
C36 

ic..J98Y 
COOBlUEHl1H 

OB'bE,ZJ;l1HEHHOrO 
l1HCTl1TYTA 

H,ZJ;EPHhiX 
· l1CCJIE,ZJ;OBAHl1M 
.lly6ua Pl3 - 5852 

H .H. Kpoo, K. CeRTHpMd 

AHOMAJIHH 
TYHHEJibHOrO COUPOTHBJIEHHH, 

B03HHKAmmHE no~ BJIH~HHEM 
CTPYKTYPY UEPEXO~A 

UPOBO~HHK-~H3JIEKTPHK 

1971 

' \ 



p 13 - 5852 

H .SI. Kpoo, I. CeHTHpMaA 

AHOMAJU1M 
TYHHEnbHOrO COllPOTMBnEHMSI, 

B03HMKAmmME llO~ BnMSIHMEM 

CTPYKTYPH llEPEXO~A 

llPOBO~HMK-~M3nEKTPMK 



Ill 
B nocne~aee BpeMH fheBep H 3ennep o6aapy~HnH aynes~ro aao-

Manuro B BOllhT-aMnepHO~ xapaKTepHCTHKe TyHH9llhHhlX KOHT8KTOB1 B. 6aph

epaX KOTOPblX HM9IDTCH H30llHpOB8HHbl9 ~pyr OT ~pyra M9T8llllH'i9CKH9 

39pHa ~HaMeTpOM 50 -t 300 ~ • 0HH HHTepnpe'J'HpOB8llH STO HBll9HH91 npe~
nonaraH1 'ITO sepaa urparoT ponh ManbiX KoaneacaTopoB, HMelOIIIHX co6cTsea

Hbie saaqeHHH aKTHBaUHOHHO~ aaeprHH. Mese~l21 coo6mun o aa6nro~eHHH 

noxo>KHX aaoManH~ B KOHTaKTax AI- Al2 0~ -AI 1 B KOTOpbiX TOHKH~ cno~ anlO

MHHHH 6wn aaaecea aa nosepXHOCTh 6apbepa. Oa o6~HCHHn cBoH pesynh

TaTbi paCC9HHH9M 9ll9KTpOHOB Ha napaMarHHTHblX OKHCll8X BOllb<jlp&M81 npH

cyTCTBH9 KOTOpb!X BCer~a MO)KHO npe~nonaraTh B HllDbin9HHblX C BOllb<jlpaMo

BOro HCTO'IHHK8 CllOHX 8lllOMHHHHo 
131 

8Kc~epHMeaTanhHaH MeTo~HKa onucaaa B • B ~aaHoM cnyqae o~Ho-

speMeHHO HSrOTOBllHllOCb no 8 KOHT8KTOB { H8 O~HO~ H TO~ ~e CT9KllHHHOA 

no~llO>KKe) c aneKTpo~aMH H3 anlOMHHHH 'IHCTOTbl 99,999%. ToniiiHHa npo

Me>KyTOtJHoro cnoH anlOMHHHH ( M3 ), pacnono>Keaaoro Me~y 6apbepoM 11 sepx

HHM aneKTpO~OM KOHT8KT81 poena norapH<jJMH'I9CKH ~llH ~~~O~OB Ha O~HOA 

. no~no>KKe: 8neKTpo'nbi KOHTaKTOB ( M 7 1 M 2 ) HanhinHll!ICb c sonb<jlpaMOBO~ nposo

llOKH CO CKOpOCTbiD lQQ R.lceK npH pa60'I9M ~6Bll9HHH B BaKy~MHOft KaMepe 

2.1Q-5TOp
0 

Cnoft ~H9ll9KTpHK8 C03~8B8llCH OKIIClleHReM MeTalllla B aTMOC<jlepHOM 

sosnyxe, sna>KHOCTh KOToporo KOHTpon!lposanach. Cno~ M3 KOHneacaposancH aa 
) 

noBepXHOCTh ~H9ll9KTpHK8 llH60 C BOllb<jlpaMOBOrO IICTO'IHRK8 1 llR60 H3 anyH-

~OBO~ llO~O'IKII npll ll8Bll9HIIH 5.1Q-5 H tQ-4 TOp COOTB9TCTB9HHOo PerynHpHOe 

ysenH'IeHRe cnoH 6billO o6ecneqeao c noMOIUhlO . spaiiialOtnerocH ~HcKa. GKo

pocTh oca~eHHH H3M9HHll8Ch B. HHTepBane 0,5 -t 10 ~leeK K8K iiJyHKUHH 

~·HaMeTpa OTBepCTHA Ha ~HCK9o BTopoA 9ll9KTpO~ KOH~9HCHpOB8llCH HB no-
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BepxHoCTb npoMemyToqHoro cnoH qepe3 onHy MMHyTy nocne HanbineHMH M
3 

npn naBneHnn 3 ~ 8.10-5Top. AMnnnTyna Bo3pacTaHnH nnHaMnqecKoro conpo

TnBneHnH npn HyneBoM HanpHmeHnn cMemeHMH oKa3anacb nponopunoHanbHOfi 

TOnWMHe nneHKH a(M3 ) H 38BHCHmefi OT ycnOBHfi H3rOTOBneHHH KOHTBKTB, 

(B ABHHOM cnyqae OT CKOpOCTH ocamneHMH1 CTeneHH pa3pemeHHH H nponon

mHTenbHOCTH nepepb!BB), C ITOMOWbiO. HefiTpOHHO-BKTHBBUHOHHOrO aHanH38 

o5HapymeHo, qTo nneHKH AI , KOTOpbie Hanbimmncb c BOnbljlpaMoBoro nc

ToqHHKa, conepmann npnMecb BOnbljlpaMa B KonnqecTBe 70 qacTel!: Ha Mnnnnoii. 

TeM He MeHee Han5onhmne aHoMannn Ha6nronanncb B KOHTaKTax, B KoTopbiX 

cnon M3 KoHneHcnpoBanncb H3 anyHnoBol!: nonoqKn n, cnenoBaTenbHo, He 

conepmann BonbljlpaMa, Ho ycnoBHH KoHneHcaunn 5binM Har:.1Horo' xyme ( pnc. 1). 

Pe3ynbTaTbl H3MepeHHH THnHqHofi cepHH TBKHX KDHTBKTOB npnBeneHbl B Ta5-

nnue, 3necb S o5o3HaqaeT aljlljleKTHBHyro TonmnHy nnaneKTpnKa, onpeneneH

Hyro no ¢opMynaM CnMMoHca/4/ 

rne A- ynenbHaH 

V = 0 B ennHnuax 

G=2A, 

S .. [ 
5
•
25 

In ( 4,7. 10 6 8/ A)]~ , . 8 

nnHaMnqecKaH npoBonnMoCTb napa5onnqecKoro ljloHa npn 

oM-1Js.to-4cM2; 8- 3HaqeHne cMemeHnH, y KoToporo 

3TOT MeTOA OK83anCH 5onee qyBCTBHTenbHbiM K H3MeHeHHHM npoBO

AllMOCTll1 qeM K ee a5conroTHofi BennqnHe. OoaToMy oH naeT n 5onee peanb

Hbie 3HaqeHnH nm1 TonmnHbi, qeM npyrne MeToAbi, ncnonb3yromne conpoTnB

neHne o5pa3ua15/, 

<PopMa KpHBofi npoBonnMocTn ( G~(V) ). HBnHeTcH qncTo napa5onnqecKofi 

ljlyHKuneii: HanpHmeHHH cMeweHHH npn d( M3 ) = 0. 3Ta KpnBaH MomeT paccMaT

pnBaTbCH KaK eCTeCTBeHHblfi lf!OH nnH OCTanbHbiX 5 KOHTaK.TOB C yq~TOM 0 
onHaKo,n3MeHeHHH B S • KaK BnnHo H3 Ta5nnUbi, aMnnnTyna n nonymnpnHa 

nnKoB a HoM anbHO:fi TyHHenbHO:fi npoBonnMocTn CG) yMeHbWBIOTCH c yBennqe-
o 

HneM TonwHHbi M3 • 3aBHCHMOCTb aHoMannfi npn 4,2 K oT BHewHero Mar-

HHTHoro nonH He Ha5nronanacb npn H ~ 20 Krc. 113MeHeHne conpoTnBneHHH 

npn V = 0 oKa3anocb B 1,3 ~ 2,4 pa3a 5onbWHM B HHTepBane 4,2 - 77°K, 

qeM omnnanocb 5bi npn yq~Te TonbKO TeMnepaTypHol!: !JJnroKTyaunn aHeprnn 

aneKTpOHOB, 

(aRIa T) 9Kcn. 1,3 .. 2,4 (aR;an 
Teop. 
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TAEJU'IUA 

KOHTaKT R (V-=o) G (V= -35U-'tf:..) s d(M.z,) G/Go ~ {6o) 1/2 
Je oJ1... . oJt--i 

npi4 4,2°K npi4 4,2°K A " c.__v~o) .M.,,f,-

I 8,24 2,06.IO-I I4 0 - -
Ol 2 490 3,s.Io-3 IS 3,9 O,I7 illi.ipOKaH 

I,84.I0-2 ' 

3 I280 I9,4 7,8 0,89 236 

4 I65 I,52.IO-I 14,2 I5,5 0,94 I98 

5 73,5 I,3.IO-I I3 3I 0,87 44 

6 13,6 -I I,64.IO 13 62 0,43 32 



R - JlHHaMii'IecKoe conpoTHBnenne KOHTaKTa npn cMeiiieHHH V =0 : T - TeM

nepaTypa; ( aR;a T heop. onpenemieTCSI c noMOIIIb!O R(V, T ), pacCtUfT8HHOI'O 

na caMoro HHSKOTeMnepaTypnoro aKcnepnMeHTanhHoro aHatJ:eHIISI G(V, T .. 0) 
no lf>opMyne 

-7 oo a 1 
R(V,TJ=[G(V,T)] =[ I G(W,T ... O)- F(V-W,T)JW]-. 

~ -oo av 
3nepb F(V, T) =Kexp e v /k TJ+ l r 7 

- IJ>yJIKUHSI «PepMII. 

Bo3HifKHOB9HHe If CBOHCTBa Ha6niOJl89MbiX H8Mif aHOManHit MO>KHO HH

Te pnpeTHpOB8Tb1 npeJlnonaraSI HanHtJ:He lf30nHpOB8llllb!X M9Tan.'1H'I9CKIIX aepeH 

B npocnofiKe M 3 • KonJleHcauHH MeTannoB nyTeM BaKyyMHoro nanbmemrH, K~K 
npaBHno, H8'1H!J:89TC51 C o6pa30B8Hif51 MenKHX aepell ( JlyKneaUHSI) • niiaMeTp 

aepeH npHMo nponopunouanen Tonmnne nnenKH M 3 • Dpn neKoTopofi KpHTHtJ:ec

Kofi TOnliiHHe COC9Jll!He 39pHa BCTp9'1810TC51 1 If o6paayeTC51 CITnOIIIHOH MeTan

nH'ICCKHH cnofi. B aToM cnyqae KOHTaKT ne· JlOri>KeH rrpoSIBnHTb anoManhHhiX 

CBOHCTB. 3H8'19lllf9 KpHTHtJ:eCKOH TOniiiHHbl 38BHCHT OT MaTepHana noJlnO>KKH 

H uarrhinSieMoro MeTanna, rrapunanbHoro naBneHHSI KHcnopoJla, cKopocTH ocam

neHHSI If T.Jl/ 6/• 

HacToHmne peaynhTBTbi He coBnanaiOT rronnocTbiO c coo6meHHhiMII 

fbeBepoM, TaK KaK anoManHH ropaano mnpe If ee TeMnepaTypHaSI aaBHCH

MOCTb cna6ee. DpH'IHHofi paaHHUhi, BoaM;O>KHo, SIBnSieTcSI paannua reoMeTpHH 

pacnono>KeHIISI ManbiX JllfCKOBb!X If mapoo6pa3Hb!X KOHJl9HC8TOpOB. 3aBHCII

MOCTb oTnocrrTenbHoro HSMeHeHHH npoBoAHMOCTH t'l G/ G o=Go- G/Go ( V=O) 

oT Ton.IIIHHhi cnoSI M3 npHBenena na pnc. 2. KpnBaSI nemrTCSI ua JlBe qacTH. 

Korna M3 cocTOHT nonnocTbiO na MenKHX aepeH ( d < 10 5t , IIHTepBan "A"), 

ITHKH O'leHb mHpOKHe noV, H HX TpyJlHO OTnH'IHTb OT lf>ona. TiosTOMY 

!lG/G0 (V .. O) ... O,Kor)la d-o 0. 3necb G 0 - pacctJ:HTaHHhiH napa6onH'IeCKHit 

lf>on/3/. B naHHhiX aKcrrepnMeHTanhHhiX ycnoBHSIX yBenH'I•3Hne no TonmiiHe 

M3 BeneT K aKcnoneHuiianhHOMy pocTy JlHaMeTpa aepeH (2r) II cna11y 

HX KoniitJ:ecTB ( n) Ha enHHHuy noBepxnocTn/ 7 I. 

r .. e brl II n ,. e -2c d 

I'Jle b II c; - nOCTOSIHHbie H b < c; 
/1/ 

Do TeOpiiH JllfH8Mif'19CK851 ITpOBO-

JlHMOCTb KOII)le!C8TOpOB e/C 

G (V) .. n I cl c f( c) c J d v c e ( I v I - v ) . 
0 0 c c 
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3aecb eMKOCTb .lllWKoo6paaJibiX aepeJI C .. r 2 , I( C) - ljlyJIKUHH pacrrpeae

neHHH aepeH no .llHaMeTpy, KOTopaH rrpearronaraeTCH rayccoacKofi; Vc - cepHH 

B03MO:lKHbiX aKTHBBUHOHHbiX Harrp.H:lKeHHH aepeH. 

V c = e /2 C + (_- e /2 C < V < e / i C ) 

li () (I vI - v c) - CTyiieJitraTa.H tPYHKUliH, 

() = 01 ecnn I V I< Vc 1 

() = 11 ecnn I VI> V c 

KaK BH.llHO Ha tiJopMynbi 1 G(V=O)=O n G(V ... oo ).., nCx 1 r.ue x'> l. 

YtrliTbiBaH Bb!lneyKaaaJIHbie Kl!HeTntrecKne BbiPa:lKeHnH, nMeeM: 

exp 2 b rlx G ... --~--~----
exp 2 c:rl 

= exp [ (2 b x- 2 c:) r/] . 

3Ha'IHT, IIpOBO.llliMOCTb .llOn:lKHa 9KCIIOHeHUllanbHO 38BHCeTb OT J(M3 ). 3To 

0 
aoKaaaJio B HJITepaane 

11 Bll ( r/ > 10 A ) 11 aa:lKe B l!JITe paane "A 11 (pH c. 2) 

npH Hao6pa:lKeHHH KpHBofi log G i, I G ( V = 0) .TaK KaK log G o6paTHo nponouHo

Haneli r/ 1 OTliOIIIeJine rroKaaaTeneii b n c: aonmao 6biTb cneayro.IIInM: 

b < c , ... 

TO eCTb KOnH'IeCTBO 3epeH yMeHbiiiaeTC.II 6biCTpee1 '!eM paCTeT HX .llHaMeTp. 

CneayeT OTMeTHTb1 'ITO KOnH'IeCTBO H30nHpOB8HlibiX aepeH 38BHCHT OT 6biCT

pOTbl oKHcneHHH aa speMH nocrie KOH.lleHcauHH cnoH M 3 • 1JeM Tonme M 
3 1 

TeM TOHbiiie 6y.lleT IIpOMe:lKy~O'IHbiH cnofi .llH9neKTpHKa H TeM BepoHTHee IIO

HBneHHe aaKopoToK Me:lK.llY M 2 H aepaaMH M 3 • IToao6Ho aToMy o6'hHCHH

eTCH IIOBe,lleHHe BOnbT-aMIIepHOfi xapaKTepHCTHKH KOHTBKTOB IIO BpeMeHH 

OT:lKHra. B HJITepsane 
11 A 11

1 rae rrpncyTCTBYIOT TonbKo MenKne aepJia, Ha-aa 

HX OKHCnHH.II BHOManHH HC'Ie3aeT ll COIIpOTHBnenne KOHTBKTa CHnbHO B03-

paCT89To A B HHTepsane "B 11 
'IHCno 6onbwnx aepea yMeHbWaeTCH ObiCTpee, 

treM 'Il!CnO ManbiX0 BCne.llCTBHe .llHtPtPY3HOiiHoro B03paCT8HHH MOCTHKOB1 TaK 

'ITO IIHKH yMelibiiiBIOTC.II H paCIIIHpHIOTC.IIo 

ITonywHpHna aaoMannH, no TeopHH, o6paTHo rrponopunonanhHa eMKOCTH 

aepeH, T.e. 

(G/G0 )1/2 .. r- 2 .. exp(-2bJ). 

8KcnepHMeHTanbH8.1I KpHBa.H Ha pHCo 3, ,lleHCTBHTenbHO, COOTB9TCTByeT 9TOMY 

ypaBHeHHIOo 
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PearoMHpyg, MDmHD CK838Tb, qTO HyneBag aHOManHg TyHHenbHOI'O CO

npoTHBneHHg B03HHKaeT, KBK npaBHnO, Koraa Ha llOB9pXHOCTH aHaneKTpHKa 
' HM9IDTCg H3DnHpOB8HHbl9 MeTannHqeCKHe sepHa, nogBneHHe KOTOpbiX onpeae-

ngeTCg MeToaHKOH H3I'OTOBneHHR KOHTBKTOB, AMnnHTyaa H nonywHpHHa aHO

ManHH 9KCIIOH9HUHanbHO 38BHCRT OT TOnWHHbl npoMemyToqgoro cnog, . 8KCIIepH

MeHTanbHbi9 pe3ynbT8Tbl HHTeprrpeTHpyroTcg Ha OCHOBe TeopHH/ 1/ C yq~TOM 
KHHeTHKH KDHaeHCBUHH MeTannHqecKHX nneHOKo 
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·-aoo -200 -100 0 100 200 300 

v 1 J4.~ 
Pnc. 1. 3aencnMOCTb AHllaMn'!eCKoli: npoBOAHMocTn Tnnn'!Holi: cepnn KOl!TaK
TOB OT l!anpmKel!llll CMemel!lll!, llnqipbl Ha KpllBbiX o603li8'1810T HOMep KOHTaKTa, 
(CM. B Ta6nnue), 

ii 50 -0 .. 0 
> ... II .... ... > 
<! )i·..._ 

C!) .... 
~ MOx M3 10 ta 

o.s 
lA 

30 40 50 60 70 80 90 100 

Pnc. 2, 3aencnMoCTb aMnnnTyAhi ayneeoli: aaoMannn oT TonmnHhi enol! M 3 • 

G 0- npoBOAHMOCTb pacc'!nTaaaoro napa6onn'lecKoro ljloaa, G ~ - ·ecTecTBeH
llbili ljloH, T,e, npOBO):IllMOCTb KOHT8KT8 N~l nonpaBneHa no 3H8'19Hlll!M S, 
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