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IIHTErPAJIbHbIE KPIIBbIE BP3rr - JIAY3·AlIlIlPAKI.J;1I1I 
PEHTrEHOBCKIIX JIyqEll If IICCJIEAOBAHIIE AMOP<P1I3AI.J;HH 

nOBEPXHOCTHblX CJIOEB RPIICTAJIJIOB 

lfJ,taM06 P. M., Kon{)paw,/wlw E. A., Crenano6 C. A. 

B nOCJIep;HlIe rop;bI lIHTeHCJ;IBHoe pa3BHTlIe nOJIy'llIJIlI MeTop;bI iICCJIep;OBa

RIUI TOHKlIX nOBepXHOCTHbIX CJIOeB KpHCTaJIJIOB, OCHOBaHHbIe Ha P;HtPpaKIJ;lIH 

peHTreHOBCKHX JIy'leH npH CKOJIb3HIIJ;HX yrJIax ny'lKOB C nOBepxHocTbID. ITep

Hble sKcnepHMeHTbI no p;lItPpaKIJ;HH B CKOJIb3HIIJ;eH reOMeTplIlI, npop;eMOHCTplI

pOBaBilllIe B03MomHOCTb H3Y'leHlIH CJIOeB my6lIHoH 10-1000 A, 6bIJIlI 'lpe3BbI

'laHHO CJIOnmbIMlI [1]. BnOCJIep;CTBHlI Ha OCHOBe TeoplIH, pa3BHTOH B pa60Te 

[2], HaHp;eHbI npOCTbIe SKcneplIMeHTaJIbHbIe perneHHH [3, 4], n03BOJIHIDIIJ;lIe, 

peaJIH30BaTb STOT MeTOp; B 60JIee rnl1pOKIIX MaCillTa6ax. B 'laCTHOCTH, npep;JIO

meHO 1I3MepHTb IIHTerpaJIbHble KplIBble p;HtPpaKIJ;lIH B YCJIOBIIHX nOJIHorO BHeill 

Hero OTpameHlIH peHTreHOBCKIIX BOJIH [4], T. e. aHaJIH3lIpOBaTb 3aBlIClIMOCTb 

lIHTerpaJIbHoro KOstPtPlIIJ;lIeHTa p;HtPpaKIJ;IIOHHoro OTpameHIIH OT yrJIa, o6pa3ye

Moro nap;aIDIIJ;HM ny'lKOM C nOBepxHocTbID KplICTaJIJIa. B pa60Tax [5, 6J SKC

nepHMeHTaJIbHO II TeOpeTII'leCKH nOKa3aHa BblCOKaH 'lYBcTBIITeJIbHOCTb IIH

TerpaJIbHbIX 1I3MepeHlIH K aMoptP1I3aIJ;HlI CTpyKTypbI nOBepxHoCTHoro CJIOH. 

MeTOP; lIHTerpaJIbHbIX KplIBbIX ycneillHo nplIMeHHJICH P;JIH OIIpep;eJIeHIIH 

TOJIIIJ;HHbI OKIICHbIX WleHOR [5] 1I P;JIH lICCJIep;OBaHIIH pap;HaIJ;IIOHHbIX Hapyille

HIIH B npHIIOBepXHOCTHOM CJIoe, BbI3BaHHblX HOHHOH IIMnJIaHTaU;HeH [7]. 
B pa60Te [8] npop;eMoHCTplIpOBaHa 'IYBcTBlITeJIbHOCTb lIHTerpaJIbHbIX 1I3Me

peHlIH K MeXaHH'leCRlIM IIoBpem,n;emiHM rrOBepXHOCTH RplICTaJIJIa. Op;HaRo 

BbIHBlIJIOC:t, cepbe3Hoe npenHTCTBHe, 3aTpyp;HHIDIIJ;ee lIHTepnpeTaIJ;HID SRcne

pHMeHTaJIbHbIX p;aHHbIX H OrpalIH'llIBaIDIIJ;ee illlIpORoe HCnOJIb30BaHlIe IIH

'TerpaJIbHbIX H3MepeHHH. 

RaR nORa3aHO B pa60Tax [8-10], nOMlIMO 'lyBcTBHTeJIbHOCTH R aMoptPlI 

3aIJ;HH KpHBble iWtPpaRIJ;lIlI B yCJIOBHHX nOJIHOro BHeillHero OTpameHHH o6JIa

AaIDT TaKme O'IeHb BbICOKOH (Ha YPoBHe ~O, 1') 'lYBCTBHT8JIbHOCTbID R MaJI~IM 
QTRJIOHeHIIHM oplIeHTaIJ;lIlI nOBepXHOCTH RpHCTaJIJIa OT HOpMaJIlI R OTpan{aID

IIJ;HM nJIOCROCTHM. STOT StPtPeRT MomeT HMeTb 60Jlbilloe. 3Ha'leHHe P;JIH 3ap;a'1 

npeIJ;H3lIOHHoro KOHTpOJIH opHeHTaIJ;lIH, oAHaKo npH lI3y'leHlI1I aMoptPH3aIJ;lIlI 

lIOBepxHocTHoro CJIOH RpHCTaJIJIa ero CJIep;yeT lICRJIID'1HTb. 

ComaCHO pe3YJIbTaTaM pa60TbI [8], MaJIbIe pa30pHeHTaIJ;HlI Icpl~<Dc (<D c= 
. Xd2 ~10' - RpHTH'leCKlIH yrOJI nOJIHOro BHeIIIHero OTpameHlIH) He H3MeHH

IOT tPOPMbI p;HtPpaKIJ;HOHHbIX KplIBbIX H MoryT 6bITb onpep;eJIeHbI He3aBHCHMO 

:lI3 cpaBHeHHH li!-HTeHClIBHOCTeH OTpameHl'IH (hkl) H (hkl) B CROJIb3HIIJ;eH reo

MeTp1I1I OT pa30plIeHTlIpOBaHHOH IIJIOCKOCTII.R COmaJIeHHID, 60JIbillHHCTBO 

HCnOJIb3yeMblx RpHCTaJIJIOB nOJIynpoBop;HIIKOB HMeIDT pa36poc no opHeHTaU;H

HM P;O ±30'. IIPII aTOM tPopMa p;lItPpaKIJ;lIOHHbIX KplIBbIX H3MeHHeTCH, a OT

•	 HOilleHHe lIHTeHCHBHOCTeH OTpameHlIH (hkl) H (hkI) Ha'lHHaeT 3aBHceTb OT 

TOJIIIJ;lIHbI aMOPtPHoro CJIOH. B peayJIbTaT8 3ap;a'1a pa3p;eJIeHlIH StPtPeRTOB 

a:llwptPHoro CJIOH H pa30pHeHTaIJ;HH CTaHOBHTCH Heop;H03Ha'lHoH. 

B HaCTOHIIJ;eH' pa60Te IIpep;JIOmeH MeTOp; IICCJIe,n;OBaHlIiI aMoptP1I3aU;lIH IIO

BepXHOCTHbIX CJIOeB KpHCTaJIJIOB C nOMOIIJ;bID HHTerpaJIbHbIX RpHBbIX p;HtPpaK

IJ;HH peHTreHOBCRHX JIy'leH B CROJIb3HIIJ;eH 6psrr - JIaya-reoMeTplIIL IIoKa3a

HO, 'lTO 'lYBCTBHTeJIbHOCTb SToro MeTop;a R aMoptPHbIM CJIOHM He xyme, 'IeM 
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y MeTOp;a p;1iI4>paKll,HR B YCJIOBllHX rrOJIHOro BHemHero OTpamemIH, B TO Bpe-· 

MH KaK a4>4>eKT RSMeHeHRH opReHTall,RR OCJIa6J1HeTCH B 10-100 pas R o6pa

60TKa aKcrrepRMeHTaJlbHbIX p;aHHbIX cyIll,eCTBeHHO yrrpOIll,aeTCH. ,IJ;JlH aKcrre

pRMeHTaJlbHOH rrpOBepKll MeTop;a rrpOBep;eHO RCCJlep;OBaHl'le CJlOeB HRTpHp;a 

KpeMHI;IH TOJlIll,RHOH ~80-1000A, ocamAeHHbIX Ha KpeMHReBbIX rrOp;JlOmKaX 

opReHTall,RR (111); IIpR aTOM rroJlyqeHHbIe p;aHHbIe cpaBHRBaIOTCH C pesyJIb

TaTaMR RSMepeHRH p;R4>paKll,RI! B YCJlOBRHX rrOJIHOm BHemHero OTpameHRH,.. 

SepKaJlbHOrO OTpameHRH peHTreHOBCKIiIX JIyqeH 6es p;H4>paKll,RR H aJlJlRrr
COMeTpRH. 

TeopliH. ,IJ;H4>paKll,ROHHaH Cxe~Ia CIWJIbSHIll,eH 6parr - JIaya-reoMeTpRR 

BrrepBb1e rrpep;JIOmeHa B pa60Tax [9, 10]. 8KcrrepHMeHTaJIbHoMY RCCJIeAOBa

HRIO p;R4>paR:qHH peHTrenonCKRX JIyqeH B aTOH reOMeTpRR rrOCBHIll,eHbI pa6o

1.0TH. ell. 

I,OTH.ell. 

PIIC. 1 PIIC. 2 

PIIC. 1. TeOpeTH'IeCRaH IIHTerpaJIbHaH RplIBaH 6parr - JIaya-}J;lIlppaRl:J;lIliI }J;JIH COBepmeH

Horo MOHORplICTaJIJIa Si. PaclfeT BbIlIOJIHeH }J;JIH (220) -OTpameHIIH (j-IIOJIHpII30BaHHoro
 
CUKai-1I3JIYlfeHIIHj lIapaMeTp pa30plIeHTaIJ;mf 'IjJ=-166,7'. I -lIHTeHCIIBHOCTb peHTre-


HOBCRoro OTpameHIIH
 

PlIC. 2. BJIllHHne aMoPWHbIX IJ.TleHOR Ha IIOBepXHocTII MOHORplICTaJIJIa Si Ha MaJIoyrJIO

BYro lfaCTb HHTerpaJIbHOii RplIBOii 6psrr - JIays-iJ;lIwpaRIJ;1I1I (iDe

aM= <D e 
Sl ). TOJIlIJ;lIHa
 

CJIOeB (A): 1 - 0, 2 - 25, 3 - 100, 4 - 500, 5 - toOO. OCTaJIbHbIe lIapaMeTpbI Te me, lfT()
 
Ha pHC. 1
 

TbI [7, fit-13], OAHa:KO RSMepeHRH RHTerpaJlbHbIX KpRBbIX R aHaJIRS RX oco

6eHHOCTeH He rrpOBOp;RJIRCb. . . 

·,IJ;o rrOCJIeAHerO BpeMeHR RHTerpaJIbHble OTpameHRH paCCMaTpRBaJIR TOJlb

KO B CTaHIJ;apTHoii: reoMeTpRR p;R4>paKll,RR R TOJIbKO Ha RAeaJIbHbIX KpRCTaJI

JIax C ll,eJlbIO rrpOBepKR p;RHaMR'IeCKOH TeopRR. B pa60Te [14] RHTerpaJIbHble 

p;R4>paKll,ROHHbIe OTpa1KeHIlH paCC'IRTaHbI aHaJIRTlPleCKR ;a;JIH . reoMeTI)Ji[R 

Bparra C M;lJIOll: aCRMMeTPRell:, B pa60Te [ 15] - 'IRCJIeHHO AJIH rrpep;eJIbHO· 

aCRMMeTpH'IHbIX CJIy-qaeB' aToll: reOMeTpliIR. B pa60Tax [3-7] BrrepBble RH

TerpaJIbHbHi OTpa1KeHIiIH llsy-qeHbI rrpR CKOJIbsHIll,eH AIiI4>paKll,RIiI B yCJIOBRHX 

rrOJlHOrO BHemHero OTpa1KeHRH IiI rrpRMeHeHbI AJIH RCCJleAOBaHRH aMop4>IiISall,RH: 

rrOBepXHOCTHbIXCJIOeB. 

MeToAbI ;a;n4>paKll,liIR B YCJlOBRHX BHemHero OTpa1KeHIlH IiI 6parr - JIaya

·AIiI4>paKll,RR 6JIliISKQCBHSaHbI APyr C p;pyroM IiI p;orrYCKaIOT ep;IiIHoe TeOpeTIiI'Ie

CKoe orrRcamie. B TO me BpeMH B 6parr - JIaya~reoMeTpRR RMeeTCH BOSMOlW.. 

HOCTb yrrpoCTRTI, o6Ill,lle TeOpeTIl'IeCKRe BblpameHRH R 06JIer'IRTb aKcrrepR

MeHT [10]. 
IIPII p;R4>paKll,RR B 6parr - JIaya-reoMeTpHll OTpa1KaIOIll,lle rrJIOCKOCTR cJler

• Ka pasopReHTRpOBaHbI OTHOCllTeJlbHO HOpMaJlll K rronepXHOCTR KpRCTaJIJla, TaR: 

'ITO BeKTOp 06paTHoii: pemeTKR Kh o6pasyeT C rrOBepXHOCTbIO yroJlcp~1-6° 

(rrpllHHTO ClIllTaTb, 'ITO {(J<O, TaK KaK RcnoJlbsyeTcH OTpa1KeHIle, rrpR KOTOpOM 

K h RMeeT OTpRll,aTeJIbnyIO rrpOeKll,RIO Ha BHyTpeHHIOIO HOpMaJIb. K rrOBepXHO

CTR). IIaAaIOm;RH rryq:OK, YAOIlJIeTBopHIOIll,RH yCJIOBRIO ;a;ll4>paKll,RR, BXOP;RT 

B KpRCTaJIJI nOA MaJIbIM yrJIOM ([>0 K rrOBepXHOCTR. IIPR aTOM reOMeTpllH 

,lw4>paKll,llR saBRCRT OT IieJIR'IRHbI yrJIa rraAeHRH: rrpI[ ([>0< I'\J I peaJIRsyeTCfr 
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>cJIy'la:u Bparra, a npH llJ o> 11jl1 - CJIy'la:u JIaya ('lJ=2ep sin HB - aq,q,eRTHBHbIH 

yrOJI paaopHeHTaIJ;HH). B CJIy-qae Bparra AHq,pampoBaHHbIH ny'lOR BbIXOAHT 

H3 RpHCTaJIJIa nOA yrJIOM llJh~I'lJI-llJo. 
TeOpeTH'leCRaH HHTerpaJIhHaH RpHBaH 6parr - JIaya-AHq,paRIJ;HH AJIH CO-' 

BepIIIeHHoro MOHoRpHCTaJIJIa RpeMHHH npeACTaBJIeHa Ha pHC. 1. IIpH nepexo

]1.e R AHq,paRIJ;HH no JIaya HHTeHC1'1BHOCTh p,Hq,parHpOBanHbIX BOJIH yxOp,HT 

B rJIy6h RpHCTaJIJIa H RpHBaH 06pbIBaeTCH. YrJIOBhle o6JIacTH llJo<llJc H llJo> 
> I'lJ l-lI>c (lI>h< <]) c) Ha aTOu RpHBOll: OTBe'laIOT yCJIOBHIO nOJIHOrO BHemHe
ro OTpameHHH COOTBeTCTBeHHO nap,aIOIIJ;ero JIH60 p,Hq,parHpOBaHHoro ny-qRa 

II Moryr 6bITb HCnOJIbaOBaHbI p,JIH H3y'leHHH aMopq,H3an;HH CJIOeB rJIy61'1HOll: 

-10-1000A [1OJ. IJ;eHTpaJIhHaH 'laCTh HHTerpaJIbHOll: Rp1'1BOH 6parr

JIaya-p,Hq,paRn;HH 'lyBcTBHTeJIbHa R CJIOHM rJIy6HHoH -100-10 000 A. 
B naCTOHIIJ;ell: pa60Te HCCJIep,OBaHHH BeJIH B 06JIaCTH ~raJIbIX yrJIOB 

4l o:O;;;lI>c. HHme nORaaaHO, 'lTO B OTJIH'lHe OT p,aHHbIX, rrOJIYlIaeMhIX npH 

'!,pl-<])o:O;;<])c, 1'1aMepeHHH npH MaJIhIX yrJIax rrO'lTH He lIY!lCTBHTeJIbHhI R paa

.6pocy no opHeHTan;HH (no 11jl1) H TeM caMhIM cym;ecTBeHHO ynpOIn;aeTCH 06

pa60TRa ;mcnepHMeHTaJIbHhIX peayJIbTaTOB. 

06m;He COOTHOIIIeHHH, onHChIBaIOm;He p,Hq,paRIJ;HIO B yCJIOBHHX nOJIHOrO 

SHeIIIHero OTpameHHH H 6parr - JIaya-p,Hq,paRIJ;HIO HaRpHCTaJIJIe C aMopqlHbIM 

-CJIOeM, rrOJIYlIeHbI B pa60Te [8 J. AMnJIHTyp,a p,Hq,parHpOBaHHOll: BOJIHhI B Ba

RyyMe co CTOpOHbI BXOp,HOll: nOBepXHOCTH RpHCTaJIJIa onpep,eJIHeTCH CJIep,yIO'

IIJ;HM BblpameHHeM: . 
2<])OW{l)W(2) (U{2)-U(1»Eo (1 ~ 

E h (llJ o, lI>h) = ---=-( (2)b(1)b(2)_ (1',Jb(2)b(l) 
CXhW 0 h W 0 h 

I 

(~) 

yp,OBJIeTBOpHIOIIJ;He yCJIOBHIO 1m u>O; c - nOJIHpHaan;HOHHbIH MHOJI\HTeJIb 

IIJIH Icos eSBi). 
I.1HTe:I;'paJIbHhIH Roaq,q,HIJ;HeHT OTpameHHH Haxop,HTCH no q,0pMYJIe 

2 
oIh(<])0) = '.E K(s) 

00

J2:
h2 

J E;')~llJ , llJh) 1 d<])h, (4) 
8=0','l 0 0 0 . 

.' , 

rp,e napaMeTphI K(') cooTBeTcTByIOT BRJIap,aM nOJIHpHaaIJ;HH B rrap,aIOm;eM
 

uY'lRe.
 
. BJIHHHHe aMopq,HoH nJIeHRH npOHBJIHeTCH lIepea MHOmHTeJIH do, h, orrpep,e


.JIHIOIIJ;He aaTyxaHHe B Hell: nap,aIOIIJ;HX H p,Hq,parnpOBaHHbIX BOJIH. ::lTO npHBO


JJ:HT R YMeHbIIIeHHIO Roaq,q,HIJ;HeHTa OTpameHHH C pOCTOM TOJIIIJ;HHbI ITJIeHRII 1'1 

R H3MeHeHHIO q,OPMbI RpHBhIX, TaR RaR C YMeHbmeHHeM yrJIOB CROJIbmeHHH 

peHTreHOBCRaH BOJIHa B nJIeHRe' aaTyxaeT 6bICTpee. BJIHHHHe aMopq,HbIX CJIO

en Ha MaJIOyrm:myIO 'laCTh 1'1HTerpaJIbHbIX RpHBhIX 6parr - JIaya-p,Hq,paRIl,1'1H 

nORaaaHO Ha pHC. 2. lIa pHcyHRa CJIep,yeT, lITO MomHO op,H03Ha'lHO orrpep,e

JIHTb TOJIm;HHy nJIeHRH B p,HarraaOHe t-10-10 000 A ITO YMeHbIIIeHHIO HH

TeHCHBHOCTH H H3MeHeHHIO q,OPMbI RpHBbIX. 
B paCCMaTpHBaeMOH MOp,eJIH ).l;lIq,paRIJ;HOHHoe. OTpameHHe .xapaRTepHayeTcH 

TpeMH HCROMbIMH napaMeTpaMH: t, 'loam Hep ('lJo), rroaToMy p,JIH Op,H03HalIHOrO 

Onpep,eJIeHHH TOJIIll,HHbI aMOpq,HOrO CJIOH t He06xop,HMO HaMepHTh 'loam H ep B 

HeaaBHCHMhIX aRCrrepHMeHTaX. 
BeJIH'lHHa 'loam npOITOpn;HOnaJIbHa nJIOTHOCTH BeilIeCTBa ITJIeHRH H onpep,e

JIHeT yrJIOByIO 06JIaCTb na p,Hq,paRn;HOHHOH RpHBOH (<]) 0< llJ camE; ( I'locm j) If,). 
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B ROTOpOH saTyxaHlle B llJIeHRe MaRCHMaJIhHO. OHa MomeT 6hl1'h HSMepeHa 

C rrOMOII.J;bIO peHTreHOBCROH pe<I>JIeRTOMeTplIlI (rrOJIHOrO BHeUlHero OTpameHlIH 

peHTreHOBCRIIX JIy<leii: 6es p;II<I>paRI\IIH) II saTeM IICrrOJIhSOBaHa B paC1IeTaX 

p;II<I>paRI\IIOHHhIX RplIBhlX (CM. [16-18], a TaRJJ\e 06sop [19]). HeCOMHeH

HhIM YP:OOCTBOM JIBJIJIeTCJI TO, qTO MeTOp; pe<I>JIeKTOMeTpIIH MomeT 6blTh pea

JIIISOBaH Herrocpep;CTBeHHO B p;H<I>paRIJ)lOHHOM aRcrrepHMeHTe. 

HaR H rrpH p;1I<I>paRI\HII B YCJIOBIIJIX nOJIHOro BHerrIHero OTpameHJIJI, HS

MeHeHIIJI opHeHTaI\IIH OTpamaIOII.J;HX rrJIOCRocTeii: B 6parr - JIaya-reoMeTplIH 

rrpeHMYII.J;eCTBeHHO BJIHJIIOT Ha MHTeHCMBHOCTh p;lI<I>paIUIHOHHbIX KpIIBhIX. B TO, 

me BpeMJI a<I><I>eRT pasoplIeHTaI\IIH B p;aHHOM CJIyqae rrplI6JIHSIITeJIhHO B ~10

100 pas cJIa6ee. HarrpHMep, OTRJIOHeHHJIM yrJIa <:p Ha ±30' 01' SHaqeHHJI <:p= 
=208' COOTBeTcTByIOT HSMeHeHHJI HHTeHCIIBHOCTH Ha ±8%; B TO me BpeMJI 

<I>opMa RpHBhlX OCTaeTCJI rrpaKTHqeCKII HeHSMeHHoH. CJIep;OBaTeJIhHO, qyBCTBH

TeJIhHOCTh IIHTerpaJIhHhIX RpHBhlX 6parr - JIaya-p;H<I>paRI\HM R pasopHeHTaI\HII 

'<:p JIBJIJIeTCJI' HeBhlCOKOW II 'P;JIJI orrpep;eJIeHIIJI <:p rrplIMeHHMhl CTaHp;apTHhle peHT

reHop;H<I>paRI\HOHHhle MeTop;bl, 06eCrreqlIBaIOII.J;He TOqHOCTh He xyme ± 15'. Ta

RHM oopasoM, sap;aqa orrpep;eJIeHHJI TOJIII.J;IIHhl aMOP<I>HOro CJIOJI rro HHTerpaJIh

HblM KpHBhlM 6parr -JIaya-p;II<I>paKI\HU CBOP;HTCJI K op;HorrapaMeTpHqeCKoH. 

IIpu MaJIhlX yrJIax rrap;eHIIJI <Do B 6parr - JIaya-reoMeTplIli COOTHOIIIeHIIJI 

(1)-(4) MoryT 6blTh CYII.J;eCTBeHHO yrrpOIIJ;eHhI. A HMeHHO, RaK rrOKasaHO Bpa

60Te [10], rrpH BhIIIOJIHeHHH YCJIOBIIR <Do~<Dc H 11P1 ~<Dc MomHO BhlqHCJIHTh 

OP;HH KopeHh B BhIpameHlIli (3) H rrOHIISHTh CTerreHh ypaBHeHHlI Ha ep;HHII:UY: 
u(l)= I'¢I + (<D h 2+XO)''' (lm u (1»0), 

2
(U(2J'-<D0 -Xo) (u

2
+ (<D h2+XO)'l'-1 1P I) = - I1P I+ (~~:+xo)'/'; (5) 

3p;eCh U(2) - ep;HHcTBeHHhIH KopeHh ypaBHeHHJI (5), yP;OBJIeTBOpJIIOm;IIR 

.yCJIOBIIIO 1m u>O. C yqeTOM Toro, qTO Iu (1) I~ IU (2) I, BhlpameHHe P;JIJI Eh CBO

P;IITCJI K CJIep;YIOII.J;eMY BIIP;Y: 

E _ <Do 'Xh 
(6)

h-- <Dh (U(2)+(<Dh2+XO)'h_I1PI)b(~) 

CorrOCTaBJIJIJI KplIBble, BhlqHCJIeHHhlec rrOMOm;hIO <I>OpMyJI (1), (3) II (5), 
(6), MomHO rrORasaTh ap;eKBaTHOCTh rrpH6JIHmeHHhlx CooTHoIIIeHHH (5) H (6). 

CJIep;yeT OTMeTIITh, qTO lIS p;ByX rrapaMeTpOB do,h' xapaRTeplISYIOIIJ;IIX sa

TyxaHHe'B rrJIeHKe, B BblpameHHe (6) BXOP;HT TOJIhKO do, T. e. a<I><I>eKT aMoP<I>

HOR IIJIeHRII B p;aHHOM CJIyqae npOJIBJIJIeTCJI TOJIhKO qepes oCJIa6JIeHlIe IIap;aIO

II.J;ero IIY'IRa. lDHSHqeCKH aTOT pesyJIhTaT OqeBHp;eH, TIOCROJIhKY p;1I<I>parHpO

BaHHhlH IIy'IOR BhIXOP;IIT lIS KplICTaJIJIa 1I0P; 60JIhIDlIM yrJIOM K IIOBepXHoeTII. 

IICnOJIhSOBaHlIe <I>OpMyJI (5) II (6) p;aeT BOSMOlRHOCTb B ~10-20 pas YC

ROPIITh IIpoI\ep;ypy Bhl'IIICJIeHIIJI Ha' 8BM. B p;aHHOM CJIy'Iae MomHO saTa6y

JIlIpOBaTb KopeHb U(2), SaBl2lCJIIIJ;HH 01' napaMeTpoB <Do, <Dh II saTeM, IICIIOJlh

SYJI STOT KopeHh, Bhl'IIICJIIITb Ha60p IIHTerpaJIhHblX KPIIBhIX, COOTBeTCTBYIOII.J;IIX 

paSJlII'IHhIM SHa'IeHIIJIM TOJIIIJ;IIHhl aMOP<I>HOrO CJIOJI. IIocJIe SToro npoI\ep;ypa 

06pa60TKlI 9RcnepHMeHTaJIhHhIX IISMepeHIIH saHIIMaeT HeCROJIbRO ceRyHp;, TaR 

,RaK CBOP;IITCJI K cpaBHeHIIIO IIOJIyqeHHOH ::lRCIIepIIMeHTaJIhHOH KplIBOH C Teo

peTl2l'IeCIUIM Ha60pOM 1I orrpep;eJIeHHIO HalIJlyqmero COBllap;eHlIJI 110 MeTOP;Y 

HalIMeHbIDIIX Rfrap;paTOB. 

MeTO~hI HCCJIe~OBaHlUI 

B RaqeCTBe IICCJIep;yeMblx 06paSI\OB IICIIOJIbSOBaHbI MOHORpHCTaJIJIbl Si c 

1I0BepXHOCTHOH IIJleHROii HIITplIp;a RpeMHIIJI SisN•. (8TaJIOHOM CJIymlIJla KpeM

HlIeBaJI 1I0p;JIOIHRa 6es CJIOlI SisN•. ) HIITPIIP; KpeMHIIJI 6hIJI 1I0JIy'leH lIyTeM 

ocamp;eHIIJI lIS rasoBoii<I>aShl IIplI BsalIMop;eHCTBlIlI MOHOClIJIaHa SiH 4 CaM.... 

MlIaKOM NHs IIplI TeMIIepaType ~800° B Te'leHlIe BpeMeHII 01' HeCROJIhKIIX MII

HyT p;o 1 "I' (06paSI\bl I-V cooTBeTcT13oBaJiII BospacTaHIIIO BpeMeHH ocamp;e
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HlIH). KpeMHlIeBbIe IIOp;JIOmRlI p;lIaMeTpOM 76 MM II TOJI~lIHOM ~350 MRM 

lIMeJIlI IIOBepXHOCTb, pasoplI~HTlIpoBaHHYIO 01' IIJIOCROCTlI ( 111) Ha y:!:OJI 

4±0,5° IIO HaIIpaBJIeHlIIO [112]. IIplI aTOM Op;Ha lIS TpeX IIJIOCROCTeM {110} 

RplICTaJIJIa, a lIMeHHO IIJIOCROCTb (110), 6bIJIa IIepIIeHp;lIRyJIHpHa IIJIOCRO~TlI 
IIOBepXHOCTlI C TO'IHOCTbIO ±30', a p;Be p;pyme (IIJIOCROCTU (101) II (011» 

pasoplIeHTlIpOBaHbI 01' HaIIpaBJIeHlIH HOpMaJIlI R IIOBepXHOCTlI IIJIaCTlIHbI HR 

yrOJI 208±30'. TaRaH oplIeHTRIJ;lIH IIOBepXHOCTlI IIJIaCTlIH IIOSBOJIlIJIa CHlIMaTb 

01' OP;HlIX II Tex me 06paSn;OB RaR lIHTerpaJIbHbIe RplIBbIe (202) p;mppaRn;lIlI 

B CROJIbSH~eM 6psrr-JIays-reoMeTplIlI, TaR II lIHTerpaJIbHbIe RplIBbIe (220) 

p;mppaRn;lIlI B YCJIOBlIHX IIOJIHOrO BHeillHero OTpameHlIH. KpoMe Toro, OP;HO

BpeMeHHO C p;mppaRn;lIOHHbIMlI RplIBbIMlI CHlIMaJIlI lIHTerpaJIbHbIe RplIBbIe 

peHTreHOBCRoro SepRaJIbHOrO OTpameHlIH. IIoJIY'IeHHbIe peHTreHOBCRlIMlI Me

Top;aMlI p;aHHbIe cpaBHlIBaJIH C pesyJIbTaTaMlI SJIJIlIIICOMeTpHlI. 

PeHTreHOBCRlIe RplIBbIe lISMepHJIlI Ha CIIeRTpOMeTpe, OIIlIcaHHOM B pa60Te 

[20]. IIplI aTOM lICIIOJIbSOBaJIlI P;OIIOJIHlITeJIbHbIII RplICTaJIJI-aHaJIlISaTOp IIa

p;aIO~ero Ha 06pasen; lISJIy'IeHlIH, aHaJIOrlI'IHbIM IIplIMeHeHHoMy B pa60Te 

[21], P;JIH IIpen;lISlIOHHOM (c TO'IHOCTbIO ±O,1') yCTaHoBRlI 06pasn;a B IIOJIO

meHlIe HyJIeBOrO yrJIa IIap;eHlIH lISJIY'IeHlIH Ha ero IIOBepXHOCTb. UCIIOJIbSO

BaJIlI CUKcwlISJIy'IeHlIe 01' peHTreHoBcRoM Tpy6RlI 0,3BCB-25Cu, (111) -RpeM

HlIeBbIe MOHoxpOMaTOp II aHaJIlISaTOp. rOplISOHTaJIbHaH pacxop;lIMOCTb IIap;aIO

m;ero IIY'IRa, lISMepeHHaH C IIOMO~bIO RplICTaJIJIa-aHaJIlISaTOpa, COCTaBJIHJIa 

~0,3'. <t>POHT IIy'IRa <pOpMlIpOBaJICH ~eJIbIO IIIlIPlIHOM 50 MRM. Pacxop;lIMOCTb 

B BepTlIRaJIbHOM IIJIOCROCTlI IIpaRTlI'IeCRlI He orpaHlI'IlIBaJIaCb (~2°). 
8JIJIlIIICOMeTplI'IeCRlIe lISMepeHlIH IIPOBOP;lIJIlI Ha SJIJIlIIICOMeTpe JI8<t>-3: 

(p;JIlIHa BOJIHbI CBeTa 6328 A) IIplI yrJIe IIap;eHlIH 70°. 

PeaYJIbTaTbI II lIX o6cym,IJ;eHlIe 

TlIIIlI'IHaH SRCIIeplIMeHTaJIbHaH RplIBaH peHTreHOBCRoro SepRaJIbHOrO 01'

pameHlIH (06pasen; V) II cooTBeTcTBYIOm;lIM eM pesyJIbTaT TeOpeTlI'IeCROM IIOP;

. rOHRlI IIpep;CTaBJIeHbI Ha plIC. 3. KplITlI'IeCRlIM yrOJI IIOJIHOrO BHeillHero OTpa


meHlIH <Dc, OIIpep;eJIeHHbIM IIO p;aHHoM sRcIIeplIMeHTaJIbHOM RplIBOM, a TaRme·
 

IIO RplIBbIM 01' 06paSn;OB II-IV, paBeH 14,8±0,1'. lIcxop;H lIS aTOrOIIJIOTHOCTb
 
3

IIJIeHOR SisN. COCTaBJIHeT p=2,91±0,04 r/cM (06 OIIpep;eJIeHlIlI IIJIOTHOCTIf 

IIO RplITlI'IeqRoMy yrJIy CM. pa60TbI [16, 17, 19, 22]). KplITlI'IeCRlIM yrOJI If 

IIJIOTHOCTb RpeMHlIeBoM IIOjl;JIOmRlI OIIpep;eJIHJIlI IIO RplIBOM SepRaJIbHOrO OTpa

meHlIH 01' KplICTaJIJIa-aTaJIOHa: <D c =13,3±0,1', P2=2,30±0,04 rlCM3
• IIoJIy

'IeHHbIe SHa'IeHlIH COOTBeTCTBOBaJIlI lISBeCTHbIM JIlITepaTypHbIM p;aHHbIM [23] 

(Si3N. - p=2,95 r/cM3
, Si - p=2,30 r/cM3 

) II HCIIOJIbSOBaJIlICb IIplI paC'IeTaX 

p;lI<ppaRn;lIOHHbIX RplIBbIX B 6psrr-JIays-reoMeTplIlI II B YCJIOBlIHX DOJIHOrO~ 
BHeillHero OTpameHlIH. 

3Ha'IlITeJIbHOe paSJIlI'IlIe B IIJIOTHOCTHX IIJIeHOR Si3N. II IIOp;JIomRlI Si 
(25 %) IIOSBOJIlIJIO OIIpep;eJIHTb TOJIm;lIHY aTlIX IIJIeHOR He TOJIbRO IIO p;lI<ppaR

n;lIOHHbIM RplIBbIM (RaR aMop<pHbIX CJIOeB), HO II IIO RplIBbIM peHTreHoBcRoro· 

SepRaJIbHOrO oTpameHlIH (RaR CJIOeB C lIsMeHeHHoM IIJIOTHOCTbIO). A HMeHHO, 

lIs-sa pasHlIn;bI B IIJIOTHOCTlI Ha· XBOCTax RplIBbIX IIOJIHOrO BHeillHero OTpame

HlIH 01' IIJIeHOR TOJI~lIHOM 100 A II 60JIee Ha6JIIOp;aJIlICb TOJIm;lIHHbIe OCn;lIJI

JIHn;lIlI (plIC. 3), ROTOpbIe 06pa6aTbIBaJIlI B IIplI6JIlImeHlIlI TpeXCJIOMHOM cpep;bI 

IIO MeTOp;y, lISJIOmeHHoMy B pa60Tax [16, 17]. 

Ha plIC. 4 IIplIBep;eHbI SRCIIeplIMeHTaJIbHbIe lIHTerpaJIbHbIe RplIBbIe P;lI 

<ppaRn;lIlI B CROJIbSHm;eM 6psrr-JIays-reoMeTplIlI II B YCJIOBlIHX DOJIHOrO BHeIII

H~ro OTpameHlIH. B Ra'IeCTBe IIplIMepa P;JIH 'IaCTlI 06paSn;oB Ha Ramp;OM plI

cyHRe IIORasaHbI COOTBeTCTBYIO~lIeTeOpeTlI'IeCRlIe RplIBbI6. 

IIop;roHRa TeOpeTlI'IeCRlIX RplIBbIX p;lI<ppaRn;lIlI B 6psrr-JIays-reoMeTplIIf 

IIPOlISBOp;lIJIaCb IIO Op;HOMy IIapaMeTpy t COrJIaCHO IIpon;ep;ype, OIIlIcaHHOM 

BbIIIIe. BbIJI paCC'IlITaH Ha60p TeOpeTlI'IeCRlIX RplIBbIX P;JIH IIJIeHOR C p= 
3

=2,91 r/cM TOJI~lIHOM 0-2000 A C IIIarOM 20 A. 3aTeM Ramp;yIO SRCIIeplIMeH

TaJIbHYIO RpF]:BYIO cpaBHlIBaJIlI IIO MeTOp;y HalIMeHbIIIlIX RBap;paTOB C Ha60poM 
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----2 

'TeopeTIPleCKIIX RpHBbIX. 06paOOTRa RpHBbIX p;H<ppaRD;HH B yCJIOBHHX nOJIHOrO 

BHenrHerO OTpameHHH H SaHHJIa ropasp;o OOJIbnre BpeMeHH. IIepBOHa'lIaJIbHble 

SHa'IeHHH P;BYX napaMeTpOB t H cp HaXOp;HJIH no nOJIOmeHHIO nepep;Hero <pPOH

Ta ~mcnepHMeHTaJIbHbIX RpHBbIX H OTHonreHHIO HHTeHCHBHOCTeH OTpameHHH 

(hkl) H (JiTtl). 3aTeM 3TH SHa'IeHHH BapbHpOBaJIHCb B ooe CTOpOHbI npH pac

"leTaX p;H<ppaRD;HOHHbIX RpHBbIX P;JIH YMeHbnreHHH <paRTopa pacxop;HMOCTH 

Memp;y TeopHeH H 3RcnepHMeHTOM. 

TOJIID;HHbI nJIeHOR Si3N. H p;pyrHe napaMeTpbI, onpep;eJIeHHbIe BceMH ne

pe'IHCJIeHHbIMH MeTop;aMH, npHBep;eHbI B, TaOJIHD;e. BH)l;HO, 'ITO p;aHHbIe HSMe

peHHH paSHbIMH MeTop;aMH yp;OBJIeTBOpHTeJIbHO COBnap;aIOT. 

CJIep;yeT saMeTHTb, 'ITO cpep;H HCCJIep;yeMbIx oopaSD;OB OTCyTCTByIOT oopas

IJ;bI C TOHRHMH (t<80 A) nJIeHRaMH Si3N•. 8TO CBHsaHO C TeXHOJIOrH'IeCRHMH 

240 

--1 
----2 

7201750 

Pl1C. 4 

TPYP;HOCTHMH nOJIy'IeHHH TOHRHX nJIeHOR. qYBCTBHTeJIbHOCTb' peHTreHop;H

<ppaRD;HoHHbIX MeTop;OB R TOHRHM nJIeHRaM npop;eMoHcTpHpoBaHa Ha npHMepe 

HSMep,eHHH 3TaJIOHHOrO oOpaSD;a. TOJIID;HHa CJIOH eCTeCTBeHHoro ORHCJIa Ha 

ero, nOBepxHocTH, onpep;eJIHeMaH aTHMH MeTop;aMH, ORaSaJIaCb paBHoH t=20 A 
(lD c =13,3'). B TO me BpeMH RpHBaH peHTreHOBCROH pe<pJIeRTOMeTpHH OT 3Ta

JIOHHOrO oopasD;a He OTJIHlJ:aJIaCb OT paC'IeTHOH P;JIH COBepnreHHoro RpHC1'aJIJIa 

c t=O. 
BbIBOp;bI. TeOpeTH'IeCRH H 3RcnepHMeHTaJIbHO npop;eMOHCTpHpOBaHbI OOJIb

nrHe BOSMOmIJOC1'H MeTop;a HHTerpaJIbHbIX RpHBblX CROJIbSHID;eH Op3rr-JIaY3

p;H<ppaRD;HH peHTreHOBCRHXJIylJ:eH. IIpOaHaJIHSHpOBaHbI npeHMYID;eC1'Ba aToro 

MeTop;a nocpaBHeHHIO C p;H<ppaRD;HeH B yCJIOBHHX nOJIHOrO BHellIHero OTpa

meHHH B onpep;eJIeHHH TOJIID;HHbI aMop<pHbIX CJIOeB rJIyoHHoH ~20-1000 A 
Ha nOBepXHOCTH RpHCTaJIJIOB. ECJIH nJIOTHOCTb aMop<pHbIX CJIOeB OTJIHlJ:aeTCH 

01' nJI01'HOCTH nOp;JIOmRH, TO TOJIID;HHa CJIOH B p;HanaSOHe ~100-10 000 A MO

meT ObITb onpep;eJIeiIa He TOJIbRO p;H<ppaRD;HOHHblMH MeTop;aMH, HO H MeTop;OM 

peHTreHOBCROH pe<pJIeR1'OMeTpHH. Op;HaRO paCCMaTpHBaeMbIe p;H<ppaRD;HOHHbIe 

M8TOP;bI p;aIOT HH<popMaD;HIO 0 ropasp;o OOJIee TOHRHX npoD;eccax aMop<pHsaD;HH 

nOBepxHocTHbIX CJIOeB, He BbISbIBaIOID;DX saMeTHbIX HSMeHeHHH nJIOTHoc1'H. 
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JOO r-=-~
 

150 

Pnc. 3 

Pl'IC. 3. 8RCUepl'IMeHTaJlbHaJI (1) l'I 
1'eOpe1'l'IqeCRaJI (2) l'IH1'erpaJIbHble 
Rpl'IBble peH1'reHoBcRoro SepRaJIb'IIOrO 
o1'pamemm 01' Rpl'IC1'aJIJIa Si C nJIeH
Roll: SisN. 1'OJIID;l'IHOii 1000 A Ha no

BepxHoc1'H (06pase~ V) 

Pl'Ic. 4. 8RCnepl1MeH1'aJIbHble (1) l1 
1'eOpeTl1QeCRl1e (2) l'IHTerpaJIbHble 
Rpl1Bble peHTreHOBCROll: }:\J'I(ppaR~l1l'I B 
CROJIbSJIII\ell: 6p9rr - JIay9-reOMeTpl1l'I 
(a) l'I B yCJIOBl1JIX nOJIHOrO BHemHero 
oTpameHl1JI (6) }:\JIJI 9TaJIOHa (8) l1 
06paSI\OB I-V RpeMHl1JI C UJIeHROll: 
SisN. TOJIII\l'l!HOll: 80-1000 A Ha no

BepXHOCTl1 



PeaYJlbTaTbI l'IaMepeHlIJI o6paaD;oB RpeMHlIJI C DJIeHROii SiaN. Ha nOBepxHocTH
 
C nOM0ID;bIO peHTreHOBCRlIX MeT0;Ll"oB 1'1 8JIJIDnCOMeTpl'lD
 

HOMep 
o6pasI\a 

PeHTreHOB-
CRaJI pe<pJIeH-

TOMeTpl'lJI .. 

,l.J;1'l<ppaKI\I'lJI B 
CKOJIhSJIII1efi 

6psrr - JIays
reOMerpl'l1'l .. 

,l.J;1'l<ppaKI\I'lJI B YCJIOBIiJIX 
IIOJIHOrO BHeIIIHero OTpa

meHI'lJI 

Icp, yrJI. MI'lHt, A

8JIJII'lIICOMeTpl'lJI 

It±20, A n .... 

8TaJIOH 
I 

II 

-
80 

150 

20 
100 
160 

20±10 I 8 
80±20 12 

120±20 15 

- -
- -

160 2,00 
III 360 375 400±50 10 386 1,96 
IV 730 725 800±100 8 - -
V 1000 950 1000±100 8 970 2,06 

.. t±20, A-.
 
*.. n - IIORaSaTeJIh IIpeJIOMJIeHI'lJI.
 

RpOMe Toro, p,lIwpalOJ;lIOHHbIe MeTop,bI lIMeIOT Ha1I6oJIblIIYIO '1YBCTBlITeJIbHOCTh 

R	 CJIOHM TOJIIIJ;lIHOH ~10-100 A, B TO BpeMH RaR peWJIeRTOMeTplIH MOmeT 

8wweRTlIBHO rrplIMeHHTbCH rrplI TOJIIIJ;HHaX, rrpeBbIlIIaIOIIJ;HX rJIy6HHy rrpOHHR

HOBeHHH 1I3JIy'leHHH rrpH rrOJIHOM BHelliHeM OTpameHHH (~100 A). 
ABTOpbI BbIpamaIOT 6JIarOp,apHOCTb A. M. AwaliacbeBy 3a n;eHHbIe 3aMe

'1aHHH, a TaRme A. 10. TpOHHHy 3a rrOJIe3HbIe COBeTbI FI 8JIJIHrrCOMeTpH1JeCRHe 

H3MepeHHH. 
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INTEGRAL CURVES OF THE X -RAY BRAGG-LAUE DIFFRACTION
 
AND THE INVESTIGATION OF AMORPHIZATION OF CRYSTAL
 

SURFACE LAYERS
 

[mamov R. M., Kondrashkina E. A., Stepanov S. A. 

A new method has been proposed for the chara,cterizatlon of thin surface layers of 
crystals based on the integral curves of X"ray Br~gg - Laue grazing diffraction. The 
advantages of this method in depth measurements of amorphous surface layers in the 
range from 10 to 1000 A are demonstrated, as compared with the method of X-ray 
diffraction under specular reflection conditions. These advantages are the acceleration 
of obtaining diffraction curves due to the enhanced intensity and the considerable 
simplification of theoretical treatment and interpretation of experimental data. Based 
on the proposed method of Bragg - Laue diffraction the thicknesses of surface layers 
of silicon nitride have been measured in the range 20-1000 A on the silicon crystal 
substrates. The agreement of the measured thicknesses with the results of the X-ray 
specular reflection method, the X-ray diffraction under specular reflection conditions 
method and the method of optical ellipsometry are demonstrated. The ways of further 
dE'velopment of the Bragg - Laue diffraction method are discussed. 
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