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TeopH.11 KpaMepca (1940 r.), onHCbIBaIDIUa.11 TepMHqecKH aKTHBHposaHHbili BblXO/l qacTHU H3 noTettuH

aJibttoli llMbl B Bll3KOli cpe/le, HCnOJib30BaHa /lJlll HHTepnpeTaUHH nHKa aKyCTHqecKOfO norJIOJUeHHll, 

o6ttapyJKeHHOfO KpaMepoM H 6ay3pOM (1967 r.) B HH06HH B o6JiaCTH TeMnepaTyp lKH/lKOro reJIH.11. 

IloKa3aHO, qTO 3aperHCTpHposaHHbie B 3KcnepHMeHTax CBOHCTBa nHKa COOTBeTCTBYIOT MO/lCJIH pe3oHaHCHO

ro s3aHMO/leiicTBHll 3BYKOBhIX KOJie6attHii c uenoqKaMH /lHCJIOKaUHOHHbIX KHHKOB. KHHKH - qacTHUeno-

1l06ttb1e B036yJK/leHHll Ha /lHCJIOKaUHOHHblX JIHHHllX - nO/l lleliCTBHeM 3BYKOBb!X KOJie6aHHli coseprnaroT 

/lH<jJ<jly3HOHHbIH /lpeli<jl B nOTeHUHaJihHOM peJibe<jle IlaiiepJICa BTOpOro pO/la, HCnhITblBa.11 npH 3TOM TaKJKe 

Bll3Koe TpettHe co cTopot1b1 3JieKTpottoe npOBO/lHMOCTH. Bo3MOJKHOCTh pe:.Koro KOHTPOJIHpyeMoro H3Mette

HH.ll :JJieKTpOHHOM Bll3KOCTH npH csepxnpoBO/lll!UeM nepexone C03/laeT npe;uIOCblJIKH llJl.11 npoeepKH BbIBO

/lOB Teop1rn KpaMepca npH :!KcnepHMCHTaJibHOM H3yqeHHH /lHCJIOKaUHOllHOro BKJia.l\a B 3aTyxaHHe 3ByKa. 

0Ka3aJIOCb, '!TO npH /lOCTaToqHo HH3KHX TeMnepaTypax IVIH KHHKOB B HH06;rn C03/laIOTCll YCJIOBH.11 

t1a6Jiro1tet1H.11 npe/lcKa3attttoii KpaMepcoM attoMaJIHH: eo3pacra1rnll /lH<jJ<jly3HOHHoil llO/lBH>KHOCTH qacTHU 

nptt yseJIH'ICHHH K03<jl<jJHUHeHTa /lHHaMH'!eCKOro TpeHHll. ]laHHOe o6crrnneJJbCTBO fl03BOJHIJJO HHTepnpeTH

poBaTb O/lllO H3 11att60JJee HHTepeCHbIX CBOHCTB fll1Ka KpaMepa- 6ay3pa, He HMeB!llee /lO HaCTO.llJUero 

speMeHH y11os,1eTBOpHTeJJhHOrO o6b.llCHNIHll, -· CMCUle~me f!HKa B CTOpoHy HH3KHX TCMnepaTyp npH 

nepeBO.'lC HH06HH H3 csepxnpOBO/llllUCfO B HOpMa.~bliOC COCTOllllHC MarHHTHblM no.1eM. KpaTKO o6cy>K/lCHbl 

B03M0)((H0CTH Ha6JIID/leHHll KBaHTOBOH /lH<jJ<jly3HH KHHKOB B aKycTH'leCKHX 3KCnepHMCHT4X. 

TeopiIO KpaMepca (1940 p.), KOTpa onHcye TepMi'IHO aKTHeoeam1i1 BHXill 'lacrnHoK i:i noTeHuiaJibHOi 

llMH y B. H3KOMY cepe/lOBHJUi' BHKOpl!CTaHO /lJlll iHTepnpeTa11ii niKa aKyCTll'IHOro norJIHHallHH. BillKPHTOro 

KpaMepoM i 6ayepm1 (1967 p.) e Hio6ii e o6JiaCTi TeMneparyp pillKOro reJiiro. IloKa3aHo, 1110 3apeeCTpo

ea11i B eKcnepHMeurax BJiaCTHBOCTi niKa Bi/lllOBillaIDTb MO/lCJii pe30HaHCHOi B3aEMOllii 3BYKOBHX KOJIHBaHb 

3 JJaHUIOJKKaMH 1111cJI0Kauilitt11x KiHKiB. KiHKH - 'lacTHHKOil01li611i 36y1t)((eHHH ua /lHCJIOKat!iliHHX JiiHillX 

- llill lli€ro 3BYKOBHX KO.~HBaHb 3/liHCHIDIDTb /lH<jly3iliHHH /lpeli<jl y HOTeHuiaJibHOMY peJJbe<jli Ilaliep.11ca 

/lpyroro po/ly, 3a3HaJOqH npH UbOMY TaKO)(( e'113Koro Teprn 3 6oKy eJ1eKrpo11ie npoBi/lHOCTi. Mo)((JIHBiCTb 

pi3KOi KOHTpOJibOBattoi 3MiHH eJieKTPOHHOi e'll3KOCTi np11 nepeXO/li y C'faH Ha/lnpoBi/lHOCTi CTBOproe 

nepe/lyMOBH /lJlll nepeeipKH BHCHOBKiB reopii KpaMepca np11 eKcnep11MeHTaJlbHOMY t{OCJli/llKCHHi llHCJIO

KauiiiHoro BHCCKY y nornHHaHHll 3ByKy. BllllBHJIOCb, IUO npll /lOCTaTHbO Hl!3bKllX TeMnepaTypax /lJIH KiHKiB 

B Hio6ii crnopIOIOTbCll yMoe11 cnocrepe)((eHHH 3ae6aqe11oi KpaMepcoM a110MaJJii: 3pocraHH.R lltt<jly3iliHoi 

pyxJJ110ocri qacr11t10K np11 apocrairni Koe<jlittieina /lHHaMi'IHOro rcprn. U11 06CTaB11Ha am1eoJJ11J1a i1nepnpe

TynaT11 O/lHY 3 Haii6iJiblll UiKaBllX RJJaCTHBOCTCH niKa KpaMepa-- Bayepa, mo He MaJJa /10 UbOrO 'lacy 

Ja/lOBiJJbHOro lIOllCHCHHH, - acye niKa y 6iK Hll3bKHX TCMneparyp npH nepcBO;li Hio6iro j3 Ha/ll1puei11noro 

y HOpMaJlbHl'H CTaH MarHiTHHM HOJJCM. CTHCJJO 06roeope110 MO)((JIHBOCTi CllOCTepe)((CHllH KBaHTOBOi llH

cpy3ii KiHKiB B aKyCTH'IHHX CKCnepHMCHTax. 

PACS: 05.40.+j, 62.80.+f, 74.30.Gn, 61.70.Ga 
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.ll,11.n. MH0fl1X pa3,L\CJ!Ol! 4Jtt3H'!t'CKOH Kt!HeTliKl1 

rrepaocTenettHblli mnepec HMeeT Bonpoc o TepM1fl1ec·· 

KH aKTHBHpOBaHHOM l(Bl-DKeHH.11 ·~aCTHI..( {KBa3H- HJIH 

rrceBJJ:O'laCTHI~) qepe3 IIOTeHI.UtaJibHb!e :rne"'.•f'eTH'lfeC

KHe 6apbepbI. B 1940 r. KpaMepc anepBbre o6panw 

BHHMaHHe Ha na.lKHYIO H HeTpHBHa.'IbHYIO po.'lb B 

rrpoueccax TaKoro nma BJI3KOCTH cpe,n..01, s KOHTaKTe 

c KOTopo.11 HaxoJJ:HTCR JJ:Blu1<ym11ec>i: 'laCTHUhI [ 1]. B 
:'!TOH pa6oTe ormcaHO OJJ:HOMepttoe 6poyttoBCKOC .ll,Bll'.

)KeHHe qaCTl1UbI B IIOTeHUH3.JlbHOM pe1me¢e CJlQ)l(

HOH cpopMbJ (pHc. 1,a), npo11.cxo.1V1m.ee rro).{ .n:eikr

BHeM TeIIJIOBblX CMJl co CTOpOHbI ·TepMO,a~maMWJecKH 

paBHOBeCHOH cpe.l(bl, H Dbl'IHCJieHO cpe.l(Hee llpe1>rn:, 

3a KOTopoe qacTHUa, BHa'lfaJie 3axBa'lfe)'rnaa: noTeHuH

aJlhHOH RMOH A, yxoJJ:HT H3 nee •wpe3 6apbep B. 
CJie.L\yH ocHOBHblM rrpe.L\CTaa.i1emrnM KJiaccH'!ecKo:H 

TeopHH 6poyuoacKo!"o .n:a1-u1<emu1, Kp:iMepc rrpe,llrro

JiaraeT B03M0)KHQCTb pa3JJ:eJieHH.H ,L\eHCTBHR cpe,D;b! 

Ha 'lfacn1uy Ha JJ:Be KOMIIOHeHThl: CHJIY B.H3KOf0 Tpe

HHR H 6bICTpbre TenJioBhie TOJI'IKU. OcttoBHOH pe-

3y JibTaT ero aHaJIH3a ·- Bb!BOJJ; 0 HeMOHOTOHHOH 

3aBHCHMOCTH BpeMeHH BbIXO,ll,a qacTHUbI H3 IIOTeHUH

aJibHOH RMbI OT BeJIH'IHHbl K03cpcpm~HeHTa TpeHHJI.. 

0Ka3aJIOCb, '!TO rrpH 60JibIIIOH BJl.3KOCTl!l cpeJJ;bl pOCT 

K03cpcpHuHeHTa TpeHHR 3aMe,ll,JIReT BbIXOJl qac.THUbI 

H3 RMbI; BMeCTe c TeM MOJKHO YKa3aTb H ii;pyroii: 

rrpe,L\eJibHbIH cJiyqaii )lOCTaTO''IHO Ma.JIOH BR3KOCTH 

cpeJlbI, Koraa HMeeT MeCTo o6paTHbii1 acp<t>eKT -

pocT K03cpcpHuHeHTa TpeHHJI ycKOpReT npou;ecc Bbl· 

xo.n:a. 3TOT BbIBO,n .l(aJieKo He oqe1rn,n;HhIH H B KaKOH· 

TO CTerreHH .l(<UKe HeO)KH:,l(aHHbIH: rrepBbIH CJ1)"UH 

Ka)KeTCR HHTYHTHBHO IlOHRTHblM, Tor.na KaK BTOpOH 

rrpoH3BOJJ:HT ene'!aTJienne rrapa.n;oKca H MO:>KeT pac

CMaTpHBaTbCR KaK rnoeo6pa3HaH aHoMamtR. 

AHaJIH3 KpaMepca, KaK H TeopHR 6poyHOBCKoro 

.l(BH)KeHJ'.!R B ueJIOM' OCHOBaH Ha cpeHOMeHOJIOf!.f· 

qecKHX rrpearroJio)KeHHRx o crrermcpw1ec1<11x Kop

peJIRUHOHHbIX CBOHCTBaX c.rryqaiiHOH CHJlbl, OIIHCbI

Ba10meii B3aH:MOJleHCTBHe 'laCTHUbl co cpe.11.oii. 

Crrpase.11.JIHBOCTb TaKHX rrpe,nnoJIO)KeHHH B TOH HJIH 

.npyroii KOHKpeTHOH cpH3H'IeCKOH cnryaUHH, KaK 

rrpaBHJIO, He oqeaH.n;Ha. Tio3TOMY rrpHHUHTIHaJibHbIH 

HHTepec rrpHo6peTaeT IIOCTaHOBKa cpH3H'ieCKHX 3KC

rrepHMeHTOB, II03BOJIJIIOIUHX nposep>i:Tb HeTpHBHaJib

Hbie rrpe.l(CKa3aHHR TeOpHH 6poyHOBCKOrO .l(BH:lKeHHR, 

IIO.l(OOHbie BbIB0.11.Y 0 HeMOHOTOHHOH 3aBHCHMOCTH Bpe

MeHH BbIXO,l(a 3a.n;eMrrcpHpoBaHHOU 'laC'fHI.(bl H:3 IlOTeH

UHaJlbHOH HMbI OT K03cpcpHUHeHTa 1"peHHR. 

TeopHR KpaMepca pa3pa6aTbIBaJiacL c u;eJibIO npo

RCHeHHR aKTyaJibHbIX B TO speMH BonpocoB KHHen1-

KH XHMH'ieCKHX peaKUlfH l1 KfU!e'!'HKl1 pacna.n;a TR)Ke

JlbIX aTOMHbIX >i:.n:ep B paMKaX KarreJibHOH MOJJ:eJIH 

RJJ:pa. HaM He 113secTHbI nonbITKH 3KcnepHMeHTa'Jib-
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Puc. {. L(aa THl1a nOTeHUliaJlh'lblX pem.t¢oll, H KOTOpb!X pac· 

CMaT\)HBaeTCJI 6poytt03CK(1.(" )lBl'llKl'l' He '!aCTH![bi: e)lHHH'lllaJI 110· 

Tel!IU13.1bHaJI l!Ma KOt{C'HlOH rny6'1Hhl (a); CYMMa nepHOJlH'ICCKO

ro k:pHCiCIJI.:1H\feCKOro pCJlbe¢.3. ~1 flOTC1HlHi::UlhHOro fHJJI.H !iOCTOHH· 

HOH CHJ!hl (6). 

HOH nposepKtt OTMe'lemwro BbIIIIe hbIBOJ.1:<1 TeopHH o 

po.l!H Bn3KOCTH s peaKum1x no1i:o6ttoro T111:a. HaM 

TaK:JKe TPY.llHO OJ.!CHHTb 1103~m1rnorrs KOHTD01mpye

Moro H3MCHCHIU! B.H3KOCTH rrpJ.I n:.;riepeH<lY.''l CKOpoc

TeH pea.KL{P.H B :'IKCnepum:'ETax - llH·10JlHJ'IeMblX B 

vKaaattHhIX 06J:r'.JCTHX H'lVKH. B 1i~1,:, o.11meii pa6oTe . . 
MbI XOTHM o6paTl!Tb fJHHMamre Ha HHTepecnyrQ B03-

MOJKl10CTb 3Kcnep.011'1tiff:li!bHOH npoaepKH Teop;rn 

KpaMepca np1-1 11::iy'H'HHH ;i.mrnM.li'WCKHX .D.l1CJIOKa11H

oHHhIX 11pO!!fCCOB ll Me1a,1n <:ecKHX CBepxnpu

BOJ.Urn.Kax, CCJ!lf JKCrrepaMeHThl BhlnO]!H.l!Tb np11 TCM

nepaTypax ttmKe Kpli'nPiecKo.tt re~mepaTypbI 

ceepxnpoBo,n~mero nepe.xon,,, Tc 
Ha:tt6oJiec 3<J>1>eKTl1l?HbIMM 06'~ .. eKraMH H:JY'l.CHHH, 

KOTOpbie MOJKHO HCHOJib30aaTb ,'.tJJ.il perneHHil yKa-

3aHHOH 3a,ll,a'l.H, _,;B:i.HKnrR, OUK MeTa.111b1. 11'<. HHX, 

B CBO!O O'lepe,a;b, MO)KH:) BhI.D.eJlHTb 1rno611H:, 'JMeIO

IUHH cpaemneJihHO BhICOKYK) TeMrreparypy csepx

rrpoBOJV!IUero rrepexoaa Tc = 9,3 K, '!TO pacurnpHer 

B03MO)f(HOCTH 3KCrrep11Me1na. TttrrwmbIM 3JieMeHTOM 

.D:HCJJOKarrnoHuoY. cTpyx-ryp;,1 OUK MeTaJIJJOB HB.ru1-

eTCR Ha60p .l(HCJ10K'1l(.lH JIHHHH KO!Opb!X pacnor,o

)KeHbI B IIpOTRJKCHHbIX !iiJl'lMOJil1FellHbIX ilO!IHHax 

pemeTO'!HOro noTem.r.Ham,miro pe.11becpa ( pe.nbecpa 

l1aiiepJlca nepBoro po;;,a) i J. j. C neilHa.10HbIMH B03-

aeiicTBH5!Ml1 Ha :ratrHX :H'CJ101'.;rnJrnx MO:>KHO C03.D.a

BaTb T.JacnmenOJI06HbJe l:l036yJKJJ.eHJ1H rwpen16bI 

•'.l.ln3V1Ki:l HY.3KHX TeMnepa'fYp, 1397. ·r 23, N2 11 



EpoyHo6cKoe 06UJl<eHue tJ.acmuu,bl tJ.epea nomeHu,ua!lbHblU 6a;J1,ep 6 8!1.;>.:r.ii cperh 

( Y.HHKH). COCJ{JJHRIOUVIe !{Ba rrp.>iMOJIHHeliHblX y'IaCT

Ka /U1CJIOKaU,lfOHHOH JIHHHH, pacrroJIO)!(CHllhie B co

ce,'ll!HX .l\OJ1ttHax peJibecpa fiaH-epJica f3,4]. Oatto

MepHoP .Ll.BIDKetme KHHKOB B.Ll.OJ!b ,l{HCJIOKaui101rnoli 

JIHHHH conpJJ)Kf'HO c rrpeo;J;OJ!f'Hl1eM eUlC Oil.HOH CHC

TCMbl j)CllICTO'fllb!X ITOTCH1{lfa;1bHblX 6apbepoB -- pe
.%ccpa flai1ep.~c:.i BToporo poll;a. KpoMe roro, Ha 

,'l!HDKyuu1eu1 Kl1HKJ1 ll;ei':cniyeT CHJJa BJ!3KOro Tpe

Hl1>!. 06ycJ10B;1ett11aJJ paccemmeM rm ll;ttc,10Ka1(H5IX 

cpoHOHOB 11 c)-~tKTpoHoB rrposoti;HMOCTH [ 4-6]. B Me

Ta.u1ax' l1MeKJUUfX CTaHll;apTHbie cJJleKTpOHHbJe rrapa

MCTpbl, B o6JiaCTH TeMrrepaTyp T S:: 10 K ornoBHy10 

pOllb R L!,eMrrtjmpoBaHHH t{BH)KCHH51 .l(HCJIOKal(HOHHOH 

JJHHHl1 11rpaeT 3_11eK1poHHaJJ KOMITOHCHTa [5,6]. Ta

KHM o6pa30M. TepMH'IeCKH aKTHBHpOBaHHOe rrepeMe

lUCHllC KHHK<! (rrceB/J;O'IaCTHU,bJ) 'Iepe3 6apbepbI 

ITailepJrca srnporo poti;a B B513KOH 311eKTpoHHOH cpe

m:: l!OJ!HOCTbIO COOTBCTCTByeT npou.eccy, paCCMOTpeH

HOMY KpaMepcoM. flpewMymecTBO HClIOJib30BaHmI 

cBepxnpm>0;1HHKa ti;JI51 npoaepKH BbIBoti;a Teopm1 

KpaMepca o poJIH B.>!3KOCTH 3aKJIIO'!aeTCH B B03MO)K

Hocn1 KOHTpo1rnpyeMoro H3MeHemrn Ko3cpqmu.tte1na 

3JICKTpomwro TpeH11.>1 "HHKa: nptt T < Tc 3JICKTpoH

rwe t{CMllcpttpOBam1e t{HCJIOKaU,HH MO)!(HO BCChMa 3Ha'IH

TeJILHO 113MCHHTb nepeBOJ{OM MeTa.rna 113 CBepxnpOBO

.a;rmero B HOpMaJibHOe COCTOHHHe BKJllO'ICHl1CM BHeurnero 

~!arHHTHOfO JJOJ!H [7,8]. 
3KcnepttMCHTaJ1bHOe H3y'!etttte KHHCTlfKH o6pa-

30BaHHJ'! l'f nepeMeIJ{CHHJi ll;HCJIOKaU,HOHHLIX KHHKOB 

OCHOBaHO Ha HCf!OJJb30BaHHH MCTO/J;a aKyCTH'ICCKOH 

cncKTpocKon11tt [3,4,9]. BapbupyH 'IaCTOTY KOJie6a

HHH 11 TCM!Wp;nypy o6pa3U,OB' MO)!(HO pea,1H30BaTb 

ycJIOBHH pe30HaHCHOrO B3al1M0t{CHCTBHH 3ByKa c 

KHHKaMH; rwraJibHOC H3Y'ICHHe 3THX pe;mHaHCOB 

ll03B0J1HCT no.11y'!aTb ll;OCTaTO'!HO o6urnpHyIO !1H

cj:JopMall,Hl0 KaK () il,HHaMU'ICCKHX If KHHCTll'!CCKHX 

xapaKTCpV.CTl:!Kax KHHKOB, 'faK H 0 napaMCTpax npe

o;{O.TICBaeMbJX HMM noTCHl(HaJibHbIX 6apbepoB. ITpH 

cj:JHKCHposa1moH: 'IaCTOTe KOJie6aHHII Ka)!{ll;OMY !13 

Tairnx pe30HaHCOB COOTBCTCTBYCT JJHK Ha TCMnepa

TYPllOH 3asuc11MOCTH non10111cHH'1 3ByKa. B 1967 L 

l{paMep l1 5ay3p f 1 ()], 113yqaJJ H113KOTeMllCpaTypHb!C 

aKyCTH'ICCKHC CBOHCTHa 1rno6n5! lia 'IaCTOTe nop.>iti;Ka 

105 fu., 061rnpy)!(HJIH paHCC HCH3BCCTHbJH IJHK rrorno

lI(CHl1}1, Jl0KaJlll30BaHHhIH B TeMnepaTypHOl1 06.11aCTH 

B6.'!H3H 3 K If l13MeH5!IOUJ;HH CBOe llOJIO)!{CHHe Ha OCH 

TCMnepaTyp llpH H3MCHCHHl1 '!aCTOTbl Ko,1e6aHHH, a 

TaK/Ke np11 rnepxnpoBOJlRU\CM nepexoae. rio3.lKc cy

ruecTBOBaH11e TaKoro llHKa 6bJJIO ITO/J;TBCp)!(ti;eHo 

;rn/l,OM Jlpynrx 11cc;;i ;i:osaTe~1ei1 [ 11-15]. B pa6oTc 

115 j ;\eTaJibHO npoattaJIH3HpoBaHbI CBOHCTBa JJHKa 

KpaMepa - 5ay:ipa u noKa3aHo, 'ITO 60.11bUJHHCTBO 113 

HHX MO)KHO orrncaTb B paMKax MO/J;CJIH pe30HaHCHOfO 

B3Cll1M0t{CHCTBJ!5! 3ByKa c l~CIIO'!KaMH ll;HCJIOI<at(HOH-
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HbIX KMHKO.G l COflL'.)T112.-:Hn\~ ;. .. ··1 f'f)MU'1K1 i1B\~ 1 ~0BaHHOC 

il.11¢cpy3H0!!Hor ,·rr .. ; h.eHm· ;i pt'.JJbecpe riaiicp;rca BTO

poro po,'(a. 

OattaKo npe;~.:ioli\•'\>Jl<'l' t> i ":.\] u!;·;,·r.·11ctt>ie 'IOBette

Hl15! n11Ka l\ cncpxrqlur<c.;unueM 1Jll' io:,i:m; llblrJI5!.L1.e

JIO Ht:CKO}ihKO /ti '{YCC:f.tF'H;'!JJ:"L UCJH1H1_;j·.1 :iTOCO 06b-

51CHCHl15i ::: llY >Kl:.·10 :1pr:.:u i'.1.:1u.i:<.l~H Hl' () .. H!a 'll1TCJ!bHOM 

H3MCHCHi1H perncTG•;i1,,:-·'i ;ro~·cmu;:i.·::. 1cro peJILecpa 

ll;ll9. ,J;HC;lOKamn'l l:i ilHC6H!1 11µ11 ' 1l· ;_.xnpOBO/l71lllCM 

rrepexo.n:e. :=:ho I1De:u1o:rrDKCHHl' ''" i!ponrnopeY11T 

cymecTay10uin.v: npe11.c·i,;1•.'h-·1rn;.iM u nm ,;1 pemcTO'f

Hbix tt 3.'lCKTf>OHHNX cn11i'.lc .:B HepexonHbIX OUK 
MCTaJlJIOB, HO }_lJJ'l Hero Ht: cyuicc f3 yci JtP)Tl1 x ;))(C

rrepHMCHTaJ!bHblX llO,.'.J.T!kpA\;~em1i1 

Onpe,n:eJieHtta;;i: Hey ;~oBJieTBOpt,Httoc lb, ocraBIU<UJC51 

n CBJ13l1 c ::JTOH npo6.r,eMo;·i noc~e pa6oTbJ [15], 
no6yl(tt.ria ttac 6oJiee BHH~ia-:"t:Jic~o onrecTHCb K aHa

.11113y Tex lf3MCHCHl1f! B f(IHptj:iy:moHHOH llO/J;BH)!(HOC

Tlf /lHCJIOKal{l!OllliblX KHt>HlH, IWIOpb!C MoryT B03HH" 

KaTb npH 3Ha'!HTCJ!bl!OM 113MCHCH!H1 3JJCK1p0HHOH 

BH3KOCTH. 0KaaaJ<OCb, 'ITO Ll.llCJ!OKaL{HOHHhlC 11 aJJeK

TpOHHble rrapaMeTpbl i-wo61rn liMC!OT 3Ha'!CHHJ!, 

ti;onycKa101uue peaJI11JaL(HlO n peacKa3aHHOtt Kpa

MepcoM aHOMa.nbHOH 3aBl!CHMOCTH ti;Hcpcpy3HOHHOH 

!10;'.{Blf)!(HOCTH qact HL(bl (B 1-1ameM CJ1y'fae - KHHI<a) 

OT K03cp(Jrnuuema 1 opMo.1KeHH5!: y'IeT J(a1rnoro 

o6CTOHTCJ'JbCTBa 6e3 KaKHX-JIJ.i6o t{OllOJIHHTCJlbHbIX 

IIpe.n.noJIO)!<CHHH TltJ3B().;!Jlf'T eti;mrno6pa3HO OIJHCaTb 

oco6eHHoc111 nutWJleHP.<I JIHKa KpaMepa ~- 5ay3pa 

KaK B HOpMal!bHO;··' ! :J K lf B CBepxnpOB01151UJ;eM co

CTOJiH!U!X. lfaJJO)!((_:t'H:C .:l' li1Jll"H TaKO!'C a1rnJIH3a H 

06oc1rnsaamo YK<'~>d1rno; u •.ibnllf llbIIJO/l.a rroc1:1Rmetta 

HaCTORl!laH CT a ff>i1' 

B nepBOM pa:J.;1/~JIC Mbl KlJIO)lO!M OCHOBHblC IJOJIO

)!{CHH51 Teopm1 l'i'DaMrpc;, ti j, npHJLJB HM tj:>oprv.y, 

yJlo6Hyio JillH np;l1'ff~HCHHJ1 1n1pn11 t, cm11camuo 6po

yttoBcKoro ~'{lllf)Kemrn i\UCJTZ)K'll\l10HHblX KHHKOll. 

Bo nTopoM pa3.LJ.C"TJe cttcTeMa·rn3i;pollaHbJ 3;ccnepH

MeJ1TaJibHbre J(at!Hb!C, IT())I)"leHHblC paJJ!lf'!HbJMH HC

CJ!Ct{OB3TC}JHMH f1]Hc lUY'i~HHll H!!Ka aKyCTH'fCCKOH 

pe.TJaKcau11 u K ;1a:-it'pa fiay:Jpa ti HOpMaJibHOM H 

cnepxnpOBO/.lJitl\CM Hll00HJ1. J"'eCb T<lKiKt' !(paTKO H3-

JJO)!(CHbl OCHOBHb!e no.:1o)!(C!Uf/l !lj)C,[(Jl(J)!(CHHOH B 

[15] t{HCJ!OKaU.HOl!HOii MOt{C.1111, npHHJieKaeMOH t{JIH 

o6b>ICHemrn: cpH3l1Y.t.crrnii r:1rnpo,J.b1 mrna. 
B TpcThelY! pa3µ,eJJ.e 11po,m;L1113npoBaH BKJiati; att .. 

caM6JI}I t{i1CJJOKal'JiOliHbJX KH\Ii{(,R B JJCrapncpMH'iCC

KHH ~eKµeMe!ll K0.'1•:IJc,HHi'i 06pa:31~d. f\HaJIH3 6a311-

pycTC5! Ha HC!lOJJb:JOHil Hll 11 pe:w :fhTaTOH TeopHH 

KpaMepca il.!ln omKamrn 1\10.v HOBcKoro J~BH.lKCHH51 

KHHKa '!epe:1 6apbCpbI peJ1bertJ;, J f <iiiepl!ca BToporo 

poll,a. 

B '!CTll<-'PTV:V1 ra3;1,u1e npoBe,'.leWJ cpam1em1e Bb!BO

mrn TCOjHtH c ,'l_aH\lbl~li. ilOJl\''iC!:llJ:,IMH flf)H clKCnepH-
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B. If.. Hau,U1c, JI. JI. Jia.!lb-Ballb 

MeHTaJibHOM 1rnyqemrn nHKa KpaMepa - Eay3pa. Tio

Ka3aHo, qTo HCTIOJih30BaHHe TeopHH KpaMepca no-

3BOJI.HeT OTIHCaTh Bee OCHOBHhie oco6eHHOCTH TIHKa. 

1. TeopHH KpaMepca 

B pa6oTe [ 1] H3yqeHo o.n;HoMepHoe .LJ;BlDKeHHe qac

THUhI no.n; .n;eikTBHeM cyMMbl .n;Byx He3aBHCHMblX CHJI 

f(x) + f5(t): nepBoe cJiaraeMoe f(x) = -d U(x)/dx 
OTIHCbIBaeT .n;eii:CTBHe Ha qacTHey IlOTeHuHaJibHOfO 

noJI.H U(x) (pHc. 1,a); BTopoe cJiaraeMoe f 5(t) -
cJiyqaii:Ha.H CHJia, o6ycJIOBJieHHa.H TeTIJIOBbIM ,lJ;BH)Ke

HHeM TepMO,lJ;HHaM11qecKH paBHOBeCHOii: cpe.n;bI, B KO

Topy10 norpy)KeHa qacT11ua. H3MeHeH11e BO BpeMem1 

.n;11HaM11qecK11x nepeMeHHhIX qacTHIIhI, HMTIYJihca 

p(t) 11 KOOp.n;HHaTbl x(t), no,n;qHH.HeTC.H KJiaccHqecKHM 

ypaBHCHH.HM faMHJibTOHa: 

!
p ~ f(x) + fs(t) 

mx=p, 
( 1) 

r.n;e m - Macca qacTHUhI, a ToqKa o6o3HaqaeT npo

H3BO.n;HyIO no BpeMeHH. B pe3yJihTaTe .n;eii:cTBH.H cJiy

qaii:Hoii: CHJibl f s(t) H3MeHeHHe ,lJ;HHaMHqecKHX nepe

MeHHbIX BO BpeMeHH TaK)Ke np1106peTaeT CJiyqaii:HbIH 

xapaKTep, Il03TOMY ,lJ;JI.H OTIHCaHH.H ,lJ;BH)KeHH.H qacTH

Uhl y.n;o6Hee noJih30BaTbC.H cpyHKuHeii: pacnpe.n;eJie

HH.H p(p, x '· t) ,lJ;JI.H H306pa)KaIOmeii: TOqKH (p, x) B 

<Pa30BOM npoCTpaHCTBe. B o6meM cJiyqae cpyHKU11.H 

p(p, X, t) .LJ;OJI)KHa y.n;oBJieTBOp.HTb Kl1HeT11qecKOMY 

ypaBHeHl1IO 

-+r(x)-+-- p=Ls(p), 
(
a _ a p a J A 

ot op m dX 
(2) 

B KOTopoM JieBa.H qacTh onpe.n;eJI.HeT .n;B11)KeH11e qac

THIIPI B <t>a30BOM npoCTpaHCTBe B OTCYTCTBHe cpe.n;b1, 

a L5 (p) HeKoTOpb1ii: <PYHKII11oHa.n: (11HTerpaJI 

CTOJIKHOBeH11ii:)' Oill1CbIBaIOIUHH H3MeHeHHe <PYHK-

111111 pacnpe.n;eJieH11.H no.n; .n;eii:cTBl1eM A cpe.n;h1. 

IloJiyql1Th .HBHhiii a11.n; onepaTopa L MO)KHO TOJihKO 

KOHKpeTH311PY.H CTaTHCT11qecKHC CBOHCTBa cJiyqaii:

HOH CHJihI f5 (t) H ycTaHaBJil1Ba.H ee CB.H3h c TeMnepa

rypoii: 11 ,lJ;HCCHTiaTHBHbIMl1 xapaKTep11CTl1KaMH cpe

,lJ;bl. KpaMepc 11cxo.n;11T 113 npe.n;rroJIO)KCHH.H, qTo 

cJiyqaii:Hhiii rrpouecc f5 (t) 11MeeT .n;oCTaTOqHo MaJioe 

BpeM.H KOppeJI.HIIHH 't: c 0,lJ;HOii: CTOpOHbl, 3HaqeHmi 

fs(t) H fs(t + 't) cq11TaIOTC.H CTamcmqecKl1 HC3aBHCH

MbIM11; c .n;pyroii: CTOpOHbl, rrepeii;aaaeMhIH 3a 3TO 

BpeM.H qacT11ue HMrry JibC 

ttt 

Pr =If 5(t')df 

MO)KHO cq11TaTb oqeHh MaJibIM. Onpe.n;e11eHHa.H Tat.:HM 

o6pa30M seJmq1rna Pt He 3aa11c11T OT BpeMeHH t, 
KpOMe Toro, rrpe,nno~iaraeTCJI, qTO p't HMeeT TCpMO,lJ;Jl.· 

HaMlfqecKl1 paBHOBecHyIO cpyHKUHIO p<icnpe.ne:remH!, 

orrpe,neJI.HCMYIO CBOHCTBaMH cpe,nbJ. <DopMaJibHbIM 

Bbipa)KettneM 3THX npetuJOJIO)KCHHll CJIYJKl!T paBeH 

CTBO 

(p.,/=µn't, n= 1, 2, 3, ... , (3) 

r.n;e qepTa 03HaqaeT CTaTIICTl1qecKOC ycpe,nHCHHe, a 

K03<P¢11u11eHTbl µTl .HBHO He :1aBHC.5!T OT BpCMCHl1 [. 

HO MoryT 3aBHCeTb OT rrepeMeHHblX p l1 x H napaMeT

poB cpe,n;bJ. HcrroJih3Y.H ('3), RHTerp::rn CTOJIKHOBe

HHii MO)KHO 3aTIHCaTb B BHJ],C p51/.{a 110 MOMeHTaM 

nepe.n;aBaeMoro HMIIY Jibca: 

(1) 

CJie.n;y10111Hii rriar - ycTaHOBJieHtte CB.H31i Ko34>cpii-

1.ureHTOB µ1 Ii µ2 c cp11311qecKJIM11 xapaKTepiiCTJIKa>,m 

cpe.n;hJ. PenrnTh 3TY 3aJ{aqy MO)KHO, 06panrnw11cb K 

aHaJIJI3Y .ll.BYX rrpe.n;eJibHblX cnyqaeB' J~Jlfl KOTOpblX 

cpyHKUl1IO pacrrpeaeJieHtt.H p(p, x, t) nen<o :•armcaTb, 

OCHOBbIBa.HCb Ha npOCTbIX cptt311'ICCKHX coo6p;n.e1rn

.HX*. TiepBbIH H3 HHX - yCTaHOBl!Bll!ee· .... ' .BllA(CHlH' 

qacTHUbl c IIOCTO>IHHbIM cpP.JJ!H .. ·'· 11MflV JlbCllM 

p = Po = const rroa aeii:cTBtteM o;nrnpo.J.Horo rroTeH -

uHana U(x) = -f oX, rJ.{e fo -- n0cro.11.HH35! rn:1a: 
TaKoe JlBH)Kemre, KaK tt3BCCTHO, MO.lKHO orrncaTh, 

xapaKTepttay.H Baa11:.maei1crnne qacTHQbI co cpeii;oJ.i 

K03cpcpnutteHTOM B5!3Koro rnpMO)Kemrn p: 

f~ir = fo · 

\x =Vt ; 
(5) 

3JJ;eCb v = x = m-1p --- cpeii;HRf! CKOpOCTb yCTaHo

BHBIIIerocH ,D;Bl1)KeHtt.H. EcJm rrpcHe6pe''h .L.(Hcrrep

ctteii: HMilYJibCa u KoopmrnaTbI, a HHTepecoBaTbC.<1 

TOJibKO 113MeHeirnRMU nx cpeii;uux 3HaqeHHtt' TO /~BH

)KeHHIO (5) MO)KHO nocTaBHTb B COOTBeTCTBHC ¢y1m-

uHIO pacrrpe.n;eneHttH BJIAa 

p(p, x, t) =canst b(p - m V) o(x - Vt) , 

• H3JJOJKeHHbie HHJKe coo6paJKeHH.si 11ecKOJibKO OTJIH'·IaJOTC.si OT coo6palKCHHH KpaMcpca. 
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Bpoy1t06CICOe a6wKe1tue ttacmUl{bl ttepe:i nomeHl{Ua.JtbHblU 6apbe,:J fl 6R31C01i cpede 

r.n:e b(x) - .n:eJihTa-¢yttKum1 L{11paKa. JlerKo rrpoBe

pHTb, 'ITO ypaBHem1e (2) .n:orrycKaeT TaKOH BH,ll .n:11¢

¢y31111 B ¢a30BOM npoCTpaHcrne, eCJm B 11ttTerpaJie 

CTOJIKHOBeHHH (4) coxpaHHTb TOJibKO nepBoe CJJarae

MOe 11 IIOJJO)l(HTb B He~'. 

µ --lp 1- m · (7) 

BTOpoi1 npe.n:eJJbHbIH cJiy'fali - cTau11ottapHoe co

CTO.RHJie 'iaCTHl(bl B IIOTeHuHaJibHOH .RMe c 6eCKOHe'i

HO BbICOKHMH 6eperaMH: U(-oo) = U(oo) = 00 • B <!TOM 

CJJY'Jae ¢YHK1(H.R p(p, x, t) ,l\OJI)l(Ha COBII<IJ.{aTb c paB

HOBeCHbIM pacrrpe.n:eneHHeM EoJibl(Matta 

( 
E(p, x)) 

p 8 (p, x) = const ·exp - kT , 
(8) 

p2 
E = Lm + U(x). 

L{n.R orr11caH11.R rrp11cymeii pacrrpe.n:enettmo (8) .n:11c

nepc1111 11MI1YJibCa H KOOp,llHHaTbI B HHTerpaJie CTOJIK

HOBeHl1H (4) Heo6xo.n:11Mo coxpaHHTh o6a cJiarae

MbIX. llpH <!TOM ¢YHKUH.R (8) 6y.n:eT y.n:oBJieTBOp.RTb 

ypaBHemno (2), ecn11 BMeCTe c (7) rronaraTb 

(9) 

CoxpatteH11e B HHTerpane CTOJIKHOBeH11li TOJibKO 

.llBYX cnaraeMbIX H Bh16op Koa¢¢11u11eHTOB µ1 H µ2 B 

B11,ne (7) H (9) IlOJIHOCTbIO COOTBeTcTByeT KJiaCCH

'ieCKOH KapTHHe 6poyHOBCKOfO ,ll;BH)l(eHH.R, rrpe,nJio

)l(eHHOH 3limmei1HOM. B aTOM rrp116JI11)1(eHJrn .n:11¢

¢Y3H.R H306pa)l(aIOll(eH TO'iKH 'iaCTHl(bl B ,nByMepHOM 

¢a30BOM rrpocTpaHCTBe OilHCbIBaeTC.R peIIIeHH.RMH 

.n.11¢¢epeuu.11aJibHOro ypaBHeHH.R B 'iaCTHbIX rrpOH3-

BO,l\HbIX THrra ypaBHemrn <l>oKKepa -11.JiaHKa: 

0TMeTHM' 'iTO rrpH . BbIBO,n:e aTOro ypaBHeHH.R Koa¢

¢11u11eHT TpeHH.R p H TeMnepaTypa T BBe,neHhI KaK 

,lLBe OT,lLeJibHbie xapaKTepHCTHKH cpe,lLbI, 'iTO, 0,llHa

KO, He rrpOTHBOpe'iHT B03MO)l(HOH TeMnepaTypHOH 

3aBHCHMOCTH i3<n. 
PeIIIeHHe HHTepecy10meii Hae 3<1J.{a'iH o Bhixo,ne 

'iaCTHUhI H3 .RMbI A rroTeHUHaJihHOro pe1lbe¢a U(x) 
(p11c. 1,a) CBO,ll.HTC.R K IlOHCKaM peIIIeHH.R ypaBHeHH.R 

( 10), y ,noBJiernopR !Oll(ero Ha'iaJibHOMY ycnoBHIO 

BH.n:a p(p, x, 0) = const · O(p)8(x - xA). PacCMaTpH

Ba.R npe,lleJI ,n:oCTaTO'iHO HH3Kl1X TeMnepaTyp 

kT << U 
0 

, KpaMepc noKa:iaJJ, 'iTO TeMneparypHaR 

3aBHCl1MOCTb cpe,n:Heii ':!aCTOTbl v Bb!XOJ{a ':!aCTHIJ;bI 113 

Cl>i.!311K8 Hl13Kl1X TeMneparyp, 1997, T. 23, Ng 11 

RMbI A 11epe3 6apbep B 6e3 y'ieTa o6panwro npouec

ca OIIHCbl!laeTC.R Bb!pa)l(eHliCM' ¢opMao1hHO !l0X0)((11M 

Ha K11accw1ecK11ii 3aKOB Appemiyc;i am1 c1<opoc1ei1 

XHMl1':!eCKHX peaKUHi1: 

( Uo ,, 
v == v0(P, T) exp l- 7iT J. (11) 

O.n;ttaKo npe.n:3KCIIOHettu;HaJihHhili qmKrnp v 0((3, T) 

B <!TOM Bbipa)l(eHHH OCTaeTCR c,1())!0!0H cpyHK1(11CH 

rrapaMeTpon (3 11 T. B RBHOM BH.n:e y.n:aeTrn nony1mTh 

TOJihKO aCHMTITOTHKl1 q1yHKUHH v 0(p, T) B npe,1e11ax 

60.JibllIOH ((3 ~ oo) l1 Ma,10H: ((3 ~ 0) BR3KOCTIL B 
KaJK,lLOM 113 3Tl1X cJiy'iaeB .n:11cpcpy311.R B ,l\ByMepHOM 

cpa30BOM (p, x)-rrpoCTpaHcTBe CBO,lll1TC.R K O,lLHOMep

HOH rrpo6JieMe. llp11 6oJibIIIl1X 3Ha':!eHHRX Ko3cpcp11-

u;11eHTa TpeHl1.R r JJaBHYIO poJib HrpaeT .n:11cpcpy3110H

Hh!H IIOTOK B,llOJlh rrpoc-rpaHcTBeHHOH KOOp,llHHaTbl x, 
a pOJJh 3cpcpeKTl1BHOro . KOacpcp11u11eHTa .n:11cpcpy311tt 

d x Bbil10JIH.ReT BeJ1H'ittHa, o6paTHo nporropu;i10HaJih

Ha.R KOacpcp11u;11eHTY TpeHl1.R (3: 

dx = mkT IP. 

llp11 cna6oM Tpemrn BbIXO.ll qacTl1UhI 113 .RMhI onpe

.n:en.11eTc.R 0,l(HOMepHOH .n:ncpqiy311eii B,llOJlh aHeprt>TH

':!eCKOH KOOp.ZJ:ttHaTbl l(t) = ~pdx' r.n:e HHTerptt~ 
poBaHne BhI110JIH.ReTc.11 no KOHTYPY rrocTO.RHHOtt 

aHeprn.11 E(p, x) = E (I -- a.n:na6arn'iecKttii ttHBaptt

aHT ,[\JI.R He3a,n.eMn¢npoBaHHOro .l(BH)l(eHH.R 'iaCTHIJ;hI 

B noTettu;naJibHOH .RMe A). B aTOM CJIY'Jae poJib 

acptjJeKTHBHoro KooqJqnn~neHTa m1cp<fiy3m1 d 1 BbI

rroJIH.ReT BeJitt'ittHa, nporioputtottaJibHaJI Koacpcpm~n

eHTy TpeHH.R 13 : 

f3kTJ di 
di= ··--:;:n- (!£ . 

KpaMepc nony•rn11 TaK.lKe ou;eHKY .l(JJ.R xapaKTeptto

ro 3naqettttR Koa¢¢mwema rpemrn j30 , pa3,1e11.11IO

mero yKa3aHHbie aCIIMIITOTIIKH: 

kT \1/2 
~ = ---. (mu" l O 2nU A 

0 J 

mvAkT 
-·· Uo- ( 12) 

311ecb H B .11.aJihHeHWE'M KpOMe ilblCOThl 6apbepa u 0 

MbI 6y11eM 11cnoJib30BaTh TaK)Ke ero .n:tt:cpcpepettu;n

aJibHbie xapaKTepUCTHKH U~ B H COOTBeTCTBYIOll(He 

HM xapaKTCpHbIC ':!aCTOThI v ~.B He3a,lleMrrcpnpoBaH

HOro .l(Btt)KeHll.R 'iaCTHIJ;bJ B6JIII311 .l(Ha .RMbl ll BepIIIH

Hbl 6apbepa: 

112 
2 (u" \ U" _ ,d U.(x~I v _ _!_ ~I 

A,B - dx2 I _ ' A,B - 27t ~ m ) 
X--X

11
,x

8 

(13) 
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B KOHe'iHOM HTOre KpaMepc noKaJa,1, 'ITO 3aBH 

CllMOCTb v o<P. T) rrpll JIKJ6bIX 3Ha'ieHHJiX BH3KOCTtt 

TaKHM o6pa3oM, TeopIDI npe;i:cKa3brnaeT neMOHOTOH· 

H)'IO 3aBlJCHMOCTb CKOpOCTll peaKUllll ( 11) OT BR3KOCT!1 

cpe.zu,1: JIIUieHHbIH pocr npeL(3KCI10HeHTbI B ( 11) np11 

MaJibIX 3Ha'ieHHRX P < Po rrepexoL(ttT a umpoKttii MaK

CHM)'M a o6nacrn:· 3HaqeHHii Po < P < 4nmv 8 . a rrptt 

L(aJibHeiilIIeM yaeJIH'ieHHH BH3KOCTH rrpeL(3KCIIOHeHTa 

y6hlBaer no 3aKOH)' v 0 = 2nmv Av 8 p-1 . OrrttcbrnaeMaJI 

aepxHeii CTpO'iKOii ¢opMyJibI ( 14) anoMamrn - yae

JIH'ieHHe CKOpOCTH peaKUHH c pocTOM BR3KOCTH cpe

L(bI - HBJIHeTcR cJieL(CTBHeM crreump11qecKoro xa-

paKTepa AH¢¢Y3HH H306pa:a<aIOill,eii TO'IKH BJIOJib 

3HepreTtt'ieCKOH KOOpL(HHaTbl. 

B 3aKJIKJ'iettHe L(attttoro pa3L(eJia o6cy AHM 6onee 

CJIO)l(Hblll AH¢¢Y3HOHHbIH rrpouecc, Jie)l(aJUHll B oc

HOBe MHOfHX KlJHeTH'IeCKllX RBJieHHH B KpHCTaJIJiax. 

B ¢tt3HKe KpHCTaJIJIOB o'!eHb qacTo B03HHKaeT tteo6-

XO.llHMOCTb OIIlJCaHIUI MaKpOCKOIIH'ieCKHX i(tt¢¢Y3H

OHHbIX IIOTOKOB, L(JIR KOTOpb!X paCCMOTpCHHblll Kpa

MepcoM 3JieMeHTapHbIH rrpouecc aKTmrnpoaaHHOru 

rrepexo,lla qacTHUbI qepe3 OTL(eJibHbIH 6apbep MHoro

KpaTHO IIOBTOpHeTCH B rrpoCTpattcTBe (A11¢¢Y3llH 

rrpHMeceii' 3JieKTpOHOB' IIOJIHpOHOB' 3JJCMCHTOB .ll.HC

JIOKaUHOHHOH JJHHHH H T.II. B rrepHOJl.H'ieCKOM IlOTeil

u11aJibHOM peJJbe¢e I<pllCTaJJJJH'ieCKOH pelIIeTI~H). B 
3THX CJJY'ia51X 3aL(a'!a 3aKJJIO'IaCTCJf B Bbl'!HCJJemrn 

MaKpOCKOIIH'leCI<Oro AH¢¢Y3HOHHOro IIOTOKa HJJH 

MaKpOCKOIIll'leCKHX cpet{HHX 3lia'!eHHH CMeui:emrn 

qaCTllUbI u = < x ) H CKOpOCTli u = ( i ) Jl.J!Jf IIOTeH

UllaJJa 

U(x) = U p(x) - f0x , (15) 

r.n.e U p(.i) = U p(x + b) - rrepHO.ll.H'!eCKHH (c rrep110-

AOM b) IIOTeHUHaJJ pelIIeTKH, a fo - rrpHJJO)l(el!Ha51 K 

qacrn:ue rrocTOHHHM CHJJa (p11c. 1,6). Onepaum1 

ycpeAHeHHR ( ... ) rro.n.pa3yMeBaeT BbI'!HcJJeHHe cpe.n.

HHX 3Ha'!eHHH COOTBeTCTBYIOJUHX BeJJH'iHH 3a apeMe

Ha, 3Ha'iHTeJibHO rrpeBbJIIIa!OlI{lle BpeMR v-1 Bb!XOL(a 

qaCTHUbI H3 OTL(eJibHoii RMbJ. Cornacuo xopowo H3-

BecTHbIM IIOJIO)l(eHHHM TeopHH timt>¢Y3HH B KpHC

TaJIJiax [ 16], MaKpOCKOIIH'!ec1mn AH¢¢Y3HOHHhIH 

IIOTOK xapaKTep113yeTCH K03¢¢nuHeHTOM rrpoCTpaH

CTBeHHOH AH¢¢Y3HH D' KOTOpblll L(J!Jf OL(HOMepHbIX 
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rrporieccoa Cfl>UaH c il.'l1rncr{ !J 11 •racTC1Toi:'i '. 3.TJe:'-i>:H 

TapHOfl) CKil'!Ka COOTHOlUCFi!Ol ;} "" f/v. Ckemrn.f! 
cKopocTb :unpcpy3ttOHHoro il!"<":'i'.j:.;c: u. n;H106pereH 
HlUl u,:acniueil rron ,\eHCTU,1\eM HOCT0J!H'1C.H OL'lbJ lo , 
B JIHHeilnoM np116.'J!1)KCHHl1 (bfn << l-<7'1 onpe,il.:CJI5H'T 

CH COOTHOIIIeHI151Ml1 3HH:UTett ,rn [ J 6, 1 'i J 

(16) 

CooTHOllieHHR (16) cnpane1urnab1 E H c;iv•i::ie Ji_e\i
CTBHR Ha '!acniuy rrepcMel!HOll BU BDeMeim Cl1.11!;.J 

f(t), eCJIH xapaKTepHa.51 'IaCroTa HJf\1CHCHl15! Cl1Jlbl 

OCTaeTCJf MaJJOH no cp;Hli!CHH!O c 'i:l".:TOTOM Jll1CJJ¢y-
3HOHHblX CKaqKQR V. 

0TMeTHM, qnJ B :Ja)la'laX paccMaTjlllB3.tM<Jro THna 

po!lb cpei-(hl, BJaHMO;J.eikTIHH'. c KOTopdl unpc;~eJ!Rt'T 
K03cp¢mu1eHT Tpemrn '!;i•.T'1l(bl µ, 11.rpaeT CCBOKV11-

HOCTb KBa311qacnn1 Kpm:T.'l.'!Jia (cpoHOll0''' ";,k;(TpO

HOB rrpOBO,llHMOCTH 11 T.n.), KCilC'phlC »ma!OTC.'! 

Ha L(l1cp¢yHJJ:HpyIOu(eH •rncnve !:ill' , Cc'Hi.\0'1aCTl!UC. 

B JiaJibHettllieM <JTO TpeHHe 6y ner>< i' ,_3HBa 1 b .'.(•lllTMli 

qecKHM (HJIH Tpem-1eM nepuoro ;;'"'''",:;Ka./ Bt-teC"' c 

TeM 113 COOTH0lll<'HHi1 ( 16) Bl1[U!O, '-iTO ycraHOfH!a

lUHlic.H LUlcptj1y:mO!!HbI}J npd\tp 'IaCT!1l~bJ !l KPHCfaoI· 

:m'leCKOM pe.l!bCGJt non 1<e1\c·rn11eM nonom:1rnii 
CHJlbl lo raK)!(t' ¢o\,M2.'JbHO '1KUl1BaJH='HTCH et' ,'.\Bl1.'Ki.> 

mno B BHJKOH cpcJJt' c KO'->•P¢111\H•: HTO~l T;)l.h!IJ! f)d . 

3To TPCHIH' OTIHCb1BaeT peaJlt.Hyh1 ;,:'.CCiii:c.:J.lliQ 'v!e

xaHH'H~CKOH :mepnrn 'laCThU.bl r.onpon.:1>K.'J.u1t".-

1UYKJ npOllt'CC CJJV'l.3.i!Hl.lX ;uzrn1H1pou;.!1HbL( 6:1y)K

L(aHHH B pewerne: Ti!KO(; -rp('JHIC MQ)f()JI) l!a3BaTb 

t{H¢cpy:mOHHb1M (11m~ TpCHH('"l RTnporo nor :.:;~Ka). 
<DopMyJlhl (11), (14) H fttl) orrncr,rna10T CB>Ub Me/K· 

11.Y tincpcj:Jy:moHHbJM P,
1 

ii IlHHaMw1ecK11~1 P Tpem1e1'1 

'IaCHHlbl: 

TaKa.q CBR3b ,,>::0µ1El3H.l 1m?t: Pp11 ::1ucTam'IH0 (JO.'lb· 

moii BC.TIH'!HHe .'llU!c\Mll'!('(k,oJ' !JS'.'lKOCi'H ~d np01(:,p

IJ;HOHaJibH0 ~. TOI',J,a Kar< ., npDTVCHG!U. 1:1:-l{H,lM npe

JICJlbHOM c.i!Y'!af' pd n6pm HO n;)(nop1n1011am-.<1•1 !3; 



5poyH.o6cKoe oeuJKeH.ue 'lacmu~w 'lepe3 nomeH~UaJlb'HbtU 6apt>ep a 6R3K01i cpede 

MO)!(HO yKa.3aTb TaK)!(e 6oJiblIIOH HHTepBaJI 3HaqeHHH 

p, J{Jl.11 KOTOpblX Vo= v A H pd npaKTHqecKH He 3aBH

CHT OT Bemi:qHHbl p. CJieAyeT o6paTHTb BHHMaHHe Ha 

KaqecTBeHHO pa3JIHqHbIH xapaKTep TeMneparypHbIX 

3aBHCHMOCTeH AHHaMHqecKOH Pen H AHCpcpy3HOHHOH 

Pd<n B.113KOCTH. KaK npaBHJIO, P<n y6bIBaeT c no

HmKeHHeM TeMnepaTypbl: cpoHOHHa.11 BR3KOCTb -

BCJieACTBHe IlOHH)KeHH.11 IlJIOTHOCTH TeilJIOBblX cpoHO

HOB; 3JieKTpOHHa.ll BR3KOCTb B CBepxnpOBOAHHKe -

BCJieACTBHe KynepOBCKoro cnapHBaHHR 3JieKTpOHOB. 

B npoTHBOilOJIO)!(HOCTb 3TOMY Pin, COrJiaCHO ( 17)' 
npH IlOHH)l(eHHH TeMneparypbl 3KCilOHeHUHaJibHO 

B03pacTaeT' H TeMneparypHa.11 3aBHCHMOCTb P<n 
MO)!(eT TOJlbKO OCJia6HTb HJIH ycHJIHTb 3TO B03pacTa

HHe. 

2. I;IHK KpaMepa-Bayspa 

IlpH 3KcnepHMeHTaJibHOM H3yqeHHH aKYCTHqecKHX 

CBOHCTB HH06H.ll B o6JiaCTH TeMneparyp )l(~Koro 

reJIH.11 cHaqaJia KpaMep H 6ay3p [10], a 3aTeM H PRA 

Apyrnx HCCJieAOBaTeJieH [ 11-1 s] Ha6JIIOAaJIH IlHK 

nornomeHHR peJiaKcauHoHHoro THna (pHc. 2). B 
3KCnepHMeHTaX 6bIJI HCilOJlb30BaH AOBOJlbHO IIIHpo

KHH AHana3oH 3BYKOBblX H YJibTpa3BYKOBbIX qacToT 

OT 2·104 AO 7·107 fu H OTMeqeHO CHCTeMaTHqecKoe 

CMemeHHe TeMneparypbl IlHKa T p B CTOpOHY Bbl

COKHX TeMneparyp npH yseJIHqeHHH qacTOTbl KOJie-

6aHHH (cM. Ta6JIHUy). 

lfacrnrnaH 3as11CHMOCTb TeMnepaTypbl n11Ka KpaMepa - Eayapa 

H HOpMallbHOM 11 csepxnpoBOl\HlUCM COCTOHHMHX 

KpyrosaH qac- TeMnepaTypa n11Ka TP , K 

TOTa KOJJe6a- l1CTO'IHl1K 

tt11l! co, c-1 n-COCTOHHMe S-COCTOllHMe 

1,3105 - 2,62 [13) 

4,6·105 - 3,14 [13) 

5,0·105 2,08 3,24 [10) 

5,3·105 2,05 3,15 [14,15) 

1,5· 106 2,37 3,75 [10) 

6,3·107 - 6,3 [11) 

1,9·108 4,7 7 [12) 

1,9108 - 7,15 [11) 

3, 1108 - 7,5 [11) 

4,4·108 - 7,8 [11) 

OcttOBHbie H3MepettH.ll BbUIOJIH.llJIHCb Ha 06pa3uax, 

HaXOJVIIUHXC.11 B csepxnpoBOA.llIUeM COCTO.llHHH, TaK 

KaK BO Bcex CJiyqa.11x IlHK JIOKaJIH30BaJIC.ll HH)l(e 

Tc= 9,3 K. B tteKoTopbIX cJiyqa.11x B npouecce 

¢111s11Ka Hl13Kl1X TeMnepaiyp, 1997, T. 23, N2 11 
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Puc. 2. H113KOTeMnepa1ypttb1e n11K11 aKycTw1ecKoll pe11aKcau1111 e 

Hl1001111 B HOpMaJJbHOM <•) 11 csepxnpOBOl\lllUCM (0) COCTOH· 

HMHX np11 pa3JJM'IHbtX qaCTuTax y11bTpa3syKa no l\al!HbtM 

[10,12,15). 

H3MepeHHH06pa3Ubl nepeBOAJI.IIHCb B HOpMaJibHOe 

COCTO.llHHe [ 10, 12, 14, 15] Ha.'!O)l(eHHeM MarHHTHOro 

noJIR 3aKpHTHqecKoH seJIHqHJibI H > H c2 = 5 K3, 
qTo npHBOAHJIO K CMemeHHIO IlHKa B CTOpoHy HH3KHX 

TeMnepaTyp (pHc. 2, Ta61mua). Ham11.meM rrHKa H 

ero peaKuHeH Ha CBepxnpoBO.[(.llIUHH rrepexo.a MO)!(HO 

TaK)l(e o6b.llCHHTb [ 18] aHOMaJIHH rro,1eBb!X 3aBHCH

MOCTeH aKyCTHqecKoro norJIOIUeHH.11 B HH06Iitt B CMe

IIIaHHOM COCTO.llHHII nptt He! < H < Hc2 , KOTOpbie 

6b!JIH 3apernCTpHpOBaHbI B pa6oTax [ 18-21]. 
B pa6oTax [ 10-1 S] tta6JIIOAaJiocb BJIH.llHHe tta rrttK 

He TOJlbKO CBepxnpOBOll..llIUero nepexo,'(a, HO H p.11Aa 

Apyrnx cpaKTOpOB, xapaKTepH3YIOIUHX KaK CTpyK

Typttoe COCTO.llHHe o6pa3UOB (MOHOKpHCTaJIJibl, rro

JIHKpHCTaJIJibl, pa3Mep 3eptta, rrpHMeCHb!H COCTaB, 

rrpeABapHTeJibHa.11 rrJiacT11qecKa.11 n.ecpopMaumi), TaK 

H ycJIOBH.11 3KcrrepttMeHTa (cKopoCTb oxJia)!(iremI.11 

o6pa3UOB AO reJIHeBbIX TeMnepaTyp). B pe3y Jib Ta Te 
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Puc. 3. l{11cJI0Kau11otttta.H MO/leJJb (15]. npHBJJeKaeMllll /lll.H 11tt

Tepnperau1111 n11Ka KpaMepa - 5ay:.ipa: pauH'lHhie Komjmrypa

UHH JlHCJIOKauHOHHOH JIHHHH (--). pacnoJIOJKeHHOH B peJibecj>e 

flaliepJica nepeoro pona llO (a), eo epeM.H (6) H nocJie 6bICTporo 

OXJiaJKlleHIUI o6p33UOB (B); (- - -) - MllHHMYMbl peJibecj>a; 

x - y3JibI n11cnoKau11ottHoil cerK11; • - np11Mecttb1e aTOMbI. 

0606memu1 3KerrepHMeHTaJibHbIX Ha6moi:teHHH B pa-

6oTe aBrnpoB [ 15] OTMe'leHbI eJiei:ty10mwe Haw6oJiee 

eymeeTBeHiibie oeo6eHHOeTH aKyeTH'leeKOH peJiaKea

UHH B HH06HH rrpH reJIHeBbIX TCMIIepaTypax: 

- Bee rrepe'IHeJieHHbie B Ta6Jiwue IIHKH rror Jiome

HH.H HMeIOT ei:tHHYIO cj:JH3H'1eeKy10 rrpwpoi:ty H o6y

eJIOBJieHbl i:teHCTBHeM B o6pa3uax HHo6Jrn eHCTeMbl 

OLlHOTHIIHblX TepMH'leeKH aKTHBHpOBaHHblX peJiaKea

TOpoB; 

- JIHHeHHbIH OTKJIHK peJiaKeaTopoB Ha aKyCTH'lee

KOe B036y)i(JleHHe o6pa3UOB COOTBeTeTByeT MOLteJIH 

CTaHi:tapTHOro JIHHeHHoro TeJia e O,lJ;HOH xapaKTepHOH 

qacTOTOH peJiaKeauww; 

- TeMrreparypHa.H 3aBHeHMOeTb xapaKTepHOH qae

TOTbl peJiaKeal.(HH Ka'leeTBeHHO OIIHebIBaeTe.H eOOT

HOIIIeHHeM AppeHwyca ( 11), a 3MIIHpH'leeKHe 3Ha'le

HH.H rrapaMeTpOB, BXOLt.HIUHX B 3TO COOTHOllleHHe, 

HMeIOT BeJIH'IHHbl rrop.RLtKa u 0 - (2-3)· 10-3 3B H 

v - 101°-10 11 ct. 
0 ' 
- rrepeXOLl o6pa3UOB H3 HOpMaJibHOrO B CBepx-

rrpoBOLt.Hmee eoeTO.RHHe rrpHBOLtHT K 3Ha'IHTeJibHOMY 

yMeHbllleHHIO qaeTOTbl peJiaKeauwH, 'ITO cj:JopMaJibHO 

3KBHBaJieHTHO yBeJIH'leHHIO 3Heprww aKTHBaUHH Ha 

BeJIH'IHHy o U 
0 

- 1.10-3 3 B; 

- peJiaKCaTopbI, OTBeTeTBeHHbie 3a rrHK KpaMepa -

Eay3pa, rro.RBJI.HIOTC.R n o6pa3uax B pe3yJibTaTe i:teli

eTBH.R TepMoyrrpyrnx Harrp.H)l(eHHH rrpH 6bieTpOM 

OXJia)l(LteHHH; rrpH Mei:tJieHHOM OXJia)l(,AeHHH IIHK OT

cyreTByeT; 

- yseJIH'leHHe KOIIl.(eHTpaUHH rrpHMeeeli B o6pa3-

uax erroeo6eTByeT HaKorrJieHHIO peJiaKcaTopoB rrpw 

6bieTpOM OXJia)l(,AeHHH. 

KpHTH'leeKH o6cy.AHB Bee Bepo.HTHbie MexaHH3MbI 

IIO.HBJieHH.H rrepe'IHeJieHHblX BbIWe oeo6eHHOCTeii:, 

Mb! rrpei:tJIO)l(HJIH B pa60Te [ 15] ,lJ;JI.H HX o6b.HeHeHH.H 

rrpoeTylO LtHeJIOKal.(HOHHYIO MO,lJ;eJib. 3Ta MO,AeJib 6a-

3HpyeTe.H Ha 3JieKTpOHHOMHKpOeKOIIH'leCKHX ,AaHHbIX 
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Puc. 4. flepertt6h1 (Kl1HKH) ua .:1~cno1<a.m-r,rnH{1'~ :iii.Hl·H rh' !'4u.:v·· 

JIH [15}: OTJl,CJlbHhlH KHHK H i:.'.i'O rcoMr-·:·pir·h'C"Hr" xap2K"'f'fl.1VTi-f 

KH (a); peJibe¢ I1ailep11ca llrnporo po1~a .1"'' K1<11Ka (6\. 11'.'!liJ'• 

Ka KHHKOB, orpattl!'{eHH38 iipHMCCHb!MH :JT•JMa~m (0) (o) 

o .n;weJIOKaUHOHHoii cTp)'hTVpe UUK >,,fe'r: •. 1.TIOB [2~. 

Ha H3BCCTHblX B TeopHH J\Hl'.':(JK<lllHli Hpe;JCT3BJ1ettH

.HX 0 LtHeJIOKal.(HOHHblX rrepern(lax ( KHHKax) H HX 

,AHHaMH'leeKHX CBOHeTnax r 3 ,1. 91, a T:iK>Ke Ha ne· 

3Y JibTaTaX KOMIIblOTep1mro 1'-iO;Iec!M pc• Pd,, ~u; -~RlDKf-· 

HH.H OTLteJibHoro KHHKa B 0 UK MeTa:1Jlax •iepe:i 

6apbepb1 Ilaiiep11ea BToporo pon;a [ 22 l. Oc WJRH hre 

IlOJIO)l(eHH.H MO,AeJIH HJl.ITJOCTPHPY!OTCH pm~ :? H 4. 
Ilpe.n;noJiaraeTOJ' '!TO B HCXO['(HhlX o6Daai: l' :.:»iH!)'I 

HMCeTe.H eeTKa BHHTOBblX itl':• ... 10K3.\';· .• .:HCt'tMl>' 

eKOJib)l(CHH.H (111)\Qt ·q, COCTO:rnt:tE :I.; 'lµ<IMOJTV.Hldi

Hb!X eerMeHTOB L N . Jie)l(auu1x B ···'. :c,max pc·,1ntcqli, 
IIall:epJica nepsaro pom (p11c. 3,r- n~)~' t1h!C'Tp0M 

oxJia)l(,ACHHH o6pa3r~a TepMoynpyn1c Ha!"Ii!JDKeliiHl 

BbirH6alOT cerMeHTbl MCJK.D:Y .Y3JJa;-:g CeTKH H o6pa3V

IOT Ha HHX ettcTeMy KHHKOB (Pl'( J ,() ffoc.'lt: c: ;i 
6HJIH3al.(HH TeMrrepaTypbl TepMOVDDyTW' HaTip.ll)f(f'.

HH.R HC'le3a!OT, HO l<Y!Hl\H Ha 1lHC.;1(,;(:-llUl5!X OCTaKJTGi 

6JiaroLtap.i:i TOpM03.HIUeMv IJeJ:k mmo n pk<Mecei:J.. 

rrpen.i:iTeTBYIOlUIIX B03BpaTy cerMci'.1\.:L r\ Jtc: O;"(HhlM 

rrp.HMOJIHHeHHbIM Kottqmrypa;·.mir.i Cmc :La I. [[0:1. 

,AetteTBHeM MaJibIX nepcMt>.l!Hbl:X ~\<:Xa!-'l1"!"('KHX Ha

rrp.H)l(eHUH, eorrpoBO)!(J(a1011inx :rnyxoh Lie Ko.,ie6amrn 

06pa3ua, Kl1HK11 nepew:IIlafOTCR Bll,OJ!b .'\llC.TlOK:11\Hl1, 

npeo,nOJieBa.R bapbCfJbI pe.rmeqJa Dat\ep.i!Ca RTOpOrn 

poLta U p(x) (puc. 4 ,6 ) . BK.~·'.Vl crpaHH'H:lHJbIX np~· · 
MeeHbIMH aTOMaMH u.en•J'IeK Kl1HKOL L 1 ( puc 4 ,R) ~ 

OTKJIHK o6pa3ua Ha 3!J)'KPBOe B0:~6yn:..~eliHt' rrp•~ n:'
pe,AeJieHHb!X ycJIOBH.HX np1106peT:ier pe:Jcrn;rncnHt'i 

xapaKTep, '{TO H RBJJ:1CTUl lii-)W-!i;}l\Jii no.qlJJ" mm 

ITH Ka nor JIOIUCHHJL <Dcip"ta rnrna H (;'(; :JOJJO:l.:t:!H!C 

Ha OCH TeMneparyp onµe~1e.1;~JOTC'4 ll'>!i:~-'P(1Typhoii 3C:i
BHeHMOCTblO IIO)J:BH:>KHl'1("i'l1 KHHKOB f; ;;e.'i!1('ctw L'o:,x) 



5 poy11.oecKoe iU!u)llCeHue 'lacmUl.{bt 'lepe3 nomeHt-4W2.!lb1tblU 6a~~ ~~=~~~ ... ~'.~~,)~'.- __ ----
3. lfaawm~ejicTBHe 3BYKOBhlX KOJ1e6amdi c 

.l(HCJIOKa~HOHHblMH KllHKaMH 

0TJ{C.1hHbIH KHHK, coe,nHHRKHUHH ,ll;Ba npHMO.rrn -

i:ciittbIX Y'laCTKa JI,HCJJ01<al{HOHHOH JIHHlHL p::1crro110-

:.11:eHHhIX n coce.li,HHX ,noJIHHax peJJhetjl<i HailepJica 

( pac. 4 ,a), xapaKTepH3yeTC>I umpHHOH Ak H a¢¢eK

THBHott Maccoi1 mk _ B npocwifweM cJiyqae cimyco

;.i;1a.1bttoro penI>ecpa aTH seJIHtmHh! onpe.nemnoTc.i:t 

¢opMy;1aMH [2:.$] 

(18) 

f'Jl(_' c H M - COOTBeTCTBeHHO JIHHeHHaR TIJJOTHOCTb 

co6crneHHOH 3HeprnH u scp<tieKTHBHOH MaCCbJ JJ;HCJIO

Ka1um; Gp --- ttanpR:>1<em1e IIaii:epJica; a - nepHO.ll 

peHbecpa natiep-.n:ca; b --- BCJIH'IHlia BCKTOpa Erop

repca .UHCJIOKal(Hll. 0,nHOMepHOe JJ.BH:>KCHHe KHHKa 

B,U0.1b Bep1!1!1Hbl pe.-:he¢a {ocb x Ha pHC. 4,a) 3KBH

BaJICHTHO j],BH:>KeHHIO 'laCTHUbI c Maccoil mk ' ecJIH B 

Ka'iecrne Koop,nHHaThI TaKott rrces,noqacTHU:hI BhI6-

paTh KOop;:u.rnaTy u:eHTpa KHHKa xk . l{BH)l<eHHe 

KHHKa rrpOHCXOJJ.HT B rrepHOJJ.H'leCKOM IlOTeHI{HaJie 

peJibeqia IlailepJica BTOporo poaa U p(X) = 
= U 0 (x + b) (puc. 4,6), a rrpH Ha.n:wnm B ITJICCKocrn 

CKO~b)!(eHlU! j],HCJIOKaU:HH C,ll:BlffOBOro HarrpR:>KeHHR 

a(x' t) ITOJIHaR !10TCHU:Ha.1hHaR 3HeprHR KHHKa 

HMeeT Bii.Li, 

Up(x, t) = Up(x)- ab f cr(x, t)dx. (19) 

Pam:, cpCL(bI-TepMOCTaTa, B KOTOpOH rrpOHCXOJJ.UT 

.ll:BH)!(e!H!". KllHKa, 11rpaeT CHC1eMa 3JJeKTpOHOB rrpo

BO/(¥L•!OCTH H CHCTCMa TeITJJOBblX cpoHOHOB. PacceJ!

HHe 3JieKTpOHOB H ¢oHOHOB Ha KHHKe, JJ;BmKymeMCR 

r !10CTOHHHOH cpe,ilHeH CKOpOCTbIO Xk = Vk =Const, 

npHBO/~HT K ITOJIBJJeHHJO CHJibI BR3KOro TpeHHR p v k 

f 4-·6], a KD3¢cpHl1HeHT TpeHirn COCTOH1' 113 cyMMbI 

3.'ICKTpOHHOH H ¢miOHHOH KOMilOIIeHT. 

PaccMOTpHM B3aHMoae:il:cTsHe aKycTtt'lecKoro noJrn 

c onreJihHOtt ueno·11<oil KHHKOB Li , orpattwieHHOtt 

np11MeCHbIMl1 aTOMaMH (pHC. 4,6). Ilpu .UOCTaTO'iHO 

6oJibll10H ;lJIHHe HCXO.UHOro cerMeHTa L N H He 

CJ!MWKOM 6oJJb!IJHX KOHUCHTparurnx npHMecen 

b iJ << c << b/A cerMeHTLI L. 6y.uyT coaep)!(aTb 
I '1Y l -

60J1t1noe q11cJro Ni KHHKOB, pa3JJ.eJieHHhIX rrpRMOJIH-

HeiiHblMH y'!ar:TKaMH l = L/Ni + 1 >> A.k . KttHKH 

!l:iaHMOJ~eHCTBYIOT Me)!(/\Y co6oil nocpe.l(CTBOM n;aJib

HOJ].ettcTBy!OllWX CHJ; Ky JJOHOBCKOro THna [ 3], no

CJTO MY B OTCYTCTBHe HanpR:>KeHHH (a= 0) OHH 

06pa3y10T 3KBHJ],HCTaHTHhie U:eITO'IKJf Xn = nf 
( n = 1, 2. .. . , Ni ) . EcJTtt B 0611acTtt pacrroJIO)!(eHJrn 

](C!!O'iKH .n:el1cTByeT CJJ;BHf"ODM KOMmmeHTa ttarrpR-

¢vt3vtKa H'13KlllX TeMnepaTyp, 1997, r. 23, N2 11 

:>KeHHR aK)'CTI!"t.fecK••m no.11?. cr(:r t) = ao'x) exp (irot) 
(ro -- Kpyroaa.H ·~anon x.oJie6am1iO c :.10cTaTO'IHO 

MaJIOH a.'fmurrynoil ab2k.;0i << , TO u;e110•1Ka 6yn;eT 

COilf:pillaTb MaJibie l:!h1i!Y)i¥(eHJfolC K•)Jie:5anID!. npH KO

TOpb!X OTll,CJ!bHbm K'lH!'. ,: 110:v.ep<'lM n ll,Htj:Ki•VHJJ;Hpye:r 

B pe.n:i,e¢e ( 19)' .,·MeWaJiCb H3 '" JJlO)!(emrn paBHOBecIDI 

x" Ha BeJIH'HHf'j µ:;~ -- \' .. ) ;> b 
B ycJWBWLx r•>>.;1 nH;jf'tJ A<cnefmMeHTa 

(J) $; 108 .cl << v A 'i .:.i.~'.!Ha :1'!Vi:(OBOH BOJ!Hbl 

27tS/W ?. 10-2 01 >> L, (s CKOpunb :rnyi<a). 3rn 
HepaBerlCTRa Il03BOJL;\i0'l C'JHT,ff!_. Hanp.si)K.eHHe <Jo 
o,z:uwpoJJ;HblM Ha .'.(JJ!1Ee !.; f!o4 JldiLTBHCM OJJ;HO

pOJJ;HOH H Me,ilJ!CfiJ:f() 11;,MeHHKJlll;CHC.H BO BpeMeHH 

CHJlbI fa o= abao exp (iwt) OT,l(CJl!>HbIC KHHKH 6yn;yT 

COBepruaTb JUt<lis.Py:~JHJHHbIH ,llpeilrp B peJibecpe 

U p(x), o6cy:>K.,llCHHhlH B KOHUe pas.u. 1. llm:i ormca

mu1 TaKoro ..:lBH)KeHttR y.llo6Ho HOJfo30BaTbCJ! cpen;

IUfMH CMemeHJUIMM un(t) = <.;-kn ) -· x n , KOTOphie 

y,noBJieTBop,1:noT ttepaneHCT!JaM max lunl >> b H 

Ju - u,I << l. IlpH .n.mp¢y3HOHHOM ABH:>KeHHH 
n+l ,l .. 2 

KHHKa cpe.nmrn: •:HJ!a mwpr{HH mkun - mkro un rrpe-

tte6pe)l(HMO Malla 110 cpaBLeHmO c CHJTOH AH<li¢Y3H

OHHOro Tpemrn Pi1n - (uf3dun (mkco << Pd) , IT03-

TOMY KOJIJieKTHBHOe llBH)Kemie uenO'iKH KHHKOB 

onpen;eJIReTc>I 6anattcoM nm TpeHHR Pdun . CHJI B3a

HMo.neilcTBHM Me)!(:,ny I<HHKaMH frm' H llBH:>Kymeii 

CHJJbl / 0 : 

(20) 

B MOHorpa¢1m [31 ;J(h112:.;.rno, 'ITO rrpH MaJibIX KoJie-

6aHHRX u:enO<tKH 6oJihill0fO 'mc.na Ni KHHKOB CHJIY 

L f nn' MO:>KHO arrnpoKCHMl1P<-•BaTb Bbipa)l(eHHeM 

n' 

n' 

r,ne Ck - ::itt>¢eKTHBHOe JIJfHCllliOe HaTSUKeHHe l{eITO'l

KH KHHKOB (no rropP..n;Ky BCcUl'-IHHbl 2Ck - 2C - Gb2, 
rae G -- Mo;i:y11n cn.imra). C ne;r-:·naTeJibHO, t{eno'iKa 

KHHKOB nnJI. ,nefi~'TBHCM ne},1CMt'HHOro Hdnp>DKeHHR 

COBepmaeT BbJHY)K)l.CHHble KOJ!e6am1>'!. 3KBHBaJieHT

Hhle KOJie6aHHRM CHJlLHO 3a.AeMmpapOilaHHOro oc

HHJIJIRTOpa: 

,., r, [cl( • r " ~ )2 iwt Vr)'-' ,1' ; '\" l e ' 
u (t) =-'--. _:__. ___ , - ' (21) 

11 1t2ac 1 + irot · · k dz 

B dt3(J\I i + 1 )2 

r:di = ---;..2~2c~-

c I10MOl1~bl0 Bbipa:KeHHR ( 21 ) JltTKO Bbl'IHCJIHTb 

:=meprHJO &Ji , ,n:w;nm11pyeMyJO t;enO'IKOtt KHHKOB Li 
3a nepMO/l KOJJetiamiii 2'.1' 1w: 
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N 2tt/ro 

wi = :i I dt Ref a(t) Re un(t) = 
n=t 0 

OYtdi 
= -------- ---~.-

1 + (J)2't~ i . 

(22) 

B peaJibHbIX 06pa3uax napaMerpb1 Ni H l .HBJUl

KlTC.H cnyqaiiHbIMH BeJJH'IHHaMH. BBe.neM cpe.a.Hee 

'IHCJIO .UHCJIOKal.{HOHHblX KHHKOB B e.UHHH'-le o6'beMa 

pk H 6e3pa3MepHbiii rrapaMeTp 

l 3 [ L~ l 1C = (-) (N. + 1 )2 = 3 i ' 
a 1 a (Ni+ 1) 

(23) 

r.ue qepTa 03Ha'laeT cTaTHCTH'leCKOe ycpe.a.HeHHe no 

aHCaM6JIKJ KHHKOB. KpoMe Toro, B o6pa3Ue HMee'fC.H 

HeCKOJibKO 3KBHBaJieHTHblX CHCTeM CKOJlb)KeHH.H, co

.uep)Kall.{HX .UHCJIOKaUHH paccMaTpHBaeMoro rnna, H 

.UJI.H xapaKTepHCTHKH HX B3aHMo.ueiiCTBH.H c OT.UeJib

HOH Mo.noii ynpyrHx Kone6aHHii o6pa3ua Heo6xo.a.H

Mo BBecrn cpe.UHHH opHeHTal.{HOHHblH cpaKTOp x. 
orrpe.uen.HeMbIH COOTHOIIIeHHeM 2W oMeX = crfi ' r.ue 

Me - MO.UY Jib ynpyroCTH' COOTBeTCTBYKlIUHH pac

CMaTpHBaeMOH MO.Ue KOJie6aHHH' a w 0 - cpe.UH.H.H 

no rreptto.ny IIJIOTHOCTb ::iHeprHH Kone6aHHii. BbI'IHC

JJ.H.H c noMOlUbKl (22) cpe.UHKJKl 3HeprnKl, .UHCCH

IIHpyeMyKJ B e.nttuHue o6'beMa 06pa3ua, nonyqaeM 

cne.nyKJmee Bbipa)KeHHe .UJI.H norapHcpMH'lecKoro 

.ueKpeMeHTa OT.UeJibHOH MO.Ubl KOJie6aHHii: 

(24) 

IlpH 3anHCH Bblpa)KeHH.H .UJJ.H BpeMeHH peJiaKCal.{HH 

'td Mbl BOCIIOJ!b30BaJIHCb cpopMynoii ( 17) .UJI.H K03cp

cpHUHeHTa .UHcpcpy3HOHHOfO TpeHH.H 13d . 
<DopMy JJbI (24) H (25) .uaKJT ~cqepnbIBaKJmee onH

cami:e BKJJa.ua .UHCJIOKal.{HOHHbIX KHHKOB BO BHyTpeH

Hee TpeHHe 06pa3ua. B ::irn cpopMy JibI BXOMT napa

MeTpbI pk H 1C , xapaKTepH3YKJIUHe pacrrpe.neneHHe 

KHHKOB B o6'beMe o6pa31.{a, H napaMeTpbI u 0 H 

v 0(13, n, xapaKTepH3YKlIUHe B3aHMO.UeHCTBHe OT.UeJib

HOfO .KHHKa c penbecpoM IlaH:epnca BToporo po.a.a H 

KBa3H'lacTHU.aMH fa.rieKTpoHaMH H cpoHOHaMH). Ha 

TeMneparypHOH 3aBHCHMOCTH .ueKpeMeHTa &.n B03-
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MO)KHO nO.llBJJeHHe IIHKOB, paCIIOJIO:>KeHHbIX B TO'IKax 

TeMnepaTypHoii IIIKaJibI TP(ro), onpe.n:enHeMbIX ypan

HeHHeM 

(26) 

B Tex cny'la.HX, Kor.a.a qmrypHpyKJma.H B cpopMyne 

(25) 'laCTOTa Vo(l3, n cymecTBeHHO 3aBHCHT OT KO

;:icpcpHUHeHTa .UHHaMH'leCKoro TpeHHH KHHKOB 13, no

JIO)l(eHHe nttKOB nor nomettm1 Ha OCH TeMrreparyp T P 

TaK)l(e CTaHOBHTCfl 'IYBCTBHTeJibHbIM K BeJJl1'1HHe KO

::icpcpHUHeHTa 13 H xapaKTepy ero TeMnepaTypHoii 3a

BHCHMOCTIL 

4. Teopn.H H aKcnepHMeIIT 

CornacHo pe3yJibTaTaM KOMIIbKJTepHoro Mo.n;enttpo

aaHH.H .UBH)l(eHH.H KHHKa Ha BHHTOBOH AHCJIOKaUHH 

CHCTeMbI CKOJib)l(eHH.H (111) .\011\ B OUK MeTannax, 

xapaKTepHbie 3Ha'leHH.H 6apbepoa Ilaiiepnca aroporo 

po.a.a U0 HMeKJT BeJJH'IHHY nop.H.UKa 10-3 3B [22]. 
IlpH TaKHX 3Ha'leHH.HX 3HeprHH aKTHBal.{HH H pa3yM

HblX 3Ha'leHH.HX napaMeTpOB, BXO.U.HlllHX B IIOKa3a

TeJib npe.n::iKcnoHeHTbl B cpopMyne (25), f!J.l:K Ha 

TeMnepaTypHOH 3aBHCHMOCTH .ueKpeMeHTa (24) no

na.uaeT B o6nacTb renHeBbIX TeMnepaTyp. BhICOTa 

nHKa 

:x,M b2a3Kp 
o = o(T ) = e k (27) 

m P 21tCk 

nponoputtoHaJJbHa napaMeTpaM 1C H Ph , xapaKrepH-

3YKllllHM pacrrpe.n:eneHHe KHHKOB B o6pa3U.e. TaKHM 

o~pa30M, ccpopMyJIHpOBaHHa.H B paJJI.. 2 MO,/leJJb l1 

COOTBeTCTBYKlIUHe eii cpopMyJJbl .(24) H (25) .uaKJT 

Ka'leCTBeHHOe on11caHHe 6oJibIIIHHCTBa CBOHCTB IIHKa 

KpaMepa- Bay::ipa, nepe'IHCJieHHbIX B 3TOM pa3,llene . 

.llonOJIHHTeJibHOro aHaJIH3a Tpe6yeT TOJ!bKO ::icpcpeKT 

cMememrn nHKa npH caepxnpoBO.U.HmeM nepexo,lle. 

B pa6oTe [ 15], attaJIH3ttpyH ypaBHeHHe (26), CB.H-

3bIBaKJmee TeMneparypy nHKa TP c 'lacroroii KOne6a

HHii (J), Mbl C'IHTaJIH 3aBHCHMOCTb BpeMeHH pe.'laKca-

1.{HH 'td OT K03cpcpHUHeHTa .UHHaMH'ieCKOro TpettH.H 13 
HecymecTBettttoii H B cpopMyne (25) nonaraJIH 

v 0 = v A . B noM cnyqae ypaaHeHHe (26) MO:>KHO 

3anHcaTb B BH,/le 

Uo 
In roT P = -In a - 1if-:. , 

p 
(28) 

(29) 

CpaatteHHe 3KcnepHMeHTaJJbHbIX ,llaHHbIX, npHBe,/lett

HbIX B Ta6JJHI.{e, c cpopMynoii (28) f!OKa3atto Ha 

pHC. 5 . .llJI.H HOpMaJJbHOro (n) COCTO.l!HH.H IIOJIO:>Ke-

ct>1113111Ka H1!13K111x TeMneparyp, 1997, T. 23, N2 11 
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Puc. 5. ConocrnaJie1me 3KcnepHMCHTaJihHhIX .natttthIX (cM. Ta6-

1111uy) rro qacrnrnoii 3aBHCHMOCTH TeMneparyph1 nHKa Kpar.ie

pa -5ay:ipa Tp<w> c COOTHOllICHHCM (28) (15]. 

Htte rr.11Ka Ha oc.11 TeMrrepaTyp xoporno corJiacyeTCH c 

cpopMyJIOH (28), HO ,llJIH CBepxrrpoBO,llHUlero (s) co

CT0jj'H.11jj' TaKoe corJiac.11e xy)f(e. KpoMe Toro, HaKJIO

HbI rrpjj'MbIX ,llJljj' HOpMaJibHoro H CBepxnpoBOMUlero 

COCT0jj'HJ1H cymecTBeHHO OT JIH'laIOTCjj'' '!TO B paMKax 

rrpHHjj'TbIX npe.llITOJIO)f(eHHH 03Ha'!aeT BJIH.~IHHe 

cBepxnpoBO.ll"lllero nepexoti:a Ha BbICOTY 6apbe

poB IIaii:epJica .llJI" KHHKOB: Uon = 2,15 MaB, 

U0s = 3,23 MaB. 

B HaCTOJillleif pa60Te MbI o6cy.llHM ti:pyryIO aoa

MO)f(HOCTb o6bjj'CHemrn: BJ!lfjj'Hlfjj' CBepxnpoBO.ll"lllero 

rrepexoti:a Ha ITHK KpaMepa - Eayapa, ocHoBaHHYIO 

Ha aHaJIH3e 3aBHCHMOCTH '!aCTOTbl v0(13, n B ¢opMy

Jie (25) OT Koacp¢m:i;HeHTa 3JieKTpOHHOro TpeHH.H 

Ki1HKOB' KOTOpblH pe3KO yMeHbillaeTC.H npH TaKOM 

nepexoti:e [ 5]. Cor JiaCHO BbIBO,llaM KpaMepca, no"B

JiettHe cymecrneHHOH aaBHCHMOCTH qacTOTbI v0(B, T) 
or Koa¢¢m.(11eHTa B B03MO)f(HO TOJibKO npH Bb!IlOJI

Hemm orrpeti:eJieHHblX HepaBeHCTB Me)f(,lly BeJIH'IHHa

Ml1 K03¢cpmu1ettTa ,llHHaMH'ieCKOro TpeHH.H ~. MaCCbl 

Kl1HKa mk H rrapaMeTpOB peJibecpa u P(x) (CM. cpopMy

Jiy ( 14)). L{Jijj' noJiy'ieHlfjj' noJiyKOJIH'!eCTBeHHbIX 

oueHOK npe,llITOJIO)f(HM, 'iTO peJibe¢ u p(X) HMeeT 

CHi1ycoH,llaJibHYIO ¢opMy 

Uo ( 21t ) u p(X) = T 1 - cos b x ' (30) 

a B Ka'lecrne ou:eHKH ,llJI.H BbICOTbl 6apbepoB B03bMeM 

3Ha'iemu1 peJibecpa U0 - (2-3)·10-3 aB, noJiyqett

Hb1e H3 pnc. 5. BocnoJihayeMCJI CTaH.llapTHbIMH 

Ol{eHKaMH KOHTHHyaJibHOH Teop:irn ,llHCJIOKaU:HH 

2C - G ll- 11 2M - pb2 ( p - nJioTHOCTb KpHcTaJIJia), 

a raK)f(e 6yti:eM C'ittTaTb, '!TO ,llJI.H HH06lfjj' BbIIlOJIHjj'

eTCjj' COOTHOilleHHe (J p - 10-2c' xapaKTepHoe ,llJI.R. 

6oJibllll1HCTBa OUK MeTaJIJIOB. L{JI.R. paccMaTpHBae

Mo:il: CttCTeMbJ CKOJib)f(eHJ1jj' B HH06HH a= 3,3·10-8 CM, 

ClJ11311Ka H113K11x TeMneparyp, 1997, T. 23, N2 11 

b = 2,9·10-8 CM, G = 3,9·1011 .llH/cM2 , ITJIOTHOCTb 

HH06HR p = 8,6 r/cM
3 . c IlOMOlllbIO 3THX oueHOK H 

cpopMyJI (12), (13) H (30) noJiyqaeM nop.R..llOK aeJIH

'iHHbI HeCKOJibKlfX Ba>KHblX napaMeTpOB' BXO,llJilllHX 

B cpopMyJiy ( 14): 

m - 10- 23 r k ' 

~0(T - SK) - 10-12 r·c-1 . 
(31) 

IIepexoM K ou:ettKe BeJIWIHHbl Ko3cpcpmmettTa 

TopMO:lKeHHR KliHKOB B. OTMeTHM, 'ITO B MeTaJIJiax B 

o6JiaCTH reJIHeBbIX TeMneparyp OCHOBHYIO pOJib B 

,llJ1HaMH'!eCKOM TOpMo:>KeHHH KHHKOB HrpaeT ynpyroe 

paCCeRHHe Ha HHX 3JieKTpOHOB npoBO,llHMOCTH H Ten

JIOBbIX cpoHOHOB [ 4 ,5]. l1cnOJib3YJI npHBe,lleHHble B 

o6aopax [ 4,5] peayJibTaTbI, .llJIR cyMMapttoro BKJiati:a 

aJieKTpOHOB H ¢ottoHoB B Koa¢¢ttu:HeHT B npH 

T < 10 K MO)f(HO aanHcaTb cJieti:y10u:i:ee Bbrpa)f(eHtte: 

B =Be+ Brh = 

(32) 

Y5(D = 2 [ 1 +exp L\i~)r . 
3ti:ecb PF H ne HMrryJibC Cl>epMH H nJIOTHOCTb 

aJieKTpoHoB npoaoti:uMocTH coorneTcrneHHo; Yn,s<n 
- ¢YHKI.(H.H' OilHCblBO.IDUIM H3MeHeHHe 'iHCJia 3JieK

TpOHHbIX B036Y:lK.lleHll.H npH nepexo,lle MeTaJIJia H3 

HOpMaJlbHOfO B CBepxnpOBOMUlee COCTOJIHHe; L\CD 
- iJHepreTHqecKaR meJib CBepxnpOBO,llHHKa; 0 -
TeMrrepaTypa l(e6ru1; q e H q ph - 'IHCJieHHbie K03¢

¢.11utteHTbI, TO'!Hble 3Ha'ieHlfjj' KOTOpbIX 3aBHC.HT OT 

,lleTaJieii: pacce>IHJrn 3JieKTpOHOB H ¢oHOHOB Ha JI,llpe 

.£lHCJIOKau:1rn. CymecTByIOm11.e TeopHH no3BOJH1IOT 

IlOJiyqHTb ,llJijj' K03¢¢HU:HeHTOB q e H q ph TOJibKO 

O'leHh rpy6h1e ( c Heonpeti:eJieHHOCTbIO B npeti:eJiax 

O.llHOro nop.R.ti:J<a) ou:eHKH: qe - 10-1, qph - 5.105 . 
L{JIJI trno6m1 0 = 275 }(, PF= 10-19 r·cM/c, 

n - 1023 -3 B e = CM . OCilOJib30BaBII111.Cb 3Tl!MH 3Haqe-

Hlfjj'Mlf, JierKO BllfleTb, '!TO B HOpMaJibHOM COCTO.HHHH 

3JieKTpOHHaJI KOMilOHeHTa K03¢¢uutteHTa TpeHIUI 

HMeeT aeJill.'111.HY Pen - 10-13 r·C1 H np11. paccMaTpH

BaeMhIX TeMnepa:rypax T < 10 K 3Ha'l11.TeJibHO npe

BhIIIIaeT cponoHHYIO KOMIToHeHTY Bph < 10-14 r-c-t. 

B CBepxnpOP.0.ll.HllleM COCTO.HHll.JI. 3JieKTpOHHaJI KOM

IlOHCHTa TpeHll.51 pe3KO faKcncmeHu;HaJibHO) yMeHb

rnaeTC.R. c rrontt:lKemwM TeMnepaTypbr. YMeHhrnaeTCR 

TaK:lKe l1 ¢oHOHHM KOMITOHCHTa, HO no CTeneHHOMY 

JaKoHy, no3r0My cyiu:ecrnyeT TeMrreparypa T0 , 
Hil.)l(C KOTOpo:il: Pes (T) < Pph (T): TeMnepaTypa T0 
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orrpe,AeJIHeTCH ycJIOB11eM paBeHCTBa 3JieKTpOHHOH JI! 

cpoHOHHOH KOMIIOHeHT TpeHHH B CBepxrrpoBO,AHll(eM 

COCTOHHl111, KOTOpoe MO)l(HO 3an11caTb B BH,Ae ypaB

HeHHH 

(33) 

K CO)!(aJieHHIO, BCJieJJ:CTBHe 6oJJbIIIOH tteorrpe,AeJJett

HOCTH rrapaMeTpos qph 11 qe 3Ha'lett11e napaMeTpa q 
MO)!(HO oueHHTh c TO'lHOCThIO B npeJJ:eJiax ABYX no

PHJJ:KOB: q - 105-107. Y1ll1Th1Ba5! ary tteonpeJJ:eJieH

HOCTh 11 HCIIOJ!b3YH 3Ha'lett11e me.rm ;J:JIH H1106m1 

D.(0) = 1,5· 1 o-3 3 B [ 24], JICfKO HOJIY'lHTb Ol.{eHKY 

T0 - 1-3 K. 
BbmOJIHeHHbIH BhIIIIe attaJIH3 noKa3hIBaeT, 'ITO rrp11 

11HTepecyIOm11x ttac TeMneparypax Koacpcp11u11eHT 

mrnaM11'lecKoro Tpettl1H Kl1HKOB y JJ:OBJJeTsopHeT ne

pasettcTBy ~ < ~o ' CJie;J:OBaTeJibHO, J(JIH 'laCTOTHOro 

cpaKTopa v0(~. T) tteo6xoa11Mo noJib30BaTbCH Bbrpa

)!(ett11eM, rrp11seii:eHHb!M B BepxHeH CTpO'IKe cpopMy

Jlbl ( 14). B TeMnepaTypttoM HHTepsaJie T 0 < T < Tc 

cpOHOHHOH KOMflOHeHTOH B <ilOPMYJie (32) MO)!(HO 

npeHe6pe1Ib 11 JJ:JIH speMeH11 peJiaKcau1111 'td noJiyqa

eM Bb1pa)!(eH11e 

(34a) 

(346) 

<l>opMyJia (34a) ,AaeT eCTecTBeHHoe 060HCHett11e 

acpcpeKTY. IlOBbIIIIeHl1H 3Hepr1111 aKTl1Bal.{1111 J(JIH Ill1Ka 

KpaMepa- fiayapa np11 rrepexoii:e H110611H B csepx

rrposoii:Hmee COCTOHHl1e: rrpu JJ:OCTaTO'lHO Hli3Kl1X 

TeMnepaTypax D.(T) >> kT H TCMneparypHM 3aB11-

Cl1MOCTb BpeMeHl1 peJiaKcau1111 B CBepxrrpoBOJJ:Hll.{eM 

COCTOHHHU rrp1106peTaeT Bl1,ll 

0TMCTl1M' 'ITO rropHJJ:OK BeJil1'll1Hbl D. COOTBeTCTByeT 

cKa'lKY attepnm aKT11sau1111, orrpeaeJieHHOMY no 113-

MeHett1110 ttaKJIOHOB rrpHMhIX Ha p11c. 5. Ho Tenepb 

3TOT acpcpeKT He CBH3aH c 113MeHeHHCM peIIIeTO'lHb!X 

xapaKTepHCTHK H110611H np11 CBepxrrpOBOJJ:Hll.{eM 

rrepexoae, a HBJIHeTCH CJieJJ:CTBUCM rrpeJJ:CKa3aHHOro 

KpaMepcoM aHOMaJibHoro BJil1HHl1H BH3KOCTH Ha 6po

YHOBCKoe JJ:BH)l(eH11e qacT11u (B HaIIIeM cJiyqae -

JJ:l1CJIOKal.{l10HHbIX K11HKOB). 

l1crrOJib30BaH11e cpopMyJibl (34a) II03BOJIHeT 3arr11-

caTb ypasHeH11e (26), onpeaeJIHIOmee Ter.mepaTypy 

ITHKa T p' B CJICJJ:YIOIUCM BH,Ae: 
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26. 26 

24~ o - S-COCTOSIHl.10 
24 ~ 

' 0 Cl) 

22 ~ 22 
1-c. 

NC:: ~ I"' 
~- 20 ~ 

?-

§ 20 N Cll 

~ 1-0. 

..5 I 8 18 r· 18 
..5 

16 t 16 
• - O-COCTOSIHl.10 

14 - 14 
L.__,_ 

0, 1 0,2 0,3 0,4 0,5 
1/T K-1 

P' 

Puc. 6. ConocTaBJJetttte 3KcnepttMeHTa.nhttbIX l(aHHhIX (cM. Ta6· 

JJHUY) 110 'iaCTOTttol! 3aBHCHMOCTH TeMnepaTyphI nttKa KpaMe

pa - 5ay;ipa T/ro) c COOTHOIIICHHHMH (35). 3Ha'ICHH$! ¢>YHKUHH 

'Y,(D llbI'IHCJJHJJHCb c HCllOJJb30BruJ:HCM l(aHHblX 0 3Ha'ICHHH IUCJJH 

il(D l(Jlll HH06HH, npHBCllCHHbIX B o6aope 124]. 

JJ:JIH HOpMaJibHOro COCTOHHl1H 

Uo 
ln wT~n = -In T] - W- ; 

pn 

J(JIH CBepxnpoBOJJ:H!HCfO COCTOHHl1H 

2 
roTps U 0 

In--) =-In T] - ~ • 
Ys(Tps) ps 

(35a) 

(356) 

XopoIIIee cornac11e Me)KJJ:Y cpopMyJiaMH (35) 11 3KC

nep11MeHTaJibHbIMH ii:aHHbIMl1, np11se,n;eHHbIMl1 B Ta6-

Jifil(C, l!JIJIIOCTp11pyeT p11c. 6. 113 3TOro pHCYHKa 

Bl!JJ:HO, 'ITO per11cTp11pyeMbie B 3KCrrepHMeHTax 3Ha

'leHHH Tp KaK B HOpMaJibHOM (Tpn), TaK l1 B CBepx

rrpOBOJJ:Hll.{eM (T ps) COCTO.HHH.HX aaIOT OJJ:HHaKOBbie 

3Ha'leH11.H BbICOThI 6apbepa U0 = 2,4·10-3 aB 11 napa

MeTpa 1l = 1,5·10-12 c·K-2. 

BecbMa sa)l(HbIM o6cTOHTeJibCTBOM, cs11aeTeJibCTBy-

IOI1(11M B IIOJib3Y rrp11MeHHMOCTl1 113JIO)l(eHHbIX BbIIIIe 

coo6pa)!(ett11H JJ:JI.H on11can11.a n11Ka KpaMepa - fiay

apa, HBJI.HeTC.H KoppeJI.Hl.{11.H TeMnepaTyp T ps c BeJIH

'lHHOtt 11 TCMrreparypHOH 3aBl1C11MOCTb!O 3HepreT11-

'leCKOH meJI11 H1106i.rn D.(T), onpeaeJI.aeMbIMH 113 

He3aB!1Cl1MbIX 3KCrrep11MeHTOB [ 24]. 

BocrroJib30BaBIIIHCh noJiy'leHHbIMH BbIIIIe aMn11p11-

qecK11M11 oueHKaMH rrapaMeTpoB Teop1111, aKcnep11-

MeHTaJibHhIMl1 3Ha'leHH.HMl1 Om - 1 o-4 11 cpopMy JiaMH 

(27) l1 (346)' MO)l(HO TaibKe Ol.{eHHTb nop.HJJ:OK BeJIH

'll!H rrapaMerpoB, xapaKTep113y10m11x pacnpeaeJieHHe 

KHHKOB s 06pa3uax: K - 105 , pk - 1014 cM-3 . 

TaKHM o6pa:30M, 113JIO)!(eHHa.H B pa3JJ:. 2 JJ:HCJIOKa

uuoHHM MOJJ:CJih B co'leTatt1111 c Teop11ew KpaMepca 

aKTUB11pOBaHHOro JJ:BU)!(eHH.H 'laCTUl.{bl qepe3 flOTeH-

CIJ1113111Ka Hlll3KlllX TeMneparyp, 1997' T. 23, N2 11 



EpoyH06CKOf! aeu.)l<eHue ttacmu~bt 11epe3 nomeH~Ua.JlbNbtU 6apNip 8 !Jx.:1~WU cpeae 

u11a,1bHbiH 6apbep H TeopHeH :rneKTpOHHOfO TOpM0-

)1\e!·HU! ].\l'!C,10K31.Ull1 J{aIOT JlOCTaTO'iHO xoporuee 

no11yK0JrnqeCTRCHHOe ormcaHHe BCE:X oco6ettHOCTeH 

!UiKa KpaMepa - oayapa, 3apernCTp11poBaHHbIX B 

:-JKcrrepHMeHTax. CJ1enyeT, npaa;:i:a, OTMen:nh, 'ITO 

TOttKa Tps = 2,62 K Ha pHc. 6 3aMeTHO OTKJIOH.HeTcK 

OT np5JMOH, onwhrnaeMoif ypasttettlfeM (356). HaH-

6o:ree aepWITHOH npH'IHflf)M TaJ-.:oro LITKJIOHeHH.H .HB

JH!eTOI, 110-llH;:U!MOMy, B03pacTaIOIIi<UJ rrpH ITOHH)Ke

mrn TCMnepaTypbl B S-COCTOHHHH pOJ!b cpOHOHHOH 

KO-"fHOHeHTbl B K03cptpHUHeHTe )'l,HHaMH'lcTKOfO Tpe

mrn KHHKOB. JlJ1H KOJUf'iCCTBCHHOfO om!Camrn OT

lUIOHeHHH He06XOJlHMO B ypaBHemm (33) rrpHH.HTb 

3Ha'JeHl1e napaMeTpa q - 107 H COOTBeTCTBYJOlllee 

eMy 3Ha'lett11e T 0 = 3 K. O.n:tta1<0 OJlH03Ha'J:HaJi ntt

TepnpeTaUHR yKa3a1rnoro OTKJIOHeHHJJ: Tpe6yeT 3KC

ucp11Me1-na_~bHOH per11crpau:HH ITHKa B S-COCTO.HHHH 

np11 60;1ee HH3Kl1X rer.mepaTypax, 'iTO B03MO)KH0 

TQ,1bKO 11011 113V'leHttl1 KOJie6aHHH c Kpyroaoil 'iaCTO-
. - 4 -! 

rnli rrop5i..J.:Q H m-oKe 10 c . 

B 3aKJ110qe1rne .'J.aHttoro pa3J{eJia yMeCTHO TaK)Ke 

o6cVL(l1Tb BbICKa3aHHhie B pa6oTe [25) coo6pa)KeHH.H 

0 B,03MO)KHOM sm1:.smH11 Ha CBOHCTBa rrnKa KpaMe

pa - oayapa KBaHTOBbIX CBOHCTB ):(l1CJIOKaU:llOHHblX 

KHHKOB. ConiacHO o6mHM 3aKOH3M KBaHTOBOH CTa

Tl1CTHKl1' D,OJDKHa cymeCTBOBaTb xapaKTCpHaJI TeM

nepaTypa T q . JHDKC KOTOpott ,nm:pcpyattJI KHHKOB B 

peJ1becpe U p(x) 6yµ;eT onpeL(e,rn:TbC5! He TOJibKO Tep

Mw1ecK11 aKTl1Bl1pOBaHHblM nepexol.lOM KHHKOB qepe:3 

6apbepbI U 0 , uo l1 B03MO)!(HOCTbIO rron6apbepuoro 

npocaq11Ba1m.51 ( KBaHTOBoro TYHHemipoaamrn). }le

TaJibHOe 06cy>KL(eH11e TYHIIemrpoBaH11.5! KHHKOB qepe3 

6apbepbI pe11becpa l1ai1ep11ca BToporo po,n:a l1 oueHKa 

L(JU! TeMrrepa rypbl T q coaep)KaTCR B pa6oTe r 26]: 

ti. r Uo \1/2 

kTq :=bl 1mk j = ttv A (36) 

Cor.1acHo BhIBO).laM pa6oThI [ 26], np11 T > T q nmpcpy-

311.51 KHHKOB HMeeT TepMH'iCCKH aKTHBHpoBaHHbIH xa

paKTep, a rrepeXO,ll K 'IHCTO KB3HTOBOMY npeneJiy rrpo-

11CXO.i'.(l1T np11 T < 0 ,5 T q ; B mnepaaJie ( 0 ,5--1) ~ q 

npou:ecc 1J:ttcp¢y31111 orrpe.'l.emieTc.H COBMecTHbIM ne11-

CTBl1eM KnaHTOBOfO TYHHeJI11pOBdH!1JJ: H TepM11'iCCKOH 

aKTHBdU!HI Tio.l.(CfaHOBKa B (36) rrapaMeTpOB Kl1H

KOB B mw61111 .aaeT 011eaKy T q - 3 K. CJieL(oBaTeJib

Ho, cyru:ecrneirnoro BJll1lIHl1JJ: KBaHTOBbIX a¢cpeKTOB 

Ha mm KpaMepa --- bayapa MO:>KHO O)Ktt.lJ:<J.Tb B 3Kcrre

pi.rnernax Ha '!acr::iTax w < 104 C 1, JlJIR KOTOpbIX 

TeMrrepaTypa nHKa cMemaeTCJJ: HH)Ke 2 K. TeopeT11-

qecKoe orr11caH11e T3KHX a¢cpeKTOB Jl0JI)!(H0 6ampo

BaTbCJI Ha KBaHTOBOM attarmre Teop11n KpaMepca. 

¢'13'1Ka H'13Ki-.x TeMneparyp, 1997, T. 23, N2 11 
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1. I.leJib pa6oTb1 - Te<JpeTiF!f:Cl<:l.>l HHrt:pnpi'T31\H.H 

rrttKa a1<ycT11'lecKoro nor.riomemr;i, :,uepPh!e o6ttapy

:1KeHHoro rrp11 H3)"-!e.:mH m1o6,1r. B 06_11acTH TeMrreparyp 

A<HJlKOro reJil1.H Kpa.MepoM 11 Da/crpuM I! D j 11 rI03)Ke 

tta6JI10,n:as!lleroc>1 pHL\OM ..:lpyr11x acc.rrf':WBaTeJieH 

[11-15). fJiaBHoe Bm1Mam1e y.J.f.'lfll<J rJ>1;::,.m3y Han-

6oJiee HHTepecHott oco6ewmcr11 m~•-,: - ero cMeme

HHIO B CTOpOl-!Y lll13KHX: lt:Ml1Ppa1.:, p :rpH llepeno;:i,e 

HH06H.H 113 CBepxnpOBOJlHElffO B Hop•.1;cJ1hHOe COCTO

.HHHe MarHHTHbIM I10oleM. 

2. AHam1~-1 6a311pyeTc;1 Ha r:pe.u.'1r·,,-.eHHoj;'; HaMtt 

pattee [ 15) MO.l(eJm ;-:>C30HaHCHOf(> B3ai1MO.J,eikTBM5l 

3BYKOBbIX KOJle6aHlltt c l(CITO"!Kar.rn Kl1EKOB Ha Bl1H

T0BbIX ){HCJIOKaIJ,HJlX CHCTCMbl CKOJ!b)KCHH>\ ( l J 1 ) \011) 
H Ha HCIIOJib30Ba!Hm ll,JJJ! 011HCalil1.il ~11tjJqr;·,1111 Kl1HKOB 

B perneTO'lHOM 110TCHUl1aJibHUM peJibe<tJe (pe,'lbecp 

Tiaifepllca BTOporo po.n:a) peJyJ1M'i1Ton pa60Tu1 Kpa

Mepca [ 1]. B KOTOpoil: 011HC:1Ha Kl11WlliKa wpMH'iCCKH 

aKTIIBHpOBaHHOfO BbIXO,l\a 1-laCTIH!bI H3 I:OTCHI(H3JlbHOH 

.HMbl c yqeTOM ,l\CHCTBYIOl'.(CM Ha Hee CHJ!hl B.H3KOfO 

TpettH.H. B c11yqae JlBl1)KCHlUI KHHKOB Ha .n.11c,10Kaillli!X 

B MeTaJIJie rrpll Hll3Kl1X TeM-rreparypax fJiaBHOH npH'iH

HOH -rpeHH.H .HBAACTCR l1X B3aHMo.n:eli:cTBHe c 3JICKTpo

ttaMH rrpOBO.l.(HMOCTl1. Tio3TOM}' rreoeXOJl MCTaJIJ1a 113 

HOpMaJibHOfO B cBepxrrpoBOJJ,.HIU:ee COCT05iHHe (H 06-
paTHblH. nepexon)' Cl1JlbHO l13MeIU!IOll(11H BR3KOCTb 

3JICKTpOHHOfO ra3a, corrpoHO>KJ{ae1T5! :m?'HffeJibHb!M 

lCOHTpOJIHpyeMbJM H3MCJ-ff.:Jfrlt:M Ko.~4>¢mrm:aTa Tpe1-1m1 

Kl1HKOB . .Li,aHHOe 06crc.>1Te;1bCTl>Ll C03;J.aCT ym:IKa.'lbHblC 

rrpe.n:rrocbIJIKl1 .il,115! ;~Kcm:pi!MCHTcUlbHOH tlj)OBepKH Bbl·· 

aonos Teop1111 KpaMCfJC.a o 1n1111 m!3KnLT.Vi n npoueccax 

aKTl1BaUHOHHOfO JlBl1)KCHHi1 'DLT111(. 

3. B pa6oTE na110 KpaTKoe H3JI0.1Kefme r1CHOBHbIX 

rroJIO)!(ettttli Teop1111 Kpa'1"epca B ¢opMe, yao6ttoi'1 ,rvrn 
ee rrpl1MeHeHJm K on11caHttKl m1¢cj:iy:mn ,ll.l1C.~OK3ll,l10H
Hb!X KHHKOB. CMCTeMaTH:rnposaHbl OCHOBHbie CBOHCTBa 

1111Ka KpaMepa - 6ay3pa, 3a pernc-rpHponantthIC B 3KC

rrep11MettTax, rrpHBe,aeHa Ta6.rnni:a, xapitKrcpu3yiomaJ1 

3aBl1Cl1MOCTb TU1mepa1)'pbl lll-!Ka OT ·rncTOTbl l{;J.~e6a

HHH B HOpM3'1bHOM H CBepxnpmm;i:mlCM COCTOxmrnx. 

4. TioKa3aHO, 'ITO ,JJ:JIJJ: KIIHKOB B mwbm 13 06.Tiacn1 

reJJ:HeBbIX TeMnepa·~:yp BhlliO.~ H.11irs u1 ycJIOBl1H 

Ha6mo.n:emrn rrpe,'(cKa3al!Horc· Kp<ii»rcpcoM lieTp11s11-

aJibttoro Kl1HeT!1'1CCK0ffJ ::itj.1¢e1n ;; B0.1paCTaHl15! 

,i\l1cp¢y:rnoHIIOH l10Jlrll1lKH0<'.TH '~CiCTHil, (' pr•CTOM KO

cicpcp11UlfeHTa Tj:!•cHllil o,;1aro;i.;p>l :1W<-i)' JtP(tmcry upe1'IB 

peJia.KCail,Hl1 (xapaKTep1me Bpewi ;1Htp,_fiy.111;1) . .'VU! l\C

IIO'-ICK Jll1C..'IOKaJ.{l10HHbIX KHHKOB 3 1:BepxnpOB(J;'.V!UlCM 

COCT051HHH OKa:3brnaeTC51 :rna•;:11e.~bH(I Bblll!t'. '-!CM B HOp

MaJ!bHOM, 'ITO H 51BJUleTCJJ: npwmHOH m16JI10J{aeMoro B 

3KcrrepHMCHTaX CMCIIWHl15i ITHKa /:ViC•10Karuro1rnoro 110-

rnomeHH.H B cropm~y HH3KHX TeMnepaTyp npH nepexone 
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B. /J. Hau,wc, II. II. IIallb-Ballb 
-------------------------------------------·-.. ---·----
HHOOIDI HJ rnepxrrpoBOJVIIIlero B HOpMaJibHOe cocro

.HHHe. 

5. CorJJactto BbIBO.llaM Teopnn, BeJJWmHa cMeme

HH.H ITH Ka KpaMepa - 5ay::ipa rrpn CBepxrrpoBO.ll.HIIleM 

rrepexo.lle .llOJJ)!(Ha KoppeJJH poBaTb c TeMrrepaTypttoif 

3aBHCHMOCTblO 3HepreTH'leCKOH meJJH CBepxrrpOBO.l(

HHKa. l1crrOJJb30Bam1e rrpH aHaJJH3e CBORCTB IlHKa 

3Ha'leHHR ll(e.IUI' IlOJJJ'leHHbIX H3 He3aBHCJIMbIX 3KC

nepHMe!ITOB [24], ITO,llTBep)K,llaeT 3TJI BbIBO.l(bl. ,llaH

HOe o6cTOHTCJ!bCTBO '.HBJJ.HeTCH BeCOMblM apryMeHTOM 

B Il0Jlb3Y a.l(eKBaTHOCTH TeOpHH JI 3KCilepHMeHTa. 

6. CpaBnenne 3Kcrrep11MeHTaJJbHbIX .llaHHbIX c pe-

3y JlbTaTaMH Teopm1 Il03BOJJHJJO IlOJJJ'IHTb 3Mll11pH

'!eCKHe OIIeHI<H .llJJ.H pi:i,lla rrapaMeTpOB, xapaKTep1rny-

10m11x KHHKH Ha .llHCJIOJ<al(HHX CHCTeMbl < 111) jO 111 B 

HH06nn: rrop.H.llKH BeJJH'IHH MaCCbl KHHKa, BeJJH'IHHbl 

6apbepoB IlaiiepJJca Brnporo po.Ila, Ko:;icpcpnu11eHTOB 

3JJeKTpOHHOfO H cpoHOHHOfO TpeHH.H. KHHKa, o6oeM

HOH IlJJOTHOCTH KH!IKOB. 

7. IloJJy'lena npn6JJH3HTeJJbHaH Ol(eHKa (2-3 K) 
.llJIH xapa1<Tep11oif TeMrrepaTypbI, HH)Ke KOTopott 

.llHcpcpy3H.H KHHKOB B pemeTO'IHOM peJJbecpe B HH0-

6HH MQ)KeT np1106peTaTb KBaHTOBblll xapaKTep. ,llJJ.H 

H3J'leHHH KBaHTOBOR .ll11cpcpy3HH KHHKOB MeTO,llaMH 

aKyCTH'leCKOH crreKTpOCKOITHH Heo6xO.llHMO HCITOJJb-

30BaHHe '!aCTOT KOJJe6aHHR 110pH.l(Ka H HH)Ke 104 fII. 

Pa6oTa 'lacTH'IHO rro.l(.llep)KaHa focy.l(apcTBeHHbIM 

cpOH.llOM cpyH.llaMeHTaJJbHbIX nccJJe,lloBaHnif YKpan

HbI (rrpoeKT 2.4/156 «5noni>) H Me)K.llyttapo.l(HOif 

CopocoBcKott nporpaMMoif rro.l(.llep)KKH o6pa3oBaHH.H 

B o6JJacrn TO'IHbIX 11ay1< (rpaHT N2 SPU 072042). 
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Check of theory of Brownian motion of a 
particle through a potential barrier in viscous 

medium during experimental study of 
dislocation acoustic relaxation in normal and 

superconducting niobium 

V. D. Natsik and P. P. Pal-Va! 

The Kramers theory (1940) describing th<' th .. r· 

mally activated escape of a particl~ from a potential 

well in viscous medium is used to intcrprd ., :.•cous· 

tic absorption peak revealed by Kr.u1'n and bau('f' 

(1967) in niobium at liquid lwlium te1;q·cntures. It b 

shown that the experimentally recorded p•opcrtie;, of 

the peak comply with the model of resonance interac

tion between sound vibrations and the chains r1f dislo

cation kinks (particle-like excitation along Uw disloca· 

tion lines). The sound vibrations r:1ake the kinks drift 

diffusively in the second-order Peierls potential rdi,,f 

and experience viscous friction due to the conduct.ion 

ekctrons. The possibility of an abrupt control led change 

in the electron viscosity during the supcrconductmg 

transition permits testing the Kramcrs theory cnnciu

sions during experimental studies Qf a dislocation contri 

bution to the sound attenuation. It turns out that at 

quite low temperatures niobium develops certain condi

tions for tbe kinks, which permit observatiun ot the 

anomaly predicted by Kran:tcrs, i.e. an incrca"-' in the 

particle mobility when the dynamic friction Clx·fficicnt 

grows. This fact has been helpful in interpreting one of 

the most interesting properties ·of the K.ramcr-fl;,uc-r 

peak which so far was not quite clear tJ,,. dispb\•

ment of the peak towards low tcmp<·raturcs <l' •1iobn:m 

experienced the superconducting to 11ormal slate tra11o:i

tion induced by the magnetic fields. The possihlitics of 

observing quantum diffusion of kinks m an>ustw t·x1x:n 

ments arc also discussed briefly. 
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