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CornacHo [1], MexaHM3M Na3epHOro paspyLleHnss MaearnbHO YMCTbIX MPO3padHbiX TBEpPAbIX Ten
CBA3bIBAETCA C OMTMYECKMM Mpoboem, oOyCnoBreHHbIM pa3BMTMEM MNpoLecca NaBUHHOW YAApPHOM
noHmnsaumun. B pabote [2] paccmoTpeHune 3agaym O laBUHHOM Npoboe Npo3payHbIX ANINEKTPUKOB OC-
HOBLIBAsIOCb Ha 3NeMEHTapHON TEOPUN B3aMMOLENCTBUSA SNIEKTPOHOB 30HbI MPOBOAUMOCTU C Nasep-
HbIM n3nyveHmem (JIM). 3to noseonuno yyectb ANDEPY3MOHHbIE U PEKOMONHALIMOHHbIE MNPOLLECCHI
B 9NEKTPOHHO—AbIPOYHOW Nfa3Me, OUEHWUTb BNUAHME MOHAEPOMOTOpHOM cunbl JIN 1 aneKkTpoH—
POHOHHOro B3aMMOLEWNCTBUSA Ha pa3BUTUE INEKTPOHHOW NaBWHbI, ONpeaenvTb KpuTepun npobos
TBEPAbIX NPO3payvHbIX AMINEKTPUKOB. Bbino nokasaHo [3], 4TO Hapsdy € Takum  Kputepuem npobos
Kak noporoBasi UHTEHCUBHOCTb JTA3E€PHOTO U3NYYEHWS Gy, CNIEAYET paccMaTpuBaTb He MeHee Bax-

HbI KPUTEPUIN — XapakTepHoe Bpems f, BBOAA B AWINEKTPUK dHepruun, Heobxoanmon Ans ero pas-
PYLLUEHMS, MO CyTW, MOBEPXHOCTHYIO MNOTHOCTb SHEPTUM N3NydeHust Eyy, . Mpyu 3TOM BbISICHUIOCh, YTO
€Cnn OUEHKa gy, YAOBMNETBOPUTESNbHO COrNacyeTcsi C JKCNEepUMEHTanbHON BEIUYMHOW, TO OLeHKa
EK,O (B 4yacTHOCTH, EKp~55 Dx/cm? anst NaCl u CO,— nasepa npu qu~3O BT/cM?) CyLLECTBEHHO

OTNNYaEeTCHa OT IKCMepUMEHTasbHbIX 3Ha4YeHun [4], cornacHo KOTOpPbIM NOPOr ONTUYECKOro paspylue-
Hus kpuctanna NaCl coctaensiet EKp ~5...10 Dx/cm? 1o u MOCNyXnno ocHosaHveM ang 6onee ge-

TanbHOrO pPaCcCMOTPEHUS 3NIEMEHTapHbIX (PU3MYECKNX MPOLIECCOB, MPOTEKAKLWMX B SMEKTPOHHO—
ObIPOYHOM Masme Npo3payvHbIX ANINEKTPUKOB, MPEXAe BCEro peKOMOUHALMOHHbIX.

Kak n3BecTHo [5], B 3aBUCMMOCTM OT MEXaHu3Ma pasnuyaroT Tpu Buaa pekoMOuHaLUKN: MEX30H-
HY0, Yepes foKarnbHble LEHTPbl M NOBEPXHOCTHY. MeX30HHass peKoMOUHaLMS OCYLLLECTBIIAETCS Mpy
nepexoae aMneKkTpoHa 13 30Hbl MPOBOAMMOCTM B BaNE€HTHYK 30HY M COMPOBOXOAETCHA aHHUMMNsUMEN
3MeKTpoHa 1 Ablpkn. Mex3oHHasi pekoMOMHaUusa MrpaeT OCHOBHYIO POJib B BELLECTBAX C LUMPUHON 3a-
npeLeHHon 3oHbl nopsaaka 0,2...0,3 3B 1 meHbLue. Ecnn wnpuHa 3oHbl 6onee 0,5 3B, To npu Hanu4um
B KpucTanmne aedekroB, SHEpPreTM4eckne YpPoBHN KOTOPbIX NexaT B 3anpeLieHHOW 30HEe, BO3MOXEH
npouecc pekoMOuHauun Yepes nokarnbHble LEHTpbl. B aTOM cnyyae gedekT peleTkn, crnoCcobHbIn
3axBaTUTb CBOOOAHbLIA SMEKTPOH W/UNK ObIPKY, Ha3blBalOT peKOMOBUHALMOHHON NOoBYLWKOW. [Anga Toro
4yTOBbl AedeKT NnpmuBen K pekoMOMHauuKn (aHHUMMNALMX) Napbl ANEKTPOH—AbIPKa, OH AOMKEH B3anMOo-
JencTBOBaTb Kak C 30HOW NPOBOAMMOCTU, TaK U C BaneHTHOW 30HON. [oBepxHOCTHas pekomOBuHauuns
NponcxoauT Yepes NOBEPXHOCTHbIE PEKOMOMHALNOHHBIE MOBYLLKN. HakoHeL, BO3MOXHA N 9KCUTOHHas
pekoMbuHaums, korga aNeKkTPoH 1 Ablpka 00pasyloT B Ka4eCTBE MPOMEXYTOYHOTO COCTOSIHUS 3KCUTOH.

Hcxoos ns aToro, MOXKHO cunTaTh, YTO B MOEAINbHO YUCTbIX OUINEKTPUKAX C LUMPOKON 3HEPreTUHECKOM
LLIENb0 SKCUTOHHAsA PEKOMOMHaLMs OOIMKHA UrpaTbh OCHOBHYIO porib. [peacTaBnsieTca eCTeCTBEHHBIM, YTO
B 9TOM Criyyae BO3MOXHbl MpoLecchl Kak poTopekombuHaLmmn, Tak U TPOMHOW pekoMOuHauum, B pe-
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3ynbTaTe KOTOPbIX 1 06pasytoTCa 3KCUTOHbLI, a U3ObLITOK dHeprnmn NMBo BbiCBeYnBaeTcs, NMbo nepena-
eTcs cBobogHOMY HocuTento 3apsga. CooTBETCTBEHHO TaKOMY NPEeACTaBNEHMIO BbIYUCIIUM KOHCTaHTY
CKOPOCTWN 3KCUTOHHOWM peKkomOMHauMn, He paccmaTpuBasi BOMPOChHI, CBSA3aHHble ¢ COOCTBEHHO pacna-
AO0M 9KCUTOHA (MOHM3aUUS, aHHUTUIALMS SMIEKTPOHA CO «KCBOEWN» ObIPKORN).

[na onvMcaHMsa 9KCMTOHa CyLLEeCTBYEeT ABa pas3fnuyHbIX NpeaenbHbiX npubnmkexus [6]. B mogenu
dpeHKkens 3KCUTOH paccMaTpuBaeTCs Kak CUIbHO CBA3aHHasl cuctema. [pu 3ToM Ablpka, BXoasiias
B COCTaB 3KCUTOHA, OObIYHO MPUHALNEXUT TOMY XXe aTOMy, YTO M 3NeKTPOH. MOCKOMbKy 3Heprust Bos-
Oy)XOEeHWs1 NEKTPOHOB B OTPULATENBHbIX MOHAX MEHbLUE, YEM B MOJIOXMUTENbHBLIX, TO B MOHHbLIX KPU-
cTannax 3KCUTOHbI C HAMMEHBLUMMWN 3HEPTrMSMU FloKann3oBaHbl Ha oTpuuaTtenbHbIX MoHax. Mo cyue-
CTBY, OKCUTOHbl ®PpeHKkenst NpPeAcTaBnsilOT BO30YXOEHHbIE COCTOSAHMS OTpuUATENbHBIX MOHOB
ranioreHoB. [1pn 9TOM SKCUTOHHbIE 3HEpPreTUYeckne YpoBHM AOSMKHbI pacnonaraTbCa B 3anpeLleHHOoMn
30He BOMM3K OHaA 30HbI NPOBOAMMOCTU. JTO cneayeT U3 pesynbTaToB UCCIEAO0BaHUS CMEKTPOB Mo-
rNOLWEHNS SNEKTPOMarHMTHOIrO N3NyYeHUs B MOHHbIX KpUCTasnax, CornacHo KOTOPbIM 3KCUTOHHbIN MUK
NOrnoLweHns HaxoaMUTCA Ha CKIOHE KPMBOW MOrMNowleHns B obracTi OCHOBHOW 4acToTtbl [7]. OTom
YacToTe COOTBETCTBYET SHEPrua KBaHTOB, paBHas LUMPUHE 3anpeLleHHON 30HbI Ej .

B mogenu MoTtta — BaHbe 3KCUTOH paccmaTpuBaeTCd Kak cnabo cBA3aHHasa cucTema, B KOTOpOIZ
paccTtosaHne Mexay 3N1EKTPOHOM U ,D,blpKOVI cumTaetca 6onbwnMm no CpaBHEHUIO C NOCTOSIHHON peweT-
KW. I'IpM 3TOM COOBCTBEHHLIE 3HAYEHUS SHEeprmn E,, sensaowmecsa 3HeprV|el7| CBA3N 3KCUTOHa, pacro-

FIOXEHBI y AHA 30HbI MPOBOAMMOCTU 1 06pasyloT BOAOPOAONoaoGHyo cepuio E,=—ue*2r2?n?n~?,

roe |W— npuvBeAeHHas Macca aMekTpoHa U OblpkU, € — 3apsa[ SNeKTpoHa, N — rnaBHOe KBaHTOBOE
4ynucno, M — AuaneKTpuyeckas NPOHNLIAEMOCTb BELLECTBA.
OcCHOBHOE 3HepreTnyeckoe CocTosiHne (n=1) 3KCUTOHA OTCTOUT OT NOTONKA BaneHTHOW 30HbI Ha

paccToaHnn Eo:—ue42h_2n_2/2. Ecnu npuHate p=m/2, roe m — Macca 3nekTpoHa, To

E, :—2‘111‘2 Ry/nz, roe Ry:me4h‘2/2:13,6 3B — noTteHuuan noHmsauun atoma sogopoga. Ecnu
paguyc 9KCUTOHa OCTaTOYHO BEMWK, TO B3aMMOOEWCTBME JMIEKTPOHA M AbIPKM C MOHaMU peLueTKu
NPUBOANUT K NOMAPU3aLMM PELLETKM, a MOKOSLMECH SMNEKTPOH U OblpKa B3aMMOLEWCTBYHOT MO 3aKOHY
KynoHa — ezn51r‘2, roe m=mng — craTuydeckas AManekTpuyeckas npoBoAMMOCTb Kpuctanna. Ecrin
paguyc SKCUTOHA Mar, TO TSKerble MOHbLI peLleTKN He YCneBatoT CrneanTb 3a ABMXKEHNEM SNEKTPOHa
N ablpkn. B aTOM cnyyae nx B3aMMOLEWNCTBME TaKKe KYNTOHOBCKOE, HO C BbICOKOYACTOTHOW OM3NekK-
TPUYECKON MPOHMLLAEMOCTBI N=T], .

Kak oTmevanoch Bbille, BogopogonogobHas Moaenb 3KCMTOHa npurogHa torga, korga opbuta
3MEeKTPOHa oxBaTblBaeT OOfbLIOe YMCIO Y3M0B B KpucTtasnne. 9710 TpeboBaHMe yaoBNeTBOpSETCH,
€CNn ANaneKkTpuyeckasl MPOHMLAEMOCTb OOCTATOYMHO BbICOKA. Y MOHHBLIX KPUCTAmnmoB 1., ~2, 4YTO

B HECKOIbKO pa3 MeHblue ctatudeckon mg. Hanpumep, y NaCl ctatnyeckaa guanekrpuyeckas npo-

HULaeMoCTb Mg =5,62 ; BbICOKOYACTOTHAA M., =2,32 ; NOCTOSIHHAs peLueTkun A=2,81-10_8 cM. Cnepo-

2

BaTeNbHO, paguyc r:2hn2nm_1e_ OCHOBHOIO COCTOSIHUSI 9KCUTOHA COCTaBnsieT r1~5,96-10_8 CcM

B CTaTUYECKOM Cry4ae u ry ~2,4610"8 cM — B BbICOKOYACTOTHOM.

B obwem cnyyae 3aBMCMMOCTb OUSMNEKTPUYECKON MPOHULAEMOCTM OT PacCTOSHUA MexXay anek-
TPOHOM U ObIPKOW JaeTCca COOTHOoLeHueM [8]

11,
N Mo (Me Mo o
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)

rae =(h/(2m Q) , © — yacToTa NpoAonbLHOro onTUYeckoro goHoHa. Torga MoOXHO nepenuncaTb

COOTHOLLUEHNE r1/n:230, roe ag —hm le2 :0,53-10_8 cMm — BOopoBCKUA paguyc, B BUAe

41 r
r ﬂo1+(nm1—ﬂo1)e><p _r_1 =24,
0
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oTKyga (npwm 0=5,310" ¢’ ans ontuyeckoro poHoHa ¢ aHepruen 0,038 aB B kpuctanne NaCl) Ha-

Xoaum r1~2,9-10"8 CM, YTO COOTBETCTBYET AMINEKTPUYECKON NPOHMLIAEMOCTU Kpuctanna n~2,72.

OTtclopa cnegyeT, YTO AaHHAs MOAENb 3KCMTOHA MPUMEHWMa NuLlb ANS BbICOKOBO30YXXOEHHbIX CO-
cTosHUn ((n>>1). HmKHME COCTOSIHMA 3KCUTOHA, BUAMMO, Bonblue COOTBETCTBYHOT Mogenu dpeHke-

ns. TeM He MeHee, MpU BbIYUCIIEHNN KOHCTAHTLI CKOPOCTM pekoMbuHaumn gnst kpuctanna NaCl B no-
ne JIM Oymem oOcCHOBbIBAaTbCA Ha BOOOPOOOMNOAOOHOM MOAENM SKCUTOHA € M~2,72, 4TO

onpaBablBaeTCs CrieayoLwmmMmn coobpaxeHnsMu.

Mo aHanorum ¢ NpoLeccoM pekomBrHaLmMM Npy TPOWHBLIX CTONKHOBEHUSIX B HU3KOTEMMNEPATYPHOW
BOAOPOAHOM nras3mMe [9], MOXHO MPeANoNnoXuTb, YTO U B SNEKTPOHHO—ABLIPOYHON Nia3me Kpuctanna
OH HayMHaeTcsl C 3axBaTa ANEeKTPoHa AbIPKON M 06pa3oBaHMs 3KCUTOHA B BbICOKOBO30YXXAEHHOM CO-
CTOSIHUW, KOTOPOE 3aTeM CHMMAaeTCs MpPU CTOSIKHOBEHMSIX C 3NEeKTpoHaMu, (POHOHaMK U Npu pagua-
LIMOHHBIX Nepexodax. MNpu 3ToM B 06nacTu, rae paccTosiHUS MEXAY YPOBHAMM aKkcuToHa AE, <T , &g,

Hanbonee BEPOSATHbI TONMbKO CTONKHOBUTESNbHbIE MepexoAbl Mexay COCeLHUMU YPOBHAMMK, B 06nacTu
HU3KMX ypoBHen (Mpn AE,>T, gy) K HUM [06aBNATCA U pagvaunoHHble nepexodbl. B koHe4yHoM

nTore aHeprus, BolgensAwLWaacs npyu pekombnHaumm, TpaHcopmmpyeTcs B TENMO (3a UCKIIOYEHNEM,
MOXET ObITb, N3NYYEHUS).

Mcxoaa ns anddysmoHHOM Mogenu npouecca pekombrHaumm B BOAOpoaHoN nnasme [9], ypas-
HeHnsa anddy3nm Anst SKCUTOHOB MOXHO 3anucaTb B BUAE

oN, __%
ot on’
. oN, (AE, 2
In :_(‘xn—m nNe)|: ann +(k_7.n_;)Nn:| :

raoe N, — NMNOTHOCTb 3KCUTOHOB B COCTOSIHUW N, ocn_1‘n:DNg1 (AE, )_2 — KOHCTaHTa CKOpOCTK ne-
pexoga (n—1)en B QIIEKTPOHHLIX yaapax, AE, ~|dEn/dn|:n_2,‘:\’yn_3 — paccCTosiHne mexay aHepre-
TUYECKUMMN YPOBHAMMN IKCUTOHA, D:2(21t)1/2e4EnNeInA1/[3(mrT)1/2] — Koa(bpULIMEHT anddy-

ann, InAq4~1 — «KynoHoBckun norapudm», T — TemnepaTypa 3NEKTPOHOB, Kk — MOCTOSHHasA

BonbumaHa.
B craunoHapHoMm criyyae j,=const nuHenHoe ypaBHeHuWe, crneayowee u3 ypasHeHun andady-

3UNn, NErko MHTErpnpyeTcd, Tak 4Tto

n
i exp(—E, /kT )dn
an_/_nnzeXpE_,,J |c>(2 n/KT)
Ng kT n“o, 4n
ng

rae ng — NOCTOsiHHasa uHTerpuposaHusa. CornacHo [9], B obnact HebonbLuMX 3Ha4YeHWN N nHTerpan
BLICTPO CXOAUTCA U MPAKTUYECKN HE 3aBUCUT OT KOHKPETHOro Bblibopa ng. Tem cambiM CHMMaeTcs
Bornpoc 06 onncaHum aKcuToHa nNpu n~1. Ecnyn Bocnonb3oBaTbCcs YCNOBMEM B 06nacTn GonbLIMX 3HA-
YeHu n, rge yctaHaBnueaeTcsi paBHoBecne Caxa—bonbumaHa:
3/2

N, =-n? exp(E NeNp

E,\_m
kT || 2rmkT

npn n—eo, TO U3 Npeabliaywiero creayet BblipaXeHne A5d NnoToka
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n2 V2 [ ex (-E, /kT)dn
jn=| ——|  N2N, PL5n ~bNZN,,,
2ntmkT n20(
n-1,n
no~1
roe Np — MNOTHOCTb AbIPOK, b — KOHCTaHTa CKOpocTM pekombuHaumu. lMoacTtaensas coga E,,

Op1p, AE,, D v nepexoaa K nepemeHHon x=1/n, HETPYAHO BLIYNCATL KOHCTAHTY CKOPOCTU pe-
KOMBMHALMM 3NEKTPOHOB N [bIPOK B 3KCUTOHbI NMPU TPOMHbBIX CTONKHOBEHUAX

b
p=—"r
2312,3

rae b, =5,4210720 (£)7/?

Hel aHeprum anekTpoHa (E)<<Ry .

— KOHCTaHTa CKOpPOCTM pekomOuHaumm BOOoOpoAHOro noHa /9/ npu cpea-

Moa4vepkHeM, YTO akTbl peKoMOMHauMM NPUBOAAT B KOHEYHOM UTOre K 0Opa3oBaHM0 3KCUTOHOB
B OCHOBHOM cocTosiHun. Mockonbky B cnyyae NaCl aHeprus 3KCUTOHa B OCHOBHOM COCTOSIHUW CO-
ctaBnset J~0,92 aB 1 HaMHOro npeBbILLaeT 3Hepruo kBaHTa nuanyveHuns CO,— nasepa (w/=0,136 3B),

TO OQHOMOTOHHYO NOHM3ALUUIO SKCUTOHA MOXHO He YYUTbIBaTb.

Kak oTMevanock, aKCUTOHHAs pekoMbuHaums conpoBoXaaeTcs BblaeneHueM aHepruun. [ns toro
yTObbl MpOU3oLLEN 3axBaT 3AMEKTpOoHa AbIpkon ¢ obBpasoBaHMEM BbICOKOBO3OYXOEHHOro COCTOSAHUS
3KCUTOHA, HeobxoamMMo, YTOBbI SMEKTPOH, NporeTasd MMMO AblIpKW, nepefan Apyromy 3neKTpoHYy Bbl-
OEeNndAoLLY0CSa Npy 3axBaTe NOTEHUMANbHYO 3HEPrno, KOTOPYO MOXHO NPUBMAMXKEHHO CUMTaTb paBHOM
€ro TennoBou 3Hepruu. TpaHcopmaLums 3TON SHeprum B TENNO KpUcTanna npoucxoauT npu nocre-
ayoLwem snekTpoH—OHOHHOM B3aumoaeuncTemm. Kpome Toro, Kpuctann HarpeBaeTcs v B npouecce
AEeBO30YXOEHNS1 3KCUTOHA B CTOSIKHOBEHUSAX C TEMNMOBbIMW 3NEKTPOHAMM M ONTUYECKUMU (DOHOHAMMW.
Takum obpasom, Ona OLEHKM MOLLHOCTU SHEPrnu, BblAenstowencs npn pekoMmbnHaumm, MoXHO BOC-

nonb3oBaTbCs cooTHowweHneM W, (aB/c) ~bN§ ((E)+J0), rae (E) — aHeprusi pekoMBUHMpYioLLEero
3NEeKTPOHa.

3aknroyeHune
Mo CpaBHEHUo C KOHCTaHTOM CKOpPOCTHU peKOM6VIHaLI,VIVI BOAOPOAHbIX NOHOB KOHCTaHTa CKOPOCTU

—1
3KCUTOHHOWN pPEKOMOUHALMM YMEHbLUAETCS Ha dhakTop k1:(23/2n3) , (M — AnanekTpuyeckas npo-

HUL@EMOoCTb). MOLLIHOCTb PEKOMBUHALIMOHHOTO HarpeBa CoCTaBnseT BENNUNHY ~bN§ (<E>+J0).
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