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TIocTymmo n pell:aKl.\HIO 23 HlOlJa J 970 

B pa60Te nbIBell:eHa HOBali <jJopMYJIa, OIDICbmalOll.\all CB1l3b MelK.I(Y :meKTpOXHMH'l.eCKHM TOKOM H ne

peHarrpl!)KeHHeM Ha rpaHHl.\e :meKTpOIl:-paCTBOp. B OTJII1'l.He OT ypaBHeHl1'll Ta<jJeJIenCKOro Tl1na 

31l:eCb yqHTbIBaeTCli TO 06CTOllTeJIbCTBO 3TO rrepeHanplilKeHHe He MOlKeT rrpenblwaTb HeKOTopoe 

npell:eJIbHOe 3Ha'leHHe, KOTopoe CB1l3aHO C paBHonecHoll: :meprHell: aKTHBal.\HH 3JIeKTpOll:HOrO npo

l.(ecca. 

IIpH KOHTaKTe rrpOnOll:lUlKOB I H II pOll:a Ha MelK<jJa30Boi1: rpaHHl.\e B031UfKaeT 1l:06ano'l.Hoe HeJII1-

Hei1Hoe cOrrpOTHBJIeHHe. TIall:eHHe HarrplilKeHHll Ha 3TOM cOrrpOTHBJIeHHH paCCMaTpHBaeTCli B 3JIeK

TpOXHMJPiecKOi1: KHHeTHKe KaK llepeUanpflJICellue. COBpeMeHHali TeopHH nepeHarrpHlKeHHll 1 - 3 6a-

3HpyeTcli Ha CYIl.\eCTBOBaHHH 3HepreTH'l.eCKOrO 6apbepa MelK.I(Y Il:nYMll <jJa3aMH TaKI1X npOBOIl:HHKOB. 

3TOT 6aphep (corrpOTHBJIeHHe MelK<jJa30BOH rpaHHl.\hI) 3aBHCI1T OT 3JIeKTpOll:HOrO rrOTeHl.\Hana (rrepe

HarrplilKeHHll). TaKfle B3rJIlIIl:hI, rrOJIyqHBIJme Ha3BaHI1e meopull 3aMei>Jle11l1020 paJpfli>a, HallV1H CDoe 

OKOH'laTeJIbHOe nOIl:TBeplKil:eHHe B TpYll:aX <l>PYMKHHa
3

, Y'lHTbIBaIOIl.\HX BJIHllHHe nOTeHl.\l1aJIa Il:H<jJ-

4>Y3HOil: 'l.aCTlIIl:BOHHOro CJI051 H rr03BOJIliIOIl.\HX, BCJIell:CTBHe 3Toro, CD1l3aTb BbIBO,llbl TeopHH C KOJIH

'leCTBeHHoil: CTOPOHOil: 3JIeKTpOXHMI1'l.eCKOrO 3KcrrepHMeHTa. B HaCTOllll.\ee BpeMli TeopHlI 3aMe1l:JIeH

Horo pa3pllll:a llBJIlIeTCli 06ll.\enpH3HaHHoil: H, rrO-BH,lII1MOMY, He nbI3bIBaeT COMHeHHl[. B nOCJIe,llHee 

BpeMll OHa rrOJIHOCTblO rrOIl:TBeplK.I(eHa KBaHTOBOMeXaHH'leCKHMH npell:CTaBJIeHHlIMH. 

ECJIH 3HeprHll aKTHBal.\HH iii He CJIl1lllKOM 6Jll13Ka K CBoeMY HYJIeBOMY 3Ha'leHHIO (pHC. 1), TO Teo

pHli 3aMell:JIeHHOrO pa3pllll:a npHBO,llHT K ypaBHeHHIO Ta<jJeJIeBCKOro THrra: 

. . [ (XIlFII -(1 - ex) IlFII] 
l = 10 exp RT - exp RT . (/) 

3AeCb i TOK, io - TOK 06MeHa, 1J - rrepeHarrplilKeHHe (3HaK rrepeHanplilKeHHll COBna,llaeT CO 3HaKOM 

TOKa). 3TO ypaBHeHlle 6JIecTJUIJ;e rrO,llTBeplKll:aeTCli Ha MHorHX rrpHMepax 3neKTpOXHMH'ieCKOH KH

HeTHKH. TeM He MeHee, ypaBHeHlle Ta<jJenll He cne,llyeT C'lliTaTb 061l.\11M ypaBHeHHeM TeopHH 3a

Mell:JleHHOrO pa3pll,lla. ,ll;eno B TOM, 'ITO ypaBHeHHe (1) 11 = 1J(i) lIBJIlleTCli HeOpraHH'l.eHHoil: <jJYHK

l.(Heil:: 1/( (0) = 00. 3TO 06CTOllTeJIbCTBO rrpHBo,l(HT K rrpOTHBOpe'l.HIO C 061l.\eil: TeopeHH 3aMe,llneHHOrO 

pa3pll,l(a. 
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878 rOpOAbICKHil:, ,n:eJIHMapcKHil:: 

Bo MHOrFrX cJlyqallX 3J1eKTpOJ(Hble peaKl{lUl' npOTeKalOT 6e3 KaKOrO-JUl6o BHJ(HMOrO nepeHanpll.

)I(eHlUl (TaK Ha3bIBaeMbIe ,,06paTllMble" CHCTeMbl). TeOpRll 3aMeJ(JIeHHOrO pa3pllJ(a (TeOpHll rrepe

Hoca 3apllJ(a, TeopHll peaKl.\HH: nepeXO,L(a) lIBJllIeTCll o6~el{ TeopHel{ 3J1eKTpOJ(HbIX CRCleM. Ee BR

BOAbl He Tpe6ylOT OrpaHH'feHlUl KaKHMH-JIH60 KOHKpeTHblMH CJlY'fallMH. MO)l(HO J(OCTOBepHO 

YTBeplKJ(aTb, 'ITO MelK<pa3Hhlli 3HepreTH'feCKHH 6apbep TOil: HJIH J(pyroil: BeJlH'fHHbl c~eCTByeT J(JIll 

KalKAoit AByxq>a3Hoit 3J1eKTpOXHMHCfecKoil: CI1CTeMbl. ECJII1 )I(e TaKoil: 6apwp c~ecTByeT, TO TeOpl111 

3aMeJ(JIeHHOrO pa3pllJ(a OCTaeTClI 6e3YCJIOBHO BepHoil:. C noil: TO'fKH 3peHHll Bce 3JIeKTpOJ(Hble CHC

TeMbI J(OJI)I(Hbl 06HapY)l(HBaTb rrepeHarrplllKeHHe nepexoJ(a, a ,,06paTHMble" CHCTeMbl llBJIlllOTClI 

npOCTO CHCTeMaMH C I1C'fe3alO~e MaJlblM nepeHarrplllKeHHeM. O,L(HaKO COrJIaCHO ypaBHeHHlO Ta<peJiH 

J1lo6aH BeJIH'fHHa nepeHarrpHlKeHHll MOlKeT 6bITb J(OCTHrHYTa rrpH J(OCTaTO'fHO 60JIbIDOM TOKe. 

B pe3YJlbTaTe ypaBHeHHe Ta<peJiH 6e3 BCllKHX BI1.D:HMbIX rrpl1'fHH HCKJIlO'faeT ,,06paTHMble" :)JIeKTpOJ(

Hble rrp0l..\eCCbI 113 o6~eil: TeOpHI1 3aMeJ(JIeHtIOrO pa3pHJ(a. 

w 

PRC.! 

3J1eKTpOHHble TepMbl H 3HeprHH aKTHBal..\HH 

06maR TeoplUI 3JIeKTpOp;HblX npOll,eCCOB nepexop;a MO)l(eT OXBaTblBaTb BCe 3JIeK

TPOXI1.MR'IeCKlIe CHCTeMbI TOJIbKO B TOM c.rryqae, eCJIH BOJIbTaMIIepHble XapaKTepHCTH

KH 3THX CHCTeM 11 = I1(i) HMeIOT npep;eJI no BeJIHqHHe nepeHanpR?KeHlUI. 3TOT npep;eJI 

HMeeT KOHeqHOe 3HaqeHHe 1'](00) =!= 00 H Torp;a Heo6paTHMble H ::~6paTHMble" npo

ll,eCCbI 6YP;YT pa3JIHqaTbCR TOJIbKO no BeJIHqfiHe TaKoro npep;eJIbHOrO nepeHanpR)I(e

HHH. 

YpaBHeHlle Taq.eJIH TaK)J(e He MO)J(eT 06:bHCHHTb, nOqeMY, HanpHMep, npH 3JIeKTpo

JIH3e Bop;Horo paCTBopa NaOH (Ha 3JIeKTpOp;e 6e3 p;enOMpH3all,HH - rpaq.HTOBOM) 

H3-3a BbIp;eJIeHlUI Bop;opop;a He p;ocnrraeTCH nOTeHll,HaJI BbIp;eJIeHlUI HaTplUI. Bep;b no 

ypaBHeHH10 Taq.eJIH p;JIH BOP;OpOP;HblX HOHOB MO)J(HO no.rryqHTb JI1060e nepeHanpH

)l(eHHe, p;a)J(e TaKoe, Korp;a nOTeHll,HaJI BbIp;eJIeHHH HaTprur 6yp;eT p;oCTHrHYT. Oqe

BHp;HO, H B 3TOM npHMepe CJIep;yeT HCXOP;HTb H3 HeB03MO)l(HOCTH p;OCTH)I(eHlUI JI1O-

6oro nepeHanpH)J(eHIDr. 

OrpaHHqeHHOCTb nepeHanpH)J(eHHH, T. e. cynrecTBoBaHHe npep;eJIa 11(00) =!= 00 He 

npOTHBOpeqHT o6II.l,eJi: TeopHH 3aMep;JIeHHoro pa3pHp;a, KOTopaH CBH3bIBaeT 3HeprHIO' 

aKTHBall,HH 3JIeKTpOp;Horo npOll,ecca W C nepeHanpH)I(eHHeM (pHC. 1): 

(2} 

(We - paBHOBeCHaH 3HeprHH aKTHBall,HH). IIocKoJIbKy4Bcerp;a W < 0, TO 6yp;eT 60JIee 
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BOJIbTaMrrepHble XapaKTepHCTHKH aKTKBaIl.UOHHOH nOJIflpU3aIl.UK 879 

Y.D;06HbIM 3am-ICan BbIpa)!(emle (2) B CJle.D;YlOw.eM BH.D;e: 

(3) 

3TO BbIpa)!(eHHe OTJlH'IaeTCH OT Bblpa)!(eHH51 (2) TOJlbKO TeM, lITO OrpaHH'lHBaeT Be

JlHqHHY w nOJlO)!(UTeJlhHblMH 3HaqeHHHMU. 

OqeBli.D;HO, lITO Me)!(.D;Y 3HeprHeH aKTHBaUHH W U .D;utPtPepeHUHaJlhHbIM corrpOTUBJle

HHeM 3JleKTpO.D;a dl1/di cyw.eCTByer q}YHKUHOHaJlhHa51 3aBHCliMOCTb 

dl1/di = f( w) . (4) 

Cyw:eCTBOBaHHe tPYHKUHU (4) He BbI3blBaeT COMHeHHH, nOCKOJlbKY H ypaBHeHue Ta

tPeJlH HBJlHeTCH ee qaCTHblM CJlyqaeM. IIpe)J,MeToM 06Cy)!()J,eHM MO)!(eT CJlY)!(HTh 

TOJlhKO HenpepblBHOCTh tPYHKUUH (4) B oTpe3Ke 0 ~ w ~ We. ECJlH B TaKOM OTpe3Ke 

tPYHKUM (4) HenpepblBHa, TO BOJlbTaMrrepHaH KpuBasr 

fi . -:- . fq 
dl1 dl = I - 10 = -=- = F(I1) 

io of(w) 
(5) 

»MeeT aCliMrITOTY (7 - qaCTHblH KaTO.D;HbIH TOK). 3 TO He TPY.D;HO nOKa3aTb, pa3-

JlaraH few) B pH.D; no CTerreHHM W 

00 

few) = I Km wm (6) 
m=O 

H onpe.D;eJlHH napaMeTpbI p H q B03MO)!(HOH aCliMrITOTbI 

7 - io = p(I1 + q) (7) 

no 06bJqHbIM tPopMYJlaM 

(8) 

q = lim [F(I1) - PI1]/p. (9) 
""'00 

IIo.D;cTaHOBKa (6), (3) H (5) B (8) H (9) .D;aeT 

P = l /Ko , q = -we/anF (lo, 11) 

T. e. cyw.ecTByeT aCliMrITOTa 
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880 rOpOllbICKHH, JJ;eJllIMapCKHH : 

3,lleCh Ko ~B.JUIeTC~ K03<pqJllll;l1eHTOM Km pa3JIO)J(emm (6) rrpH m = O. 
IIoCKOJIhKY B TeopHH 3aMe.LJ;JIeHHoro pa3p~.LJ;a rrpwnlHoH B03HHKHOBemUI Me)J(

<pa3Horo COIIpOTHBJIeHHlI dl1/di ~BJIlIeTClI 3HepreTHQeCKHH Me)J(<pa3HhIH 6aphep W, 

TO B ypaBHeHHH (4) f(O) = 0 11, CJIe.LJ;OBaTeJIbHO, Ko = O. IIpH 3TOM Bhlpa)J(eHl1e (I 2) 
0603Ha'IaeT cYIl(eCTBOBaHl1e aCHMfITOThI, rrapaJIJIeJIhHOH OCl1 7 - io, T. e. CYIl(eCTBO

BaHl1e rrpe.LJ;eJIhHOH BeJIHQl1Hbl rrepeHarrpll)J(eHR~ welanF. TaKl1M 06pa30M, e.LJ;l1HCTBeH

Hoe rrperrOJIO)J(eHl1e a HenpephmHOCTH <PYHKIIl1H (4) B OTpe3Ke 0 ~ W ~ We npl1BO,lll1T 

K BhIBO.LJ;y 0 CYIl(eCTBOBaHRH y BOJIbTaMfIepHhlX xapaKTepl1CTl1K aCHMIITOThI '1 = 
= welanF. 

YpaBHemUI (4-6) He .LJ;alOT B03MO)J(HOCTl1 onpe.LJ;eJIHTh BH.LJ; BOJIhTaMnepHOH xa

paKTepHCTHKH t7 = l1(i). Ho B caMOM rrpOCTeHllIeM BapHaHTe, T. e. Km = 0, eCJIH 

m =1= 1, 3TH ypaBHeHH~ .LJ;alOT 

(13) 

r.LJ;e 11k = welanF - npe.LJ;eJIbHOe rrepeHanp5l)J(eHHe • .n:eJIa~ aHaJIOm'IHble rrpeo6pa30-

BaHH5I.LJ;JI~ 'IaCTHoro aHo.LJ;Horo TOKa i, nOJIyqaeM Bhlpa)J(eHlie .LJ;JI5I 06Il(ero pe3YJIhTH

pYlOIl(erO TaKa: 

(14) 

r.LJ;e f3 = 1 - a, -t7A = welf3nF. IIOCKOJIbKY ,[(JI5I MaJIhIX i ypaBHeHHe (14) .LJ;OJI)J(HO 

COBna.LJ;aTh C ypaBHeHlieM Ta<peJI~, TO dl](O)/di B ypaBHeHHH (14) H B ypaBHeHHH (I) 
.LJ;OJI)J(HhI 6hITh O.LJ;HaKOBhIMH. 3TO .LJ;aeT B03MO)J(HOCTh oIIpe.LJ;eJIeHH~ BeJIH'IHHhI K i . 

B pe3YJIhTaTe 

l = -- t7k1n -- + t7Aln--- , · io nF [t7k e -t7A ] 
2 RT t7k - t7 -I]A + t7 

(15) 

i = i ot7o nF Arth!L.. 
RT '10 

(16) 

YpaBHemUI (15) H (16) y.LJ;OBJIeTBOpHTeJIhHO OilllChmalOT HMelOIIIHec~ B 3JIeKTpoXH

MHQeCKOH JIHTepaType 3KCneplfMeHTaJIhHhle .LJ;aHHhle. 
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BOnbTaMIlepHhle XapaKrepHCTHKH aKTHBaIIHoHHoll: IlOnllpa3aIIHH 881 

KaK YKa3hIBaJIOCh Bhrrue, ypaBHeHIDl (I5) M (I6), M Boo6ll.(e CYll.(eCTBOBam[e npe' 

.n;eJIhHOrO nepeHarrp5DKeHMj{ He rrpOTlmOpe'lliT TeopMM 3aMe.n;neHHoro pa3pj{.n;a. 

O.n;HaKO :na TO'lKa 3peHMj{ Tpe6yeT, 'IT06hI npH npMMeHeHltl{ ypaBHeHIDl AppeHMyca 

7 = ksexp (-wJRT) {I 7) 

B 3JIeKTpOXMMli'leCKOH KMHeTlfl<e KOHCTaHTa CKOPOCTM ks paCCMaTpl1BaJIaCb KaJ< 

<PYHKIl,Mj{ nOTeH~l1a~a. 3KcrrepMMeHTaJIhHO 3TO no.n;TBep)l()J,aeTcj{ npM M3Y'leHl1}f 

'laCTHhIX TOKOB i M i C rrOMOll.(hlO M30TonOB. 

B rrOCJIe.n;Hee BpeMj{ pj{.n; MCCJIe.n;oBaHMH no 3JIeKTpOXMMli'leCKOH Kl1HeTl1Ke Bh[

nOJIHeH Ha OCHOBe KBaHTOBO-MeXaHM'leCKMX rrpe.n;CTaBJIeHlIH JIeBM'leM, ,norOHa.n;3e 

M QM3Ma.n;'lKeBhIM 5 - 8. ,nmr reTeporeHHhIX peaKU:l1H 3JIeKTpOHHOro 06MeHa MMM no

ny'leH0 8 CJIe.n;ylOll.(ee Bhlpa'lKem1e: 

( 
eYJ -eYJ ) (Es + eYJ)e~ / 2ES 

• exp-- - exp-- . ---
2kT 2kT Es - el] 

(I8) 

(.n;AA CMMMeTPM'lHhIX BOJIhTaMrrepHhrX KpMBhIX). 3.n;eCh 3HaK TOKa i, KaK M BbIIIIe, 

COBna.n;aeT co 3HaKOM rrepeHarrpj{'lKeHIDl 1], e - 3apM 3JIeKTpOHa, AM B - KOIl

u:eHTpaU:MM pearMpYIOll.(MX Bell.(eCTB, Ii, k, I, (!F' LFs - nOCTOj{HHhle, He 3aBMCj{IQMe OT 

nepeHarrpj{'lKeHMj{. 

Oco6oro BHMMaHIDl B ypaBHeHMH (18) 3aCJIY'lKMBaeT rrapaMeTp Es. OH HOCMT Ha-

3BaHMe 3Hep2uu nepenoflflpu3al/UU, T. e. 0603Ha'laeT M3MeHeHMe 3HeprnM pacTBo

pl1TeAA rrpM rrepexo.n;e pearl1pYIOIQeH CMCTeMhI M3 Ha'laJIbHOrO B KOHe'lHOe COCTOj{Hlie. 

Pac. 2 

BOJIhTaMIlepHhle KpHBble 

1 YpaBHeHHe (1); 2 ypaBHeHID! (16) a (18); 3 ypaBHe

HID! (16) H (18) · c p;o6aBKoit nap;eHID! HanplilKeHHlI Ha 

nOCTOllHHOM conpOTHBneHHH. 
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882 rOpO.z.u,ICKH~, J(eJIHMapcKHiI: 

IIo.a, paCTBOpHTeJIeM CJIe.l1;yeT nOHliMaTh Bce MOJIeKYJIhI H HOHbI, KpOMe Toro, KOTO

PbrH yqaCTByeT B peaKIl,IDl B .l1;aHHbrH MOMeHT. ECJIM MbI npOaHaJIM3HpyeM ypaBHeHlie 

(I8), TO CTaHeT OqeBMP,HbIM, qTO nepeHanpjl)l(eHHe 11 He MO)l(eT npeBbICHTb onpe.l1;e

JIeHHOe 3HaqeHHe. KaK TOJIhKO BeJIMql{Ha e'1 (He3aBHCHMO OT 3HaKa) rrpli6JIM3liTCjl K Be

qIiHe E., TO rrOCJIe.l1;HnH MHO)I(HTeJIh ypaBHeH~ (18) 06paTliTCjl B 6eCKOHeQHOcTb. 

II rrOCKOJIbKY Bce OCTaJIhHble MHO)l(HTeJIli COXpaHjlJOT rrpH 3TOM CBoe KOHeQHOe 3Ha

qeHHe H HH O.a,HH H3 HMX He o6parnaeTCjl B HyJIb, TO H CHJIa TOKa CTpeMHTCH K 6eCKO

HeQHOCTH. TaKliM 06pa30M, BeJIMqHHa e'1 no CBoeMY a6COJIJOTHOMY 3HaqeHHIO He 

MO)l(eT 6bITb 60JIbllIe E •. 
B ypaBHeHHH (18) rrpH MaJIhIXI1 HrpaeT pOJIb TOJIhKO rrpe.a,rroCJIe.l1;HHH, Ta<jJeJIeBCKIDi 

MHO)l(HTeJIh (Pa3HOCTb .l1;ByX 3KcrroHeHT), rrOCKOJIhKY OCTaJIbHbIe 3aBliCHMbIe OT nepe

HanpH)I(eHHH MHO)l(liTeJIM MaJIO OTJIMqalOTCH OT e.l1;IIHHIl,bI. TaKliM o6pa30M, BOJIbT

aMIIepHaH xapaKTepHcTHKa Ha yqacTKe B.l1;aJIH OT npe.l1;eJIbHOrO nepeHarrpH)I(eH~ 

nO.l1;QHHHeTCH ypaBHeHlilO Ta<jJeM (pHC. 2). KpliBble, paCCql{TaHHble no ypaBHeHliJO 

(16) H rro ypaBHeHHJO (18) He CJIMIIlKOM OTJIMqalOTCH .a,pyr OT .l1;pyra. Ha pHC. 2 rrpn

Be.l1;eHbI rrpHMepHble KpliBhle 11 = 11( i), cooTBeTcTBYlOIQHe <jJoPMYJIe (1) - KpHBaH 1 -
H <jJoPMYJIe (16) HJIH (18) - KpHBaH 2 . .IJ:JIH nOCJIe.l1;Hero cnyqaH rrpHBe.a,eHa TaK)I(e 

3aBHCHMOCTh 11 = l1(i) + ir - KpHBaH 3 - Kor.l1;a B BOJIbTaMIIepHYlO xapaKTepHCTliKY 

BKJIJOQaeTCjl erne H rra.l1;eHlie HarrpH)l(eH~ Ha nOCTomHOM COrrpOTliBJIeHHH r (Ha

npliMep, B 3JIeKTpOJIMTe). 

ECJIH MbI o6paTHMcH K paccMoTpeHHlO 3JIeKTpOHHbIX TepMOB B pa3JIl{qHhIX pe

aKIl,HOHHbIX COCTOH~X, TO OKa3blBaeTCH8, QTO BeJIMQHHa E. paBHa MaKCHMaJIbHOH 

3HeprnH aKTliBaIl,HH o6pa THoro (BCTpeqHOro) npOIl,ecca. TaKliM 06pa30M, KaK H rrpH 

BblBO.l1;e ypaBHeH~ (16), B ypaBHeHliH (18) .l1;OCTli)l(eHlIe npe.l1;eJIhHOrO nepeHanpH)I(e

~ CBH3aHO C rrepeMerneHHeM TepMoB .l1;O .l1;OCTl{)I(eH~ HYJIeBOH 3HeprnH aKTHBaIl,HH 

rrpHMoro npoIl,ecca. 
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