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BBEJJ:EH.vlE 

B II0CJie,i:m1e ro,i:hl B Hay,rnol!: rreqaTH II0JIBHJI0Ch MH0ro rry6JIHKarr;H.tt, II0CBJIIIleHHhIX BJico

K03HepreTH~HO.tt HOHHO.tt HMIIJiaHTarr;HH [1-6]. B HHX 0Ha paccMaTpHBaeTCJI rrpelR,!le Bcero KaK 

rrepcrreKTHBHaJI TeXH0JI0rHJI, II03B0JIJIIOIIlaJI K0HTp0JIHpyeMh!M o6pa30M ynpaBJIJITh 3JieKTpH

qecKHMH H 0IITHqecKHMH napaMeTpaMH a ofrbeMe o6JiyqaeMh!X MaTepHaJI0B (rronyrrpOBOJ];HH

K0B, J];H3JieKTpHKOB). OTHoCHTeJihHO II0JIYIIP0B0J];HHK0B, B rrepByIO oqepe,i:h, 3T0 0TH0CHTCJI K 

'cpopMHpOBaHHIO CKph!Th!X ( rny6oKO paCIIOJIOJKeHHhIX) rrp0B0MIIlHX H H30JIHPYIOIIlHX CJI0eB, 

MH0fOCJIO.ll:Hh!X CTpyKTyp., Bh!JIO TaKJKe II0Ka3aHo, qTo TaKaJI H0HHaJI HMIIJiaHTaIT;HJI II03B0-

JIJ!eT B rrpHHI\Hile II0Bh!CHTh KaK CTerreHh HHTerparr;HH, IIp0H3B0JJ:HMhIX B HaCT0Jl!Ilee BpeMJI 

MHKpocxeM, TaK H HX II0Mexo 3a!IlH!IleHH0CTh. 

IloMHMO rrpHMeHeHHJI Bh!COK03HepreTHqHo.tt HOHHO.tt HMIIJiaHTaIT;HH B coapeMeHHO.tt MHKpo-

3JieKTp0HH0l!: IIp0Mh!IIIJieHH0CTH 0Ha rrpe,i:cTaBJIJieT co6o.tt HHTepec H C qHCT0 HayqHo.tt ToqKH 

3peHHJI. 8To orrpe,i:eJIJieTCJI TeM, qTo cpyH,i:aMeHTaJihHh!e HCCJieJ];0BaHHJI B3aHM0;lle.ltcTBHJI 3a

PJIJKeHHh!X qacTHil C TBep~MH TeJiaMH, Il03B0JIJIIOT ycTaH0BHTh 0CH0BHhle 3aK0H0MepH0CTH 

II orrpe,i:eJIHTh oco6eHHOCTH TOpM0JKeHHJI Bh!C0K03HepreTHqHhIX H0H0B.' IloJiyqaeMaJI TaKHM 

o6pa30M HH<pOpMarr;HJI JIBJIJ!eTCJI OCHOBO.tt ;!IJIJ! rrepcrreKTHBHh!X HanpaBJieHH.tt IIpHKJia;!IH0ro 

HCII0Jih30BaHHJI Bh!C0K03HepreTHqHo.tt HOHHO.tt HMIIJiaHTaIT;HH B TeXH0JI0fHJIX MHKp03JieKTp0H

H0l!: rrp0Mh!IIIJieHH0CTH. 

IlpoBe;lleHHh!e K H<LCT0Jl!IleMy BpeMeHH HCCJie;!I0BaHIIJI II0Ka3aJIH , qTo HMIIJiaHTaIT;HJI H0H0B 

C Bh!C0KHMH 3HeprHJIMH rrpHB0;!IHT K C03;llaHHIO B ofrheMe II0JIYIIP0B0J];HHKa CJIOJKHO.tt MH0ro

CJIO.ll:Hol!: ;11ecpeKTHo-rrp1rnerno.tt CTPYKTYPhl [3,5]. XapaKTepHo.tt oco6eHHOCTh!O TaKo.tt cTpyK

TYPhl JIBJIJ!eTCJI <pOpMHpOBaH11e B o6JiyqaeMOM MaTepHaJie II0MHM0 ToqeqHhIX ;11ecpeKTOB, xa

paKTepHh!X J];JIJI HOHHO.tt HMIIJiaHTarr;HH 'c o6blqllhlMH 3HeprHJIMH HJIH 3JieKTp0HH0ro o6nyqe

HHJI, KBa3H0;!IH0MepHhIX TpeKOIIO;!I06Hh!X MaKpo;:\ecpeKTOB [7-9]. Ilpe;!IJIOJKeHHhle M0;lleJIH TpeKa 

rrpe;!ICTaBJIJIIOT ero KaK Y3KH.tt rrpOTJIJKeHHhl.tt MaKpo;11eq>eKT, copHeHTHpOBal!Hhl.tt B;!I0Jih Ha

rrpaBJiel!HJI. o6JiyqeHHJI H' COCT0Jl!IlH.lt H3 II0JIHBaKaHCH0HH0ro IIIHypa, 0KpymeHH0ro IIJIOTHO.tt 

o6onoqKo.tt Bh!6poIIIeHHh!X H3 TpeKa aT0M0B, HaX0MIIlHXCJI rrpeHMyrn:ecTBeHH0 B MelR,!loy3eJib

' Hb!X' II0JI0JKeHHJIX. B HaCT0Jl!Ilee BpeMJI Tpe~oo6pa30BaHHe B II0JiyIIp0B0;!IHHKax, II0;!IBeprHy

Th!X Bh!C0K03HepreTHqHoMy o6nyqeHHIO, ycTaH0BJieH0 rrpl!Mh!M MeT0;!I0M rrpocaeqHBaIOrn:e.tt 

3JieKTp0HHo.tt MHKpocKoIIHH,T0JihK0 B GeS [10]. lkrroJih30BaHHh!e B ;11pyrHx pa6oTax MeT0;llhl 

cpOTO-, KaT0;!I0JIIOMHHecrr;enrr;HH, 8ITP- crreKTp0CK0IIHH H AP· K0CBeHHh!M o6pa30M CBH,Ile

TeJihCTBYIOT 0 cyrn:ecTB0BaHHH TpeK0B B TaKHX o6JiyqeHHhIX II0JIYIIP0B0J];HHKax,KaK aJIMa3, 

Ky6HqeCKH.tt HHTpH;ll 6opa H ;11ame KpeMHH.tt [8,11,12]. Bh!JIO ycTaH0BJieHo, qTQ TpeK rrpH HM

IIJiaHTarr;HH KaK CTPYKTypnhl.tt ;11eq>eKT cyrn:ecTBeHHhIM o6pa3oM orrpe;11eJIJ1eT pacnpe;11eneHHe 

IIpH HMIIJiaHTaIT;HH ;11ecpeKTOB H rrpHMCCH H TaKJKe BJIHJ!eT Ha rrepepacrrpe;11eneHHe,npHMeCH 

IIpH TepMHqecK0M 0T}KHre. Bommo.tt Hl!Tepec rrpe:UcTaBJIJieT 'lrnyqeHHe TpeK0B, ccpopMHpo

BaHHh!X H0l!llh!M 06nyqe11HeM B aJIMa3e - rrepcrreKTHBH0M MaTepHaJie ;!IJIJI MHKp03JICRTp0HHKH. 

OmH;11aeTCJ1, qTQ 3JICKTpOHHhle CB0.ltCTBa TpeK0B B aJIMa3e Mory;i,- H3Mel!J!ThCJI B mHp0R0M ;L1Ha

rra3011e 6naro;11apJ1 B03M0JKH0CTH rrpeaparn:eHHJI RpHCTaJIJIHqecKo.tt pemeTRH aJIMa3a rrpH o6Jiy

qeHHli: B rr;enh!.tt pll;ll yrnep0JJ:Hh!X cTpy11Typ c HeTeTpa3;!1pHqecKHMH KOHcpn:ryparr;HJIMH aT0M0B 

[13]. 8TH CB0.ltCTBa rpeK0B MoryT R0HTp0JIHp0BaThCJI YCJI0BHJIMH HMIIJiaHTarr;HH (3HeprllJI 

H Macca H0Ha, TeMrrepaTypa II0;!IJI0JKl{H, ;!I03a H narrpaBJieHHe HMIIJiaHTaIT;HH H T.;11:). Uenh 

HaCT0Jl!Ile.lt pa60Thl 3aKJIIOqacb B H3yqeHHH rrporr;eccoB TpeKoo6pa30BaIIHJI H' CB0.ll:CTB TpeK0B 

B aJIMa3e, II0;!IBeprHyT0M o6nyqeHHIO H0HaMH HHKeJIJI C 3Heprne.tt 335 MaB. 



METO,[(l1KA 8KCIIEPI1MEHTA 

O6pa31:V>I IIpHpO,WIOfO aJIMaaa Tlllla Ja (KOHIJ;eHTpaD;II/I a30Ta 0K0JI0 1019 eM-3) fa!JJH llM

llJiaHTllp0Bam,r noHaMn Ni e ,rneprnett 335 MaB B HHTepBaJie ,n:o3 5x1012 
- 5xl014 eM-2

. 

TeMIIepaTypa, K0HTpoJinpyeMaJI e II0M0illI.10 TepMonapLl, B 11po11eeee llMIIJiaHTaIJ;Hll He rrpe

BLlmaJia 300 K. BL1eOKOTeM11epaTypHL1tt 0Tllrnr 06Jiy11eHHLlX o6pa3D;OB rrpoB0,!l;HJieJI B rpacjrn

T0B0M K0HTettHepe,B BaRYYMe 10-4 Ila. 8IIP neeJie,n:oBaHHJI BL1110JIHJIJine1, Ha erreKTpoMeTpe 

HVarian- El12H B X-.n;na11aa0He. CHrHaJI OT noHoB Cr3+ 3TaJioHH0ro 06pa311a py6HHa, pa3-

Me111eHH0ro B pe30HaTope, nerroJIL30BaJICJI ,!l;JIJI K0HTp0JIJI .n:o6poTHOeTn n ,!l;JIJI KaJIH6poBKll 

aMIIJIHTy.n:I,I MarHHTHott eoeTaBJIJ110I11ett Hl CBq rroJI'JI. ,[(JIJI H3MepeHnJI a6eoJI10THoil K0H-

11eIITpa11nn eIIHH0B B neeJie.n:yeMLlX 06paa11ax nerr0JII.30BaJICJI yroJILHLltt :naJI0H. 

Ilpocj>HJII, p
0

aerrpe.n;eJieHHJI 11apaMarHHTHLlX 11eHTp0B (IIU:) 110 my6nHe 06Jiy11eHHOH o6Jia

eTH 6L1JI II0Jiy11eH H3 H3MeHeHllJI eHrHaJia 8IIP 11pH rroeJI0HH0M paeIILlJieHnn 3T0H 06Jiy11eHHOH 

o6JiaeTn B 11po11eeee ll0HH0ro TpaBJieHHJI 06paa11a. l1oHHOe TpaBJieHne rrpoB0,!l;llJI0eI, B Ba

KYYMHOtt yeTaHoBKe BYII-4K e ne11on1,30BaHneM H0H0B aprcrna H KHCJiopo.n:a e :rneprneil 

5 K3B npH TOKe 0,1 MKA. BL16paHHLltt peJKHl\1 TpaBJieHHJI o6eerre'1HBaJI eKopoeTL pae11L1JieHHJI 

06paa110B aJIMa3a OT 0,5 .n:o 3 MRM/11ae. TonmnHa H3y11aeML1X o6pa3D;OB K0HTp0Jillp0BaJiaeL 

e T0'1H0eTI,10 0K0JI0 0,3 MKM. 

PE3YJihTAThI H OBCY)l{)];EHI1E 

BLleOK03HepreTll'1HOe 06ny11eHHe ll0HaMn Ni Be,n:eT K Il0JIBJieHlllO eJia6o aHH30Tp011HL1X 

nu:, l1Me10111nx xapaKTepHLle eHHrJieTHLle pe30HaHeHLle JIHHllll e g-cpaKropa~m,, 6Jill3KHMll K 

2.0027, n pH,n:a eHJILH0 aHn3orporrHL1X JIHHntt (Pne.la). IlpoBe,n:eHHLle paHee neene,n:oBa

HHJI aJIMaaa, 110,n:BeprHyroro BLle0K03HepreTH'1H0MY ll0HH0MY 06ny11eHH10, 1103B0JillJill e.n:e

JiaTI, BLlB,0,!(, '1T0 TaKne enHrJieTHLle JlllHllll eBn,n:eTeJII.eTBYlOT 0 HaJIH'1llll KBa3H0,n:H0MepHL1X 

TpeKoo6pa3HL1X eTpyKTYP B o6nyqeHHOM enoe[8]. CnJILHO aHH30Tp011HLle JIHHnii: 06yeno

BJieHL1 HaJIH'1lleM B pemeTKe aJIMa3a pa,n:HaIJ;H0HHLlX T0'1e'1HL1X .n:ecj>eKTOB. Ilpn ,n:03ax 5x1012 

- 5xl013 e111-2 per.lieTpnpyeMLlM ena6o aHH30Tpo;HL1M 'nu: eoOTBeTeTB)'10T ,n:Be enHrJieTHLle 

JIHHnn B. erreKrpax 8TIP (PHe.16), KaJK,n:aJI H3 KoropLlX xapaKTepn3yeTeJI aHn3orporrHL1Mll 

llHTeHeHBH0eTI.10, mnpHH0tt JlllHllll ll ereIIeHI,10 aenMMerpnn JillHllll A/B (r.n:e A ll 8 - aM

IlJIHTY,n:Ll BLle0K0- n Hll3K01I0JieBott qaeTn eHHrJieTHOtt JIHHllll). 8rn 11apa111erpL1 ,!l;JIJI Y3KOH (I) 

ll mnpoK0tt (II) eHHrJieTHLlX JlllHllll B 06paa11e, o6nyqeHHOM e ,!1;030ll 5x1013 eM-2 ' 110Ka3aHL1 

B Ta6nn11e 1. 

Ta6nn11a 1 

KpneTaJinorpacj>. H, re I, oTH.e,n:. 

Ha11paBJieHHe I II I II 
[100]* 3.1- ± 0.1 16.0 ± 0.4 1.7 1.08 

[111] 2.0 ± 0.1 13.1 ± 0.4 1.0 1.0 

[110] 2.5 ± 0,5 14.5 ± 0.4 1.25 1.06 

•) - HaIIpaBJieHne llll11IJiaHTa11nn; pe3yJILTaTL1 II0JiyqeHLl 

IIpll qaeT0Te M0,!l;yJIJID;llll 100 Krll 
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A/B 

I II 
1.8 0.79 

0.8 0.7 

1.6 0.76 

IlpoBe.n;eHHLll!: aHaJin3 ymoBol!: 3aBnen111oeTn napaMeTpa A/B eBn.n;eTeJILeTBYeT o rroJIB

JieHHH B o6ny'1eHHO~ enoe 011pe,n:eJieHH0ro HaIIpaBJieHllJI, eoB11a.n:a10111ero e HanpaBJieHHel\1 

n11111JiaHra11nn, KaK n B eJiyqae nM11JiaHTa11nn H0HaMH Ne n Cu e 3H~prnel!: 1 MaB / a.e.M., 

(26, 7 H 63 MaB, eooTBeTeTBeHHo) [8]. Iloene HMIIJiaHTa11nn e ,n:~30:ll: 5x1014 eM-2 Ha6n10.n:a

nae1, T0JILK0 0,n:Ha eHHrJieTHaJI JIHHHH e II0'1Tll ll30TpOIIHOl!: mnp~Hott (5.25 re ). 

CreIIeHI, paaynopJI,n:oqeHllJI KplleTaJIJia (r.e. eTerreHL .n:ecj>eKTHOeTn), K0T0paJI 11po11op11n-

0HaJILHa llHTeHellBJI0eTn enHrJieTH0l!: JlllHllll, rrpnBe,n:eHHOtt K o6nyqeHHOMY o6'beMy 06paa11a, 

B 3 pa3a HnJKe 11oene HMIIJiaHTallHH noHaMH Nj e 3Heprnett 335 MaB (5.8 MaB/a.e.M.) no 

cpaBHeHn10 e HMIIJiaHTaIJ;Hett ll_0HaMn Cu e 3Heprne:ll: 63 MaB (1 MaB/a.e.M.) [8]. 8TO 

CBH,n:eTeJII.eTBYeT 0 TOM, '1T0 e poeT0M :rneprnn ll0Ha 11ponexo,n:HT yBeJIH'1eHne BKJia,n:a 3JieK

Tp0HH0ro ropMoJKeHnJI ( dE/dx). B 06111ne 110Tepn :rneprnn. Bo3paeTaHne 9JieKTpoHHL1X 110-

rep1, T0pM03JlllleroCJI ll0Ha o6yeJiaBJIHBaeT II0BLlilleHne acj>cj>eKTllBHOeTll 11po11eeeoB eaM00T

JKHra ll peKplleTaJIJIU3aD;llll IIpll 06JiyqeHun, BeJie,n:eTBne qero yMeHI.illaeTCJI II0BpeJK,n:aeM0eTI, 

KpneTaJIJia aJIMa3a. 

,[(o30BL1e 3aBueu M0eTn llHTeHeHBH0eTn ,!l;OMllHHpy10111ett enHrneTHO:ll: JlllHllll ll eTeIIeHll ee · 

aenMMeTpnn (A/B) II0Ka3aHLl Ha Pne.2a,6. 8TH 3clBllellM0eTn llMelOT o,n:nHaK0B0e II0Be

,n:eHne. 8cj>cj>eKTllBllaJI K0HD;eHTpaD;llJI e11nH0B 0I1lleL1BaeTCJ1 ey6JIHHel!:HOtt 3aBneHM0eTL10 B 

llHTepBaJie ,!1;03 5x1012 
- 5xl013 eM-2

' R0T0paJI eTaH0BHTeJI eyrrepJIHHettHott B llllTepBaJie 

5x1013 
- 5xl014 eM-2 • B T0JKe BpeMJI eTeIIeHL aenMMeTpnn ellHfJieTH0:ll: JlllHllll B03paeTaeT 

B 11epB0M llHTepBafle ,n:03,, a aaTeM Ilpll 6oJiee BLle0KHX ,!l;03ax JlllHllJI eTaH0BHTCJI 11paRTl1'1e

eKll enMMeTpll'1H0l!:. TaKoe II0Be,n:eHne M0JKeT o6'bJieHJITI,CJI o6paaoBaHlleM ll0HHLlX TpeK0B 

B o6Jiy'1eHHL1X 06paa11ax, a 3aTeM nx paapymeHneM BeJie,n:eTBne 11epeKpL1TllJI 11pn 6oJiee BU

eoKHX ,n:03ax. Ilpe,n:11onaraeTCJ1, '1T0 noHHUe TpeKH 11pe,n:eTaBJIJ110T eo6o:ll: eTepJKHeo6paanue 

MaRpo.n:ecj>eKT],I e IIOHllJKeHH0l!: aT0MH0tt IIJI0TH0eTI.10, o6yeJIOBJieHHO:ll: HaJIH'1HeM BaKaHentt, 

B.ZJ;0JII, IIYTll ll0Ha, 060JI0'1Ka K0Topux HMeeT II0BhlilleHHYlO IIJIOTHOeTI. aT0M0B. IlpnHHMaJI 

BO BHllM,aHire rrponexoJK,n:eHne enHrJieTH0:ll: JIHHllll 8IIP, IIpe,n:JI0JKeHH0e B pa6oTe [8] (T.e. 

pe3oHaHcHoe 11orJI0111enne Ha II0.n;BHJKHhlX KBaanqaetn11ax, npe.n;II0JI0JKHTeJILHo, eoJIHTOHax), 

Ha6JI10,n:aeMhle ll3MeHeHllJI cj>opMhl JillHllll n K0HD;eHTpaD;llll eIIHH0B B 3aBnenMoeTH OT' ,1(031,I 

M0JKH0 o6'bJieHllTI, eJie.n:y10111nM o6paaoM. BMeOK03HepreTH'11ihl:ll: HOH rrpn eBoeM T0pMoJKeHllll 

B KpneTaJIJIH'1eeKol!: pemeTKe aJIMaaa IIpllB0,!l;IIT K .n:ecj>eKToo6pa30BaHlllO, T.e: HapymeHlllO 

Terpaa.n:pnqeeK0l!: MeJKaTOMHO:ll: KOHcj>nrypa111IH- B TO JKe BpeMJI 11aeT1, 9JieKTp0HHhlX 9Hep

reTnqeeKHX 1I0Tep1, ll0Ha paeXO,!l;yeTCJI Ha o6paTHUe ,n:ecj>eKT006pa30BaHH10 IIp0D;eeeM: pe

KpHeTaJIJill3aIJ;ll10 n eaM00TJKnr [14]. IlpoBe,n:eHHhle 011eHRll TeMIIepaTyphl B o6JiaeTn TpeKa 

B 11po11eeee Bhle0K09HepreTH'1Horo 06Jiy11eHllJI aJIMaaa H0HaMH Ar, Kr, Xe [15] 110KaaI.1Ba10T, 

'1T0 oHa M0JKeT .n:oeTnraTI, BeJIH'1llH 3900, 6300 n 8000 K, e00TBeTeTBeHH0. B 11po11eeee 0CThl

BaHHJI o6JiaeTn TpeKa B Hell: 11ponexo,n:nT peKpneTaJIJIH3aD;HJI e o6paaoBamieM 1110.n;ii:cj>n11npo

BaHH0l!: eTpyRTYPM, eoeTOJII11e:ll: ll3 aT0M0B yrnepo,n:a. 8 11po11eeee peKpneTaJIJIII3aIJ;llll aT0Mhl 

KpneTaJIJIHqeeKo:ll: pemeTKll eBJI3hlBalOTCJI MeJK.n:y eo6o:ll: B 011pe,n:eJieHHO:ll:"11oeJie,n:0BaTeJILHO

eT1I, o6paayJI KOHcjrnrypaD;llll 110.n:06Hhle yrnep0,n:HhlM 11e11011KaM Kap6HHOB llJIII cj>opMnpyJI 

eJI0JKHhle eTpyKTypHhle o6paaOBaHllJI, Hanpn111ep, cj>yJIJiepem,r [16] •. Heo6xo.n;n1110 0TMeTllTL, 

'ITO TaKHe 1110.n;ncj>n11npOBaHH1,Ie eTpyKTypu ne o6JI3aTeJILHO JIBJIJllOTCJI HeIIpepUBHhlMll Ha 

IIp0TJIJKeHllll Beero 11yTn T0pM0JKeHHJI ll0Ha. IlpeJK.n;e Beero, 9T0 M0JKeT 6uTJ, eBJI3aH0 e TeM, 

qro oHH eo3,n:a10TCJI TOJILK0 Ha 011pe,n:eJieHH0M yqaeTKe T0pM0JKeHllJI. KpoMe Toro, B],I,!l;eJIJI

eMaJI Ilpll T0pM0JKeHHll ll0Ha 9HeprllJI M0JKeT IIpllB0,n:HTI, R qaeTH'1ll0MY paapymeHlllO yJKe 

ecj>opMnpoBaHHO:ll: TaRO:ll: eTpyKTyphl. 11, HaK0He11, 011pe,n:eJieHHYIO poJIL 3,n:ee1, MoryT nrpaTI. 

Heo,n:Hopo,n:HoeTll KpneTaJIJJl1'1eeKol!: eTpyRTyphl nexo,n:Horo 06paa11a. 
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06ey~an: B03MOJRHLie rryni o6pa3oBamrn TpeROB B aJIMa3e rrpn BLieoRo:iHepreTnqHoM 

o6nyqemm neo6xororno rrpnnnMaTI, BO BHnMaHne erreumjrnqeeRne cpn3ntJ.ecKne cBolieTBa 

aJIMa3a. C o,nirnl!: eTopOHLI, aJIMa3 o6Jia,n;aeT oqeHb BLICOKOll. TeIIJIOilpOBO,Zl;HOeTblO, e .n;py

rol!: eTOpOHLI - 3TO mnpOK030HHLil!: noJiynpoBO,Zl;HllK, nMelOIUllli ellJibHLie KOBaJieHTHLie MeJRa

TOMHLie eBH3ll n, eOOTBeTeTBeHHO ' MaJiylO KOHUeHTpaUHIO CB06o,n;nLIX noenTeJiell. 3apH,n;a. 

CyIUeeTBYIOT ,n;Ba oeHOBHLIX Mexann3Ma TpeKoo6pa30BannH B TBep,n;LIX TeJiax: MeXaHH3M Te

IIJIOBOro nnKa n KYJIOHOBe,Koro B3pLIBa (17,18). CyrueeTBOBanne TeIIJIOBOro rrnKa 3aBnenT 

OT :icpcpeKTllBHOeTn nepe,n;aqn 3Heprnn 6LieTporo llOHa aTOMaM pemeTKll n OTBO.n;a :ineprnn 

3Heprnn ll3 o6naeTll TpeKa rroepe,n;eTBOM cpononoB. l1 XOTH ouenKa eKopoeTn paeeeHHllH 

3Heprnn ll3 o6JiaeTn TpeKa npn llOHIIOM o6nyqennn, npoBe.n;euuan: B eooTBeTeTBllll e (18], 

IIOKa3LIBaeT. MaJIYIO :icpcpeKTllBHOeTb MeXaHH3Ma TeJIJIOBOrO rrnKa 3TOT MexaHll3M Bee JRe ne

o6xo,n;nMO rrpHHHMaTb BO BHnManne, Y'lllTLIBaH Te BLieOKlle TeMrrepaTypLI, KOTOpLie MoryT 

pa3BllBaTbCH B rrpe.n;enax TpeKa. MexaHH3M KYJIOHOBCKOrO B3pLIBa, ROTOpLill. rrpOHBJIHeTeH B 

6LieTpOM BLITaJIKnBaHnn aTOMOB yrnepo.n;a ll3 Y3JIOB KpneTaJIJinqeeKoll. pemeTKll B pe3yJ!bTaTe 

KYJIOHOBeKoro B3allMO,n;ell.eTBllH aTOMOB B 3JleKTpnqeeKn HeCTa6nJihHLIX o6JiaeTHX pemeTKll, 

o6pa30BaHHLIX B,Zl;OJ!b rryTn llOHa, HBJ!HeTCH BeebMa IIO,!J;XO,Zl;HIUllM MexaHll3MOM, orrneLIBalOIUllM 

rrpoueee TpeKoo6pa30BaHne B aJIMa3e. 8cpcpeKTllBHOeTb .n;anHoro. MeXaHil3Ma MOJReT 6LITb 

6onee BLICOKOJ!: ll3- 3a 6oJibWOro ypoBHH pemeTO'lHOro 3JieKTpOHHOro B036yJR,n;eHnH, KOTOpLill. 

eHnJRaeT ypoBeHb 3Heprnn Heo6xo,iul:MLili ,Zl;J!H BLIXO.n;a aTOMOB ll3 Y3JIOB KpneTaJIJillqeeKoli 

pemeTKn, rro.n;o6no MexaHH3MY rro.n;rroporoBoro .n;ecpeKToo6pa3oBamiH [19}., 

TaKnM o6pa3oM, paeeMaTpnBan: .n;ecpeKTHYIO eTpyKTYPY, co3.n;aBaeMy10 BLieOK03HepreTnq

HLIM llOHOM B npoueeee ero TOpMOJReHHH, eqnTaeM, qTo BHyTpeHHne MO,n;ncpnunpo_BaHHLie 

o6naeTn llH,Zl;llBll,!J;yaJibHLIX llOHHLIX TpeKOB e HeTeTpa:i.n;pnqeeKHMll MeJRaTOMHLIMll KOH!pll

rypauHHMll He HBJ!HIOTCH HerrpepLIBHLIMll Ha rrpoTHJReHllll Beero · rryTn llOHa. 0,n;HaKO 3TO 

errpaBe,Zl;JillBO TOJ!bKO ,Zl;J!H MaJILIX ,!1;03 o6JiyqeHHH. Ilpn TaKI!X yeJIOBllHX ,Zl;BllJReHne KBa3ll

qaeTHU orpaHn'leHO n ,n;oMnHnpyeT o6LiqHLili MexaHH3M MllKpOBOJIHOBOfi rrpoBO,Zl;llMOeTn, qTO 

Be,n;eT K aenMMeTpnn JII!Hllll 8IIP BeJie,n;eTBne :icpcpeKTa .[(al!:eoHa [20). EeTeeTBeHHo, qTO 

poeT . MllKpOBOJIHOBOl!: rrpoBO,Zl;llMOeTn e ,!1;0301! rrponexo,n;nT B pe3yJibTaTe yBeJinqeHHH IIJIOT

HOeTn eneTeMLI TpeKOB, paeeMaTpnBaeMoll KaK rrpoBO,!J;HIUaH eTpyKTypa, ll KaK pe3ynl,TaT 

B03MOJRHoro yBeJinqeHnH ,Zl;JlllHLI qaeTn TpeKOB ll3-3a :icpcpeKTa TpeKOBoro KaHaJinpoBaHHH 

(11]: 8TO eornaeyeTCH e poeTOM arnMMeTpnn H3-3a :icpcpeKTa .[(all.eoHa B nHTepBaJie .n;ox 

5x1012 - 5x1013 eM-2• Ilpn ,n;03e o6Jiy'leHnH eBLime 5x1013 eM-2 Ha6JIIO,n;aeTCH CBepxJinHeli

HaH 3aBJiellMOeTb KOHUeHTpaUJIII errJIHOB OT ,!1;031,l ll O,n;HOBpeMeHHOe yMeHbJlleHne eTerrenn 

aeJIMMeTpnn A/B enHrneTHOl!: JIIIHIIH BIIJIOTb .n;o 1 rrpn eaMoll. BLieOKOfi ,!1;03e. 8To MOJReT 

6LITb 06'.bHeHeHO rrepeKpLITlleM TpeKOB n o6pa30BaHneM ,!J;JIHHHLIX HerrpepLIBHLIX KBa3llO,!J;HO

MepHLIX ( HO He o6H3aTeJibHO JlllHellnLix) MO.n;ncpnunpoBaHHLIX HeTeTpa:i.n;pnqeeKnx eTpyKTYP, 

o6pa30BaHHLIX B rrpoueeee TOpMoJReHHH HeeKOJ!bKllX HOHOB. B 3TOM eny•rne ,Zl;BllJReHne KBa-

3nqaeTllULI He orpaHnqnBaeTCH n Ha6JI10,Z1;aeTeH pe3Kllll poeT :icpcpeKTllBHOll. KOHUeHTpaunn 

errnHoB, orrpe,n;eJIHeMLill Mexaun3MOM MHoroKpaTHoro rrornoruemrn 3THMn JRe qaeTnUaMn (21). 

MexaHll3M MllKpOBOJIHOBOl!: rrpOBO,n;HMOeTn, o6yeJIOBJieHHLil!: KBa3nqaenruaMH Tnrra eoJIHTO

HOB OTJIHqaeTCH OT o6LiqHOJ::O ll aeHMMeTpllH JIHHllll THIIa .[(afieoHa He ,Zl;OJIJRHa IIpOHBJ!HTbeH. 

8TOT cpaKT eornaeyeTeH e pe3yJibTaTaMn ,Zl;J!H eaMoll. BLieoKOl!: ,!1;03LI. 8To MOJRHO IIOHHTb, rrpn

HHB BO BHHManne, qTo TpauerropT noenTeJiell. 3apH.n;a rroepe,n;eTBOM eOJIHTOHOB MOJReT 6~Tb 

peaJill30BaH rrpaKTnqeeKH 6e3 IIOTepb n enMMeTpnqnan: cpopMa JIHHHH HBJIHeTeH eJie,n;eTBHeM 
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OTeyTeTBHH 3aTyxaHHH 3Toro rrpoueeea. Cne.n;yeT OTMeTllTb, qTo pa3pymeHne TpeKOB KaK 

KBa3ll0,Zl;HOMepHLIX MaKpo.n;ecpeKTOB npn ,!1;03e 5xl014 CM-2 He rrpnBO,Zl;HT K pa3pymennl0 MO,Zl;II

cpnunpoBaHHLIX KBa3llO,Zl;HOMepHLIX CTPYKTYP e HeTeTpa:i.n;pnqeeKnMn eBH3HMll. Bonee TOro, 

rrepeKpLITne TpeKOB erroeo6eTByeT B 3TOM eJiyqae o6pa30BaHnlO eneTeMLI KBa3ll0,n;HOMepHb1X 

eTpyKTyp. 8TO rro.n;TBepJR,n;aeTCH pe3RllM yBeJinqe1meM :icpcpeKTI!Bnol! KonueHTpaunn ITU, 
eBH3aHHLIX e 3TllMll eTpyKTypaMn, n nx IIOBe.n;enneM rrpn OTJRnre. 8Tn eTpyKTYPLI HBJIHIOTeH 

.n;oeTaToqHo eTa6nJibHblMll n HeKOTOpaH qaeTb ll3 HllX perneTpnpoBaJiaeb ,n;aJRe IIOCJie OTJRnra 

rrpn TeMrrepaType 1400°C. 

IIpnHlIMaH BO BHHMaHne IIpOBe.n;eHHLie BLime paeeyJR.n;eHnH O CTpyKType TpeKa ll Mo.n;ncpn

unpoBaHHLIX o6naCTel! n yqnTLIBaH To, qTO rrpn MaJILIX .n;o3ax o6nyqenJIH B crreKTpax 8ITP 

perneTpnpyIOTCH ,Zl;Be cnurneTHLie Jlllllllll (mnpoKaH ll Y3KaH), a rrpn BblCOKOll. ,!1;03e - TOJibKO 

Y3KaH, MOJRIIO e,n;eJiaTb eJie.n;yIOIUHli BLIBO,ZI;. IllnpOKaH JIHHHH, BepOHTHO, rrpe,n;eTaBJIHeT eo6ol! 

xapaKTepueTnKy llII,l{llBll,n;yaJibIIOro TpeKa, a Y3KaH - xapaKTepn3yeT eo6oll. TOJ!bRO Mo,n;ncpn

unpoBaHHLie o6naeTn TpeKa. 

AuaJin3 yrnoBoll 3aBncnMoern JIHIInll. ITU ToqeqHLIX .n;ecpeKTOB (T.[() B erreKTpax 8IIP, 

KllHeTHKH HaeLirueun11 ll IIOBe.n;eim11 3TllX T.[( rrpu OTJRnre II03BOJIHJI pa3,n;eJIHTb nx Ha TPII 

rpyrrrr1,1 (A,B,C) (eM.pue.la). l1ecne.n;0Banu11 H3MeHe11n11 KOHUeHTpaunu ToiJ:eq111,1x .n;ecpeK

TOB rrpn TepMnqeeKoM OTJRnre (Pne.3) rroKa3aJin, qTo rrpn TeMrrepaType 350°C rrponcxo,nuT 

pe3KOe yMeHbJlleHne llHTenenBHOeTn JlllHllll ITU rpyrrrr A n B H nx IIOJ!Hbll! OTJRHr rrpu 400°C, 

qTo xapaKTepuo ,Zl;J!H ToqeqHLIX .n;ecpeRTOB Me~OY3eJibHOll. rrpupo.n;LI. rpyrrrra C rrpn .n;aHHOl! 

TeMrrepaType OTJRHraeTeH JlllJllb qaCTnqHo. HaquHaH e TeMrrepaTyp1,1 600°C B erreKTpax 8ITP 

IIOHBJ!HIOTCH HOBLie Jlllllllll CBH3aHHLie e ITU T.[(. 8Ta rpyrrrra JIHHHJ! He OTJRHraeTCH ,Zl;aJRe 

HpH TeMrrepaType 1400°C. 

l13yqeHue ll3MeneHHH llHTeHeHBHOeTH enurJieTHOl! JIHHllH e poCTOM TeMrrepaTyp1,1 rrpn 

oTJRure o6HapyJRuBaeT ee KoppeJIHUHIO e xapaRTepoM OTJRnra BaKaueull. (ueuTp GRl B Ra

To,n;oJIIOMHHeeueHuuu) [4). 8To rrpOHBJ!HeTCH B TOM, qTQ B o6naeTH TeMnepaTyp 600 - 800°C 
rrpouexo,n;HT pe3Koe yMeHbJlleHne llHTeHeHBHOeTH enurneTHOl! JIHHHH u, uaquHaH e TeMrrepa

TYPLI 900°C, HHTeHeHBHOeTb euurneTHOJ! JIHHHH yJRe He MeHHeTCH (Pue.3). 8TO CBH,Zl;eTeJib

eTByeT o 3aBepmeHnn rrpoueeea eTpyRTypuofi rrepeeTpoll.Ku , TaR KaR rrpu :iToll. xapaRTepuoll. 

TeMrrepaType yJRe rrpeI{paruaeTeH .n;BHJReHne BaRaIIeul! B RpneTaJIJinqeeRol! pemeTRe. 

l1eeJie.n;oBaIInH IIOBe,n;eIIHH mnpH!Ibl enurneTHOl!: Jlll!Illll rrpn OTJRHre IIORa3blBalOT, qTo oua 

HeMOIIOTOIIHO 113MeIIHeTCH e poeTOM TeMrrepaTypLI (Pue.4). 8Tn 113MeHeHIIH HBJIHIOTCH .n;o

BOJ!bHO eyIUeeTBeHHLIMll. 8 IIHTepBaJie TeMrrepaTyp 650-700°C llillpllHa Jil!Hllll BO~paCTaeT 

OT 5.3 re ,!J;O 7.7 re II 3aTeM yMeHbJllaeTCH ,!J;O 3.3 re Hpll TCMilepaTypaX 750-850°C. Ta

KOe IIOBe.n;eune mupnHLI JIIIHIIH HBJ!HeTCH ,Zl;OIIOJ!HHTeJibllblM ,Zl;ORa3aTeJibeTBOM Toro, qTo COOT

BeTeTBYIOIUl!e ITU o6yeJIOBJieHbl RBa3nqaCTnuaMu . .[(JIH 061,1q111,1x ITU, nMeIOrunx rnyfioRne 

ypoBHn B 3arrperueHuol! 30He n eo.n;epJRarunx 06opBa1rn1,1e eBH3n (naIIpnMep, uenTp Si-GS B 

RpeMHllll (22)), TaKoe IlOBe,n;eune mnpnHbl JlllHllll neB03MOJRHO . .[(JIH ue11TpOB, eo.n;epJRarunx 

o6opBaHHLie eBH3ll, 113MCHCHl!e mnpl!HLI Jllll!llll rrpn OTHrnre 061,1q110 11e311aqnTeJibl!O n He 

MOJReT 6b1Tb HeMOHOTOHHLIM B JII060M enyqae. C .n;pyrol!: eTOpOHhl, rrapaMarHHTHble RBa3nqa

eTHULI, llMelOIUlle TaKJRe rny6oKne ypoBHH B 3arrperueHHOl! 30He, o6Jia,n;alOT 6oJiee lllllpOKllM 

paerrpe.n;enenneM BOJIHOBOJ!: cpyHRUllll (,n;JIH TOIIOJIOrnqecKHX COJ!llTOIIOB B IIOJillal{CTllJICHC ' 

HarrpnMep, BOJ!HOBaH cpyHRUHH OXBaTblBaCT .n;o 45 aTOMOB yrnepo.n;a (23)). KpoMe Toro, 3TII 

RBa3nqaeTllULI HBJIHIOTCH IIO,Zl;BHJRHLIMH B npe.n;enax paenpe,neJICHHH BOJ!HOBOl! cpyHRUIIH. 8TO 

orrpe,n;eJIHeT nx BLieORYIO qyBeTBllTCJ!bHOeTb R CTPYRTypnLIM nepeeTpol!:RaM TpCROIIO,!J;06111,1x 
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o6nacTelt B nponecce TepMoo6pa6oTKH, BLI3LIBaeMLIX, sepoHTHo, aKTHBantteil: .nsnJKeHHH sa
KaHcnlt [4]. 

BLIJIO H3yqeHO npocTpaHCTBeHHOe pacnpe.neneHHe H3MeHeHHJI IIIHpHHLI JIHHHH nu: CTa-
6HJibHLIX HOHHO-MOJJ;H<jJHil!IpOBaHHLIX CTpyKTyp IIOCJie OTJKHra .UO 1400°C. noCKOJILKy H3Me
HeHHJI lli1Ip1IHLI JIHHHH qyBCTBHTeJILHLI K B3aHMO,UefiCTBUIO nu: [8], TO 3TH H3MeHeHHH COOT
BeTCTBYIOT H3MeHeHHIO KOHile!ITpanHH nu:. Cne.nosaTeJihHO, n3yqeHHe npo<jmJI11 pacnpe.ne
JieHHJI lli!IpHHLI JIHHIIU B .naHHOM cnyqae JIBJI11eTCJI MeTO.UOM .UJIJI nonyqeHHH npo<j>HJIJI pac
npe.nenemrn KOHUeHTpanHH nu:. MaKCHMYM IIJIOTHOCTU 3THX MO.UH<j>HnHpOBaHHLIX CTpyK
TYP, o6pa30Ba!IHLIX B nponecce o6nyqeHHH H nocne.ny10mero OTJKHra, HaXO.UHTCJI Ha rny61IHe 
27. 7 MKM (PHc.5). 8To COOTBeTCTByeT sennqnHe Rp = 27. 7 MKM, BLiqncneH;Oil c IIOMOJilblO 
nporpaMMLI TRIM-90. O.naaKo 3Haqe1rne pa36poca npoeKTHBHLIX npo6eros, rronyqeHHoe H3 
.naHHoro pacnpe.neneHHJI, paBHHeTCJI 4.8 MKM, qTo 3HaqnTeJibHO rrpeBOCXO.UHT TeopeTnqeCKHil 
pacqeT (1.38 MKM}. npo<j>nnh pacnpe.neneHHJI KoHneHTpannn nu: HMeeT cnenn<j>11qecKy10 
aCHMMeTpnqHyIO <j>opMy. 8TOT npo<j>HJib HMeeT .nsa HXBOCTaH, O.UHII H3 KOTOpLIX pacrrpo
CTpaHJleTCJI Ha rny6nHy KpHCTaJIJia .no 50 MKM, a .npyrol!; - K IIOBepXHOCTH. 8TH oco6eHHO
CTH MOJKHO 061>J1CHHTh, rrpHHJIB B pacqeT 3<j><j>eKTLI HOHHOro KaHaJIHpOBaHHJI B,UOJ!b TpeKoB, 
<j>nyKTyanHn 3apn.nosoro COCTOJIHHH HOHa [11,24] H OCTaHOBKH qacTH HOHOB Ha IIYTH csoero 
TOpMoJKeHHJI 3a cqeT np11MLIX no60BLIX coy.napeHHlt C aTOMaMH KpHCTanna aJIMa3a. Cne.nyeT 
TaKJKe HMeTb B BH.ny B03MOJKHOe H3MeHeHHe <j>opMLI npo<j>HJI11 pacrrpe.neneHHJI KOHileHTpannn 
nu: H3-3a BJIHJIHHJI TpeKOB Ha HX rrepepacnpe.ne:rreHne BCJie,UCTBHe TepM11qecKofi o6pa60TKH. 

BbIBO.l(bI 

8nP HCCJie,UOBaHHJI MOHOKpHCTaJIJIOB a:nMa3a, HMIIJiaHTHpOBaHHLIX HOHaMH Ni C 3Hep
rael!; 335 M38,IIOKa3aJIH, qTo TaKoe BLICOK03Heprcr11qHOe HOHHOe o6nyqeHHe IIpHBO.UHT K 
<j>opMHpOBaHHIO TpeKono.no6HLIX O,AHOMepHLIX HeTeTpa3,npnqeCKHX CTPYKTyp. npnqeM 3TH 
cTpyKTYPLI J1BJI1110Tc11 npBOMJilHMH Ha CBq B JJ;H3JieKTpHqernoil: MaTpnne anMa3a. B cnyqae 
.naHHOil: HMIIJiaHTannn 06L1qHL1il: MexaHH3M MHKpOBOJIHOBOfi rrpOBO.UHMOCTH peann3yeTCJ1 Ha 
COBOKYIIHOCTH TpeK0110.no6HL1X O.UHOMepHLIX CTpyKTYP nepe.n nepeKpLITlleM TpeKOB. nocne 
HX nepeKpLITHJI JIBJieHHJI TpaHCIIOpTa, sepOllTHO, onpe,neJI1110TCJI lIO.UBHJKHLIMH KBa3nqacTH
naMH, npe.nnoJIOJKHTeJII,HO, COJIHTOHaMH. npn OTJKHre o6HapyJKeHbl cymecTBeHHLie HeMOHO
TOHHLie H3MeHeHHJI mnpHHhl CHHrJieTHoil: JIHHHH 8nP. 8ni oco6eHHOCTH 061,11cHJ110Tc11 B 
paMKax Mo.nenn lIO.nBIIJKHblX KBa3HqacTHil COOTBeTCTBYIOIIllIX nu:. TaKaJI MO,UeJib, B OTJIHqne 
OT MO,UeJIH o6opBaHHblX CBJl3eil:, lI03BOJI11eT 061>J1CHHTb ll3MeHeHHJI nrnpHHLI JIHHHII KaK cne.n
CTBHe BLICOKOlt qyBCTBHTeJibHOCTH rrapaMeTpOB nu: K nepecTpOil:Ke OKpyJKalOJillIX aTOMOB 
(.UBHJKeHHe BaKaHCIIlt H T . .n.) II3-3a 60JiblliOro pacnpe.neneHHJI BOJIHOBOH <j>yHKilllH KBa3nqa
CTHil H RX .nBHJKeHHJI B.UOJII, Bceil: .UJIHllbl MOJJ;H<j>nnnpoBaHHOil: CTpyKTypbI. Cne.nosaTeJ!bHO, 
HH,nHBH.nyaJibHLie nu: MoryT paccMaTpHBaTbCJI KaK rrapaMarnHTllblll HH,nHKaTop COCTOJIHHJI 
Beel!; KBa3JO.UHOMepnol!; CTPYKTypLI. npo<j>HJib pacnpe,neJieHIIH MO.Ull<j>HnHpOBaHHblX CTpyR
TYP no rny6nHe o6nyqeHHoro CJIOJI o6na.naeT HeKoTOpbIMH oco6eHHOCTHMH. 8TO IIp011BJI11-
eTCH Bero cnenn<j>11qecKOlt <j>opMe C XBOCTaMH ·, pacnpocTpaHHIOJilHMHCJI OT MaKCHMyMa, 
Haxo.n11merorn Ha rny611He 27.9 MKM (qrn cooTBeTCTBYeT sLiqnrneHHOMY c noMOJilhIO TRIM-
90 MaKCllMYMY HOTepb 3Heprnn Ha 11.nepHoe TOpMoJKeHHe) .no 50 MKM srny61, KpHCTaJIJia H 
K nosepxHOCTII. Ben11qnHa pa36poca cpe.nHero npoeKTHBHoro npo6era paBHa 4.8 MKM. H 

3HaqnTeJihHO npeBLIIDaeT pacqeTHOe 3HaqeHHe 1.68 MKM. YnoMJIHYTLie BLillie oco6eHHOCTH, 
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sepo11THO, HBJI11eTCJI npoHBJieHHeM TpeKOBdro KaHaJIHpOBaHHH H OCTaHOBKH qaCTH HOHOB Ha 
nyTH CBOero TOpMOJKeHHH H3-3a HpHMLIX JI060BLIX coy,11,apeHHfi C aTOMaMH KpncTaJIJia aJIMa3a. 
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