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OBW,ASI XAPAKTEPI1CTI1KA PABOTbI 

AKTYaJihllOCTh Tel\lbl 

I3 .n,amIO:ii pa60TC T€0p€Tll'!€CKll llCC.,1C.z:IYIOTCll 0Tpa)KC!IllC, rrporrycKaHll€ II pacrrp0CTpa11e

m1e ne:iiTp0H0B B CJI0IICTbIX cpc.n,ax. chi! B0ilp0Cbl 0TII0CllTCll K 11e:iiTpOmIO:ii 0IITIIK€ ll CBll3aHbl 

C 3a.n,a'Jal\rn, pernaeMb!Mll B 11ei!Tp0IIHO:ii peq>J1€KTOM€Tpm1, ,ll;llq>paKTOMeTpllll ll yrrpyroM pac

C€lllll!H B 11ey11opll.n,oqc1111b1x cpe.n,ax. 

He:iiTpo1111all peq>JI€KTOM€Tpllll II .n,uq>paKTOMeTplrn llBJlllIOTCll o6ru;crrpll3HaHIIb!Mll cpe.n,

CTBaMll l!CCJIC,JJ,0Bamrn MarH!ITH0:ii ll IICMar1111TH0ll CTPYKTYPbl Beru;ecTBa ll 11p11roT0BJ1€Hllll rro

Jillpll30BallllblX II IICII0Jillpll30BaIIIIbIX UC:iiTpO!IllblX rryqK0B. IT0•1TII Ha BCCX H€:iiTp0HIIbIX IIC

ToqnnKax IIM€IOTCll 3KCIT€pI1M€HTaJibHbl€ ycTaH0BKII C 11eiiTpOIIHblMll peq>JICKTOMCTpaMll II .n,11-

q>paKTOM€TpaM11. IToTOMY Teopen1qecKoe perne1me rrpo6JieM, llCCJIC,L\y€MblX Ha 3TIIX ycTaH0B

Kax, llBJlll€TCll aKTYaJibllblM. 

J3 peq>J1€KTOMCTpI1qeCKIIX 3KCI1€pI1MCIITax ll3M€pllIOTCll K03q>q>lll\ll€11Tbl 0Tpa)K€Hllll B 3a

BllCI!M0CTII OT yrJia rra.n,ennll ll ,ll,Jll!Jlbl B0JIIIbl rra.n,aroru;11x HeiiTpOH0B. Jfa Kpl!Bb!X 0Tpa)KeHllll 

Il3BJICKaCTCll pac11pe.n,eJICJil1€ neru;eCTBa II Mar1111TH0ro II0J!ll nmy6b OT rpaIIlll\bl pa3,ll;C,1a 0Tpa

)KaIOru;eii cpe,JJ,bl. BoJibIIIeii qacThIO 3T0 ,JJ,CJiaeTCll C II0M0III;hIO 'IIIC,1Cllllh!X MeT0,,J;0B, IT0CK0JlhKY 

II0CJie MH0I'0Jl€TII11X IICCJl€,ll;0Ballllll Ka3aJI0Ch, '!TO a11ao111TH'l€CK!IC l\leT0,lJ;hl Y)KC llC'1€pllaJIII ce-

6ll. l1x rrpHM€IIIIM0CTb orpaHH'IIIBaJiaCh rrp0CTC:iiIIIllMII pacrrpe.n,eJielIIlllMll Tlllla TCX, K0T0phle 

0ill!ChIBaI0TCll rrpllM0yr0JihllhIMII II0TCII1\llaJiaM11, llJIII Tex, ,ll;Jlll K0T0pbIX cnpaBe,D,JIIIBa TC0p1151 

B03MYI1\€1Illll. 

qi!CJICIIIII,Ie M€T0,ll;hl CTaJIII ,lJ;0MIIIIllPYI0il\llM cpc.n,CTB0M anaJIII3a 3KCrrepIIMCIITaJihllh!X .n,aH

IlbIX. O1m 0Ka3aJIJICh 0'ICIII, y.n,o6m,IM!I C T0'IK!I 3pemrn anropIITM0B C0CTaB,1€Illlll rrporpaMM 

oco6c11110 II0CJIC 0TKpb!Tllll B 1954 r. ll35111\II0ro MaTpIPIII0ro MeTo.n,a ITapp3 [53]. O.n,HaKO aHa

JlllTH'l€CKII€ MeT0,lJ;bl ncer.n,a 0CTaBaJil!Cb )K€J1aTCJII,1IhI, H6o Ollll C0BM€CTII0 C 'lllCJl€1IllhlMII .n,aroT 

6oJICC rJiy6oKOC II0Hl!MaJIIIC q>113Il'ICCK!IX HP01\€CC0B. 

l1MCIIHO anaJIIITll'IeCKil:ii M€T0,JJ,, Ila3BaIIIIblll 3,ll;CCI, M€T0,ll;0M paCCJI0€Hllll, JI npe.n,cTaBJI€11 B 

.n,aHIIOH pa6oTe. On H03B0JIIIJI B K0MITaKTII0M Bll,ll;€ rrpe.n,cTaBHTb 0Tpa)KeJme OT Ilp0!13B0Jlb!lhlX 

rrepH0,ll;ll'leCK!IX CIICT€M, B rrp11M€H€llllll K Mar11HTHhIM CllCTCMaM rrpe.n,cKa3aTh pacru;enJICilll€ 

neiiTp0HHOro IIY'IKa npII 0Tpa)K€HIIII OT MarH!ITIIbIX 3epKaJI, paCC'lllTaTh ll o6bllCII!ITh pe30-

HaIICH0C 0Tpa)K€Illl€ C rrcpeB0pOTOM Cill!Ua OT reJillKOll,JJ,aJihllhlX Cl!CTCM, IT0JIIIOCThIO pa3o6paTb

Cll C 3a.n,a•1c:ii O pe3011aHCH0M rrepenopoTe crrmia B pa.n,no•IaCTOTHbIX IIOJlllX II Cq>OpMyJinpoBaTh 

rrpIIIIl\Illlbl ,ll,JlllHHOBOJIIIOBO:ii uefiTpOHHO:ii roJiorpaq>ml 6e3 orropHbIX IIY'IKOB. 

MeTO,JJ, pacCJioemrn, pa3pa6oTaHHhI:ii ,ll;Jl51 0,ll;H0M€pllb!X CIICTeM, o6o6ru;aeTCll Ha TpexMepnhle 

nepl!0,JJ,ll'l€CKll€ cpe.n,bl. C ero ITOM0il\blO y.n,aeTC51 ITO II0B0MY B3rJIHHYTb na IIP0l\eCCbl .n,1111aMil

'l€CKOll .n,11q>paK1(llll 11ei1TpOIIOB B Il,ll;eaJibllblX KpllCTaJIJiax, pa3BllTh aJir0pllTMhl ,JJ,JI51 pacqeTa 

,ll;I1q>paK1(IIOil!lblX Ill!K0B CKOJlb yro.n,110 CJI0)KH0:ii peIIICTKll, ne np116era51 K Teoprrn B03Myru;e

llllll, II rrpe.n,cKa3aTh 110Bhl€ 3q>q>eKThI, K0TOpble MO)KH0 na6mo.n,aTh 3KCrrepttMCHTaJihllO. Bee 

3TO qpe3BhI'laiiH0 Ba)KII0 KaK ,JJ,JI51 rrpnK,"Ja,D,H0:ii KPIICTaJIJIOrpaq>1111, TaK ll ,D,JI51 q>yn.n,aMCHTaJib

llblX llCCJl€,ll,0BaHH:ii. 

Pa3Bl!Tblll 3,ll;€Ch MeT0,ll; rrp11MeHIIM He T0JlbK0 K B0JIIIOBblM, 110 II K KOprryCKYJIHpllblM rrp01(€C

caM, 0 'ICM CBll,JJ,eTeJihCTBY€T rrpoBe.n,emIOe B .n,aHJIOll pa6oTe IICCJ1e.n,0Bai111e aJib6e.n,o H€llTp0H0B 

OT M€JIK0.n,11crrepCIIbIX cpe.n,. On He T0JlbK0 rrpl!M€1IllM, 110 eru;e II o6Jia.n,aeT rrpeIIMYil\CCTB0M ITO 

cpaBH€1111IO C y)Ke ll3B€CTHhlM ,JJ,llq>q>y3HOH1Ib!M 110,ll;X0,JJ,0M ll II0T0MY llMeeT Ba)KH0e 3Ha•ienne 

,ll,Jlll npoeKTllpoBaIIl!ll peaKT0p0B II pa.n,I1a1(l!0l!Hh!X 6110J1ornqecKI1X 3all\IIT. 
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IJ;em, pa6oThl 

E,1:1111Ib!M MCT0,i:I0M 0IIl!CaTb B0JJH0BLIC II Kopnyci,ym,pHb!C npon;eCChl ynpyroro D3allM0,1:leii
CTDIHI neiiTp0Ha co CJIOIICTb!Mll K0il,i:1€IICl!p0BaHHLIMII cpe,1:1aM11 C TeM, qTo6w II0JJyq11Th 6oJJee 
acnoe II0Hl!Manne 3TIIX npon;eccoB, Bhl51DIITL !IX CD513b C pe3yJJhTaTaMII 3KCIIepnMeHT0D, II npC,i:1-
CKa3aTh H0Bbie 5IDJJe1111a, ,i:I0CTYIIHbie 3KCIIepnMeHTaJJbII0MY IICCJJe,1:1onam110. 

Hay'IHaH HOBU3Ha 

Hall,1:1eH HOBb!Il ana.,111T11qecK11ii MeT0,i:I ,i:IJJ51 pacqeTa B3allM0,1:leiiCTBll51 nellTp0II0B C Mar1111T
Hhll\UI II JICl\farHIITl!bIMII CJJ0IICThIMII cpc,1:1aM11, C TpexMepHblMII nep110,i:lll'l€CKl!Mll II neynopa,1:10-

qeHHhIMII CTPYKTypaMH. 

IlpaKTU'leCKaH n;eHHOCTh 

I10JJyqe11Hbie pC3YJJbTaTbl ,1:1aIOT II0Bh!Il cnoco6 pacqcTa neiiTpOHHhlX cynep3CpKaJJ, qTQ II03-
B0JJ5ICT K0HTp0JJllp0BaTh II TCM caMh!M C0Bep!IleHCTB0BaTh TCXII0JJ0rllI0 naIIh!JJCllll51 TOHKIIX 
nJJeH0K. O6napy)KeHHOC 5IBJJe1111c pacin;enJJCII1151 HellTp0HJI0ro nyqKa Ha II0BepxnoCTII MarmlT
HhlX 3CpKaJJ M0)KeT 6b!Th IICII0J!h30Bano ,i:IJl51 i1CCJJe,1:1ona1rna MarHCTll3Ma. HOBh!C pC3YJJbTaTLI, 
II0JJyqcnnLie ,i:IJJ51 aJJ1,6e,1:10 nellTp0H0D, II0Jl€3Hhl ,i:IJl51 pcaKT0p0CTp0CIJll51. 

Ha 3arn;nTy BhIIIOCHTCH CJie,rzyrorn;ue nyHKThl 

1. Pacipa60TKa aHaJJIITl!qecKoro MeTo,1:1a ,i:IJJ51 pacqcra 0Tpa)KCJlll51 H€IlTp0II0D OT nep110,1:111qe-

CKIIX 3CpKaJJ. 

2. Pa3pa6oTKa anrop11TMa ,1:1JJa pameTa cyncp3epKaJJ. 

3. Pa:ipa60TKa TC0p1151 KaHaJJl!p0Bailll51 nciiTp0H0D D pe3oHa!IC!lbIX CJJ05IX. 

4. I31,mnJJCllllC pacn~CIIJ!Clllm neiiTpOIIIlh!X nyqK0B np11 KorepeHT!I0M 0Tpa)KeHIIII OT ManmT

JIJ,JX 3CPKaJJ. 

5. AnaJJl!TllqCCKOe pe!Ilem1e 3a,1:1aq11 06 0Tpa)KeHHII neiiTp0H0B OT 3CpKaJJ C reJJIIKOll,i:laJJbHOii 

HaManmqeIIH0CThiO. 

6. AnaJJHTll'IeCKOe pe!IlCllll51 3a,1:1a•111 0 D3al!M0,1:leiicTBll51 neiiTp0H0B C pa,1:111oqaCTOTilhlMII IIO

JJ5IMII D CIIIIII-Q)JJIIIIIIepc. 

7. Pa3pa6oTKa Te0pllll ,i:IJIIIIIIIODOJIHOB0ii nellTpOHH0il roJJorpa<j)1111 6€3 onopnoro nyqKa. 

8. O6o6in;eirne MeTo,1:1a paccJJoen11a ,i:IJJ51 0IIl!Camm ,i:ll!HaM11qecK0il ,i:lllqJpaKH;IIII Hel!TpOHOB B 

11,1:1eaJJbllhlX KpHCTaJJJJax. 

9. PacqeT 3qJqJeKTa ,i:lllqJpaKII;IIII nellTp0H0D np11 0,1:IH0BpCMeHH0M BhlIIOJJIIeHIIII YCJJOBllll 

Bp3rra II Jiay3. 

10. O606in;e1111e MCT0,i:la paccJJoe1111H ,U,.,1H pacqeTa pacceaHll51 nellTpOHOD B 11eynopa,1:1oqen11hIX 
cpe,1:1ax. Pe!Ilen11e 3a,1:1aqI1 MR aJJb6e,1:1Horo 0Tpa)KeH11a OT pacceI111aIOin;llx II norJJoin;amin;11x 

cpe,1:1. 
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Anpo6an;nH pa6oTLI 

Pa3JJl!q111,1c C0CTaBnhle qaCTll ,1:111ccepTaII;l!OHH0ii pa60Tbl ,i:I0K,1a,1:lb!BaJJIICh Ha !IlK0JJax ITI1-
5IcD II0 Q)ll3l!KC K0H,1:leHCllp0DaHHhlX cpe,1:1 (C-KT I1eTep6ypr 1979, 2002 rr. COOTBCTCTBeHHo), 
2-nd conference on analogy in optics and microelectronics (Eindhoven, Netherlands 27.04-
05.05 1991 [8]), ECM-14 European Crystallography Meeting (Entshede, Netherlands, 1-8.08 
1992), Conference on Frontier in Fundamental Physics (Olympia, Greece, 26.09-01.10 1993), 
pa6o•rnx coaein;airnax no QJll3HKe YXH (C-KT I1eTep6ypr 1999, 2001 rr. cooTBCTCTBemw), 7-
ii !IlK0JJe 110 HeiiTpOIIH0ii Q)ll311Ke (.Ily6na 1995 r.), 3l!MIIIIX !IlK0JJax ITI15I cJ) 110 Q)ll311Ke a,1:1pa 
ll 3JJCMeHTapllblX 'IaCTllII; (C-KT I1CTep6ypr 2000, 2002 COOTBCTCTBe1rno), 32-ii !IlK0JJe 11T9cD 
(MoCKDa 2004 r.), ceMl!Hape, II0CD51In;eHH0M 80 JJeTHeMy m611JJeIO M.I1.I10,1:1ropen;KOro (.II,y6-
11a, 2000 r.), Me)K,i:IJHap0,i:IHhIX ceMl!Hapax II0 B3al!M0,1:lei1CTBIIIO Heil.Tp0H0B C H,i:lpaMll (.II,y6-
11a 1999, 2001, 2004, 2006 rr. coOTBeTCTBenno), international conference TFDOM: "Thin 
film deposition of oxide multilayers. Industrial scale applications"(Vilnius, Lithuania 28-29 
September 2000), international conference SPIE-2000 (San Diego California, USA, July 30 
- August 4, 2000), Workshop on Neutron Holography (KFKI, Budapesht, Hungary, 10-12 
November 2005), international conference "Present Status and Future of Very Cold Neutron 
Applications" (Paul Scherrer Institute (PSI), Switzerland 13-14 February 2006), a TaK)Ke Ha 
Mnornx ,1:1pymx KOH<j)epeHn;llax n ceMI111apax 3a py6e)KOM: CllIA {1993, 1999, 2000, 2002, 2005), 
KaHa,1:1a (2005), cI>paHH;ll51 {1998, 2002, 2004), 11TaJJll51 (1992, 1993), repMaHll51 (1998, 2001, 2003, 
2004), ll A11cTplla {1998, 2004) CM.: http://nfdfn.jinr.ru/~ignatovi/travcls.html. 

Ily6JIHKaD;HII 

Co,1:1ep)Ka1me ,i:ll!CCepTaH;llll ll3JJ0)KeH0 B KII11rax [1, 2] II CTaThHX [3--10]. B 60JJb!IlllHCTBe 
rry6JJllKan;llii DKJ!a,1:1 aBT0pa onpe,1:1eJJRIOJn;llii. 

CTpyKTypa )J;nccepTan;nu 

Jl:llccepTan;m, C0CT0IIT ll3 Bne,1:1eHl151 ll 4-x rJJaB. 13 nepnoll rJJane paccMaTpllBaeTca rrpe,i:IJ!ara
eMwii aBT0p0M MeT0,i:I pacCJJ0eHl!51 B 0IITl!Ke ll ero np11MeHen11e. Bo BTOp0ii - paccMaTpFmaeTC51 
0TpaMeHlle HeiiTp0Ha OT MarHllT!lhlX 3epKaJJ. B TpeThell - ll3JJaraeTca H0Dhlii II0,i:IX0,i:I K ,i:lllHa
Ml!qecKoii Te0pllll ,i:lllqJpaKH;llll B ll,1:lea.,1b1Ib!X KpHCTaJJJJax, a B qeTBepT0ii l!JyqaeTCH pacceam1e 
B0JJH B CJJyqaiiHh!X cpe,1:1ax ll aJJL6e,1:10 Hel!Tp0H0B. Ka)K,1:laH rJJaBa 3aKaHql!BaeTCH nepeqllcJJe
HlleM Tex IIYHKT0B, B K0T0pb!X co,1:1ep)Kl!TCH H0Bll3Ha. 
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COJJ:EP)KAHI1E JJ:HCCEPTAU:1111 

rJiaBa 1. Pacce~HHe HeiiTpoHa B HeMarHHTHhIX CJIOHCThIX 

cpe,n;ax 

B 3T0Il rJJaBe npe,1:1cTaBJJen aHaJJIITllqeCKllii MCT0,i:I pacqeTa neMarnl!THh!X CJJ0llCTbIX cpe,1:1, 11a-
3BaHHh!Il 3,1:leCh MeT0,i:I0M pacCJJoemm. CyTh MeT0,1:la C0CT0llT B TOM, qT0 ,i:IJJH 01111camrn 0T
paMeHHH ll nponycKaHHH B CJJ0)KHOl! CHCTeMe, ee pacin;eIIJJHIOT Ha 0T,i:ICJlbHhle CJ!0ll, 0Tpa)Ke
Jille ll nponycKaHlle K0T0phlX ll3BeCTHbl B aHaJJl!TllqecK0M Bll,1:le, a aMJIJ!llTY,i:lhl 0Tpa)KeHl!H ll 
npo11ycKaHI1H BCeii CHCTeMbl 3aIIl!CbIBaIOT C II0M0III;b!O aMIIJJHTY,i:1 0T,i:ICJJhHbIX CJJ0eB C yqeT0M 
MH0I'0KpaTnoro nepeoTpaMeHHH Me)K,i:IY HllMll. 
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1.1 Pacce£HIIe Ha ~Byx 3epKa..rrax 

,Ll.JJH .n,eM0HCTpau;1111 MCT0,ZJ,a paCCMOTplIM .n,na 11p0II3JI0J!bllhIX II0JJYIIP03Paq11bIX 3epKaJJa 1 II 2, 

pa3HeceHHblX Ha paCCT0HIIIIC / (4]. Ka,K,ZJ,Oe 113 3epKaJJ.OIIIICb1BaCTca IICKOT0phIM IIOTeIID;llaJJ0M U; 

(i = 1, 2). PacceHHlle Ha Ka,K,ZJ,0M II0TCIID;llaJJe 110 0T)J,eJJbllOCTII xapaKTCpll3JCTOI aMIIJllITY,ZJ,aMII 

0Tpa,KeH!rn T; ll 11po11yCKaIIIIH t; (i = l, 2). Tpe6yCTca 11aiiT11 aMilJIIITJ,Zl,bl C0BMCCTII0I'O 0TPa

,KCIIIIH R 12 11 11po11ycKan11H T12 06011M11 3epKaJJaM11. 

MM 6y.n,eM pernaTh 3TY 3a.n,aqy CJie.n,yIOIIIHM o6pa30M. CJJena 11a 11epnoe 3CpKaJJ0 113,11,aCT 

HJJ0CKaH nomm exp(ikx). Ha nonepxHocr11 11epnoro 3epKaJJa OHa pan11a e.n,11H11n;e. O6ro11aq11M 

qepe3 X aMIIJIIITY,D,y B0J!Hhl, n3,11,aI0111eii na BT0poe 3CpKaJJ0, KaK II0Ka3aH0 Ha p11c. 1. ,Ll.JJH X 
M0,KH0 cocran11Th ypan11e1111e, X = exp(ikl)t1 + exp(ikl)ri exp(ikl)r2X, KOT0poe roHaqacr ca

MocorJiacona1111oe 011pe.n,enei111e X KaK cyMMhl noJJHhI, 11porne.n,rneii CKB03h nepnuii 110Te11u;11an 

)J,O BToporo, II B0J!Hhl, C03,ZJ,a1111oii caMHM X. BTopaH BOJJHa C aMIIJJIITJ,ZJ,0ii X 0Tpa,KaCTca OT 

BT0poro 3CpKaJJa, )J,0X0)J,IIT ,ZJ,0.IICpBoro, 0Tpa,KaCTCH OT nero II B03Bpmu;aCTCH KO BT0p0My. CyM

Ma aMIIJJHTY,Zl,·,ZJ,Byx noJJII panna X 110 011pe.n,ene1111IO. 

R12 eiklR2X 

1 - /\v; . -:;: + R eikl R X 
~-1-. l • 2 

0 

R2X -X6:'\. _·. T12 - V2 ~ 

·s x. 

Pnc. 1: ,Ll.Ba II0JJYIIP03paq11wx 3CpKaJJa rrpc.n,cranJICIIbl )J,BJMH · 0)J,II0MCpHb!MII TI0TeHD;llaJJaMII, 

pa3,ZJ,eJJeHHbIMII rrp0MC)!{JTK0M )J,Jlllllbl l 

Perue11ne ypan11c1111H pamm 

X = t 1 cxp(ikl) 
1 - r 1 r 2 cxp(2ikl) 

(1) 

AMIIJIIITJ)J,bl 0Tpa,KeHIIH 11 11po11yCKaIIIIH nccii CIICTCM0ii JJCrK0 Bb!pa,KaIOTCH •1epe3 X: 

. 2 exp(2ikl)r2 t2 exp(ikl)t1 
R12 = r 1 + t 1 exp( ikl)r2X = r1 + t 11 (

2 
.kl), T,2 = t2X = 

1 
(

2 
.kl)• 

-r1r2exp i -r1r2exp i 
(2) 

C6JIH3HM 3epKaJia, T.e. rroJI0,KIIM l = 0. Tor.n,a ypan11cmrn (2) rrp11B0,ZJ,HTCH K B11.n,y 

t2t1 
R12 = r1 + t1r2X, T,2 = t2X = ---. (3) 

1 -- T1T2 

Mw C)J,eJJaJJII rrpocTeiirn11ii mar, 110 on 1103B0JIIIJI o6Impy,KIITb, 'IT0 JJI06oii II0TeHD;llaJJ MQ)K-

110 MbJCJJeHH0 pa3,ZJ,CJll!Tb B JJI060M MCCTC na )J,llC 'laCTII II Bb!pa311Th aMIIJJIITJ,Zl,hl 0Tpa,KCHIIH 

II 11ponycKamrn BCeM IIOTCIID;llaJJ0M qcpC.'1 aMIIJIJITJ,Zl,hl, BblqHCJieHHhIC )J,JIH era 'IaCTeii. IlpaB.n,a, 

BbIIIIe Mb] M0Jl'laJJIIB0 rrpC,ZJ,II0JiaraJJII 3epKaJJa ( JI C00TllCTCTllCJIH0 IIX IlOTCIID;llaJJbl) CIIMMCTp11q

HblMJI. B 06111eM ,Ke CJiyqae JI caM IlOTelID;JlaJJ, II era •iaCTII M0ryT 6h1Tb IICCIIMMCTpll'IllhlMII, 

KaK Il0Ka3aH0 Ha p11c. 2, HO 0606111e1111e - TPJlllJlaJJl,110. 

1.2 CBOHCTBa aMIIJIIITY~ OTpruKeHII£ II rrporrycKaHII£ 0,ZVIOMepHhIMII 

IIOTeHn;IIa..rraMII 

1.2.1 HecJIMMeTpH'IHLie IlOTe~IIaJILI 

qT06hI YBll)J,eTb 0TJ111q11e aMIIJIIITY,ZJ, OTpa,KeHIIH II nporrycKaJIIIH HeCIIMMCTpJ1q11oro IIOTCHD;l!aJJa 

OT aMIIJIIITY,ZJ, CIIMMeTP1Iq11oro, )J,0CTaToq110 paccMOTpCTb CaMhlii rrpocrott IlOTCIID;llaJJ, C0CT0H-

4 

-~ 
X 

P11c. 2: JlI06oii II0Te11u;11an M0,KeT 6b!Tb Pa3,ZJ,CJJeH 11a ,ZJ,Be rrp0113D0JibHblC qacn1. AMilJIIITY,ZJ,bi 

0Tpa,KeHl!H II nporrycKaHIIH nceM II0TCIID;llaJJ0M Bblpa,KaIOTCH qepe3 C00TBCTCTBJIOIIIIIC aMIIJIII

TY,ZJ,bl era •mcTeii. 

11111ii 113 .n,nyx CIIMMCTp11qnhIX qacreii. 

(J)opMJJibl (3) II0Ka3hIBaIOT, qTQ T12 = T21, a 3Haq11T, II B006111e t = t )J,JIH mo6oro 

II0Tenu;11ana. qTO ,Ke KacaeTCH 0Tpa,KeJIIIH, TO aMIIJIIITY,ZJ,bl ':p- II "'f' MoryT Pa3JJHqaThCH TOJ!bKO 

<pa30BbIM MHQ,KIITeJICM, T.e. 'r = exp(ix)r', r.n,e x- Be111ecrneHH0C 'll!CJI0. 3aMCTIIM, 0,ZJ,HaK0, 

qTQ 3T0 C00TH0lliCHl!e cnpaBe)J,JIIIB0 TOJ!bKO np11 0TCJTCTBIIII II0Tepb B n0Te11u;11anax, T. e. K0r.n,a 

II0TeHD;llaJJbl u Be111eCTBeI1Hbl. ECJIII MHIIMaH 'laCTb IIOTeHll;llaJJa 0TJJllqna OT HJJJH, TO 0TJil!q11a 

OT HJJIH II MIIl!MaH 'faCTb <pa3bl. Ilp11 3T0M CTaH0BHTCH 0TJil!qllb!MII .n,pyr OT .n,pyra a6COJIIOTHbie 

311aqe1111H aMIIJJIITY,ZJ, 0Tpa)!{CHIIH CJiena II c11paBa. Ko3<p<pl!D;lleI!Tbl ,KC 11po11ycKan11H 0CTaIOTCH 

0)J,IIHaK0Bb!MII II np11 HaJJII'IIIII II0TCpb. 

1.3 CooTnornenIIe Me:>K~ cproaMII r II t 

I3 CJJyqae .n,eiiCTBIITeJJbllblX CIIMMCTp1!q111,1x II0TCHD;llaJJ0B <pa3bl aMHJIIITY,ZJ, 0Tpa,KellllH II rrpo-

11ycKa1111H pa3JJllqaIOTCH na ±n /2. '.:ho M0,KIIQ )J,0Ka3aTb IICX0)J,H 113 YHIITapH0CTII II C no

M0lllblO MhICJJCHHoro IIHTepqiepe11u;110HHOro 3Kc11ep11Me11Ta. ECJI11 3a11ncaTb r = lrl exp(ixr) 

II t = !ti exp(iXt) TO 2Xr - 2Xt = ±n, II Xr = Xt ± 7r /2. 8TO C00TH0IDCHl!e )J,JIH <pa3 Jier

K0 0606111aeTCH na CJiyqafi HCCIIMMCTp11qHoro rrOTeHD;llaJJa. ECJJII 11pe.n,cTaD1ITb r' II 'r KaK 

"'f' = lr'I exp(ix'r) II ':p- = l'rl exp(ixrl, TO II0Jiyq11M ½cx'r + Xr) = Xt ± i· 
1.4 IIepIIO~II"lJeCKIIe CIICTeMhl 

MeTO)J, pac111e11JieHIIH 11a1160Jiee 3<p<peKTIIBeH rrpllMCHl!TeJJbH0 K 11ep110.n,11qeCKIIM CIICTeMaM. 

MO)KHO 11pe.n,cTaB1ITb cc6e 11epllO)J,ll'IeCKllii II0TeHD;llaJJ C N np01!3B0JlbHblMII 11ep110.n,aM11 11 110-

CTaBIITb 3a.n,aqy 11aiiTII era aMIIJIIITY,ZJ,bi 0Tpa,KeHIIH RN II 11po11ycKa1111H TN. OKa3b1BaeTCH, 

3TY 33,11,aqy 11po111e Bcero pernllTb, eCJIII CHaqana paCCM0TpeTb IIOJJy6ecKOHeqHblii II0TeHD;llaJJ 

c N --t oo II HaiiTII )J,JIH 11ero aMrrJI11Ty.n,y 0Tpa,KCHIIH R00 • 

PaccMOTpl!M IIOJJy6ecKOHe•rn1,1ii 11epno.n,nqecKnii II0TeHD;llaJJ, II0K3.3aHHblll Ha pnc. 3 (5-8, 42]. 
3.n,ech CTpeJJKaMH CJieBa 11306pa,KCllbl rra.n,aI0111aH II 0Tpa,KeHIIaH D0J!Hbl, 11pnqeM aMIIJIHTy.n,a 

OTpa,KCHHH o6o3Haqe11a qepe3 R, 11 nomm, 11a.n,aI0111aH Ha BTopott rrep110.n,, 06ro11aqeHHa X. Ila 

aHaJJ0rHll C (3) MQ)!{HQ cpa3y 11an11caTb CllCTCMY ypaBIIeHllll )J,JIH X II R: 

X = t + T RX, R = T + tRX, (4) 

r.n,e T ll t - aMIIJJllTJ,ZJ,bI 0Tpa,KeHl!H ll 11po11ycKaIIIIH o.n,110ro OT)J,eJJbllO B3HT0ro 11epno.n,a (,Zl,JIH 

IIp0CTOTbl cqnTaeM era CllMMeTpnqIIbJM) 11 yqTeno, 'IT0 IlOJJy6ecKOHeqHblll Il0TeHD;llaJJ He MCHH

CTOI Ilpll y.n,anemrn 113 Hero 0)J,H0ro rrep110.n,a. IloJiyq11JJaCb IIp0CTaH ll CIIMMeTpllqHaH CIICTCMa 

ypaBHeHnii. BTopoe ypanHe1111e rrepexo.n,nT B rrepB0e 11p11 nepecTaHonKe r II t. 
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Rexp(-ikx) X ¢>(x) exp(iqx) 

exp(ikx) ~ 
r,t 

X 

Pttc. 3: IloJiy6ecKOHe•mrur 11epno,n;1P1CCKa.H CIICTeMa 

PernlIM 3TY CllCTCMy. ,LL,rn 3Toro Bhlpa.311M X 113 ncpBoro ypam,emrn 11 110,n;cram1M Il0 BTO

poe. B pe3yJihTaTe II0JIY'IllM KBa,n;paTH0e ypaB11e1111e, pe111cn11e KOToporo M0)KJI0 11pe,n;cram1Th 

B Bll,l\C (5-8) 

R=~✓~(=l=+=r~)2=-=t==2 _-_J~(l=-=r~)~2 =-=t2 
✓(1 + r)2 _ t2 + J(l _ r)2 _ t2 

(5) 

BcnOMHIIM, 'ITO B0mJOJJa51 cpynKU:1151 BIIYTPII nepll0,ll,lI'ICCK0ro IIOTCHIJ;llaJia (cM. pile. 3) npe,!.1,

craBJI51eTC51 B B11,ll,C 11p0113BC,ll,CHIIH HCplI0,l\lI'ICCK0.ii <pyHKIJ:HII ¢>(x) ua <pa.30BhJ.ii MII0)KIITCJ!h 

C BCKT0p0M B,1oxa q. Ilo3TOMY, CCJ!ll aMHJIIITY,ll,a B0J!Hhl, ua,n;amiu:e.ii na nepBhI.ii neplI0,l\, paBHa 

C,ll,lllllIIJ:C, TO y B0J!Hhl, na,n;amiu:c.ii Ha BT0po.ii nepll0,ll,, Olla 6y,n;CT paBHa exp(iqa), I',ll,C a -11ep110,n;. 

Mh1 060311a•rnm1 ce X. C,,c,n;onaTCJihHO, X = exp(iqa)! EcJitt y'Iecrh CIIMMCTpttIO ypaB11ettttiI, 

TO M0)KH0 cpa::iy II0JIY'IIITh 

. ✓(1 + t)2 - r 2 - ✓(1 - t) 2 - r 2 

X = e•qa = ~=~==--'-r========= 
J(l + t) 2 - r 2 + ✓(1 - t) 2 - r 2 

(6) 

Ec.,111110JIO)Kl!Th, r = lrl exp(i¢r), II Y'ICCTh, 'ITO t = ±iltl exp(i¢r), TO t2 -r2 = -exp(2i¢r)

CoOTBCTCTBCHHO (l±r)2-t2 = 1±2r+exp(2i¢r), a (l±t)2-r
2 = 1±2t-exp(2i¢r)- Ilo,ll,CTaIIOBKa 

B (5), (6) Hp11B0,ll,HT K 

Jcos¢>r + lrl - ✓cos¢r - lrl 
R - --=====~~====c 

- Jcos¢>r + lrl + ✓cos¢>r - lrl' 

iqa Jsin¢>r + ltl- ✓sin¢r - ltl 
e = =F--;c====--,=====· 

Jsin 'Pr + ltl + Jsin 'Pr - ltl 
(7) 

AMHJIIITy,ll,hl r II t 3aillIC51T OT 3neprirn, ll, corJiacno (7), HplI TCX ee 3Ha•1enll51X, K0r,ll,a 

cos
2 'Pr - lrl2 < 0, aMHJilITy,l\a R 11pe,n;cTaBJ151CT co6o.ii C,ll,HIIII'IH0e K0M11J1eKc11oe 'IlICJI0, T. e. 

IRI = 1. IT JJII 3TIIX 3Ha'IeHIIHX 311cprn11 11pottcxo,n;11T 110J1noe 0TpruKc1me OT 110Jiy6ecKone•moro 

l!OTCHIJ;llaJia; TaKoe II0JIIIOC OTpa)KCHIIC Ha.3hlBaCTC51 ,l\lI<ppaKu;ne.ii Bp3rra. 

BhlpruKCHIIH (7) y,n;o6Hhl B Tex CJIY'Ia.HX, Kor,n;a llplIX0,D;IITCH Bhl'IIICJIHTh aMHJIIITY,J,y OTpa)Ke

HIIH 11p116JI1I)Ke11no. B 3T0M CJiy'Iae ,l\OCTaTo•mo ltl 3a.MCHIITh ua ✓f=r12. Ilpn 3T0M aBT0Ma

TII'ICCKn Bhlll0JIII51JOTCH BCe 11co6xo,n;1IMhlC C0OTII0IIICHll51 MC)K,J,y T II t II ne B031IlIKaCT HIIKa.K0r0 

11apymemrn y1mTapnoCTH, KOT0poe CT0Jib xapaKTepuo ,l\JI51 TC0plrn B03MYIIJ:CHlI.ii. 

1.5 KoHeqHoe q11cJio rrep110,u.oa 

,LL,rn Hax0)K,!J;CIIIIH a.MIIJIIITy,l\ RN II TN OTpa)KCHII51 II 11po11ycKaIIIIH IIOTCIIIJ;IIaJiaMu C K0He'IHhlM 

'IIICJI0M rreplI0,l\0B N ,ll,0CTaT0'III0 Y,ICCTh, 'ITO IIOJiy6ecKOIIC'Illhl.H 11ep110,n;11'IeCKII.ii JJ0TCIIIJ;llaJI 

C 11ep1I0,!J;0M a 11ep1I0,l\lI'ICII TaK)KC II C rreplI0,l\0M Na. IlplI 3T0M BOJil!OB0.ii BCKT0p BJioxa ocra

CTC51 TCM )KC, HO <pa.30Bhl.H MJI0)KIITCJ!h XN = exp(iqNa). IlepeJJIIIIICM C00TII0IIICIIIIH (4) B B11,!J;C 

xN =TN+ RNRXN, R =RN+ TNRXN, (8) 

I',ll,C Mhl 3aMeHIIJIII aMIIJIIITy,l\hl ,l\JIH 0,l\H0ro rrepuo,n;a na a.MIIJIIITy,l\hl ,l\JI51 N nepl!0,!.1,0B. CttcreMa 

( 8) pa::ipeI11aCTC51 OTH0CIITCJ!h!I0 RN II TN, II B pe3yJihTaTe JJ0Jiy'IaCTC51 

l-R2 

TN= exp(iqNa\ R 2 ( 2 . N ). 
- exp zq a 

RN= R l - exp(2iqNa) 

1 - R2 exp(2iqN a)' 
(9) 
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9TII cj-,op,1y.1hJ IIMCIOT TY )KC CTPYKTYPY, 'ITO II a,m.111Ty,J,l,J 0Tpa)Kemrn II 11po11ycKamrn 11p51M0-

yrom,JII,IM 110Te11u:11a.noM. A~mJI11Ty,J,a R 3a11c1rncr a:.m;mTy,J,y r 0 = ( k - k') / ( k + k') 0Tpa)Ke

mrn OT IIOTCIIU:Ha.,1hl!Oll CTynenhKII, a 6JIOXOBCKOC Il0,llI0B0C •mc.10 3aMC!IHCT Il0,1110Il0C •rnc;io 

k' = ✓k2 - 1l IICiiTpo11a IlllYTPH II0Te11u;na.,1h1I0ro 6ap1,cpa Jll,IC0Thl 1l. 

Ec,111 ncp!I0,J, nec11~n!CTplPICII, TO Jl)')KH0 pa3,lH'IaTh 0Tpa)Kemrn c.1ena ll cnpana, K0T0phlC 

Ml,J 6y,ll,C1! C00TBCTCTilCl!IIO 060311a•IaTh CTpC.1Ka1m -->, <-- na,J, 6yKna~m. B ,l\llCCCpTau;1rn II0Ka-

31,maCTC51, '!TO 11cc11MMeTp1rn 11ep110,J,on 11ac.1eµ,yeTCB a1m;r11Ty,J,oti R: 

R = 'r R r , 
r' 

R=-R, 
r 

R = J(l + r)2 _ t2 _ J(l _ r)2 _ f2 

J(l + r) 2 - t2 + J(l - r) 2 - t2 ' 
(10) 

r,ll,C r - cnMMCTp1130Banna51 aMnJrnTy,J,a r = Jr7. A11a.,1onP1111,n1 06pa30,1 nccn,nrcTpll51 7 
n T' nacJJC,J,yCTC51 11 aMrrJI11Ty,l\aM11 R ti ll RN, 11pll 3Tmr 6.1oxoncKa51 3Kc11onc11Ta c,rn,rcTpwma. 

1.6 IlpttMepbl nepH0,lJ.HqecKHX TI0TemwaJI0B 

B Ka'ICCTBe 11pnMcpa paCCM0Tpen Ii0TCIIIJ;llaJI Kpo111111ra Ticmm u(.r) 
ncro IJ0JIY'ICIJhl BLipa)KCJHIH 

2p I;,, 5(.r - na) ,l\JI51 

✓k + ptg(ka/2) - ✓k - pctg(ka/2) 
R=-,=====~r====== 

✓k + ptg(ka/2) + Jk - pctg(ka/2)' 

eiqu. = Jp + kctg(ka/2) - ✓p- ktg(ka/2) 

Jp + kctg(ka/2) + ✓p- ktg(ka/2) 

(11) 
CoOTIIOIIICIJll51 (11) JICI'KO npoanaJill3Hp0BaTh II na.iiTII o6JiaCTII ll0JIII0ro 0Tpa)KCJIH51 11p11 

Ma.nux k 11 6p3rroncK11x kJJ = 1m/a. 

1. 7 Cynep3epKaJia 

Bp3rrOJJCKIIMII 0Tpa)KCIIIIHMII M0)KH0 B0CJI0J!h30BaThC51 ,[\JIH np0ll3B0,l\CTJla neiITpOllllhlX 3epKaJI 

C )KeJiaCMhlMII CB0!ICTBaMII [11, 12]. Ha11p11Mep, cy11ep3cpKa.,1 C 60,1ee BhlCOKOii KpHTll'ICCK0.ii 

3ueprne.ii IJC)KeJIII OJITH'ICCKIIH JI0TCIIIJ;lla.JI Uo. 01111 JI0JIY,IalOTC51 nyTeM 11a111,1J1el!HH 11a 110,D;JI0)K

KY CJI0eB C pa3Jlll'IIILIMII 0llTll'!CCKIIMII II0TCIIIJ;l!aJiaMII. 

O6hl'IIIO, IICl10Jlh3YJOTCH ,!.\Ila MaTcpna.na C pa3IlhIM 0llTll'ICCKHM ll0TCIIIJ;HaJI0M, 113 K0T0JJhIX 

C0CTallJI51CTC51 611CJIOH. Ha 110,D;JI0)KKY nanLIJl51CTC51 MII0ro TaKIIX 6nc,1oeB C pa3IILIMH T0JIIIJ;ll

uaMII aj. TOJIIIJ;lllla Ka)K,D;0ro CJIC,J,y!OIIJ;Cro CJI051 MCIJhlIIC rrpe,l\hl,ll,YIIJ;Cro, II 113MCHe1111e T0,11IJ;IIH 

JlhJ611paeTC51 Il C00TBCTCTBIIII C HeKIIM 3Mlll!pH'IeCKHM 3aK0II0M. 

B naCT0HIIJ;CC BJJCM51 cyrrcp3CpKa.na naX0,l\HT urnpo•iaiimce 11p11Me1re1111c B 3Kcnep!!MCIITC [43-

52). rJiamn,1.ii B011poc 3,D;eCh - 110 KaK0MY 3aK0IIY CJIC,,:\)'CT 113MeIIHTh T0JIIIJ;llllhl 6nCJIOCJl. O6hl'IIIO 

T0JIIIJ;ll!Ihl ll0C,lC,l\0BaTCJ!bllhlX 6nc.noen yMellhlllaJOTC51 110 3Ml!l!pH'!CCK0MY 3aK011y, YKa3aJJH0MY 

B [43). Ilpu 3T0M 113MCIICHlIC T0JIIIJ;HII M0)KeT 6LITh 0'ICHb Ma.JILIM - MCl!bllIC paCCT0HII1151 MC)K,J,y 

aT0MaMII, B pC3YJihTaTe 'Iero 11051BJI51JOTCH eCTCCTBellJihlC IIICp0X0BaT0CTII na rpa1111u:ax Pa3,D;eJia, 

'ITO YXY,!.1,IIIaeT 0Tpa)KaJOiu;11e CB0.iiCTBa 3epKa.,1. 

Ilpe,ll,CTaBJI51CTC51 6oJiee rrpaBHJ!bllhlM 11a111,IJ151Th 611CJIOII rrepll0,l\ll'ICCKIIMII u;enoqKaMn, a ,l\JIH 

MlllllIMll3au;nn K0JIH'IeCTBa 611CJIOeB 11p11 3a,ll,aHJihlX napaMeTpax 3CpKaJia 011TIIMll311p0BaTb IIlll

p1111y nepuo,n;a II K0Jlll'ICCTB0 llCJJII0,l\0B B Ka)K,D;0.ii u:eno•IKe. I1 pn ana.n11Tll'leCK0M MCT0,ll,C pac

'ICTa 3T0 ,l\0CT11raeTC51 cpaBHIITCJlhH0 rrp0CT0, 11 B ,l\HCCCpTau;nu 110Ka.3ano KaK. 

Ha p11c. 4 ,n;eM0HCTp11pyeTrn K03cpcp11u;11eHT 0Tpa)KeHIIH )];JIB 1139 611cJ1oen FeCo-TiZr (FeCo 

MarHIITl!0e BCIIJ:eCTB0, 1103T0MY OJITll'IeCKIIH ll0TCIIIJ;HaJI 3Toro neiu;ecTBa BhlC0K ,D;JI51 0,l\110.ii 113 

11pOCKIJ;IIH CJIIIJia. 9To Ba)KII0 ,l\JI51 npnr0T0BJICHll51 BhlC0K0 3<p<peKTIIBHhlX 110JI51pH3aTopon.), 

C0CT051IIJ:IIX 113 24 u;erro'IeK C 0JITHMa.JihlI0 Bh16paHHhlMII 'IIICJiaMII rrepl!0,!.1,0B [12]. Ilpn pac•ieTe 
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JRl
2 

1 ~==~=::::=:..-~___: ____ _ 
real potential 

0.5 24 chains, 113 9 bilayers 

2 thick layers on both sides 

00,~_5;----~~-----;1;----'.;----~:-------1--_ __!'l!"!L.~1!!.......J 
15 2.5 3.5 

~ 

P11c. 4: 3aoncnMOCTL OT k TeopeTn'lecK11 pacc•rnmmrnro K03cpqrnu:ncnTa 0Tpa)Ke1111H IRl 2 OT 24 
u:erro'ICK 1139 611cJJoeo FeCo-TiZr 6e3 y'leTa rrorJJom;emrn. 

1Ri2 
l ~~ 

'M' 
FeCoTiZr 

OS 
24 chains, 298 bilayers 

1 thick layer at the beginning 

0 ~---'----L-----'-----'--'---.L...---"'"'-" ..... --' 
O.S u 2.S 3.S 

Pnc. 5: 3anncnMOCTb OT k TeopeT1P1ecK11 pacc'lnTaimoro K03<pcpnu:neHTa OTpa)KeHHH IRl2 OT 24 
11e110•1eK 298 6ncJJocn FeCo-TiZr c y•rnTOM norJJom;emrn. 

Tpe6ooanocb, 'ITOfo,1 K03cpcp111111cuT OTpa)KCIIIIH IRl 2 OTJJll'laJJCH OT C,l.l,lllllll\bl He 6om,me 'l€M na 

1 %. C ,l.l,Byx cTopou 3Toli cncTeMbI 6ncJJoeo npe,l.l,TIOJJaraJJ11·cb ,l.l,Ba ~11p0Knx· 6apLcpa ( 11111pnnoli 

l = 10). MnnMoli 'laCTbJO rroTcnu:nanoo rrpcnc6peranocL. l\fh, BH,l.l,HM TIO'ITH ll,l.l,€aJJLI1oe noJJnoe 

OTpa)KCIIJie C rpaHl!'IHOli 311Cprneli B ;::o_ (3.5)2 
Bb!IIIC rpaH!l'IIIOli 311epr1111 FeCo. 11M€IOID;ll€CH na 

Kpl!BOli nc60JJbIIIJIC ,l.l,C<pCKTbl .1erKO 3aJJ€'IJIBaJOTCH naIIhlJJ€1IJl€M ,l.l,OIIOJIHJITCJJbllblX [_\€110'1€K. 

EcJJ11 y•1ecTL rrorJJomennc B c.noHx, TO KpnnaH. OTpa)KennH pnc. 4 yxy,l],rnaeTCH. 0TCJO,l.l,a 

c.HC,l.l,JCT, 'ITO Tpc6onanne 1 - IRl 2 < 1 % ny)KHO oc.1a6nTL. IJpn 3TOM KOJJJI'leCTno CJJOeB 3Ha

'IJITCJJhHO JM€IlhIIIaeTCH. 

Ha p11c. 5 IIOKa3ano, 'ITO KOJJH'IeCTBO C.H0€B ,l],JIH CHCT€11bl MO)KIIO JMCHhIIIllTh TIO'ITII B 4 proa 

C JIC3Ha'lllTCJ!bilblM yxy,l],III€1IJICM Kpl!BOll 0Tpa)K€1111H. 8 3TOM c.ny•iae IIIl!pOKllli OTpa)KaJOm;nli 

6apbep rrpC,l],TI0,1araJJCH TOJJbKO C O,l],IIOli CTOpOI!hl - Ha IIO,l],.10)KKC. 

1.8 KaHam1poBaH:ue 

PaccMaTp11naH rrepl!O,l],ll'ICCKIIC TIOTCil[_\llaJJbl, Mb! J)K€ y6e,l],HJJl!Cb n_ TIJJO,l],OTBOpHOCTJI aJJre6pa11-

'1€CKOro no,n,xo,n,a. PacCMOTpHM TCIICpb ,l.l,pyr11e Bll,l.l,bl IIOTCill\llaJJOB. 

ITycTh ~rnoroc.noliHaH cncTeMa nMeeT onTn'leCKnli rroTeH[_\HaJJ, n0Kroa1111L1li na p11c. 6. On 

OTBC'laCT ll306pa)K€11110ll na p11c. 7 BIIOJJHe peaJJbHOli CJICT€MC TIJJCIIOK, 1iaIIbJJJ€HllblX na 110,l.l,JIO)K

KY- '-IaCTb Cl!CT€Mbl 3aKpbITa Ka,l],MJl€BblM rrorJJOTIITCJl€M (Cd). MO)KIIO IIOCTaBHTb 3Kcm:pnM€HT, 

n KOTOpOM '!aCTh CIICTCMbl CJJeBa OT Cd o6JJy'laeTCH HCliTpO!lllhIM IIJ'IKOM. I1y'IOK npOXO,l],IIT 
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V(z) 
~11~12-

n 
U3 

U2 

P11c. 6: Pc30llallCilaH CIICTCMa ,L\JIH 113Y,ICIHIH Ka11a.,111pooamrn 

B pC30llaHCIIl,lll CJJOli 2 (Ti), pacrrpocTpanHCTCH TI 3TOM C.10C 110,Ll, Cd II TIJ,JXO,.J,l!T 11appKy C ,.:i,py

roli cTopoHLJ Cd-n0Kph1T11H. Hama 3a,n,a•rn -- onncaTb npoxo)K,.:i,cnnc ny•ma no,.:i, Cd II ou:cnnTh 

IIIITCIICJIIlIIOCTh TibIXO,[\Hll\Cro ny•1Ka [14]. 

n 

z 

Puc. 7: PcaJJhllaH KOIICTPYKl\llH, OTBC'!aJOID;aH llOTClll\l!a.ny pnc. G 

I3 l\IICCCpTa[_\JIII nali,l],Clla no.111onaH <pyIIKl\llH llllJTPI! KanaJJa, cc 3aTyxaunc B/_\OJJJ, Kana

JJa, cnH11, :iaTyxamrn c yTe•moli •1cpc1 UOKOTibJC CTCIIKII Kana1rn II pacnpC,l],P,JJC1111c ncliTponon, 

Bbll!IC,l],IIIJIX Ill Kana.,'Ja. 

1.9 Pac<JeT ,n;Jrn rroTemi;:uaJJOB o6rn;ero BH,n;a 

,.O:o CIIX nop, KOr/1,a pc•11, UIJ!a O KOIIKjlCTlll,JX rrpn~rnpax, Mb! IICITOJJI,30BaJJJI rrpOCThlC llj)H~IO

}TOJJI,111,IC 110Tc111111an1,1 11JJ11 110Tcn1111a;11,1 nma Kpo111111ra- ITcmrn. I3 pca.,11,11oil )1m11111 110ryT 

BCT!)C'IaTl,CH II OOJJCC CJIO)Klll,IC !IOTCIII\Ila.,11,1. I3 'IaCTIJOCTJI, rrp11 l!CCJJC,l],OBamm 3KCITCJll!~l('JI

TaJll,IJO 11:1Mcpc1111oil KjlHBOli OTpa)KCJIHH OT ~ICl(IIOil IIJJCHKII, nam,IJJCJIIIOJi 11a CTPKJJO [3], ITOKa-

1a1111oil 11a Jll!C. 8, TIJ,IHCIIHJJOCh, '!TO IljlHMOyrom,lll,1~111 IIOTCll[_\111l.,,aMn orrncan, cc IICB01~10)KJI{). 

Hcooxo;i:11~10 y•1ccT1, pa1MuT11c nccx rpam1t1, pall\C,,a. Ha p11c. 9 rrpcll,CTan.nc11 rrp1111cp 110Tc11-

11,11a;m, Ol!IIChlllaIOI[_\Cro llJICIIKJ Ila IIOll,,,O)KKC. fpallll[_\hl }' IIJJCIIKH pal~fl,ITl,I C OOCIIX CTOJlOII, 

11p11•1c11 IIIIIJllllla pa3MI,ITIIH pa111aH. Y,1,00110 llJlCl\CTaTIJJTI, pa1,t1,ITIIC IIOTCllll,llil.;J(nt 31rnpTa, 

llo 
II.= . ] + ('Xp(-:r:/a) 

,l.1,,151 KOTOporo cymccTB}'CT alla.JIIITll'ICCKOC pcmc1111c ypan11c111rn Illpc;1,1111rc•pa 1-111. TlOT('llll,111t:I 

lljlC,Ll,CTaBJJHCT coGoli CTJIICIIl,KY TIJ,ICOTl,I Ho C n,1amn,IM Kpac~, llllljllllll,I a. lfrooi,1 11aiiT1t OT

pa)KCJIIIC OT IIOTCIIJ\lla.Jla, IIOKa:immoro 11a JlllC. 9, cro pa:1611BaIOT 11a Tjlll 'HlCTII [3j. Cpc;i:mrn 

'IaCTh lljlC,l.l,CTaTIJJ51CT COOOil lljlHMO}'rOJJI,111,lll IIOTCIJll,lla..:1 lll,ICOThl llo II Illll]Jlllll,1 /,2, OT]l,l)IH'IIIH' /'2 

JI rrpo11ycKam1c i2 KOTOjlOro XOJlOIIIO ll1BCCTIIl,I. 

I3 paoOTC IJOKa..1aHO, KaK paCC'IIIThlllaIOTC51 a~IJIJHIT}',1,hl rt, 1'j H /1 iI,JJH JICBOll 'laCTII, II 

COOTTICTCTTIJIOJ[_\IIC ]l(',J]lf'IHlll,1 ,L\Jl51 npanoil '!aCTCil JlOTCilll,llaJJa. TTommH aMJIJJIIT}',,a OT]la)l(('Ill!H 

C,,cna fl12:1 ll,JJH nccro IIOTCll[_\llaJia COCTaBJ!HCTCH B COOTBCTCTTIIIII C m,1pa)l<Cllll>IMII (3): 

tf fl2:1 

fl12:1 =rt+ 1 - r;- R21' 
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t~r1 
R2:1 = r 2 + 1 - r2f1 · (12) 



lf(k1l 

h,U, 

l"C10
1 

h:l(f
1 

l\103 

l\l(f• 

' ::: Experimental data 

-- Analytical fitting 

hH.i'·i.~~r,-~,,--~~rr-,~--r~---ri~~-,---.~ 
G,1):.-5 O,t)J(1 t1.Q15 Q.(C() 0.Q25 (1,11.-(1 0,id5 

k,.,,\"' 

Pttc. 8: 3Kcnep11MCIITMbHO ll3Mepenna51 Kp11Ba51 0Tpa)KCHll51 IJJICHKII II ee TeopeTil'l€CKa51 TI0,11,

roHKa [3] 

U(x) 

T € e 
u, 

U, 

I ~ 11 I! . 
~ 0 ~ ~+~ 

P11c. 9: TIJieHKY C pa3Mh!Th!MII rpanmi;arvrn, 11aHecem1y10 na TI0,1],JI0)KKY, MQ)KIJQ 0TIIICaTb TpeM51 

TI0TeHIJ;IIMarvrn: 11p51M0yr0JibllhlM ,l],JI51 caMOll IIJieHKll ll ,ll,BYM51 TI0TCHIJ;IIMaMH 3KKapTa, 0IJIIChl

BalOIIJ;IIMll pa3Mb!Tlle Kpaen 

TeopeTll'IeCKa51 3aBIICIIM0CTb K03<pcjmii;11e11Ta 0Tpa)KCHll51 OT CK0p0CTII netiTp0Ha k, no,1y

•1eHHa51 cnoco6oM no,11,r0HKII, npe,11,cTaBJiena Ha pl!C. 8 CIIJIOIIIHOll Kp!IB0ll. CKOpOCTb no,11,r0HKll 

C IJ0M0IIJ;b!O ana.JUITH'ICCKIIX <pOpMyJI B ,11,amlOM CJiy•iae B 7 pa.3 11peBbIIIIM CK0p0CTb 'IIICJICHHOll 

no,11,r0HKH. 

1.9.1 MeTO,!I; nenpepbIBHhIX ,r:i;po6eii 

,JJ:JI51 Bhl'IHCJieHll51 0Tpa)Kellll51 OT nep110,11,11qecKoro II0TeHIJ;IIMa neo6xo,11,11Mo 3HaTb 0Tpa)Ke1111e ll 

nponycKa1rne o,11,11oro nep110,11,a. Bo3M0)KHO, '!TO nep110,11, 0IIIICbIBaeTC51 T8.KIIM II0TeHIJ;IIM0M, '!TO 

nattTII 8.HMHTll'IeCK0e Bhlpa)KCJIJ!e ,ll,Jl51 r II t IICB031\10)KIJ0. Tor,11,a 11pHX0,l],IITC51 np116eraTh K 11pH-

6JIH)Kel1Hh!M Bhl'll!CJICIIH51M. O,11,m1M 113 nptt6JIH)KeJIHbIX MCT0,11,0B 51BJI51CTC51 MeT0,11, 11enpepb!Bllh!X 

,11,po6eti. 

Pa3o6beM IIOTeHIJ;HM Han 'IaCTell. TiepenyMepyeM rpaHHIJ;bl OT 1 ,IJ,0 n CJICBa nanpano. O6o-

3Ha'!HM aMTIJIHTY,11,bl 0Tpa)KCJill51 II npo11ycKamrn 0,1],HllM I1p51M0yr0JihllhlM TI0TeHIJ;IIM0M 11paBee 

k-ti rpaHHIJ;bl qepe3 rk II tk C00TBeTCTBCIIIIO, a aMIIJIIITY,IJ,bl 0Tp8.)Kemrn II nponycKaHH51 BCCX 11p51-

M0yroJibHIIK0B npaBee k-ti rpam1ii;b1 qepe3 Rk u Tk cooTBeTCTBenno. AMIIJIHTY.DY 0Tpa)KeIJHH R1 
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M0)KH0 npco6pa30BaTb K BM.DY 

tf R2 
R1 = T1 +-l--R 

- T1 2 

tf 
= T1 - T1 - 1/ R2 

Tio,11,cTamm c10,11,a anMorwmoe Bb1pa)Kc1me ,11,1rn R2, noJiy'lnM nenpephmHy10 ,11,po6b, K0Topa51 

3aCJIY)Kl!BaeT 0T,l],CJibH0r0 IICCJIC,11,0Bamrn: 

t2 t2 
R1 = r1 - --

1 
-
1
- = r1 -

1 

1 
T1 - - T1 -

R2 t~ 
T2 - l 

T2 -
r3 - t5f r3 - 1 · · · 

1.10 3aKmoqemie K rJI. 1 

B 3T0ll rnaBe C<pOpMyJIHpOBaII MCT0,11, paCCJI0eI!ll51, C TI0M0IIJ;h!O era IJ0JIY'IeHbl al'v!TIJIIITY,IJ,h! 0T

pa)Kemrn ll nponycKaHH51 np0I13B0JibHblX ncpn0,l],ll'ICCKl!X II0TCIJIJ;IIM0B, C<pOpMyJI11poBa11 3.11-

ropllTM ,l],JI51 pac•1eTa cynep3epKM II IICCJIC,11,0BaH0 Ka113.1111ponan11e JICHTpOHOB B pe3011anCHb!X 

MH0r0CJ!0llllh!X CIICTCMax. 

2 I'JiaBa 2. O,z:t;HOMepHOe pacceSimrn He:iiTpoHa co CIUIH0M 

B nepnoti rJiaBe MeT0,11, pacCJI0Cl!H51, C<pOpMyJI11pona11 ,ll,Jl51 CKM51pHOll 'laCTIIIJ;bl. 3,11,ecb Mb! era 

060611J;IIM na qaCTIIIJ;b! CIIIIIIOpHbie. 3To 1103B0JIIIT Y'ICCTb B3aHM0,1],CllCTBHC netiTpona C MarHIIT

llb!M II0JICM. 

Cn11nop11a51 'laCTllIJ;a 0TIHCbIBaeTC51 ne 0,1],HOll 'lllCJI0BOll <pyHKIJ;Heii, a ,IJ,BYM51: 

(
1/Ju(r)) l'lf'(r)) = 1/;d(r) = 1/Ju(r)le,,) + '1/]d(r)led), 1e,,) = G), 1ed) = (~), (13) 

r,11,e llH,l],CKCb! u, d yKa3b!BaI0T na nepxHIOJO ll Hll)KHIQJO K0MII0H€11Thl C00TBCTCTBCHII0, II Mb! BBe

Jill ,11,Ba €,ll,llllll'!Hb!X 6a311CHbIX CIIHH0pa leu,d)- ,LI:ne <pynKIJ;llll 1/Ju,d(r) 011pc,11,eJI51JOT nanpaBJICJIJ!e 

cnnHonoti CTpCJIKH s(r) = ('!f'(r)lo-l'lf'(r)), r,11,e O' = (o-x,D'y,O'z) - MaTpll!J;bl Tiaym1, 11 BMecTe 

C HCIO - HanpaBJICHHC MarHIITHOH CTpCJIKII. 

BJiaro,11,ap51 l'viarHHTH0MY M0MCHTY HCttTp0H B38.HM0,ll,CHCTBYCT C MarmlTHbIM II0JICM B. 3TO 

B3a11Mo,11,eiicTntte onucbmaeTC51 onepaTopoM -µB = lµnlo-B. Ypamrenne llipc,11,11nrepa ,11,,151 

B0JIHonoti qiynKii;1111 lw(r, t)) np11113.1111q1111 MarnnTnoro noJIH B(r, t) 11 BHeIIIncro n0Te11ii;113.11a 

u ( T, t)' K0T0pbre, B006IIJ;e roB0p51, 38.BIIC51T ll OT K00p,1],lIIlaT ll OT BpeMCIIH, M0)KCT 6b!Tb 3a11nca110 

B Bll,11,C 

i :tlw(r,t)) = G[-b. + u(r,t)] + a-B(r,t)) IW(r,t)). (14) 

r,11,e Mb! na3BMll Bpe1v1c1reM BeJiwrnny t!i/m, TI0JieM BeJinq1rny mlµnlB/!i2 n 060311aqnJI11 

u(r, t) = 2mU(r, t)/!i2 • 

2.1 OTpa:)KeHn:e HeiiTpOHOB OT MarHHTHoro 3epKaJia 

OTpa)Kenne netiTpo11a B 1v1ar11ttTH0M noJie OT 110Jiy6ecK011eqnoro naMarn11qe11noro 3epKMa ontt

CbIBaCTc51 anM0rH'!II0 0Tpa)KeHHIO OT IIOTeHIJ;HMbllOll CTyTICllbKll B CKM51p110M CJiyqae. PeIIIa

eTC51 CTaii;ttonapnoe ypamren11e 

(-::2 + u08(x > 0) + 20-B18(x < 0) + 2o-B28(x > 0) - k2
) lw(x)) = 0. (15) 
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I10TCIIIJ;lla.Jl B3al!M0,ll;CMCTB1UI co,n;Cp)KIIT 0IITll'IeCKHM II0TCHIJ;Jla.Jl Uo neru;eCTBa 3CpKMa ( 0110 3a

llHMaeT II0JIYIIP0CTpancTB0 X > 0) H II0CT0HIIHbIC 0,ll;H0p0,D;HblC Marm!THhie II0JIH: B1 BIIC 3CpKa

Jia (x < 0) 11 B 2 BHYTPJI nero (x > 0). ITpn npon3B0JI,hHOii noJiapI13au;m1 na,n;a10ru;ero 11eiiTpo11a 

1eo) = auleu) +adled), r,n;e lT B1 leu,d) = ±Bileud), H laul 2 + ladl 2 = 1, perneHIIC ypaBHemrn (15) 

npe,n;cTaBJIHCTCH B Bll,ll;C 

l'll(x)) = e(x < 0) (eik1x + e-ik1x,,.) leo) + 0{x > O)eik2(x)£1eo), (16) 

r,n;e r II i - MaTpHIJ;hI aMnm1Ty,n; oTpa)Keuna II npeJI0MJie1ma, k1 = ,/fl - 2a-B 1 - 011cpaTop 

n0JIH0Boro BeKTopa m1c cpe,n;h1, a k2 = ✓k2 - u - 2a-B2 - 011cpaTop B0JIH0B0ro nCKTopa nnyT

PII cpC,lJ;hl. T.fro6bl HaMTJI r JI i IIJ)KIIQ CIIIIITh B0JIII0BYJO QJYHKIJ;HIO Ha rpannu;e pa3,n;eJia. 9TO 

11pHB0,1J;IIT K ypaBnemrnM j + r = i, k1(i - r) = kl. OTCJO,D;a CJIC,D;yeT, '!TO 

r = (k1 + k2)-
1

(k1 - k2), i = (k1 + k2)-
1
2k1, 

r,n;e k1 = ✓k2 - 2a-B 1 , k2 = ✓k2 - u - 2a-B2. 

{17) 

C II0M0ru;bJO II0JIJ'ICIIHbIX MaTpIIIJ; ,ll;a.JICC Ilbl'IIICJIHIOTCH BCp0HTH0CTJI 0Tpa)KCIIHH II0JIHpH-

30Ba1111oro neiiTpona c ncpenopoT0M JI 6e3 nepeBopoTa 110JIHpH3aIJ;I1I1. 

2.1.1 TpoiiHoe pac~eIIJICHHe IIY'!Ka IIpH OTpruKeHHH 

EcJIJI m1yTpennee II BHCIIIIICe II0JIH ne K0JIJIIIHCapnhI, TO B031IIIKaCT HBJICI!lle Tpoiinoro JIJ'IC0T

pa)KCIIHH [22, 23] II 'leTBepnoro JIJ'ICllpeJI0MJieHIIH IICHTp0U0B IIpII B3aIIM0,1J;CMCTBJIH C MarHIIT

Ilh!M 3epKM0M. HanOM!IIIM, '!TO Il o6bi'IIIOM 0JITHKe H3BCCTH0 JIIIIIIb ,ll;B0MII0C JIJ'ICIIpeJI0MJienHe. 

CxeMa 3KcnepI1MCHTa 110Ka3aHa Ha pl!C. 10. 

[TI 1/ 

M 

d 

s 

u 

PIie. 10: CxcMa aKc11epI1Me11Ta no ll3Mepemno Tpoiinoro pacru;e11Jiemrn ne110JiapI13onaHHoro 11yq

Ka IICMTP0II0B npn 0Tpa)KCHIIII OT naMar11ll'ICHIIOro 3CpKMa, Kor,n;a BIIJTpen11ee II BIICIIIHee II0JIH 

HCK0JIJIIIHeapHbI: S - IICT0'!IIIIK HCMTpOH0B, Af - 3CpKM0, B - nnernnee Mar1111T11oe II0Jie, 

S - 3CpKMhll0 OTpa)KCIIHhlM IIJ'IOK, U II d - IIJ'IKII, II0JIH0CTb!O II0JIHpli30BaHHble 110 H IIPOTIIB 

IlIICIIIIICr0 II0JIH C00TBCTCTBCIIH0 

I1pll 0Tpa)KCHIIII OT 3epKMa K0MII0HeHTa CK0p0CTII, 11apMJICJ!hHaH 3CpKMY, coxpairneTCH. 

EcJIH 0Tpa)KClllie 11p0I1CX0,1J;HT 6e3 nepeBopoTa CIIHHa, TO coxpaHHCTCH II BCJIIl'IHHa H0pMa.JibHO.l! 

K0MII0IICIIThl CK0p0CTII, CJIC,ll;0BaTeJibII0 OTpa)KCHIIC 3CpKMbH0. OTpa)KCHHC )KC C 11epeB0p0T0M 

CIIHHa 0Ka3hIBaCTCR ne3epKMbHbIM. HciiTpOHhI, K0T0phie B 11a,n;a10ru;eM IIJ'IKC II0JIHPH30BaHh! 110 

II0JIJO, H0CJ!e 11epeBopoTa cmma npH 0Tp3)KeHJ!ll 0Ka)KyTCH II0JIHpI130BaHHb!MH IIP0TIIB BHCIII

nero 110JIH B. ITocKOJibKY 11omiaa aneprna B ynpyroM npou;ecce pacceamrn He MenacTca, TO 

Il03pacTaeT H0pMMbHaH K0MII0IICIITa CK0p0CTII k1_ --> ✓ki + 4B. 9To 3Ha'IHT, '!TO yroJI CK0Jib

)KCHJrn II0CJie 0Tpa)KCIIIIH YBeJIIl'IHBaeTCH, II IIJ'IOK HCiiTp0H0B, II0JIH0CTb!O II0JIHp1130BaHHb!X 

IIP0THB BHern11ero II0JIH, 0Tpa)KaeTCH He B 3CpKMhH0M Ha11paBJICHHll, a 6JIIl)KC K H0pMMH. 

Coneprne11110 aua.Jiorwrno, y He.l!TpOHOB, K0T0phie B na,n;a10ru;eM IIJ'IKC II0JIHPH30BaHbl 11pOTIIB 
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II0Jrn, II0CJie 0Tpa)KCHllH C 11epenop0T0M CIIIIIIa yrOJI CK0J!b)KCJHUI 110 0TH0IIIem110 K 3CpKMY 

yMeu1,rnacTca. 

TaKIIM o6pa30M HCII0JIHpH30BaHllhIM IIJ'IOK ue.l!Tp0110Il II0CJie 0Tpa)KeHJrn OT MarHIITH0ro 

3epKMa, naMarHH'ICIIIIOCTb K0T0poro HeK0JIJIIIIICap11a m1ern11eMy II0JIJO, pacru;enJIHCTCH Ha Tpll 

IIJ'!Ka. 3epKMhllbIM IIJ'IOK ocraeTCH II0'ITH lie II0JIHpH30Ball, a ,n;Ba 60KOilbIX IIJ'!Ka II0JIII0CTb!O 

110Jrnp113ona11h1. O6b1•mo k1_ >> 4B, II03T0MY 

~ 2B 
6.kj_ = V /\j_ T 'iD - kj_ ;::::, kj_ ' 6.e = 6.kj_ ;::::, 2B .!5__ ;::::, ..!!__ 

• k k2 kj_ Ee· 

r,n;c 0 - yroJI CK0J!b)KCHIIH, K0T0phIM llpll II0JI!I0M 0Tpa)KCIIHH TCIIJI0B0ro neiiTpona OT 3ep

Ka.Jla C0CTaBJIHCT HCCK0JibK0 MHJIJIHpa,n;HaH. J13 3T0ro Ilblpa)Kemrn Illl,ll;H0, '!TO ,1J;JIH TCIIJI0BbIX 

neiiTp0II0B JI BIIeIIIHero II0JIH nopa,n;Ka 1 Krc Jl3MCIICHHe yrJia C0CTaBJIHCT ,ll;0JIII MHJIHpa,n;Hana, 

H II0T0MY na paCCT0HHl!H 1 M OT 3CpKMa IIY'IOK IICHTpouon, II0JIHpI130BaHIIbIX np0THB II0JIH, 

paCX0,lJ;JITCH C 3CpKMhH0 0Tpa)KCIIHbIM IIJ'IK0M ua ,ll;0JIH MllJIJ!llMCTpa. TeM ne Menee pacru;enJie

IHIC 0Tpa)KCJIH0ro ll 11pCJI0MJiemIOro neiiTpOIIIlh!X IIY'IK0il 6bIJJO 0611apy)KCIIO 3KCllepHMCHTa.Jlb

H0 [23, 54-57]. 9KC11CpJIMCIIThl 110,ll;TBep,n;nJIII 11paBHJihlJ0CTb TC0peTH'ICCKHX npe,n;cKa3am1ii [22] 

II II0Ka3a.JIII, '!TO 3QJQJCKT M0)KCT 6LITh IICII0J!h30Ball ,1J;JIH JICCJIC,lJ;0ilaJ!HH CB0MCTB MarHHTHbIX 

Beru;ecrn [58]. 

2.1.2 AJire6pa ,[(JIH MarHUTHhIX 3CpKaJI 

AJire6pa, pa3BIITaH ,ll;JIH CKa.,'rnpnoro B3al!M0,1J;CMCTBirn, JJCI'K0 0606:ru;aeTCH 11a Marlll!TH0C. Pac

CM0TpHM 0Tpa)KCIIJIC OT 3epKMa T0Jiru;l!Hbl d, II0Jiaraa II0JIC BIie 3CPKMa panHhlM B1, a BHYTPII 

11cro, Il o6JiaCTH 0 :S X :S d, - B2. ITycTh Il0JIIIa B CIIHII0B0M C0CT0HHHH leo) na,n;acT ua 3CpKa.JI0 

CJICBa. O60311U'IJIM •1epe3 X leo) CJIHH0PHYJO aMJIJ!IITY,D;Y Il0J!llhI, 11a,n;a1oru;eii na 11pan1,1ii Kpaii ll3-

IIYTPII 3epKMa. Te11ep1, JierKo 3a11HcaTh CHCTCMY ypan11cnHii ,D;Jrn X JI aMIIJIHTy,n; oTpa)KCHHH R 
H 11po11ycKa11HH T: 

x = cxp(ik2d)t + cxp(ik2d)r
1 
exp(ik2d)r'X, fl= r + t cxp(ik2d)r' x, i' = t x, (18) 

0TKy,n;a cJic,n;yeT _x = ( j _ eik2df,eik2df, )-i eik2df, 

R = r _ t e;i:,dp ( j _ eik2dre;i:,d,,. )-i eik2df, T = t ( j _ e;k,dre;i:,dp )-
1 

e;i:2df, (19) 

H M0)KII0 11cnocpc,n;cTBCIIII0 3alJHCaTh Il0JIII0BYI0 QJYIIKIJ;HJO BIIYTPH 3CpKa.,1a. 

Hcnom,3y51 CBOMCTBa MaTpHIJ; I1ay,1H, 1\10)1(110 naiiTJI BCC )KC,1aCMhIC MaTj)H'IIlhIC 3JieMeHTbl. 

A11a.Jior11•1lJl,IM o6pa30M naxo,D;IITCH paccemmc Ha CHCTCMC ,ll;BYX 3Cj)Ka.Jl II 11a 11epH0,1J;H'ICCK0M 

cncTeMc MH0rHx Marn11Tm,1x 3CpKM. I3 110CJic,n;11eM cJiy•iae ,ll;JIH X = exp( iijx ), r,n;e ij - MaTpnu;a 

neKTopa EJiox~, H aM11JI11Ty,n;1,1 oTpa)KC!IHH OT 110Jiy6ccK011c•moro 110Tc11u;11Ma R 110JiyqaeM 

X = i +rRX, R = r +iilx, (20) 

r,n;c 1' II t -- UMTIJIJITY,D;hl 0Tj)U)l(Clllrn II 11po11ycKa11m1 0,ll;IIHM IICPII0,ll;0M (,n;m1 11p0CT0Tbl Mhl 

H 3,ll;CCh C'IHTaCM 11cp110,n; CHMMCTJlll'IIIl,IM). Pa3pCIIIJIB 11epnoc ypam1e1me CHCTCMbl (20) 0TH0-

CJIT('Jll,110 X JI 110,n;cTan11n pc3yJ11,TaT no nTopoc, naii,n;eM ypamienne ,D;JIH R: R = r + iR(I -
rRJ- 1£. 

9To ypannc1mc cno,n;HTCH K Kna;waTH0MY MaTpwmoMy ypannenmo nH,n;a ZAZ-ZB-CZ + 
D_= 0, r,n;c z = R, B = r', A= r'r, C = rr

1
r - i, D = rr

1
. IToJiy'IJITb pernen11e 3Toro 

ypaBIICIIIIH II alla.JIHTH'ICCK0M Bll,ll;C II 06:ru;cM CJIY,JaC npu JieK0MMYTIIJJYIOru;11x MaTpHu;ax A, B, 
C JI D IIC y,n;aCTCH. I3 'IHCJICIIII0M )KC Bll,ll;C JJCIIICI!He ne npe,n;cTaBJIHCT Tpy,n;a. 
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2.2 OTpa)KeHIIe OT reJIIIK0II,lJ;aJihHOH CIICTeMbl 

O.n,IIIIM H3 'IaCTIIbIX CJiyqaeB nepHO,l],IlqecKOii CHCTeMhI, ,L\JUI KOTOpoii IIOJiyqaCTCH aHaJIIITil'le

CKOe pernenHe, - 3TO rCJIIIKOll,l],aJihIIaH CHCTeMa, r.n,e'BeKTOp 11a1rnr1111qe11HOCTII BIIYTPII cpC,l],bl 

Bparn;aeTCH BIIIIT006pa3HO ITO llJIII npOTHB qacoBoii CTPMKII BOKpyr Hanpa11,1emrn HOpMaJIII K 
rpaHm~e pa3.n,eJia [39]. 

2.2.1 OTpruKenne OT noJiy6ecKoHe'Inoro 3epmwa 

PacCMOTpllM CHaqaJia IIOJiy6ecKOHeqHoe 3CpKaJIO npn z > 0, B KOTOpOM BeKTOp MarHllTHOll 

llH,lJ,YK~llll b nparn;aeTCH B IIJIOCKOCTII (x, y) npOTIIB qaco11oii CTpMKII. BHernncc IIOJIC Bo MO)KeT 

6hITh HarrpaBJICIIO rrp0113BOJiblIO. Ypamie1111e lllpe.n,Hnrepa BIIYTPII cpe,l],bl IIMeeT Bll,ll, 

( ::2 - uo - 2b[ux cos(2qz + 2<,o) + O"y sin(2qz + 2<,o)] + k2) I¢(z)) = 0, (21) 

r.n,e Uo - OIITHqecKnii a.n,epHblll IIOTeHIJ,IlaJI cpe.n,bI, BCJI11q1111a 7r / q orrpe.n,eJIHeT mar BHHTOBOro 

Bparn;eHHH. ~H o6rn;HOCTII Mhl BBeJIII Ha'laJibIIJIO <pa3y 2<,o IIOJIH b y BXO,l],IIOll nonepxnOCTII 11 

,ll,JIH y.n,o6CTBa BhI,l),eJIIIJIII MHO)KIITeJih 2. 

BocnOJih3yeMCH npe.n,cTaBJieJllleM 

O"x cos(2qz + 2<,o) + O"y sin(2qz + 2<,o) = exp(-iuz(qz + <,o))ux exp(iuz(qz + <,o)), (22) 

II 110.n,cTaBHM B (21) I¢(z)) B 1111.n,e exp(-io-z(qz + <,o))l¢(z)). B pe3yJihTaTe IIOJIJ'IIIM ypa1111eH11e 

( 
d

2 
d ) dz2 - 2iquz dz - uo - 2bux + k2 - q2 I¢(z)) = 0. (23) 

9TO ypam1eH11e pernanocb 11 [60]. Ho TaM perneime 3arr11chrnaJiocL n 1111.n,e exp(ipz)lx(p)). Mhl 

Af!H B0,1HhI, yxo.n,arn;eii OT rpaH11~b1 pa3.n,eJia, 3am1cbrnaeM 6oJiee o6rn;ee perne1111e: 

I¢(z)) = exp(i[a + pa]z)lx), (24) 

C 'leTL!pbMH 11e113neCTIIb!MII napaMeTpaMII a II p. Ilo.n,cTaIIOBKa Ilbipa)KeIIIIH (24) Il ypan11e-

1111e (23) IIpl!BO,l],IIT K 4-M ypaBnemrnM Af!H 3TIIX napaMeTpOB. 

,.O:anee naXO,l],HTCH aMIIJIHTJ,l],bl OTpaMCHIIH II rrpMOMJieHIIH ITOJiy6ecKOHeqHoro 3epKaJia, a 

3aTeM aMIIJIIITY,lJ,bl OTpa)KellllH II rrporrycKaHIIH 3epKMa KOneqHoii TOJIIIl;l!Hhl. Ilo 3TIIM aMITJIII

Ty.n,aM paccq11Th!BaIOTCH K03<p<pil~IICIITLI OTpaMeHIIH II rrporrycKaHHH C rrepenopOTOM II 6e3 rre

penopoTa cmma. Pe3JJibTaTbl pacqeTa Af!H MO,l),eJibHOfi ITOJiy6ecKOJ1eq11oii CIICTeMbl II ,l],JIH rrpo

CTefirnero cJiyqaa, Kor.n,a B 0 = 0, rrp1111e.n,e11bI Ha p11c. 11. Ilp11 pacqeTax 3a e.n,I1H11ey ,ll,JIIIHbI 

BOJIHOBOro BeKTopa rrpIIHHTa BeJI11qHHa ../6, II Bhl6paHbl rrapaMeTpbl Uo = 4 - 0.0li, q = 3, II 

COOTBeTCTBeHIIO b = l. O6paTIIM BHI1MaHI1e, qTO na 06011x pIICJIIKax Bil,l),Ha rpa1111~a IlOJIIIOro 

OTpa)KeHIIH rrpII k = .juo. KpoMe Toro, na pnc. 1 oTqeTJIIIIlO BII,l),eH pe3oHaHCHblfi ITIIK IlOJIIIOro 

OTpa)Kemrn n I1nTep11ane J q2 + u 0 - 2b :S: k :S: J q2 + u0 + 2b. B 3TOM mITepBaJie neJII1q1111b1 

a II p 0Ka3b!BaJOTCH KOMIIJieKCHO corrpa)KeJIHbIMII, H03TOMY BOJIHOBOfi BeKTOp a - p HBJIHeTCH 

qHCTO MHHMOfi BeJIIlqHnofi. TaKOMY BOJIHOBOMY BeKTOPY COOTBeTCTByeT ITOJIHOe OTpa)KelJlIC C 

rrepeBOpOTOM CITHHa. ,.O:anee o6'bHCHHeTCH rrp11•rnna ITOHBJieHIIH 3TOrO Ill!Ka. 

B ,ll,llCCePTa~1111 TaK)Ke rrpe.n,cTaBJICllhl pe3JJibTaTLI pacqeTa Af!H 3epKMa KOHeqHofi TOJIIIl;H

Hhl. 
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P11c. 11: 3a1111c11MOCTL OT BOJIHOBoro 11eKTOpa k K03<p<p11~I1enTa 0Tpa)Ken11a a) IRI:._ 6e3 rrepe110-

p0Ta crrmia (crrJIOIIIHaa Kp1111aa) H IRI!- c rrepe11opOTOM (rryHKTllpHaa KpHBaa) rrp11 HaqaJibHOfi 

ITOJIHpH3a~IIII (rrpaBblll IIH,l),eKC - ) B HarrpaBJieHIIII rrpOTIIBOITOJIO)KHOM OCH z, KOTOpaa rrapaJI

JIMLHa BHJTpeHHefi HOpMMH K 3ep~any. b) To )Ke caMoe Ho Af!H K03<p<pll~HeHTOn IRI!+, IRI:.+ 
Kor.n,a HaqaJibHaH ITOJIHpI13a~a rrapaJIJieJihHa OCH z. 

2.3 O6o6m;eHHblll MaTpII'IHblll MeT0,lJ; pac'IeTa MHOrOCJIOMHbIX Mar-

HIITHblX CIICTeM 

B TCX CJiyqaax, Kor.n,a aHaJIHTil'IeCKII OITHCaTL CHCTCMY He y.n,aeTCH, Tpe6yIOTCH q11cJie1111ble 

MeTO,l],LI. 3.n,ech 6y.n,eT paCCMOTpeH MaTpllqHhlll MCTO,ll,, KOTOpblll o6o6rn;aeT ll3BeCTHblll MeTO,ll, 

Ilapp3 [53] Ha MarHHTHhle CllCTeMbl [25]. 

PacCMOTpllM rrpOH3BOJILIIYIO MHOrOCJIOiiHyIO CllCTCMy. By.n,eM ITOJiaraTL, qTo BCe CJIOII IIMeIOT 

pa3Jillq}ILJe a.n,epHbie ITOTell~llaJibl ll MarHIITHLie ITOJIH. IloKa)KeM, KaK BbJqHCJIHIOTCH MaTpnq

Hbie aMITJIHTY,lJ,bl OTpa)KeHIIH II rrponycKaHHH Af!H TaKOH CllCTeMbl. CJiena OT rpaHH~bl pa3.n,eJia 

1 BOJIHOBaH <pynK~llH paBHa 

¢ = (exp(iktx) o. ) (lea)) 
0 o exp(-iktx) Plea) ' 

(25) 

a crrpaBa OT n-fi IIOBCpXHOCTII pa3,l],eJia -

1Pn = (exp(ik;;(x - Xn)) • 0 ) (+lea)) 
0 exp(-ik;;(x-xn)) 0 ' 

(26) 

r.n,e leo) - rrp0!13Il0Jlbllblll cmmop, xapaKTepn3y10rn;11ii ITOJIHpH3a~HIO rra.n,a10rn;ero HefiTpOHa, 

p ll f- - MaTpll~bl OTpa)KeHHH II rrporrycKaHHH BCeii CIICTeMofi, KOTOphle Heo6xO,l],HMO BbJqllCJIHTL. 

BomIOnhle <pyHK~n11 (25) II (26) cBa3aHh! .n,pyr c .n,pyroM qepe3 6Jioq11y10 MaTpney M: 

3o = M3n = ( lea) ) _ ( Af11 
Plea) - M21 Af12) (+leo)), 

M22 0 
(27) 

r.n,e 6JIOKH M;i caMII rrpe.n,cTaBJIHIOT co6ofi MaTpil~LI pa3MepHocr11 2 x 2. lfa 3Toro coOTHOIIIe-

1111a nerrocpe.n,cTBeHHO cJie.n,yeT, qTo f- = M1j_1, n p = M21 M1:/. TaKnM o6pa3oM, qT06h1 HaiiTn 

p II f-, HJ)KHO naiiTn MaTpney M pa3MepHOCTII 4 x 4. ,.0:Jia 3Toro Heo6xo.n,11Mo crn11TL BOJI110-

11y10 <pynK~llIO na Bcex rpaHil~ax pa3.n,eJia. IloJiyqeHHbie <pOpMJJihl 6hIJIII ITOJIO)!(Cllhl B OCHOBY 

rrporpaMMbl pacqeTa OTpa)KeHHH HCiiTpOHOB OT rrpOH3BOJlbHb!X MarHIITHh!X CllCTeM [64]. 
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2 .4 Pe30HaHCHblii TIOBOpOT CTIIIHa 

3KcrrepIUiellTbl C JI0,151PH30BallllblMJI IICHTponaMII o6LI'!IIO C0,11,Cp)KaT cmrn-poTaT0pbI, JI03B0-

JI51!0ll\llC MCll51Tb 11arrpa11,1e1111e JI0,151pl13au;m1 rra,11,aIOillllX 'IaCTIIIl;. Mb! 3,11,CCb paCCM0TpllM pe30-

11a11Cllblll MCT0,i\ rronopoTa cmrna, IICIIOJ!b3J!Oll\llll B3allM0,l],Cii:CTBIIC 11eil.Tpo11a C pa,11,no•IaCT0T

HblM JIOJJe:VI. Oco6emIOCTb cro C0CT0HT B TOM, 'ITO pa,11,no'!aCT0TllbIC JI0JIH IIC T0,1bK0 MCHHIOT 

11arrpan,,emie cmma IICHTpona, 110 MCIIHIOT II cro 3HeprHI0. 3TO rrop0)K,l],aCT MJI0)KCCTB0 lll!TC

pccnbIX 51B,"JCIIHH, ,i\0CTJJIJil,IX 3KCHepHMCHTa."JbII0MY HCCJIC,11,0BallHJ0. H3MCIICllllC 311epr11n npo

JICX0,l],IIT 0TToro, 'ITO B rrpou;eccc B3allMO,ll,CfiCTBll51 C pa,1],H0'laCT0THbIM JI0JICM IICllTp0II M0)KCT 

rror,10Tl!Tb 11m1 llCIIYCTIITb 3,"JCKTpo:vrnrHHTilbIH KBUIIT. 

O6LPIIIO 113:vie11e1111cM ,meprm1 ncii:Tpona rrpn rrepe11op0Te cmma 11pc11c6peraeTCH, T.e. pac

cMaTprrnacTcH ca:vtblll pac11pOCTpa11CI!llbIH CJiyqaii: Eo >> Bo >> B,r, Kor,11,a ll3MCIICl!l!C CK0p0CTI! 

neii:Tpona, B,1CTU!Ol1(Cro B JI0JIC Bo, 11pene6pC)Kl!MO MaJI0. Tor,11,a BCp0HTII0CTb 11epcnop0Ta cmma 

paCC'IHTbIDUCTC51 rro <pOpMyJie Pa611 

wn = I~ sin(f1ti) 12 B2 
B;r + (;r_ Bo)2 sin2 ( ✓ B;r+ (w - Bo)2 t1) ' (28) 

r,;:i;e t1 = D / k0 ·- npc~rn 11poJ1eTa ncii:Tpona •icpC'3 <pJinnrrcp. 3Ta cpopMyJia, o,11,11aKo 1111qcro He 

r0B0pllT 0 TOM, KaK MCll51CTC51 3lieprn51 11p11 rrepcnop0TC. 1·ho6LI Bl,151CIIHTb, 'ITO C IICIO 11ponc

X0,l],IIT 11co6xo,11,11MO T0'III0 pellll!Tb Ja,11,aqy, K0T0paH Ha3bIDaeTC51 3a,11,aqeii: Kp1orepa [62]. 

Tiomme pcmc,me 3a,11,aq11 o paccemnm 11eii:Tpona na cncTeMe 110CT0HH11oro II pa,11,11oqacT0T-

11oro IIOJICH C011p51)KCII0 C pemelll!CM CIICTCMbI 16 Jllll!Cllllb!X ypanne1111ii: C 16 IICll3BCCTHb!Mll. 

Tipllllll;IIJillaJibllblX TPJ,11,IIOCTeii: 3,11,CCb HCT, 110 B00,ll,yIIJeBJICllll51 TaKOll paC'!CT ne Bbl3bIBaCT. CaM 

Kpiorcp orpan11q1u1cH 11p116Jil!)KCI!JILIM pcmem,eM. Ero 6LIJIO ,11,ocTaTo'l·no, •1To6L1 ,11,0KaJaTL no3-

c1,1Q)KH0CTL ycK0pCHll51 IICHTpo11a C IIOMOl1(h!O pa,1],IIO'IaCT0THhlX IIOJICii:. TIOJ)KC K 3TOii: 3a,11,aqe 

o6pal1(UJ!l!Cb anTOphl pa6oT [26, 63]. , 

Pcme1111c 3a,11,aq11 Kpmrcpa MO)KII0 11aii:Tll B 3aMKIIJT0M MaTpll'III0M Bll,11,C 6e3 JTOMllTCJib

llbIX Bl,l'll!CJICIIIIH. 3To pcmcnne C0,1],Cp)KIIT BCIO llll<pOpMau;mo 0 rrpome,11,mnx II OTpa)KCJIIIblX 

B0JIHax TI o6l1(CM Bll,11,C, ll ,1],Jl51 0llpC,1],CJICHH51 Bep0HTHOCTll Toro llJlll nnoro npou;ecca ,11,0CTaT0'III0 

BOCII0Jib30BaTbC51 CBOHCTBaMn MaTpnu; TiayJIH ll 11attTll COOTBCTCTBJ!Oll\Hll MaTpn•1m,1ii: 3JICMCIIT. 

2.4.1 3a,n;a'la Kprorepa 

O6paTnMCH K ypamrnmno lllpe,11,n11repa 

. {) { 1 {)
2 [u ] } z 

0
/It(x, t)) = - 2 ox

2 
+ 2 + aB0 + aB,r(t) 0(0::; x '.','. D) l'1J(x, t)), (29) 

B K0T0p0M JIOCT05111H0C Bo = (0, 0, Bo) II pa,1],IIO'!aCT0TH0C B,r(t) = B,r(cos(2wt), sin(2wt), 0) 
JIOJl51 cocpC,1],0TO'!Cllhl BIIJTPH CJI051 BCl1(CCTBa O '.','. X '.','. D C 0JITll'ICCKllM II0TCllll;llaJI0M u. Bue 
o6JiaCTII x E [O, D] HCT III! BCl1(CCTBa, IIH IIOJICH. 

TioncK JJCIIICIIH51 3a,11,aq11 (29) OCJIO)Kil51CTC51 TCM, 'ITO MarHHTII0C II0JIC 3aBHCHT OT npCMCIIH. 

M1,1 MO)KCM llCKJIIO'IHTh 3TY 3an11c11M0CTh C II0MOll\hlO rrpeo6paJOBamrn 

aB,r(t) = B,r[ax cos(2wt) + ay sin(2wt)] = B,re~iwa,iaxeiwa,i, (30) 

11 rro,11,crn11onKn l'1J(x, t)) = e-iwa, t l¢(x, t)). B pC3JJihTaTC ypamiennc (29) rrpco6pa3yCTC51 K Bn

,11,y 

. D { I D
2 [u ] } iD/;1¢(x, t)) = - 2 Dx
2 

- waz + 2 + azBo + axB,r 0(0 '.','. X '.','. D) 1¢(x, t)) . (31) 
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B II0JIJ'ICIIIIOM ypanncnnn MarHHTHbIC IIOJI51 HC 3aBHC51T OT BpCMCIIH, 3aT0 BO BCCM npocTpanCTBC 

JI051BJI51CTC51 ,ll,0JI0JIIIHTCJ!bl!0e MarHHTH0e II0J"JC -w, annmapaJIJICJlhll0C Bo. O,11,naKO peme11ne 

ypan11cmrn (31) 3KBHBaJICHTII0 pemenmo Ja,11,a•m 06 0Tpa)KCl!Hll II 11po11ycKaHHll MarHHTllbIM 

3CpKa.10M, HUMarHH'ICIIH0CTh K0T0poro IICK0JIJllll!Capna BIICIIIIICMY TI0JIIO. Peme11ne 3T0il. 3a,11,aq11 

6b!JIO 11pllBC,l],CH0 Bb!IIIC. 

2.4.2 1r/2-PomTop 

B ,1],aJibllCHilICM Mhl B 0CH0BII0M 6y,11,eM paccMaTpimaTh na,11,aIOll\YI0 B0JIHY, II0JIII0CTbIO II0JI51-

pH30BaimyIO B,l],0Jib II0JI51 Bo, T. e. co cmmop0M leu), II II0T0MY 11p11 pe3011a11ce, K0r,11,a M0)K

H0 rrpc11e6pC'lb 0Tpa)KCllll51Mll II II0TCIIIl;llaJI0M u, MaTpnu;a 11porrycKa11n51 11pnB0,l],llTC51 K Bll,11,y 

Tu= exp(-icpax) = coscp- isincpax, H3 K0Toporo CJie,11,yeT, 'ITO 11pome,11,ma51 Bomia 11epexo

,11,nT II C0CT0HIIIIC le) = -r uleu) = ( cos 'P 1eui - i sin cp led) l c K0MJI0IICHTaMH BCKT0pa CIIHHOBOfi 

CTpeJIKll s = (elale) = (0, -sin2cp,cos2cp). OTCIO,l],a Bll,l],110, 'ITO ,l],Jl51 yrna 'P = 1r/4 CIIHH0-

BaH CTpCJIKa 0Ka3bIBaCTC51 rrcp11Cll,l],HKJJIHpHoii: OCH z, T. e. CllllH II0B0paqn11aeTC51 Ha yroJI 7f /2 

11ponm qac0BOii: CTJ)CJ!Kll B0Kpyr OCH x, Ha11paBJICHl!Oll 110 pa,1],H0'!aCT0TH0MY II0JII0 B,r, H JI0-

)KHTC51 B JIJI0CK0CTb, 11ep11eH,l],HKJJIHPHYIO OCH z. O,11,11aKO pa,11,noqaCTOTllhlll poTaTop ne T0JibK0 

JI0BopaqnnaeT CIIHH, HO H MCHHCT 311eprmo IICHTpona. '-Iacrb BOJIIIOBOil. <pJHKil;llH, K0T0paH 0T

neqacT IICpeBCpI!JT0ii: CJIHIIOBOH K0MII0HCHTC led), 0llllCbIBaeT C0CT0HHHC HCii:Tp0Ha C 311Cprneii: 

£_ = Ea - 2w ll CK0p0CTbIO k_ = ✓k5 - 4wo MCI!bIIIllMH, 'ICM C0CT0HHIIC C IICIICpenepllJT0ii: 

CIIIIIJOBOH K0MJIOIIel!T0ii: 1eu). TaKIIM o6pa30M, II0CJIC 7f /2-CIIllII-pOTaTOpa Ka)K,1],blll HCfiTpOH Ha

X0,1],HTC51 B cy11ep1103llll;HH ,11,BJX COCT051Hllll C pa3H0ii: 3Heprnetl.. IloTOK HCHTpOHOB, 11pome,11,mnx 

qepe3 7f /2 poTaTop co,11,ep)Kl!T B ce6e B0JIHY c11nH011oii: rrpcu;eccH11, a eCJin ero rrporrycTnTL qepe3 

aIIaJil!3aT0p II0JI51pll3au;nn, <pHJibTpyIOl1(l!H IICHTJJOl!bl, II0JI51J)ll30BaHHbIC B,11,0Jib, CKa)KCM, OCH 

x, TO II0CJIC anaJin3aTopa IIJ'IOK 6y,11,eT M0,11,yJIHponaH 110 IIJI0TH0CTll, T.e. 6y,11,cT IICCTll B ce6e 

3BJK0TIJIO B0JIHJ. 

,Il;aJiee 11 ,1],HCCepTau;nn paCCM0TpCHbI J)a3Jlll'lllbIC KOH<pnrypau;Hn 1r /2 H 7f-<pJIHll11epoB C00T

BCTCTBJ!Ol1(llC MeT0,11,y pa3,1],CJICHHbIX JI0Jieii: PaM3C51 ll Clllll!0B0MY 3X0. 

2.5 ,ll;JIIIHHOBOJIHOBa£ tteiiTpontta£ roJiorpacpII£ 6e3 onopttoro ny-<1-

Ka [40) 

Heii:TpOH B cy11ep1103Hll;llll ,11,BJX COCTOHHHii: C PaJII0ii: 3Heprnefi o6paJyeT B0JIHY C qacT0T0ii:, 

11porropu;H0HaJibHOH pa3H0CTH 3HCprnii: ,11,BJX C0CT0HHHfi ll ,11,0B0JibH0 60JihIIIOfi ,l],JIHHOH B0Jil!bl. 

3TOT cpaKT M0)KJI0 HCII0Jih30BaTb ,l],Jl51 rOJIOrpa<pnH. 

PacCMOTpHM CHCTCMY ll3 ,11,BJX CllllH-<pJIHJIIICpOB (1r-poTaTOpo11), 110Ka3aHHblX Ha PHC. 12. 

ECJin 11a,11,aIOl1(llll neii:Tpon II0JI51pll30Ball B,11,0J!b OCH x, TO JI0CJie 11ep11oro CIIHH-<pJIHIIHepa Oil 0Ka-

3h!BaeTC51 B cyrrcprr0Jllll;llll ,11,nyx Cllllll0BhIX C0CT051Hllll 110 ll IIJJ0THB OCH Z C pa3Hb1Mll 3Heprll51MH 

E± = E±hw, r,11,c W - pC30HaHClla51 'laCT0Ta CllllH-<pJillilIIepa. Cy11ep1103Hll;ll51,L\BYX B0JIII C03,1],a

CT K0repeHTIIYIO noJI11y cnntto11oii: npeu;eccHn (BCTI). ECJin B T0'!Ke r 1 nMeeTCH pacccHnaTCJIL, 

TO OH co3,11,acT ,11,BC ccpcpll'ICCKHe B0JII!hl C pa3Hb1Mll B0JIIIOBh!Mll BCKT0paMll k± = ✓k2 =i= 2w. 

Bomw11a51 cpyIIKil;HH paccemrnLIX neii:TpOHOB ,11,0 BToporo <pJinnnepa pamia l7j,.(r, t)) = 

J 3 b(r') • -
= exp(-i(E + waz)t) d r' No(r') Ir_ r'I exp(iklr - r'I) exp(ikr')IXxu), (32) 

r,11,e N0 (r') JI b(r') - aT0MHaH IIJI0TH0CTh n aMIIJIHTy,11,a pacceHHJIH B T0'IKe r' BHYTPJI o6paJu;a, 

k = Jk2 + 2waz JI k = Jk2 + 2wazk/k. 
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Pnc. 12: CxeMa reHepa11nn KorepeHTHoii BCIT MC)K.n;y ,11,nyi.rn T0)K,ll,CCTBe11111,1Mn cm111-

<pJ111nnepaMn C IlllYTJlCHllllM i.rarnl!TllblM IT0JICM Bo, napaJIJI(',JILIILIM 0CII Z (nncpxy). ITa,11,a10rn;nii 

neiiTpOHHhlii ny'IOK Il0JIHpll30BaH B,11,0JII, OCH X II pacnpocTpanHCTCH Il,11,0JII, 0CII y. MarmITHOe 

IT0Jie BHe <pJIIIITITepon 0TCYTCTnyeT. IToCJIC ITepnoro <pJlllllllCJla ueiiT]lOII 0Ka3hlllaCTCH n COCTO

Hllllll C ,11,Il}'MH n0JIHpn3aJ_\IIHMII no II np0TIIIl 0CII z, ITajlaJIJICJlhllhlMll IllIYTJlCIIIJCMY II0JIIO nep

noro q:,mmnepa, II C0CT0HHIIH 3Tll pacrn;enJ1CIILI no 311Cprnn, KaK Illl,11,110 113 ,11,llarpaMMbl Bllll3y. 

ITocJie nToporo q:,mmnepa 3Hepr1111 o6enx K0MnouenT no3nparn;aJOTCH K ncpnona•1an1,110My 3Ha

qeHIIJO E. BCIT cyrn;ecTByeT MC)K,11,y ,11,nyMH <pJinnnepaMn (cM. [40]). 

Cq:,cpnqccKne B0J!Hhl, ll,IJ;Yll\!IC OT 0,11,uoro pacccnnaTCJIH C pa31IJ,1Mll k, IIIITCp<pepnpylOT 

,11,pyr C ,11,pyrmr, II IIHTCp<pepeHJ_\IIOHJlaH KapTlllla C0,11,Cp)K!!T rOJIOrpa<pll'ICCKYIO IIII<pOpMaJ_\!IIO 0 

Il0JI0)KCil!lll paccennaTCJIH BIIYTPll o6pa3J_\a. 

,Il;Be cq:,cpll'!CCKlle B0JIIIbl IIMClOT pa3nym 311Cprmo, IT03T0MY llIITCp<pepe111\llOHHaH KapTllHa 

0CJ_\llJl.111pycT, !I CCJIII ee pcrllCTpnponaTh ua 1103Hl\ll0111IO 'IYBCTilllTCJILJI0M ,11,CTCKT0pe (ITL{,Il;) 

,11,0 BT0poro <pJinnnepa, TO 0Ha ycpe,11,H!ITCH no Il]lCMCllll !I co:i,11,acT T0JILK0 0,ll;H0IJ0,11,Hblii cpou. 

IT03TOMY paccem1111,1e ueiiTp0ilbl CJIC,IJ;YCT IT]l0ilYCT!ITI, 'IC]lC3 IlT0poii qJJ1unnep, T0)K,ll,CCTBCIIIIl,Iii 

nepnoMy, nocJie qcro o6c K0MII0IICIITLI cnunop11011 cpynKJ_\llH Il03nparn;amTCH K nepB0ila'laJihII0ii 

:meprnn. EcJill TCITCJ)b ITponyCT!ITb !IX eu,c '!CpC3 amlJIH3aTop, <pll,1LTPYIOl1\HII ueiiTpOilhl, Il0,1H

pll30Ban111,1e, uanpnMep, Il,ll,0J1b OCH x, TO llIITCIICHBIIOCTh, :iapcrncTpnpoBa1rnaH Ha rrq,i::i: ,11,acT 

rGJ10rpa<pll'ICCKOC H306pa)KCHllC. 

By,11,CM C'IIJTaTh, '!TO paccemrne IICKOrcpcnTIIO. 9To '.llla'IIIT, '!TO HIITCIICHBH0CTb pacCCHJI

llblX neiiTJ)0II0il ua ITL{,Il;, onpC,11,CJIHCMaH Klla,11,J)aTOM BOJll!OBOii <pyHKl\llll, ycpe,11,uem11,1~1 ITO 

3JICMCJITII0MY H30T0n!lqecK0MY II Clll!II0B0MY COCTOHIIIIHM aT0M0B, ITPIIB0,11,IITCH K Bll,IJ;Y 

I(r) = (( l(Xxull1/Js(r,t))l
2

)) = / ,1',-' N(r')lk/J(r')l
2

cos
2 (qr'+ qn(r - r')) = 

= C + ~ J d3r' N(r')[k/J(r')l2 cos (2qr' + 2qn(r - r')), (33) 

r,11,e C = J d3r' N(r')[kb(r')l2/2, q = (w/k2 )k, qn = (w/k)n, 11 ncm.n;y, r,11,e 3T0 B03MO)KIIO, MhI 

npene6perJIH w ITO cpaBHCJillIO C k .. Mhl Illl,11,HM, '!TO IIIITCl!CllllllOCTb 3aBIICIIT OT KOop.n;mmT 

T0'!Kll r ua rrq,i::i: II co,11,ep)KllT Hil<pOpMaJ_\1110 0 <pa3C BCIT, T. e. 0 pacCT0HIIJ!ll MC)K,IJ;Y TO'IK0H r 

Ha rrq,i::i: II TO'IKOii r', B KOTOJ)OH np0I13011!J10 pacccmrne. 
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ITmrecnm cpoTOJIJlelIKY na rrq,i::i:, no,1yq11M ro,1orpaMMy. OcBCll\Clll!C ro,10rpaMMbl BOCCTa

HaB,1IlllaJOrn;efl CBeTonoii B0JIH0H, Il03B0,1HCT Bll3}'a.,11,HO Ha6,1m,11,aTb CTIJYKTypy pacce1mamrn;11x 

11eITpo3paq111,1x Bern;ecTn. 

2.6 3aKmo-<Jemie K rJiaBe 2 

B 3TOii rJiaBe MCT0,11, pacCJioemrn, cq:,opMy,111poBaHHhlii B rJJaBC 1 ,ll,,1H CKa.,1HpHbIX 'IaCTlll\, 0606-

11\ell Ha cmmopHhie 'IaCTlll\hI. B pc3yJihTaTe 06uapy)Kc110 pacrn;en,:ienne 11eiiTpom10ro nyqKa 

np11 0Tpa)Kemrn II npe,10:vwemm Ha rpan1111e ,11,nyx MarmITHhlX cpe,11,, Haii,11,eno 0Tpa)KeHne n 

nponycKaunc MarmITIIblX 3CpKa.,1 C rC,1llK0ll,IJ;a.,11,11oii na:vrarllll'ICIIIIOCTh!0 npn np0I13BOJlbHOii 

110J1Hp113a111111 na.n;amrn;ero 11eiiTpona, pa:ipa6oTaH 0606rn;c11111,1ii :vraTpll'nn,1ii MeTo,11, MH •mc

J1cm10ro pac•1eTa np01131l0,1hllblX O,ll;IIO:\!Cplll,IX :\!ar!IIITJil,JX CIICTeM, no.ny,1eno IT0JIIIOC pcmeHne 

3a,11,a'm Kpmrepa: o,11,110Mep11oro pacccmnrn nc11Tpo11a Ha conoKymmcTn IT0CT0HmIOro II pa,11,no

'IaCTOTnoro IIOJICII, 0611apy)KCill,I ,IJ;,1IIIIIIOB0,1Il0BblC xapaKTCp!!CTIIKII JICiiTpoHa, ITporne,11,rnero 

'!CpC3 pa,11,11o•mcTOTilhlii Clll!Il-(jlmmncp, II C IIX IT0M011\bl0 C<pOJlMYJillpOBam,I np!!HJ_\IIITbl 11eii

TjlOIIII0II rOJIOrpaqnrn. 

3 rJiana 3. ,D)rnaM11qecKa51 ,n;mppaKu;1151 B TpexMepHhIX rre

p110,n;11qecKnx cpe,n;ax 

B ,11,mmofl rJianc npe,11,cTaBJien JI0Bhlii no,11,xo,11, K om,canmo ,11,mmMnqecKofl ,11,mppaKl\llll n ll,11,CaJIL

HhIX Kp!!CTaJIJiax. On 0CH0BaH na MCT0,11,C paCCJI0emrn, o6o6rn;eHHOM Ha '!aCTlll\hl C ITp01l3Il0Jlb

llblM CIIIIII0M, qT0 TI03B0JIHCT ero ITJ)IIMCIIIITL K yITpyroMy paCCCHIIlllO HeiiTpOHa TpexMepllbIMll 

ITCJ)ll0,11,llq()CKllMII cpe,11,aMll. 

TpexMepnue KpllCTaJIJlhl nepII0,ll,ll'llll,I IIC T0JlbK0 Il,11,0JIL nopMaJill K noBepXH0CTll pa3,l];CJia, 

HO II B,11,0Jlh caM0ii nonepxH0CTll pa3,11,CJ1a. ECJIII ITpe,11,cTallllTb KpllCTaJIJI 0,11,HOMepnoii nepno,11,11-

'leCKOii CllCTeM0ii, pa361ln cro na 0T,11,CJll,Hb!C CJI0ll TOJIIll;llHOii B ITepno,11,, ITapaJIJICJlbHhJe BX0,11,II0H 

noBepXH0CTll, TO paccemrne na 0,11,II0M 0,11,II0MepH0M nepno,11,e ITJ)llll0,11,llT He T0JlbK0 K 0Tpa)KeH!IIO 

ll ITp0ITYCKaIIIIIO 6c3 ll3MCHCHIIH K0Mn0HCHThl llMITYJILCa napaJIJICJlbll0H IlX0,11,HOii IT0nepxn0CTII, 

HO ll K ,11,ll<ppaKJ_\llll, K0TopaH ll3MCIIHeT 3TY K0MTI0HCHTy. IT03TOMY paccemrnc na 0,11,H0M ne

pno,11,e 0ITllCh!IlaeTCH ne CKaJIH!)Hb!Mll qncJiaMH p ll T, a MaTplll\aM!I p ll f-, KaK ll n CJIY'Iae 

CIIIIII0J)Hb!X 'laCT!ll\. 3,11,ec1, MI,I, 0,11,HaKo, 0TBJICKaeMCH OT CITllH0BLIX CB0iiCTil IICHTp0Ha !I cqJITa

eM ero CKaJIHpHoii 'IaCT!IJ_\Cii. TeM HC MCIICC aMnJillTY,11,bl 0Tpa)KCllllH II nponycKallllH 0CTaJOTCH 

MaTpHJ_\aMn, qT0 o6ycJI0IIJICHO TpexMepH0ii CTPYKTypol! KpllCTaJIJia [2, 30, 31]. 

,Il;JIH 0ITJICallllH «,11,llcppaKJ_\llll» Ha KpllCTaJIJIJlqecKoii nJI0CK0CTII, ITpe,11,cTamIM ce6e nom1y 

exp(ikor), na,11,a!Oll\YIO Ha TaKylO ITJI0CK0CTb, pacnoJI0)KCHIIYIO n T0qKe z = 0. 9Ta Il0JIHa pac

cennaeTCH ua aT0Max (MH np0CT0Tbl 6y,11,eM cqJITaTh 3JICMCHTapnyro 51qcfIKy KBa,11,paTnofl, co 

CT0poHofl a); paCIT0JI0)KCIIIIhIX n T0'!Kax rn = a(nx, ny), r,11,e nx, ny - J_\CJihIC qncJia. Ka)K

,ll,hIH ll3 aT0M0il C03,ll,aC'r ccpepw1ecKyJO B0JIHY, a C0B0KYIIIIOCTb ccpepll'ICCKIIX B0JIII, Il,IJ;Yl1\IIX 

OT ITJI0CK0CTll, ITO ITplllll\llITY <flpeHCJIH C03,ll,aeT CH0Ba ITJI0CKYIO B0JIIIY- EcJill 6u aT0Mbl 6hI

Jlll pacnoJI0)KeHbl ua nJI0CK0CTll Henpepb!BH0, TO IT0JIY'lllJiaCh 61,1 C0B0KYIIIIOCTb cq:,epJiqecKIIX 

B0JIH, llCITYCKaeMhIX Ka)K,11,0l! T0qKoii <ppOnTa ITa,11,amrn;el! ITJI0CK0H Il0JIJibl C <pa30Bh!M MH0)Kll

TCJICM exp(iko11r11)- TaKaH C0B0KYIIIIOCTb B,11,aJill OT ITJI0CK0CT!I z = 0 B0CHp0I13B0,ll,l!T IIJ)ll z > 0 

ITa,11,amll\YJO ITJI0CKYJO noJIHY exp(ik0r) = exp(iko11r11 + iko1.z) a npll z < 0 - 0Tpa)KenHym 

B0JIHY exp(ik011r11 - ik01.z), r,11,e ko11, k01. - K0MIT0nenThI B0Jinonoro neKT0pa ko, ITapaJIJieJILHhIC 

II ITC!)ITCH,11,llKYJIHpHaH nJI0CK0CT!I z = 0 C00TBCTCTBCHH0. 

ITocKOJlbKY aT0Mhl na KJ)!ICTaJIJlll'ICCKOH ITJI0CK0CTll pacH0JI0)KCHbl ,11,IICKJ)C'rll0, 0IIJI IT0J)0)K

,11,amT T0JlbK0 ,11,IICKJ)CTHYIO C0B0KynH0CTb ccpepll'ICCKllX B0JIH C TCMll )KC <pa30Ill,1Mll MII0)KII-
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I TeJUIJ\111 exp(iko11rn)- 8n1 MII0)KUTeJIII T0)K,ll,CCTBCIIllhl MH0)KIITeJIHM exp(i[ko11 + t.]rn) npII 

KTn = 27rn C I\eJihlMII n, IJ03T0MY CJMMa ,ll,llCKpCTI!h!X C<pep1PICCKIIX B0JIII B0CI!p0H3B0,ll,IIT 

IIJIOCKJIO nom1y IIC0,ll,II03Ha•mo. Ona B0CI!p0113B0,ll,HT, He T0JlhK0 rrepnoHaqaJihIIJIO II 0Tpa)KeH-

11yro B0JIHhI, no TaK)Ke B0JIIIhI exp(ikKr) = exp(i[ko11 +t.]r11 +ikK.1_z) n exp(i[ko11 +t.]r11-ikdz), 

r.n,c kK.1_ = Jk5 - (ko11 + t.) 2. Tioc;re.n,nee pane11cTno CJic.n,ycT 113 3aKona coxpa11emrn 3HeprIIII: 

paccemrne na <pnKcnponamn,1x n rrpocTpaHCTBe aT0Max ynpyro II lkKI = lkol-

Yc,'!OBHC KTn = 27rn BhIII0JIHHCTCH T0JihK0 ,D,JIH K = 27r(nx, ny)/a c I\CJihIMH nx, ny. TaK11e K 

Ha3hIBaIOTCH BCKTopaJ\rn o6paTIIOH peIIICTKII KPIICTaJIJIH'ICCK0H IIJI0CK0CTII, a IIJI0CKHe B0Jil!hl 

C K fc O Ha3b!BaIOTC51 .n,11cppar11ponanllh!MH. 

TaKIIM o6pa30M, KpHCTaJIJIH'IecKaH IJJI0CK0CTh rrpeo6pa3yCT rra.n,aIOII\YlO IIJI0CKyIO B0JIHY 

B HeCK0JihK0 0Tpa)KCl!Hh!X n rrp0IIIC,D,IIIIIX IIJI0CKIIX B0JIH, B0JIII0BhlC BCKT0pb! K0T0pblX 0TJIIIqa

IOTCH neKT0paMH o6paTIIOH peIIICTKH. ConOKJIIIIOCTh 0Tpa)KCHHhlX 11 rrp0IIIC,ll,IIIIIX B0JIH, a TaK

)KC rra.n,aIOII\YIO B0JIIIY MQ)KIJQ 0IIHCaTh MH0r0MCpHh!MII (noo6II\C ronopH, 6ccKOHeq1JOMepHblMH) 

neKT0paMII aMIIJIHT)',ll, 

I~")~ m a_2 b_2 

l~r) = I aa~! = Pl~o), l~i) = bbo1 I = f-l~o), (34) 

a1 b1 

r.n,c l~o) cooTBeTCTBJCT e.n,1111cTBCH11oii rra.n,aroll\eii B0JIHe c B0JIH0BhIM BCKT0p0M ko. Tip11 3T0M 

aMIIJIIITY.L\hl p II f- HBJIHIOTCH MH0r0MCpHb!Mll MaTpIII\aMII, MaTpllqHh!C 3JICMCl!Thl K0T0phlX CBH-

3b!BaIOT K0MrroneHTLI rrcpnI1qnoro neKTopa l~o) rra.n,moll\CH B0JIHhI c K0MII0HeIITaMH aj, bi neK

Topon 0Tpa)Kel!HLIX II rrporne.n,IIIIIX B0JIII. OrrIICbIBaH TaKIIM o6pa30M C0B0KJIIIIOCTh ncex B0JIII, 

Mhl MQ)KCM TpCXMepHhie nep110.n,11qeCKIIC cpe.n,LI paccMaTpHBaTb KaK 0,ll,H0MepHLIC II B0CII0Jih-

30BaTbCH aJire6poii, pa3BIIT0H ,ll,JIH 0,ll,H0Mepnoro CJIY'IaH, C yqcT0M MaTpH'IH0ro xapaKTepa 

aMIIJIIITY.L\ 0Tpa)Kel!llll II nporrycKaIIHH. 9:T06hI II0IIHTL, KaK0Bhl 3TII MaTpIII\hI, paCCM0TpIIM 

rro.n,po6ncc .n,11cppaKI\HIO I!CHTp0Ha na KpHCTaJIJIIJqCCKOH IJJI0CK0CTII. 

3.1 ,lJ;ttcppaK~IHI Ha KplICTaJIJUPieCKOII IIJIOCKOCTlI 

By.n,cM cqIITaTh, '!TO rroncpxH0CTL 11,D,CaJILII0ro KpllCTaJIJia 6ecK01Ieq11a, II OJI M0)KeT 6LITh pa3-

6IIT na CIIMMCTpHqnLIC I!CpII0,ll,hl, Ka)K,ll,hlll II3 K0T0pb!X co.n,Cp)KIIT 6ecKOJ1Cq11y10 KpHCTaJIJIIIqe

CKYIO IJJI0CK0CTL II .n,na paBJILIX rryCThIX np0MC)KJTKa C o6eIIX CT0p0H OT IICC. 9JICMCHTap11yIO 

H'ICHKY IIJI0CK0CTII 6y.n,cM cq11TaTh KBa.n,paTII0H, a 3JieMeHTapHyIO 51qci1Ky ncero KPIICTaJIJia -

Ky611qecKOH. 

Pacccmmc ua 0,ll,II0M 0T,D,eJihH0 B35IT0M 11ep110.n,c ( OH ,D,CJIIIT rrpocTpaHCTB0 Ha .n,na II0JIJllpo

CTpaHCTna) 0I!llChIBaeTCH MaTplll\aMH aMIJJIIITY.L\ 0Tpa)Kellllll p II rrporrycKaUIIH f-. MaTpilqHhie 

3JICMCHThl ucpnoii xapaKTepH3JIOT aMIJJIHTY,D,LI 3epKaJILl!0r0 0Tpa)KCIIIIH II .n,11cppaKI\llll B TY 

)Ke CT0pony, Ky.n,a Il,D,eT 3CpKaJihH0 0Tpa)KCJIIlaH B0JIHa, a MaTpIIql!bJC 3JICMeHTLI BT0poi! - aM

IIJIHTY,D,LI rrporne.n,IIIeii II .n,11cpparIIponaHHhlX B0JIH, ll,D,YII\llX B TO )KC IJ0Jiyrrp0CTpaHCTB0, qTo 

II upoIIIC,D,IIIaH B0JIHa. C II0M0II\hlO p II f- naxo.n,HTCH MaTplll\LI 0Tpa)KCHIIH R OT IIOJiy6ccKo

HC'IH0ro KplICTaJIJia 11 6JIOXOBCKOro B0JIII0B0ro BeKT0pa ii. BJIYTPH Hero. C II0M0II\hlO )KC fl II q 
11axo.n,HTCH MaTplll\hI 0Tpa)KeHIIH RN II upouycKamrn TN KpHCTaJIJI0M KOHeqHoii T0JIII\IIHhI, 

C0CT0HII\IIM 113 N uepno.n,on. TaKHM o6pa30M, B rrepnyro oqepe.n,h HJ)KHQ Bh]qIICJIIITL p II f-, T. e. 

HaiiTn, KaK paccennaeTCH rra.n,aIOII\aH IIJI0CKaH B0JIHa Ha C0B0KJIIH0CTII aT0M0B, COCTaBJimOII\HX 

KpHCTaJIJill'ICCKJIO IIJI0CK0CTh. 9TOMJ IJ0CBHII\CII CJIC,D,YIOII\IIH II0,ll,Pa3,D,CJI. 
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3.2 Teop1rn MHOrOKpaTHOro pacceHHlIH BOJIH 

By.n,eM C'IHTaTL, '!TO aT0MhI, C0CTaBJI5110ll\lle IJJI0CK0CTh, CTporo <pHKCHponal!LI B npocTpauCTBe. 

8TO 311a•rnT, qTo pacceHHIIC Ha 0T,ll,CJihH0M aT0Me II ua HX C0B0KJIJH0CTII CTporo ynpyro. 

3.2.1 Paccesrnne na o,n;noM qn1Kc11pona11110M u;enTpe 

CorJiacno cTa11.n,apT11oii TCopnn paccemnrn pac~emrne 11ciiTpona ( ccii•rnc MLI He 6y.n,cM yqnTLI

naTh era crrnn) na 0T,D,eJihl!0M I\CHTpe, <pllKCIIPOBannoM n T0'IKe r = 0, 0I!l!ChIBaCTCH B0JIII0B0H 

<pyIIKI\Heii 1/J(r) = cxp(ikr) - (b/r) exp(ikr), r.n,e nepnoe CJiaracMoe cooTnCTCTByeT rra.n,aroll\e

MY HeiiTpouy (nJIOCKaH BOJIIIa), a BT0poe - pacceHHII0MY (ccpepnqecKaH BOJIIIa). MHO)KIITCJih b 
na3hIBaCTC51 aMIIJillTJ,D,OH pacccmrnH (Mhl 0603uaqaeM ce co 3IIaK0M «Ml!HJC>>) 11 l!MCCT pa3MCp

II0CTL ,ll,JIIIIILI. 

3.2.2 Paccesrnne na Mnornx cp11Kc11pona1111h1x u;enTpax 

TipII pacccmmn na N 11e11Tpax B0JIHonaH cpyHKI\HH panna [65, 66] 

N 

'lfJ(r) = cxp(ikr) - '\' 'I/Ji-I bi I exp(ikJr - r 11), 
L., r-r-
J=l J 

1/;i = cxp(ikr1) - L 1/JJ'bJ'7/J'j, (35) 
j'-h 

r.n,c bj -· aJ\mJinTy,ll,a pacccmrnH I\CIITp0M, paCIJ0JI0)KCJIHLIM B T0'IKC Tj, a 'lpj - IJ0JIIIaH aMIIJIII

TY,D,a IJ0JIH, ocncmaIOII\CrG j-ii I\CIITP, K0T0paH, KaK IJ0Ka3aH0 BO BT0p0M ypam1ennn, CKJia,D,b!Ba

CTCH n3 aMnJIHTJ,D,hI rra.n,aIOII\CH ITJIOCKoii noJim,1 exp(ikr1 ) II B0JIII 7/ij = exp(ikJri-r11)/lri-rJI, 

H,ll,YII\IIX OT DCCX 0CTa.'!LIIhIX 11e11Tp0B. n 0611\CM CJIY,IaC pCIIIHTh CHCTCMY ypaBHCHIIH (35) B ana

JilITllqCCK0M nn.n,e IICJih351. ,[\JIH KplICTaJIJIH'ICCK0H IJJI0CK0CTII 3T0 B03MQ)KIJ0. 

3.3 PacceHHlie Ha 6eCKOHff'lHOII KplICTaJIJiliqecKOII IIJIOCKOCTlI 

Tipc.n,cTannM cc6c 6ecKOIIC'IIIYl0 IIJI0CK0CTh x, Y, na K0T0poii 11axo.n,HTCH aT0MLI, o6pa3JIOII\HC 

H,ll,CaJihIIJIO pcmeTKY C KBa.n,paTII0H 3JICMeIITapnoi! H'lCHKOH. IlbI6epeM OCH X II y napaJIJieJ!hll0 

CT0ponaM 3,'ICMCIITapnoil H'ICHKII. Tor.n,a K0op.n,1111aTbl aT0M0B MQ)KIIQ npe.n,cTaBHTh B nn.n,e Tn = 
an, r.n,c a - CT0po11a 51'!CHKII, a BCKT0p n = (nx, ny, 0) HMCCT 11eJI0'lllCJICHIILIC K0MIJ0HeHThl 

n,,, ny. AToMLI 6y.n,cM c•mTaTb o.n,1maK0BhIM11, IT03T0MY b1 = b. 
Ec,111 HJ o6JJaCTII z < 0 na IIJI0CK0CTh na.n,aCT 11,'I0CKaH B0JIIIa exp( ikr ), TO ITO 0TII0IIICHHIO 

K IICH DCC aT0MLI IIJI0CK0CTII pannorrpanHLI II 0CBCII\aIOTCH o.n,1111aK0B0. 113 coo6pa)KCIJIIH CIIM

MCTp1111 aMITJIHTY,D,bl IIOJICH 'lf!J MoryT Pa3JIJlqaTLC51 T0JlhK0 <pa30H exp(ikrj)- Tio3TOMY pCIIICIIIIC 

CIICTCMhl ypam,cnnii (35) panno 1/Jn = C exp(ikrn)- Tio.n,crnnnn era n (35), II0J1yq11M ypannc1111c 

,D,JIH C: C = 1- /1SC, r.n,c S = I::n,'Oexp(ikrn)[exp(ikrn)/rn]- MO)KIJO BL1q11C,'!HTh S JI nailTH 

C = 1/(1 + liS) (cM fl]). 

3.4 PacceHHHOe IIOJie KplICTaJIJittqecKoii IIJIOCKOCTlI 

Tirrpo•1cM, MQ)KIIQ C'IIITUTh C JleKIIM rrapaMeTp0M, KOTOpb!il rrcpeII0pMnpycT (rrcpcorrpc.n,cJIHeT) 

aMITJrnTy.n,y pacccmmH: b --> be = bC, 11 cpa3y Bh1qnCJIIITh paccemmbie rroJIH. ,[\Jrn 3Toro IIJ)K

no no.n,cTan11TL 'lfJn = Ccxp(ikrn) B (35) 11 rrpocyMMnponaTh no 6ecKOIJCqIIOMY .n,nyMepH0MY 

MII0)KCCTBy T0'ICK C K0op.n,n11aTaMI1 an, B K0T0ph!X HaX0,D,HTCH pacce11naTCJIII. CyMMnponannc 

rrp11no.n,11T K pC3JJILTaTy 

'lfJ(r) = exp(ikr) - i L f3n exp(ikn11r11 + ik11.1_lzl), (36) 
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r,L\e f3n = p/kn1_, P = 21rN2bc, knll = k11 + "-n, "-n = (2rr/a)n, kn1_ = /k2 - k~ 11 , N2 = l/a2 -

,L\ByMepnrui HJIOTHOCTb aTOMOB na KpHCTaJIJI11qecKoii: HJIOCKOCTH. Tipn z < 0 cJiaraeMoe kn1_lzl 
paBHO -knl_Z II COOTBeTCTByeT OTpa)l(eHHbIM, T.e. BbJinaM, YXO,L\51rn;IIM HaJieBO OT paccenna!O

rn;eii: nJIOCKOCTn, a npII z > 0 IIMeeM kn1_lzl = kn1_Z, qTo OTne•iaeT nporne,L\IIIIIM, T.e. BomiaM, 

yxo,L\51rn;nu nanpano OT paccennaJOrn;eii: HJIOCKOCTn. 

BeKTOp n = 0 OTIIOCJITC51 K 3CpKaJiblIO OTpa)l(eJIHOH II npOIIIC,L\IIIeii:, a BeKTOpbi n # 0 -
K ,L\mpparnpoBamn,iM BOJIHaM. TiocKOJibKY BeJinqnna "-n He orpaHnqeHa, TO •rncJio ,L\ll<pparnpo

BaIIIIblX BOJIH 6ecKOHe•mo. 0,L\IIaKO, eCJIII lknll I > k, TO kn1_ OKa3hmaeTC51 MHIIMOii:, II cooTBeT

CTBYJOrn;IIe ,L\II<pparIIpOBa!l!lble BOJ!Hbl 3KCIIOHem:i;IIaJibHO y6bJBaJOT IIPII Y,L\aJie!IIIII OT IIJIOCKOCTII. 

Ha ,L\OCTaToq110 60JibIIIOM paCCT051HIIII IIMII MO)KHQ npeHe6peqb, II03TOMY qnCJIO ,L\II<pparnpo

BallJib!X BOJIJI OKa3hlBaeTC51 KoneqJlbIM. PacnpOCTpaH51JOTC51 D npOCTpancTBe TOJ!bKO Te BOJI!lbl, 

KOTOphlM COOTBeTCTDyIOT k~l_ > 0. 
,IJ:aJiee ,L\Jl51 npOCTOTbl 6y,L\eM onycKaTb IIH,L\eKC C y aMHJIIITY,L\bl be, no 6y,L\eM IIOMHJITb O ne

peHOpMIIpODKe II D03Bparn;aTbC51 K Hett, KOr,L\a 3TO 6y,L\eT neo6XO,L\IIMO. 

3.5 ,IJ;Hc:ppaKn;Irn Ha IIOJ1y6ecKOHeqHQM MOHOKpHCTaJIJie 

BBe,L\eM non51TIIe BeKTOpa cocT051JIII51 l,;Ji), KOTOpb1ii: onpe,L\eJI51eT, KaKIIe n3 nJIOCKIIx BOJin, c Ka

KIIMII K, II aMIIJIIITY,L\aMII BXO,L\51T B BOJIHODYIO <pyHKIJ;IIIO. cha COCT0511IHC 3aHIICbJBaeTC51 B DII

,L\e 6eCKOHe'IHOMepuoro neKTOpa-CTOJI6IJ;a KOMIIJieKCHblX 'IHCeJI, KaK IIOKa3ano B (34). CocT051-

HII51 J,;Ji) o6pa3yJOT JU!Heii:noe BeKTOpHoe npOCTpancTBO, B KOTOpOM MO)KHO onpe,L\eJIIITb 6a3IIC. 

B Ka,1ecTnc 6a3IIca B03bMeM BeKTOpbI Ii) - 6ecKoHeqnhle CTOJI6IJ;bI, CO,L\ep)Karn;IIe e,L\HHIIIJ;Y Ha 

CTpOKe i II IIYJIII ua Bcex OCTaJibllblX. Pa3JIO)KIIB COCT051H1Ie J,;Ji) HO 3TOMy 6a3IIcy, IIOJiyqlIM 

l,;Ji) = Lj °'iii). TaKIIM o6pa3oM, •mCJia °'i 11pe,L1cTaBJimoT co6oii: KOOp,L\IInaThl neKTopa J,;Ji) 

B 6a3IIce Jj). 
Tenepb DOJIHOBa51 cpyHKIJ;II51 (36) npe,L\CTaDJI51eTC51 D BII,L\e 

Jij.,(r)) = 0(z < 0) [exp(ik:r) + exp(ikrr)ps] l,;Jio) + 0(z > O)exp(ik:r)f-sl,;Jio), (37) 

r,L\e nne,L\CIIhl oncpaTOphl OTpa)KeJIII51 Ps II nponycKaHn51 Ts e,L\IIHCTBeHnoii: KpHCTaJIJU1qecKoii: 

HJIOCKOCTbJO, a TaK)Ke 011epaTOpb1 kr II krr, KOTOpb1e IIMeJOT co6cTBeHHhlC 311aqenII51 ki11r11 + 
kjl_Z II kj11r11 - kjl_Z COOTBeTCTBenno, II co6cTBeIIIlble BeKTOpbl Jj). TipII 3TOM 

exp(ik:r)li) = exp (ikillrll + ikj1_z) Ii), exp(ik:rr)li) = exp (ikillrll - ikj1_z) Ii). 

Ba3IIC, IICIIOJ!b3YeMhlH ,L\JI51 onpe,L\eJieHII51 BeKTOpOB COCT051HII51, MO)KIIO IICIIOJ!b30BaTb TaK)Ke 

,L\JI51 3an1IC1I MaTplIIJ;. TiycTb ,L1a11a MaTpIIIJ;a Mc MaTp1IqHbIMII 3JieMeHTaMII M;i, KOTOpb1e nepe

BO,L\51T BeKTop Ii) B neKTOp Ii). MaTpIIey M y,L106Ho npe,L\CTaBHTb B BII,L\e M = Li,i li)MiiUI, 

II TOr,L\a n CIIJIY opTOHOpMIIpOBamIOcTII 6a3IICa Ii), ee MaTp1Iqnb1e 3JieMeHTbI paBHbI (LI Min) = 
Min• 

MaTpliqllbie 3JieMenTbI MaTplIIJ; Ps II Ts paBHbI COOTBeTcTneHHO UIPsli) = -i(Jj, (jlTsli) = 
Oji - i(Ji, r,L\e Oji - CIIMBOJI KponeKepa, pamlblt! e,L11IH1IIJ;e npII i = i II 11yJIJO npII i # i- 3aMe

TIIM, qTo MaTp1Iq11b1ii: 3JieMeHT Ps ue 3an1ICIIT OT HaqaJibHOro IIH,L\eKca, a MaTp1Iey Ts MO)KJIO 

npe,L\CTaBIITb KaK j + p., r,[\e j - e,L\IIHH'IIIru! MaTplIIJ;a. 

PaCCMOTPIIM IIOJiy6ecKOHeqHJ,Ill 0,L\HOaTOMHbJt! KPIICTaJIJI C Ky61IqecKOii 51qefiKoii, 0,L\Ha II3 

oceii KOTOpot! nepneH,L\IIKYJI51pHa BXO,L\11011 nonepxHOCTII. TaKoii KpIICTaJIJI npe,L\CTaBJI51eT co6oii: 

COBOKYIIHOCTb KpllCTaJIJillqecKIIX IIJIOCKOCTeii, Pa3,L\eJieHHblX nyCTb!M npoMe)KyTKOM IIIIIpHilbl a. 
Bb16epeM B HeM CIIMMeTpIIqJlblll neplIO,L\ II3 KpllCTaJIJIIIqecKoii IIJIOCKOCTII II ,L\DYX nyCTb!X npo

Me)KyTKOB IIIIIpIIHhl a/2 HO o6e CTOpOHbl OT Hero. 
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MaTpll!J;bl aMIIJIIITY,L\ OTpa)Kemrn fJ II nponycKaJIII51 T ,L\JI51 0,L\IIOro nepIIO,L\a CB513allhl C MaTpll

IJ;aMII p., T 8 ,L\JI51 0,L\IIOH-C,L\IIIICTDeIIIIOH KpllCTaJIJIIIqecKOii IIJIOCKOCTII oqeml,L\llb!MII COOTIIOIIIeHII-
- - - - -2 -

51MII /j = EpsE, T = ET8 E = E +p, r,L\e BBe,L1eHa,L1IIar.011aJibHa51 MaTp11IJ;a E c MaTpII'IIIbIMII 

3JieuenTaMn Eii = (ii.Eli) = Ojiej, ei = exp(iki1_a/2), KOTOpbIC onIIChIBaJOT pacnpocrpa11e1111e 

BOJIH no nycTOMY npoMe)KyTKY 1m1pIIHbI a/2. C HOMOrn;hJO /j, T MO)KHO HaiiTn ~mTpney oTpa

)Kemrn R OT noJiy6ecKOJieqnoro KpnCTaJIJia TaK )Ke, KaK 3TO ,n;eJiaeTC51 B c;1y,iae o,n;noMepnoro 

IIOTCHIJ;IIaJia. 

0603naqIIM cocTomme na,L1a10rn;eii BOJIHbI y ncpnoro neplIO,L\a 'Iepe3 l,;Ji 0), TOr,L\a cocTo£nn

eM oTpa)KeHnot! 6y,L\eT RJ,;Ji0). Q603uaq11M cocT051Hlle BOJIHbI, na,L1amrn;e1! na nTopoii: uep1IO,J,, 

qepe3 Xl,;Ji0), r,L\e X = exp(iqa) - MaTpIIIJ;a 6JIOXOBCKHX <pa3, KOTopa£ Bb1pa)KaeTC51 qepe3 

MaTp11ey 6JioxoBcKoro nOJIHOBoro neKTOpa q nnyTpll KplICTaJI;m. MaTpIIIJ;bI R II X onpe,L1eJI51-

JOTC51 II3 CIICTeMbI ypaBHenIIii X = T + pRX, R = p + T RX. Tiepnoc ~IO)KJIO pa3peIIIIITb 

OTHOCIITCJibIIO X: X = (i - pR)- 1T. Tio,L1CTan1In B ypaBHeHIIe ,J,JI51 R, nm1yqnM 

R = p + TR(i - pR)- 1T. (38) 

9To ypaBne1me B03M0)KH0 pa3peIIIIITb, IIOTOMY, qTo MaTpHIJ;a /j 51BJI51eTC51 ,L\IIa,L\HOii:, T.e. cc 
MaTpnqHble 3JieMeHTbI Pii = (jlfili) = aibi, ai = -iei(Ji, bi = ei npe,n;cTaBJI51JOTC51 B m1;w 

np51MOro npo113Be,L\eHII51 KOOp,L\llIJaT Pi, qi ,L\BYX BeKTopoB IP) II lq). 

3.5.1 Co6cTBeHHLie neKTOpLr n: co6cTBeHHLre 3Ha'leHn:SI onepaTopa X 
,IJ:JI51 Toro 'IT06hl IIOH51Tb, KaKIIe BOJ!Hbl pacnpOCTpaI151JOTC51 BHYTPII KplICTa.rum, Il}')Klll) 11a11 rn 

co6cTneHHhle 3HaqenlI51 II co6CTBeHHbie BeKTOpa MaTpllIJ;bl X. ,IJ:onyCTIIM, Mbl uai\,J,nl ll TO 

JI ,n;pyroe. KaKoii Mbl 6y,L1eM 06Jia,L1aTb IIII<pOpMaIJ;IIefi O BOJIHa.x DIIYTPII cpc,n;u ll O no.111ax, 

IlblXO,L\51rn;nx 113 KpIICTaJIJia? 

Co6cTBem1b1M11 3Haqenn51MII onepaTopa X 51BJI51JOTC51 KOMnJieKCHhie 'lllCJia cxp(iqa) c pa3-

JinqHbIMII q. Co6CTBe1I11b11! BeKTOp, cooTnCTCTnymrn;11ii qncJiy q, o6o3naqIIM lq). Ero MO)KHO 

HOpMIIpOBaTh II pa3JIO)KIITb no 6a31ICY Jj): lq) = LJ Qi(q)li), r,L\e Qi(q) - KOOp,L\IIHaThl BeKTO

pa lq) B 6a31Ice Ii), O,L\HaKo HOpM1Iponam!hle co6cTBeHHbie BeKTOpbI lq) II caMII MoryT CJIY)KIITb 

6a31ICOM. ITa,L\aJOrn;yJO BOJIHY exp(ik:r)J,;Ji0 ) B ToqKe z = 0 HaqaJia nepBoro nepIIO,L\a MO)KJIO pa3-

JIO)Kl!Tb no 6a3IICY lq): 

exp(ikr11)I%) = exp(ik:11r11) L 1/!qlq), (39) 
q 

r,L\c 1/Jq - KOOp,L111HaTbI BCKTopa l,;Ji 0) n 6a3nce lq). TipII 3TOM BOJinonoe noJie l'lf'in.(r)) BHYTPII 

KpIICTaJIJia, eCJIII MO)KIIO npene6peqb OTpa)KeH1IeM, 0Ka3UBaeTC51 pamihlM 

. l'lf'ins(z)) = eik:11T11 L 1/Jqeiqzlq) = L eik;11T11 (L Qj(q)1/Jqeiqz) li)-

q J q 

(40) 

ECJIII KpllCTaJIJI IIMeeT TOJirn;11ny D' TO IIOJie neilTpOHOB, Bbillle,L\lIIIIX 113 KpllCTaJIJia, 6y,L1eT 

l,;Jit(r)) = L eik; 11 r 11 +ik;1-(z-D) (L Qj(q)1/JqeiqD) Ii) = L 1Ptieik; 11 r 11 +ik,;(z-D)li), (4l) 
J q J 

r,L1e KOop,n;1rnaTbI 1Pti onpe,L\eJI£JOT IIHTeHCIIBHOCTb kJ1_l1Ptil 2 
11eilTpo110B, Bhlllle,L\IIIIIX H3 KplI

CTaJIJia c BOJIHOBhlM BeKTopoM ki = (k11 + "-ill, kJ1_), ki1_ = ✓k2 - (k11 + "-ill)2). Comac110 (41), 
aMHJIIITY,L\bI 1Pti paBHbI 1PtJ = Lq QJ(q)1/Jq exp(iqD). KaK pa3 ,L\JI51 IIX BbJqnCJieHII5111aM II 11y)KJ1hl 

n co6cTne1111hle qIIcJia q, II co6cTnem1hie BeKTOpbl MaTpllIJ;hl X. 
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,IJ:arrcc no,1y11e11b1 co6cTBe1111h1e BCKT0phI n co6cTBe1111h1c 311a11emrn onepaTopa X ,n,m, cny-

11a11 K0r,i:(a IICT ,i:(llcppaKl]JIJI, JI K0r,i:(a IIMeCT MeCT0 ,ll,J1<ppaKl]l!H Jlaya, a ,n,11cppaKJ]IIC:ii Bparra 

M0)KH0 npc11e6pe•1h. I3 nepBo::-1 CJJy•iae ::.1h1 nony11ae1v1 o6bl'll!hI:ii 3aK011 npcno1v1ne11m1, a BO BT0-

poM - co6cTBeHHhIC BCKTopa MaTpJ11JhI X npe,n,cTaBmfJOT co6o:ii cynepno3nl]HJO cocTomm:ii, n3 

K0T0pbIX, npn CIIMMeTpn11110::.1 BhIII0m1ennn yc.1omrn J1aya, 0,ll,110 - IIMeeT MaKCJIMYM, a BT0poe 

- JI0J!h Ha y3,1ax pelIICTK!I. 

3aTCM 11axo,i:(HTCH MaTplli]a 0Tpa)KeHIIH B CJIY,JaC ,1\llqJpaKl]llll Bparra, nocne qero onpe,11eJIH

IOTCH co6CTBe!lllhlC BeKT0pa II co6CTBCIIHhlC 'llICJia MaTplli]hl X B CJJyqae ,1\ll<ppaKJ]llll Bparra. 

Iln,n,110, 'lT0 npll ,i:(ll<ppaKJ]IIII Bparra B0.1H0BaH cpyHKl]IIH 3KCTI0HeJll]llaJJhll0 3aTyxaeT BHYTPll 

cpe,n,1,1. PacCMOTpe110 3CpKaJJhJJ0e II IIC3epKa.11,11oe 6p3rrOBCKllC 0Tpa)KellllH. 

3.5.2 ,Ll;ncppaKQlUI Ha KpHCTaJwe KOHe'IHOH TOJIIQIUlbl 

BhPIHC,IHB X II fl, nepcx0;:(llM K 11cc.1c,n,0Ba111110 ,n,11cppaKl]llll Ha KpncTarrne co,n,ep)KalIJeM 

N KPIICTa.,Jill'JeCKllX TIJIOCK0CTe:ii. ,IJ:nH 3Toro BU,ll,eJIHeM B nony6eCKOHe'III0M Kpl!CTaJJJie nepm,,e 

N nnocK0CTC:ii n 060J11aqae1v1 0Tpa)Kc11ne OT 1111x RN a nponycKa11nc TN. I3cKTOp aMnJinTy,n, B0JI-
• • • N 

IIOB0:ii cpynKJ]Hll, 11a,n,a10ll]e:ii 11a N + 1-:ii nepno,n,, paBen XNIWo), r,n,e XN = X - 6noxoBcKaH 

1v1aTp111]a <pa3. TenepL cncTeMa ypaB11c11n:ii ,ll,JIH nony6ecK011eq11oro KpncTaJJJia 111v1eeT Bn,n, X N = 
TN +ilNilxN, fl= RN +i'Nilx N, r,n,e fl II X Y)KC II3BeCTJJbl. OTCJO,ll,a HaX0,ll,HTCH 0Tpa)Ke-

• • • 2 • • • • • • 
,men nponycKa11ne N KpHCTaJJJill'ICCKHX nnocKOCTe:ii TN= (I - R )XN[I - RXNRXNJ-1, 
RN= [R- XNRXN][i - RXNRXNJ- 1

• 

Ilpn 3epKaJibHOH ,n;ncppaKQHII Bp3rra nMeeM cpaKTll'leCKll CKaJIHPIIJ,JH O,lJ,II0MCpI!J,JH 

pe3yJihTaT, II0CK0J!hKY caMhIM Cyll]eCTBCJIJlhlM HBJIHCTCH C,1\l!IICTBClll!hl:ii MaTpll'llll,IH 3JieMCJIT 

(RN )oo = Roo[l - exp(2iqD)]/[l - R50 exp(2iqD)] = 

ush(q"D) 

(ki-k1-u)sh(q"D)+iJ(ki-kJ1)(k1-ki +2u)ch(q"D)' 
(42) 

r,n,c q" = J(ki - kb)(kb - ki + 2u)/2k1. n D = Na. Q603na'rnB y = (k1 - ki + u)/u, A= 
uD/2k1., 3annlIICM BepoHTH0CTh 0Tpa)Kc11n11 TY= l(RN)ool 2 

B o6nacTn nommro 0Tpa)Ken11H 

y2 < 1 B 113BeCTII0M Bn,n,e 

W(y) = sh
2
(A~) = 1 

1 - y2 + sh2 (AJ1 - y2 ) y2 + (1 - y2
) cth

2
(A~)-

(43) 

,IJ:aJJee paccMaTpimaeTcH yrnoBaH nmpn11a, 6parroncKaH ,n,ncppaKl]llH OT 1v103an1111oro KpncTaJJJia 

JI BB0,ll,HTCH BTOpH'lHbJ:ii K03qlqllll]HeIIT 3KCTHIIKJ]llll. 

Ilpn ,n;ncppaKQHU .Jlay3 ne:iiTpOHbl np0X0,lJ,HT CKB03b KPJICTaJJJI. 9TO 3Ha'lHT, '!TO 0Tpa

)KeJIHCM M0)KII0 npcne6pe'lh, T. e. M0)KH0 no.10)KJ1Th fl = RN = 0. I1ponycKa11nc KpncTarrna 

B 3T0M c,,yqae I]CJIHK0M onpe,n,eJIHCTCH X N: TN = X N. 
BomIOBaH cpyHKl]HH np0lIIC,ll,lIIJIX ne:iiTpOHOB npHB0,ll,IITCH K cy1v11v1e ,1\Byx B0mI 

1/J(r) = ~eiko11r11+iko1.(z-D) (eiq1D + eiq2D) + ~eik111r11+ik11.(z-D) (eiq1D _ eiq2D). (44) 

O,n,11a H3 IIHX, C B0JIH0BblM BCKT0p0M ko, pac11pocTpairneTCH B nanpanJICIIJIJI 11a,n,a10IJ]C:ii (6y,n,eM 

na31,maTb cc npHMO:ii), a ,n,pyraH, C k1, HBJIHeTCH ,1\H<pparJ1pOBa11110:ii. H1ITeHCllBIIOCTb IipHM0:ii 

B0JIHhI pamm / 1 = cos2 (oqD/2), a nHTC11cnBH0CTh ,n,J1cpparJ1pOBa11110:ii - /2 = sin
2
(oqD/2), r,n,e 

Oq = Q1 - Q2- I1pJ1 Jl3MCJiellllll D llJIH ko no,rnaH nnTeHCHBII0CTb npolIIC,1\IIIJIX 11e:iiTpOH0il 0Cl]llJI

JIHpyeT Me)K,n,y ,l\BYMH nanpaBJiemrnMH MaHTHHK006pa3HO. 9TO HBJICIIHC TI0JIY,IHJI0 IICMel]K0e 

Ila3Banne Pendelli:isung, T. e. MaHTHJIK0Boe peIIIenne. 
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I1p11 JlaJJH'lllll norJI0ll]eIIHH na aToMaX KpllCTaJJJia TI0TCIIl]llaJJ Uo C0,ll,CP)KllT MHHMYIO 'laCTh, 

TI03T0MY Q2 T0)KC co,n,ep)KJIT MIIIIMYIO 'laCTh, a BeJlll'lIIUa exp( iq2D) 3KCTI0I!eJJl]Jla.1hH0 YMCHb

IIIaCTCH C p0CT0M D. B 3T0M c.1yqae npJ1 ,ll,0CTaT0'IH0 6oJihIIIIIX T0Jill]I!HaX B BOJIII0B0:ii cpynK

i]IUI (44) M0)KHQ npene6pe'lh exp(iq2D), H OCl]HJIJIHl]IIII C p0CT0M D npeKpalIIa!OTCH. 

TioCKOJibKY Q1 ne co,n,ep)KllT TI0TCHl]JlaJJa, TO, HeCM0TpH na norJI0ll]eirne, TI0JI0Bl!Jla JIHTeH

CllllH0CTJI np0X0,ll,JIT qepe3 KpllCTaJJJI 6c3 3aTyxaHJIH. Cnoco6110CTh B0JIH np0X0,ll,JITb qepe3 no

rJioll]aIOll]ll:ii KpllCTaJJJI npJI ,ll,J1<ppaKJ]llJI J1aya 6e3 OCJJa6JieHllH lla3hIBaeTCH aH0MaJJhHhIM npo

nycKaHJICM. I3 peHTrenOBCKO:ii 0TITJIKC 3T0 HBJieJJJIC H0CllT Ha3Banne 3<p<peKTa BopMaHa, a B ne:ii-

TpOHIIO:ii - acpcpeKTa Kara11a-Acpa11acLeBa. • 

O,n;noBpeMeHHOe BbIIIOJIHemie ycJIOBIIH Bp3rra II .Jlay3. BparrOBCKaH ,n,ncppaKl]JIH xa

paKTepn3yCTCH TI0J!Hb!M 0Tpa)KeHneM JI ycJI0BJICM kn1. =kB= 1rn/a, T.e. e~ = 1. ,IJ:J1cppaKl]llH 

J1ay3 B03HIIKaCT T0r,n,a, Kor,n,a ,ll,JIH IICK0T0pbIX neKT0p0B 06paT110:ii pemeTKJI "-m II "-n HMeeT 

MeCT0 npn6JIIl)KeJIIIOe paneHCTB0 kml. ;::::! knl., HJIII e;,, ;::::! e~. I3noJIHe MQ)KHQ npe,n,craBHTb ce6e 

cny'la:ii, K0r,n,a e;,, = e~ JI 0,ll,II0BpeMeHH0 e';,, = 1. I1pJ1 3T0M ,ll,0Jl)KJla na6JIIO,ll,aThCH ,ll,Jl<ppaKl]JIH 

Bparra, T. c. OTpa)KeIIJIC OT KpJICTaJJJia, II ,n,ncppaKl]llH J1ay3, T. e. 11ponycKa11J1e na,n,aIOll]e:ii BOJI

Jlbl JI paCll]CIIJICHHe ee 11a ,ll,BC 'JaCTJI. Bo3IIJIKaeT B0npoc: 'lT0 )KC 6y,n,eT na caM0M ,n,ene? By,n,yT 

,1JI ne:iiTp0Hhl 0Tp=aThCH no Bparry JIJ]ll np0X0,ll,llTb '1Cpe3 KpllCTaJJJI no J1aya? 

OTBeT ,ll,0CTaT0'IH0 np0CT. IlpJ1 ,n,11cppaKJ]JIJI J1ay3 BIIYTPJI KpHCTaJJJia B03HHKa!OT ,n,ne na

pbl B0JIH. O,n,11a napa I!IJTCpcpepnpyeT TaK, 'lT0 Ha y3nax peIIICTKll B0J!Ilbl raCHT ,n,pyr ,n,py

ra, a B ,n,pyro:ii nape 01111 ,n,pyr ,n,pyra yCJ1JIJ1BaIOT. IlepBaH napa npox0,ll,JIT qepe3 KpJICTaJJJI, 

He 3aMC'laH ero, JI n0T0MY ,n,a)KC npJ1 BhIJI0JIHCIIJIJI ycJI0BllH Bparra 011a npo:ii,n,eT qepc3 nero 

JI c03,n,acT npHMYIO JI ,n,J1cpparJ1ponam1ym non111,1 noc,,e KPJICTaJJJia. BTopaH )Ke napa BOJIH npn 

BbIJI0JIIICJIJIJI ycJI0BJIH Bparra 6y,n,eT 0Tpa)KaTbCH OT Kpl!CTaJJJia, IIpJl'lCM npHMaH B0JIHa BbI:ii,ll,eT 

B Ka'leCTBC 3epKaJJbH0 OTpa)KCIIIIO:ii, a ,ll,J1<pparJ1pOBa1111aH BhI:ii,ll,eT IIe3CPKaJJbH0 OTpa)KeIIH0:ii. 

B cnyqac CJIMMCTPJl'lHJ,JX ycJIOBJl:ii 11e3CpKaJJbH0 0Tpa)KennaH Bomia 6y,n,eT pacnpocTpaHHTb

CH T0'IH0 Ha3a,ll, 110 0TII0IIIeHHIO K uepm!'lHOil na,n,aJOll]e:ii. H11TCllCllBHOCTJI ncex B0JIH paBHbl 

'leTBCPTJI IIHTCHCJIBH0CTJI na,n,amll]eil, a y np0IIIC,ll,lIIllX B0JIH He 6y,n,eT MaHTIIHK0B0rO nepepac

npe,n,eneHIIH llHTeHCllBJJ0CTll C p0CT0M T0,111]HHI,J KpHCTaJJJia [30]. 

3.6 YHIITapHOCTh, ycJIOBIIe ,n;eTaJibHOro paBHOBeCIIB, OTITIIqeCKIIM no-

TeHIJ;lia.TI 

I3 3T0M pa3,n,ene paccMaTpJIBaIOTCH nonp0Cbl YHJITapH0CTJI JI OTITll'leCKaH TC0peMa, KOT0pbIC 

no3n0Jrn10T K0HTponJ1poBaTh nepe11op1v1J1p0BKY aMnJinTy,n,1,1 paccemrnH npn nepexo,n,e OT e,n,n-

11n1111oro paccenBaTMH K KpJICTaJJJIH'lCCKOil TIJI0CK0CTll. KpoMe Toro, HCCJJe,n,yJOTCH YCJJOBHH 

,ll,CTaJJbH0ro paBH0BCCHH, nunon11enJ1e K0T0pb!X 11anpHMYIO CBH3aH0 C TepMO,ll,HHaMJIKOil. Hapy

rnenne 3TllX ycnonn:ii npnn0,ll,HT K y1v1eHLIIIeHHIO 3HTp0nllH npJ1 paccemmn, '!TO C cp11311'1CCKOi1 

T0'lKH 3pCI1llH ne,n,onycTHM0 ,ll,JIH nacCllBHbIX cncTeM. 3aTeM TI0Ka3hJBaeTCH, KaK npn IIH3KllX 

aneprnHX C TI0M0ll]b!O BhilIJeyKa3ammro MeTo,n,a ,n,ncppaKl]Hll Bhl'lHCJIHCTCH onTn'leCKH:ii TIOTCII

l]llaJJ B3aHMO,ll,e:iiCTBJIH neiiTpo11a C KpllCTaJJJill'lCCKOil cpe,n,oll C mo6ol1 3a,n,a11110:ii CTeneHb!O TO'l

ll0CTll. 

3. 7 3aKJIIOqeHIIe K rJiaBe 3 

TipnHl]nn paccnoe11J111, ccpop1v1yn11p0Ban111,1i1 B nepBoil rnane ,ll,JIH cKarrHpnux 11acTHIJ 11 060611]eH

nb1ll: BO BT0poll ,ll,JIH cnn11opHbIX, B 3TOi1 rnaBC o6o611]aeTCH ,ll,JIH 'JaCTHI] np0Jl3B0JibHOro cnnna, 

'!TO n03B0JIHeT npnMeHHTb era K TpexMepHbIM nepH0,ll,Jl'lCCKJIM cpe,n,aM, no HOB0MY onncaTb 

npol]eCCI,J ,ll,JIHaMH'leCKOii ,ll,J1<ppaKJ]HH H npe,n,CKa3aTh HDJieHHH, B0311HKa!Oll]lle npn O,ll,IIOBpe

MeHJI0M BhIJI0JIHeHJIII YCJJOBllil Bparra H J1ay::i. C era TI0M0ll]b!O y,n,aeTCH C,ll,HHl,JM aJJropnTMOM 
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naxO,ZJ;l!Tb HOJIO)KeHJIH ll <pOpMy ,n;11¢paK~JIOIIHblX IlllKOB ,ZJ;JIH paccemrna HeiiTpOIIOB OT 11,n;ea.,,b

HhlX Kpl!CT8.,,JIOB co CKOJib yro,n;no CJIO)KIIOH 3JieMeIITapIIOH w1eiiKOH ll C JIJ06bJM KOJill'IeCTBOM 

,n;n¢par11pyeMhIX BOJIII, a TaK)Ke C JIJ06oii KOI1Tpom1pyeMoii CTeHeHhlO TQqHQCTII Bbl'IJICJIHTb 

OHTIIqecKIIH IJOTeH~JlaJI B3allMO,ZJ;eiiCTmrn neiiTpOHOB t Kon,n;enc11poBaHHblMll cpe,n;aMJI. 

4 I'JiaBa 4. HeyrropSI,n;oqeHHhie cpe,n;hI, B0JIH0B0e H K0prryc

KYJISipHOe pacceSIHHe B HHX 

B Hpe,ZJ;bl,ZJ;yID;IIX rJiaBaX MeTo,n; paCCJIOCIIIIH Hpl!MeHHJICH TOJibKO K BOJIHOBbIM Hpo~eccaM II n TeX 

CJiyqaax, Kor,n;a paccemme HeiiTpOIIa COHpOBO)K,ZJ;aeTCH ero Hepexo,n;aMII Me)K,n;y ,ZJ;l!CKpeTHLIMII 

COCTOHHJIH: ,ZJ;BYMH B c.nyqae CJIJIHOpHhlX qaCTII~ 11 MHOrI!Mll HPII ,n;11¢paK~llll Ha 11,n;eaJILIIbJX 

KpnCTaJIJiax. Ilp11 IICCJie,n;oBaHIIII HCyHopa,n;oqemihIX cpe,n;, KOTOpOMY HOCBHr.u;eua ,n;mrnaa rJia

oa, MeTO,Zl; paCCJIOeH!IH 6y,n;eT 11p11MeHeH K Hpo~eccaM, KOTOpLie COHpOBO)K,ZJ;aIOTCH Hepexo,n;aMJI C 

HCHpepb!BllbJM ll3MeHen11eM HapaMeTpOB COCTOHHIIH. 8To 1103BOJIIIT IICHOJib30BaTh ero He TO,,bKO 

,ZJ;JIH BOJIIIOBLIX, HO II KOPHYCKYJIHpHbJX HBJieH11ii, II 110 JIOBOMY paccMOTpeTb 110,n;xo,n; K a.,,L6e,n;

HOMY OTpa)KeHIIJO HeiiTpOHOB OT KOH,ZJ;CHCIIPOBaHIIb!X cpe,n;, OTJill'IIIOMy OT ,ZJ;ll<p<py3110III!OrO. 

I1ccJie,n;oBamie CJIY'IaHilbIX cpe,n; 11 B3allMO,n;eiiCTBJIH ll3JIY'IellllH C IIIIMII BCer,n;a co,n;ep)Kl!T 

3JieMeHTbl <peHOMeIIOJIOrl!ll. 8To CBH3aHO C Heo6xo,n;11MOCTbIO BBC,ZJ;CIIIIH KOppeJIH~IIOIIl!blX <pYIIK

~nii Bll,ZJ;a, OHpe,n;eJIHeMoro IICXO,ZJ;H 113 3a,n;aHHb!X yc.,on11ii, IIO BCC )KC ,Zl;OCTaTo•mo Hp01!3BOJibHO

ro. BBe,n;em1e KOppCJIH~IIOHHbIX <pyHK~IIH 3KBJIBaJICHTIJO BBC,n;e111110 q:>eHOMeJIOJIOr!lqeCKJIX Ha

paMeTpOB, q:>113HqecKJIH CMbICJI KOTOpLIX ,ZJ;OCTaTO'IIIO aceH, no neJI11q111m MO)KCT 6hITb naii,n;eHa 

TOJILKO 113 3KCHep11MCIITa. 

4.1 BoJIHOBhie npou;ecchl B TpexMepHhIX Heynopa,n;oqeHHhIX cpe,n;ax 

PaccMOTPIIM OTpa)KCHIIC IIJJOCKOH BOJ!Hbl na,n;mor.u;ero HCiiTpona OT ner.u;eCTBa C neyHopa,n;o

qeHHLIM pac110JIO)KeI111eM aTOMOB. MO)KHQ 3apanee Q)KJ!,Zl;aTL, 'ITO HOMIIMO 3CPKaJibIIOro 6y,n;eT 

l!MeTh MeCTO TaK)Ke II 11e3epKaJibHOC OTpaMCJIIIC. 3epKaJibHaH BOJ!Ha 011pe,n;CJIHCTCH ycpe,n;11eH

JILIMII xapaKTCpl!CTIIKaJl,lll cpe,n;w, a He3epKaJibHble B03Ill!Ka!OT BCJie,ZJ;CTBlle <pJiyKTya~11ii, Hp11cy

r.u;nx mo6oii cny•miiHoii cpe,n;e. Bee 3TO cne,n;ycT 113 cTporoii Teopm, MHoroKpaTHoro paccemnrn 

BOJJH. 

Hae 6y,n;yT IIJ!TepeconaTb B OCHOBIIOM BOHPOCLI peq:>JieKTOMeTpllll, H03TOMy 6y,n;eM B€ID;€CTBO 

C'IJITaTh HOJiy6ecKOHCqHLJM HpOCTpaHCTBOM z > 0, 3aHOJIHeIIHbIM xaOTll'ICCKJI pacHOJIO)KeIIIIbl

MII 11€HO,ZJ;Bl!)KJlblMII, T. e. 3aKp€11JI€HllblMII B HpOcTpaHCTBe, aTOMa~m. ,IJ:na xapaKTCPIICTl!KII 

xaOTll'lllOCTJI HOTpe6yeTCH BBCCTll KOppeJIH~IIOIIIIYIO <pyHK~JIIO HOJJQ)K€HIIH aTOMOB. 

4.2 YpaBHeHI-rn TeOplUI MHOrOKpaTHOrO pacceaHJla BOJIH 

Boc110JJh3yeMca ypam1emrnM11 {35) Teop1111 :r.moroKpaTnoro pacceamrn oOJIH [65, 66] {MPB). 

Ecm1 paccenoaTeJill paCIJOJIO)KeHhl neyHopa,n;oqeHHO, ll (nJI11) aMIIJIIITY,ZJ;bl bj - CJIY'IaHHbl€ oe

JIJ!qJIHLI, TO ll BOJIJIOBaH <pYIIK~IIH '¥{r), II K03<p<pll~lleHTLI 'lj;(rn) - T0)K€ c.,y•miiHhie B€JJllqn

HbI [67], II MLI MQ)KeM IIOHbITaThCH 11aiiTn nx cpe,n;Hne, <I>(k,r) = (('¥(r))), c/J(rn) = (('lj;(rn))), 

11 KOppe.nH~llll 2:(r,r') = (('¥*(r)'¥(r'))) - (('¥*(r)))(('¥(r'))), r,n;e ,ZJ;BOHHLie yrJIOBLie CK06-

KII 03HaqaIOT ycpe,n;Henne HO 3JJeMCHTaM ( aTOMaM II 1130TOHaM, T. e. HO aMIIJIUTy,n;aM bj), II 110 

KOOp,n;1111aTaM aTOMOB. 

Ilp11MeM, qTQ bj = b+ obj, 'lj;(rj) = c/Jh) + o'lj;(rj), r,n;e b = (bj), a ob II o'lj; - <pJJyKTya~IIII 

COOTBCTCTBYIOID;IIX BCJI11q11n. By,n;eM cq11TaTb, qTQ Obj He KOppeJI11pyIOT MC)K,Zl;y C06oii II C o'lj;(rj)
IloCJie,ZJ;nee o6'hHCHHeTca TeM, qTQ K03q:>q:>11~11euT ¢(rj) - 3TO cyMMa BOJJH, 11,n;yr.u;11x OT BCex 
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,n;pyr11x pacce1maTCJieii, KpoMe j-ro, H03TO~IY C xopOIIIIIM 11p116,,ll)KCHlleM M0)KH0 cql!TaTh, '!TO 

o'lj;( T j) OT Obj IIC 3aBHCIIT. 
By,n;eM cq11TaTh, 'ITO cpe,n;a o,n;nopo,n;na 11 noToMy pacHpe,n;e,,eirne pacce11BaTe,,eii ,IO)KIIO om1-

CLIBaTh IIOCTOHHHOH HJJOTIIOCTLJO No. TaKIIM o6pa30M, cpe,n;moIO (nm1 KOrepeIITHY!O) BO,,IIOBYIO 

q:>YHK~IIIO <I>(k, T) MO)KHO npe,n;cTaBl!Tb B Bll,ZJ;e 

J exp(iklr - r'I) 

(('¥{r))) = <I>(k,r) = exp(ikr) - Nob q;(r') Ir_ r'I d
3
r', (45) 

r,n;e ¢y11K~m1 ¢( r) y,n;oBJieTBOpaeT ypaouemno 

((¢(r))) = ef;(r) = exp(ikr) - N0b J w(r - r') d3r' q;(r') exp\~k~ ;,(I). (46) 

8 HOCJJe,n;nee ypaBIICIIlle BBC,ZJ;eim Koppem1~110H1Iaa ¢YHK~lla w(r - r'), xapaKTep113ymr.u;aa Be

poaTHOCTb naiiTll BTopoii pacce11BaTeJJh B TOqKe r', KOr,n;a nepBb!H HaXO,ZJ;l!TCa B TO'!Ke T. ,IJ:na 

TOrO 'IT06hl pCIIIl!Tb ypaBHeHllH (46), HY)KHO 3a,n;aTh 3TY <pYHK~lllO. <l>yHK~llH w(r) ,ZJ;OJJ)K-

11a 6LITb HOJJQ)Kl!TCJibJIOH, IIOCKOJILKY xapaKTep113yeT oepoaTHOCTh, BO-BTOpLIX, OHa ,ZJ;OJI)KHa 

CTpeMllTLCH K nyJIJO npll r -> 0, IIOCKOJILKY TO'!Ka r = 0 y)Ke 3a11aTa, K e,n;mrn~e 11p11 r -> oo, 

HOCKOJibKY y,n;aJieHHLie 'IaCTll~LI He KOppeJI11py10T ,n;pyr C ,n;pyroM, II OC~llJJJJllpOBaTb C 3aTy

xamr.u;eii aMHJillTy,n;oii OKOJIO 3Haqe1rna W = l, HOCKO,,LKY B CllCTeMC ocer,n;a ecTL neKOTopoe 

xapaKTep11oe paCCTOHHlle Me)K,Zl;y aToMaMn. Ee MO)KHO 3aHnCaTh B n11,n;e w(r) = 1 - -y(r), II 

,n;OJJ)KHO BhlIIOJJHHThCH ycnoo11e J w(r)No d3r = N - l, r,n;c N - 11on11oe •rncno aTOMOB o c11-

cTe~te, OTKy,n;a cne,n;yeT, •1TO J -y(r )No d3r = 1. KpoMe TOro, -y(r) ,n;oJI)KHa paBHHTbCH e,n;mrn~e 

11p11 r = 0, CTpCMl!TbCH K HYJJIO Hpll r -> 00 II OC~ll.,JJllpOnaTL C IIOCTeIIC!IHO yMeIIL!IIaIOr.u;ciicH 

aMHJIIITY,ZJ;OH BOKpyr 11yJJH. B ,ZJ;aJILHeiiIIIeM 11aM HOHa,n;0611TCH TOJIJ,KO BLJ!IIeyKa3aHIIble CBOHCTBa 

11 cyr.u;ecTnoBa1rne HOJIO)KJITCJihJIOro cpe,n;Hero KBa,n;paTa pa,n;11yca (r
2

) = No f-y(r)r
2 

d
3

r > O. 

4.3 Pernettua ,n;Jia KorepeHTHhIX BeJIMqJIH 

EcTCCTBellHO Hpe,n;HOJJO)Kl!TL, qTQ BHJTPII O,ZJ;HOpo,n;noii cpe,ZJ;hl B/],aJ!ll OT rpaHll~LI pa3,n;ena 

ycpc,n;nemma, T.e. KorepeHTnaa, oOJIJIOnaa <pyHK~11a m1eeT Bll/1, <I>(k,r) = Aexp(ik'r), r,n;e 

A - HOCToamma, He 3aB11car.u;aa OT r II k' = (k11, k'i_). EcTccTne11110 TaK)KC cqnTaTh, qTo 

q;(r) = C<I>(k, r) = CAexp(ik'r). 
,IJ:na OHpe,n;enenna All k'i_ HO,ZJ;CTaBJIM yKa3aHJII,IC cf; II <I> B Bhlpa)K€Illl€ (45), HpC/J,IIOJJaraa, 

qTQ TO'!Ka T naxo,ZJ;IITCH BHYTPII cpe,ZJ;b!. B pe3yJibTaTC HOJJy•mM 

( , ( ( , J ( '( , ))exp(iklr - r'I) d3 , ( ) 
A exp ik r) = exp ikr) - N0bCAexp ik r) exp ik r - r I I r. 47 r-r' 

BocnOJJL30BaBIIIl!Cb ,n;nyMepnbIM <l>ypbc-npell,CTaBJJeHIICM c¢epll'i€CKOH q:>YHK~llll, HpOIIIITCrpn

pooaB HO d3r' 11 11p11paBirnB K03<p<pll~l!Cl1Tbl npll 3KCTIOII€HTaX C 0/J,HJlaKOBLJMII IIOKlL'laTCJJ51Mll, 

Haxo,n;nM, qTo 0Tpa)Ke1111c n HpeJIOMJICillle na rpann~e nponcxo,n;nT TaK, KaK ccn11 6hI cpell,a 01111-

ChIBaJiacL onTil'IeCKHM 110Te11~11aJioM 4n N0bAC, rll,e 11ocroa1111aH C 11cpeHopMnpyeT a:r.rnmITy,n;y, 

MeHaeTca C 3!1eprneii H BJI/J,Oll3M€IIH€T yCJIOBIIC y1111TapHOCTll B 3ao11CHMOCTll OT 11ornor.u;c1rna, 

neKorepeHTHOrO paccem111a ll Heynopall,0'1€JIIIOrO paCHOJJ0)K€HllH aTOMOB. 

4.4 Paccemrne 
HeyHOpH/1,0qemJOCTb B paCIIOJIO)KCHHll aTOMOB npIIBO,ZJ;llT K pacceaHIIIO BHYTPll cpC,ZJ;bl ll K 

HC3epKaJibHOMY OTpa)KCHlllO ll,a)Ke 11p11 •111CTO KorepeHTHOM pacceamlll OT/J,CJlbilblX aTOMOB. 
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PacCCHllllblC neiiTpOHLI OIJIICLIIlaIOTCH IIJIOCKIIMII nomia~rn, yxo,rvm.l,IIMII OT rpanm1,u pa3,n,c

Jia n 11c3cpKaJ1L11L1x 11anpan.1cmrnx. Onn co,n,ep)KaTCH n cny•rniinoii qacrn nonnonoii ¢,yHK

IJ.llll OW = ljJ - ( (W) ), n, 'JT06LJ IIX 11aiin1, HY)KIIQ ,HCCJIC,11,0BaTb KOppCJIH[J.IIOIIIIYIO q,yHK[J.IIIO 

:C::(r, r') = ( (w(r)W*(r'))) - <1->(k, r)<l->*(k, r'). ,D:nH rroCJie,n,onaTC.1L11oro on11camrn paccemrnH 

Tpe6ycTCH IICII0,1L30IlaTL MO,ll,ll<PIIIJ.llpOnamILIC c¢,cpw1ecK11e ll0J1lihl BIIYTPII CpC,[lhl. I1011CK MO

,n,mfrn[J.11ponannLIX ¢,yHK[J.llii rrp!IBO,,J,IIT K ~ICTO,Lly IICKa)KCIIIII,IX BOJIU. 13 3TOM pa3,[\CJIC 110.1yqe11L1 

KOppC.HH[J.IIOIIIII,IC ¢,yHK[J.1111 IIC3CpK1L1LIIO OTpa)KCIIIILIX llOJJII Il 3aBIICIIMOCTII OT KOppe,1H[J.IIOH

IILIX ¢,yIIK[J.llii pacrrpe,n,encmrn aTOMOll BIIYTPII cpe,111,1. 

4.5 AJIL6e,n;o ,n;m1 HeiiTponoB 

McTO,[\ pacc.1ocmrn MO)KCT 61,1T1, 11p1u1cnc11 II K KOpnycKyJIHpIIOMY 113Jly•ie111110. 13 Ka'JCCTBC 

np11Mepa pacc~l0Tpm1 a.,11,6c,1111oc OTpa)f(CIIIIC IICiiTpOIIOil OT IlCil\CCTil [36], KOTOpoe Ha6JIIO,[\aCTCH 

11p11 IICCJlC,ll,OilaI11111 pa,1111a[J.HOJIIll,IX 3qJ¢,CKTOil II ll pcaKTOpOCTpoemm. 

Am,6e,110 ~ 3TO IIOJllll,lii KO"lql¢,H[J.IICIIT OTpa)KCIIJIH RL 110,[\ llCCB03M0)KHhlMII yrJiaMH OT 

cpe,n,1,1 3a,11amwii TOJlll\llllhI L. '-ho6u cro pacc•111TaT1,, 11co6xo,1111Mo 3a,11aT1, ,1111¢,cpcpc11[J.11aJIL11oc 

cc•1cn11e yrrpyroro pacccH111151 a'(!l -+ !l') HCiiTponon na 0,11110M pacce11naTCJIC nnyTp11 cpe,111,1. 

3,11cc1, ,n,,151 n1,Pmc;1c1111H am,6e,n,o cna•1a.1a 11axo,1111TCH paccemme 11a TOIIKOM cnoe, a 3aTeM 

an1,6c,110 Rx OT 6CCKOIIC'IIIO T0,1CTOii cpC,[ILI II ananor 6JIOXOllCKOrO nomwnoro BCKTOpa q, KOTO

p1,1ii xapaKTCp113YCT rnyfomy 3aTyxa11m1 Lo= 1/q IIJIOTIIOCTII IICiiTpOIIOB nrny61, cpC,[ILI, KOTO

paH ofa,!'1110 11a31,macTCH ,n,;nmoii ,n,11qiq,y31111. ,D:ancc c 11m10ll\hIO R00 11 q 11axo,n,11TCH an1,Gc,n,o RL 
II nporrycKairne T1, CJIOH KOIIC'IIIOii TOJlll\llIILI L. 

no~lll:VIO )'K3331IIIl,IX xapaKTCJlllCTIIK )KCJlaTCJlhIIO TaK)KC HailTII II yr;rnnoe pacHpc,11e~1cn11c 

OTpa)KCIIIII,IX IICiiTpOIIOB. '.:hy 3a,n,aqy MO)KIIO pCIIIIITh ,[\JlH CJl)''IaH 1130Tporrnoro pacccmnrn. I1p11 

3TO~t no.1y•mcTCH pc3y;u,TaT, TO)K,LICCTnenm,1il nony•1c11110~1y pancc MCT0,11,0M mmap1-1aHT11oro 

norpy;,Kcmrn A~16apeyMH11m1 11 l.J:an,n,paccKapoM 11p11 11cc.1c,n,onanm1 ll3JIY'ICHHH 3ne3,n, [68]. 

4.6 Ocnon11L1e noH.sITIUI 

,D:J151 rrpHMCIICIIIIH MCTO,n,a paccnocmrn llllO)J.HTCH c~lC,ll,)'IOil\llC IIOIIHTIIH: 1 )8,1c~!CIIT3Jllll,IC op

TOIIOp~rnpona1m1,1c IlCKTOpa COCTOHIIIHI J!l), Ofll!ChlllaIOil\llC IICiiTJlOlll,I, J]CTHII\I-IC ll narrpan

JlCIIllll !l; 2)0611\Hii llCKTOJl COCT051111151 l'l/l) = J rinl},(!l)J!l); 3) lfaOTporrnoc COCTOHIII-IC 

l'l/l) = f dn [cos0/7r]J!l); 4) Hop~lllJlOllO'Illhlii IlCKTOJl Je) = f dn J!l); 5) Orrcparnp F = =~ b 
J J J!l)F(!l <- !l') dn di!' (!l'J, r,n,c F(!l <- !l') -- •111c,10Bm1 cjiy11KIJ.I1H, xapaKTCJlll3YIOil\aH 

ncpOHTHOCTh ncpcxo;:i;a 113 11anpan,1emrn !l' n 11arrpan,1cm1c !l. 

4. 7 AJIL6e,n;o 6eCKOIIe'-1110 TOJICTOH CTCIIKH 

4. 7 .1 Ypannenne ,[\JUI OTpa)KCIIIIH 

0T;:].CJIIIM Mi,ICJICIIIIO OT 6cCKOIIC'IIIO TOJlCTOii CTCIIKII c.1oii ~,a.1oii TOJll[J.Hlll,I ( II llllC,11,CM orrcnaTOJl 

ncpoHTIIOCTn OTpa)KCmrn OT 3Toro CJJOH Pi, = (E1,, r,n,c · 

f;b = J J J!l) df2 ~,(!l <-- !l') rill(;'., (!l'I = / / J!l) rill ~,(!l <-- !l')-1 d!l' I (!l'l-
cos ,' cos0' 

n!l<O n!l'>O nU>O nf!' <0 

(48) 
HH,n,CKC b 060311a•mcT pacccm11H) OT CJIOH nae1a,;i,, ll TO )KC IIO,l)'IIJlOCTJl3IICTllO, B KOTOJlOM naxo

,ll;IITCH na,n,aIOII].llii JICiiTJlOII. Tlcpnoe panCIICTllO OTIIOCIITCH K OTJl3)KCIIIIIO OT CJIOH CJJcna, a IlTO

poc - K OTJl3)KCIIHIO OT 11cro crrpana. MIIO)KIITC,1h 1/ cos()', IIOKa3hlll3CT, '!TO npn MaJII,(X yrJiaX 
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BCpOHTIIOCTh pacceHHIIH OT CJIOH B03pacTaeT, IJOCKOJlhKY B03pacTaeT KOJlll'JCCTBO aTOMOB Ha 

HYTII IICiiTJ)OHa, a ~s ( !l +-- !l') o603Ha'Ja€T ,11,11¢,¢,epeH[J.llaJihHOe MaKpOCKOTTll'JCCKOC CC'ICHI-le 

pacceHmrn ~s(!l <-- !l') = Nda5 (!l'-+ !l)/df2, B KOTopoe nxo,11,nT HJJOTHOCTh pacce11naTCJJeil N 
11 ,11,n¢,¢,epeH[J.llaJILHoe ce'JeH11e da(!l +-- !l')/dO paccemnrn n3 11a11panne11nH !l' B Harrpanne

m1e !l. 
13ne,n,eM OHCparnp nepoHTHOCTII rrporrycKamrn cnoeM f- = i - s + p1 , r,n,e i = J J!l) dO (!lJ 

- e,n,11111-l'JHblii orrepaTOJl, s = (~ts, s = J J!l)[df2/Jcos0J](!ll, ~t =Nat= ~a+ ~s ~ 
MaKpOCKOHH'IecKoe ceqe1111e rrorJIOil\CHHH ~a 11 '.,10JllIOro pacceHHIIH ~s, a PJ = (E f, np11•1eM 

JIH,11,€KC j 03Ha'JaCT, 'ITO IlOCJle pacceHHIIH neilTpOH OKa3b!llaCTC51 HO ,11,pyryIO CTOJlOHY CJIOH. 

Bne,n,eM onepaTop OTJla)KCHHH R OT 6ccKone•mo TOJICTofi cre11K11 n 011epaTop X, rrpe

o6pa3yIOil\Hil cocTOHHHe l'l/l) 11eilTpOHon, rra,11,aJOil\HX Ha nxo,11,11ym 11onepx11ocTL, B cocTOHHHC 

nei!Tponon Xl'l/l), rra,;:i;aIOil\HX na ocTaJILHYIO cpe,11y. 01111 y,n,onneTnopHIOT c1-1cTeMe ypan11e11nii 

X = f- + pbRX, R = Pb+ f-RX. I1cKJIIO'Il!n 113 nnx X, nony•mM ypan11e1111e ,n,Jill R, KOTopoe 

HOCJIC mrneap113a[J.HII HO MaJIOil TOJlll\llHC OTil\CilJlCHHOro CJ10H ( IIJJIIBO,ll;IITCH K BH,L\y 

RE1,R + (E1 - ~tS)R + R(E1 - ~tS) + f;b = 0. (49) 

TI pe,n,rrOJIQ)KIIM, '!TO 110,n,. KaKnM 6LI yrnoM H€HTJJOH HII Ha,n,an Ha 110B€JlXHOCTI,, OTJla)KCII

HhlC uciiTpo11L1 pacHpe,n,ene11L1 H30Tpomw, T.e., 'ITO R = Rx,l'l/l}(eJ. YMIIO)KIIB ypan11e1111e (49) 
CHJlana 11a l'l/l) 11 C,JJena Ha (el, HOJIY'IHM ypamrn1111e ,11,JJH R00 , KOTopoc HMeeT pellle1111e 

RXJ = ✓~a + ~tr - $a 
✓~a+ ~tr+ $a' 

(50) 

3,n,ech ~tr = 2~1,, ~a = ~t - ~ f - ~b- 0TcIO,n,a CJl€,Lly€T CCTCCTBCll!lhlii pC3YJlhTaT: Hpll ~a = 0 
aJih6c,n,o 6eCKOHC'lll0 TOJICTOii CTCIIKII pamIO e,n,mrn[J.e, a IlJlll ~tr /~a -+ 0 -Mh6e,n,o CTJJCMIITCH 

K HYJJIO. 

4.7.2 Y6Lrnanne IIJJ0TH0CTII neiiTponon BHYTPII neH].eCTBa 

,D:JIH Toro 'JT06hI naiiTII aJih6e,n,o CTCIIKII KOHC'JHOii TOJlll\llllhI, Heo6xo,n,11MO HaiiTII y6hlna11ne 

11eiiTpo11on rrpn y,11,aneH1111 OT rpam1IJ.hl pa3,n,ena. 8To y6una1111c om1cLrnaeTCH orrcpaTopoM X, 
llhipa)K€Jllle ,n,JIH KOTOporo npe,11,cTaBJIHCTCH CJI€,Lly!Oll\llM o6pa30M: 

X = (i - P1,R)- 1
f-;:::;; i + P1,R - s + Pf- (51) 

Orreparnp X Hpeo6pa3ycT cocTOHHlle l'l/l) y nxo,n,Hoil 11onepx11ocT11 n cocToH1111e XJ'l/l) Ha rny-

6mic ( BIIYTJJH B€11\CCTBa. HopMa :noro COCTOHHIIH panHa (eJXJ'l/l) = 1- 2([~a + ~b(l - Rao)] ;::;;; 
exp(-q(). 8TO 3Ha'IIIT, qTQ Ha paCCTOHIIIIII z OT IJOBCJJXHOCTII pa3,n,CJia Brny61, llCil\€CTBa IIJIOT

HOCTI, HCiiTp0110ll rra,n,aeT IlJJOHOJJ[J.IIOHaJII,HQ X(z) = exp(-qz) = exp(-z/ La) C TTOKa3aTeJieM 

3KCIJOH€11Thl q = 2J~a(~a + ~tr), IIJlll 

Lo= l/2J~a(~a + ~tr), (52) 

n onepaTop X rrpe,n,cTaBJIHeTCH KaK 

X(z) = exp(-z/Lo)l'l/l)(eJ. (53) 
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4.8 AJih6e,n;o cTeHKII Kotte-'Inoii TOJIID;IIHbI L 

TeITepL MO)KHO HaiiTn oTpa)Kemie RL OT cTe11K11 Kone•moii To,11~1mL1 L. ,L(,1R :noro 3aIT11111eM 

CIICTCMY ypam1eH11ii A,'.IR ITo,1y6eCK01Ie•rnoii CTeIJKII, 0T,ll;eJIJJB OT nee CJIOII K011e•rnoii T0JI~llllhl L: 
XL= TL+RLRXL, R = R1,+TLRXL. 3.n:ecb x~ = X(L), a TL -oITepaTOp 11po11ycKamrn 
CTeIJK0II T0JI~l!Hb! £. 

HcKJIIO'IIIB TL 113 BToporo ypam1en11R, IT0JIJ'IIIM ypan11em1e .n:,'.IR R, 113 K0Toporo cJie.n:yeT 

RL = RLl'lf')(el, r.n:e 

1 - exp(-2L/ Lo) 
RL == (elRLl'lf') =Roal_ R"fx, exp( 2L/ Lo)· (54) 

B OTCJTCTillle ITOrJio~emrn IIMCeM Roa = 1, q = 0, 11 ITpaBaR '!aCTb BI,Ipa)KeHIIR (54) Ilblp0)K

.n:aeTCR B IICOITpc.n:eJieHHOe 0TII0IIJCIII!e 0/0. PacKpbiTh neoITpe.n:eJieIIIIOCTb M0)KJJ0 ITO npaB11,1y 

JlOITIITaJIR, ITpo.n:mpcpcpe11~11poBaB q11cJI11Te,'.Ib II 3IJaMenaTem, .n:po611 B (54) ITO~ ITPII ~a= 0. 

4.8.1 Cpam1enue C ,n;m:pcpy3HOIIHhIMll <pOpMyJiaMn aJib6e,n;o 

I3b1pa)KeJI11}1 (50) II (54) 0TJill'Ia!OTCR OT cpopMyJI aJIL6c.n:o, IT0JIY,JaCMhlX B .n:11cpcpy3110TIIIOM 

ITp116JIJ1)KeJJ1111. I1p11 IICKOT0pblX 311a•1cmrnx ce•,ennR 3axnaTa H MaJII,JX T0JI~llllax CTCIIKI! .n:n<t>

<PY3HOI!liaR TCOp!rn ITPIIBO,ll;IIT K 6ecCMh!CJICl!IihlM 0Tpll~aTP . .H!,IJJ,IM pe3yJII,TaTaM, Tor.n:a KaK 113-

JIO)KCIIIIaR 3,ll;CCI, Te0pllR rrpl!MCIIHMa ITPII mo6bJX 311a•1e1111Rx napaMCTp0n. 

4.9 AJib6e,n;o yJibTpa,n;ncnepcnoro sern;ecTBa 

3.n:ec1, paccMOTpeno aJih6e.n:o JJILTpa.n:11cITepc11oro IT0pornKa, T. c. ne~ecTna, cocToR~cro H3 MeJI

KIIX KpymmoK c pa.n:11yco~1 B necK0,1LK0 11aH0MCTpon. YJihTpa.n:11cITepcnocTL ITopo)K.n:aeT .n:oIToJI-

1111TeJihHOe paccemrne, T. c. ::icpcpeKTIIJl!IO yneJill'IIIBaeT ~tr II IT0T0My yneJil!'IHBaeT aJIL6e.n:o. 

I3e~eCTBO, COCTOR~ee 113 0T,ll;eJIL!!h!X KpyrrHH0K, 11eo.n:11opo.n:110. Heo.n:Hopo.n:nocTb!O RBJIRCTCR 

ca~m Kpy11n11Ka. ITo::iToMy paccemrne ITpo11cxo.n:nT He T0JILK0 11a 0T,ll;CJihllhIX aToMax, no II na 

neo.n:11opo.n:11ocn1, T. e. na KPJIIHHKC B ~€.JI0M. I3a)KJJO 0~CIJIITI, BKJ!a,ll; 3T0ro ,ll;0IT0J!lll!TCJil,II0r0 

pacCCRIIlrn Il aJih6e.n:o. ECJI11 3T0T BKJ!a,ll; BeJIIIK, TO ITPH K0IICTpy11po11an1111 peaKT0pon ,1mrmo 

C"'lKOIJO,!l!TL 11a Pa3Mepax aKTIIBIJ0II 30Hhl II 11a Maccc T0IIJ!lma [69, 70], HCII0J!b3JR IIX fl y,11,

Tpa.n:ncITepcnoM BH,l],e. '.:ha 3K0JI0MIIR rrp0IICX0,l],IIT OT TOf'O, 'ITO p0)K,ll;aIO~IIIICR Il 30lle IICIITflOH 

C 60JILIIIeii BepORTHOCTh!O M0)KeT nepHJThCR B 3011y II nopo.n;HTL Il pC3JJihTaTe ~errnoii peaK~IIII 

6om,mec •mcJio neiiTpo11on. I1po11e.n:e1111h!ii 3;i:ec1, anaJm3 IT0Ka31,maeT, 'ITO JJihTpa.n:ncITepcnocTL 

MO)KCT II0M0'lh T0JILK0 B CJiyqae an0MaJihlI0 H113KIIX ::i11epr11ii. 

4.10 YrJIOBOe pacnpe,n;eJieHne OTpa)KeHHbIX HeiiTpOHOB rrpn lI30Tpon
HOM pacce.HHIIII 

I3bJIIJC OTpa)Ke1111e ITpe.n:rroJiaraJI0Ch ll30Tp0IIIILIM. Ha caMOM ,ll;CJIC orro MO)KCT 6UTI, IICll30Tporr

IlhlM. B ,ll,IICCepTawrn paccMaTpnnaeTCR yrJI0B0C pacrrpe.n:P,JICIJl!C 0Tpa)KCIIIIl,IX IICIITponon, Kor.n:a 

Ka)K,ll;hlii aKT pacceRHIIR BIIJTPI! cpe.n;hI 1130Tp0ITCII. HccJic.n:onannc IIOK,L'JI,IIlaeT, '!TO C IT0MO~h!0 

MCTo.n:a pacCJioe1111R IT0,'.IyqaJOTCR HIITerpaJI!,111,fC ypaBHCilllR l!,ll;CIITll'flll,JC TCM, KOTop1,1e fo,IJIII 

llOJiyqenhl 9:an,n;paceKapOM [68, rJiaBa 9.3] ,l],JIR 113JIJ'ICIIHR 3BC3,ll;. ITpn 3T0M alill30Tpomrn 1111-

KaK He CKa3bIBaCTCR Ha II0JIHOII IlCJlll'llllle am,6c.n:o. Ono 0CTaeTCR T0'III0 TaKIIM )Ke, KaK 6h!JIO 

IIOJIJ'ICH0 Il rrpe,l],IT0JI0)KeHIIII 1130Tp0IIIIOro pacITpe,n;CJICIIIIR 0Tp1l)K€1IllhlX HeiiTpOHOB. 
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4.11 3aKJIIff'Ienne K rJiaae 4 

Mero.n: paCCJI0CIIHR, KOT0phlii Il rrpe.n:hl~l!X rJianax llCIIOJIL30IlaJICR ,l],JIR paccemmR B .n:11c

KpCTl!hl€ K0Heqnhle COCT0mnrn, B :noii rJiane o6o6~el! Ha nenpepbIBHhlii C!ICKTP K0neqHhIX co

cromrnii, 'ITO 1103B0JIIIJI0 IIpllMeHIITb ero K pacceRJIIIIO neilTpOIIOB B neynopR.n;oqeJJHhIX cpe.n:ax 

II K KJiaCCll'IeCKOll 3a.n;aqe aJib6e,l],O, K0T0paR paHbIIJe peIIJa..'.IaCh T0J!bK0 q11CJICI1Ilb!Mll MCTO

.n:aMn MoHTe-KapJIO IIJIII B paMKax .n:11<f>cpY3llOHHOII MO,ll;CJIII. ITOJ1yqenHhlC pe3JJibTaThl IIMeIOT 

rrpe11M~eCTBO 110 cpanHCIII!I0 C .n:11<f>cpY3110HlihlMII, II0CK0J!hKY 0Ka3b!B1l!OTCR crrpane,l],JIIIBhIMll B 

311aq11TeJibH0 6oJiee mnp0K0ii o6Jiacrn 311aqCJ111ii·<f>1131p1ecKIIX ITapa:-ICTp0B. '.:ho Ba)Kl!0 B TaKIIX 

o6JiaCTRX cp11311KII II TCXJIIIKII, KaK peaKT0p0CTpoen11e II pa.n:na~1101111aR 3~HTa. 

OcHOBllbIC pe3yJibTaTbl pa60Tbl 

1. Propa60TaH aHaJIIITll'IeCKllll MCT0,ll; ,l],JIR pacqCTa 0Tpa)KCJllrn neiiTpO!!OB OT rrep110.n:11•1e

CKIIX 3epKaJI. IToJiy'Iellhl 3aMKHJTLIC Bh!pa)Ke!IIrn (5), (5) ,ll,JIR al\!IlJIIITY.ll:bl 0Tpa)KeHIIR 

OT rrp0113B0J!bII0ro IIOJ!y6eCKOIIe'IIIOro rrep110.n;I1qecKoro II0Tell~llaJia II 6JIOXOBCKOII cpa3bl 

BIIYTPII nero, Kor.n:a 0T,ll;CJ!h!IO Il3RTblll rrepno.n: xapaKTepn3yCTCR aMITJIIITY.ll:aMII OTpa)Ke

mrn T II rrporrycKaIIl!R t. ITOJIY,IC!lbl T11K)Ke 3aMKIIJTbie BLipa)KeHIIR {9) ,l],JIR aMITJIIITJ.ll: 

0Tpa)KCIIIIR II ITponycKamrn rrep110.n:11•1ecKoro IIOTeH~llaJia C rrp0ll3Il0J!bIIhlM q11cJI0M rrep11-

o.n:on. 

2. Propa6oTan aJiropnTM ,ll,JIR pacqera cyrrep3epKaJI, comacno K0TopoMy 6nCJI011 ,ll;0JI)KHhI 

11a1IhlJIRTbCR rrepll0,ll;ll'leCKIIM ~erroqKaMll C rrepHO,ll;aMll II 'IIICJI0M rrep110.n:011 Bhl6pa!lllh!MII 

TaK, qT06hl MIII!IIMl!3llp0BaTb q11CJJ0 CJI0en II c.n;CJiaTh rrep110,ll;bl C0pa3MepHbJMII Me)KaT0M

H0MY paCCT0RIIIIIO. 

3. Co3.n:ana Te0pllR KallaJil!pona1111R HeiiTpOHOB B pe3oHaHCHhlX CJI0RX. Hail.n:e11a B0JIH0BaR 

cpynK~IIR IlIIJTPII CJJ0R, ee 3aTyXanne D,ll;0J!b ncro H paCC'll!TaH BhIX0,ll; neiiTp0H0B 113 pe-

30IIaHCH0r0 CJI0R. 

4. I1pe.n;CKa3aHO pac~eHJieHlle 11eiiTpOHl!bIX rryqK0B rrp11 K0repeHTH0M 0TpaMeHllll OT Mar

IIIITl!b!X 3epKaJI. I1oKa3aHO, qTQ rrp11 OTpaMCIIIIII OT MarHIITII0ro 3epKaJia C naMarnnqen

H0CTh!O IICKOJIJIIIJICapuoil BHern11eMy II0JIIO 11errOJIRpl130BaHHhlll rryqoK pac~errJIRCTCR ua 

Tpll qacrll. Haii,n;e110 yrJI0B0e paCX0)K,ll;eH11e K0Mll0HeHT II IIX IIIITCIICIIBH0CTll. 

5. Haii.n:euo II0JIJIOe pe11Je1111e 3a;i:aq11 06 0TpaMeHIIII HeiiTp0H0il OT 3epKaJI C reJIIIKOll,ll;aJibH0ii 

11aMan111qe1111ocrbIO. IT0Kroa110, qTo ,ll,JIR o.n:uoii n3 rroJIRp113a~11ii rra.n:am~ero rryqKa 11MeeT 

Mecro rroqTn II0JIH0e pC30HaHc11oe OTpaMeune c rrepe11opoT0M crr11Ha (cM. p11c. 11). ,L(a110 

cpn311qecKoe ofuHCIICJllle 3TOMY RDJICIIIIIO. 

6. Haii.n:e110 ll0JIH0e aHaJIIITHqecKoe pernemie 3a.n;aq11 B3aJIM0,ll;eiicTBIIR 11eiiTp0II0B C pa.n:110-

qacroTIIhlMII IT0JIRMI! B CIIl!H-<PJIIIIIIIepe. IToJiyqeHO 3aMKHJT0e MaTp11quoe Bhlpa)Ke1111e 

,l],JIR aMIIJIIITY.ll: OTpaMeHHR II rrporrycKamrn CIIHH-<PJIIIIIITepa ,ll,JIR .n:nyx IIC3annCllMhlX K0M

II0HeIIT CIIIIHa rra.n:am~ero HeiiTpona. MaTpl!qHbJC 3JieMeHTbl 3Tl!X MaTpl!~ orrpe,ll;CJIRIOT 

ll nep0RTH0CTII pacceRIIl!R neiiTpo11a CHIIII-<pJIIIIIIIepoM C rrepenop0T0M I! 6€3 rrepeB0p0Ta 

crr11Ha, II xapaKTep113yJOT Il3MeHenne 3nepru11 rrpI1 paccemrnn. 

7. Propa60TaHa TeopnR ,ll,JIIIII110nOJIIIOBoii 11eiiTpo1111oii roJiorpacpn11 6e3 orropuoro rryqKa. 

O11a 0CH0BaHa Ha TOM, qTQ H0CJie rrporrycKaHIIR qepe3 pa.n:11oqaCTOTIIblll CllllII-<PJIIIIIIIep 

11eiiTPOH 0Ka3hlilaCTCR B cyneprroon~n ,11,Byx COCTORI!llll C pa3H0II 311epr11eii. Pa3HOCTHaR 

3Heprl!R rrp11.n:aer 11eiiTp0IUIOMY rryqKy K0repeHTHh!e B0JIH0BbIC CB0IICTBa C ,ll,Jll!H0II B0J!Hbl 

3HaqJITCJibl!0 rrpeBhllliaIO~eii BOJIHY .n:e Bpoi!JIR. 

31 



8. MeTO,ll, pacCJioemrn o6o6rn;en na Tpex~iep11hie nepn0,lJ,ll'!ecKne cpe,lJ,hI ,ll,JUI 01111canm1 ,lJ,IIIIa
Mll'lecKoi! ,ll,llq>paKIJ,1111 nei!Tp0IIOB D ll,ll,e3.JlbllhlX KpllCT3.JIJiax. 011 IIplID0,ll,IIT K pe3yJihTa
T~! cor.11acy10rn;11MCH C pe3yJihTaTaMII CTaII,lJ,apTH0ro II0,ll,X0,ll,a, 110 1103B0JIHeT IIO-II0B0MY 
B3rJIHIIYTh Ha ,ll,llq>paKri;nOIIIIh!e npori;eCChl II pa:ipa6oTaTb e,ll,HllhlH 3.Jlr0pl!TM ,ll,JIH pacqe
Ta IIIITencnBH0CTei! ,ll,llq>paKIJ;l!H npn yqCTe .11106oro 'IHCJia ,ll,llq>parnpyeMhIX B0JIH II Hp!! 
CK0Jih yro,lJ,H0 C.]IQ)KJIQH ,lJieMeHTapnoi! H'lei!Ke. 

9. Ilpe,lJ,CKa3aH II paCC'!l!TaH 3q>q>eKT ,ll,llq>paKri;1111 11ei!TpOHOB 11p11 0,lJ,H0BpeMeHH0M Bh!II0JI-
11e1111n yc.11onni! Bp3rra II J1ay3. IloKa3a110, 'ITO B 3T0M CJiyqae 6p3ITOBCKOe OTpa)Kenne 
nrpaeT poJIL 11or.11orn;ennH B 3q>q>eKTe BopMana nm, Kara11-A¢anacLena. 

10. MeTO,ll, pacc.11oen11H 0606rn;e11 ,ll,JIH pac•1eTa paccemmH nei!Tponon n 11eynopH,lJ,0'lem1h!x 
cpe,ll,aX. Hai!,ll,CHhl II0Bh!e Bblpa)Ke!IIIH ,ll,JIH 3.Jlh6e,ll,O OT 6ecKOHe'IHO T0JICT0H CTeHKll (50) 
JI r.11y6n11b1 3aTyxaHJIH (52) nei!Tpo1111oro noToKa BHJTpn paccenna10rn;ei! cpe,ll,hI, a TaK)Ke 
3.JIL6e,ll,O ( 54) ,ll,JIH CTeHKll K0Heqnoi! T0JIID;llllhl. Y Ka3aHHhJe q>OpMyJihl JIMeJOT npeJIMY
rn;ecTB0 nepe,ll, y)Ke JI3BeCTHhIMJI, no.11yqeJ1J1hlMJI ll3 ,ll,llq>q>y3HOIIIIOH Teopnn, Il0CK0JihKY 
npJIMeIIJIMhl 6C3 orpannqe1mi! B IT0JIH0M ,ll,Halla30He JI3MeneHJIH rrapaMCTp0B. 
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