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nCCJIE)J;OBAHIIH IIOBEPXHOCTH METOAOM IIOJIHOrO 
OTPAiKEHHH 1I3.TIYQEUHH PEHTrEHOBCKOrO AHAIIA30HA 

A,.dJpeeea M. A., Bopuco8a C. (]J., Crenal-108 C. A. 

B IIOCJI8p;mI8 rop;bI BHOBb B03HRK RHT8p8C K M8TOP;y IIOJIHOrO BH8IIIH8ro 

OTpaiI\8HRfl JIlBO) p8HTr8HOBcKoro R3JIYl:J8HRfl. B03POCIII88 3Hal:J8mre WR3RKR 

IIOB8pXHOCTM B pa3JIMl:JHbIX 06JIaCTflX HayKM M T8XHRKR, C OP;HOH CTOpOHbI, 

M IIOflBRBIIIaflCfl B03MomHOCTb RCIIOJIb30BaTb CRHXpOTpOHH08 M3JIYl:J8HM8 H 

MOrn;HbI8 p8HTr8IIOBCIUIe Tpy6KH, II03BOJIMBIIIR8 cyrn;8cTB8HHO YB8JIMl:JHTb yrJIO­

B08 M ::m8pr8THl:J8CK08 pa3p8III8HH8 B ::lKcIIepHMeHTax C peHTreHoBcKHM R3JIY­

l:JeHMeM, C p;pyroH CTOpOHI>I, cTMMyJIHpOBaJIM B03HHKHOBeHMe M pa3BHTHe HO­

BbIX MP;8H HCIIOJIb30BaHMfl 3WW8KTa IlBO P;JIfl IIOJIyl:J8HMfl Kal:J8CTB8HHO HOBoa 

MHwopMaU;MR 0 IIoBepxHocTM. 

06w;H8 CB8,JJ;eHMR 

HBJI8HM8 IIOJIHOrO BH8IIIH8ro OTpam8HMfl peHTreHoBcKoro R3JIYl:J8HRfl IIOP;­

p06HO RCCJI8,JJ;OBaJIOCb 8rn;e B 30-x rr. B MOHorpaWMM [1] OTM8l:J8HO, 'ITO 3TO flB­

JI8HR8 MOmHO 3WW8KTHBHO HCIIOJIb30BaTb ,JJ;JIfl OIIpe,JJ;eJIeHHfl P;8HCTBRT8JIbHOU 

H MHHMOH l:JaCTeH IIOKa3aT8JIfl IIpeJIOMJI8HHfl, T.8. OIITMl:J8CKOH (3JIeKTpOHIIOH) 

IIJIOTHOCTH Cp8P;bI H K03WWMU;HeHTa IIOrJIOrn;8HMfl M3JIYl:JeHMH p8HTr8HOBCKOrO 

,JJ;HaIIa30Ha. IlpM OTpam8HHH OT IIJIOCKOH IIOBepXHOCTH O,JJ;HOpO,JJ;HOH Cpe,JJ;bl 

K03WWMU;H8HT OTpam8HHfl R OIIp8,JJ;eJIfleTCfl WOPMYJIOH lPp8HeJIfl (IIpR CKOJIb­

3flrn;RX yrJIaX IIap;8HMfl pa3JIRl:JH8M WOPMYJI ,JJ;JIfl n- M a-IIOJIflpM3aU;RH MOmHO 

IIp8He6pel:Jb) : 

R= I sin 8- [sin 
2 
8+2 (n-1) P' 1

2 
, (1) 

sin 8+[sin
2 8+2(n-1) P' 

r,JJ;e 8 - yrOJI CKOJIbmeHHH; n - IIOKa3aT8JIb IIpeJIOMJI8HMH Cp8P;bI: n=1-6-i~= 
=1+(2n/k2 )Nj(0); N-IIJIOTHOCTb pacceRBaIOrn;RX aTOMOB; j(O) -aMIIJIRTy­

,JJ;a . pacceflHMfl BIIepe,JJ;: j(0)=ro(Z+I1j'+il1j"); ro=e 2/(mc 2 
) =2,812. 

,10-13 CM - KJIaCCHl:JeCKHH pa,JJ;Hyc 3JIeKTpOHa; Z - aTOMHbIH HOMep; 11j' l2t 

11j" - IIOIIpaBKH Ha aHOMaJIbHYIO p;HCIIepCHIO; ~=IJ,/ (2k); IJ, - JIRH8HHbIH IW8W­

WRU;M8HT IIOrJIOrn;8HRH; k=2n/'A. ECJIM ~~O, TO IIpH 8<8e= (26) II, (8e - KpHTH­

l:J8CKMH yrOJI IlBO) . K03WWri:U;R8HT OTpameHMH R=1. TaK KaK P;JIfl peHTr8HOB­

CKoro R3JIYl:J8HRfl, 6~10-S, TO 8e~10-20 Mpap;, KpRTRl:JeCKHH yrOJI YB8JIHl:JR­

BaeTCfl C YB8JIRl:JeHM8M ,JJ;JIRHbI BOJIHbI M3JIYl:JeHRH (~'A) H 3JI8KTpOHHOH IIJIOT­

HOCTR B8rn;8CTB. HaIIpHM8p, ,JJ;JIfl Cu Kc,,-M3JIYl:J8HRfl ('A=1,54 A) 3Hal:JeHR8 8e~ 
~131 IIpH OTpam8HMM OT CT8KJIa R 8c~331 - OT 30JIOTa, a P;JIH Al K",- H3JIYl:J8HRfl 

(0-=8,34 A) 3Hal:J8HR8 ec~10 P;JIfl CT8KJIa H 8c~1, 7 
0 

,JJ;JIfl 30JIOTa, IlBO OT 

IIOKpbITHH C B03MomHO 60JIbIII8n 3JI8KTPOHHOH IIJIOTHOCTbIO, HM8IOrn;RX ,JJ;OCTa­

TOl:JRO rJIa,JJ;KyIO IIOBepXHOCTb, HCIIOJIb3yIOT B p8HTr8HOBCKRX T8JI8CKOIIax, 

CII8KTpoM8Tpax, pe30RaTopax, BOJIHOBO,JJ;ax p8HTr8HOBCKoro M3JIYl:J8HHfl (CM., 

HaIIpRMep, [2-9]), IloIIbITKa C03p;aRMfl BOJIHOBO,JJ;OB ,JJ;JIfl· Mecc6aY3poBcKoro 

M3JIY'I8RRfl Ra OCROBe 3WW8KTa IlBO IIpe,JJ;IIpRHflTa B pa60Te [10]. 
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IlPlI HaJIlI"'IlIlI IIOrJIo:w;eHlIH B cpep;e (~+O) K08cPQllIIJ;UeHT OTpameHlIH B 

06JIaCTlI IlBO cy:w;eCTBeHHO yMeHbrnaeTCH, a cPopMa KplIBOlr OTpameHlIH crJIa­

mlIBaeTCH (plIC. 1, a). C TO'IKlI speHlIH BOSMonmoro IIplIMeHeHlIH 'MeTOp;a K 

HCCJIep;OBaHlIlO IIOBepXHOCTlI I-IaH60JI88 CYIIJ;eCTBeHHblM HBJIHeTCH TO 06CTOH­

T8JIbCTBO, 'ITO B 06JIaCTH IlBO rJIy6HHa IIPOHHKHOB8HlIH HSJIy'IeHHH B cpep;y 

peSKO YM8Hbrna8TCH (plIC. 1, 6). Pasp8rneHHe IIO rJIy6HHe MeTop;a IlBO COCTaB­

d/)' 
5 

103 

70 2 

10 1 

2 ejee 2 

PIlC. 1. 3aBIIcIlMoCTIl K08<P<PIln;lleIITa oTpameHIlfl R (a) H rJIy6mlbI npoHHKHoBeHlIH HSJIy­
treHIlH B ·o6pasen; (B e;:\I'lHnn;ax 'A) (6) OT yrJIa CKOJIbmeHHH nap;aIOm;ero ITa IIoBepxHocTb 
D:SJIyqeHIlJI 8 P;JIfl paSmlqHbIX COOTHOmelil'lll: ~/B p;eHCTBIlTeJIbHOll H MHHMOH qaCTeH nOKa­
SaTeJIfl npeJIOMJIeHIlH [it]: 1- 0,01, 2 - 0,02, 3 - 0,05, 4 - 0,1, 5 - 0,2, 6 - 0,5, 7 - 1,0, 

~ - 2,0, 9 - 5,0, 10 - 10,0 " 

JIH8T 10-100 A, lITO COIIOCTaBlIMO TOJIbKO C TaKHMlI MeTOp;aMH HCCJI8p;OBaHHH 

nOBepXHOCTU, KaK Om8-8JI8KTpOHHaJI CII8KTPOCKOIIlIH [12] HJIH p;ucPpaKIJ;lIH 

8JIeKTpOHOBHUSKltX8Heprn:H [13] . 

UCCJIep;OBaHIIll IIpHlloBepxHocTHOH IIJIOTHOCTH II IIapaMeTpOB 

MHOrOCJI(:rHHhIX IIlmphITHH MeTO~OM IIBO 

IIpu OTpan,eHHH OT TOHKHX IIJIeHOK (:>(2000 A), KaK 8KCIIepFIMeHTaJIbHO 

- nOKasaHO [14], BOSHHKaeT HHTepcPep8HIJ;HH peHTr8HOBCKUX JIY'IeH, OTpam8H­

HbIX OT BepxHeH H HHmH8H nOBepxHocTeH nJI8HKlI. B 8TOM CJIy'Iae Ha «XBOCT8» 

l\PlIBOII (lTpan,eHIIH nOHBJIHlOTCH OCIJ;IIJIJIHIJ;UU UHTeHCUBHOCTU (MaKcIIMYMbI 

HlIsIIxa), aHaJIOrlI'IHbI8 lIHTepcPepeHIJ;uoHHblM KOJIbIJ;aM, Ha6JIlO!weMbIM Ha 

IIJIeHKaX B pacxop;H:W;8MCH IIy'IK8 MOHoxpOMaTIIlIeCKoro CB8Ta. IIoJIO}KeHu8 

MaKcuMyMOB HHT8PcP8peHIJ;IIII eN CBHsaHO C nJIOTHOCTblO 8 FI TOJI:W;IIHOH d 
nJIeHKII COOTHorn8HII8M 

(2) 

OnTIIMaJIbHbIM YCJIOBU8M P;JIH Ha6JIlOAeHIIH 8TUX OCIJ;UJIJIHIJ;UH HBJIHeTCH TaKoe 

COOTHorn8HIIe nJIOTHOCTeH IIJIeHKII H IIOp;JIOmKlI, lIT06bI 6b1JIO BOSMomHO nOJI­

lIoe OTpam8HH8 Ha rpaHIIIJ;e IIJIeHKU 1I nOp;JIOmKFI (8rrJI<8rroJJ;JI)' HPOM8 Toro, 

.rrpFI HaJIII'IlIII CYm;eCTBeHHoro nOrJIo:w;eHUH B nJIeHKe OCIJ;IIJIJIHIJ;UII 6bICTpO sa­

TyxalOT. III8poxoBaTocTb IIOBepXHOCTII Mom8T BbISBaTb n8p8paCnpep;eJIeHII8 

IIHT8HCUBHOCTU ,Memp;y MaKcuMyMaMII lIHT8PcPeP8HIJ;UU [15]. «HJIaCCII'I8CKIIe» 

OCIJ;lIJIJIHIJ;FIU IIOJIy'IeHbI B pa60T8 [16] P;JIH nJIeHOK aMopcPHoro KpeMHIIlI (8Si = 

=7,44.10-6 
) Ha caIIcPFIpe (8=12,56.10- 6 AJIH CU K,,-HSJIYlJeHIIH). MSM8P8­

HUH· npOBOp;IIJIII Ha aBTOMaTIIlIeCKOM p;IIcPpaKTOM8Tpe. .IJ:ByKpIICTaJIbHbIH MO­

• HoxpOMaTOp 06eCII8lIUBaJI i1A1A=0,0003, yrJIOBaH pacxop;lIMOCTb COOTBeTCTBO­

BaJIa i1e=O,034°=O,059 Mpap;. TO'IHOCTb OIIpep;8JI8HIIH TOJIIIJ;IIHbI nJI8HOK B 

HHTepBaJIe OT 1600 p;o 2400 A COCTaBUJIa 0,5 %. 
.IJ:JIlI Onpep;8JIeHIIH 6 lICnOJIbSYlOT 06a MeTop;a, lISMepHH JIII60 ee, JIII60 eN, 

op;HaKO BTOPOH. cnoc06 MOJRHO p8aJIUSOBaTb, eCJIII OCIJ;IIJIJIlIIJ;IIII p;OCTaTOlIHO 

xoporno BbIpameHbI, a B CJIy'Iae CIIJIbHO nOrJIo:w;alOIIJ;lIX nJI8HOK II P;JIH MHrKoro 
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peHTreHOBCKoro u3nyqeHUH npeAnOQTeHUe OTAaeTCH nepBoMy cnoc06y, OCHO­
BaHHoMy Ha U3MepeHUU ec [17-21]. 8KcnepuMeHTanbHaH peanu3all,UH MeTOAa 
nOAP06HO paccMoTpeHa B 0630pe [22]. 

B pa60Te [23] AnH UHTepnpeTall,UU :mcnepUMeHTanbHblX KpUBblX IlBO OT 
nneHOK MeAu Ha CTeKne YQTeHO U3MeHeHue nnOTHOCTU B6nu3u nOBepXHOCTU, 
06pa3yIOnreHcH, HanpUMep, BcneACTBue OKucneHUH. B pa60Te [23] pa3BUTa 
TeopUH oTpameHuH OT MHorocnOHHOH cpeAbl, Y'lUTbIBaIOnraH ::l<p<peKTbl MHoro­
KpaTHoH uHTep({>epeHll,Uu u3nyqeHUH B KamAOM cnoe. RO::l<p<pull,ueHT OTpatHe­
HUH B ::lTOM cnyqae nonyqaeTclI B pe3ynbTaTe pemeHUII CUCTeMbI peKyppeHT­
HbIX COOTHomeHUH (COOTHomeHUH IlappaTa) 

_ ~ [Rn - 1 n-an-1 

, 
R n ,n+1+F 71-1,71 

1+Rn ,TI+1F71-1,71 

] 
, (3) 

rAe 

E R 

R " z 71 

n,n+1=an En ' 

En U EnR 
- aMnnUTYAbl npOXOAHnrero U OTpameHHoro nonil B cepeAUHe n-ro 

cnOII; dn - TonnrUHa n-ro cnOII, nOKa3aTenb npenOMneHUH KOToporo nn= 
=1-8n-i~n; n=N AnlI nOAnomKU, TonnrUHa KOTOpOH AOCTaTOqHO BenUKa, TaR 
'ITO RN, N+1=0. CucTeMa (3) pemaeTCII nocneAOBaTenbHO, HaqUHaH C HumHero 
cnOH U AO n=1, COOTBeTcTByIOnrero BHemHeH cpeAe; KO::l<p<pull,eHT OTpameHUII 
OT BceH CUCTeMbI R=llt,zlz=IE1

R/E 1 [z. BBOAII KpOMe OKUCHOH nneHRU npOMe­
mYTOqHble cnou C pa3nUQHOH nnOTHOCTbIO, annpORcuMUPyIOnrue peanbHoe 
nnaBHoe U3MeHeHue nnOTHOCTU B npunOBepXHOCTHOM cnoe, aBTOp pa60Tbl [23] 
nORa3an, 'ITO ::lKCnepUMeHTanbHbIe pe3ynbTaTbl MomHO 06'bHCHUTb HanUqUeM 
Ha rny6uHe ~25 A nOA ORUCHOH nneHROH ynnoTHeHHoro cnOH, npenHTcTByIO­
nrero AanbHeHmeMY OKucneHUIO MeAu. 

BcneA 3a pa60ToH [23] uccneAOBaHUH U3MeHeHUH npunoBepxHocTHOH 
nnOTHOCTU npOBOAunu BO MHorux pa60Tax. 06HapymeHbI OlmcneHue nOBepx­
HOCTU Ha:q:bmeHHoro B BaKyyMe amDMUHUH [24]; YMeHbmeHue nnOTHOCTM 
OQeHb TOHKUx nneHOK MeAu (~300 A) [25]; U3MeHeHUlI nnOTHOCTU nneHOR 
MeAU, HUKenlI, ceneHa U repMaHuH B npoll,eCce OTmura U OKucneHUII [26]; Ha­
nuque nOBepXHOCTHoro cnOH Ha CTeKne U anIOMUHUU [27]. B pa60Te [28] uc­
cneAOBaHbl TOJlnrUHbI pa3nUqHblX nneHOK repMaHuH U Tennypa (npuMeHlInacb 
<punbTpall,UH OTpam.eHHoro nyqKa BMeCTO MOHoxpOMaTU3all,UU naAaIOnrero), 
B pa60Te [29] - nneHKU repMaHUH, 30nOTa U CTeKna C ucnonb30BaHueM Tpex~ 
KpUCTanbHoro cneKTpOMeTpa, B pa60Te [3Q] - nJIOTHOCTb nneHOK repMaHUII (0 
TO'lHOCTbIO 0,3 %). " 

HecMoTpH Ha TO 'ITO C YBenUqeHUeM pa3pemeHlIH B ::lKCnepUMeHTax no IlBO 
U C pa3BUTueM 8BM (n03Bon1IIOnrUX 3HaqUTenbHO ynenUqUBaTb qucno BBOAU~ 
MblX npOMelKYTOqHblX cnoeB) npo<punb U3MeHeHUlI npunoBepxHocTHOH rrnOT­
HOCTU MomeT 6blTb .0npeAeneH MeTOAOM IlappaTa [23J AOCTaTOqHO TOqHO, 06­
HapymeHHble U3MeHeHUH nnOTHOCTU B6nu3u nOBepXHOCTU AaIOT numb KOCBeH­
HyIO uH<popMall,uIO 06 U3MeHeHUU CTpyKTypbI nOBepXHOCTII. TaKoe II3MeHeHue 
MomeT 6blTb B npUHll,une Bbl3Bam) caMbIMU pa3nIIqHbIMU npUqUHaMII": OKIIcne­
HueM, AII<p<pY3ueH npuMeceH, nopUCTOCTbIO, nepecTpoHKOH KpuCTannIIqeCKOH 
CTpyKTypbl U T. A. CYnrecTBeHHoe UCKameHue pe3ynbTaToB MomeT Bbl3bIBaTb 
mepoxoBaTocTh nOBepXHOCTU, urpaIOnraH ponb nOBepXHOCTHoro cnOH C nORU­
]HeHHOH nnOTHOCTbIO U nnaBHO MeHHWnrIIMCH nornOnreHueM [31-33]. B Kae.. 
'1eCTBe KpUTepUH rnaAKOCTII nOBepXHOCTII B pa60Te [26] Bbl6paH MaKCIIManb­
RblH nopHAOK Ha6nIOAaeMoH uHTep<PepeHll,IIII (CM. TaKme [15, 34]). Pa3py­
meHue uHTep<PepeHll,uu npII HarpeBe nneHOK MeAU Ra MHrKOM CTeKne AO- 2000 

IIBnHnOCb CBUAeTenbCTBOM paccnoeHUH nneHKII II nOAnOmKH. Bonee AeTanbHblH 
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·aHaJUI3 IIIepOXOBaTOCTII nOBepXHOCTII MOmHO nOJIYlflITb IlplI IICCJIep;OBaHIIII 

yrJIOBOrO paCnpep;eJIeHIIR 1I3JIYlfeHlIR B YCJIOBIIRX IlB.O. HMeHHO lfyBcTBIITeJIb­

HOCTb BbICOlmX IIOpRP;KOB IIHTep<pepeHIIIIII K KalfeCTBY mleHKII Onpep;eJIJ'.IeT BbI­

COKlIe Tpe60BaHJilR K MHOrOCJIOHHbIM neplIOp;lIlfeCKIIM CIICTeMaM, {<6p3rrOBCKOe» 

OTpameHlIe OT KOTOpbIX (IIHTep<pepeHIIIIR BbICOKIIX nOpRp;KOB OTpameHIIR) p;aeT 

Cym;ecTBeHHOe3HalfeHlIe K03<p<pIIIIeHTa OTpameHIIR P;JIR yrJIOB, 6JIlI3KHX K 

.HOpMaJIbHoMy nap;eHHIO (CM., HanpHMep, [9, 35-38]). TeopHR IlappaTa OKa­

D,1 

R. 
10000 

1000 

700 

. 70 

1 

0,1 

f? 
70000 

7000 

700 

10 8 

0,7 '--­ -:­ ---!;­ ----:!:_--;::-_~ 

2 6. rpQ,ll 
r . 

PIIC. 2. clIwIIepHMeliTaJIblible II TeopeTIIllecKlIe KpHBbIe aepKaJIb­
HOTO OTpallieHlIH [35] JlJIH: a - cBepxcTpyKTypbI CTeapaTa Map­
TaHIJ;a, IIOJIylleHHOll: MeTOJlOM JIeHTMIOpa - BJIoJlllieTT, 6 - cBepx­
pemeTKH (Ga, AI)As, IIOJIylleHHoii: MOJIeI{yJIHpHoii: 9IIlITaKcIIeiI, 
e - MYJIb1'Hc.iIoeB (W, Re) -C, UOJIYlleHHblx MeTOJlOM BaKyyMHo-

TO HaIIbIJIeHHH 

3bIBaeTCR BeCbMa 3<p<peKTHBHOH rrpH paCIIIH<ppOBKe rrapaMeTpOB MHOrOCJIOHHbIX 

CIICTeM lIS aHaJIHSa 3KCneplIMeHTaJIbHbIX KplIBbIX IlBO. B pa60Te [35] 3TlIM 

MeTop;OM HCCJIep;OBaJIH MHOrOCJIOHHble CIICTeMbI, nOJIYlfeHHbIe paSJIlIlfHbIMH cno­

co6aMII: JIeHrMIOpa - BJIOp;meTT, MOJIeKYJIRpHOH 3rrHTaKCHlI II BaKyyMHoro Ha­

nbIJIeHIIR (pHC. 2, a-a cooTBeTcTBeHHo). HalIJIYlfIIIee COrJIaCHe 3KcnepHMeH­

TaJIbHbIX TOlfeK C TeoperHlfecKoH KpIIBOH, ·pacclfHTaHHoH Ha OCHOBe HeJIIIHeH-­
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Horo CHMrrJI8RCHOrO M8TOp;a, P;JIJI CJIY'IaJI a CBHP;8T8JIbCTBY8T 0 BbICOIWM Ra'I8­

CTB8 rrOB8pXHOCT8H rrJI8HOR, rrOJIy'I8HHbIX M8TOP;OM JI8HrMIOpa - BJIOp;m8TT. 

II8pHop; CB8pXCTpyRTypbI CT8apaTa MapraHIJ;a, RaR BbIJICH8HO 13 P8SYJIbTaT8 pac­

IIImpPOBRH, COCTaBJI8H H3 10 rrpoM8myTO'IHbIX CJI08B •. .D:JIJI rr8pHOp;H"'I8CRHX 

CB8pXCTpyRTyp CT8apaTa MapraHIW (a) H (Ga, AI) As (6) SHa'I8HHJI rr8pHop;a 

D, ROTOpbIM COOTB8TCTBYIOT rrHRH S8pRaJIbHO oTpan,8HHoH HHT8HCHBHOCTH 

«<6parroBcRH8» MaRcHMYMbI), paBHbI COOTB8TCTB8HHO 48,85 H 126,1 A. B pa­

60T8 [39] M8TOP;OM IIappaTa HCCJI8p;OBaHO BOSHHRHOB8HH8 rrpoM8myTO'IHbIX 

rrpOCJI08R 13 rrpOIJ,8CC8 BaRyyMHoro HarrbIJI8HHJI rrJI8HOR aJIIOMHHHJI. 

IICCJI8p;OBaHH8 rrpOIJ,8CCOB p;mp<PysHH B TOHRHX 6HM8TaJIJIH'I8CRHX rrJI8HRax: 

Au-Cu, Ag-Au, Ag-AI H Au-AI M8TOP;OM IIBO rrpOB8p;8HO 13 pa60Tax [40­

7' 
2' 

J' 

4' 
6,5''---_--',: --J.--=-_­

o 200 .x,R 600 O,J 
PIlC. 3. 3aBIlcIlMoCTb KOHIJ;eHTpaIJ;1l1l aTOMOB aJIIDMIlHIlH no rJIy61lHe nJIeHKIl (a) 
P;JIJI paSJIIl'lHbIX SHa'leHIlD: npollSBep;eHIlH K03q,qmIJ;lleHTa P;1lq,q,ys= D Ha BpeMJI 
OTJKllra t B 6IlMeTaJIJlII'leCKOD: IIJIeHKe AI-Ag (A2): 1 - 0, 2 - 400, 3 - 2000, 4­
4100, 5 - 700, 6 - 11 500. TeOpeTIl'leCKlle KpIIBble SepKaJIbHOrO OTpaJKeHIIJI, COOT­
BeTCTBYIOIIJ;lle YKasanHbIM npoq,IIJIHM IlSMeneHIlII npIIrroBepxHOCTIIOD: rrJIOTHOCTH 
(6) II 3KcrrepllMeIITaJIbHbIe Kpilllble SepKaJIbIIOro OTpaJKemlH (8) P;JIJI BpeMeHIl OT-

t JKIIra (c): l' - 0,2' - 60,3' - 120, 4' - 155, 5' - 170, 6' - 240 

43]. II8PBbI8 HCCJI8p;OBaHIIJI paspYIII8HHJI MHOroCJIOHHbIX 6HM8TaJIJIH'I8CRHX CH­

CT8M CU - Au (p;o 100 CJI08B), rrpOHCXOp;JIIII,8rO 13 P8SYJIbTaT8 P;H<P<PYSHH BC8ro 

sa H8CROJIbRO P;H8H H p;am8 'IaCOB H rrp8rrJITCTBYIOIII,8rO HCrrOJIbSOBaHHIO TaRH~ 

CHCT8M 13 Ra'I8CTB8 oTpamaT8JI8H MJIrROrO p8HTr8HOBCRoro HSJIy'I8HHJI, BblrrOJI­

H8HbI 13 pa60T8 [44]. CBHP;8T8JIbCTBOM «BsaHMorr8p8M8IIIHBaHHJI» CJI08B JIBJIJI­

JIOCb HC'I8SHOB8HH8 HHT8P<P8P8HIJ,HOHHbIX MaRcHMyMOB R'HsHxa• .D:aJI88 aHaJIO­

rH'IHbIM M8TOP;OM HSy'IaJIH MHOrOCJIOHHbI8 CHCT8MbI F8-Mg, Au-Mg, Pb-Mg 

[34, 45]. B pa60Tax [40-43] RpHBbI8 OTpam8HHJI HCCJI8p;OBamI B rrpOIJ,eCce 

oTmHra (pHC. 3), 'ITO rrOSBOJIHJIO HSY'IHTb saBHCHMOCTb R08<P<PHIJ,H8HTa P;H<P<PY­

SHU OT Bp8M8HH, a 'CaIm,e Cp;eJIaTb BbI60p Memp;y p;ByMJI BOSMomHbIMH M8xa­

HHSMaMH P;H<p<pYSHH. IIoRasaHo, 'ITO 13 p;aHHOM CJIY'Iae HMeeT M8CTO H8 OP;HO~ 
MOpHaJI P;H<p<pySHff'I8p8S rpaHHIJ,y paSp;8JIa,ROTOpaJI COOTB8TCTBOBaJIa 6bI rrJIaB., 

HO HSMeHJIIOm;8MYCJI rrpo<pHJIIO rrJIOTHOCTH CHCTeMbI, a rrpOCTpaHCT138HHaJI ~ . 

'Iep8S rpaHHIJ,bI S8p8H, xapaRT8pHSyIOm;aJICJI cTyrr8H'IaTOH <popMoii rrpoqllIJIJI 

rr!WTHOCTH C rrOCT8neHHO YB8JIH'IHBaIOm;eHCJI TOJIIII,HHOH npoM8n,yTO'IIJofI (HH­

TepM8TaJIJIII'I8CROH) <pasbI (pHC. 3, a). ConOCTaBJIeHHe RpHBbIX pRC. 3,6 H II 

nOSBOJIJIeT Onpep;8JIHTb HSM8HeHHe 130 BpeMeHH R08<P<PHIJ;HeHTa P;H<P<PYSRH [42]. 

0.3 0.4 e, rpa.o. 



IlCCJle)l;OBaflIIIH oJllIameii H ,rt;aJlbHeii (rrpOT'HmeHiHOii) 

'rOHKOii CTPYKTypbI peHTreHOBCKIIX CneKTpOB OTpameHIIH 

.D:o He,rt;aBIferO BpeMeHII IICCJle,rt;OBamU[ ::mepreTWIeCIWH SaBIICIIMOCTII R08<p­


<plIrrlIeHTa IIBO II, CJle,rt;0BaTeJIhHO, rrapaMeTpoB 6 II ~ rrpoBo,rt;IIJIIICh rrpelIMY­


n~eCTBeHHO p;mI MHrRoro peHTreHOBCRoro llSJIY'IeHIIH II 6bIJlll CBHsaHbI C rrp06­


JIeMOH COS,rt;aHllH MHorOCJIOHHhIX peHTreHOBCRIIX SepRaJI [46].
 
B HaCTOH~ee BpeMH B peHTreHoBcRoH crreRTpOCRorrlI1I BOSHllRJIO HOBoe Ha­

npaBJIeHlle. KaR rrORa3aHO B pa60Te [47], OCrrIIJIJIllPYIO~II:i1: XapaI{Tep ,rt;aJIhHeH 

TOHROH CTpyRTypbI peHTreHOBCRIIX crreRTpOB BhIIIIe RpaH rrOrJIO~eI-IllH (rro 

::lIIeprllll), IISBeCTHbIH y}Re ,rt;aBHO [48], orrpe,rt;eJIHeTCH IIHTep<pepeHrrlleH IIS­

JIy'IaeMOH 8JIeRTpOHHOH BOJIHhI C BOJIHaMII, o6paTHo paCCeHI-IHhIMll aTOMaMII 

oRpyJReHIIH, TaR 'ITO <pyphe-rrpe06paSOBaHlle OCrrIIJIJIlIpYIOIJJ;eH 'IaCTII crreRTpa 

npe,rt;CTaBJIHeT C060H pa,rt;lIaJIhHOe pacrrpep;eJIeHlIe 8JIeRTpOHHorr rrJIOTHOCTII BO­

Kpyr llCCJIe,rt;yeMoro aTOMa. TaRIIM 06paSOM, )J;aJIhHHH TOHI{aH CTpyRTypa peHT­

l'eHOBCRIIX crreRTpOB rrOrJIO~eHllH HBJIHeTCH llCTO'IHllROM rreHHOH CTpyRTypHOH 

I1H<popMarrlIlI, npe,rt;CTaBJIHIO~eH SHa'IIITeJIhHhIH IIHTepec II P;JIH <pIISIIRII rro­

llepXnOCT>I (CM. o6sop [48]). PeHTreHoBcRlIe crreRTphI aTOMOB B6JIlI31I rrOBepx­

liOCTH MomHO HCCJIeAOBaTh, perHcTplIpyH BTOplI'IHhIe IISJIy'IeHHH, HMeIO~lIe 

ne60JIhIIIyIO rJIy6HHy BhIXOAa. OAHaRO TaRlIe 8RcrrepllMeHThI BOSMomHhI TOJIh·· 

KO C HCrrOJIh30BaHHeM O'IeHh MO~Horo, HarrpHMep CIIHXpOTpOHHoro, H3JIY'Ie­

HIIH. 

B pa60Te [49] rrpH IICCJIe,rt;OBaHHH IIBO OT HarrhIJIeHHbIX B BaRyyMe rrJIe·­

HOR NaCl Ita CTeRJIe rrORasaHO, 'ITO AJIH HeROToporo IIHTepBaJIa yrJIOB B 06JIa­

CTII IIBO TOHRaH CTpyRTypa crreRTpOB 3epRaJIhHOrO OTpameHHH B AaJIhHeii 

06JIaCTH K-I{paH rrOrJIO~eHIIH Na, a TaRJl{e Cl rrop;o6Ha TOHROH CTpyRType 

crreRTpOB rrOrJIO~eHHH.KpoMe Toro, rrOCROJIhRY B yCJIOBHHX IIBO 1I3JIy'IeHHe 

i\OHrreHTPHpyeTcH B6JIlI3H rrOBepXHOCTH, CHrHaJI OT aTOMOB Ha rrOBepXHOCTII 

MomeT 6hITh AOCTaTO'IHO 60JIhIIIlIM Aame rrpH pa60Te C 06bI'IHhIMH peHTreHOB­

CRIIMII Tpy6RaMH. B CBH3H C 8THM B pa60Te [50] rrpoBeAeHhI HCCJIeAOBaHHH 

peHTreHoBcRIIX crreRTpOB OTpameHHH OT nJIeHOI{ MeAII. 

B o6~eM CJIY'Iae IIHTepnpeTan,HH crreRTpOB IIBO HeCROJIhIW YCJIQ}RHHeTCH 

no cpaBHeHHIO co cneRTpaMH rrOrJIO~eHHH: eCJIH rrpH yrJIax CROJIhmeHHH, cy­

lIJ;ecTBeHHo MeHhIIIllX RpllTII'IeCROrO, 8HepreTlIQeCRaH 3aBllClIMOCTh R03<P<PHrrll ­

eHTa OTpaJ[{eHIIH R orrpeAeJIHeTCH rrpellMy~ecTBeHHO HSMeHeHHHMII MHHMOH 

'IaCTH nqRasaTeJIH npeJIOMJIeHHH (pHC. 1), TO B6JIH31I eo llSMeHeHHH R orrpeAe­

JIHIOTCH B 3Ha'IIITeJIhHOH Mepe AeHCTBIITeJIhHOH 'IaCThIO rroRaSaT'eJIH npeJIOMJIe­

HHH. 'KoppeRTHyIO o6pa6oTRY cneRTpoB IIBO MomIio rrpoBecTll, Y'IHThIBaR 

AHcnepcHoHHhIe CooTHoIIIeHHH, cBH3hIBaIO~lIe AeHCTBHTeJIhr-ryIO H MHHMyIO 'Ia­

'CTll nORa3aTeJIH rrpeJIOMJIeHHH. B cJIy'Iae TOHRHX nJIeHOR [51J BMeCTO R08<p­

'<PlIrrReHTa oTpameHHH <DpeHeJIH AJIH o6pa6oTRH crreRTpoB CJIeAYeT HCnOJIh30­

HaTh peRyppeHTHhIe COOTHOIIIeHRH IIappaTa [23]. HeRoTophIe peSYJIhTaThI 

RCCJIeAOBaHRH cneRTpOB oTpameHHH OT nOBepXHOCTH MeAH npeACTaBJIeHbI Ha 

pRC. 4, B3HTOM ll3 pa60ThI [50]. PaSJIH'IHe pacnpeAeJIeHHH aH e (pllC. 4), no­

JIy'IeHHhIX <pyphe-npeo6pasoBaHHeM OCrrHJIJIHrrHH TOHROH CTpyRTyphI cneRTpoB 

nOrJIO~eHHH H OTpameHHH AJIH Me,rt;H COOTBeTCTBeHHO, R cpaBHeHlle HX C pac­

'npe,rt;eJIeHHHMH 8JleRTpOHHOH nJIOTHOCTll ,rt;JIH pa3JIll'IHhIX ORIICJIOB Mep;H «(3­
'Cu20, e - CuO) p;eMoHcTpHpyIOT 'IYBCTBllTeJIhHOCTh MeTOAa IIBO R COCTOHHHIO 

3.TOMOB, Haxo):(H~HXCH B6JIlI3H nOBepxIiocTH: Ha nOBepXHOCTll MeAH BcerA3 

'n:MeeTCH CJIOH OI\HCJIa. 

B pa60Te [52] HCCJIeAOBaHhI cneRTphI OTpameHIIH yrJIepOAHhIX nJIaCTHH 

, MOHoxpoMaTopoB, rroBepxHocTHhIH CJIOH ROTOphIX npeBpaTHJICH B rpa<pIIT. B pa­

60Te '[53] npOBeAeHO cpaBHeHHe peHTreHOBCRllX cneRTpOB aJIIOMllHlleBhIX 

'<pOJIhr C pa3JIH'IHoi'I TOJI~IIHOH ORllCJIa, nOJIy'IeHHhIX B reOMeTpllll nponycRa­

'HHH, npll perlICTpaJJ;llll BTOPll'IHhIX 3JIeRTpOHOB II npH IIBO. B CJIy'Iae cneR­

'TpaJIhHOTO HCCJIeAOBaHHH MOHORpllCTaJIJIOB TepMaHHH B YCJIOBllHX IIBO npH­

HHTa BO BHllMaHlIe aHOMaJIhHaH yrJIOBaH CTpyRTypa pacceHHHoH BOJIHhI­

lI'aJIll'Ill8 MaRCllMyMa llHTeHCllBHOCTH H3JIY'IeHIIH B HanpaBJIeHllll, O'IeHh 6JIll3­
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D,4f 

ROM R rrOBepXHOCTH, Ha3BaHHoro (<lIOBepXHOCTHOM» BOJIHOM [54]. XOTJ'I rrpHpo­

)l;a lflOpMHpOBaHHJI noro MaRcHMyMa He BIJJICHeHa (CM. )WJlee) H RoppeRTHyIO 

o6pa6oTRy crreRTpoB rro3ToMY rrpoBecTH HeJIb3JI, corrOCTaBJIeHHe TOHROM CTpyR­

TypbI crreRTpa 3epRaJIbHO OTpameHHOM BOJIHbI H paCCeJIHHOM rro,ll; MaJIbIM yrJIOM 

R rroBepxHocTH (rro 'IaCTOTaM OCIJ;HJIJIJIIJ;HII) o6HapymHJIO, 'ITO paCCeJIHHaJI 

.9,3 E,KaB 

1,0 

X(J<) 

0,:; 
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PRe. 4 
PRC. 4. 8HepreTIJ:1IeCRaJI saBHCHMOCTb ROs<p<pHIJ;HeHTa OTpaJKeHHJI B 06.'IaCTR K-RpaJI IIO­
rJIOm;eHHJI Me}J;li[ (a); Bbl.n;eJIeHllble HS sanHCHMOCTH (a) OCIJ;HJIJIJIIJ;HH .n;aJIbHell TOHROll 
CTpyRTypbl peHTreHOBCRoro cIIel,Tpa OTpaJKeHHJI (6). PacIIpe.n;eJIeHHJI (J-e IIOJIy'leHbl 
<pypbe-IIpeo6pa30BaHHeM OCIJ;HJIJIJIIJ;Hll cIIeRTpoB B HHTepBaJIe HSMeHeHHJI BOJIHonOrO Be~-

Topa <poTOSJIeRTpOHa 2,6 A-t';;;k.;;;8 A-t, a pacIIpe.n;eJIeHHe _Ie - 2,6 A-t.;;;k.;;;l1 A-t 

PHC. 5. CxeMa .n;H<ppaRIJ;HH B CROJlbSJIm;ell reoMeTpHH: 1 - OTpaJKaIOm;aJI IIJIOCROCTb; Xo­
IIa.n;aIOm;Hll IIY1JOR; k o H· kh - COOTBeTCTBeHHO IIpOXO.n;JIm;Hll H .n;H<pparRpoBaHHblll IIy'lRH; 
xos H Xh s - SepRaJIbHO OTpaJKeHHblll H SeplmJIbHblll .n;H<pparHpoBaHHblll IIY1JRH COOTBeT­
CTBeHHO; 60 - yrOJI IIa.n;eHRJI, 6h - yrOJI Bblxo.n;a Sepl,aJIbHOrO .n;R<pparRpOJlaHHOrO IIy'll,a, 

6B - yrOJI Bpsrra. 31mbl 60 H 6h cpaBHRMbl C RpHTH'leCRHM yrJIOM IlBG 6e 

PHC. 6. ,l];H<ppaRIJ;HOHHble cIIeRTpbl IIJIeIIRH Al (830 A) Ha IIo.n;JIOJKRe GaAs, IIOJIy'lelIHble B 
CROJIb3JIm;ell reoMeTpHIf sRcIIepHMeIITa .n;JIJI .n;BYX paSJIH'lHblX ymoB 6 0 : 1 - IlBG Ha rpa­
HHIJ;e IIJIeHRH II IIO.n;JIOJKRH, 2 - Ha IIonepxHocTH AI-IIJIeHI{II [77]. Q- BeRTop o6paTHoii 

pemeTI'H 

PRC. 5 

ROJIHa ,ll;aeT HHlflopMaIJ;HIO 0 6JIHmaHIIIeM oRpymeHHH aTOMOB C em;e lI1eHbIIIHX 

rJIy6HH, 'IeM 3epRaJIbHO oTpameHHaJI: B ee crreRTpe OKIICHaJI rrJIeHHa rrpOJIBH­

JIaCb CHJIbHee. 

TaRaJI cTpyRTypa crreRTpa B6JIH3H RpaeB rrOrJIOm;eHIIJI, RaI, H3BecTHo, co­

,ll;eprRIIT IIHlflopMaIJ;HIO 0 cHMMeTplI1I 6JIlImaMIIIero oHpymeHHJI H XHMHtIeCROH 

CBJI31I IICCJIe,ll;yeMbIx aTOMOB. B YCJIOBIIJIX I1BO CrreRTpIJ B6JIH3H L-RpaJI rrorJIO­

m;eHIIJI Ro6aJIbTa, THTaHa, meJIe3a H Me,ll;H IICCJIe,ll;OBaHbI B pa60Tax [55, 56] ~ 
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B pa60Te [57] ,JJ;JUI YBeJIlPIeHHH ROHTpaCTa TOHROH CTpyRTypDI cneRTpa 

OTpameHHH B6JIHSH L-RpaH nOrJIOlll,eHHH RpeMHHH npH IlBO OT 60pOCHJIHRaT­

Horo CTeRJIa npe,JJ;JIomeiIo HCnOJIhSOBaTh HeCROJIhRO nOCJIe,JJ;ODaTeJIhHhIX OTpa­

meHHH. 

,;r:J;Hq.paKIJ;HH B YCJIOBHHX IIBO 

IIccJIe,JJ;oBaHHe RpHBhIX SepRaJIhHOrO OTpamemIH peHTreHOBCRoro HSJIyqe­

HHH (pe<pJIeRTOMeTpHH) nOSBOJIHeT nOJIyqHTh HH<popMalJ,HIO TOJIhRO OTHOCH­

TeJIhHO HSMeHeHHH aJIeRTpOHHOH nJIOTHOCTH B6JIHSH nOBepXHOCTH. MelI{,JJ;y TeM 

B HaCTOHlll,ee BpeMH HaH60JIhnIHH HHTepec npe,JJ;CTaBJIHIOT HCCJIe,JJ;OBaHHH RpHC­

TaJIJIHqeCROH CTpyRTyphlnpHnOBepXHOCTHDIX 06JIaCTeH, HanpHMep TOHRHX 

anHTaI{CHaJIhHhIX nJIeHOR, HMnJIaHTHpOBaHHhIX H ,JJ;H<P<PYSHOHHhIX CJIOeB. IlpH 

HCCJIe,JJ;OBaHHHX TaRoro pO,JJ;a CJIe,JJ;yeT OT,JJ;aTh npe,JJ;nOqTeHHe ,JJ;H<ppaRlJ,HOHHhIM 

MeTO,JJ;aM, ROTopDIe ,JJ;aIOT npHMyIO 11:H<popMalJ,HIO 0 RpHCTaJIJIHqeCROH CTpyRType 

11: nOSBOJIHIOT HSMepHTh qpesBDIqalIHo MaJIDIe HSMeHeHI1H rrapaMeTpa perneTRH 

(,JJ;o ~al a~10-S). 

O,JJ;HaRo ,JJ;O He,JJ;aBI.18rO BpeMeHH rrpHMeHeHHe peHTreHo,JJ;H<ppaRlJ,HOHHhIX Me­

TO,JJ;OB R CJIOHM TOJIlll,HHOH 101-103 A 6hIJIO OrpaHIlqeHO BCJIe,JJ;CTBHe cpaBHH­

TeJIhHO 60JIhrnOH rJIy6HHDI npOHHRHOBeHHH peHTreHOBCRoro BOJIHODOrO rrOJIH B 

I{pHCTaJIJI. IlpH ,JJ;H<ppaRlJ,HH B reOMeTpHH Bparra HSJIyqeHHe saTyxaeT B RpHC­

TaJIJIe Ha aRCTHHRlJ,HOHHOH ,JJ;JIHHe, COCTaBJIHIOlll,eH 1-10 MRM" B reOMeTpl!):H 

JIaya - Ha my611:He rrOmOlll,eHHH (10-100 MRM), a B yCJIOBHHX aHOMaJIhHOrO 

rrporrycRaHHH rJIy6HHa rrpOHHRHOBeHHH HSJIyqeHHH B RpHCTaJIJIe BospaCTaeT 

,JJ;O COTeH MHI{POH [58]. 
IIpe)l;eJIbHo-acHMMeTpH'lHbIe cxeMbI )l;Hq.paKIJ;HH I. Heo6xo,JJ;HMOCTh yqHThI­

BaTh IlBO BrrepBhl8 BOSHHRJIa rrpH aHaJIHSe BOSMomHOCTeH npe,JJ;eJIhHO-aCHM­

MeTpHqHhIX cxeM ,JJ;H<ppaRlJ,HH, HMeIOlll,HX Ba}l{HOe rrpaRTH~I8CRoe SHaqeHHe )l;JIH 

IWJIJIHMalJ,HH peHTreHOBCRHX rryqROB. R'pHCTaJIJI rrpH aTOM BhlpesaeTCH TaR, qTO 

ero rrOBepXHOCTh COCTaBJIHeT rrpH6JIHSHTeJIhHO yrOJI Bparra C BhI6paHHoH OT­

pamaIOlll,eH rrJIOCROCThIO. 

)J;HHaMHqeCltaH TeopHH rrpe,JJ;eJIhHO-aCHMMeTpHqHOH ,JJ;H<ppaRlJ,HH paSBHTa B 

):la60Tax [61-70]. Ilpe,JJ;eJIhHO-aCHMMeTpHqHaH ,JJ;H<ppaRlJ,HH HeHTpoHoB HCCJIe­

)l;OBaHa B pa60Te [70]. 06sop OCHOBHhIX rrOJIyqeHHhIX pesyJIhTaTOD ,JJ;aH B pa6o­

Tax [71J. B rrpe,JJ;eJIhHO-aCHMMeTpHqHhIX CJIyqaHX JIII60 rra,JJ;aIOlll,HH, JIH60 

)J;H<ppar:J2!:pOBaHHDIH rryqOR COCTaBJIHeT MaJIhIH yrOJI C rrOBepXHOCThIO H rrorra­

~aeT B o6JIacTh IIBO. IlpH aTOM BOSHHRaeT Heo6xo,JJ;H:M:OCTh TOqHO pernaTh ,JJ;HC­

',nepCHOHHoe ypaBHeHHe B RpHCTaJIJIe H rpaHHqHyIO sa,JJ;aqy, qTO rrpHBO,JJ;HT R 

:CYlll,eCTBeHHhIM OTJIHqHHM OT 06hlqHOH ,JJ;HHaMHqeCROH TeopHH. B CBHSH C rrpH­

MeHeHHeM TaRHX cxeM B ROJIJIHMaTOpax H MOHoxpOMaTopax HaH60JIee Tlll,aTBJIh­

HO o6cym,JJ;aJICH Borrpoc 0 rrpe,JJ;eJIhHhIX SHaqeHHHX IllHpHHhI H C,JJ;BHra ,JJ;H<ppaK­

IJ;HOHHoro MaI{CHMyMa. 

rJIy6HHa aRCTHHRlJ,HH rrpH 6parrOBCKOM OTpa}l{eHHH B aCHMMeTpHqHhIX CJIy­

'qaHX Boo6lll,e rOBopH yMeHhrnaeTCH, rroaToMy aCHMMeTpHqHhle 6parrOBCRHe 

''()TpameHHH HCrrOJIhSYIOT ,JJ;JIH aHaJIHSa COBepIlleHCTBa rrOBepXHOCTHhIX CJIOeB H 

.lIJIeHOR (~1 MRM) [72-74]. B TO me BpeMH, RaR rrORasaHO B pa60Tax [75, 
'76], BJIHHHHe HapyrneHHH RpHCTaJIJIHqeCROH CTpyRTyphI, MOSaHqHOCTH H T.,JJ;. 

II aCHMMeTpHqHOM rrpe,JJ;eJIe CTpeMHTCH R HyJIIO. O,JJ;HaRo rrpe,JJ;eJIhHhIH nepexo,JJ; 

13 ::fTHX pa60Tax rrpOBe,JJ;eH 6es yqeTa BOSHHRaIOlll,erO B rrpe,JJ;eJIhHO-aCHMMeTpHq­

HhIX 'CXBMax ,JJ;H<ppaRlJ,HH a<p<peRTa IlBO, rroaToMy nOT pesyJIhTaT Tpe6yeT 

trpoBepRH B paMRax MO,JJ;H<pHlJ,HpOBaHHOH )l;HHaMHqeCROH TeopHH. 

, PeSRO aCHMMeTpHqHhle cxeMDI 06JIa,JJ;aIOT TeM OqeBH,JJ;HDIM He,JJ;OCTaTROM, qTO 

:Tpe6yro'T CrrelJ,HaJIhHOH opHeHTalJ,HH rrOBepxHOCTH o6paslJ,a, rroaToMy HX Tpy,JJ;­

'HO HCrrOJIhSOBaTh ,JJ;JIH aHaJIHSa rrOBepxHocTH. 

I ;Il;ll<ppmm;IlJI IIpll HaJIllqllll IlBO B cFIMMeTpllqHI,IX cxeMax AllcPpaRD;1l1l B03MOJKHa 
'TOJIbRO AJIJI OqeHb MJIrROrO peHTreHoBcRoro 113JIyqeHllJI, RorAa HallMeHbIIIll.H B03MOJKHbI.H 
'yroJI, 'Bparra MOJKeT IIOIIaCTb B 06JIaCTb IlBO. TaRaJI cxeMa reOpeTllqeCRFI paccMoTpeHa 
'B pa'60T.aX [[,59,60], ' 
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AH!ppaKIJ,HJI B CKOJIb3J1llJ,eii reOMeTpHH. B pa60Te [77] peaJIH30BaHa npHH­

~llnHaJIbHO HOBaH cxeMa, B KOTOpOH ,IJ;H~paK~HH npOHCXO,IJ;HT ua nJIOCKOCTHX, 

nepneU,IJ;llKyJIHpHblX nOBepxHocTH, KaK H B CHMMeTpHlJHOM CJIylJae JIaY9, HO 
0 

KpHCTaJIJI pa3BepUYT ua 90 BOKpyr BeKTopa 06paTuoH peIIIeTKH no OTHOIIIe­

nHIO K nJIOCKOCTH, npOXO,IJ;H~eH lJepe3 na,IJ;aIOllJ,HH H ,IJ;H~parHpoBauHbIH nylJl{ll 2. 

AH~paK~HOUHble yCJIOBHH npH nOM, OlJeBH,IJ;UO, coxpaUHIOTCH, HO Kal{ na,IJ;aIO­

llJ,llH, TaK H ,IJ;H~parHpOBaHHblH nYlJKH Tenepb 06pa3YIOT MaJIble yrJIbl C no­

BepXHOCTbIO H npeTepneBaIOT 3epKaJIbUOe oTpameUHe 3. 

AH~parHpOBaHnaH BoJIHa HanpaBJIeHa B rJIy6b KpllCTaJIJIa, O,IJ;HaKO no­

·CKOJIbKY OHa 06pa3yeT OlJeHb MaJIblH yrOJI C nOBepxHOCTbIO, Ha,IJ; HeH B BaKyyMe 

B03UllKaeT 3epKaJIbHaH ,IJ;ll~parHpOBaUHaH BOJIHa (pIlC. 5), IWTopaH MomeT 

6blTb 3aperHCTpllpOBaua H KOTopaH HeceT HH~opMal~llIO ° KpHCTaJIJIHlJeCKOH 

'CTpyKType CJIOeB TOJIUI;HHOM B neCKOJIbKO ,IJ;eCHTIWB aurCTpeM [81]. 

B pa60Te [77] YKa3aHuaH cxeMa npHMeHeua aBTopaMH ,IJ;JIH IlCCJIe,IJ;OBaHHH 

'TOUKIlX MOHOKpllCTaJIJIIllJeCKllX nJIeUOK Al (OT 75 ,IJ;O 2000 A), nOJIYlJeUUblX 

MeTO,IJ;OM MOJIeKyJIHpHO-JIylJeBOM 9nHTaKCllH ua nO,IJ;JIOmKe GaAs C 0pIleuTa~ll­

eM <001>. AH~paK~HouHble KpHBble OT nJIOCKOCTeM (220), nepneU,IJ;IlKyJIHp­

HblX nOBepXUOCTH, HMeJIH ,IJ;Ba MaKcIlMyMa - OT nJIeHKll H OT nO,IJ;JIOmKH. He­

CMOTpH Ha MaJIyIO TOJIllJ,llUy nJIeHl{H BeJIHlJHIIbl MaKcIlMyMOB 6bIJIH O,IJ;uoro no­

pH,IJ;Ka, npHlJeM COOTHOIIIeHHe Mem,IJ;y UIlMH MO;KHO 6bIJIO MeUHTb Bbl60pOM yrJIa 

na,IJ;eUIlH TaK, lJT06bl nOJIHOe OTpaJKeUHe HMeJIO MeCTO JIH60 ua nOBepXUOCTH 

nJIeUKH, JIIl60 Ha rpaUH~e nJIeUKa - nO,IJ;JIOlima (pHC. 6). IIpH 06bllJUOM C'beM­

He B reOMeTpHH Bp9rra Ua6JIIO,IJ;aJIOCb JIllIIIb cJIa60e yIIIHpeHHe HpIlBbIX. Pac-, 

CTOHUlle MelI,,IJ;y Mal{CHMyMaMIl COOTBeTCTBOBaJIO pa3HH~e napaMeTpOB peIIIeT­

HH ,1a/a~10-2. IIoJIomeHHe MaKcHMyMa (220) OT nJIeHHIl Al CMe~aJIOCb B 

3aBHCHMOCTH OT TOJI~HUbl nJIeHHH: ,IJ;JIH MaJIblX TOJI~HlI MelIWJIOCHOCTUble pac­

CTOHUIlH B Al npH6JIlllImJIIlCb H COOTBeTcTByIOllJ,HM napaMeTpaM nO,IJ;JJ0m­

HH GaAs. 

rJIaBUOH np06JIeMOM npH 9HcnepHMeUTaJIbUOH peaJIll3a~HH ,IJ;H~paK~l1H B 

yCJIOBIlHX CHOJlb3H~eM reoMeTpHH 9HcnepHMeuTa OHa3aJIaCb np06JIeMa nOTepn 

HHTeUCHBUOCTH, Bbl3BaUHaH ue06xO,IJ;IlMOCTbIO KOJIJIHMa~Illl na,IJ;aIO~ero nylJHa 

B ,IJ;BYX B3allMHO nepneH,IJ;llHyJIHpUblX nJIOCKOCTHX: no yrJIy na,IJ;eUHH 8 0(,180~ 

~1') II no yrJIy ,IJ;ll~paH~HoHHOM uacTpoMHH ex (,1ex~1"). B CBH3H C nHM, ue­

CMOTpH Ha npHMeueUHe B YKa3aHUOM 9HcnepllMeUTe peRTreHoBcKoH Tpy6KH C 

BpallJ,aIOllJ,llMcH aHO,IJ;OM MO~HOCTbIO 60 HBT (eu) 06e KOJIJIHMa~llH 6bIJIH Bbl­

,	 6paubl OlJe'Hb rpy6bB1ll: ,180"""20', ,1 ex""" 6'=360", 'ITO COOTBeTCTBOBaJIO pa3pe­

IIIeUllIO no',1a/a~10-2. 

B pa60Tax [79, 82], r,IJ;e llCnOJIb30BaUocIIHxPOTpouuoe II3JIyqeuIIe, IIUTeH­

CllBUOCTb KOToporo B 100 pa3 npeBblIIIaJIa IIUTeUCIIBUOCTb Tpy6HII C BpallJ,aIO­

~HMCH aUO,IJ;OM, aBTopbl nepeIIIJIII H IICCJIe,IJ;OBaUIIIO :MOHOCJIOeB ua CBepXlJII ­

'CTbIX nOBepXUOCTHX MOUOKpIICTaJIJIOB. B pa60Te [79] II3yqeua (2X1)-nepe­

,cTpoHKa nOBepXHOCTH MOHOHpIICTaJIJIa repMaUIIH (001). IIoBepxuocTublH MO­

UOCJIOM C y,IJ;BoeHHblM nepIIO,IJ;OM B,IJ;OJIb HanpaBJIeUIIH <110> ,IJ;aBaJI OTpameUIIH 

C nOJIy~eJIbIMll IIU,IJ;eHCaMII TIIna ((h+k) /2, 0). B pa60Te [82] II3YlJeU nepe­

XO,IJ; ll3 copa3MepuoM ~a3bi B uecopa3MepuyIO npII nJIaBJIeUllII MOHOCJIOH CBIIH­

,~a Ha nOBepXHOCTII Mep;II (110). 

1I3YlJeuHe nepe~TpoeuHblx nOBepXUOCTeM He Tpe6yeT BblCOKoro pa3peIIIe­

UIIH DO ex, nOCKOJIbKy IICCJIe,IJ;yIOTcH OTpameUIIH, 3aIIpe~eUUble ,IJ;JIH nO,IJ;JIOJI{~ 

RII, II np06JIeMa p...a3,IJ;eJIeUIIH nIIHOB ue B03HII!{aeT. 

• 2 HeCKOJIbKO paUbille auaJIom:'luaJI cxeMa TeOpeTl'I'leClHi paCCMOTpeua B pa60Te [78]. 
D;J;uaKo lIOCKOJIbKY B aTO:H pa60Te He cO;J;epmaJIOCb mlKaKlrx lIpe;J;JIOmeUIlH lIpHlwa;J;Horo 
xapaKTepa, a yKa3bIBaJIOCb TOJIbKO Ha B03uHKHOBemle B yCJIOBHJIX ,l1HcPpaKI.IHH ;J;BYX I\pll ­
'TIl'leCKHX yrJIOB IlBD, TO YKa3aHHaJI pa60Ta He lIOJI)"IIIJIa illIIpOKoii: H3BeCTIIOCTII. 

3 B pa60Te [77] aTOT MeTO,l1 lIOJI)"IHJI Ha3DaHHe TRBD (total-external-reflection 
Bragg difraction); B pa60Te [79J aTa cxeMa 6bIJIa ua3Baua lIapaJIJIeJIbHO:H 6parrOBCKO:H 
]:\HcPpaKI.IHeii:; B lIOCJIe;J;YIOIIIHX pa60Tax [80J IIpe;J;JIOmeHO Ha3BaHHe «;J;I1cPpaKI.IHJI B CKOJIb­
:3JIIIIeii reoMeTpHH». 

13 



B pa60Tax [83, 84] BbIllOJIHeHO eIll,e HeCKOJIbKO IICCJIep,OBamJi,i: rrepecTpoii­

KII rroBepxHocTeH. Ilpli aTOM IICrrOJIbSOBaH CIIHTes IlaTTepcoHa p,JIH BOCCTaHOIl­

JIeHIIH paCrrpep,6JIeHMJI aJIeKTpOHIIOH rrJIOTHOCTII B rrOBepXHOCTHOM MOHOCJI(ie 

Au (110), IIa'IaTbl pa60Tbl TaKme rro orrpep,eJIeHIIIO CTpyKTypbl rrOBepXHOCTYl 

Si (111). ,l];JIH rrpOBep,eHHH CIIIITesa IlaTTepcoHa rrOTpe60BaJIOCb aKcrrepIIMeII­

TaJIbHO rrpOMepIITb 60JIblIIOe 'IIICJIO oTpameuIIH, rrpII'IeM orrpep,eJIIITb WOPMY 

II pasMepbl p,IIwpaKIJ;IIOHHbIX MaKcIIMyMOB, IIMeIOIll,IIX rrpH p,IIcPpaK.u;IIII IIa P,BY.­

MepHoH CTpyKType Blip, CTepmHeH. 8TII IISMepeHIIH rrpOBOp,IIJIliCb rrocpep,CTBOM 

rrOCJIep,OBaTeJIbHbIX CKaHlipOBaHliH Ha 1.IeTblpexKpymHoM rOHliOMeTpe. 

Bce orrIIcaHHble aH:crrepliMeuTbl [77, 79, 82-84] BbIllOJIHeHbl Ha BblCOKOM 

TeXHII'IeCKOM ypOBHe. MSMepeHHH rrpoBOp,IIJIli B BaKyyMHoM 06'heMe 

(10- 9 TOpp) , B KOTOpOM 6blJIH cOBMeIll,eHbI ome-crreKTpocKorrHH, p,IIcPpaKIJ;IIH 

aJIeKTpOHOB HHSKHX aHeprHH, MOJIeKyJIHpHO-JIy-qeBaH arrHTaKCHH H pHp, p,pyrIIx 

YCTpOHCTB. IlocJIe pa60Tbl [77] HHKaKHX rrpIIHIJ;HrrHaJIbHO HOBblX Hp,eH He BbI­

cKasaHO; KaSaJIOCb 6bl, HlmaKHX crroc060B yrrpocTHTb aKcrrepHMeHT H OTKU­

saTbCH OT cBepXMoIll,HblX HCTO'IHIIKOB peHTreHoBcKoro HSJIy'IeHHH He rrpep,­

BHp,HTCH. 

,l];J1UaMH1IeCKaJl TeOpliJI AHcPpaKU;HII B CKOJIb3J1m;eH reOMeTpHH. HOBbIe :mc­

nepHMeHTaJIbHble pemeHHJI. B pa60Te [85] rrpOBeAeH TIll,aTeJIbHbIH aHaJIHS 

BOSMomHOCTeH MeTop,a B paMKax p,IIHaMII'IeCIWH TeopliH p,IIcPpaKIJ;IIH B CKOJIb­

sHIll,eH reOMeTpHH. IIoKasaHo, B 'IaCTHOCTH, 'ITO C y-qeTOM acPweKTOB npeJIOM­

JIeHIIH p,JIH rrap,aIOIll,eH :IT p,HcPparHpOBaHHOH BOJIII yrOJI BbIxop,a 6h SepK&JIbliOli 

p,HcPparHpOBaHHOH BOJIHbI OKaSbIBaeTCH He paBHbIM yrJIy rrap,eHHH, a CHJIbHO 

saBHCHT OT Toro, HaCKOJIbKO TO'IHO nap,aIOIll,HH rry'IOK yp,OBJIeTBOpHeT yCJIOBHIO 

Bparra. MMeeT MeCTO CJIep,yIOIll,ee COOTHOlIIeHHe: 

(5) 

IlOCKOJIbKY B COOTliOlIIeIIIIH (5) yrJIbl 60 II 6h HMeIOT nopHp,OK HeCKOJIbKrrX yr­

JIOBbIX MHHyT (10- 2-10- 3 pap,) , T'O HSMeHeHIIHM (X HaceKyHp,bl COOTBeTcTByIOT 

HSMeIIeHHH yrJIa BbIxop,a na MHHyTbI: 

(6) 

8TO rrOSBOJIHeT OTKasaTbCH OT KOJIJIliMaIJ;HH rro (X, a BOJIlibI C paSJIH'IIIbIMH 

OTKJIOHenHHMII OT yrJIa Bparra paSp,eJIHTb rro yrJIy Bblxop,a HS KpliCTaJIJIa. I1s­

MepenHH SHa'IHTeJIbHO ynpOIll,aIOTCH, rrOCKOJIbKY 06e KOJIJIHMaIJ;HH (rro yrJIaM 

60 H 6h ) IIMeIOT p,HarraSOII rropHi'wa MIIHyT H MoryT 6blTb oCYIll,eCTBJIeHbI c· no­

MOIl~bIO Ill,eJIeH. YKasaliHaH cxeMa npaKTH1JeCKII oCyIll,eCTBJIena B pa60Te [86]; 
rrpOBep,eIIHble IISMepeHHH rrOKaSaJIH yp,OBJIeTBOpHTeJIbHOe CorJIaCIIe C TeopHeH. 

B pa60Te [87] rrocpep,CTBOM 1JHCJIeHHOrO aHaJIHSa HCCJIep,OBaHa CTPYKTypU 

BOJIHOBblX rrOJIeH B KpHCTaJIJIe rrpH p,HcPpaKIJ;HH Ha np,eaJIbHOM KpliCTaJIJJe 

B CKOJIbsHIll,eH reOMeTpHH. IloJ{asaHo, 'ITO B aTOM CJIy'Iae B KpliCTaJIJIe B03HHKaeT 

. p,Ba BOJIHOBbIX rrOJIH C cyIll,eCTBeHHO paSJIH'IHOH rJIy6IIHoH rrpOHHJ{HOBeHIIll. 

Op,HO liS rrOJIeH rrpOHliKaeT B KpHCTaJIJI Ha HeCKOJIbKO p,eCHTJ{OB aHrCTpeM, a 

p,JIH p,pyroro M9meT peaJIliSOBaTbCH BcPcPeKT aHOMaJIbHOro npoxoa,p,eHHH: Hf)­

CMOTpH Ha CKOJIbSHIll,ee rrap,eHHe npli HeKOTopbIX yrJIax BbIxop,a rJIy6IIHa rrpo­

HliKHOBeHHH MomeT p,OCTHraTb HeCKOJIbKIIX p,ecHTJ{OB MHKpOH. B pa60Te [87] 
orrpep,eJIeHbl yrJIOBble 06JIaCTH, B KOTOpblX p,IIcPpaKIJ;HOHHble KpliBbIe HMeIOT 

MaKCHMaJIbHYIO 'IYBCTBHTeJIbHOCTb K CJIOHM TOJIIll,IIHOH 10-100 A. 
BJIHHHHe TOHKOH aMoPcPHoH nJIeHKII Ha rrOBepXHOCTH KpHCTaJIJIa Ha p,H­

cPpaKIJ;HIO B yCJIOBIIllX IlBO B yKasaHHoH cxeMe aKcnepHMeHTa paCCMOTpeno 

B pa60Tax [81, 88]. Ilop, aMopcPHOE: nJIeHKOH nOfIHMaeTCH JII060H HapylIIeu­

HbIH CJIOH, He p,aIOIll,HH p,HcPPaI{IJ;IIOHHOro pacceHHIIH. OKaSaJIOCb, 'ITO HaJIIl­

'IHe nJIeHKII B HBHOM BHp,e npOHBJIHeTCH Ha cPopMe KpIIBbIX no yrJIy BbIxop,a: 
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no Mepe YBeJIIPIeHHJI TOJIIIJ;HHbl llJIeHKH «C'bep;aeTCJI» HHTeHCJiIBHOCTb co CTO­

POHbl MaJIblX eh • IIo CTelleHH HSMeHeHHJI <pOPMbl KPJiIBblX MomHO OP;HOSHRlJHO 

IIp;eHTJiI<pHIJ;HpOBaTb llJIeHKH TOJIIIJ;JiIHOH OT HeCKOJIbKHx p;eCJITKOB aHrCTpeM 11 

BbllIIe. CYIIJ;eCTBeHHO, lJTO B OTJIJiIlJHe OT 06IIJ;eHSBeCTHoro clloc06a Ollpep;eJIe­

HJiIJI TOJIIIJ;HH TOHKHX IIJIeHOK 110 HSMeHeHJiIJIM KPJiIBblX SepKaJIbHOrO OTpame­

HJiIJI, YKasaHHblH MeTOP; He saBHCHT OT 3JIeKTpOHHOH llJIOTHOCTJiI llJIeHKJiI; JiICKa­

meHJiIJI p;JiI<ppaKIJ;HOHHbIX KpHBblX 6YP;YT JiIMeTb MeCTO JiI IIpH 0,D;JiIHaKOBbIX 

JIJIOTHOCTJIX llJIeHKJiI H 1I0p;JIOn,KH, Korp;a 06bllJHOe SepKaJIbHOe OTpameHJiIe (<110 

1I0lJyBcTByeT» HaJIHlJJiIJI llJIeHKH co CJIerKa JiICKameHHOH KpHCTaJIJIJiIlJeCKOM 

.cTpyKTYPOH. 

B pa60Te [89] TeOpeTJiIlJeCKH paCCMOTpeHa p;H<ppaKIJ;JiIJI B YCJIOBJiIJIX IIBO 

Ha TOHKOH KpJiICTaJIJIJiIlJeCKOH llJIeHKe JiI B 6JiIKpHCTaJIJIe. IIoKasaHa IIPJiIHIJ;HIIH­

aJIbHaJI BOSMomHOCTb Ollpep;eJIJITb paSJIHlJHble THllbl HCCJIep;yeMblx 06'beKTOB 

PMC. 7. 8I{Crr8pMM8HTaJIbHaJI YCTaHOBl{a [86J ,IJ;JlJI H3Mepemm MHT8rpaJIbHbIX M ,IJ;MlP­
l,Pep8nI\MaJlbHbIX (no yrJIy BbIxO,IJ;a) KpHBbIX npM ,IJ;Ml,PpaKI\HH B CKOJlb3JIIn;ei!: reo­
M8TpMM :mtmepMMeHTa: 1 - ,IJ;8TeKTOp ,IJ;JlJI perHcTpaIIMM 3epKaJIbHOrO ,IJ;Ml,PparMpo­

, BaHHoro rryQKa, 2 - ,IJ;JlH 38pKaJIbHO OTpaJKeHHOrO; 3 - In;eJIb 

'( 6JiIKpHCTaJIJI, KpHCTaJIJI C aMOP<PHOH llJIeHKOH, KpHCTaJIJIHlJeCKaJI llJIeHlm na 

.aMop<pHoH 1I0p;JIOmKe) C 1I0M0IIJ;bIO p;JiI<ppaKIJ;HOHHbIX KpHBblX 110 yrJIy Bblxop;a 

H onpep;eJIJITb TOJIIIJ;JiIHY BepxHero CJIOJI B p;HanaSOHe 10-2000 A. 
AJIJI HCCJIep;OBaHHJI aMop<pHblX llJIeHOK npep;JIOmeH MeTOp; JiIHTerpaJIbHOi! 

C'beMKJiI [90, 91], npH KOTOpOM nap;aIOIIJ;JiIH nylJOK KOJIJIHMJiIpyeTCJI TOJIbKO B 

IIJIOCKOCTJiI nap;eHJiIJI JiI JiICCJIep;yeTCJI JiIHTerpaJIbHblH K03<p<PJiIU;JiIeHT OTpameHJiIJI 

SepKaJIbHbIX p;JiI<ppampoBaHHbIx BOJIH B <PYHKU;HJiI yrJIa lIap;eHHJI (PJiIc. 7). IIpIl 

SarrJiICH p;H<p<pepeHIJ;HaJIbHbIX KPJiIBblX KpHCTaJIJI yCTaHaBJIHBaeTCJI nop; Bbl6paH­

HblM yrJIOM nap;eHHJI H npOHSBO,D;JiITCJI CKaHHpOBaHHe p;eTeKTopOM 1. IIPH samI­

CJiI JiIHTerpaJIbHblX ;KpHBbIX IIJ;eJIb 3 nepep; ,D;eTeKTopOM 1 CHJiIMaeTCJI, JiI Kpn­

·CTaJIJI BpanweTCJI Ha rOHHOMeTpe, TeM caMblM perJiICTpHpyeTCJI saBHCHMOCTb 

OT yrJIa nap;eHHJI eo. TeOpeTHlJeCKHe HHTerpaJIbHble KpJiIBble MomHO 1I0JIYlJJiITb 

JiIl}TerpHpOBaHJiIeM BblparKeHHH P;JIJI HHTeHCJiIBHOCTJiI SepKaJIbHblX p;JiI<pparJiIpo­

BaHHbIX BOJIH no BceM yrJIaM eh (JiIJIH a). OKaSaJIOCb, lJTO HHTerpaJIbHble KpH­

Bble, TaKme KaK H p;H<p<pepeHU;JiIaJIbHble, lJYBCTBHTeJIbHbI K HaJIHlJHIO JiI TO;I­

IIJ;JiIHe aMop<pHOH nJIeHKJiI Ha nOBepXHOCTJiI KpHCTaJIJIa (PJiIc. 8) [91]. 
B pa60Tax [80, 81] TeOpeTJiIlJeCKH, a B pa60Te [81] JiI 3KCllepJiIMeHTaJIbHO 

(B JiIHTerpaJIbHOM pemJiIMe C'beMKH) npOaHaJIHSJiIpOBaHO BJIJiIJIHJiIe MaJIblX pas­

-opHeHTaU;HH (nOpJIp;Ka HeCKOJIbKJiIX yrJIOBblX MJiIHyT) OTpanmIOIIJ;HX nJIOCKocTeji: 
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PHC. 8. BJIHJIIIH6 aMopqlHbIx ITJIeHOI{ 

pa3JII!l'IHoft TOJI~HHbI Ha HHTerpaJIb­

HbI6 RpHBbIe AHcPpaRWIH B CROJIb3JI­
ID;eft reoMeTpHH. RpHCTaJIJI - RpeMHHft; 

TOJIID;HHa ORHCHbIX ITJIeHOR ITO AaHHbIM 
<JJIJIHITCOMeTpHH (A): a - 1700±200, 
6 - 40±10, 6 - <30. TO'IRH - <JRCITe­

pHMeHT, CITJIOIDHbIe JIHHHH - paC'IeTbI . 

AJIJI 1700, 40 H 0 A COOTBeTCTDeHHO 

OTHOCHT8JIbHO HOpMaJIH K rroB8pxHOCTH 

KpHCTaJIJIa, 06bPlHO BOSHHKaIOIIIJiIX BCJI8.:r,·­

CTBH8 H8 COBC8M TOlIHoro cp8sa rron8pxHo­

CTH MOHoKpHCTaJIJIa. IIOKaSaHO, lITO TaKa.fI 

pa30pJiI8HTaIIHH JiI3M8HH8T HHT8HCJiIBHOCTb 

38pKaJIbHOR p;H<pparJiIpOBaHHoR BOJlHbl, 

rrpH1I8M, lITO HaJiI6oJI88 CYIII8CTB8HHO P;JIH: 

BOSMOmI-IOCTJiI ,mCrr8pJiIM8HTaJIbHOrO 06HU­

pym8HJiIH TaKOrO JiISM8H8HIIH, OTJIJiIlIMH JiIH­

T8HCMBHOCTJiI 01' Mp;8aJIbHOrO CJIy'IaH P;JIfI 

OTpam8HJiIR (hkl) M (liH) MM8IOT paSHblH: 

SHaK (PJiIc. 9). TaKHM 06pasoM, no OTHO­

m8HJiIIO JiIHT8HCMBHOCT8R (hkl) H (fiH) 01'­

pam8HHR Monmo Onp8p;8JIHTb pasopM8HTa­

IIJiIJiI 01' P;OJI8R MHHyTbl p;o H8CKOJIbKlIX MlI­

HyT, rrpJiI1I8M TO'lHOCTb M 'lYBCTBJiIT8Jlb­

HOCTb HSM8P8HJiIR H8 CBHsaHa C TOlIHOCTb10 

OTC1I8Ta yrJIOB. ,IJ;JIH KpMBblX p;H<ppaKIIMM, 

npMB8p;8HHblX Ha pHC. 9, rrOB8pXHOCTl, 

KpJiICTaJIJIa Kp8MHMH pasopM8HTMpOBaHa 

OTHOCHT8JIbHO rrJIOCKOCTH (111) na yrOJI 

3', B P8SYJIbTaT8 'l8ro MHT8HCHBHOCTH lIll­

KOB (220) H (220) paSmFIaIOTCH nOlITH B 

2 pasa (KpHBbI8 1 Ha pMC. 9, a). R'PMBbl­

MII 2 JiI 3 (pMC. 9, a) nOKasaHbl P8SYJIbTa­

Tbl rrop;rOHKII, COOTn8TCTBYIOIIIII8 pasopu­

8HTaIIIIHM 3' M -3', a TaKm8 IIHp;IIIIIIpyIO­

IIIJiI8 HaJIIIlIH8 aMoP<PHoro Hapym8HHoro 

CJIOH TOJIIIIMHOR 250 A. Ha pHC. 9, 6 rrOKa­

3aHbl T80P8TH1I8CKII8 KpMBb18 P;JIH pasopH­

8HTaIIJiIR ±2' (1), ±3' (2) H ±4' (3). 
IIpH 60JI88 CJiIJIbHb1X paSOpJiI8HTaIIJiIHX 

(rropHp;Ka H8CKOJIbKHX rpap;ycOB) BOSMom­

Ha HaKJIOHHaH p;JiI<ppaKIIHH B r80M8TpUM 

Bp:wra. IIpJiI ::nOM rrap;aIOIIIHR JiI p;M<ppam­

pOBaHHblR rrTIKM H8 JiICnblTbIBaIOT IIBO, II 

JiIHT8prrp8TaIIJiIH 3Kcn8pMM8HTaJIbHMX p;aH­

Hb1X SHalIJiIT8JIbHO ynpoIIIa8TCH [80]. 8K­
CTMHKIIJiIOHHaH p;JIJiIHa B HaKJIOHHOM CJIy­

lIa8 Bp3rra Ha H8CKOJIbKO rropHp;KOB M8Hh­

m8, 1I8M B 06b1lIHOR r80M8TpMH 3Kcrreprr­

M8HTa, H MoryT 6b1Tb HCCJIOp;OnaHb1 CJIOM 

TOJIIIIJiIHOR 102-103 A. 
B pa60T8 [81] JiICCJI8p;OBaHO op;HOBpe­

MeHHoe BJIJiIHHJiI8 HaJIMlIJiIH a 1110P <pHOj,j 

rrJIeHKM Ha rrOBepXHOCTM KpJiICTaJIJIa M MU­

JIb1X paSOpJiIeHTaIIHR OTpamaIOIIIJiIX rrJIO­

CKOCTeR. B pesyJIbTaTe rrpOB8p;eHHbIX JiIC­

cJIep;oBaHJiIR rrpep;JIOmeH MeTOp; 3Kcrrpecc­

Horo KOHTpOJIH rrOBepXHOCTJiI rrOJIyrrpoBop;­

HJiIKOBMX rrJIaCTJiIH B MJiIKP03JIOKTPOHJiIK;;). 

B npe)J;JIaraeMOM MeTO)J;e Bce MSMepeHJiIH 

rrpOBop;HTCH C 06MlIHb1M peHTreHOBCKJiIM 

JiICTOlIHJiIKOM. CJI8P;YOT oc060 rrop;lIepKHyTb 

rrpocToTy MeTOp;JiIKJiI. 

RHHeMaTJlQeCRJlH: BapHaHT TeopHIl 
~lIcPpaRU;1I1I B YCJIOBIIJlX llBO. ,IJ;pyroll 

rrop;xop; K orrMcaHIIIO p;JiI<ppaKIIJiIII B yCJIO­
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BIHIX IlBO B CKOJIb3HlI.\eH reOMeTpIHI npep;JIOmeH B pa60Te [92]: 60pHoBcRoe 

npII6JIIImemre IIcKameHHoH BOJIHbI. B 3TOM npII6JIIImeHIIII 3epKaJIbHOe oTpa­

meHIIe nap;alOlI.\eH BOJIHbl Ha nOBepxHocTII KpIICTaJIJIa II 3aTyxaHIIe npeJIOM­

JIeHHblX BOJIH B yCJIOBIIHX IlBO onIICbIBalOTCH <peHoMeHOJIOrIIlJeCRII (<pOpMy­

JIaMII <PpeHeJIH), a p;II<ppaKIJ;IIOHHOe pacceHHIIe npeJIOMJIeHHbIX BOJIH paccMaT­

pIIBaeTCH MIIKpOCKOnIIlJeCKII (B KIIHeMaTIIlJeCKOM npII6JIIIJ-ReHIIII TeopIIII p;II­

<ppaRIJ;IIII). B OCHOBe TaKoro paccMoTpeHIIH JIemIIT rrpep;nOJIOfIWHIIe, lJTO npII 

MaJIOH rJIy6IIHe npOHIIKHOBeHIIH II3JIyqeHIIH B KpIICTaJIJI npOIJ;eCCbI MHorOKpaT­

Horo p;II<ppaKIJ;IIOHHOro pacceHHIIH 6YP;yT HeCYlI.\eCTBeHHbI. Op;rraKO aHaJIII3, 

npOBep;eHHblH B paMKax nOCJIep;OBaTeJIbHOrO <peHOMeHOJIOrIIlJeCIWrO paCCMOT-

SOD a 
--1 
---­ 2 
--o--J 

o
 
P:ac. 9. BmUIHJile pa30pJileHTaI(JilJilHa HHTerpaJIbHbTe
 

RpJilBble )..(Jil<ppaRI(JilJil B CIWJIb3JlII(e:ii reOMeTpHH
 

peHIIH (MOP;II<pIIIJ;IIpOBaHHoH p;IIHaMIIlJeCKOH TeopIIR) [87], onpoBepraeT 31'0 

npep;nOJIOmeHIIe: B036ymp;eHIIe B KpIICTaJIJIe B yCJIOBIIHX IlBO BToporo BOJI­

HOBoro nOJIHCO 3HalJIITeJIbHOH rJIy6IIHoH npOHIIKHOBeHIIH II 6JIII30CTb aMnJIII­

TYP;bI 3epKaJIbHOH p;II<pparIIpOBaHHOH BOJIHbI K aMnJIIITyp;e nap;alOlIJ;eH BOJIHbI 

CBIIp;eTeJIbCTBYIOT 0 HeB03MQ}KHOCTII paCCMaTpIIBaTb p;II<ppaKIJ;IIOHHbIH npoIJ;eec 

KaK MaJIOe B03MYlIJ;eHIIe no OTHorneHIIIO K 3epKaJIbHoMy OTpameHIIIO. B CBH3R 

C 3TliM KIIHeMaTIIlJeCKOe np1I6J1IImeHIIe MomeT 6bITb IICrrOJIb30BaHO TOJIbKO 

<<Ha XBOCTax» p;II<ppaRIJ;liOHHbIX KpIIBbIX IIJIII B CJIylJae, Korp;a B p;II<ppaKIJ;HU 

ylJaCTByeT MaJIaH P;OJIH paCCeIIBalOlIJ;IIX aTOMOB (HanpIIMep, OP;IIH - p;Ba MOHO­

CJIOH Ha nOBepXHoCTII). 

KIIHeMaTlilCleCKIIH nop;xop; K onIIcaHIIIO p;II<ppaKIJ;IIII B yCJIOBIIHX IlBO nOJIy­

lJIIJI p;aJIbHeHrnee pa3BIITIIe B pa60Te [93], B KOTOpOH npOaHaJIII31IpOBaHa B03­

M.omHOCTb II3YlJeHl'IH rrapaMeTpOB 6JIIImHerO rropHp;Ka B 06JIaCTli <pa30Bblx no­

pexop;OB no II3MepeHIIIO yrJIOBbIX II TeMnepaTypHbIx 3aBIICIIMOCTeH TenJIOBOrO 

P;II<p<pY3Horo pacceHHlIH peHTreHoBcKoro II3JIYlJeHlIH IIJIII HeHTpoHoB B paCCMa1­

pliBaeMoH 3KcnepIIMeHTaJIbHOH cxeMe npII IICnOJIb30BaHIIlI MacrnTa6HoH IIHBa­

pIIaHTHOCTII HeKOTopblX <pyHIUWH B 06'beMe 1I Ha rrOBepXHOCTlI. B OTJIIIlJIIe OT 

pa60TbI [92] B pa60Te [93] YQIITbIBaeTCH rrpeJIOMJIeHIIe KaK rrap;alOlIJ;eH, TaK IT 

p;lI<pparlipoBaHHoH BOJIHbI. 
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--------------~=--------~~~

o B03MOmHOCTH Cym;ecTBoBaHHH (<IIOBepXHOCTHOib) peHTreHOBCIWH BOJIH!>I. 

B pa60Tax [94, 95] IIp,eT pe'Ib 0 TaK HaSbIBaeMOH IIoBepxHocTHOH peHTreHOB­

CKOll: BOJIHe, II IIpep,JIaraeTCH llCnOJIbSOBaHlle ee p,JIH p,llarHOCTlIKll IIOBepXHO­
2CTlI. AeHCTBlITeJIbHO, KaK CJIep,yeT lIS COOTHOIIIeHlIH (5), IIplI a>80 yrOJI f)n 

CTaHOBlITCH MHlIMbIM, SepKaJIbHaH p,lI<pparllpoBaHHaH BOJIHa - Heop,Hopop,HOfI, 

'ITO COOTBeTcTByeT nOJIHoMy BHyTpeHHeMy OTpameHlIIO p,1l<pparllpOBaHHOll: 
BOJIHbI. 

2Ha IIepBbIH BSrJIHp, KameTCH, 'ITO IIpll 80<8c 1I a>80 BOJIHOBOH BeKTOp 

p,1l<pparnpoBaHHoH BOJIHbI MomeT 6bITb HanpaBJIeH TOJIbKO Bp,OJIb nOBepXHOCTU 

(eCJIlI BeKTOp 06paTHoH peIIIeTKlI napaJIJIeJIeH nOBepXHOCTlI, HOpMaJIbHbIe KOM­

IIOHeHTbI IIpeJIOMJIeHHbIX 1I p,lI<pparlIpoBaHHbIx BOJIH B KpllCTaJIJIe op,lIHan:oBbI). 

Op,HaKo, TaK KaK p,lI<ppaKIl,lIH cym.eCTBeHHO BJIlIHeT Ha IIpOIl,ecc SepKaJIbHoro 

OTpameHlIH, IIOJIHOe BHeIIlHee OTpameHlle nap,aIOm;eH BOJIHbI B YCJIOBlIHX p,H­

'<ppaKIl,lIlI He peaJIlIsyeTcH, ,a BOJIHOBbIe BeKTopbI npeJIOMJIeHHbIX 1I p,ll<pparllpo­

BaHHbIX BOJIH B KplICTaJIJIe lIMe101' p,eHCTBlITeJIbHYIOCOCTaBJIHIOm;yIO no HOp­

MaJIll K nOBepXHOCTlI, 'ITO COOTBeTcTByeT yxop,y 3HeprnlI BOJIHbI B rJIy6b KpII­

CTaJIJIa, npH'IeM npeJIOMJIeHHbIe 1I p,lI<pparlIpOBaHHbIe BOJIHbI 6bICTpO saTyxaIOT, 

He MoryT IIpaKTlI"lIeCKll BblHTlI 'Iepes 60KOByIO lIJIll HlImHIOIO rpamI KplI­

CTaJIJIa II, CJIep,OBaTeJIbHO, He MoryT 6bITb saperlICTplIpOBaHbI. 3epKaJIbHaJ[ 

p,lI<pparnpOBaHHaH BOJIHa, HBJIHHCb Heop,Hopop,HOH (lIJIlI 3BaHec:u;eHTHOH), cy­

m;ecTByeT TOJIbKO Hap, OCBem;aeMOH "lIaCTbIO IIOBepXHOCTll KpllCTaJIJIa, saTyxaH 

Hap, HeH Ha O'IeHb MaJIeHbKlIX paCCTOHHlIHX (nopHp,Ka J..,), II Bonpoc 0 B!?S­

MomHOCTlI ee perlICTpaIl,lIlI OCTaeTCH OTKpbITbIM. HaSbIBaTb TaKyIO BOJIBy nQ­

BepXHOCTHOH peHTreHOBCKOH BOJIHOH, IIO-BlIp,lIMOMy, He CJIep,yeT, TaK KaK OHa 

He HBJIHeTCH c06CTBeHHbIM peIIIeHlIeM Sap,a'IlI (He MomeT pacnpOCTpaHHTbCH 

caMOCTOHTeJIbHO Bp,OJIb IIOBepXHOCTlI KpllCTaJIJIa), He MomeT 6bITb IIpHMbIM 

MeTop,OM saperlICTpllpOBaHa 1I lICIIOJIbSOBaHa p,JIH p,lIarHOCTlIKlI IIOBepXHOCTll. 

Op,HaKO HeJIbSH llCKJIlO'IlITb BOSMomHOCTb BOJIBOBOp,Boro M8xaBlISMa pac­

npOCTpaHeHlIH IlSJIy-qeHlIH Bp,OJIb IIOBepXHOCTll npll onpep,eJIeHHbIX YCJIOBllHX. 

PeHTreBOBCKllH BOJIHOBOp" KaK lISBeCTHO [96], MomeT 06pasoBaTbcH B TOHKOM 

CJIoe, OrpaHlI'IeHHOM C p,ByX CTOpOH (B IIJIOCKOM CJIy-qae) CJIOHMII C 60JIbIIIeii: 

3JIeKTpOHHOH nJIOTHOCTbIO, TaK 'ITO lISJIy'IeHlIe, paCIIpOCTpaHHIOm.eeCH IIOp, Ma­

,JIbIMlI yrJIaMll K nOBepXHOCTHM pasp,eJIa, lIcnbITbIBaeT MHorOKpaTHoe nOJIHOe 

DTpameHlIe 01' HllX. B npllH:U;llne CJIOH C IIOHlImeHHOH 3JIeKTpOHHOH nJIOTHOCTblO 

MORIeT 0pP&<lOBaTbCH B npllIIOBepXHOCTBOH 06JIaCTll, HanpllMep npll OKllCJIeHllll 

nOBepXHOCTlI. 

llpll'HaJIll'IlllI IIapaJIJIeJIbHOH IIOBepXHOCTll p,1l<ppaKIl,1l1l Ha nOBepXHOCTHOM 

'CBepxcTpyRType B 1-3 MOHOCJIOH BOSMomeB p,lI<ppaKIl,IlOHHbIii MexaHllSM 06pa­
2SOBaHlIH peHTreHOBCKoro BOJIHOBop,a. llPlI a»(xHp =80 MomeT OKasaTbCH, 'ITO 

BOJIHOBOH BeKTOp p,lI<pparllpOBaHHoii BOJIHbI llMeeT TaHreH:U;lIaJIbHYIO coc'!'aB­

..JIHIOm.yIO, 66JIbIIIYIO BOJIHOBOrO BeKTopa KaK B BaKyyMe, TaK 1I B «IIOp,JIOmK8 1) , 

TaK 'ITO p,1l<pparllpOBaHHaH BOJIHa He MomeT BbIHTlI lIS npllIIoBepxHocTHOii 06­

..JIaCTH. «YTe'IKa» 3HeprlIll npll aTOM BOSMomHa TOJIbKO sa C'IeT npeJIOMJIeHHOll 

BOJIHbI. Op,HaKO p,JIH TaKoro npOIl,eCca Hall60JIbIIIee SHa'IeHlle llMeeT KaK pas TO 

BOJIHOBOe IIOJIe B KplICTaJIJIe, KOTopoe llMeeT aHOMaJIbHO MaJIbIll: K03<P<PllIl,lleHT 

:saTyxaHllH. 

BamHeHIIIaH oc06eHHOCTb BsalIMop,eiicTBllH HeHTpOHOB 1I Mecc6ay3poBcKoro 

lISJIY'IeHlIH C Bem.eCTBOM COCTOlIT B ero saBllCllMOCTlI 01' MarHllTHoro COCTOll­

•	 HllH Cpep,bI. qYBCTBlITeJIbHOCTb aMnJIlITyp,bI pacceHHlIH HeHTpOHOB K m~IIpaBJIe­

HllIO MarHllTHoro MOMeHTa aTOMOB llJIll aMIIJIlITyp,bI Hp,epHoro peSOHaHCHoro 

pacceHHlIH Mecc6aY3pOBCKoro lISJIy-qeHlIH K HaIIpaBJIeHllIO CBepXTOHKoro nOJIfl 

Ha Hp,pe B CO'IeTaHlIM C npep,eJIbHO MaJIOll: rJIy611Hoii npOHlIKHOBeHlIH lISJIy'IC­

HllH B YCJIOBlIHX llBO onpep,eJIHeT BOSMomHOCTll MeTop,a p,JIH lICCJIep,OBaHIiH 

:rrp06JIeM nOBepXHOCTrIOrO MarHeTllSMa. 
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oB pa60Te [97J TeOpeTH~eCRH HCCne~O­
BaHO OTHOrneHlIe ROswqJlI:U;lIeHTOB OTpa­
meHHH RF=R+/R- p;nH HeMTpOHOB, rrOnH­ 90 
pH30BaHHblX rrapannenbHO R+ H aHTHrra­
pannenbHO R_ HarrpaBneHHIO HaMarrrH~ell­
HOCTII 06pa3:u;a, B WYHR:U;HH yrna CROnh­
meHHH 8 H TeMrrepaTypbl t (c ~eTOM H3­

MeHeHIIH rny6HHbl HapyrneHHoro MarHfIT­ 80 
Horo cnOH B 3aBHCHMOCTH 01' TeMrrepaTy­
pbl). IloRa3aHo, ~TO HanH~He TaRoro cnOH 
rrpHBop;HT R YMeHbrneHHIO OTHorneHHH R F 

rro cpaBHeHHIO co cny~aeM MarHHToop;rro­
pop;Horo 06pa3:u;a TeM 66nbrneMY, ~eM 70
60nbrne yron CRonbmeHIiW, ~TO B rrpHHu.u­
rre rr03BonHeT orrpep;enHTb rrepBblM MOMeUT 
HapyrneHHoro MarHHTHoro cnOH M 1= 

=5 zLl[t (z) dz. Ou.eHO~Hble pac~eTbl orrp6­
p;enHnH ~YBCTBHTenbHOCTb MeTop;a BrrnOTb 
p;o op;Horo MOHocnOH. Op;HaRO B STOM pa6o- ~ 20 
Te y~IITMBanoch H3MeHeHHe HaMarHIT-~" 

~eHHOCTII rrOBepXHOCTHoro cnOH Ll[t (:;) ~ 
TonbRO rro BenlI~HHe, B TO BpeMH Ral{ XO- ~ 
porno 1I3BeCTHO, ~TO HarrpaBneHlle Ma ['- t:l 

HHTHhlX MOMeHTOB rrOBepXHOCTHoro MOHi)- ~ 10 
cnOH MomeT OTnlI~aTbCH 01' IIX 0plIeHH\- <::::. 

:U;HH B 06'beMe [98]. Y~eT SToro 06CTOP.:­
TenbCTBa cyrn;ecTBeHHO ycnO}RHHeT TCO-

oplIlO OTpameHHH. 
B pa60Tax [93, 97] OTMe~eHhl TaR/IW 

B03MOII{HOCTH MeTop;a IlBO HeMTpoHoB B 90 
Hccnep;OBaHHHX oc06eHHocTeM wa30BMx II 

MarBHTHblX rrepexop;OB Ha rrOBepXBOCTlI 
RplICTanna. Heyrrpyroe pacceHBHe BeMTpo-
HOB rrOBepXHOCTHblMII crrHBOBMMH BOnH:l­
MH rrpH IlBD 01' weppOMarneTHRa Teop·)­ BD 
TH~eCRH paCCMOTpeHO B pa60Te [99]. Tco­

(jplIH IlBO 'BeMTpoHoB rrpH p;HwpaR:U;llH 
B cRonb3Hrn;eM reOMeTpHH pa3BHTa B pa60­
Te [100]. 

IlBO Mecc6ayspoBcRoro H3ny~eBHH OT 70 L..-L-_L--l----'-"'"-=-~--'--'-_-:-­
mene3BOM wonbrH, 060rarn;eHHoM More­ o 
6ayspoBcRllM 1130TorrOM 57Fe, llccnep;OBano CKopocmb, CM/C 
B pa60Te [101]. XOTH STa pa60Ta rrOCBH­

PRC. 10. 8KcrrepIIMenTaJIbHble Mecc6a­
lIIel-Ia IICCnep;OBaBlilO IIHTepWepeHu.HH Y3poncKlIe cneKTphI IlEO OT JKeJIe3HOR 
Hp;epHo-pe30HaBCHoro H psneeBCRoro pac­ <pOJIbnl, o6oraII\ennOR H30TorrOM 57Fe 
ceHHIIM, rro pe3ynbTaTaM SRcrrepHMeHl'a (91,2%), gJIJI gnyx pa3JIll'IHbIX yrJIon 

CIWJIbJKeHllJI nagaIOII\erO H3JIY'leHlIJIcp;enaHO 3aRnlO~eHHe 0 rroBepxHocTHOM 
6e3 BHerrIHero MarHHTHoro rrOJIJI (a II

~YBCTBHTenbHOCTII MeTop;a. TaR, B u.eBT­ 6) H C MarHRTHhIM rrOJIeM, npHJIOJKeH­
panbHoM ~aCTH rneeTHROMrrOHeHTHoro Mar­ HhIM rreprreHgIIKyJIJIpHO . rrJIOCKOCTH 

HIITHoro crreRTpa, cooTBeTcTBylOrn;ero Wep­ paCCeJIHllJI (6). 1 - IIHTeHCIIBHOCTh 

pOMarnHTHoMy COCTOHHIIIO (pHC. 10), p3JIeenCKOro OTpaJKeHllJI, 2 - 3Kcrrepll­
MeHTaJIhHbIe cneKTpbI. 3na'leHllJI

MomHO Bblp;enHTb RBap;pyrronbHMM p;y6neT, 
f) (Mpag): a, 6 - 2, 6 - 4 

cooTBeTcTBYIOrn;HM oRHcny }Rene3a FeO, II 
OP;HHO~HYIO nlIHlI10 B6nH31I HyneBoM CKO­
pOCTH, ROTOpylO MOII{HO rrpHrrlIcaTb HanH~HIO BeMarBIITIwro 'Y-mene3a B rrneB­
1m. IlpH~eM 8TH p;orronBIITenhBble nHHHII B crreRTpe rrpOHBHnHCb ny~rne rrprr 
ManOM yrno CRonbmeHHH (8=2.10- 3 Mpap;) , ~TO 06T.HCHHeTcH YMeBbrneHlIeM 
rny6HHbl rrpoHHRHoBeBIIH 113ny~eBIiH B 06pa3e:u;, rr03BonHIOrn;IlM o6BapYII{HTI> 
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-cJIaOhIe sarpJl3HeHMH nOBepXHOCTM 06pa3rra OTMel:J:eHHhIMM COep:MHeHIIJlMI1. 

IIHTepnpeTaIIIIH CneKTpOB npOBep;eHa Ha OCHOBe <pOpMyJI <l>peHeJIH, B KOTOphf0 

.,lJ;JIJI pa3JIIIl:J:HhIX C06CTBeHHhIX nOJIHpII3arrIIii II3JIYl:J:eHIIJI BBO,n:IIJIII COOTBeTcTBylO­

nrIIii nOKa3aTeJIh npeJIOMJIeHMJI. B03MomHhIe II3MeHeHIIH napaMeTpOB CBepX­

TOHKIIX B3aIIMOAeiicTBIIii BOJIII3II nOBepXHOCTII He TOJIhKO no BeJII1l:J:IIHe, no no 

opIIeHTarrIIHM IIX oceii Tpe6YIOT P;JIJI KOJIUl:J:eCTBeHHOll IIHTepnpeTarrIIII :mcne­

IJIIMeUTaJII,UhIX cneKTpOB MeccoayapoBcIwro IlBO (c rreJIhIO M3BJIel:J:eHIIJI IIH­

<popMaIIIIM 0 nOBepXHOCTU) pa3BIITIIJI TeopMII OTpameHIIH 0'1' cpep;hI C nOCJIO}I­

HhIM U3MeHeHIIeM aHM30TponHhIX napaMeTpOB, Korp;a <pOpMyJIhI <l>peHeJIJI II CO­

OTBeTCTBeHHO peKyppeHTHhIe COOTHOIIIeHIIJI IlappaTa HenpIIMeHIIMhI. MaTpIITI­

HaH TeOpIIJI OTpameHIIH pa3BIITa P;JIJI TaKoro CJIYl:J:aJl B paOOTe [102]. 
Mecc6ayapoBcKoe IlBO IICCJIep;OBaHO TaKme P;JIJI II30Tona 169Tu (E]= 

=8,4 KaB) [11]. OcooeHHocTM p;IIHaMIIl:J:eCKOii TeopIIII MeccoayapoBcKoii ,n:II­

<ppaKrrIIII B CKOJIh3Hnrell reOMeTpIIM paCCMOTpeHhI B paooTe [103], a npII Ha­

JIIIl:J:MII CBepXTOHKMX paCnrenJIeHIIll JI,n:epHhIX YPoBHeii - B pa60Te [104], B KO­

TOpOll l:J:IICJIeHHO nOKa3aHhI II3MeHeHMJI yrJIOBhIX 3aBIICIIMOCTeii JI,n:epHoro pc­

30uaHCHoro paCCeJlUIIH, xapaKTepII3yIOllJ;IIX opIIeHTarrMIO ocell CBepXTOHKMX 

B3aMlvro,n:eiicTBIIll B TaIWM aKcnepIIMeHTe. 

B pa60Te [105] npe,n:JIOH,eH MeTO,n: CBepXMOHoxpOMaTII3arrIIII CIIHXpOTpOH­

uoro II3JIYl:J:eHUJI C nOMOllJ;hIO TIeTBepThBOJIHOBhIX nJIeHOK Ha nOBepXHOCTM PC­

30HaHcuoro MeccoayapoBcKoro 3epKaJIa, OTpamaIOllJ;UX TOJIhKO B auepreTIIl:J:C­

CKOM IIHTepBaJIe, COOTBeTcTByIOllJ;eM MeccoayapoBcKoMy pe30HaHcy. 

IIccJIe,n:oBaHlIJI BTOpII'lHbIX rrpOn;eCCOB B YCJIOBlIJIX nBO 

PerIIcTparrIIJI BTOPIIl:J:HhIX U3JIYl:J:eHIIii npu IlBO npe,n:CTaBJIJleT IIHTepec Kal, 

C TOTIKII 3peHIIJI <pII3IIKII caMaro JlBJIeHIIJI, TaK II P;JIH IICCJIe,n:OBaHIIJI nOBepx­

nOCTII. PerIICTparrIIJI <pOTOaJIeKTpOHOB npu ilBO yJIhTpaMHTKOrO peHTreHOB­

CKoro II3JIYTIeHIIJI (Al K"" 1,=8,34 A; B K"" 1,=67,9 A II Be K"" 1,=113,8 A) 
npOBep;eHa B paooTe [106], B KOTOpOll nOKa3aHO, TITO KpIIBaJl BhIxo,n:a <pOTO­

aJIeKTpOHOB BOJIII3II I,pIITIITIeCKOrO yrJIa OTpameHIIJI MMeeT xapaKTepHhIH 

l1CnJIeCK, cooTBeTcTBYIOllJ;IIii y,n:BoeHIIIO aJIeKTpIIl:J:eCKOrO nOJIJI B cpe,n:e BomWH 

nOBepXHOCTII npri 8=80 II pe3KIIM cna,ll npH 8--+0. 8HeprIIJI aJIeKTpOHOB, 06pa­

3YIOllJ;HXCJI npII B3aIIMo,n:eiicTBIIII YJIhTpaMJlrKoro peHTreHOBCKoro II3JIYTIeHIIJI C 

J3ellJ;eCT~oM, MaJIa, TaK TITO rJIyoIIHa IIX BhIxo,n:a· MeHhIIIe rJIYOIIHhI npOHIIKHOBe­

HUH II3JIYl:J:eHIIJI ,n:ame B yCJIOBIIHX nOJIHOrO OTpameHIIJI, noaToMy KpIIBaJl BhI­

xo,n:a <pOTOaJIeKTpOHOB B aKcnepIIMeHTax paooThI [106] xapaKTepII3yeTcTpyK­

Typy aJIeKTpIIl:J:eCKOrO nOJIJI II3JIYl:J:eHIIJI BOJIII3II nOBepXHOCTH. TOl:J:HaJl <popMa 

KpIIBhIX BhIxo,n:a <p0TOaJIeKTpOHoB 3aBIICIIT He TOJIhKO 0'1' COOTHOIIIeHIIJI ,n:eiiCT­

BIITeJIhHOii II MHIIMOii l:J:aCTeM nOKa3aTeJIJI npeJIOMJIeHMJI cpep;hI (6 II ~) (Icr MO­

iReT flhITh IICnOJIh30BaHa, KaK II KpIIBaJl 3epKaJIhHOro OTpameHIIH, ,n:JIH onpe­

,n:eJIeHIIH aJIeKTpOHHOll nJIOTHOCTII II KOS<p<pIIrrIIeHTa nOrJIOllJ;eHIIJI cpe,n:hI B6JIII3U 

nOBepxHocTII), HO II 0'1' <pYHKrrIIII nOTeph aJIeKTpOHOB B cpe,n:e. B rrpe,n:no­

JIOmeHIIII, 'ITO nOTJIOllJ;eHIIe aJIeKTpOHOB B cpe,n:e npOIIcxop;IIT no aKCIIOHeHIIII­

aJIhHOMY 3aKoHy, B pa60Te [106] OIIpe,n:eJIeHa cpe,n:HHJI ,n:JIIIHa cB060,n:Horo 

up06era ,n:JIJI aJIeKTpOHOB C aHeprIIeii 1,4 KsB B 30JIOTe, OKa3aBIIIaJlCJI paBHoji 

19k 
B pa60Tax [107-109] IIpOBep;eHhI IICCJIep;OBaHIIJI KOMnTOHOBCKoro II <PJIYo­

peCrreUTHoro pacceHHHii Mo K",-II3JIYl:J:eHIIJI (1,=0,71 A) B yCJIOBIIHX IlBO 01' 

UJIeHOK TIIICTOrO repMaHIIH, HaIIhIJIeHHhIX B BaKYYMA 10-8 
TOpp Ha OIITIITJ:eCKlI 

rJIa,n:KyIO IIOBepxHOCTh CTeKJIa,a TaKH,e CIIJIaBOB Ti-Ni, Cr-Cu, Ni-Ge 

C rreJIhIO OIIpe,n:eJIeHIIJI IIX aJIeKTpOHHOii IIJIOTHOCTII II B03MQj-KHhIX Heo,n:HopOIJ;­

HOCTeiicoCTaBa C rJIy6IIHoll. TaK KaK B aTHX' aKcIIepHMeHTax IICIIOJIh30BaHO 

cYllJ;eCTBeHHO 60JIee meCTKoe II3JIyTJ:eHIIe, TIeM B paOOTe [106], TO TJIyoHua 

BhIxo,n:a BTOpIITIHhIX aJIeKTpOHOB, KaK II <pJIyopecrreHTHOTO II3JIYl:J:eHHJI, 6hIJIa 

CYllJ;eCTBeHHO 60JIhIIIe rJIyOHHhI IIpOHIIKHOBeHIIJI II3JIYl:J:eHHJI B cpe,n:y B yCJIO­

BIIHX IlBO. B CBH3II C aTIIM 3aBIICIIMOCTII BhIxo,n:a BTOpHTJ:HOrO II3JIYTIeHHJI 0'1' 

yrJIa CKOJIhmeHHJI 8 IIMeJIM <pOpMy uepeBepHyThIX I,pIIBhIX 3epKaJIhHOrO OTpa­
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:meHlIH ~T(8)=1-R(8) (T(8) -npOnyCKamle). HeKOTOphle pa3JIII'IlUI KpH­

BI>IX BhIXOp;a KOMnTOHOBCIWrO H WJIyopeC:o;eHTHOrO H3JIY'IeHHM, Ha6JIIop;aBInlIe­

·CH B 06JIaCTlI B6JIlI3ll 8c II nplI 8--+0, lVIOrJIII 6hITh, nO-BIIp;HMOMy, 06'bHCHeHhI 

]la3JIII'IlIeM WYHK:O;IIM II rJIy6lIH BhIxop;a p;mI 3JIeKTpOHOB II WJIyopec:o;eHTHoro 

.1I3JIY'IeHIIH, a TaKme xapaKTepHhIMII oc06eHHOCTHMlI 1I3MeHeHlIM aMnJIIITYP;hI 

-3JIeKTplI'IeCKOrO nOJIa npeJIOMJIeHHOM BOJIHhI II rJIy6lIHI>I npOHIIKHOBeHIIH 1I3­

JIYlJeHIIH B cpep;y B 06JIaCTH nOJIHorO OTpameHlIH: aMnJIIITyp;a nOJIH B6JIlI31I 

nOBepXHOCTH IIMeeT BCnJIeCK npH 8=8c, a rJIy6I,ma npOHHKHOBeHHH H3JIY'Ie­

JIIIH He CTpeMIITCH K HyJIIO npH 8--+0. 
IIPII HeCKOJIhKO 60JII>llIlIX p;JIHHaX BOJIH nap;aIOm;ero 1I3JIy'IeHlIH (HanpIIMep,

'eu Ko., Iv=1,54 A) rJIy6lIHI>I npOHlIKHOBeHIIH 1I3JIy'IeHIIH B cpep;y B YCJIOBlIHX 

TIBO OKa31>IBaIOTCH conOCTaBlIMhIMlI C rJIy61IHaMH BhIxop;a BTOPlI'IHhIX 3JIeKTpO­

nOB. <1JopMa KplIBhIX BhIxop;a WOT03JIeKTpOHOB nplI aTOM cym;ecTBeHHO 3aBlICfiT 

-oT WYITK:O;IIII BI>IXOp;a 3JIeKTpOnOB P (z) II nOaTOMy MomeT 6hITI> IICnOJIh30BaHa 

,D;JIH ee 3KcneplIMeHTaJIhHOrO onpeAeJIeHlIH, 'ITO npep;JIOmeHO B paOOTe [110] . 
B 3TOM pa60Te P;JIH IIHTepnpeTa:O;lIlI 3KcneplIMeHTaJIl,HhIX pe3YJIhTaTOB no IIBO 

'eu Ko.-1I3JIY'IeHlIH OT lVIOHoKplICTaJIJIOB repMaHlIH lICnOJIh30Bana JIIIHeMHaH 

..pYHK:O;IIH P (z). IIocJIe BHeC6HlIH nonpaBoK Ha MlIKpO- II MaKpoHeop;HopoP;HO­

·CTII nOBepxHocTlI 06pa3:o;a paSJIlI'IlIH 3KcneplIMeHTaJII>HhIX II TeOpeTII'IeCKlIX 

:yrJIOBhIX saBlIclIMocTeM BhIxop;a WOT03JIeKTpOHoB 06'bHCHHJIlICh paSJIII'IlIeM 

rJIy6lIH BhIxoAa 3JIeKTpOHoB AJIH pa3JIII'IHhIX 3HepreTlI'IeCKIIX rpynn: B wop­

:MlIpoBaHlIe WOT03MlICClIlI C i\IaJIhIX rJIy6lIH SHa'IlITeJIhHhIM BKJIaA BHOClIT rpyn­

.na MaJI03HepreTlI'IHhIX Ome-3JIeKTpOHoB, rJIy6lIHa BI>IXOp;a KOTOphIX nplIMepHo 

Ha nopHAoK MeHhllIe, 'IeM y 3JIeKTpOHoB OCTaJII>HhIX rpynn. OTMeTIIM, 'ITO 

·()npep;eJIeHlIe WYHK:O;lIM BhIxoAa 3JIeKTpOHOB lIMeeT 60JIhllIOe 3Ha'IeHlIe AJIH 

paSBIITlIH CeJIeKTlIBHOM no TJIy6lIHe Mecc6aY3pOBCKOM cneKTpOCKonlIlI KOHBep­

·{lIIOHHI>IX 3JI6KTpOHOB [111], HCCJI6p;OBaHlIM HapYllIeHlIM KpIICTaJIJIII'IeCKOM 

'CTpyIlTyphI BOJIIISlI nOBepXHOCTlI MeTop;OM CTOH'IeM peHTreHoBcIwM BOJIHhI 

[112, 113] II T. A. BocCTaHOBJIeHlIe WYHK:O;lIlI P (z) ITa MHOmeCTBe MOHOTOHHO 

y6hIBaIOm;lIX WYHK:O;IIM nyTeM pellIeHlIH 06paTHoM aaAa'IlI P;JIH lIHT6rpaJII>Horo 

BhIpameHlIH BeJIlI'IlIHhI BhIxo):\a WOT03JIeKTpOHoB N (8) B WYHK:O;IIII yrJIa CKOJIb­

JReHlIH KOJIJIlIMlIpOBaHHoro peHTreHOBCKoro lISJIY'IeHlIH npOBep;eHO B pa60'I'e 

[114]. AJIH npOBepKII pellIeHlIH 3I1CneplIMeHTaJIhHhIe p;aHHhIe 3KCTpanOJIlIpO­

::BaHhI K BeJIII'IHHe BhIXOJJ;a N (8), npep;CTaBJIeHHOM B BIIAe paSJIOmeHIIH no MO­

MeHTaM WYI;IK:O;lIlI BhIXOAa P (z). OAHaKo lIHTepBaJI yrJIOB CKOJIhmeHIIH, lICCJIe­

,p;oBaHHhIM B 3TOM pa60Te (0,5-5°), He BKJIIO'IaJI 06JIaCTh IIBO. TaKlIM 06pa­

.SOM, BlIP; WYHK:O;lIlI P (z) 6hIJI BOCCTaHOBJIeH AJIH cpaBHIITeJIhHO 60JIhllIlIX z 

(0,1-2 MKM). 

B pa60Te [115] paccMoTpeHo BJIIIHHlIe Ha BhIXOA WJIyopec:o;eHTHoro lISJIy­

'IeHIIH nplI IIBO illepoxoBaTocTeM, KOTOpl>Ie annpOKCIIMlIPYIOTCH nepexop;HhIM 

'CJIOeM C nJIaBHC) MeHHIOm;eMcH nJIOTHOCThIO. MOAeJIhHhIe paC'IeThI, BhInOJIHeIt­

llhIe MeTOAoM 'IlIcJieHHoro IIHTerplIpOBaHIIH, nOKaSaJIII, 'ITO BhI60pOM rJIy6lIHhI 

H npOWIIJIH IISMeHeHIIH nJIOTHOCTII nplInOBepXHOCTHoro CJIOH MomHO AOCTII'I1> 

,JIy'IllIerO COrJIaCHH pesyJIhTa'i'OB, nOJIy'IeHHhIX B pa60Te [109], C TeoplIeM. 

B pa60Te [116] Ra OCHOBe nplIH:O;lIna BsalIMHOCTII II 06paTlIMOCTlI MIIKpO­

CKOnlI'IeCKlIX npo:o;eCCOB nOrJIOm;eHIIH II IIcnYCKaHIIH 3KcneplIMeHTaJII>HO pe­

IlleH Bonpoc 0 BOSMQmHOCTlI lIcnycKaHIIH WJIyopec:o;eHTHoro lISJIy'IeHIIH, KOTO­

poe BhIXOAlIJIO 6hI 1I3 cpeAhI nOA yrJIaMII, MeHhilllIMlI KpIITII'IeCIIOrO yrJIa. ECJIJI 

1I0I{aSaTeJIh npeJIOMJIeHIIH cpeAhI MeHI>llIe eAIIHlI:O;1>I II BOJIHOBhIe. BeKTOpl>I 

HSJIy'IeHIIH B cpep;e MeHhllIe BOJIHOBI>IX BeKTopoB B BaKyyMe, TO BOJIHOBhIe BeI{­

'TOphI, nO'ITII napaJIJIeJII>HhIe nOBepXHOCTII B cpep;e, nplI nepexoAe 'Iepes rpaHlI­

u;y paSAeJIa AOJImHI>I nplI06peTaTl> p;06aBKy no HOpMaJIII, T. e. BhIXOAlITh lIS ,cpe­

,D;hI nop; yrJIaMII, Bcerp;a 60JIhllIlIMlI KpIITII'IeCKoro. OAHaKO II3JIYlJaTeJIll, Haxo­

,D;HLUlIeCH B6JIlISlI nOBepXHOCTlI, B COOTBeTCTBlIlI C ynoMHHyThIMlI nplIH:O;lInaMlI 

B3alIMHOCTlI II 06paTlIMOCTlI AOJImHhI lIcnyci\aTh Heop;Hopop;HhIe (3BaHec:o;eHT­

HhIe) BOJIHhI, saTyxaIOm;lIe no HOpMaJIII K nOBepXHOCTII, nplI'IeM HaJIlPIlIe MHll­

MOH 'I&CTII lIX BOJIHOBI>IX BeKTopOB 06eCne'IlIBaeT COOTBeTCTBeHRoe YBeJIII'IeHlIe 

'TaHreH:O;lIaJIhHOH COCTaBJIHIOm;eM fiX AeMCTBIITeJIhHOM 'IaCTfi, TaK 'ITO 3TlI BOJ1­



iIbI MoryT BbIXOA.lITb .lIS CPCAbI rroA yI'.iIaM.II, MCHbIIIIIMII KPIITRqCCKOrO yrJIa_ 

3aB.lICliMOCTb BbIXOAa <PJlYOPCCU;CUTHOrO HSJly'IeHIIH 01' yrJla CKOJlblRCHliH Iu;CJlR 

ACTCKTOpa (B aTOM aKCrrCp.IIMCHTC Bos6ymAaIOIu;cc IISJlyqCHliC III.lIPOKliM rry'lKoM 

rraAaJlo HOpMaJlbHO Ha rrOBcpXHOCTb 06pasu;a) OKaSaJlaCb aHaJlOr.IIqHoM SaBHCIT­

MOCTH BbIXOAa <PJIYOPCCU;CHTHoro HSJlyqCHIIH, pcr.IIcTpIIpycMoro CqCT'IHKOM­

C IIIIIpOKHM OImOM uaA rrOBcpXHOCTbIO 06pasu;a, 01' yrJla CKOJlbmCH.lIH ySKOKOJl­

JlIIM.lIpOBaHHoro rraAaIOIu;cro HSJlyqCHlIH B 06J1aCTII IlBO. TaK KaK BKJlaA n 

<PJlYOPCCU;CHTHOC HSJlyqCmre, pcrHcTp.IIpyClIwc rrOA yrJlaMII, MCHbIIIlIMII Kp.IITII­

'rCCKoro, AaIOT aTOMbI, HaxOAHIu;IICCH Ha TaKHX jH:C rJly6HHax, Ha KOTOpbIC rrpo­

mmaCT IISJly'ICHliC B cpcAy B YCJlOB.lIHX IlBO, BOSHliKaCT BOSMomHOCTb rrpOBO-~ 

A.lITb CCJlCKT.lIBHbIC rro rJly6.IIHc .lICCJlCAOBaH.lIH C pcrIIcTpaU;HcM <PJlYOPCCU;CHTHO­

ro IISJly'IeHIIH rrOA MaJlbIMlI yrJlaMII K rrOBcpXHOCT.II. B OTJllIqlIC 01' 06bIqHOro· 

IlBO, rrpli KOTOpOM BCJlCACTBlIC CKOJlbSHIu;IIX yrJlOB rraACHliH IISJlyqCHliC rrpaK­

TIIqCCKII BccrAa OCBcIu;aCT rrOBcpXHOCTb SHaqHTCJlbHoro pasMcpa II rroaToMy rra 

PCSYJlbTaTbI aKcrrcpIIMeHToB SHaqUTeJlbHoe BJllIHHUe OKaSbIBaeT He TOJlbKO· 

IIIepOXOBaTOCTb, HO II BOJlHIICTOCTb rrOBepXHOCTlI, B aKcrreplIMCHTax C pcrUCT­

paU;lIeM <pJlyopecu;cHTHoro lIsJlyqeHIIH rroA MaJlbIMH yrJlaMH K rrOBepxHocTII 

BOSMomHO lIsyqaTb OTAeJlbHbIe, AOCTaTOqHO MaJlbIe 06J1aCTH rroBepxHocTlI rrpu 

TOM IRe rJly61IHc rrpoHlIKHoBeHlIH AJIH BbIXOAJlIu;ero (rrOA yrJlaMII, MCHbIIIIIMII 

KPliTlIqCCKoro) HSJlyqeHHH. IlpoBe,o:t;HHbIe B pa60Te [116] aKcrreplIMeHTbI SHil.­

'IlITeJlbHO paCIIIIIpHIOT 06J1aCTb rrpHMeHeHIIH <pJlyopecu;eHU;IIII ,o:JlH IICCJle,o:OBa­

HIIH rrOBepXHOCTHbIX CJlOeB, HarrpHMep B MeTo,o:e CTOHqHX pCHTreHOBCKHX 

BOJlH, 06pasYIOIu;IIxCH rrpli 6parroBcIwM ,o:.II<ppaKU;HII [112, 113]. PaHee cirn­

TaJlOCb, 'ITO lIH<popMaU;IIIO 0 rrOBepXHOCTlI B aTOM MeTo,o:e MoryT ,o:aTb TOJlbKO 

BTOpHqHbIe rrpou;eCCbI, KOTopbIe xapaKTepHsyIOTCH MaJlOM rJly61IuoM BbIxov;a 

(<poTOaJleKTpOHbI), IIJllI <pJlyopecu;cHTuoe lIsJlyqeulIe aTOMOB rrplIMeClI, BueA­

pCUUOM ua Hc60JlbIIIlIe rJly6IIubI B 06paseu;. 

IlPlI nBO Mecc6ayapoBcKoro lIsJlyqeUliH 06pasu;a, co,o:epmaIu;ero pesouarrc­

UbIe H,o:pa, perlICTpaU;IIH KOHBepClIouubIX aJleKTpOUOB MomeT cym:ecTBcuHO' 

YBeJlHqHTb CKOpOCTb CqeTa, TaK KaK Mecc6aYPOBCKHe rrepexo,o:bI, KaK rrpaBHJlO,. 

ClIJlbUO KOHBepTHpOBaUbI. IlOCKOJlbKy aueprHH KOHBepCHOHubIX aJleKTpOUoB 

cpaBHHTeJlbHO BCJlHKlI, rJly61IubI HX BbIxOAa Bo06Iu;e roBOpH rrpeBbIIIIaIOT rJlY­

6HUbI rrpOHlIKuOBeHHH pesouaHcHoro HSJlyqCHHH B cpe,o:y B YCJlOBHHX IlBO 1I 

<pyUKU;HH BbIxo,o:a aJlCKTpOHOB P (z) OKalRCT cJla60c BJlHHrrHC Ha saBHCHMOCTb· 

CKOPOCTlICqCTa KOUBCpCIIOUHbIX aJleKTpOUOB 01' yrJla CKOJlbmCUlIH rra,o:aIOIu;cro· 

Mecc6ayapoBcKoro HSJlyqeHlIH H <pOpMy pesouauCHoro crrcKTpa. I1SMCUCUlIB 

<pOPMbI 'pcsouauCHbIx KpHBbIX KOUBCPClIOHUbIX aJleKTpOUOB sa CqCT IlBO pac­

CMOTpCHO B pa60Tax [117, 118]. 

AHOM1aJUfH yrJIOBOrO pacrrpe,u;eJICHHH 'H3JIyqOOHH, paCCCJlJHHOrO 

B yCJIOBHHX llBO, H rrp06J1CMbI YQCTa mcpoxoBaTo'cTeii 

rrOBcp"'HOCTCii 

<POpMyJlbI <PPCUCJlH orrlICbIBaIOT OTpamCHlIC TOJlbKO 01' lIAcaJlbUO rrJlOCKOrr 

H rJlaAKOM rrOBcpXHOCTlI. HaJlR'Inc IIIepoxoBaTocTeM (MHKporcoMeTplIlI rro Tep­

MHUOJlOrlIlI pa60TbI [22]) Ha peaJlbUOM rrOBepXUOCTH MomeT CYIu;eCTBCHIIO 

HSMCHlITb KapTHHy OTpamCHHH. Ran: rrpaBIIJIO, IIIcpOXOBaTOCTH rrplIBo,o:HT K cy­

Iu;CCTBCHHOMy yr~oBOMY pa3MbITlIIO rraAaIOIu;cro rryqKa B upou;ccce OTpamo~ 

mm. YIIIHpeHHe yrJloBoro pacrrpe,o:CJlCHlIH paCCCHHHoro OTpaJItcHHH (AH<P<Pe­

peHU;lIaJlbHbIX .RPlIBbIX) 110 cpaBHCHlIIO. C rraAaIOIu;lIM MOIRCT CJlYj-KHTb Mcpoii: 

IIIcpOXOBaTOCTH 110BepXHOCTlI [29, 119-122]. PaSMbIT.lIC rryqKa HeH36cmuo 

BC,o:CT K rraACHlIIO IIHTCHCIIBHOCTH B MaKcIIMyMC, It OCJla6J1eHIIIO 3CpKaJlbHO 01'­

pantcHHOM BOJIHbI. I1SMCHCHHC <POPMbI KpHBbIX 3CpKaJlbHOrO OTpamCHHH B aT01>l 

cJlyqac MomHO yqeCTb, rrpe,o:rrOJlaraH, 'ITO ua rrOBepXHOCTlI cpeAbI CYIu;CCTByCT 

CJlOM C rrOHHmeHHOll: rrJlOTHOCTbIO H l1J1aBHO 1I3MeHHIOIu;lIMCH rrOrJIOIu;eHIIClIi 

[31-33]. IlpH OTpameHIIII 01' rrJleUOK IIIcpOXOBaTOCTII rrOBepXHOCTH, KaK yn,B­

OTMCqCHO, rrpIIBo,o:HT K H3MeHeHHIO HHTCHCIIBHOCTCM HHTcp<pcpeHU;HoHHbIX lI1:alt­

CHMyMOB R1I3Hxa, BUJIOTb ,0:0 IIX rrOJlHOrO IICqeSHOBCUliH rrpH yXYAIIICHliH rro­

BepxHocTeM rrJl:eHKII [15, 26]. 
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B yI'JIOBOM pacnpep;eJIeHIIII 113JlyqeHIffi, paccemfHOI'O nplI yI'JIax nap;eHIIH, 

~YTb 60JIbilllIX yI'JIa IIBO, MoryT llOSHIIKaTb II p;pYI'lIe aHOMaJIIIII. TaK, B pa­

-DOTaX [123, 124] 06HapYJE\eHa aHOIlIaJIbHO OTpameHHaH (HesepKaJIbHo) BOJIHa, 

jlOSHIIKaIOm;aH rrplI yI'JIe paCCeJIHIIH cp;:::o8 c • TeOpeTlIqeCfwMY 11 ::lKcnepIIMeH­

'TaJIbHOMY IICCJIep;OBaHIIIO aHOMaJIbHO oTpameHHoII BOJIHbI nOCBHm;eH pHP; pa60T 

[125-129]. IIoKasaHo, "lITO B tPOpMlIpOBaH1I1I :3TOH BOJIHbI cym;ecTBeHHyIO POJIb 

nI'paeT illepOXOBaTOCTb rrOBepXHOCTII, rrpHBOp;Hm;aH K paSMbITIIIO nap;aIOm;eI'O 

nyqKa. IIplIqlIHY BOSHllKHOBeHHSl aHOMaJIbHO OTpafI{eHHOH BOJIHbI JIeI'KO no­

HHTb, ecmr yqecTb, "lITO YI'JIOBOe pacnpeiJ,eJIeHHe pacceHHHOI'O IISJIyqeHIIH (p;lItP­

,tPepeHIwaJIbHaH KpHBaH IIBO) npep;CTaBJIHeT C060H cBepTKy yI'JIOBOI'O pacnpe­

)J,eJIeHIIH nap;aIOm;eI'O IISJIy'IeHIIH, yilllIpeHIwI'O pacceHHlIeM Ha Heop;HOpop;­

HOCTHX B6mISII nOBepXHOCTH, II npOtPlIJIH KplIBOii llBO, peSKoe IISMeHeHlIe 

KOTOpoI'O nplI 8=8c II nOpOi-Kp;aeT IIOBbIH MaKcHMyM. IIOCKOJIbKY KplIBbI8 IIBO 

'OT nJIeHOK IIMeIOT CJIOflmyIO OCIJ;IIJIJIlIpYlOm;ylO CTpyKTypy, TO, KaK nOKasaHO 

B pa60Tax [124, 126, 130 ],I\lItPtPepeHI\lIaJIbHble KplIBbIe IIBO B aTOM CJIyqae 

TaK}Ke IIMelOT 60JIee CJIOJIHIylO tPOPMY: nlII{ SepKaJlbHOI'O OTpameHHH MomeT 
IIMeTb HeCKOJIbKO «Sy6'IIIIWB», a BOKpyI' SepKaJIbHO II aHOMaJIbHO oTpameHHoH 

BOJIH cym;eCTBJiIOT 60JIee CJIa6bIO OCIl,IIJIJIHJJ.1I1I HHTeHCIIBHOCTH. IIpWleM 

'OKaSaJIOCb, 'ITO nOJIOmeHlIe TaKlIX MaKclIMyMOB Ha p;lItPtPepeHIl,lIaJIbHbIX RplIBbIX 

MOJl{eT 6bITb IICnOJIbSOBaHO (Tal, me, KaK II OCIl,IIJIJIJU~1I11: RlIslIxa) P;JIH onpe­

,n;eJIeHIIH TOJIm;IIHbI nJIeHKH, Tall: RaR aTII MaKCIIMYMbI 06pasyIOTcH npH HHTep­

<jJepeHIl,1I1I HeSepKaJIbHO OTpameHHbIX OT BepXHeH H HlImHeH nOBepXHOCTeH 

:BOJIH. TeopHH CTpyKTypbI p;lItPtPepeHI~HaJIbHbIX KplIBbIX C HCnOJIbSOBaHHeM " 

nOBepXHOCTHOH ROppeJIHIl,IIOHHOH tPYHKIl,1I1I paSBIITa B pa60Te [131], B KOTOPOH 

B qaCTHOCTII, nOKasaHO, "lITO HS pacnpep;eJIeHIIH IIHTeHCHBHOCTII Ha p;lItPtPepeH­

l\lIaJIbHbIX KplIBbIX MOJIUIO Henocpep;CTBeHHO nOJIyqlITb paCIIpep;eJIeHlIe Heop;­

HOpop;HOCTeH B nJIeHKe (sepHIICTYIO CTpyKTypy) nplI yCJIOBlI1I ee neplIop;lIq­

HOCTH. 

B pa60Tax [132, 133] HeaepKaJIbHOe OTpaJI{8HlIe paccMaTplIBaeTcH I1:aK 

MaJIoyI'JIOBOe pacceHHlIe Ha tPJIYKTyaIl,IIHx IIJIOTHOCTII BP;OJIb IIOBepXHOCTH 

,o6pasIl,a. IIJIOTHOCTb paccMaTpHBaeTcH COCTOHm;eH .lIS P;BYX qaCTeH: ycpep;HeH­

HOH BP;OJIb nOBepXHOCTH (HO nepeMeHHoH no I'JIy6HHe) .II tPJIYKTyaIl,IIoHHOH 

,p;06aBKH. PacceHHIIe Ha tPJIyKTyaIl,IIHX BbPIIICJIHeTCH no TeopIIII BosMym;eHIIH. 

Op;HaKo HHT,eHCIIBHOCTb paCC'IIITaHHOI'O B aTIIX pa60Tax MaJIoyI'JIOBOI'O pacceH­

HIIH ORaSaJIqCb cpaBHHMa C nlIKaMII SepKaJIbHOI'O OTpameHIIH, 'ITO, nO-BIIp;II­

MOMy, npOTIIBOpeqHT IICnOJIbSOBaHIIIO TeopHII BOSMym;eHIIH. TaKIIM 06pasoM, 

B IIHTepnpeT'aIl,IIII (II ee op;HOSHaqHOCTII) p;IItPtPepeHIl,IIaJIbHbIX RpIIBbIX pacceH­

rum B yCJIOBIIHX IIBO cym;ecTByIOT onpep;eJI8HHble TPYP;HOCTII. 

B pa60Te [134] np:rr IIBO OT MOHORplICTaJIJIOB KpeMHlIH satPlIKclIpoBaHa 

em;e op;Ha aHOMaJIIIH - <(fiOBepXHOCTHaH» peHTI'eHOBCKaH BOJIHa. (TepMIIH 

«nOBepxHOCTHaH» BOJIHa yrroTpe6JIHeTCH aBTopaMlI B pa60Tax [92] .II [134] B' 

;(ByX COBepilleHHO paSHbIX CMbICJIax. B pa60Te [94] -::lT0 SepKaJIbHaH p;lItPpa­

I'IIpOBaHHaH BOJIHa nplI p;lItPpaKIl,lIlI II CIWJIbSHm;eU reOMeTplIII, B pa60Te 

[134]- aTO BOJIHa, pacceHHHaH nop; HyJIeBbIM yI'JIOM K nOBepXHOCTlI B yCJIOBUHX 

D6bI'IHOI'O nBO (6es p,lI(ppal{J~HlI). TaH~lH nyTaHIIIl,a nplIBop;lIT R Hep;opasy­

l\IeHHHM nplI 06cYJI{p;eHHH.) IIOKasaHO, 'ITO nY"lIOR, BbIXOP;HIIJ;HH 'Iepes 60ROByIO 

I'paHb RpHCTaJIJIa «<HYJIeBOH nY<IOK» no TepMHHOJIOI'HH pa60TbI [128]) Momer 

(lbITb sapeI'HCTplIpOBaH, p,ame KOI'p;a I'paHHIl,a saCBeTRH RplICTaJIJIa nap;aIOm;lIM 

nyqKOM OTCTOIIT OT- sap;HelI I'paHlI Ha 1,5 CM.. Op;HaRo BBIIP;y 60JIbillOH CJIom­

BOCTII onpep;eJIeHHH I'paHIII~ saCBeTKII nOBepXHOCTH 06pasIl,a rrplI MaJIbIX yI'JIax 

nap;eHHH (~8f) C yqeTOM paCXO,I\IIMOCTII na/J.aIOIIJ;eI'O nY'IRa aTH aKcrreplIMeH­

TbI Tpe6YIOT Tm;aTeJIbHolI npOBepRII, a TaKme BbIHBJIeHlIH pOJIH MOHOKpHCTaJI­

mi"lIHOcTU 06pasI~a Ha aHOMaJIlIU Hi yrJIOBOM pacnpege.rreHlIJ:I. 

BbffiOAbI 

PaccMoTpeHHbIe B HaCTOHm;eM 06sope pa60TbI CBlIp;eTeJIbCTBYIOT 0 illHPO­

HHX B03MOJImOCTHX MeTop;a nBO B lICCJIep;OBaHHHX Ra'IeCTBa, aJIeRTpOHHOH 

<cTpyRTypbI II nJIOTHOCTH, XIIMnqeCROI'O cocraBa, RpHCTaJIJIJIlleCKOH 11 MaI'H11T­
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flOH CTpyKTypbI, FIX OC06eHIIOC.'reii II HapYllieHIIH B6JUISH nOBepXHOCTH,. <paso­
BbIX nepeXOAOB B nOBepXHOCTHOM MOHOCJIOe H T. A. 

PasHoo6paslIe lI1eTOAlIK HccJIeAOBaHl:Ul rroBepxHocTH HCrrOJIbsyeT oco6eH­
IlOCTlI BsaMoAeHCTBFIJI peHTreHoBcKoro FIJIlI Mecc6aY3poBcKoro FISJIy'1eHllH c­
KpHCTaJIJIaMH H 6asRpyeTCJI Ha npeAeJIbHO MaJIOH rJIy61IHe npoHlIKHoBeHFIR 
I13JIy"lIeHHJI B o6paseII B yCJIOBFIJIX lIBO. lIo cpaBHeHlIIO C BTOPlI'1HO-::lMliCClIOH­
HbIMII MeToAaMlI lfJIH ,n;lI<ppaKIIlleH MeAJIeHHbIX ::lJIeKTpOHoB, HMeIOIIIHx cpaB­
HHMbIe rJIy61IHbI Bsa:HMoAeHCTBHJI, HH<popMaIIlIJI, nOJIy'1aeMaJI B ::lKCnepFIiVIeHTaX 
C peHTreHoBcKHM HSJIy'1eHlIeM, cYIIIecTBeHHo rrpOIIIe uHTepnpeTlIpyeTCJI. TaK, 
HarrplIMep, yme Ka'1eCTBeHHbIH BHA AH<ppaI{IIlIOHHOro cneKTpa, nOJIy'IeHHOrO B­
CKOJIbSJIIIIen reoMeTpHlI, xapaKTepllsyeT HSMeHeHHe KpliCTaJIJIH'1eCKOH CTpyK­
TypbI lIJIH napaMeTpoB pellieTKII B rrpHnoBepxHocTHOH 06JIaCTH [77], 1I Aame­
D IIHTerpaJIbHOM pemHMe C'beMKlI, He Tpe6YIOIIIeM CJIOmHOn anrrapaTypbI, 
MomeT 6bITb nOJIy'1eHa peaJIbHaJI CTpyKTypHaJI HH<popMaIJ,lIJI [81]. MHorFI~ 
::lKCrrepHMeHTaJIbHble pellieHFIJI, onHCaHHbIe B o6sope, HaHAeHbI COBcellI HeAaBHO' 
II Tpe6YIOT gaJIbHeMlliero paSBHTHJI. HeKoTopble ::lKCrrepHMeHTbI JIBJIJIIOTCH 
nOHCKOBbIMH, OHn CTaBJIT BanmbIe DonpOCbI, KacaIOIIIHeCJI oco6eHHOCTeM BsaH-­
!lWAeMCTBlIJI HSJIYl{eHHJI co cpeAOM B' YCJIOBlIJIX lIBO [116]. 

CYIIIecTBYIOIIIlIe p;oCTH/J:{eHFIH MeTOAa CBHAeTeJIbCTBYIOT 0 Heo6xoAHMOCTli 
ero BHeApeHHJI B lliHpOKyIO npaKTl!my HCCJIe,n;oBaHliM no <pHsHKe nOBepXHOCTlI .. 

ABTOPbI BbIpamaIOT rrpHSHaT8JIbHOCTb P. M. HMaMoBy sa cOAencTBHe AaH-' 
HOM pa60Te, A. M. A<paHaCbeBY sa IIeHHbI8 saMe'laHHJI, a TaIOKe B. M. GH­
HancKoMy, JI. r. EJII1.CeeHKO, ID. B. lIOHOMapeBY II 8. X. MyxaMeAmaHoBy sa 

o6cymAeHHe pJIAa BorrpOCOB. 
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SURFACE STUDIES USING THE METHOD OF X-RAY SPECULAR 
REFLECTION 

. Andreeva M.A., Borisova S. F., Stepanov S.A. 

This review considers the results of the application of the specular reflection (SR)" 
method to study surfaces. Precise determination of the thin-film thickness from 100 to· 
2000 A within an 0,5 % accuracy and extraction of electron density profile near the sur­
face within 0,3% are available. Multilayer surface structures can be «solved». The mea­
surements of extended absorption fine structure of SR coefficient near the absorption 
edge give detailed information on atomic coordination in thin surface layers. The crys­
talline structure of atomic monolayers is effectively studied with diffraction under SR 
conditions. The experiments on secondary processes at SR are considered. Predicted are 
the perspectives of the Mossbauer surface reflections for the determination of the mag­
netic surface structure. The problems are discussed related with the studies of SR an­
gular distribution. 
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