HT Co CBepxnpOBO~HrrKOM
Kor~a OH BbIBe~eH H3 paBHOBeCHH, KaK OH peJIaKcHpye;

K paBHOBecHoMy COCTOHHHIO, 06cym~aeTcH B o~eHI> MHorHX

pa60Tax nOCJre~Hero BpeMeHH. CeH~ac - ::lTO, nO-BH~HMOMY,
O~HH lI3 caMbIX aKTyaJIbHIiIX BonpOCOB 4Jrr3HKH CBepxnpOBO~­

HHKOB.

B ~eM f~e ~eJIo? llo~eMY np06JIeMa H3y~eHHH HepaBHO­

BeCHIiIX CBOHCTB CBepxnpOBO~HHIWB B~pyr OKa3aJIaCb CTOJIh

Bail\HOH H rrHTepeCHOH? ,IJ;YMaeTCH, ~TO ::lTO npOH30IDJIO,

nOToMy ~TO B CBepxnpOBO~HHKe cym,eCTBylOT «pa3HIiIe KOJI­

JIeKTHBIiI» ::lJIeKTpOHOB: CBepxnpOBO~Hm,He ::lJIeKTpOHIiI, ::lJIeK­

TpOHono~06HIiIeB036ym~eHHH,~IiIpKH. To, ~TO CTaJIO nOHHTHO

nOCJIe nOHBJIeHHH TeoprrH BRIll, OTHOCIIJIOCb K c.rly~alo,

Kor~a ::lTH «KOJIJIeKTHBIiI» HaXO~rrJIHCb B paBHOBeCIIII ~pyr

C ~pyroM, ~a B~06aBoK em,e H c peIDeTKoH. HapTHHa CTaHO­

BHTCH 3Ha~HTeJIbHO 60ra~e, eCJIH paBHOBeCHe HapyIDHTb.

lloHHMaH, KaK npOTeKaeT npou;ecc yCTaHOBJIeHIIH paBHOBe­

CHH, MIiI 3Ha~rrTeJIbHO JIY~IDe Ha~rrHaeM nOHHMaTb caMIiIe

OCHOBIiI TeopHH, BIiIpa6aTIiIBaeM 60JIee a~eKBaTHIiIe npHpo~e

npe~CTaBJIeHHH. HpoMe Toro, HeJIb3H ynycKaTb 1I3 BH~y,

~TO MHOfHe ycneIDHo pa6OTalOm,He yCTpoHcTBa KprroreHHoH

::lJIeKTpOHHKH 4JYHKU;IIOHIIPYIOT B yCJIOBHHX ~aJIeKHX 01' paB­

HOBeCHH, II nOaTOMy H3y~eHlIe HepaBHOBeCHbIX npou;eCCOB

HMeeT em,e II ~HCTO npHKJIa~HOe 3Ha~eHIIe.

B ::lTOH rJIaBe MIiI paCCMOTplIM HeCKOJIhKO CJIy~aeB, Kor~a
HepaBHOBeCHoe COCTOHHHe CBepxnpOBO~HHKa CTaHOBIITCII

onpe~el[HIOm,HM ~JIH npOTeKalOIIJ;HX B HeM 4JH3H~ecKHX

npou;eCCOB.

§ 42. KBa311'IaCTnU;bI: l:meKTpoHbI n ~blPKII

B rJIaBe 6 MIiI yme rOBOpHJIlI 06 ::lJIeME:HTapHblx Boa­

6ym~eHHHx (KBa3H~acTHu;ax) B cBepxnpOBo~HHKax. Tenepb
MbI YTO~HHM ::lTO nOHHTHe.

Ha'IHeM C HOpMaJIbHOrO MeTaJIJIa. OCHoBHoe COCTOHHHe

(6ea ::lJIeMeHTapHIiIx B036ym~eHHH, npH T=O) - ::lTO TaKoe,
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npn lWTOpOM Bce cBo60;JJ;Hue 3JIeKTpOHbI MeTaJIJIa aanOJIHRIOT

Bce H'IenKII k-npocTpaHcTBa BHyTpII c4JepIiI <DepMH, a Bce

II'IenKH BHe ::lTOn c¢epIiI CBo60~HIiI. BBe~eM Tenepb B HOpMaJIb­

HJ>Iii MeTaJIJI O~HH JIIIIDHHR ::lJIeKTpOH. OH 3aR~IeT KaKylO-To

1I'IenKy k Bk-npOCTpaHCTBe (k > kF, r~e kF - pa~IIYc CtPepbI

cI>epMH), H ::lHeprIIH Bcen CHCTeMhI ::lJIeKTpOHOB yBeJIII'IIITCH

Ba li2 (k2-kJ,)/2m. llPII 3TOM MnI YCJIOBIIMCH OTC~HTIiIBaTb

3Beprnro 01' ::lHeprHII <Dep1>lII 1i2k~/2m. 810 II 6y,n:eT 3HeprIIH

3JIeMeHTapHoro Boa6ym,n:eHIIH. A H1>mYJIhC BceR CHCTeMIiI 6y~eT

paBel k. 8TO H 6y,n:eT IIMnyJIbC ::lJIeMeHTapHoro Bos6ym,n:eHHH.

CBOBa paCCMOTpIIM OCHOBHoe COCTOHHlIe HOpMaJIbHOrO

MeTaJIJIa, y~aJIIIB Tenepb oTTy,n:a O,n:IIH ::lJIeKTpOH H3 H'IeHKH

k (k ~ kF). TaKoe COCTOHHHe Tome MomBO paCCMaTpHnaTb

KaK 3JIeMeHTapHoe B036ya.;p;eHHe CIiCTeMIiI, TaK KaK :meprlIH

3Toro COCTOHHIIH 60JIhIDe 3HeprlIII OCHOBHOro COCTOHHlIH

OCTaBIDenCH crrCTeMIiI ::lJIeKTpOHOB Ha BeJIH~HHY liZ (k~-k2)/2m.

,IJ;enCTBHTeJIbHO, OCHOBHoe COCTOHHIIe nOJIy'IHTCH, eCJIH B3HTb

O,n:HB ::lJIeKTpOH H3 H'WllI\II Ha nOBepXHOCTH <DepMH H nOJIO,...

mHTb ero B nycTylO H'IellKY k. IhmyJIbc TaKoro 3JIeMeHTap­

Boro B036YiH,n:eHIIH paBeH HMIIyJIbCy BceH CIiCTeMhI 3JIelnpO­

BOB, T. e. paBeH -k. 81'0 ::lJIeMeHTapHoe Boa6ym,n:eHHe

(KBa3II~aCTlIu;a) Bep;eT ce6H no~06Ho nOJIOmHTeJIbHOMY 3a­

PRAY B Ha3IiIBaeTCH AblpIWH. 8HepreTIPlCCKUH cneKTp ::me­

MeHTapHIiIx B036ymJ~eHIIn HOpMaJIhHOrO l\H'Ta~lIJIa noKaaaH

Ha pIIC. 42.1 TOHKIIl\HI npRMIiIMII JIIIHIIHMII.

B cBepxIIpoBo,n:muw Bce 6y,n:eT HeCHOJIhI'O CJIOmHee.

MIiI yme 3HaeM (rJI. 6), lITO B CBepxnpOBop;HIme OCHOBHoe

COCTOHHIIe xapaRTepII3ycTCH tPyHKU;HeH vL KOTopaH npe,n:­

CTaBJIHeT C060H BepOHTHOCTb 3anOJIHeHIIH 3JIeI'TpOHaMli rrap­

HIiIX R'IeeK (k, -k). BII,n: 3TOH tPyHKU;UII nORaaaH Ha pHC. 37.3.
BBe,n:eM B CBepxnpOBO~HIm O~IIH mIIDHIIH 3.'IeRTpOH. OH aaH­

Mel' KaKylO-To CB060~HYIO H'Ielmy k-npOCTpaHC1Ba, nplI'Iel\l

H'IeHRa -k OCTaeTCH CBo60~HOii. Ho Tenepb B CBepXnpoBOiJ,­

HIiKe :1Ta H'IeHlm k MomeT 6bITh Kal; BHe, TaK II BH~yTPlI c4JepIiI

<DepMH. Be,n:b II B OCHOBHOM COCTOHHlII1 H8HOTopue R'IellRU

C k < kF OCTaIOTCH nycTIiIMU! IhaK MbI BIIAIIM, "ITO 3JI8ETpOHO­

no,n:06HaR KBaalJ:1IaCTlIli,U B CBepXnpOBOgHlIK8 l\IO;'heT mreTh

HMnyJIbC k KaR 60JIbIDUH, Tal{ 1I MeHhIDlIll kF•

ECJIH iI\8 Mhl ygaJIIIM O~IIH 8.TIEKTpOH lIS cBEpxrrpoBO;rJ,HIma,

Haxo,n:Rm,erocH B OCHOBHOM COCTOHHHII, cRa;'heM, lI3 H'I8~U

-k, TO B CBepXnpOBOgHIme 6YJ1.8T 0AHH Hecnap8HHhIH 31IeK­

TpOH B H'relm8 k. TaRaa KBaalPIaCTlIu;a BegeT ce6R RaR ghlpKa,

Ho Tenepb onRTb k MOil(eT 6hITb RaK 60.lIhWe, TaI' II M8HbID8 kF •

JICHo TIOaTOMy, 'ITO B036YiI(AeHl1e B CBepxnpOBOAHlIKe,

KorAa R'IeHKa k aaHRTa, a HlI8lllW -k CBooo,n:Ha, o6JIa,n:aeT
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. llYCTb B pesyJIbTaTe RaRorO-TO BHemHero B03)J;eHcTBIIJI H3Me­

lmJIOCb RaR pacrrpe,n;eJIeHHe RBa3HqaCTHIJ; (Ha. BeJIlIqHHY o!k),
TaR II pacnpe)J;eJIeHHe CBepxrrpoBO)J;HIIJ;IIX :3JIeKTpOHOB (Ha

BeJIH1JHHY ov~). B pe3YJIbTaTe rrpOlI30mJIO H3MeHeHlIe rrOJIHOrO

3apH,n;a :3JIeRTpOHoB cBepxnpoBo)J;HHRa Ha BeJIHqlIHY

(43.2)

(43.1 )

6~eHHii, TO nepexo,n; OT :3JIeRTpOHa K ,n;IJPRe 6y,n;eT npOHCXO­

AS"]) uenpeplJBHO. ¥me eTO paccym,n;eHHe HaBop;HT.Ha MIJCJIb,

l1fO RB8SlIqaCTHIJ;e Hap;o rrplIrrllcaTb ,n;P06HIJH :3JIeRTpll1JeCRIIM

BaPSA. 3,n;eCb MIJ 6y,n;eM CJIe,n;OBaTb pa60Te IIeTHRa II

CMlITa [55], ROTOpbIe, rrO-BII,n;IIMOMy, rrepBbIMII npIlmJIII R Ta­

l(BM npep;CTaBJIeHHHM. MIJ CeHqaC yBII,n;IIM, HaCROJIl>RO :3TO

yAo6HO H RaR no 06JIerqaeT Ra1JeCTBeHHoe paccMoTpeHHe

~epaBHOBeCHIJX npOIJ;eCCOB B CBepxnpOBo,n;HIIRax. )J;JIH npo­

C'l'OThI yCJIOBHMCH CqHTaTb B ,n;aJIbHeiimeM 3apH)J; :3JIeRTpOHa

paBHIJM +1. lIHIJMH CJIOBaMH, MIJ B ,n;aJIbHeiimeM 6y,n;eM Bce

sapH,n;M H3MepHTb B OTHOCHTeJIbHMX e)J;HHHIJ;ax, npHHHB sa

e,lJ;llHHIJ;y sapH,lJ;a 3apH,n; :3JIeRTpOHa.

PaccMoTpHM CBepxnpOBO)J;HIIR, Haxo)J;HIIJ;HiicH npH HeRO­

Topoii ROHe1JHOii TeMrrepaType, Ror)J;a HMeIOTCH RaR cnapeH­

HLle (cBepxnpoBo)J;HIIJ;He) :3JIeRTpOHM, TaR H :3JIeMeHTapHMe

:Bbs6ym,n;eHHH. IIycTb nOCJIe,n;HIIe pacnpe)J;eJIeHIJ no HqeHRaM

k-npOCTpaHCTBa, CorJIaCHO <PYHI{IJ;HII pacnpe)J;eJIeHHH fk,
T. e. fk - :3TO BepOHTHOCTb Toro, 1JTO B036ym)J;eHHMH :3JIeR­

TpOH 3anOJIHHT HqeHRY k. IIOCROllbRY BepOHTHOCTb Toro, qTO

):{O :3TorO OHa 6MJIa cBo(0)J;Ha OT CBepxnpOBO)J;HIIJ;ero :3JIeRTpOHa,

aCTb ui, TO rrOJIHaH BepOHTHOCTb oOHapymHTb B JlqeHRe k
1lO36ym)J;eHHMH :3JIeRTpOH paBHa Ik u~. C )J;pyrOH CTOpOHM,

9Ta JIlJeHRa MomeT OMTb 3anOJIHeHa :3JIeRTpOHOM, npHHa)J;JIe­

;«aJ.n;lIM R CBepxnpOBO)J;HIIJ;HM :3JIeRTpOHaM. )J;JIJI noro )J;OJImHM

6MTb O)J;HOBpeMeHHO BbIIIOJIHeHbI )J;Ba YClIOBHJI: nepBoe­

B :3TOH Jl1JeHRe HeT :3JIeRTpOHa, C03)J;aIOIIJ;erO B030ym)J;eHHe

(BepOJlTHOCTb :3TOrO paBHa 1-/k)' H BTopoe - 3)J;eCb eCTb

CBepxnpOBO)J;JUD;I1H :3lIeKTpOH (BepOHTHOCTb paBHa v~). lITaK,

nOJIHaH BepOHTHOCTb OOHaPYfI<I1Tb B HqeHRe :3lIeKTpOH, npIl­

Ha)J;JIemarn;I1H CBepXrrp;)BOAJIIIJ;eMy KOlilieKTIIBY, paBHa (1- fk) vi.
llO:3ToMy nOJIHhIH 3apJIA, HaXOAJIIIJ;I1HCJI B JIqeflKe k, paBeH

fkui+(1 - fk) v~. OTcIOAa'j rrOJIHIJH 3apJIA Bcex :3JIeKTpOHOB

cnepxnpoBoAHIIKa paBeH

~,n;HOBpeMeHHO RaR CBOHCTBaMH :3JIeRTpOHa TaR
ce ,n;eJIo B BepOHTHOCTH Toro HJIn ' H ,n;lJpKH.

06paaOBaHHe ,n;lJpRH ,n;OJIamo 6IJTb n ,n;pyroro COCTOHHHH.
HOCTH Toro qTO Hq - k ponOpIJ;HOHaJIbHO BepOHT-

, eHRa SarrOJIHeH
1:l.'IeRTpOHOM, T. e. BeJIHqHHt, 2 6 a CBepXrrpOBo,n;H~HM
no,n;06HOM RBaaHqaCTHIJ;1J lJk, a 0 paaOBaBlIe :3JIeRTpOHO-

cB060,n;Ha B OCHOBHOM COCTOH::OHTTHOeCTH Toro, qT~ HqeMRa
, . • BeJIHqHHe uk=1-v~.

Ek

§ 43. 3apH,n; RBa3HqaCTHIJ;:bI B cBepxnpoBO,n;HHKe

IhaR, RBaSHqaCTHIJ;a B cBepxnpoBo,n;BlfRe _ :3TO :3 _

£eHTapHoe Boa6ym,n;eHHe, ROTopoe HBJIHeTCH B RaRoH~:o
,TerreHH :3JIeRTpOHOM II B KaKoM-To CTerreHII ,n;lJpROM IIpIIqeM

CJIII ,n;BIIraTbCH no KpHBOM cneRTpa :3JIeMeHTap~IJX BOS­
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ITepnoe CJIaraeMOe S.n;eCb - 3TO, O'ieBU.n;HO, USMeHeHUe nOJIHOrO

SapJI.n;a RBaSH'laCTln~. HOHRpeTHO: BepOFlTHOCTb npe5hIBaHHll

RBaSH'laCTHll;hI B H'leMRe k HSMeHHJIaCb Ha BeJIH'lHHy 'dlk.
B pesyJII>TaTe SapH.n; 3TOM H'leMRH HSMeHHJICH Ha (lli - v~) 'dtk.
HCHo, 'ITO TOr.n;a BeJIH'lHHa

SO Tor.n;a 3JIeRTpOH B H'lenRe k ORa3hIBaeTCH JIIIilleIIHliIM IIapT­

Sepa, T. e. o6pa3yeTcH .n;hIpRa.
, Tamm o6pa30M, Mem.n;y n036ym.n;enIIHMII B CBepxrrpOBO.n;­

lOIRe II ROH.n;eHcaTOllf CYIIJ;eCTByeT TecneMrnaH CBH3h. IIpn yCTa-

K, : k
I
I
I
I

Iqk I
',0 r-----+--------

I

-----\-----J~---_i_----__;
I k
i
I

. i / ,-0,5
~----l-loi '

:(lJ¢. 43.1. :3HepreTIItIeClmil cneKTp KBaaUqaCTHn; B cBepxrrpoBoAHIIRe Ek

ailx aapa~ qk' B 06JIaCTII 1 aapa)J; RBa3UtIaCTHn; OtIeUb OJlIIaOR }(:1+1,
B,~acTH 3 - R -1, a B OOJIaCTII 2 aapa)J; qJr. npIIHIIMaeT JIIOOhIe !lHaqe-

, Hua 01' +1 p;o -1.

vi = 1/2 (1 - Sk/Ek). (43.4)
Tor.n;a

u~=1/2(1 +Sk/Ek). (43.5)

OTRy.n;a

qk = sk/Ek = sk/(e~ + .1
2(2. (43.6)

HrpaeT pOJII> SapJI.n;a RBaSHqaCTHll;hI, H~relO~eM HMnyJII>C k.

COrJIaCHO (37.10)

3aBHCHMOCTI> qk OT k Hso6pameHa Ha pac. 43.1. TaRI'IM o6pa­

SOM, ORaShIBaeTCJI, 'ITO sapH.n; RBaSH'laCTUI~bI MOiIWT npUfIUMaTh

JIIo6oe SHa'leHHe OT +1 ('lUCThIM 3JIeRTpoH) .n;o -1 ('lHCTaJI

)J;bIpRa). Bce saBUCUT OT Toro, B ImROM H'leMRe k-npocTpaH­

CTBa Haxo.n;UTCH ImaSU'laCTIIll;a.

,D,OBOJIbRO cTpaRRbIH Ra nepBbIM BSrJIH;'J; peayJIhTaT! BHe­

ceM B CBepxnpoBo.n;RIIR O;'J;UH JIHillIIUM 3JIeRTpOH II nOMeCTHM

ero B JI'IeMRy k.
CBepxnpOBo.n;JUIR B ll;eJIOM nOJIy'ln)I sapn.n; +1 (HanoMII­

HaeM, 'ITO 31'0 H eCTh, no HailleMY yC,'IOBUlO, sapJl;'J; 3JIeRTpOHa),

a B H'leMRe k ORaS3JICH sapH.n; qk. HY;'J;a me ;'J;eBaJIaCb pasHHll;a

l-qk? Be;'J;hHOJIIIhIM sapH;'J; .n;OJnRen coxpaHIIThCH! OTBeT CO­

CTOIIT B TOM, 'ITO sapH;'J; l-qk yrneJI R CBepxnpOBo.n;H~IIM aJIeR­

TpOHaM II IIX sapH.n; IIpU aTOM yBeJIII'lIIJICH. 8TIIM Y'!IfTliIBaeTCH

TaROM IIpoll;ecc. 8JIeRTpOHRHOCIITCH B CBepxnpOBo.n;HIfR. OR

sa6upaeT napHhIM ce6e aJIeRTpOH, nplma.n;JIema~llM ROH.n;eR­

caTy*), ll3 H'IeMRU -k, II aTa napa nona.n;aeT B Hon.n;encaT,

*) Becb ROJmeRTIIB cBepxlIpoBO)J;JUI\IlX ::lJIeRTpOHoB, ROTOpbIe OIIIl­
ChIBaIOTCH e)J;llHoH BOJIHOBOR <pyHRn;neiI, MhI HaahIBaeM IWH)J;eHcaToM.
:31'0, O)J;HaRo, He COBceM TOtIHO. OKaaaTbCH Ha caMOM HIIaROM :mepreTII­
tIE:CROM ypoBHe (1'. e. rrepe:U:TII B ooae-ROH)J;eHcaT B cTporOM rrorrUMarrIIII
3Toro CJIOBa) MoryT He Bce 3JleKTpOHHhIe rraphI, ROTophIe HBJIHIOTCH
ooae-tIaCTUn;aMII. ~IacTb TaRIIX ooaeBcRIIx tIaCTIII\ 1I3-3a B33uMo)J;eil­
CTBllH MeJK)J;Y coooii: )J;OJIJKHhI oopa30BaTb CIICTe~IY rra)J;ROII)J;E'rrCaTHhIX
tIaCTIII\. O)J;Halw II ROII)J;eHcaTHhIO, II Ha)J;KOH)J;eHcaTHhIe tIaCTIII\hI Bce
BMOCTe oopa3YlOT KOJIJIORTHB cBepxlIpoBop;HII\nx 3JIeKTpoHoB. Ha)J;RoH­
)J;eHcaTHhIe tIaCTIII\bI HII B ROe)1 c.TJyqae rrE'JIh3H paccMaTpIlBaTb RaK 3JIe­
MeHTapmJe B030ymiJ;OHIlH.

200

HOaJIeHUn paBHoBecIIH 8TU ABe CIiCTeMbI Re.1J:b3H paCCMa.:rPII­

BaTh RaR HeaaBUCIlMhle. llpH rrepexo,n;ax B036Y}R.n;eHIIH II3

oAaJi[x H'leeR k-rrpOCTpaRCTBa B .n;pyrHe MeHHeTCH lIX 3apH.n; qk,
a CJIe,n;oBaTeJIbHO, n sapH.n; ROH.n;eHcaTa, T. e. 'lIICJIO aJIeRTpO­

HOaB ROH.n;eRcaTe.
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(44.1)

202

If» STOB: lflopMyJIIiI CJIe.n;yeT, 'ITO BpeMJI peJIaKCaD;IIH sapH.n;a

."sU'IaCTIID; pacxo.n;IITCH nplI T -+ T•. IIpHBe.n;eM HeKOTO­

jf;te xapaKTepHliIe SHa'IeHIIH: BpeMeHa 9HepreT.JIqeCKOH peJIaK­

~ 'CE HMeIOT nopH.n;OK OKOJIO 10-10 C. TaK, .n;JIH OJIOBa

JiJiKHO npHHHTb 'tE=3 .10-10 C, a .n;JIH CBHHIJ;a 'tB=10-11 C.

.tJnme.n;eHHliIe 3Ha'IeHIIH 'tE BSHTIiI npH KpIITII'IeCKIIX TeMne­

'JlTYpax YKaaaHHliIx MaTepHaJIOB. BpeMH peJIaKcaD;1I1I aa­

I.•'1111..,J{R I<Ba3JIqaCTHIJ; MomeT OKaaaTbCH 3Ha'IHTeJIbHO OOJIbIIIe.
Bee aaBHCHT OT Toro, KaK OJIHaKO MIiI no.n;oii.n;eM K KpHTH'Ie­

~.O' TeMnepaType.

~a'la 44.1. HaihlI BpeMH peJIaKCaU;IIlI aapH)l;a KBaalIqaCTlIU;
JI.QJJOBe, eCJIlI TeMilepaTypa OJIOBa fiRme KplITlIqeCKoii: TeMilopaTyphI
(~,8 K) Ha O,Oi K.

OlTUJem. MCilOJIbayH BhIpamoHHe AJIH IIJ;eJIH (ilpH T::::: Te) il (T) =

"",,1,744\ (0) (i_TIT.)'!., IIOJIyqHM AJIa OJIOBa "Q:::::2,4.1Q-G c.

§ 45. AH,ll;peeOCKoe OTpameHue

TIepeiiJ{eM Tenepb K lIay'IeHHIO Toro, KaK npOlIcxo.n;HT ne­

pexoJ{ HOpMaJIbHOrO TOKa B CBepXTOK. IIorrpooyeM pa30­

6paTbcH B TOM, KaIme rrpoD;eCCbI rrpOHcxo.n;JIT Ha rpaHHD;e

HOpMaJIbHIiIH MeTaJIJI-CBepxrrpOBo.n;HHK, KaK .n;aJIeKO OT 9TOB:

l'~aBHD;bI rrpOlIcxo.n;UT rrpoD;ecc rrpeoopaaOBaHIIH HopMa.1JbHOrO

W~~ B CBepxTOK.
:.:~brOBopIIM nperR.n;e Bcero, 'IT6 MIiI rrOHHMaeM rro.n; CJIOBOM

.rpaHHD;a». B HalIOOJIee 'IIICTOM Bu.n;e no oy.n;eT rpaHHD;a

lle'JtJ{y HOpMaJIbHOH U CBepxnpOBO.n;Hrn;eB: lfla3aMII B CBepxrrpo­

B~~JnlKe, Haxo.n;Hrn;eMCH B rrpoMemyTO'IHOM COCTOHHUH. IIa­

pa)JeTp nOpH,lJ;Ka - rn;eJIb - OY,lJ;eT IIMeTb MaKCHMaJIbHOe 3Ha­

'{eltHe t:. (T) B rJIy6IIHe CBepxrrpOBo.n;HIIKa U paBHHTbCH HyJIIO

B rJIy6HHe HOpMaJIbHOii OOJIaCTH. IIepexo.n; OT o.n;Horo 3Ha'Ie­

IfIlH K ,lJ;pyroMy rrpolIaoii.n;eT Ha .n;JIIIHe KorepeHTHOCTH ~ (T).
8'ry nepexo.n;HyIO 06JIaCTb MbI II 6y.n;eM HaaliIBaTb NS-rpaHU­

~~•• B CJIy'Iae MeXaHU'IeCROrO KOHTaKTa Mem.n;y .n;BYl\fH MeTaJI­

J{.~MH - HOpMaJIbHIiIM H CBepxnpOBO,lJ;HIIKOM - Ka'IeCTBeHHO

BCcaoY,lJ;eT TaK me. ECJIH T~T., TO IIIIIplIHa rpaHHD;1iI (~ (T»
~eTaTO'IHO BeJIHKa. Tor.n;a MIiI MomeM npOBeCTH CJIe.n;YIOrn;ee

PIl~1l0TpeHlIe. Hac 6y.n;eT IIHTepeCOBaTb, 'ITO npoHaotiJr;eT

C"~JleRTpOHOM HOpMaJIbHOrO MeTaJIJIa, 9HeprlIH KOToporo

MeBldlIe BeJIH'IIIHIiI 9HepreTH'IeCKOB: rn;eJIU CBepxnpOBo.n;HHRa,

I«>l'.u;a STOT 9JIeKTpOH HaJIeTaeT Ha NS-rpaHIID;y CO CTOpOHIiI

IfOpMaJIbHOro MeTaJIJIa. 8TO CXeMaTII'IeCRII 1I300pameHO Ha

pac.. 45.1. IIo Mepe npHOJIlImeHHH K cBepxrrpoBO.n;Hrn;eH 00­

Jll\CTH 8J1eKTpOH HOpMaJIbHOrO MeTaJIJIa, Haxo.n;HCb B TO'IRe x,
OKasLlBaeTcH yme B cBepxrrpoBO.n;Hrn;eH 06JIaCTII, HO C MaJIoii
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r,ll;e kji - nOCTOHHHaH BOJIbD;MaHa, 8 D - ,ll;eOaeBCKaH TeM­

nepaTypa MeTaJIJIa. IIycTb TeMnepaTypa CBepxnpOBO,ll;HIIKa

OJIII3Ka K T•• 8TO 3HalI1IT, 'ITO I::. ~ kB T•. B03HIIKaeT Bonpoc:

Bce JIll 9JIeI,TpOH-lflOHOHHble CTOJIKHOBeHIIH nplIBe,ll;yT K peJIaK­

caD;1I1I 3apH,ll;a? O'IeBII,ll;HO - HeT. ,IJ;eHCTBIITeJIbHO, eCJIII AO

CTOJIKHOBeHIIH 9JIeKTpOH HaxO,ll;IIJICH B OOJIaCTII 1 (C~L
plIC. 43.1), II KOHe'IHOe ero COCTOHHlIe Tome HaXO,ll;IITCH B 00­

JlaCTII 1, TO 1I3MeHeHIIH 3apH,ll;a KBaalI'IaCTIID;1iI npaKTH'IeCKII

He npOlIaOIIIJIo. To me MomHO CKaaaTb OTHOCIITeJIbHO 00­

JlaCTII 3. MHoe ,ll;eJIO-9JIeKTpOHIiI, HaXO,ll;Hrn;lIeCH B OOJIaCTII 2.
Mx nepeXO,ll;1iI B peayJIbTaTe 9JIeKTpOH-lfloHOHHIiIX CTOJIKHOBe­

HIIH MeHHIOT aapH,ll; KBa31I'IaCTIID;1iI Ha BeJIlIlIlIHY nopH,ll;Ka eAlI­

HIID;IiI. IIPH TeMnepaType T ,ll;OJIH Boaoym,ll;eHIIH, JIemarn;lIX

B OOJIaCTII 2, no cpaBHeHIIIO C OOrn;IIM KOJIII'IeCTBOM BoaoylliAe­

HIIH oy,ll;eT IIMeTb nopH,ll;OK I::.lkB T, TaK KaK no onpe.n;eJIeHIII?

OOJIacTb 2 - no oOJIacTb, B KOTOpOH :mepnm B030ym.n;er.II1J:

Ek JIemlIT B HHTepBaJIe I::. < Ek < 21::.. II09TOMY 'IaCTOTa ne­

pexo.n;oB, MeHHIOrn;HX aapH.n; KBaaH'IaCTIID; Ha BeJIII'IHHy no'
pH.n;Ka e.n;IIHIID;IiI, paBHa

-1 Ll_1\1 ~ J:T'tE ·
B

TOtIHbIM paClIeT BpeMeHII perraIWaIVIM 3apJI.n;a KBa3H'IaCTIIn

npII T ~ To [57] AaeT

§ 44. BpeMJI pemmcan;HH aapJl,ll;a KBaaH'IaCTHn;

IIonliITaeMcH Tenepb OD;eHIITb BpeMH, B Te'leHlIe KOToporo

npolIcxO,ll;IIT peJIaKCaD;lUI 3apH,ll;a KBa3JIqaCTIID;, T. e. BpeMH

YCTaHOBJIeHIIH paBHoBecHoro 3apH,l:J;a B CIICTeMe KBa31I'IaCTIID;.

eCJIII npe,ll;BaplITeJIbHO KaKoe-TO B03Myrn;eHlIe BIiIBeJIO ero 1I3

paBHoBeclIH. Ha 9TOM 9Tane MIiI npe,ll;nOJIaraeM, 'ITO nOJIHOe

KOJIJIqeCTBO KBa31I'IaCTIID; OCTaeTCH HeII3MeHHIiIM. Tor,ll;a 9JIe­

MeHTapHIiIM aKTOM peJIaKCaD;1I1I 3apH,ll;a HBJIHeTCH nepeXOA

KBa3JIqaCTIID;1iI 1I3 O,ll;HOH H'IeHKII k-npOCTpaHCTBa B ,ll;pyryIO.

Ho 9TO ,ll;OJImHO conpOBOm,ll;aTbCH 1I3JIY'IeHlIeM IIJIII norJIOrn;e­

HlIeM lflOHOHOB. IIycTb BpeMH peJIaKcaD;1I1I oy,ll;eT 'tE· OOpaT­

HaH BeJIII'IIIHa 'tEl npe,ll;CTaBJIHeT COOOH 'IaCToTy HeynpyrlIx

CTOJIKHOBeHIIH 9JIeKTpOHOB C lflOHOHaMII B MeTaJIJIe II He 3aBII­

CIIT OT Toro, HaXO,ll;IITCH MeTaJIJI B HOpMaJIbHOM COCTOHHIIH

IIJIII CBepxnpOBO,ll;Hrn;eM. 8Ta 'IaCTOTa IIMeeT nopH,ll;OK BeJIII­

'IIIHIiI [56]

= £0'"



1
tk = exp (Ek/kBT) +1 •

B pesyJIbTaTe HaHIIX-JIH60 BHeIllHBX BosAeiicTBBll: paBHO­

JJecnoe pacnpeAeJIeHBe HBaSB'IaCTII~ MOiReT HapymBTbCJI.
ECJIB, HanpBMep, CBepxnpOBOAHBH rrOABepraeTCH 3JIeHTpO­
MarHIITHOMY 06JIytIeHHIO, TO CHMMeTpBJI B pacrrpeAeJIeHBB
~)JIel(TpOBOB B AhIPOH IIO BeTBJIM He HapymaeTCJI. I1pOCTO
ltBaSlIqaCTIIU;hI, nOrJIOm;aH 3JIeHTpOMarHBTHyIO aHeprBm, ne­
peXOAJIT Ha 60JIee BhIcoHHe 3HepreTBqeCHBe YPOBHII. I1pH
910M MomeT BSMeHBTbCJI BeJIBqHHa 3HepreTHQeCIWll: m;eJIH.
nOJJ;OOHhIe TlInhI HepaBHOBeCBhIx npOIJ;eCCOB MhI sAaCb He6y­

AaM paCCMaTpBBaTb.
PaBHOBeClIe 6YAeT TaHiRe BapymeBo B6m13B rpaBB~hI

CHOpMaJIbHhIM MeTaJIJIOM, eCJIB OTTYAa BAeT nOTOH 3JIeHTpO-
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§ 46. Pa30aJIaBC SaCeJIeBBOCTeR BeTBeR crreRTpa
3JIeMeBTapBbIX B030ymAeBIIR H 3JIeRTpHtIeCROe nOHe

B cBepxnpoBoABHRe

i B YCJIOBIIJIX paBHOBeCHJI 3JIeHTpOBHaJI II AhIpOqBaH BeTBII
~:peHTpa aJIeMeHTapHhIX Bos6ym](eHHll: CBepxnpOBOAHHHa sa­
~JIeHhI RBaSHqaCTH~aMH ClIMMeTpBqHO. I1oaToMY B paBBO­
~HOM cBepxnpoBoABBHe qBCJIO aJIeRTpOHBhIX HBaSBqaCTHIJ;
,PaBHO qBCJIy AhIpOI\, B cyMMapHhIll: sapJIA paBeH Hymo.
;RpoMe Toro, B paBBOBeCHOM CBepxnpOBOAHBHe IfJYHR~BJI pac­
J1.pe](eJIeHIIJI RBaSHqaCTBIJ; - aTO IfJYHH~BH pacnpeAeJIeHBH

Cl»ePMB

r: ¥MeHbmeHHe sapJIAa I{BaSII'IaCTII~hIno Mepe ee:npH6JIHiRe­
iPtJl R cBepxrrpOBOAJIm;ell: 06JIaCTH JICHO YHasbIBaeT Ha TO, 'ITO
,.hWH](eHCaT ORaSbIBaeTCJI BOBJIeqeHHhIlIl B npo~ecc aHApeeB­
cJJ(oro oTpameHIIJI. 3apJIA HBaSM'IaCTH~hIHe rrporraAaeT, a rre­
pAaeTCJI ROHAeHcaTy! A <pHSlIqeCRH :')TO OSHaqaeT, 'ITO Ha
J\PaHII~e HaJIeTamm;aJI HBaSHqaCTn~a HaxOAHT ce6e rrapHyIO
,*-6THIJ;y H BMeCTe cHell: nepeXOAHT B HOHAeHcaT, a 06paSOBaB-

.#taJlCJI AhIpHa B03Bpam;aeTCJI B HOpMaJIbHbIll: M~TaJIJI. TaH npo­
InXO](IIT rrepexOA qepes N S-rpaHII~y TOII qaCTH 3JIeR­
~lI'IeCHOrO TOHa, ROTOphIi'i nepeHOCHTCJI Bos6YiRAeHlIJIlIlH
t)9HeprueM, MeHbmell: 3HeprHH m;eJIH A (T). I1po~ecc rrpeo6pa­
3oB8HlIH HOpMaJIbHOrO TOHa B cBepxToH rrpOHCXO](HT BHyTpII

il6JIaCTlI ~ ~ (T). COBceM rro-APyroMy 6YAyT BeCTH ce6H B03­
~ymAeHHJI C 3HeprHei'i Ek > A (T). RaH MbI CHOPO yBHAIIM,
.~ MoryT npOHHHaTb BHYTPb CBepxnpOBOAHHRa Ha paCCTOJI­
JlJlJI, sHaqIITeJIbHO rrpeBblmaIOm;He AJIIIHy RorepeHT-

Ji9CTlI ~ (T).
~(T)

{;!Jepxnpo8oiJliu H

Be.JIH'IHHOi'i m;eJIH A (x). IIpH 3TOM OH CTaHOBHTCJI 8JIeHTpOHo­
nOAooHoi'i HBaSH'IaCTH~ei'i cBepxnpoBoAHHHa, IT oYAeT saHH­
lImTI, JI'Iei'iHy k-npocTpaHcTBa, cOOTBeTCTBymm;yIO ero 3Hep­

rHH Ek • B CJIeAYIOm;IIi'i MOMeHT, OHasaBmncI, B APyroi'i TO'IRO
rpaHH~hI, oOJIee OJIIISHOi'i H cBepxnpOBOAJIm;ei'i OOJIaCTII,
3JIeHTpOH OHameTCJI B OOJIaCTH cBepxnpoBoAHHRa C 60JII,men
BeJIH'IIIHOn m;eJIH, 'ITO npIIBeAeT Hero nepeMem;eHHIO B HOByIO
JI'IenHy k-npOCTpaHCTBa, 60JIee 6JIHSHyIO H kF •

STO npIIBOAIIT H YMeHI,meHHIO sapJIAa TaHon HBaSH'Ia­
CTH~I,I. IhaH, 3JIeHTpOHonOAo6Hoe Bos6ymAeHHe, HaJIeTEU,

Pnc. 45.1. IIJIJIIOCTpaIJ;llfI npOIwcca aH1\peeBCKoro oTpaiReHHH. IIonaB
B 06JIaCTb N S-rpaHnIJ;bI, KBaSnlJaCTnIJ;a (SJIeKTpoH) nepeMem;aeTCH
liB O.r\HOH HqeHKII k-npoCTpaHCTBa B ~pyryIO, nOCTeneHHo'MeHHH cBon

aapRA no Mepe npn6JIHiKeHlTH K CBepxnpoBO~Hm;eH 06JIaCTlJ.

US HOpMaJIbHOrO MeTaJIJIa Ha N S-rpaHn~y, rrOCTeneHIlO
YMeHbmaeT CBOi'i SapJIA. lIs pHC. 45.1 rrOHJITHO, 'ITO, AOMAH
AO TOqHII xo, B HOTOpOM Be.JIJ1lUIHa m;e.JIII paBHJIeTCJI (lHeprlIH

HBaSnqaCTII~hI, nOC;rleAHJIR AomIma 6YAeT IIMeTb IIMrrYJII,C
paBRbln kF , HyJIeByIO rpynrroBym CHOpOCTI, II, COrJIaCHO
(43.6), HyJIeBOn sapRA (qk =0). B 3TOll TOqRe Bos6Yil\AeHHe

F
OTpailweTCR: OT rpaHII~hI II rrepeXOAHT Ha .JIeBym, AhIpO'lH,yro
BeTBb crreHTpa 3JIeMeHTapRbIX Bos6Yil(AeHIn'I. Ero rpynrroBaH
CHOpOCTI, 6YAeT TerrepI, HarrpaB.TleHa BJIeBO, T. e. OT CBepxrrpo­

BOAHHHa R HOpMaJIbHollfY MeTaJJJIy, a 3apJIA YiRe 6YAeT OT­
pH~aTe.lJbHblii. Ho ABHmeHlIe OTpH~aTeJIbHOrO sapJIAa HaJIeBO
3HBlIBaJIeHTHO ABHmeHHIO rrOJIOilUITeJII,HOrO sapJIAa HarrpaBO.
IIo3ToMY paCCMOTpeHHoe OTpameHHe rrpIIBOAHT R nepeHOCY
sapJIAa 1I3 HOpMaJIbHOrO MeTaJIJIa B CBepxnpOBOAHIIH, T. e.
H TeqeHHIO 3JIeRTpHqeCHOrO TOHa.

STOT npo~ecc 6bIJI BnepBhIe TeOpeTHqeCRH rrpeACHasaH
A. <1>. An.upeeBhIM [581 H rr03TOMY HaShIIWeTCJI aH](peeBCHIIM
oTpameHlIeM.
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J(OTOPhIii nepemeJI R RBaaHlJ:aCTlIIJ;aM.
IIOCMOTpllM, R RaRHM nOCJIe]l.CTBlIHM aTO npHBe]l.eT.

ypOBue HaxO]l.HTCH ]l.Ba aJIeRTpOHa C npoTlIBOnOJIOmUhIMH cnll­

aaMU. OTcIO]l.a cpaay CJIe]l.yeT, lITO ROH]l.eHCaT nOTepHJI 3a-

pH]!.

(46.1)Q= 2N (0) (€F~ flo.),

I's

--~----~------ ~ !... I

" I
'I

IIOCROJIbRY HepaBHOBeCHhIii 3apH]l. RBaalllIaCTlIIJ; Q 6Y]l.eT

«PYHRIJ;Heii npOCTpaHCTBeHHoii Roop]l.lIHaThI x, HCHO, lITO II

BepaBHOBeCHhIii XHMHlIeCRHii nOTeHIJ;HaJI CBepxnpOBO]l.Hm;I1X

&JIeKTpOHOB fl. TOiRe 6Y]l.eT, COrJIaCHO (46.1), «PYHRIJ;lIeii x.
Ho 81'0 03HalIaeT, lITO B CBepxnpOBO]l.HHRe BOaMOiRHO cym;e­

C1'BOBaHHe 8JIeKTpHlIeCKoro nOJIH E, KOTopoe TeM He MeHee He,

,oYAeT yCKopHTb KOH]l.eHcaT. ,lI,eiiCTBHTeJIbHO, B caMOM 06m;eM

207

Puc. 46.1. HepaBHoBecHoe pacnpep;eJleHlIe cBepxnpOBOp;JIIIJ;1IX 3J1eKTpO­
aOB vi 1I cneKTp KBaaIIQaCTRn; B CBepxnpOBop;HlIKe Ek B HepaBHOBeCHOM

OOcTOHHlIlI. IllTpRXOBOH JIlIHIIeH nOKaaaHO paBHOBeCHoe pacnpep;eJle:

pe vi, Korp;a P-.= SF' IIJ.eJIb ~ COXpaHIIJIa CBoe 3UaQeHlIe, XlIMlIQeCKHU

nOTeUn;lIaJI P-n CTaJI 60JIbme sF.

HOB. ,lI,eiicTBHTeJIl>HO, aJIeRTpOHhI C aHepmeii Ek > A (T)
npOHHRaIOT B CBepXnp.oBO]l.HHR H aaHHMaIOT lI'IeiiRH k-npo­

CTpaHCTBa, npHHa]l.JIeiRam;He aJIeRTpOHHOii BeTBH CneRTpa.

B aTOM CJIYlIae B03HHRaeT pa36aJIaHC 3aCeJIeHHOCTeii ]l.BYX

BeTBeii. Hama 3a]l.alIa Tenepb - nOHHTb, R RaRHM nOCJIe]l.­

CTBHHM npHBO]l.HT pa36aJIaHC 3aCeJIeHHOCTeii, RaR H Ha RaRHX

xapaRTepHhIX paCCTOHHHHX OH peJIaRcHpyeT.

Cym;eCTBOBaHHe pa36aJIaHCa aaCeJIeHHOCTeii, OlIeBH]l.HO,

npHBO]l.HT R nOHBJIeHUIO ROHelIHoro 3apH]l.a RBa3UlIaCTUIJ; Q
B ]l.aHHOM MeCTe CBepXnpOBO]l.HHRa:

"') lDyBlm;RJI paCnp6p;6JI6HRJI KOHp;6HcaTHLIx 3JI6KTPOHOB B He­
paBHOBeCHOM CJIyqa6 Tom6 6YP;6T JIM6Th BlIP; vi = (1 - Ek /Ek )J2,
HO Ek = h2k2J2m - P-. 1I Ek = (si + ~2)1/2, T. 6. MhI CqllTaeM, qTQ KOH­

p;eHcaT ycrreBa6T rrop;CTpOlIThCJI nop; p;aHH06 HepaBHOBeCHoe pacrrpep;e­
JleHlIe KBa3IIqaCTlIn;. JIerKo npOCJlep;IITh, qTO rrOJIBJleHlIe pa36aJlaHCa
aaCeJleHHOCTell BeTBell He 1I3MeHJIeT BeJllIqlIHY 3HepreTlIQeCKOll IIJ;eJlH.
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Q=~qktk.
k

r]l.e !k - RaRaH-TO (B 06m;eM CJIylIae - HepaBHOBeCHaH)

«pyHRIJ;UH pacnpe]l.eJIeHHH aJIeRTpOHOB no HlIeiiRaM k-npo­

CTpaHCTBa.

Ho CYMMapHhIH 3apH]l. Bcex aJIeRTpOHOB CBepXnpOBO]l.HHRa

B RaiR]l.oH TOlIRe ]l.OJIiReH 6hITb O]l.UHaROBhIM H paBHhIM no

a6COJIIOTHOii BeJIHlIHHe aapH]l.y HOHOB RpUCTaJIJIUlIeCROii

pemeTRU. 8TUM 06ecnelIHBaeTCH aJIeRTpOHeiiTpaJIbHOCTb Ma­

TepHaJIa. TaRUM 06pa30M, eCJIH B ]l.aHHOM MeCTe 3apH]l. RBa3H­

lIaCTHIJ; YBemllIUJICH Ha BeJIHlIHHY Q, TO Ha TaRyIO iRe BeJlH­

lIUHy ]l.OJIiReH YMeHbmUTbCH 3apH]l. ROH]l.eHcaTa. 81'0 BhI30BeT

H3MeHeHHe «PYHRIJ;HU pacnpe]l.eJIeHHH CBepXnpOBO]l.Hm;HX

aJIeRTpOHOB vi. Ha pHC. 46.1 mTpuxoBOH JIHHUeii nORa3aHO

CTapoe pacnpe]l.eJIeHUe vi, COOTBeTcTByIOm;ee paBHOBecHoMy

CJIylIaIO, Ror]l.a Q=O H Ror]l.a XUMHlIeCRUii nOTeHIJ;HaJI CBepx­

npOBO]l.Hm;HX aJIeRTpOHOB 1-'-. COBna]l.aeT C aHeprHeH <DepMH

MeT8!JIJIa *). IIoCROJIbRY nJIOm;a]l.b no]l. RpHBOii vi nponopIJ;I10­

HaJIbHa lIHCJIy CBepXnpOBO]l.Hm;HX aJIeRTpOHOB, HX yMeHb­

meHue ]l.OJIiRHO BhI3BaTb CMem;eHIIe rpaHHIJ;hI pacnpe]l.eJIeHHH

BJIeBO, T. e. YMeHbmeHHe XHMUlIeCRoro nOTeHIJ;I1aJIa 1-'-. Ha

BeJIUlIUHY €F-I-'-•. HOBoe pacnpe]l.eJIeHHe vi nORa3aHO Ha

puc. 46.1 cnJIomHoii JIHHueii. Tenepb MhI MOiReM JIerRO no]l.­

ClIUTaTl> ROJIHlIeCTBO aHepreTHlIeCRIIX ypoBHeii, oCB06o;:J;HB­

mHXCH 01' CBepXnpOBO]l.Hm;UX aJIeRTpOHOB: 2N (0) (€F-I-'-.),
r]l.e N (0) - nJIOTHOCTI> COCTOHHUH Ha ypoBHe <DepMu, a RO­

a«p«puIJ;I1eHT 2 YlIHThIBaeT, lITO Ha RaiR]l.OM aHepreTUlIeCROM



BIl~e ypaBHeHIle ~BHmeHIUI j:(JIJI CBepxnpOBO~JIm;ero :meK­

TpOHa l\WmHO 3anIlcaTb B BR,n;e

3~eCb e - 3apJI~ SJIeKTpOHa, m - ero Macca, V. - CBepx­

TeKylJaJI CKOpOCTb KOHlJ;eHCaTa, Cf! - SJIeKTpOCTaTIllJeCKIlll no­

TeHIJ;HaJI, A - BeKTOpHl'illl nOTeHIJ;HaJI, TOlJKa 03HalJaeT ~Il.p­

.pepeHIJ;HpOBaHIle no BpeMeHIl. B CTaIJ;IlOHapHhIX yC.1JOBIlJIX

d (mv.)ldt=A=o, nosToMy CBepXnpOBOlJ;JIm;Ile SJIeKTpOHhI He

yCKOpJIIOTCJI. Ho STO 03HalJaeT, 'ITO B CTaIJ;HOHapHhIX YC­

JIOBIlJIX B CBepxnpOBOj:(HHKe ~OJImeH OhITb nOCTOJIHHhIM B npo­

CTpaHCTBe 8JIeKTpOXIlMHlJeCKHll nOTeHIJ;naJI CBepxnpOBO~JI­

m;HX SJIeKTpOHOB If.x.

de'
- (mv ) = - - A - eV'co - V',t .dt' c T r.

!fax. = elf +fL. = const.

(46.2)

(46.3)

(A ~ kBT.), T. e. Korn;a TeMnepaTypa OJIH3Ka K KpHTHlJeCKoB.

BOJIee CTpOrO <!TOT BOnpoC paCCMaTpHBaeTCJI B [55],
B aTOM me npH6JIHmeHHH, Korj:(a T';':::jTc, MhI MomeM npeHeo­

,~ql> H3MeHeHHeM XHMHlJeCKoro nOTeHIJ;HaJIa KBa3HlJaCTHIJ;

:fIQ cpaBHeHHIO C H3MeHeHHeM XHMHlJeCKOrO nOTeHIJ;HaJIa cBepx­

j,tpOBOj:(JIm;HX SJIeKTpOHoB, T. e. 8F-fL. ~ fLn-8F (CM.

c)~e. 46.1). ,I!;ellcTBHTeJIbHO, IIpn T';:::jTc B KOHj:(eHcaTe 8JIeK­

}~OHOB MaJIO, a KOJIJIeKTHB HOpMaJIbHhIX 8JIeKTpOHOB BeJIIlK .

'.08TOMY yj:(aJIeHHe HeKOToporo KOJIHlJeCTBa 8JIeKTpOHOB Il3

'~HAeHcaTa H nepeHOC HX B KOJIJIeKTHB HOpMaJIbHhIX 8JIeK-

~ <tJeOHOB npHBej:(eT K 3HalJHTeJIbHO oOJIee CHJIbHOM~ H3MeHeHhIO

,~()B:CTB KOHj:(eHcaTa (YMeHbrneHHe fL.), lJeM CBOHCTB KOJIJIeK­

~~a HOpMaJIbHhIX SJIeKTpOHOB.

~e~1 YlJHTIilBaR 8TO, MomHO HanHcaTb aaROH OMa lJ;JIlI B030Y­

J,~eHHH B OOhIlJHOH .popMe:

::ho, OJ:(HaKO, He IlCKJIIOlJaeT cym;ecTBOBaHIlJI SJIeKTpHlJeCKOrO

nOJIJI, KOTopoe, COrJIaCHO (46.3), oy.n;eT paBHo

1
E = -V'!f = - V'fL••e

(46.7)

npOBOj:(HMOCTb HOpMaJIbHorO MeTaJIJIa cr MomHO aa­

B BH,lJ,e **)

J - AJIHHa CBoooAHoro npooera 8JIeKTpOHa, a up - CRO­

b SJIeRTpOHa Ha nOBepXHOCTH C1>epMH, HMeeM OKOHlJaTeJIbHO

(
lVF'tQ )112 112

AQ= -3- = (D'CQ) , (46.J3)

'D - KOs<!J<!JHIJ;HeHT j:(H<!J<!JY3HH AJIH 8JIeKTpOHOB, D =
\/3.

'*) OCTaTO'lH09 YAeJlhHOe conpOTIIBJIeHIIe npoBop;HIlRa - :no yp;8m.··
npOTnBJleHII9, llRCTpanOJIIIpOBaHHoe R a6C0J1lOTHoMy rrymo TeM­

ypLI.
~.) eM., HanpnMep, [4].
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~~ a - HOpMaJIbHaJI npOBOj:(HMOCTb npH HHaRHX TeMnepaTypax:

tr:1 = POCT' r,lJ,e POCT - OCTaTOlJHOe yj:(eJIbHOe conpOTHBJIeHHe *).
h..• ·PPJH AHBepreHIJ;HIO 01' npaBoH H JIeBOH lJaCTeH 81'01'0 paBeH­

'.~ H nOACTaBJIJIJI CIO,lJ,a <!JOpMyJIhI (46.4) H (46.5), IIOJIylJHM

:\~~ V'2Q=~Q, (46.6)
AQ(46.4)

1
E = - 2eN (0) V'Q.

MCnOJIbayJI (46.1), RMeeM

IITaK, MhI npHxo~HM K BhIBOlJ;y, 'ITO B HepaBHOBeCHhIX YC­

i!:OBHJIX, npH HaJIHlJHH rpa.n;HeHTa 3apJI.n;a KBa3HlJaCTHIJ;

CBepXIIpOBOlJ;HHKa, B HeM B03HHKaeT SJIeKTpHlJeCKOe nOJIe,

KOTopoe, B TO me BpeMJI, He oy.n;eT yCKOpJITb KOHlJ;eHCaT, TaI{

KaK KOMneHcHpyeTCJI rpa~HeHTOM XHMHlJeCKOrO IIOTeHIJ;HaJIa

CBepxnpOBOj:(JIm;HX SJIeKTpOHOB. IIolJ;lJepKHeM em;e pa3, 'ITO

Ha CBepxnpOBO~JIm;He SJIeKTpOHhI j:(ellcTByeT rpalJ;HeHT SJIeK­

TpOXHMHlJeCKOrO IIOTeHIJ;IlaJIa CBepxnpOBOj:(JIm;IlX SJIeKTpOHOB

Ll!f.u, KOTOphIiI, CorJIaCHO (46.3), paBeH Hymo.

Cym;ecTBoBaHIle B .n;aHHOM MeCTe CBepxnpOBOj:(HIlKa CTa­

IJ;IlOHapHoro, HO HepaBHOBeCHoro 3apJI.n;a KBa3IllJaCTIlIJ; C IIJIOT­

HOCTbIO Q 03HalJaeT, 'ITO B .n;aHHoe MeCTO HenpephIBHO HlJ;eT

nOToK KBa3IllJaCTIlIJ;, npIlHOCJIm;IlX HeKOTophIll 3apJI.n;, KOTO­

PhIll B TO me BpeMJI peJIaKcIlpyeT, nepexoj:(JI B KOHj:(eHcaT.

BTO yCJIOBIle BblpamaeTCJI IIpOCThIM COOTHorneHHeM:

divjn=-eQ/'tQ, (46.5)

rlJ;e in - HOpMaJIbHaJI KOMnOHeHTa nOJIHOro TOKa. BTO co­

OTHorneHIle CnpaBelJ;JIIlBO npHOJIHmeHHO, Kor.n;a m;eJIb MaJIa
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(46.9)

(46.10)
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IbaR, nO)l;Be)l;eM HTorn. ECJIH 'Iepea rpaBHIJ;Y MMR)l;y HOP­

MaJIbHbIM MeTaJIJlOM H cBepxnpoBo)l;HHROM TelIeT 3JIeRTpHlIe­

CRHH TOR, TO B CBepXnpOBO)l;HHKe BoaHMRaeT 3JIeRTpH'IeCROe

nOJIe. OHO saTyxaeT OT rpaHHIJ;bI B rJIy6HHy CBepXnpOBO)l;HHRa

Ha paCCTOHHHH AQ, ROTopoe MomeT 6bITb MaRpOCKOnH'IeCRH

OOJIbmMM. B 3TOM 06JIaCTM CYJIJ;ecTByeT )l;HBepreHIJ;MH HOP­

MaJIbHOrO TOKa \7in (CM. (46.5». Ho nOJIHbIM TOK i = j. + i"
(r)l;e i. - nJIOTHOCTb cBepxToKa), KOHelIHO, B CTaIJ;HOHapHbIX

yCJIOBMHX He IfMeeT )l;IIBepreHIJ;IflI. IIo3TOMY IIMeeM

\7in= -\7i.,
T. e. B 06JIaCTIf CBepXnpOBO)l;HHRa )l;JIMHOH AQ B6mI3H rpaHIIIJ;bI

C HOpMaJIbHbIM MeTaJIJIOM npOHCXO)l;IIT npe06paaoBaHlIe HOP­

MaJIbHOrO TORa B CBepXTOR. 8TO MomHo HHTepnpeTIipOBaTb

eJIJ;e H TaR. COrJIaCHO plIC. 46.1 B 3TOM (<HepaBHOBeCHOM» 06­

JIaCTH /1-" > /1- •• IIoaTOMy MomHO CRaaaTb, 'ITO S)l;eCb H)l;eT «XIf­

1tO'I'IeCRaH peaRIJ;IIH» no npeBpaJIJ;eHIIIO BeJIJ;eCTBa C XIIMH'Ie­

CKHM nOTeHIJ;HaJIOM /1-" B BeJIJ;eCTBO C XIIMH'IeCRHM nOTeHIJ;II­

JIOM /1-,.
Bce paCCMOTpeHHe 3Toro naparpa<pa OTHOCIITCH K CJIy'IaIO,

Ror)l;a nOTOR 3JIeKTpOHOB Hp;eT HS HOpMaJIbHorO MeTaJIJIa

B CBepxnpOBop;HHK. Op;HaRO BCH RapTHHa OKaabIBaeTCH CIIM­

MeTpH'IHoiI npH 06paJIJ;eHHH HanpaBJIeHHH TORa. TOJIbRO Te­

:nePbHS HOpMaJIbHOrO MeTaJIJIa Ha CBepXnpOBO)l;HIIR HaJIeTaIOT

AJ,ipRH, a OTpamaIOTCH nO-aH)l;peeBCRH 3JIeRTpOHonop;06HbIe

'.kBaSH'IaCTHIJ;bI. A paa6aJIaHC SapH)l;a 3JIeMeHTapHbIX B03­

Gy~p;eHHiI CBepxnpOBO)l;HHRa B 06JIaCTH nOpH)l;Ra AQ OROJIO

:rnamI~ TaRoiI, lITO 3aCeJIeHHOCTb P;bIpO'IHOM BeTBH 60JIl,me,

'leJrf 9JIeRTpoHHOH.

~a'la 46.1.
,. ",' Hcxo)J;SI lIa Tpe60BaHHH 3JIeKTpOHeihpaJIbHOCTII, 6bIJIO lIOJIy'leHo
~ecTBoBaHHe 3JIeKTpH'IeCKOrO lIOJISI E B cBepxlIpoBo)J;H1IKe B6JIHaH

, \,~ rpaaHD;hI C HOpMaJIbHhIM MeTaJIJIOM, eCJIH '1epea 3TY rpaHHD;y H)J;eT
"lI~KTplI'IeCKIIll: TOK. COrJIaCHO (46.11) div Ei=O. Ho TOr):l;a B o6JIacTH
-~KaAQ OKOJIO rpaHIID;hI )J;OJImHa CYIll;eCTBOBaTb 06'beMHail lIJIOTaOCTb

pll'leCKOrO aapH.ll;a p, olIpe)J;eJISleMaSl ypaBHeHlleM IIyaccoHa
E=4'1t p. He lIpoTMBOpe'lIIT 1111 3TO IICXO)J;HOMy IIpeJ\rrOJIOmeHIIIO

.,,,,., 8KTpoHeHTpaJIbHOcTH? --,
,;.W{;P e m e H II e. IIoKameM, 'ITO 06'beMHaJl IIJIOTHOCTb aapJlJ\a p,
~paJi i:J;enCTBHTeJIbHO B03HlIKHeT B rrepeXOJ\llOH 06JIaCTH paaMepOM 'A Q,
~ aa MBoro lIOpJl)J;TWB MeHbme 06'beMHOH lIJIOTHOCTII aapSl,n;a KBaan-

eO. YpaBHeHne IIyaccoHa MomHO HalIIIcaTb rrpn6JIHmeHHO
eE/AQ _ 4'1tp, HJIII p~E/(4'1t'AI()' C .n;pyroll: CTOpOHbT, COrJIaCHO

1 Q - j,,'tQ/(eAQ)= cr'tQE/(e'AQ), OTKYJ\a p/(eO) - (41t'tQo)-I=

t Qe2N (0) lVF/3)-I. ECJIU rrpUHJlTb, 'ITO 'tQ - 10-10 C, N (0) _

9pr-1 eM-a, l_10-8 CM, VF- 10~CM/C, To,[(ameB3TOMCJIY'Iae

l'/(eQ) - 10-~.

aHMRHeT 3J1eRTpM'Ie­
COoTBeTcTBeHHo B cBepxnpOBo)l;HHRe BO

CRoe nOJle, ROTopoe, corJlaCHO (46.4), 6y)l;eT

E=Eoexp(-x(AQ), (46.11)

e nOJle Ha rpaHMIJ;e. ECJIH npeHe6pe'Ib
r)l;e Eo - 3JIeRTpH'IeCRO n H T'"'-'T 3TO MomHO C)l;eJIaTb,

aH)l;pe~BCRHM oTpameH~;~~Ta P~BHO'"'-'3J1~RTpH'IeCROMY nomo
noJIe J!.Jo Ha rpaHMIJ;e < 0
B HopMaJIbHOM MeTaJI~e,H:e:~ ~~::JI rJI~6HHbI npoHHRHoBe-

TaRHM 06paaoM, Q OJIH B cBepxnpoBo)l;HHR. COrJIaCHO

HMH 3J1eRTpH'IeCRorO n e 3RcnoHeHIJ;HaJIbHO aaTyxaeT Ha
(46.11) 3JIeRTpH'IeCROe nOJI OIJ;eHHM rJly6HHy npoHHRHoBe-

paccToHHHM AQ OT rpaHHIJ;bI. (46 7)1.. ~ 't'I" a 'tQ,
ro nOJlH COrJIaCHO • Q Q

HMH ~lJIeRTpH'IeCRo, 6.-1 TIOCKOJIbKy
(44 1) nponopn;HOHaJlbHO •

corJlaCHO .,
6. ~ (1 - TITSI" MMeeM

I..Q ~ (1- TIT c)-1!4, (46.j2)

n H T -+ T TaRHM 06paaoM, npH )l;0­

T. e. AQ ~a<t0)l;H~~; / RPHTH'IeC~oiI TeMnepaType, 3JIeRTpH­
CTaTO'IHOH JlHaO OHHRHyTb B cBepxnpoBO)l;HHR Ha 60Jlb­

'IeCROe noJle MomeT n~ROJlbR xapaRTepHbIM aHa'IeHHeM )l;Jlll
moe paccTOHHHe. TIo Y 10-9....:....10-10 C ,TO )l;JlH VF r'-'

C BeJIH'IHHa nopH)l;Ra . , 1 .
'tQ HBJIHeT H l 10-5 CM HMeeM AQ ~ --;-
.".., 108 CM/C H, cRameM, )l;JlH ~eHHH 3JIeRTpH'IeCKOrO noJllI
. 10 T e rJIy6HHa npoHHRHOB

-;- MRM, • 'u H Bce xapaRTepHbIe P;JlHHbI cBepxnpoBO)l;HHKa.
MomeT npeBaoHT b CJIHmROM 6J1J'l3RO R T p TO ?dOIHHO nOJly­
ECJlH He nop;xOP;HT

'IHTb AQ ~ e(T).
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~ pOCToiI CJIy'IaiI. TIYCTb 06-
PaccMoTPMM Tenepb caMbIMH"na<T npOBOJIORa 'ITO aa)l;a'Iy

6yrreT HaCTOJIbRO TO .n n ,
paaIJ;OM .... u HanpaBMM OCb X B)l;OJIb npo-
MomHO C'IMTaTb O)l;HOMepHOM. pHaJI npOBOJIORH HopMaJIbHbIM
BOJIORH H 6y)l;eM C'IHTaTb MaTe > 0 TIYCTb no npo-

)l;JIH x < 0 H CBepxnpOBO)l;HJIJ;~:JI~:~MX HanpaBJIeHHH OCM X.
BOJlORe Te'IeT TOR B nOJlOmH
Tor)l;a ypaBHeHHe (46.6) npMMeT BH)l;

d
2Q=_1 Q.

dx2 ),.2
Q

(n H x _ co) Q- 0, TaR RaR
HCHO, 'ITO )l;aJleRO OT rpaHHIJ;bI u c~epXnpOBO)l;HHR 6ea RaRoro­

TaM 6y)l;eT npoCTO paBHOBeCHbI;'orrra pemeHHeM ypaBHeHHH
JlH60 aapH)l;a RBaaM'IaCTMIJ;. ....

(46.9) 6y)l;eT <PYHRIJ;MH



JOMXM

213

4,085
O~::::-""'~=::::::::r::=I::::::::r::::::r==r:::::JC=::L::~~

3,980 4,020 ;',OfJO 1,075

PIIC. 47.2. Pe3YJIbTar OilhITa IO IItMepcepo [59]. BOJIbTMeTp Il3MepHeT
paaBOCTh) JleKTpOXIIMIIqeCKII'x~noTeH~lIaJIOB~CBepxIIpoBOAHID;HXII ROP-

. MaJlbHhIX BJleKTpOHOB B 06J1aCTII nepaBHoBecHocTll.

2,5

ROB (KOTOpblH 3p,eCb, B yCJ"IOBIIHX paBIlOBCCHLIX, paneH ClJIet<­

TpOXIIMH'leCKoMy nOTeHII;naJIy RBa3n'laCTHII). B pe3YJIbTaTe

BOJIbTMeTp nOKameT pa3HOCTb Memp;y aJIeKTpOXIIMRqeCHIIMH

nOTeHII;naJIaMH HOpMaJIbHIilX H CBepxnpOBop;flIIIHX aJIel,TpO­

HOB B Henocpep;CTBeHHOH OJIII30CTII 0'1' N S-rpaHIIIIIil.

Pe3YJIbTaT aRcnepIIMeHTa, Rorp;a BIilBOP; a - HOpMaJIbHbIH,

nOKa3aH Ha pHC. 47.2.

2,0

Op;HaRO HanOOJIee aJIeraHTHIilM OKa3aJICH CJIep;yIODJ;IIH aRC­

'nepHMeHT Tex iI,e aBTopoB. PaCnOJIOJRIIB ooa nOTeHI~UOl\IeTpH­

,~,ecKHx BIilBop;a B HepaBHoBecHoH OOJIaCTII cBepxnpoBop;HIIRa

onH3Ro p;pyr 0'1' ]l;pyra (RaR nOKa3aHO Ha puc. 47.3), HO TaR,

'ITOOIil K N S-rpaHnIIe npHneran cBepxnpOBOp;HDJ;IIH BIilBOP; b,
a HopManbHIilH BIilBOP; a OIilJI OIil HeCKOJIbRO yp;aneH 0'1' rpa­

HHII;Iil, 10 II Mepcepo HaOnIOp;aJIII H3MeHeHlIe 3HaRa nOKa3aHlIll

BOJlbTMeTpa nplI TOM me HanpaBneHlI1I TORa 'lepe3 ITJWHRy.

PeaYJIbTaTIil aTnx onIilTOB npeKpaCHO nop;TBeplI,p;aIOT OC­

j}JIOBHIile npep;CTaBJIeHIIH, pa3BlITIile B npep;IilAYDJ;IIX naparpa­

',}41ax.

'ij'i ,ll;eHcTBIITeJIbHO, ecnlI, RaK nORaaaHO Ha plICyHRO 47.3,
·"TOR B nJIeHKe Te'leT 1I3 S B N, TO B HepaBHOBeGHOii 06JIaCTJI

>CBepxnpOBop;HIIRa OKOJIO rpaHIIII;Iil npOIICXOP;IIT «XIIMII'IeCRaH

peaKII;IIH>): CBepxrrpOBOP;HDJ;ne aJIeKTpOHbI........ HOpMaJIbHbIe

&neKTpOHIil, T. e. XIIMII'leCKIIH rrOTeHII;lIaJI P-. B ,lTOll 06naCTlI

6om,Ille XIIMlI'IeCROrO nOTeHII;lIana {-tn' Il03TOMY TOR B BOnbT­

MeTpe nOH]l;eT 0'1' BIilBOp;a b R BIilBOP;y a (RaR nOKa3aHO Ha

PIIC. 47.1. CxeMa onhITa 10
II Mepcepo [59]. IIoTeH~IIo-

3'" 10 MHM MeTpIl'leCIme BhIBOAhI a II b
nOAcoeAIIHeHhI K BOJIbT­
MeTpy. ECJIII a - HOpMaJIb­
HhIi! BhIBOA, BOJIbTMeTp nOKa­
3hIBaeT pa3HocTb 3JIeKTpOXH-
MII'IeCKIIX nOTeH~IIaJIOB KBa­
3I1'1aCTII~ II KOHAeHcaTa.
ECJIII a - cBepxIIpoBOAH­
ID;lIH BhIBOA, BOJIbTMeTp HH-

IIoKa3aIllIH BOJIbTMeTpa He 3aBIICHT OT Toro,
b IlOpMaJIbHhIM IIJlH CBepxIIpOBogJlID;UM.

c8epxnp.

fiJreHl\a TaHTaJIa TonDJ;lIHOII OIWJIO 250 A IIMeeT KplITII­

lil.ecKylO TelVwepaTypy OKOJIO 4,1 K. ECJIlI qaCTb nOH ITJIeHK~
& nOMODJ;bIO p:poII;ecca aHO~1I3aII;IIH Cp;eJIaTb oOJIee uTOHROll

(OROJIO 100 A), TO KpllTll'leCKaH TeMnepaTypa 3Ton 'laCTII

nJIeHRll ynap;eT p;o 3,5 K. ECJIlI TeMnepaTypa nJIeHRll oyp;eT

nemaTb Mell,p;y 3,5 K II 4,1 K, TO op;Ha 'la<:.Tb nJIeHKII oyp;eT

HOpMaJIbHOH, a p;pyraH CBepxnpOBop;HDJ;elI. ECJIII Tenepb

nponycTIITb TOK 'lepe3 nJIeHKy, TO, COrJIaCHO (46.3), aJIeKTpO­

XIIMll'leCKIIH nOTeHII;naJI cBepxnpoBop;HDJ;HX aJIeKTpOHOB r.paxs
oyp;eT nOCTOHHHIilM B npocTpaHcTBe. IlonoMy cBepxnpoBop;H­

DJ;lIe nOTeHII;lIoMeTpn'leCKHe BblBOP;Iil a II b (pllC. 47.1) nop;a­

p;yT Ha 3amnMIil BOJIbTMeTpa paBHIile aJIeKTpOXIIMII'leCKlIe no­

TeHII;lIaJIIil, II BOJIbTMeTp HII'lerO He nOKameT. ECJIII, op;HaKO,

nOTeHII;IIOMeTplI'IeCKlIll BIilBOP; a, Henocpep;CTBeHHO nplIJIema­

DJ;lIll K N S-rpaHIIII;e, Cp;eJIaTb H3 HOpMaJIbHOrO MeTaJIJIa, T~

OH nop;aCT Ha JIeBIilll 3amlIM BOJIbTMeTpa aJIeKTp~xn:MII'leCKIIII

nOTeHIIIIaJI HOpMaJIbHIilX aJIeKTpOHOB, KOTOpIilII 3p;eCb 0'1'­

JIlI'IaeTCH 0'1' <PBXS' 8'1'0 OTJIII'llIe peJIaKclIpyeT Ha paccToHHlIlI

AQ 0'1' rpaHIIIIIil. ECJIlI paccToHHlIe Memp;y BIilBop;aMll a II b
OOJIbille A , TO BIilBOP; b nop;aCT Ha npaBIilH 3amlIM BOJIbTMeTpa

aJIeRTPOX~MII'leCRIIHnOTeHII;lIaJI CBepxnpOBop;HDJ;llX aJIeKTpO-
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'{ero :rIll rroKa3hIBaeT.
HBJIHQTCH BhIBOA

§ 47. 3RcnepuMeHTanbHoe Hccne~OBaHHe HepaBHoBecHoro

COCTOJlHHJI CBepxnpOBO~HHRa ORono NS-rpaHu~bI

47.1. OnblTbI IO H Mepcepo. B 3TOM pa3~ene OY~YT onlI­

caHIil pe3YJIbTaTIil HeoobI'la:iiHO 1I3HDJ;HIilX :mcnepHMeHToB 10
II Mepcepo [59]. 8THMII onIilTaMII OIilJIO 0~H03Ha:qHO nORa­

3aHO, 'ITO, ~eHCTBHTeJIbHO,B OOJIaCTH CBepxnpOBO~HHRa, npH­

JIeraIODJ;eH R rpaHIIII;e C HOpMaJIbHIilM MeTaJIJIOM, Ror~a 'lepe3

:,lTy rpaHIIII;y H~eT 3JIeRTpH'leCRIIH TOK, aJIeRTpOXHMH'leCKIIe

nOTeHII;IIaJIIil CBepxnpOBO~Hm;nX aJIeKTpOHOB II HOpMaJIbHIilX

aJIeRTpOHOB OTJIII'laIOTCH ~pyr 0'1' ~pyra.



47 3) Do nORiHe npH'IHHe TOl{ 13 BOJIbT:MeTpe Tome nORp;e'!'pIlC. . •
01' bRa H nORasaHIlH BOJIbTMeTpa HSMeHHT SHaR.

47.{ II3obITOQHOe conpOTIIBJIeUIIe N S -rpaHIIIJ;bI",Il;PYrIBI

IIIITepCCHbIM npOHBJIeHHeM HepaBHoBecHhIx npOn;eccoB, BOS­

HHIWIOrn;llX B cBepxnpoBop;HHRe B6JIHSH N S-rpaHHD;bI, Rorp;a

'Iepes :ny rpaHHD;y Te'IeT TOR, HBJIHeTCH Hs6bITO'IHOe :,weR­

TpH'IeCROe conpOTHBJIeHHe 3TOH rpaHHD;bI. 8TO O'IeHb JIerRO

PIIC 47 3 PeaYJIbTaTbI OilbITa 10 II Mepcepo [59]: AII<p<pepeH~lIaJIbHOe
COil •OTII~~eHlIe KaK <PYHK~lIlI TOKa qepea IlJIeHKY· HarrpllmeHlIe MemAY
BbIB~AaMII B IIMeeT aHaK IlPOTIIBOIlOJIOmHbIll: aHaKY HarrpllmeHlIlI MemAY
BbIBo,n;aMII A. TOK II,n;eT OT CBepXIlpOBOf:lllI~ero BbIBOAa K HOpMaJIbHOMY

(aamTpIIXOBaH) •

nOHHTb ¢HSH'IeCKH. ,Il;eHCTBHTeJIbHO, paCCMOTpHM P;JIH onpe­

p;eJIeHHOCTH CJIY'IaH, Rorp;a noToR 3JIeRTpOHOB Hp;eT HS HOp­

MaJIbHorO MeTaJIJIa N B CBepxnpOBop;mm S. Te 3JIeRTpOHbI

B N 3HeprHH ROTOPbIX MeHbme rn;eJIH I:.l. (T) B S, OTpaSHTCH

no-a;fP;peeBCRH, H HX TOR npeBpaTHTCH B TOR CBepXnpOBOP;H­

rn;HX 3JIeKTpOHHhIX nap. 8TO npOHSOHp;eT Ha paccToHHHH

~ (T) OT rpaHHD;bI, H mmaRoro BRJIap;a B conpOTHBJIeHHe 3TOT

npoD;ecc He p;aCT. IIHoe p;eJIO - Te 3JIeRTpOHbI B N, 3HeprHfl

ROTOpbIX 60JIbme rn;eJIH I:.l. (T). OHH, nonap;aH B S, oKasbIB~­
IOTCH Ha 3JIeRTpOHHOH BeTBH cneRTpa 3JIeMeHTapHbIX Bos6yik

p;eHHH cBepxnpoBop;HHKa. RaK 6hIJIO nORasaHO B npep;bIp;yrn;eM

naparpa¢e, 3TO BJIe'IeT sa C060H nOJIBJIeHHe paS6aJIaHCa sa-
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pJIp;a RBaSH'IaCTHIJ; Q H nOHBJIeHHe 3JIeRTpH'IeCROrO nOJIH E,
KOTopoe saTyxaeT Ha paccToHHHH AQ B rJIy6b cBepxnpoBop;­

HHKa. Op;HaRo cyrn;ecTBoBaHHe 3JIeKTpH'IeCROrO nOJIJI B 06­

JIaCTH AQ cBepxnpoBop;HHRa OROJIO N S-rpaHHIJ;bI OSHa'iaeT,

'ITO :na 06JIaCTb p;aeT BRJIap; B o6IIJ;ee nap;eHHe HanpHmeHHH,

T. e. B nOJIHOe conpOTHBJIeHHe D;enH. 8TO H 6yp;eT TaR HaSbI­

,BaeMoe Hs6bITO'IHOe conpOTHBJIeHHe N S-rpaHHIJ;bI. ECJIH 6bI

Bce 3JIeRTpOHbI, nepeHOCHIIJ;He TOR, HcnbITbIBaJIH yCRopeHHe

nop; p;eHCTBHeM 3Toro 3JIeRTpH'IeCROro nOJIH, TO Hs6bITO'IHOe

eonpOTHBJIeHHe 6bIJIO 6bI npOCTO paBHO

RH36 = pAQ/S,
rp;e p - yp;eJIbHOe cOnponlBJIeHHe cBepxnpOBop;HHRa B HOp­

yaJIbHOM COCTOHHHH, a S - nJIOm;ap;b ero nonepe'IHOrO ce­

QeHHJI. ¥'ITeM, op;HaRo, Tenepb, 'ITO He Bce 3JIeRTpOHbI yCRO­

PJIIOTCJI nop; p;eHCTBueM nOJIH E. ,Il;eHCTBHTeJIbHO, Te 3JIeKT­

TpOHhI, ROTopbIe Haxop;HTCH B ROHp;eHcaTe, KaR MbI yme

BUp;eJIH, nop; p;eHCTBHeM nOJIH E He yCKOpHIOTCH, TaR KaR p;eH­

CTBHe nOJIJI E B TOtIHOCTH CKOMneHCHpOBaHO p;eHCTBHeM rpa­

p;HeHTa 'XHMHtIeCROrO nOTeHD;HaJIa CBepxnpOBOp;mIJ;HX 3JIeR­

TpOHOB V' P. s' 8THM CBOHCTBOM 6YP;yT 06JIap;aTb Bce 3JIeRTpOHbI,

Jfp;yIIJ;He HS NBS, C 3HeprHeH, MeHbIDeH 3HeprHH IIJ;eJIH

I:.l. (T) (OTpaiHaIOTCH no-aHP;peeBCIm), a TaRme P;OJIJI RBaSH'Ia­

CTuD; C 3HeprHeH Ek> t:,. (T). 8Ta P;OJIH onpep;eJIHeTCH TeM

Ot)CTOJITeJIbCTBOM, 'ITO HHmeKTHpOBaHHbIH HS NBS 3JIeRTpOH,

,. ()KaaaBIDHcb B S II HMeJI aapJIp; qk, <<llOTepJIJI» tIaCTb aapHp;a

1.-qk' ROTopaH yIDJIa B ROHp;eHcaT. 8Ta 'IaCTb aapHp;a npoxo­

P;JJT N S-rpaHHD;y rro-aHp;peeBcRII. IIMeHHo 3Ta 'IaCTb aapHp;a

l-qk H He y'IaCTByeT B coap;aHHII Ha6bITO'IHorO corrpOTIIBJIe­

BJfJI. II03TOMY Hs6bITO'IHOe conpOTIIBJIeHHe CJIep;yeT nHCaTb

B BHp;e

RH36 = Z (T) pAQ/S,

rp;e K03¢¢IID;HeHT Z (T) ytIIITbIBaeT rrOCJIep;Hee 06CTOHTeJIb­

~'Ij~O, T. e. 3TO P;OJIH Bcex 3JIeRTpOHoB, ROTopbIe rrepexop;HT

NS-rpaBIIIJ;y He rro-aHp;peeBCRII. HCHO, 'ITO rrpH T ~ 0 Bce

,a~el{TpOHbI Hp;yT 'Iepea N S-rpaHHD;y rro-aHp;peeBCRH H

·~t(T ~ 0) ~ O. Hao60pOT, npH T ~ T. HMeeM I:.l. (T) ~
~>O, H nOp;aBJIJIIOIIJ;ee 60JIbIDHHCTBO 3JIeRTpOHOB Hp;yT 'Iepea

:JV.s'-rpaHHIJ;y He rro-aHp;peeBCRH, T. e. C coap;aHHeM conpOTHB­

JIelnIJI. IIpH aTOM Z (T ~ T.) ~ 1. II03ToMY RH36 (T) 6yp;eT

n~ep;CTaBJIJITb C060H MOHoTOHHyIO ¢YHRIJ;HIO TeMrrepaTypbI *):

...::. RH36(T~0)=0, RB36(T~Tc)=PAQ/S,

... ) PaCqeTY Z (T) IlOCBlI~eHO HeCKOJIbKO TeOpeTHqeCKHX pa6oT.
C,.., BaIlpHMep, pa60ThI [61,62].
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TeMnepaTypHaH SaBHCMMOCTb R••6 B nOCJIefl;HeM CJIylJae (T ­
_ Te) onpefl;eJIHOTCa TeMnepaTypHo:ii: saBMCMMOCTbIO ~Q (46.12):

8TOT BNBOfl; HenJIOXO corJIacyeTcH C 3KcnepMMeHTOM.

B § 18, rAe paccMaTpHBaJICH RpnTIPfeCIUIH TOR B TOHROH

nJIeHRe, 6NJIO nOKasaHO, "ITO npn KpnTII'IeCROM TOHe pacna­

pHBaHIIH He rrponCXOfl;MT 4JaaoBoro nepeXOfl;a B HOpMaJIbHOe

COCTOHHlW. BbIJIO nOKaaauo, lJTO npH I = Ie npOCTO CTaHO­

BHTCH HellOCTaTO'IHO CBepxnpOBOllHIIJ;HX HOCHTeJIeH (T. e. HY­

nepOBCIUIX nap), rOTOBbIX nepeHeCTH aallaHHNH TOI, I. 3ua­

'IMT, npn I> Ie BoaUMKaeT KaKoe-TO Cne~Il(pM'IeCKOe peaM­

CTMBHoe COCTOHHHe, C KOTOpNM MN CeHlJaC H nOSHaHOMHMCH.

.---

100 I, !'1I(A8040

2

6

4
Plfe. 47.5. BOJIbT­
8MneIJH<ln XllpaRTepn­
CTHRa MOHOKpHCTaJIJIH­
QeCIWll OJIOBflIIHOD:
HHTH: ~JIHHa 0,8 MM,
IIJIoIIJ,aAb IIOnepeQHOrO
CeQeHlm 1,93 MRM2

[63J.
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v, 111<8

10

8

06paTMMCH cnepBa""':'H peayJIbTaTaM 3KcnepHMeHTa. HaH­

60JIee Yll06HO :YfO peaHCTHBHoe COCTOHHHe Hay'IaTb Ha RBaaH­

Ofl;HOMepHNX 061>eRTaX, T. e. Ha TOHRHX fl;JIMHHNX CBepxnpo­

BOfl;HIqHX HHTHX, fl;HaMeTp ROTOpNX d < ~ (T). B 3TOM CJIylJae

, paSMep HHTH CTOJIb MaJI, 'ITO B HeH He CMomeT nOMeCTHTbCH

a6pHROCOBNH BHXpb C HOpMaJIbHOH cepll~eBHHOH (pafl;Hyca

..-.- ~ (T)), H HaylJaeMOe peSHCTHBHoe COCTOHHMe He 6Yfl;eT Mac­

RHpOBaTbCH 34J4JeRTaMM, xapaRTepHNMH fl;JIH peSHCTHBHoro

COCTOHHHH B CBepxnpOBOfl;HImax BToporo pOfl;a. Ha pHC. 47.5
npHBefl;eHa BOJIbTaMnepHaH xapaRTepHcTMRa TOHKoro MOHO­

RpHCTaJIJIH'IeCROro BHcKepa HS OJIOBa. BHfI;HO, 'ITO HanpHme­

HBe Ha npOBOfl;HHKe HapaCTaeT cTyneHHMH, npH'IeM nOCJIe

Kamfl;oro CRa'IKa HanpHmeHHH conpOTHBJIeHHe o6pas~a (HaH­

JIOH xapaKTepHCTHKH) yBeJIH'IHBaeTCH.

TaKoe nOBefl;eHHe 06paS~OB B peSHCTHBHOM pemHMe 061>HC­

BHeTCH MOfl;eJIbIO, npefl;JIOmeHHOH CKO'InOJIOM, BHCJIH H THHK­

%aMOM [64]. 8TO TaK HaSNBaeMaH MOfl;eJIb n;eHTpOB npOCKaJIb­

8WBaHlIH 4J8SbI.
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PRC. 47.4. TeMnepaTypHaH saBRCHMOCTb Hs6hITOQHOrO conpOTHBJIeHHH
NS-rpaHHII,hI B CaH~BHQaX Ta-eu-Ta [60] no ceMH o6paSIl,aM.

B KalJeCTBe npMMepa Ha pHC. 47.4 npHBelJ;eHN pesyJIb­

TaTN onNTOB C ceMbIO paSHNMH 06pas~aMH THna SNS.
ITo OCM opfl;HHaT OTJIOmeHO Hs6NTOlJHOe ConpOTHBJIeHHe

NS-rpaHH~N.

47.3. D;eHTpbI npOCR8JIbSbIB8HHH !f>8SbI. B npefl;blfI;yIIJ;HX

naparpa4Jax 3TOH rJIaBN 6NJIR paCCMOTpeHN CTan;HOHapHNe

HepaBHOBeCHNe npo~eccN. Ce:ii:lJac MN nOSHaKOMHMCH C. He­

CTa~HOHapHbIMII HepaBHoBeCHNMR rrpo~eccaMlI.
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npep;CTaBiIM: ceoe, lITO B 1<a1<OM-TO MeCTe HHTll K~I1TH'Ie~

CKHH TOK HeMHOrO MeHbme, lIeM B p;pyrHx MeCTaX 3TOH HHTH.

Torp;a npH YBeJIHlIeHHH TOKa lIepe3 HHTb HMeHHO B 3TOM MeCTe

6yp;eT BnepBUe p;ocTHrHyT KpHTHlIeCKHH TOK. ITPH p;aJIbHeH­

meM YBeJIHlIeHHH ToKa B03HHKaeT p;BHmeHHe HOpMaJIbHUX

3JIeKTpOHOB, a 3TO npHBop;HT K nOHBJIeHHID 3JIeKTpHlIeCKoro

nOJIH, KOTopoe yCKOpHT CBepxnpOBOp;Hm;He 3JIeKTpOHU P;O

KpHTHlIeCKOH CKOpOCTH. ITapu pacnap;yTcH, MOP;YJIb napa­

MeTpa nopHp;Ka IIji I B 3TOM MeCTe CTaHeT paBJ~UM HyJIID, Be?

TOK 6yp;eT nepeHOCHTbCH TOJIbKO HopMaJIbHOH KOMnOHeHTOH.

Ho 06pa30BaHHe 3JIeKTpOHHUX nap no-npemHeMy Burop;HO,

nO<lTOMY CHOBa B03HHKaeT IIji I, CHOBa lIaCTb TOKa 6yp;eT nepe­

HOCHTbCH cBepxnpoBOp;Hm;HMH 3JIeKTpOHaMH, T. e. CBepXTO­

KOM, H BeCb npon;ecc 6yp;eT nOBTopHTbCH.
u
ITPH Kamp;OM TaKOM

n;HKJIe pa3HocTb <l>a3 BOJIHOBUX <l>yHKn;HH cBepxnpoBOp;Hm;HX

3JIeKTpOHoB C 06eHx CTOpOH OT paccMaTpHBaeMoro MeCTa oy­

p;eT MeHHTbCH Ha 2 'It, H nO<lTOMY 3TO MeCTO Ha3UBaeTCH n;eH­

TpOM npOCKaJIb3UBaHHH <l>a3u. Pa3Mep 3Toro n;eHTpa --'- <lTO,

KOHelIHO, pa3Mep 06JIaCTH, B KOTOpOH npOHCXOP;HT nYJIbCa­

n;HH \ljil, T. e. ~2e (T).
B MOMeHT, Korp;a IIji 1=0, 3Ta 06JIaCTb Haxop;HTCH B HOP­

MaJIbHOM COCTOHHHH, H n03TOMY 3JIeKTpHlIeCKoe nOJIe npOHH­

KaeT B npHJIemam;He K HeH OOJIaCTH CBepxnpOBop;HHKa Ha

paCCTOHHHe ~AQ (CM. § 46). IT03TOMY npH B03HHKHOBeHHH

op;Horo n;eHTpa npOCKaJIb3UBaHHH <l>a3u, nOHBJIHeTCH corrpo­

THBJIeHHe p' 2AQ/S, rp;e p - yp;eJIbHOe conpOTHBJIeHHe Ma­

TepHaJIa HHTH, S - rrJIOm;ap;b ee nonepelIHoro celIeHHH. ITa­

p;eHHe HanpHmeHHH Ha 3TOM conpOTHBJIeHHH 6yp;eT p;aBaTb

TOJIbKO HOpMaJIbHaH KOMnOHeHTa TOKa 1,,=1-I,. Ycpep;HHM

3TO BupameHHe no BpeMeHH. I - 3ap;aHHuH rrocToHHHUH TOK

H OT BpeMeHH He 3aBHCHT. CBepxToK I, nyJIbCHpyeT .!l0 Bpe­

MeHH Memp;y Ie H HyJIeM. ITpHMeM rr03TOMY, lITO I,=~Io,
rp;e ~ ~ 0,5. Torp;a P;JIH cpep;Hero HanpHmeHHH Ha OP;HOM

n;eHTpe npOCKaJIb3UBaHHH <l>a3u HMeeM

V=2AQp(l-~Ie)/S, (47.1)

()Ta <l>opMyJIa, HeCMOTpH Ha CBOID npocToTy, xopomo orrH-

CbIBaeT pe3YJIbTaTU 3KcnepHMeHTOB. u

ITPH p;aJIbHeHmeM YBeJIHlIeHHH ToKa nOHBHTCH BTOpOII

n;eHTp npOCKaJIb3UBaHHH <l>a3u, rrOTOM TpeTHH H T. p;. Ramp;uH

pa3 npH nOHBJIeHHH TaKoro n;eHTpa 6yp;eT CKalIKOM yBeJIHlIlI­

BaTbCH nOJIHOe HarrpHmeHHe Ha HHTH, H KpyTH3Ha BOJIbT­

aMnepHOH xapaKTepHcTHKH 6yp;eT YBeJIHlIHBaTbCH, TaK KaK

Kamp;uH pa3 6YP;yT BKJIIDlIaTbCH Bce HOBue H HOBue pe3HCTHB­

Hue YlIaCTKH. Bce 3TO MomHO npOCJIep;HTb Ha pHC. 47.5.
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§ 48. I1epaBHoBecHoe yCHJIeHHe CBcpxrrpOBop;HMOCTH

B 3TOM rraparpa<l>e 6yp;eT paCCMOTpCH CJIYlIaH, Korp;a OT­

RJIOHeHne OT paBHoBecHoH <l>yHKn;HH pacnpep;eJIeHHH HBJIHCTCH

cnMMeTpHlIHUM, T. e. HepaBHOBeCHoe pacrrpep;eJIeHHe KBa3H­

qaCTHn; Ha 06eHx BeTBHX cneKTpa 3JIeMeHTapHUX B036ymp;eHHH

Op;HHaKOBO. Tenepb, B npOTHBOnOJIOmHOCTb BceM paHee pac­

CMoTpeHHUM CJIylIaHM HepaBHOBeCHUX npOn;eCCOB, OTKJIOHe­

HHe OT paBHOBeCHH conpOBomp;aeTCH H3MeHeHHeM <lHepreTH­

lIecKoH m;eJIH /1.
C03p;aHHe CHMMeTpHlIHoro HepaBHOBeCHoro pacnpep;eJIeHHH

MomHO ocym;ecTBHTb, CKameM, nocpep;CTBOM 3JIeKTpOMarHHT­

Horo 06JIylIeHHH CBepxnpOBop;HHKa Ha lIaCTOTe III < 2/1/li.
Torp;a 3HeprHlI KBaHTOB, nap;aIDm;HX Ha CBepxrrpOBop;HHK,

oyp;eT Hep;OCTaTOlIHO P;JIH pa3pUBa nap, HO XBaTHT, lIT06u

rrepeMecTHTb 3JIeMeHTapHue B036ymp;eHlIH Ha 60JIee BUCOKlIe

ypOBHlI crreKTpa 3JIeMeHTapHUX B036YiRp;eHlIH. TaRoe He­

paBHoBecHoe pacrrpep;eJIeHlIe KBa3HlIaCTHn; p;OJImHO npHBeCTH

1< yBeJIH'IeHHID m;eJIH H R nOBumeHHID RpHTH'IeCROH TeMnepa­

TypU.

)J;eHcTBHTeJIbHO, oCB060mp;aH HlIiHHMC ypOBHH cneRTpa

9JIeMeHTapHUX B036ymp;eHHH, MU OTKpUBaeM B03MomHOCTb

9JIeKTpOHHUM napaM ROHp;eHcaTa COBepmaTb nepexop;bI B 3TH

COCTOHHHH k-npOCTpaHCTBa, H TeM caMUM yBeJIH'IHBaeM 'IHCJIO

CJIaraeMUX B cyMMe (38.14), onpep;eJIHIDm;eH 3HepreTH'IecRyID

m;eJIb. Cym;ecTByeT pHP; 3KcneplIMeHTaJIbHUX pe3yJIbTaTOB,

nop;TBepmp;aIDm;HX 3TH npep;CTaBJIeHIIH. TaR, B pa60Te [65]
OUJIO o6HapymeHo yBeJIH'IeHHe KpIITH'IeCKOrO TORa CBepx­

npOBOp;Hm;lIX MOCTHKOB, nop;BepraeMUX 06JIy'IeHHID Ha CBepx­

BUCOKlIX 'IaCTOTax. TeopeTH'IecKoe paCCMOTpeHHe 3THX 3<1>­

<l>eKToB cop;epmHTCH B pa60Tax 8JIHam6epra [66 J.

§ 49. TCpMOaJIeRTpH'IeCRHH 3cPcPeRT

B CBepxrrpOBop;HHRax

)J;oJIroe BpeMH C'IHTaJIOCb, 'ITO B CBepxnpOBop;HHRax Tep­

M03JIeKTpH'IeCRHe 3<1><I>eKTu OTCyTCTByIDT. Op;HaKO 3TO He

. TaK. QT06u pa306paTbCH B 3TOM, paccMoTpHM cnepBa 06u'I­

HLrH TepM03JIeKTpH'IeCKHH 3<1><I>eKT B HOpMaJIbHOM MeTaJIJIe.

ITYCTb p;Ba KOHn;a MaCCHBHoro KycKa HOpMaJIbHOrO Me­

TaJIJIa HMeIDT pa3Hue TeMnepaTypu T1 H T 2 , T. e. BHyTpH

MeTaJIJIa cym;ecTByeT rpap;HeHT TeMnepaTypu V T. 8TO 3Ha­

'niT, 'ITO Ha cB06op;Hue 3JIeKTpOHu MeTaJIJIa ,n;eiicTByeT CHJIa,

CTpeMJlm;aJlCJI nepeMeCTHTb 3JIeKTpOITU OT OOJIee HarpeToro

1(OHn;a K 60JIee XOJIO,n;HOMy. Ho HaKOnJIeHHe rrpOTHBOnOJIO m-

219



r)l;e Cl - npoBoAHMOCTb CBOpXIIpOBoAHuKa B HOpMa,JIbHOM

COCTOHHIIII. B OTBeT HeMe)l;JIeHHO BoaHHlmeT npoTHnoToR

cBepxnpoB01!;flrqeH KOMnOHeHTbI is, KOTOpbIH nOJIHOCTbIO

cKoMneHcIIpyeT HOpMaJIbHbIH TOK in' ,IJ;eHcTBHTeJIbHO, co­

rJIaCHO (49.1), TOK in - nOTeHIJ;uaJIhHbIH TOK, T. e. rot in=O.
8'1'0 aHalIIlT, lITO eCJIII nOJIHbIH TOR i paBeH

OJ

y

OJ

PBe. 49.1. a) CBepxnpo­
B01tBBR, qepea ROTOphIii:
BAeT nOTOR TellJIa Q,
T1 > Ts• 6) BKBBBaJIeBT­
BaB exeMa cBepxnpoBoA­
BBKa, ROH~hI ROToporo
BMeIOT paaByIO TeMnepa­
Typy. R" - cOnpOTBBJIe-
BBe o6paa~a B HOpMaJIL­
BOM COCTOJlHBB, ET -

'lSpMOBAc, Aeii:CTBYIO~aJl

sa BOpMaJILBhIe Boa6ym-
AeBWI.

1
V2H=V H,

liS KOToporo CJIeAyeT aqllpeKT MeHCCHepa-OKceH<f!eJIbAIl.

TaKIIMu oopaaoM, II npII nOTOKe TenJIa l:Jepea CBepxnpOBOAHIIK

nOJIHblII TOK B rJIyoHHe MaCCIIBHoro OAHopOAHoro IISOTporr­
Horo CBepxrrpOBOAHIIKa AOJImeH paBHHTbCH HyJIro:

i = i,,+ i. =O~~

HCnOJIbSYH Tenepl> ypaBHeHHH MaKCBeJIJIa rot H =~ i H
c

div H = 0, MI>I npHxoAHM R xopomo IIsBecTHoMY ypaBHeHnro
AJIH MarHIITHoro nOJIlI:

T. e. i,,= -i•.
8TO aHal:JIIT, 'ITO HOpMaJIbHbIe Bosoym)l;eHl1H CBepxrrpOBOA­

HIIKa, rOHIIMbIe rpaAIIeHTOM TeMrrepaTypbI, nOAxOAH K Kparo

(49.1)

SAeCb a - aOCOJIroTHaH AlI<f!wepeHU;UaJIbHaH Tep:lI08AC MO­

TaJJJIa.

TIpou;ecc nepeHoca TeIIJIa B CBepxnpOROAHI1Ke conpOBOlIiAa­

eTCH COBceM APyruMu 3JIeKTpOHHbIMH HBJIeHlIHMU *). llYCTb

onHTb ABa KOHu;a MaCCUBHoro KycKa MeTaJIJIa, Ha 8'1'0'1' pa3

CBepxnpOBOAHUKa, HaxoAHTCH npu paaHbIX TOMnepaTypax

T1 II Tz. CHoBa nOA AeHcTBlIoM rpaAHeHTa TeMnepaTypbI VT
HOpMaJIbHbIe Boa6ymAeHIIH cBepxnpoBoAHuKa OYAyT IICIIbI­

TbIBarL CHJIy, IWTopaH c03AaCT TOR HOPM<lJIbHbIX BoaOYlI\)l;e­

HUH:

HblX sapHAoB Ha npOTIIBOnOJIOlIiHblX KOHu;aX 06pasu;a npuBo­

AlIT K nOlIBJIeHIIIO 3JIeKTplIlIeCKorO nOJIH BHYTPII 06pasu;a, RO­

TOpOe OYAeT AeHCTBOBaTb Ha 3JIElKTPOHbI B npOTIIJlonOJIOmHOM

HanpaBJIeHlI1I (OT XOJIOAHOrO ROHu;a K HarpeToMy). B CTaU;Ho­

HapHblX yCJIOBHHX 3TH CIIJIbI ypaBHIIBaroTcH, II MemAY KOH­
'Il,aMII 06pasu;a yCTaHaBJIHBaeTCH nOCTOHHHaH paSHOCTb nOTOU­

Il,lIaJIOB V, KOTOpaH II HaSblBaeTCH TepM03JIeKTpoABHmyrqei

ClIJIOH (TepM03AC):

i=in+i.,

TO rot i = rot i.. CBepxToR i. AOJImeH YAOBJI9TBOPHTb B CTa­
U;HOHapHbIX yCJIOBHHX ypaBHeHHro nOHAOHOB. BallB rot 01'

06elIX l:JaCTen (5.17), nOJIyl:JHM

rotA]' = _..!. H,
• c

SHal:JHT, B HameM CJIYllUe cnpaBeAJHIBO ypaBHeHHe

CBepxrrpOBOAHIIKa, rrpeBpa~aroTcH B CBepxnpOBOAlI~lle HO­

ellTeJIll, T. e •• aJIeKTpOHHbIe napbI, 11 TeKyT 06paTHo, oopaayH

UpOTllBOTOK l •. OlIeHI> HarJIlIAHO aTOT npou;ecc MOmHO llSOO­

paallTI> C nOMo~bro aKBl1BaJIeHTHOH cxeMbI (pllC. 49.1). By-

,Ae~ ClIHTaTb, lITO HOpMaJIbHbIe BoaOYiRAeHlllI llcrrbITbIBaroT

" AeHCTBlle aJIeKTpOABIImy~eHCHJIbI ET , C03AaHHOH pa3HOCTbIO
,'J'eMnepaTyp:
~j

rotAi = _..!. H.
c

.) CM. o6aop [67J;
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(49.2) ~~:nOA AeHCTBlleM aTOH 3AC B :u;enIl BOSHIlKaeT TOR I =ETIR
f;:KOTOPLlH rrpOTeKaeT oopaTHo no cBepxUpOBOAlIrqeMY yqaCTRY

~,'BHAe cBepnoKa I •. Tenepb nOHHTHO, lITO BOJIbTMeTp, rro­
;i.'t:K8S&HHlilfi Ha pllC. 49. t, HIllIero He nOKameT, TaR KaK OH aa-
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myHTHpoBaH CBepXTOKOM. 81'HM H OO'bHCHHeTCH, nOqeMY 1l0JI­

roe BpeMH CqH1'aJIOCb, qTO B cBepxnpoBollHHKe TepM09JIeK­

TpHqeCKHe a4>4>eKTLI OTCyTCTByIOT.

J!HqeCKOrO eBepXrrpOBO)l;HID;erO KOJIbI.(a llaJIelW (no cpaBHeHUW

C rJIyolIHoH npOHIIKHOBeHHH ).) 01' ero KpaeB. TpeooBaHHe 0ll­

HOSHatIHOCTH BOJIHOBOH 4>YHKD,HII TeoplIH rHHsoypra-JIaH­

llay rrpIIBO)l;HT K HSBecTHoMy yme paBeHcTBy:

(50.3)

(50.5)

n=O, 1,2, ...

rJ];e

MHTerpHpYH rrpaByIO qaCTb paBeHCTBa (50.2) H HCrrOJIbsyH
.(50.3), HMeeM

81'0 SHaqHT, qTO rrOJIHLIH MarHIITHLIH rrOTOK BHYTPII Hamero

OHMeTaJIJIHqeCKOrO KOJIbD,a MomHO rrpe)l;CTaBHTb B i,BHlle

<I> = <l>on +<l>T, (50.4)

MH)l;eKcLI 1 II 2 B rrO)l;LIHTerpaJIbHOM BLIpameHHH OTHOCHTCR

COOTBeTCTBeHHO K cBepXrrpOBo)l;HIIRaM 81 H 82,

Ms BLIpameHHH (50.4) II (50.5) CJIe)l;yeT, qTO )l;ame B TOM

CJIyqae, Korlla B OHMeTaJIJIHqeCKOM KOJIbD,e HeT saMopomeH­

~oro MarHBTHoro nOTOKa, T. e. n=O, Bce paDHO npH npHJIOme-

I HHH paSHOCTH TeMnepaTyp K MeCTaM ROHTaRTOB 8 1 H 8'J
BHyTpH ROJIbD,a BOSHHKHeT HH)l;yD,HpOBaHHLIH MarHHTHLIH no­

TOR <l>T. 81'01' nOTOK COS)l;aeTCH CBepXTOROM, KOTOpLIH BOSHH­

saeT Ha BHyTpeHHeH nOBepxHOCTH OHMeTaJIJIHqeCKOrO KOJIbD,a.

ECJIH B HHTepBaJIe TeMnepaTyp T1 < T < T2 BeJIHtIHHLI a, a.
H n, MomHO CqHTaTb He saBHCHID;HMH 01' TeMnepaTypLI, 4>op­
MyJIa (50.5) ynpoID;aeTCH:

(50.1)

PIIC. 50.1. CBepXIIpOBO)l;Hm;aH
«TepMoIIapa». Bo BHyTpeHHell:
IIOJIOCTII BOSHllxaeT MarHIITHhIll:
IIOTOX «PT , IIPOIIop~IIOHaJIbHhIii

pasHocTII TeMIIepaTyp (T1-Ts).r,

§ 50. CBepxnpoBollHm;aJl «(TepMonapa» H MarHHTHbIH

nOTOK, HHllY~HpoBaHHbIH nOTOKOM TenJIa

CeHqaC MLI YBHllIIM, qTO TepMOaJIeKTplIqeCKlIe a4>4>eKTLI

B CBepxnpOBOllHlmax Bce-1'aKII MomHO HaOJIIOllaTb. PaCCMO­

TplIM llBa MaCCIIBHLIX CBepxnpOBOllHHKa lIS paSHblx MaTeplIa­

JIOB, KOTopLIe npHBelleHLI D KOHTaKT llPyr C llPyroM H oopa­

SYIOT saMKHyTbIH KOHTyp, KaK nOKasaHO Ha plIC. 50.1. IlYCTb

OOJIaC1'H KOHTaKTOB HaxOllHTCH nplI paSHLIX TE'MnepaTy­

pax TI II T2 •

B KamlloH lIS nOJIOBIIHOK 81 II 8 2 BOSHHKaeT CBOH TOK

j ..= aa.v T. OTBeTHLIH CBepxTOK B rJIyolIHe CBepxnpOBOllHIIKa

j,=-i.. H, COrJIaCHO BTopoMyypaBHeHIIIO rIIHBoypra-JIaH­

llay (14.18), MOiKeT OLITb sanlIcaH n BlI,lle

. = lin,e va -~n A
J. 2m . me • '

llpOHHTerpnpyeM Tenepb llTO ypaBHeHHe no mTplIxoBOMy ROH­

Typy (pHC. 50.1), npoxollHID;eMy BHyTpH Hamero OHMeT8JI-
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-

rJ];e AT= T'J- TI •

ECJIH npellrrOJIOmHTb, qTO a - 107 (OM 'M)-I a. .-
........ 10-6 B/K, n, - 1028 M-a, TO )l;JIH <l>r/ /1T rrOJIyqH~ BeJIH­

'IHlIy rrOpH)l;Ka 10-6 <1>0 Ha KeJIbBHH. MSMepeHHe TaKoro rro­

TOKR HaxOllHTcH Ha rrpe)l;eJIe BOSMomHOCTH CKBH)l;a.

IIpH npHOJIHiKeHIIH R To a4>4>eKT oYlleT YBeJIHqHBaTbCH,

TaR RaK nJIOTHOCTb CBepxrrpOBOllHID;HX aJIeRTpOHOB rrpH aTOM
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(50.2)

(49.1), IIMeeM

o 2m ~
VI} =~(-aa.VT) +-/i A.nn.e c

rile n, - nJIOTHOCTb cBepxnpoBollHID;IIX ;meKTpoHoB, ell m ­
COOTBeTCTBeHHO SapH)l; II Macca cBooollHoro aJIeKTpOHa, a­
4>asa BOJIHOBOH «pyHKD,1I1I TeoplIlI rJI, A - BeKTopHLIH no­

TeJID,lIaJI .

¥qHTbIBaH



CTpeMIfTCH R HymO. TIop;ooHLIe :mCnepIfMeHTLI OhIJIH npo­
BeAeHhI [68, 69], H, AellCTBHTeJIbHO, HaOmOp;aJICH MarHHTHhIll
nOTOR lIlT, HHp;yn;HpoBaHHhIH rpap;HeHTOM TeMnepaTypbl
B OlIMeTaJIJIHqeCIWM ROJIbn;e. BemlqHHa ero, op;HaRO, ORa3a­
JIaCb cym;ecTBeHHO OOJIbme TeOpeTHqeCROll On;eHRII. TIPHqHHhI
TIl.lWrO pacxomp;eHIIH nORa HeHCHhI.

HarrpmIWIIlIe VAB MemAY 'ro1JKaMlI A II B (plIC. 51.1,
AOJIH\HO YAOBJIeTBOpHTb ypaBHeHIIlO

ET- InRn= V.~B. (51.1)

rp;e R
n

- conpOTlIBJIeHlIe HOpMaJIbHoro:CJIOH. C APyroH CfO­

,pOHhI, P;JIH T01JeK A II B AOJImeH BhIrrOJIHHTbCH rrepBbIll 3a­
ROH KlIpxroepa:

-

(51.5)

Hamy

(51.3)

(51.4)

(51.2)

R)

v

5)

I. = I, sin cp,

2eVAB = 1; ~~ •

YpaBHeHIIH (51.1)-(51.4) nOJlHOCTblO onpep;eJlHlOT
.aaAa1Jy. 0HlI 9J1eMeHTapHO CBOAHTCH R ypaBHeHlIlO

1i dep • ET

2eR
II
dt+Ie sm Cf' = --:R;;'

oJ

,~~~~~'/1
SI--__-r--..J/

;~OJImHhI 6hITb cnpaBep;JIIIBbl 1I3BeCTHble COOTHomeHIIH ,IJ;mo­
. 'seepCOHa

,p

~t
.PIIC. 51.1. a) SNS-AlKoae<lJcoHoBCKllff rrepexoA B rrOTOKe TerrJIa. IIepe-

BaA TeMrrepaTyp Ha HOpMaJIbHOll rrpocJloiKe paBlJH (T1-T2)' 6) BKBll­
;f~llJIeHTHall cxeMa TaKoro rrepexoAa, ET - TepHoBAc, reHepllpyeMaH DO­
'" TOKOM TeDJIa B HOpMaJIbHOB DpocnoBKe; 8) cxeMa, COOTBeTCTBYlO~aH

ypaBHeHIIIO (51.5).

,<1''H0 9TO ypaBHeHlIe - xopomo IISBeCTHoe HaM ypaBHeHlIe
~T'2,)'p;moseepCOHOBCRoro nepexop;a B pe3lICTlIBHOll MOAeJlII
;\~l!I.(plIC. 51.1,6), Rorp;a B rrepexop; BBOP;HTCH OT BHemHero IICT01J­
~,,~;BBRa HeROTopLIH TOR (B p;aBHOM CJlyqae paBBhIll ET/Rn) ,

1;[:< ROTOphIH pacnpep;eJlHeTCH rm P;BYM BeTBHM: COOCTBeHHO P;H<O-
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§ 51. TepMOaJIeRTpHlJeCRHe a4>4>eRTLI
B p;moae«PcoHoBCRDX nepexoAax

B Amo3eepcoHoBCRlIX nepeXOAax MomHO HaomoAaTb CHJIb­
Hble 1I lIHTepeCHhIe TepM09JIeRTplIlJeCRHe HBJIeHHH. HalIOOJIee
HpRO OHII npOHBJI~lOTCH B nepeXOAax TlIna CBepxnpOBOA­
HIIR-HOpMaJI:bHhIlI MeTaJIJI-CBepXnpOBOAHHR (SNS). KaR
oYAeT BIIAHO 1I3 AaJIbHellmero, 3TO CBHsaHO C TeM, 'ITO B TaROM
TlIne AmoseepCOHOBCRDX nepexop;OB epaSOBaH RorepeHTHOCTb
AByX CBepxnpOBOAHm;IIX OORJIaAOR MomeT ocym;eCTBJIHTbCH
Qepe3 P;OBOJIbHO TOJICTblll CJIOll HOpMaJIbHOll npOCJIOllRII
(~ 10 MRM). 3TO nplIBop;IIT R OlJeHb MaJIOMy 3HaqeHlIlO xapaR­
TepHoro HanpHmeHIIH nepeXOAa Ve• B 9TOM naparpuepe MhI
crrepBa paCCMOTplIM rrOBeAeHHe TaRoro SNS-nepexoAa, KorAa
era S-OORJIap;KlI Haxop;HTCH rrplI pa3HblX TeMrrepaTypax, IIJIII,
IIHhIMII CJIOBaMII, Rorp;a qepe3 TaROll rrepexop; IIAeT nOTOK
TerrJIa. 3aTeM, B 3aRJIlOQeHlIe, 6YP;yT oocymp;eHbl HeRoTophIe
TepM03JIeRTplI1JeCRlIe HBJIeHIIH, Rorp;a TaROll rrepexop; c no­
TOKOM TenJIa Haxop;lITCH em;e H B MarHlITHOM nOJIe.

51.1. ll:m03e4>coHoBcRHH SNS-nepexop; B nOTORe TenJIa.
TIYCTb Am03eepcoHoBCRlIll rrepeXOA TlIrra SNS nOMem;eH B no­
TOR TeII~a (pIIC. 51.1, a). CHOM 3aAaAlIMCH BonpOCOM: (,qTO
nOl\ameT BOJIbTMeTp, nOp;RJIlOqeHHhIll R TaRoMy COBepmeHHO
aBTOHoMHOMy nepeXOAY?» 3RBlIBaJIeHTHaH cxeMa 3Toro nepe­
xop;a rrop;CRameT OTBeT (pRC. 51.1, 6). 3p;ecb B 9RBIIBaJIeHT­
HylO cxeMy Amo3eepcoHoBcRoro rrepexoAa (pIIC. 21.1) BKJIlOQeH
lICT01JHlIK TepMoaAC ET=a (T1-T'l.)' rp;e a - aOCOJIlOTHaH
p;lIepepepeHn;lIaJIbHaH TepM09Ac MaTeplIaJIa HOpMaJIbHOH npo­
CJIOllRlI, a TIll T2 - TeMrrepaTypbl cBepxrrpoBOAHm;lIX OORJIa­
P;OR B MeCT&X, HenocpeAcTBeHHo nplIMblRalOm;IIX K HOpMaJIbHOll
npOCJIOllKe. li3 plIC. 51.1, 6 01JeBIIAHO, 1JTO TepMo9p;c ET C03­
p;aCT B 3aMRHyToll n;errlI TOK, ROTOphIll Te1JeT no HOpMaJIbHoMy
yqacTRy B BlIp;e HOpMaJIbHOrO TOKa In' a no coocTBeHHo p;mo­
aeepcoHoBCI\OMY y1JaCTRy - B BIIAe CBepXTOKa I.=Ie sin <p,
rAe ep - pasHocTb epa3 BOJIHOBOll epyHRn;lIlI cBepxnpoBOp;Hm;lIX
;)JIeRTpOHoB y S-OORJIaAoK nepexop;a. 3p;eCb Ie - KplITlI­
lJeCRBi TOR nepexop;a.
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BOJIbTMeTp, no.n;RJIIOqeHHliIll R cBepxnpoBO.n;Hm;UM OORJI8p;RaM,
HlIqerO He nORameT. ECJIII me AT CTaHeT OOJIblle ATe, TO
nepexo.n; HaqHeT reHepMpOBaTb rryJIbCMpyIOm;ee HarrpHmeHMe,
qaCTOTa ROTOpOrO (J) 6y.n;eT paBHa, COrJIaCHO (21.7),

aeepCOHOBCROH: (Ie sin ep) U rro IWpMaJIbHoMy yqaCTRy

(
Ii d'f')2eR" Cit . fIpu aTOM TeMIIepaTYPM S-06RJIa.n;oR, ROHeQHO,

paBHM. I1oBe.n;emIe TaROll CIICTeMM XOpOllO uaBeCTHO (CM.
§ 21). ECJIII BHellHlIll TOR MeHblle Ie, OH TeQeT TOJIbRO no
cBepxrrpOBo.n;m:qeMy, T. e• .n;moaeepcoHoBcRoMy, yqaCTRy, H
HarrpHmeHHH Mem.n;y TOqRaMU A II B HeT. BOJIbTMeTp HUqero
He nORameT. ECJIII me aTOT TOR CTaHeT OOJIblle Ie, TO Ha nepe­
xo.n;e BOaHURHeT nYJIbClIpYIOm;ee HanpHmeHlIe C qaCTOTOH Ul=

=2eVAS/Ii, r.n;e VloB - nOCTOHHHaH COCTaBJIHIOm;aH aTOro
nYJIbClIpYIOm;erO HanpHmeHIIH, ROTOpyIO II nORaaMBaeT
BOJIbTMeTp.

Tenepb MIiI MOiI<eM nOJIHOCTbIO OnlICaTb nOBe.n;eHlIe .n;mo­
aelflcoHoBcRoro SNS-nepexo.n;a, HaXO.n;Hm;erOCH B nOTORe
TenJI8. ,Il;o TeX nop nORa paaHOCTb TeMrrepaTyp Ha .n;ByX CTO­
pOHax HOpMaJIbHOll npOCJIOHRU AT=TI-Tz MeHblle HeRO­
TOpOll RplITlIqeCROll BeJIlIqUHIiI

Ldx/2

11)

PRe. 51.2. a) a!mHBaJIeHTHaH cxeMa rrpoTHmeHHoro SNS-;rt;mOae«p<:,oHoB­
eKoro rrepexo)w, 'Iepea KOTOphIll H;rt;eT rrOTOK Terma, 6) ;rt;pyroH BH;rt;
llKBHBaJIeHTHOll cxeMhI Toro me rrepexO)l;a. RCTO'lHHK TepM09)1;C E T

aaMeHeH paBHoMepHo pacrrpC)I;CJIeHHhIM TOKOM j e'

BaTbCH cBUp;eTeJIHMU IIHTepeCHliIx II RpaclIBliIx HBJIeHMH. ,IJ.ell­
eTBHTeJIbHO, yqTeM npoTHmeHHocTb nepexop;a, CRameM, B.n;OJIb
OCB x. Ero paaMep B 3TOM HanpaBJIeHMU nycTb 6y.n;eT paBeH W.

TenJIOBOH nOTOR HanpaBJIeH nepneHp;HKyJIHpHO rrepexo.n;y
B.n;OJIb OCH y, a MarHHTHoe nOJIe - BP;OJIb OCM Z. ,IJ.JIH pacnpe­
.n;eJIeHHOrO B.n;OJIb OCII x nepexo.n;a Tome HeTpy.n;HO HaqepTHTb
9KBHBaJIeHTHyIO cxeMy (pHC. 51.2, a). 3.n;ecb L - 3TO cyMMap­
BaH IIH.n;YRTHBHOCTb o6eMx cBepxnpoBop;Hm;UX OORJIa.n;oR ne­
pexop;a, npBxo.n;Hm;aHcH Ha ep;UHHIJ;y IlX rrJIOm;a.n;H,Jx - TOR,
.TeRym;HH B HarrpaBJIeHHH OCH x B nOJIOce e.n;MHIlqHOH llHpUHM.

(51.6)

(51. 7)

TaRaH reHepaIJ;IIH no.n; BJIIIHHUeM rrOTORa TeIIJIa em;e HMReM He
Ha6JIIo.n;aJIacb. 8TU TepM03JIeRTpMqeCRMe HBJIeHI1H 6liIJIM rrpep;­
CRaaaHIiI B pa60Te ApoHoBa II raJIbrrepMHa (70 J.

ila BliIpameHMH (51.6) HCHO, 'ITO TaRMe alfllfleRTIiI MomHO
OMJIO 61iI HaOJIIO.n;aTb, eCJIM OM y.n;aJIOCb c.n;eJIaTb RpMTMqecRyIO
paaHOCTb TeMnepaTyp ATe cym;ecTBeHHO MaJIOH. Ho .n;JIH nora
p;OJImHO ObITb MaJIIiIM xapaRTepHoe HarrpHmeHlIe nepexo.n;a
Ve=IeR". HeTpy.n;Ho c.n;eJlaTb SNS-rrepexo.n; C Ve .-...- 10-13 B.
CqMTaH IX .-...- 10-8 B/K, IIMeeM ATe .-...- 10-5 K. TaRYIO paa­
HOCTb TeMrrepaTyp, ROHeqHO, HeTpy.n;HO nOJIyqUTb.

8RCrrepMMeHTaJIbHOe IICCJIe.n;OBaHlIe TepMOaJIeRTpMqeCRIIX
alfllfleRToB B p;moaelflcoHoBcRIIX SNS-nepexo.n;ax (71] nOJI­
HOCTbIO no.n;TBep.n;IIJIO lIaJIOmeHHliIe BMlle npe.n;CTaBJIeHHH.

51.2. BJIHHHHe MarHHTHoro nOJIH Ha TepM03JIeKTpHqeCRHe
HBJIeHHH B .n;moaelPCOHOBCKHX SNS-nepexw~ax. I1YCTb Tenepb
p;moaelflcoHoBcRHll SNS-nepexo.n;, Haxop;Hm;UllCH B nOTOKe
TenJIa, nOMem;eH B MarHIITHoe nOJIe, napaJIJIeJIbHOe ero no­
BepXHOCTII (nJIOCROCTb xz). B aTOM CJIyqae MIiI MomeM OK8-
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I10.n;o6HO TOMy, RaK OT aRBHBaJIeHTHOH cxeMM pHC. 51.1, 6
MIiI rrepellJIH R cxeMe 5t.1, 8, ap;eCb Tome MomHO OT cx~eMM

5f.2, a rrepeHTIl R 3KBHBaJIeHTHOH cxeMe, ~306pameHHoH Ha
pHC. 51.2, 6, ROTopaH rrpep;CTaBJIHeT co6oH aRBIlBaJI~HTHYIO
exeMy npoTHmeHHoro .n;moaeq,coHoBcRoro rrepexo.n;a C O.n;HO­
pO.n;HOH Te"mepaTypoH (T. e. 6e3 TenJIOBOrO nOToRa), HO C op;­
HOpO.n;HO BBe.n;eHHbIM n Hero TOROM OT BHemHero HCTOqHIlRa
C rrJIOTHOCTbIO j =ET/R. 3.n;eCb R" - corrpOTIlBJIeHHe HOP­
MaJIbHOH npOCJIo'HRlI, rrp~xo.n;Hm;eeCH Ha ep;lIHMIJ;Y ee rrJIO­
m;ap;Il. I1oBe.n;eHlIe TaKoro 06'beRTa BO BHemHeM MarHHTHoM
nOJIe rrapaJIJIeJIbHOM OClI y, HaM xopomo Il3BeCTHO (CM. § 22).
nOaT~MY cpa3y MomHO rrpe.n;CRaaaTb [72], 'ITO RpIlTIlqeCRaH
pa3HOCTb TeMnepaTyp ATe, rrpIl ROTOpOll rrOHBJIHeTCH HarrpH­
meHIle Ha rrepexop;e, 6yp;eT HeMOHOTOHHO aaBBceTb OT MarHIlT­
Horo rrOJIH. B H.n;eaJIbHOM CJIyqae p;OJImHa 6liIJIa 01iI HaOJIIO­
.n;aTbCfl TaRaH aaBIlCIlMOCTb (CM. (22.25»:

ti.T _ j,R" I sin (1t~/~o) I (51.8)
, - It 1t~/~o '
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r,Il,e W=Bowd. 3,I1,eCb Bo - MarHHTHaH HH,II,yRn;HH BHenmero

nOJIH, w - pa3Mep nepeXO,Il,8 B HanpaBJIeHHH OCH x, d - TOJI­

IIJ;HHa HOpMaJIbHOrO CJIOH. IIo.n;ooHbIe 3RcnepHMeHTbI ObIJIH

nOCTaBJIeHbI [57J H nOJIHOCTbIO no.n;TBep.n;HJIH 3TH npe.n;CRa3a­

HHII.

BLIJI H3rOTOBJIeH .n;moae!f>coHoBCRHH SNS-nepexo.n; TaH­

T8JI-Me.n;b-T8HTaJI C TOJIIIJ;HHOH Me,Il,HOR npOCJIOHRH OKOJIO

10-3 CM. ConpOTHBJIeHHe HOpMaJIbHOrO y'lacTK8 ObIJIO OKOJIO

10-9 OM, a RpHTH'IeCKHH TOR nepexo.n;a - OROJIO 10-4. A. Ta­

RHM oopa30M, xapaRTepHoe HanpHlKeHHe nepexo.n;a~VCJ ObIJIO

<'t;;

'"

•

••• ••

. pa!f>HRa COBnaJIH XOTH OLI B O,Il,HOB TO'lRe, TO Ol\aiKeTCH, 'ITO

HH COBna,Il,yT H BO Bcex OCTaJIbHLIX TO'll\ax. 8THM ,Il,OI{a3hIBH­

TCH cnpaBe,Il,JIHBOCTb npHBe,Il,eHHbIx BbIme cooOpaiI,eHHR.

11TaK c!f>OpMyJIHpyeM OCHOBHbIe peSYJIbTaTbI.
HanpHmeHHe TepM03JIeKTpH'IeCKOrO npOHCXOiK,II,eHHH no­

BJIaeTCH Ha .a;mose<pCOBOBCKOM SNS-l1epexo.n;e, Ha'lHHaa C He­

OToporo noporOBoro SHa'leHHH nOTOl\a TenJIa '1epes nepexo.a;.
aRoe l\pMTMqeCl-tOe 3HaqeHMe nOTORa TeUJIa eCTh HeMOHOTOH­

aa !f>YHRn;IfH MarHMTHoro nOJIa. 8TO - TenJIOBOM aRaJIOr CTa­

HOHapHoro 3eplf!eI{Ta ,l];rrwself!coBa.
ECTb nOJIHaH yBepeHHOCTb, 'ITO .a;OJImeH cyrn;ecTBoBaTh

eIIJIOBOM aHaJIOr H HeCTaIl,HOHapHOJ 0 alf!lf!eKTa ,l];iI<03elf!COHa,

HMeBHO, CTaIl,IlOHapHbIM IIOTOI{ TenJIa qepes S N S-IIepexo.a;

omKeH HH,II,yIl,HpOBaTb ,Il,iKOself!COHOBCl\YIO reHepaIl,IUO, T. e.

nepeMeHHoe BO BpeMeHH HanpHmeHue Ha nepexO,Il,e. HeT HH­

KaKom COMHeHHa, 'ITO B OJIHiKaiirnee BpeMff aTOT alf!lf!eKT

6YJI,eT 3I{Cl1epHM8UTaJJbHO oOHapyrrmH•
150

50
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PHC. 51.3. PeaYJIbTaT 3KCnepHMeHTa [73] no HSy'leHHID MarHHTHO­
TepM03JIeKTpH'IeCKOrO 3~cPeKTa B A>KoaecPcoHoBCKOM nepexoAe

THna SNS.

OROJIO 10-13 B. HanpHmeHHe Ha nepeXO,Il,e H3MepHJIOCb C no­

MOIIJ;bIO BlJ CRBH.n;a. PaaHOCTb TeMnepaTyp .n;ByX CTOpOH HOP­

MaJIbHlHO CJIOH AT OLIJIa, O'leBH,II,HO, nponopn;HOHaJIbHa yCTa­

HOBHBmeMycuH TenJIOBoMy nOToRy '1epea nepexo.n;, T. e.

BLI,II,eJIHIOIIJ;e.HCH 113 ¥arpeBaTeJIH MOIIJ;HOCTH. Rp.HTH'IeCROB

pa3HOCT.H TeMnepaTypA T CJ COOTBeTCTBOBaJIa RpHTH'IeCKaH MOIIJ;­

HOCTb HarpeBaTeJIHjP•• Ha pHC. 51.3 nORa3aH pe3YJIbTaT

H3MepeHIIH RpHTHlJeCROH MOIIJ;HOCTH PCJ B 3aBHCHMOCTH OT

AlHemHero M8rHHTHoro nOJIH, HaJIOmeHHOro Ha nepexon na­

paJIJIeJIbHO ero nJIOCROCTH (BepxHHH KpHBaH). HHmHHH KpH­

BaH ,Il,aeT aaBH~HMOCTb MaRCHMaJIhHOrO oeanHCCllnaTHBHoro

TORa ,lJepea,TOT~me nepeXO,Il, OT BHenmero MarHHTHoro nOJIH,

Ror.n;a Bce lJaCTH nepeXO,Il,a HMeIOT O,Il,Hy H Ty me TeMnepaTypy.

ECJIH nO,Il,oopaTb MaCIIITaO PCJ HJIH Imu. TaK, lJTOObI 3TH ,Il,B8
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