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1. Bae,nemte 

. RpIIcTaJIJIOOIITIIRa IIJ'IR0B 3apJimeHHhlX tiaCTIID; BhlC0RIIX 3Heprrui: -

H0Boe, IIHTeHCIIBH0 pa3BIIBarom;eecJI Ha11paBJieHIIe. BecbMa 11epc11eRTIIBH0 

IICII0JII,30BaHIIe RpIICTaJIJIII'IeCRIIX .n:eqlJieRTOp0B B CIICTeMax JI0RaJIII3an;m1 

II0Tepb Ha 11p0T0HHhlX II II0HHhlX ROJIJiaii,n:epax. ,[lJIJI H3r0T0BJieHWI .n:e

q>JieRTOpOB nrnpoR0 IICII0JII,3JIOTCJI RpIICTaJIJihl RpeMHWI, JIY'IIl!He H3 R0T0-

pLIX HMeIOT peR0p,n:Ho HII3R0e co,n:epmaHn:e ,n:eq>eRTOB CTPYRTJphl. 

B [1] II0Ra3aHo, 'ITO .ll:JIJI 0TKJI0HeHHJI IIJ'IKa tiaCTHD; Ha 60JII,IIIHe yrJihl 

3Ha'IIITeJII,Hhlll BhlIIrpmrr B 3q>q>eKTIIBHOCTH M0)I{H0 II0JIY'IHTI, 11pn: IICil0JII,-

30BaHn:n: BMeCT0 KpeMHHJI KpHCTaJIJI0B MeTaJIJI0B C BhlC0KIIM II0pJI,n:R0BhlM 

H0MepoM, TaKIIX KaR BOJII,q>paM. O,n:HaKO TaKIIe Kpn:cTaJIJihl o6Jia,n:aIOT 3Ha

'IHTeJII,H0 xy.zunn:MII II0Ra3aTeJIJIMII CTPYRTypHoro C0BepmeHCTBa 110 cpaBHe

HllIO c KpucTaJIJiaMu KpeMHHJI. B JIBS O11JH1 c 1997 ro.n:a Be.n:yTcJI pa6oTLI 

110 110.n:roT0BRe K HCCJie,n:OBaHWIM H0BhlX KpHCTaJIJIII'IeCKIIX ,n:eq>JieKTOpOB ll3 

BOJibq>paMa Ha n:upKyJIHpyrom;eM IlJtIKe HYKJI0Tp0Ha [2]. Co3,n:aHO ll 11p0llIJI0 

nepnhle HCIILITa:HHJI o6opy.n:oBaHHe ,n:JIJI 11poBe,n:eHHJI TaRIIX llCCJie,n:onaHIIii:. 

B [1, 2] c,n:eJiaHLI on:eHKII 0IITHMaJibHhlX napaMeTp0B .n:eq>JieKTOpOB H3 

BOJibq>paMa ,n:JIJI IIJ'IK0B JcKopeHHhlX JI,n:ep HJKJI0Tp0Ha. ,[lJIJI HJKJI0Tp0Ha 

,n:0CTll)I{eHHe 0IITHMaJII,H0ro H3ru6a Tpe6yeT 0'IeHI, T0HRHX KpHCTaJIJI0B -

0K0JI0 100 MKM, 1103T0MY 0'IeHI, Ba)I{Ha oco6aJI Tm;aTeJII,H0CTI, B H3r0T0BJie

Hllll .n:eq>JieKTOpOB. 

,[leJIO B TOM,' 'ITO yroJI HaRJI0Ha rpaHeii ,n:eq>JieKTOpa K KpHCTaJIJIOrpacpn:

tieCRHM IlJI0CR0CTJIM {)mis HapJI,n:y C HepOBHOCTJIMll Il0BepXH0CTH JMeHblliaeT 

pa6otiyIO T0Jim;HHY ,n:eq>JieKT0pa Ha BeJIH'IHHY ts = {)misL. ,[lJIJI acpcpeKTH

BHOll pa60Thl .n:eq>JieKTOpa Heo6xo,n:uMo, 'IT06hl ts ~ t, TO eCTI, BeJIIItIHHa 

yrna pa3opueHTan;uu rpaHeii ,n:oJl)I{Ha oTBetiaTb ycJI0BHIO - {)mis ~ t/ L. 

Oco6eHHO Ba)I{Ha 11apaJIJieJII,H0CTI, rpaHeii .n;eq>JieKTOpa IIJI0CK0CTJIM llpll 

llCil0JII,30BaHHll .n:ecpJieKT0pa ,Zl;JIJI BhlB0,n;a IIJtIKa ll3 ycKopuTeJIJI. Ilpn: Me

,n:JieHH0M Hane,n;eHHH n:upKyJiupyrom;ero 11ytIKa tiaCTHn:LI 11011a.n;aroT Ha Bxo

,n;Hoii Topen: KpHCTaJIJIH'IeCK0ro .n:eq>JieKTOpa n6JIII3ll rpaHH, o6pam;eHHOll K 

nytIKy. BoJiblliaJI ,n;oJIJI tiacTun:, 11011a.n;arom;rrx B cellTJM KpHcTaJIJia ts, 6y.n:eT 

II0TepJIHa, TaK KaR, 3aXBaTLIBaJICI, B pe)I{HM KaHaJIIIponaHWI, 0HH 0TRJI0HJI

IOTCJI yKopotieHHhlMll II0BepXH0CTHhlMll RaHaJiaMH Ha 3HatIHTeJII,Hhle yrJILI, 

K0T0phle, 0,n:HaRo, MeHbllie tieM Heo6xo,n;HMO ,n:JIJI BhlB0,n:a. 

B HaCTOJim;eii pa6oTe ,Zl;JIJI IIJ'IK0B ycKopeHHhlX JI,n:ep HJKJI0Tp0Ha C 3Hep

rueii 6 raB/HYKJIOH c,n;eJiaHhl on;eHKll .ll:JIIIH ,n:eKaHaJiupoBaHWI n KpHCTaJIJie 
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BOfil<ppaMa, co.z:i;epmam;eM ,l(IICJIOKaUIIII, II MO,l(eJIIIponaHIIeM IICCJie,l(ODaHO 

IIJMeHeHIIe .z:i;eKaHaJIIIpoBaHIIJI npII qacTII'IHo HeynpyroM II3rII6e KpIIcTaJIJia. 

IloKa3aHo, 'ITO II C IIMeIOlll;IIMIICJI Ha cerO,l(HJI KpIICTaJIJiaMII BOJib<ppaMa 

MOJRHO ,l(OCTII'II, yBeJIII'IeHIIJI 3<p<peKTIIDHOCTII OTKJIOHeHIIJI IIY'IKa HYKJIO

TpoHa. 

2. ,l{JIHHa ~eRaHaJIHpOBaHHJI B RpHCTaJIJie c ~HCJIORan;HJIMH 

.ll:JIIIHa .z:i;eKaHaJmpoBaHIIJI 'IaCTIIU B II,l(eaJII,HOM KpIIcTaJIJie onpe.z:i;eJIJI

eTCJI D OCHODHOM MHoroKpaTHhlM pacceJIHIIeM Ha 3JICKTpOHax KpIICTaJIJrn. 

IlpII HaJIII'IIIII B KpIICTaJIJie .z:i;e<peKTOB (TO'IC'IHhlX, JIIIHCHHhlX, .z:i:nyxMep

HhlX, TpexMepHhlX) KaHaJIIIponaHHaJI qacTIIUa MOJRCT ,l(eKaHaJIIIponaTI, 3a 

C'ICT pacceJIHIIJI Ha HIIX. B OTJIII'IIIC OT .z:i:pyrIIX TIIIIOB ,l(C<peKTOB CC'ICHIIe 

,l(CKaHamrponaHIIJI ,l(JIJI ,l(IICJIOKaUIIH pacTeT C 3HeprIIeii qacTIIU, II03TOMY 

,l(JIJI 'IaCTIIU BhlCOKIIX 3HeprIIii IIMCHHO. ,l(IICJIOKaUIIII IIpIIBO.L(JIT K yMCHI,IIIC

HIIIO MX .L(JIHH ,l(eKaHaJIIIpOBaHHJI B KpIIcTaJIJie . 

.ll:ncJIOKaUHII IIpIIBO,l(JIT K IICKpIIBJICHHIO KpHCTaJIJIII'ICCKOll peIIIeTRH n 

Henocpe,nCTBCHHOll 6JIII30CTII OT JI,npa ,l(HCJIOKaUIIII, TI03TOMY 'IaCTIIUhl, IIC

IIhlThlBaJI ,l(CllCTBIIe UCHTpo6eJRHOll CIIJihl B 3TOH o6JiaCTII, MoryT ,neKaHa

JIHponaTI, n 6JIII3KIIX CTOJIKHOBCHHJIX C ,l(HCJIOKaUHJIMH. .ll:JIJI IIJIOCKOCTHoro 

CJiyqaJI CC'ICHIIC ,l(eKaHaJIIIponaHIIJI n 6JIII3KOM coy,napeHIIII C JI.L(pOM ,l(IICJIO

KaUIIII Cidc onpe,neJieHo n [3, 4]. 
B OTHOCIITCJII,HO ,naJieKIIX CTOJIKHOBCHIIJIX C ,l(IICJIOKauIIeii: 'IaCTIIUa II3-

MCHJICT CBOIO nonepe'IHYIO 3HeprIIIO MC,l(JICHHO. I1cIIOJib3YJI K03<p<pIIUIICHThl 

.L(II<p<py3IIII no nonepe'IHOH 3HeprIIII B ,naJICKIIX CTOJIKHOBCHIIJIX qacTIIU C 

KpaeBhlMII II BIIHTOBhlMII ,l(IICJIOKaUIIJIMII [5] II COOTBCTCTByIOm;IIe ,l(JIIIHhl .ne

KaHaJIIIponaHIIJI Sdm [6], onpe,neJIIIM Ce'ICHIIJI ,neKaHaJIIIponaHIIJI n TaKIIX 

CTOJIKHOBCHIIJIX corJiacHo Sdm = lj(Cidmnd): 

2 b2 µ01 
(Idm = 2 dp{)c ' 

µr,1 1rb 
(Idm = 192 {Jc . (1) 

IloJIHOe CC'ICHIIe ,l(eKaHaJIIIponaHIIJI n 6JIII3KIIX II ,naJieKIIX CTOJIKHOBeHIIJIX 

,l(JIJI KpaeBOH II BIIHTOBOii: ,l(IICJIOKaUIIH 

Cia = Ciac + Ciam , Cij = (Ide + (Idm · (2) 

IloJiaraJI co,nepmaHIIe n KpIIcTaJIJie panHoro KOJIII'IecTna .L(IICJIOKauIIii Ka

m.z:i:oro TIIna na = nj = 0, 5nd, r,ne nd - o6m;aJI IIJIOTHOCTb ,nIIcJioKaunn, 

2 

,. 

MOJRHO onpe.z:i;eJIIITI, cpe,nHee CC'ICHIIe ,neKaHaJIIIponaHIIJI Ha ,l(IICJIOKaUIIJIX 

Cid= 0, 5(Cia + Cij). 
.ll:JIJI ,ne:iITpOHOB C 3Heprneii 6 r3B/HyKJIOH rrpII KaHaJIIIpoBaHIIII n (110) 

KaHaJiax BOJib<ppa1rn cpe,nHee CC'ICHIIC B 6JIII3KIIX II ,naJICKIIX CTOJIKHOBCHIIJIX 

c .L(IICJIOKaUIIJIMII, neKTOp Broprepca KOTOphlx paneH dp = 2,238 A, r,ne 

dp - MCJRIIJIOCKOCTHOC pacCTOJIHIIe, COCTaBJIJICT (Id = 3, 4 MKM. Orrpe.z:i;eJIJIJI 

COOTBCTCTByIOm;yIO cpe.L(HIOIO ,l(JIIIHY ,l(CJSaHaJIIIpOBaHIIJI Ha .L(IICJIOKaUIIJIX Sd, 
,l(JIJI pe3yJII,TIIpyrom;e:iI ,l(JIHHhl ,neKaHaJIHponaHIIJI 'IaCTHU S B KpHCTaJIJIC C 

.L(IICJIOKaUHJIMII HMCCM 

l/S = l/S0 + l/Sd, (3) 

r,ne S0 - ,nJIHHa ,neKaHaJIIIponaHIIJI n conepIIIeHHOM KpHcTaJIJie [l]. Ha 

pIIc.l IIOKa3aHa 3aBIICIIMOCTI, ,l(JIIIHhl ,neKaHaJIIIponaHIIJI ,neiiTpOHOB C 3Hep

rue:iI 6 r3B/HyKJIOH OT IIJI<?THOCTII .L(HCJIOKaUIIH B KpIIcTaJIJIC BOJib<ppaMa. 

.ll:JIHHa ,l(eKaHaJIIIponaHIIJI YMCHI,IIIaeTCJI n,nnoe TIO cpanHCHHIO C II,l(eaJII,HhlM 

KpHCTaJIJIOM rrpu IIJIOTHOCTII ,l(IICJIOKaUHH nd = 2,3-103 
c1C

2
. 8TO 3Ha'IHT, 

'ITO ,l(JIJI TaKoro KpIICTaJIJia rrpu ,l(JIIIHe, paBHOH S0
, 3<pq>CKTIIBHOCTI, OTKJIO

HCHIIJI YMCHI,IIIIITCJI B e pa3 OTHOCIITeJII,HO II,l(CaJII,HOro, ocTanaJICI,, O.L(HaKo, B 

HeCKOJII,I{O pa3 BhlIIIC, 'IeM C KpIICTaJIJIOM KpeMHIIJI. KpIIcTaJIJII,I BOJib<ppaMa 

C IIJIOTHOCTI,IO ,l(IICJIOKauu:iI OKOJIO yKa3aHHOH neJIH'IIIHhl 1wryT 6hlTI, rroJiy

'IeHhl. TaKHM o6pa30M, rrpII 3HeprHH ycKopeHHhlX JI,l(ep, ,l(OCTHiKHMOH Ha 

V, 

' V, 

0.5 ,. 

0 102 '103 
10 

n,, cm-2 

Pnc.l. 3aBHCHMOCTb ,llJ!Hllld ,neKaHaJiupoBaHHH ,neltTpOHOB C :rneprnelt 6 f3B Ha 

HYKJIOH e KpHcTaJIJIC BOJihq>paMa, opHeHTHpOBaHHOM B,llOJ!b (110) IlJIOCKOCTCll, OT 

IlJIOTHOCTH ,llHCJIOKannlt. s0 = 1, 3 CM - ,llJIHHa ,neKaHaJiupoBallUH B coeep111e11-

IIOM KpHCTaJIJie, orrpe,neJIHCMM MHOroKpaTHhlM pacceHHHCM na 31ICKTponax 

HYKJIOTpoHe, u cym;ecTnyrom;ue KpIICTaJIJII,I BOJII,(ppaMa MoryT o6eCIIC'IHTI, 
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yBeJIHqemrn 3<p<peRTIIBHOCTII OTRJIOHeHIIJI Ha 6om,nme yrm,r B HeCROJII,I{O 

pa3 ITO cpaBHeHIIJO C RpeMHIIeBhlMII .n;e<pJieRTOpaMII . 

3. ,[(JIHHa ~eI<aHaJIHpoBaHHJI npH qacTHqHo HeynpyroM 

11ar116e RpHCTaJIJia 

BoJib<ppaM - nJiaCTIIqHI,Ili MaTepIIaJI, II B03MO)l{eH ero II3ru6 C pa.n;IIy

COM, MeH1,me ynpyroro R < Rer, conpoBo.llUJ:aJOm;II:iic11 B03HIIRHOBeHIIeM .n;II

cJioRan;II:ii. 

Mo.n;eJIHpoBaHIIeM paccMOTpeHO BJIIIJIHIIe reHepupyeMhlX npII II3rII6e 

RpIICTaJIJia .ll:IICJIORan;II:ii Ha .n;eRaHaJIHpoBaHIIe qacTIID;. IIoJiaraJIOCb, qTo 

OHII o6pa3yJOT .ll:IICJIORan;HOHHhle CTeHRII, pa3.n;eJIJIJOI11:IIe ynpyro II30rHyThle 

o6JiaCTII RpHCTaJIJia. BBe.n;eM I{03<p<plID;IIeHT nJiaCTilqHOCTH H3ru6a RpIICTaJI

Jia"' = b.a/a, onpe.n;eJIJIJOm:H:ii .n:oJIJO yrJia H3ru6a fia 3a cqeT o6pa3oBaHHJI 

.n;IICJIOI{aD;IIOHHhlX CTeHOI{. IIpII o,n;HHaROBOM paCCTOJIHIIII Me.llUJ:Y HIIMH, TO 

eCTI, o,n;HHaROBOli .n;JIHHe ynpyro Il30rHyThlX yqacTROB L, yroJI M03aIIqHoCTII 

f)m = KaL/Ser, r.n:e Ser - .n;JIIIHa RpIICTaJIJia. Ynpyro H30rHyThle yqacTRII 

o6ecneqIIBaJOT yroJI mru6a (1 - t,,)a npII pa.n;uyce H3ru6a R = R0 /(l - "'), 
r.zie Ro= Ser/a - pa.n;uyc paBHOMepHoro H3ru6a RpIICTaJIJia. 

PaccMaTpHBaJioc1, npoxom.n:emre .n;e:iiTpOHOB c 3Heprue:ii 6 r3B/HYRJIOH 

qepe3 RpHcTaJIJI BOJib<ppaMa, .n;JIIIHOH Ser = 1 CM c yrJioM H3ru6a 100 Mpa.n;. 

B 3TOM cJiyqae R0 = 10 CM M ynpyruiI H3rII6 RpHCTaJIJia B03MomeH npu TOJI

muHe t ::; 100 MRM. Mo.n;eJIHpOBaHIIe npoxom.n;eHHJI B paBHOMepHO Il30rHy

TOM RpIICTaJIJie .n:aeT .n;JIJI ,n;JIHHhl .n;eRaHaJIIIpOBaHHJI .n;e:iiTpOHOB BeJIIIquHy 

Sb= 11, 37 MM. 

Ha pIIc.2 npe.n;cTaBJieHa paccqIITaHHaJI 3aBHCIIMOCTb ,n;JIIIHhl .n;eRaHaJIII

pOBaHHJI .n:e:iiTpOHOB npu qaCTHqHo HeynpyroM H3rII6e RpIIcTaJIJia C K, = 0, 1 

(1) Il 0,2 (2) OT paCCTOJIHIIJI, pa3.n;eJIJIJOI11:ero reHepIIpyeMhle Il3rH6oM .n;IICJIO

RaD;HOHHhle CTeHRII. YBeJIIIqeHHe paCCTOJIHIIJI 03HaqaeT nponopn;HOHaJibHOe 

yBeJIHqeHHe yrJia M03aIIqHOCTH, qTo npHBO.ll:IlT I{ pocTy IlOTep1, RaHaJIII

poBaHHO:ii <ppaRD;HH rryqRa rrpH nepeceqeHHH ..11:IICJIORaD;HOHHhlX CTeHOI{ Il 

yMeHl>IlleHHJO .ll:JIHHhl .n;eRaHaJIHpOBaHHJI. Kor.n:a paccTOJIHHe Me.llUJ:Y ,n;IICJIO

RaD;IIOHHhlMH CTeHRaMH .n:ocTaToqHo MaJIO, Tal{ qTo yroJI M03aHqHOCTII MHoro 

MeHbllle RpMTHqecRoro yrJia RaHaJiupoBaHIIJI f)m < 0, lfJc, ,n;JIHHa .n;eRaHa

JIIIpOBaHHJI OTJIHqaeTCJI He3HaqIITeJil>HO OT cJiyqaJI C yrrpyrHM H3rH6oM. B 

IIpOTHBHOM CJiyqae, Ror.n;a f)m > 0, lfJc, Ha6JIJO,n;aeTCJI pe3ROe JMeHbllleHHe 

.n;JIHHhl.n;eRaHaJIIIponaHHJI. 
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Puc.2. 3aBHCHMOCTb ,!l;JIHHhl .n;eKaHaJIHpoBaHHH .n;eltTpOHOB C 3Hepruelt 

6 raB/ayKJIOH B KpHCTaJIJie BOJII,q>paMa, H30rHYTOM B,!l;OJII, (110) IIJIOCKOCTelt, OT 

paccTOHHHH MeJK.n;y ,!l;HCJIOKaIJ;HOHHhlMH cTeHKaMH L. Jifaru6 'IaCTll'IHO Heyrrpy

rult, K03q>q>HIJ;HeHT IIJiaCTH'IHOCTH H3rH6a K; = o, 1 (1), 0,2 (2) 

TaRIIM o6pa3oM, pe3JJibTaThl Mo,n;eJIMpOBaHHJI IIORa3hlBaJOT, qTQ II 3a 

rrpe.n;eJiaMH o6JiacTH yrrpyroro n3ru6a RpIIcTaJIJia BOfil<ppaMa, 06Jia.n;a10-

mero rrJiaCTIIqHOCTbJO, B03MO)I{Ha 3<p<peRTHBHaJI pa6oTa ero B RaqecTBe .n:e

<pJieRTOpa, eCJIII I{03<p<pHU:HeHT ITJiaCTilqHOCTH II3rn6a HeBeJIHR, a o6pa3yJO

mIIecJI ..11:IICJIORaD;HOHHhle CTeHRH pacrrpe.n;eJieHhl paBHOMepHo, TaR qTo yroJI 

M03aHqHOCTH MHoro MeHI,Ille RpHTHqecRoro yrJia RaHaJIHponaHHJI. 0.n;HaRo 

B03MO.lKHOCTI, Heyrrpyrnx .n:e<popMan;u:ii rrpe.n;'I,JIBJIJieT BhlCORile Tpe6oBaHHJI 

R I{OHTpOJIJO 3a CTpyRTypo:ii RpHCTaJIJIOB BOJib<ppaMa B rrpon:ecce H3rOTOBJie

HHJI .n;e<pJieRTOpOB. 

Pa6orn rro.n:.n;ep.lKaHa rpaHTOM MHTI( N 437 H rpaHTOM P<I><I>H N 96-

02-18133A. 
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