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§I. BEe.neHHe 

B rrocne.nHHe ro~ sHa~HTennHO Eospoc HHTepec K TeopeTH~ec

KOMY l1CCR8,IJ;OEaHHIO CHCTCM, E KOTOpHX E03MOJKfill ,IJ;Ea THITa tPa30Eb!X 

rrepexo.noE: CTPYRTYPHbJii (MeTaRR-,IJ;HsneKTpHK) >: cEepxnpoEOMlllr!t/I-?/. 

OTOT HHTepec Bl:l3BaH, E rrepEyiO O~epe,IJ;n, T8M, 'ITO y pil,IJ;a EbiCOI(Q

T8MTI8paTypHbiX CB8pXITpOEO,IJ;H>IROE 06HapyJKeHO CTpyKTypHOe l'i3M8H8HJ;e 

:MeKTpoHHoro cneKTpa rrpH TeMrrepaTYpaX Tct , rrpeEb!tuaiOIHMX TeM-

rrepaTYPY c:EepxrrpoEoMmero <PasoEoro nepexo.na Ts . 3To HaTM

RHEaeT Ha MHCRn, 'ITO, ITO-BH,IJ;HMOMY, ITOBb!UJeHH8 1; E 3THX coe

,IJ;MHeHHRX o6ycnOER8HO H~~HeM CTPYKTypHoro wasoEoro nepexo.na. 

0TMeTHM, ~TO Ha rrpMHUHITHMnHyiO B03MOJKHOCTn ITOBbiiiJ8HWI 1; 
sa c~eT sneKTpoH-,!J;Iipo~oro crrapHEaHIDI 6blno yKa::JaHO B pa6oTa/

1 • 21. 
~ee 3TOT EOITpOC HCCR8,!J;OEMCH E pa6oTax /

5•6•7/. 

Kart H3EecTHO, E Teop;m EI\:J Ee.'IztmHa KpHTwrecKoii TeMrrepaTY-

pii Ts CHRnHO 3aEJ'iCHT OT KOHU:8HTpal\ll1l ~RCKTpOHOB, KOTOpaH 

EXO,!J;HT E COOTE8TCTPYIOIU88 EblpalKCHHC 3KCITOH8HUl!aRnHO. ITo3TOMy 

yEeRH'l8HH8 1; MOJKHO ITOHHTn, TipiDU1MaJi PO EHMMaHl-18 TOT ~kli\T, 

'ITO ITpH o6pa30Pamm ,!J;H8R8KTpH'l8CKOM 1!\8RJII ITROTHOCTD 3R8KTp0Hrtb!X 

COCTO.F!HJI!l':J: E0JIJII3Jil H88 pe3KO YE8Jlll'!HEa8TC.F!. C ,llpyrm':J: CTOpOIIL:, 

donee .neTaJinHLJ}l aH~3 rr::ma3aJI / 5-7/, 'ITO HMeeTca 11 rrpoTJIIEOr:o

JIOlKI!De EJ!HRHHe 8Jl8KTpOH-,!J;blpO~OI'O crrapl!EaHIDI Ha 1; - 31.fx1JeJ(

TiiEHOe yMeHniileHHe 'lliCJia 8JieKTPOHOE, y"tfaCTEYIOI!\liX E o6pa30Eamm 

eyrrepOECKUX nap. 3TO, E CEO!O O'!epe,IJ;n, npllEO,!J;HT It YM8HhUJ8HHIO 

npe,IJ;8ItCTIOH8HU;tannHOrO MHOJKHT8Jl.F! P Eblpa;i~8HI111 JJ;Jl.F! Ts 0TCIO-

,IJ;a CJie.nyeT Pb!PO,!J; 0 TOM, 'ITO 8JI81CTpOH-,!J;Iip0'1H08 CITapHEaHH8 H8 

:Ecer,IJ;a MOJKeT llpUE8CTH K TIOPb!W8HJIIIO Ts /6 ' 7/. 

B pa6oTe / 7/ E par.max MO,IJ;eJIH JJ:EYX30HHOrO H30TpOITHOro ITOJIY

MeTaRRa 61:1RO ITORa3aHo, 'ITO TipH HeROTOpiiX orpaHH'18HH.F!X Ha KOH

CTaHTI:l E3aHMO,IJ;8HCTEIDI H npH HaJIJII"tfHH JierHpOBaHH.F! E03MOJKHO COCY-
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ll\8CTEOEaHHe CEepXTipOEO,IVill18ro If ~SJI8RTp!itf8c:EWrO DapaMeTpOE DO

pR,IU(a If TIOEHUieJ!He T8MTiepaTypbl ~ 

§2, Mo,n;eJI:OHa.fl CHCTeMa 

3.n;ec:o MH npo.n;oJIXHM HatJaToe HaMH E pa6oTe /S/ liCCJie.n;oEaHHe 

TOtfHO pemaeMOM MO,ll;eJIH CEepxnpDEO.n;Hl1Ra CO CTpyRTypHOH HeycTOM

tfHEOCT:OID THna y.n;EoeHH.fl nepHo.n;a. 

B paccMaTpHEaeMOM MO,ll;eJIH O,ll;H030HHOro MeTaJIJia CO CDeRTpOM 

E;t , o6Jia.n;aiOIUHM CEOMCTEOM Ej(+~ = -E.K , ytJTeHo RaR Bsa

HMo.n;ellcTEHe ·±ipeJinxa C EH,ll;eJIBHHOH MO,ll;OM 7I = ~ ( ± 1 , ± 1 , ± 1 ) , 
OTEeTCTBeHHOM 3a CTPYRTYPiillM wasoEHH nepexo.n; /I, 9/, TaR H sw

JieRTHEHOe sJieRTpOH-sJieRTpOHHOe npHT.fiJKeHHe THna EKW /IO-I2/. 

raM>fJI:OTOHHaH CllCTeMH HMeeT CJI8,llyiOill>ID EH,ll;: 

'Jl == L ( E K - f< J a.;,.,. a K,CJ" + ); W( Q) s; BQ + ~~r ( ct!q,.,-aK, &4 +H.)-K, K, 

- ~ [it(lfK-~ol)~{ltK'7a.tol}·~f"(tr·<r'Ja:,.a!lt,_,.a_"!"''a":r , (r) 2 K,CJ" 
K~<r' 

r.n;e ft - XHMHtfCCK>ffi DOTBHI(MaJI, B Eb!paXeHim (I) EEe.n;elill 

WJrHKUH.M (eM. TaKXe /II,I2/ ) i\(lfj(-ta.tol) , o6pe3a.Iru1He Kyne

pOBCKOe cnapHEaHl'IO 3JIOKTpOHOE E CJIOB 2(()D B6JIM3.M TIOBepX

HOCTH !l>epMH €K.=-f'Ao : J\(1~;<-,Moi)=O , 1~-;Mo(>W.» . 
3.n;ec:o fUo - :3HeprM :f>epMH )J.1IH. H8B3aHMO,ll;BHCTEYIDU1HX SJIBKTpO

HOB E 30HB, OTipe,neJI.fiOMa.fl cpe.n;HHM tfMCJIOM :3JIBKTpOHOB ft' COrJiaC

HO paBBHCTEY 

/':• 
~pc~>d.& =- n: . 

-W' 
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r.n;e p<~) - DJIOTHOCTb COCTO.fiHIDi (c Ytf8TOM CTIHHa), a W 

llllipiDia 30!ill, 

HaJIHtJHe o6peaaromHX i\. -'J)yHRUJl}i E raMHJI:OTOHHal!e (I) 

TI03EOnReT DOCJie,ll;OBaTeJI:OHO, Ha RaJK.n;OM 3Tane BHtfHCJieHH.fl, YtfHTH

BaT:O TOT ~\T, tfTO RynepOBCKOe DpHT.fiXeHHe (B OTJIHtJHe OT SJieRT

pOH-.n;HpOtJHOrO cnapHBaHH.fl) DpO.fiBMeTC.fi TOJI:ORO E Y3KOM 3HepreTirtfeC-

KOM CJIOB DOpR,IU(a 2CU]) OKOJIO ypOBH.fi r.PepMH. 

B pa6oTe /
8/ itCIEi(-jkol) Bbl6HpaJiac:o B BH.n;e CTyneHtfaToit 

\f!yHI\UHH, KaK H3BeCTHO, B TeOpMH EKilJ TaROM BH60p DpHBO,ll;HT K He

il>H3RtfeCI\IDd pa3pb1BaM cneRTpa RBaa.MtJaCTHU npH aHeprH.flx Ei=/"(o±cu., . 
TaR RaR OTHOCHTeJI:OHa.fl BeJI~a CI\atfKOB OtfeH:O MaJia (DOP.f!,IU(a 
S1 
~~~ 1 ) H OH.M E03HHI\aiDT B,ll;aJIH OT DOBepXHOCT.M ~epMH, S~eKTU, 

]) 

CE.fi3aHH!:le C H.MM.M, npeHe6peXHMO MaJIH. Ho HMe.fl EEH.IJ.Y, tfTO P pac-

CMaTp.MEaeMOH 3,ll;eC:O MO,ll;eJIH E3aHMO,ll;eMCTEl'Ie SJieRTpOHOE C Bbl,ll;eJieH

HOH MO,ll;OM ~ = Q npHEO,ll;HT R DO.fiEJieHHID ,ll;H3Jiel\TpHtfeCKOM ll{e-

JIH npH Ej(c E il'+i• 0 , CJie.n:yeT OTMeTHT:O, tfTO B03MOlKHO HCKaJKeHHe 

il>H3HtfeCRHX pe3yJI:OTaTOB 1 EH3BaHHoe STHMH pa3pHBaMH, eCJIH 

f"-t-(.i)D ~ 0 , Ilo::JTOMY, E006Uie rOEOP.fi, He06XO~MO CtfMTaTb <Py-HK

UHID il(IXI) r~oM:, y6HBaiDUieM .n;o Hynff E OKpecTHOCTl'I TOtf-

KH lXI = £.V]) • 0TMeTMM, tfTO .n;J'.R o6mero aHaJIH3a CHCTel\lli (I) 

ROHKpeT!illit EH.n; (\(I X I) He cymeCTBeHeH, a B CJiytiailx, KOr,lJ;a 

l,twol « W'J) HJIH lf'Col »LA)]) , annpOKCHMauH.fl CTyTieHtfaTOH 

!l>YHKUHeH .fiBnffeTC.fi EDOJIHe y.n;OBJieTBOpHTeJI:OHOM. 

B npe~.n;ymeit pa6oTe 181 MH noKaaaJIH, tJTO raMHJI:OTOHHaH 

(I) TepMO.n;IDiaMHtfeCKH 3RBHEaJIBHTeH REa,ll;paT.MtJHOMY DO ~epMH one

paTOpaM raMHJI:OTOH.MaHy d(
0

(.6,S,f"') : 
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\ ~vtX 1- ~)'R0(A,S,Jk>1 I~ 0 ( N-4!,) - o , 
N ... oo 

r.n:e - 1 + " 1 A2. ~ 
Jeo{A,S,f<)- 2 L 'o/p..-ApP 'o/p,cr + 2 V( at -t a2.- 2,~) 

p,fl' d'tA 6S (2) 

Sv [ H l = -~ f!rt Sp eJCp ~ ~13 H l , fo = k~ 
3.n.ecn 11cnoJII>3DEmm o6o3Ha'feHJI!H pa6om 181: 

'1),; = ( a~IT, at+$,1T, a.-p,-a-, a.-p+~.-fl') 

Ep-f"' -ll - St\(p,cr) 0 

.. I A -E,-f< 0 -Sit(p+Q,ITJ 
Ap,fl'"" -s ;\(p,~rJ 0 -E;p+f« A 

0 -S(\.{p+Q,cJ) 6 E-p +f'J-

i\{p,O") = st~.ncr- · i\. {lcp-f'Col) 

l3 npaEoi1 'faCTI1 paEGHCTPa (2) CYMMllpOEaHI:e no KPa31111MnyJib-

caM p npoEo.n:HTCR no noJIOEl!IHe nepP::>Ha'faJihHOii 30H!1 EpuJimo-

aHa, onpe,neJIReJV:oi1 HepareHCTPOM Ep > 0 (B aToM CJIY'fae p+Q 

npo6eraer ETopyiO ne>JIOEHHY 30H!1 Epl1JLJII03Ha c p+ Q < 0 ) . 
IIapB.Merpbl 6 11 s , JI!M8IOWHe CMh!CJI 1COOTP8TCTE8HH0 1 

,ll;HSJI8KTpH'feCJWro 11 CPGpXnpOPO,MLUero TiapaMeTpOE IIOp.FI,ll;Ka, onpe

,n:eJIRIOTCH us cJie.n:yiO'Qero ycJIOEJI!H/8/: 

S ['J{o(A,S,fk)] = ~ fv[lf.('llA,l'l.s,~Jl 
v lfl.,htzs) 

(3) 
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§3. Bu'fHCJiemrc nJIOTHOCTJI! cEo6o.JlHO.i1 :lHepru:a 

.Il.Jm Eh!'l'l1CJI8H:IlR nJIOTHOCT!! CEOClO,nHOll :lHeprirn OClbT"!I!O CH3'l'aJia 

H3XO,MT HEHHi1 EU,ll; K3HOHJ!I'l'eCKMX npeo6pa3::>EaHJill1: ljlepMll-OnepaTQ[JQP, 

,ll;JilarOHaJIJ!I3YIOI!1HX raMHJibTOHJ!IaH /I2/. 3Ta npO'-\e.n:ypa, O,nH3KO, P na

IUeM CJIY'fae CEH33Ha XOTH Jll C npOCTbiMH, HQ O'l'eHb rpOM03,ll;KJ1MI1 l'bi

KJ!a,ll;KaMH, IIosTOMY, 3HM cneKTp MaTpm.{b! Ap,cr , Mh! PF'll!CJII1M 

WYHI{'-\HIO fv['Jf 0 (Ll,S,,fk)] , He IwnoJI:&syR HPHHe Eb:paJKeHHJI ,n:AA 

KaHOHR'feCKHX npeo6pa30Eamfii. 3aMeTJ!IM, 'ITO C -'fl!CJIOEM rnaT-
A 

pH'-\a Ap,o- -spMRTOEa Jll noaTOMY oHa MOlKeT Clh!Tb npHEe,n:eHa Ir 

,ll;HarOHaJibHOMY Pl1,ll;y' nyTeM HCKOTOpOrO noEOpOTa P 'l'eTL:peXMepHOM 

npOCTpaHCTEe COCTOHHIDI {{p1<r) 1 (p+Q,cr) ,(-p,-cr), (-p+Q,-0') l 
KOToputl onpe,n:eJIReT TaKlKe HeKoropoe mmetiHoe npeo6pas oPaime co

OTEeTcTEYIOI!1JI!X cpepMH-onepaTOpOP, Ho nOCKOJihKY "J'p,G' ( "o/p~) 
npe,n:cTaBJIReT co6o.i1 cToJI6e'-\ (crpoKa), nocTpoeHHbJJi ns onepaTopoP 

ata a.:., CT G{_,_. Gt-p+Q ·-G' , TO C[l8J(H '1Jl8HOE CYMMH no ,_, , r .... , , ,, - , , 

( p,<r) E EhlpalKeHirn (2) 8CTb TaKHe, KOTOpble co,n:eplKaT O,!J;HHa-

+.. + "' 
ROEui1 Ha6op onepaTopoE, nanpHMep, 'Pp,cr Ap,cr'Vp,IT H 'V-p,-G'A-p,-6"'\f'~, 
T,e, OHH He MOryT ClUTb ,ll;HaroHaJIH3HpOEaHbl He3aEJ1CJ!ilf.O ,n:pyr OT 

.npyra. rrTo6bl Hs6ellt8.Tb sTy Tpy,IiHocr:&, npHPeJ(eM ( c rrm•O!l\LJO He

CJIOlltHI:JX npeo6pa30EaH:IDi) raMHJihTOHH3H (2) J( PH,ll;y: 

1 ( A
1 s1 

) Je, (A,S,fU) = t Vp; Ap,,"'fl;.,t +IV ~ + 9: -2fK . ( 4) 

Tenepb B Ka~\,llOM '1JI8H8 CYMMb:*) (4) MOJKHO COPep;:aTb HP3aU!

CIIMbl8 KaHOHJ!I'l'ecxne npeo6pase>Pamm "epMl1-oneparopoP, J(OTOp!Je np11 

*) 'II1CJIO COCTORHlUl E r.epEOHa'laJibHOil 30HC Epl1JIJJ!03Ha paPHO L l<,o:= 'lN. Tencpb P. ST::>f! CYJ,<Me 'l'HCJI? "!JIG flOP I' 'lGTblpe pas a MeH:&
rue: l_,=N/'J., HQ KalK,ll;Q8 CJiaraew.Qe ,n:ei!CTPyeT P ll'::OJJ.J!pDCTpaHCTI'e 
'lHCeJI 3anOJIH8Hl;R 'leTblpex O,I(HJ3Jl8]{TpOHHblX COCTOHHl1l'I: 

{<p;t),(J"+G,f).<-p.~) .(-p+~.~n 
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" EO,Il,fiT MaTpHIJY A p,t , a cJie.n;oEaTeJI:&HO H raMHJI:&TOHHaH ( 4), 

K ,nHarOHaJibHOMY E~r. 
A 

.IleilcTERTeJI:&Ho, nycr:& spMHTOEaJ! M8.Tp>ma A p,t YHHTapHo 

" s (41 E121 E.(S) E "•I 1 
sKEHEaJieHTHa .n;HaroHaJI:&Ho~ MaTp>me Ep= 1 Ep, P• p , p n ,. 
r.ne E; ( i•f, ... ,lt) - co6cTEeHHHe aHa'ieHnfl MaTp~ Ap,t 
Tor.na: 

" " u+ .. u-1 
p p 

II A -1 i\ <\ 

Ap.t = Up E,. UP 
n,cJie,noEaTeJI:&Ho, 

- +,. - + ,. -1 ...... 
Xp,t- 'fl;,,t Ap,t Vp,, - 'f;,t Up E,. UP 'Vp,, 
TioKa~eM, 'iTO rrpeo6paaoEaHHe 

,.._ + + "' -1 '1';,-t - "'Vp,, u,. ., 
' r.ne 

~ + .... ( .!i (4J J (ZJ + (SJ + (4) ) 
l'p,' V\ p , ,. , 0( p ) o{ p ' + 

REJlfl8TCfl KaHOHH'JeCKHM rrpeo6pa30EaHH8M OIIepaTOpOE Clp,f ) 
+ CJ.p+-Gf,f 1 Cl-p1 4- 1 0.-pttil,.. K HOEblM !flepMH-OIIepaTOpaM KEa3H'1aC-

~ (tJ .J U.J .J 111 AJ C+J 
THU V\ p , V\ p 1 lAp 1 lAp . ,UeacTEHT8JI:bHO: 

+ ,...(<1 ,... (jl _" " "-t (IC) + (t) _ ~ 
[~ .• , Vp,, 1. - L ( Uplt,K ( u'" )e i l 'l'p., , "11;., l ... - o i,1· k,l ., 

"-(i) ,._(jl ' A) A [ (IC) It) l 'l'"p,f, 'Vp,, J+ = L (U, L,IC (Up) J.l "\fli,lt 'Yp,t J+ = 0. 
k,t 
n +n 

3.nec:& -.:repea Yp,; ( 'Vp.~ ) o6o3Ha'1eH 
....... 
L sJieMeHT cro~6~a 

(CTpOKIT) ~,f ( 'o/p~t) 
AHa;rorH'iiiO MOlltHO npoBepHT:&, 'ITO ecJIJI 

~epMrr-onepaTopbl, TO ooparHoe rrpeo6paaoEaHHe 

flEJifleTCfl KUHOHH1:f8CKHM. 

o{ ~t> ( L • "····• 4) -+ ,.._+ .. Vp,, • 'o/p,, Up 

Tenepb, llCIIJJih3YR CEOaCTEO HHEapHaHTHOCTH CJie~a ITO OTHOill8HHD 

K KaHOHH'18CKHM npeoOpa30EaHHHM JrrepaTOpOE, ITOJIY'iRM,lJTO: 

8 

Spe,x.p I-pr. 7f,,, J = n Spcpl e-1-p { -13 'Jlp.t J = l p p 

J, "I + t It 
= n Sp e.xpL"'r Ec'O<.mo<:c 11= nn [1+e"P(-A£ci•n, p C)JJ l r-i.=1 P P P l p l=1 ,- P 

(5) 

r.ne -.:repes Sp(pJ o6oaHa-.:reH cJie.n orrepaTopa, .neilcTEYID~ero 

B IIO,Il;IIpOCTpaHCTBe O,Il;HOSJI8KTpOHHhiX COCTOflHID1 { ( p, f) , 

(p+Q,t),(-1'.~),(-p+Q,~)} ,a Sp(~) -cJie.n:Eco-

OTBeTcTBYIOIQeM IIO,Il;DpOCTpaHCTEe KBa3H'1aCTH1:fHblX COCTOflHIDl. 

TaKllM o6pa30M, ,nJifl TIJIOTHOCTU CEOOO.n;HOfi SHeprHH anrrpOKCVI

MHpyiOIUeil CHCT8Mbl (2) HaxO.n;l'IM EblpalKeHHe: 

JU "' Ecil 1 tl S1 

fvllto(6,S,f<)]=- y !:L"ltt(1+e-P ~']+i(Qa+,a-2ft)· (G) 
p L•1 dl S 

3.n;ech £~1 
( i = 1, ... ,'t) - co6crEeHHh:e 3Ha-.:reHlill MaTpHUbl " Ap.t 

E.~·,2,= ~ €;+f<t+At+sa[il.!<c,,t.t.) +~~(e,fC.)] ± 
~---~------------~~---~~~ ~ 

:t2V[fEp-S1~+(€p.f•)/l_(Ep.ft•~.12[f1+S1il~Cepft~ J C7) 

Eu,~,, __ E(•.zJ . 
p - p ' 

r.ne EEe,neHo o6oaHa'1eHrre 

i\:t (Ep,('A•) = i [ n_ (1~,-,tW.I) ± i\(IEp+(Wol)]. 

9 
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§4. Yparmemm caMocorJiacoEaHIDI 

l1 

]HsJI8KTpl1'tl:8CK~ H CE8pXTipOBO~~ napaM8TpH ITOPff~a ~ 

S onpe.n;eJIIIIOTCR corJiacHo ycJIOBIDIM (3), H3 ypa:eHeHID1*) 

~A fvf'}fo(A,S,f)] = 0 

~S fv['Jlo(A,S.fUll = 0 , 

KOTOpHe COEM8CTHO C ypaEH8HH8M ~ XHMH'tl:8CKOrO ITOT8Hl{l1aJJa 

-~ fv[dfo(A,S.fkl1 • 'n 

o6pasyiOT 3aMKHyTyiO CHCT8MY ypaEH8HID1. 

(9) 

(IO) 

(II) 

BI14HCJHIB COOTB8TCTDYKlll\l18 ITpOl13DO,l(Hh!e l1 nepeM,JT,I! OT CyMMl1-

pOEaHIDI IlO K1!a3!1HMITyJibCaM K HHTerp11p01!8Hll!O ITO Cil8KTpy 

{V
1 

[ - Tp<~>d.e } , Haxo.n;HM REHHti EH.n; ypaEHeHIDl: caMo-
P o 

corJiacoEaHIDI: 

A 'f f ae.CE) E10
(E) ~(E:) E121(E)J- .!::.. 

2 ~f(E)dElE 14'(E)tJt 2kT +E12'(E)th 21<T - ~l 
~rp(E)dE:(V4CE:) thE'4~E) + lla(E-) DhEn'(E)J• ~ 
2 ~ 1~4'(E) 2kT E 12'C~) 2kT '}: 

~ Cpce>d.E- f 't1 (E) f;h Ew(E) + 'tf:(E) t4t Ecz~E'} 2 = n -1 
2. ~ 1E141(E) 2kT E z.tE:J 2kT j 

r.n;e 

de.t,l (E)= 1 ± ~t. + S2 i\! (E ,(U .. ) 
M{ E(41 )2-{ E(1))11 

(12) 

(13) 

'(I4) 

(I5) 

*) TaM, r.n;e 8TO He Bhl3h!EaeT ne.n;opasyMeHM!j:, MH 6y.n;eM 
EM8CTO Eapllal{HOHHHX Il3paM8TpOP ~L\ H 'tls (CM. (3) )ITHCaTb /::,. U S. 
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V4,1(E-) • i\~(E,fU .. )+ i\~ (E,f".,) ±. 
+ [ 2 S 2aiCE,M.)+E Ja~CE.tt .. )-2~~.(fJ~i.)i1JE,P .. )·E 
- .!((Ef•I(E))t- (E.tiifE-))2] 

'1 
t: (E)= 1 ± f't(E 2+1l2) -S2tl+(E,,M,)tl_(E,M.)·E 

".1 tr ( Er4'CE l )z- ( f'2'ce > )~ 1 

(16) 

(I7) 

0'tl:8EH.n;HO, aHaJIH3 CHCT8MR ypaEH8Hllli (I2-1 4) E 06!J18M Bl'L!l:8 

npe.n;cTaEJl!IeT co6oii: Eec:r:,Ma CJIOlKHYIO sa.n;a'tl:y. II osTOMY Mbl c.n;enaeM 

H8KOTOpHe 8CT8CT1!8HHH8 ,nJill paCCMaTpl1Ea8MOH 3a,IJ;a'tl:l1 ynp0ll\8HIDI, 

HaiTpHMep, paCCMOTp8Hl18 np01!8.IJ;8M 1! ITpH6JIHlK8HHH ITOCTOHHHOH ITJJOT-

HOCTH COCTOJ!HIDl f(E) • .!,. H Bb!6epeM rpyHKUIDO i\(IXI) E EH.IJ;e 

{ ~. A(IXI)= 0, 
lXI ~ cA>J) 

lXI >Wp 
(I8) 

KpoMe TOPO, E H8ROTOpHX C~IaRX M~ 6y~eM ENHY~8HB HCITOJ!b301!3Tb 

1!M8CTO TO'tl:HOPO CIT8RTpa (7) HeROTOPYIO arrrrpOKCID~al{H~, ynpo~aiOmyiO 

.n;aJJbHeiiwee HCCJie.n;o:eaH.rre. IIocJJe,IJWIJl 6y.n;eT Heo6xo.n;HMa TaKJKe H .IJ;Jlii 

EHHCH8HM ilJHSH'tl:ecKoii KapTHHH nepeHopMHpOEKH TepMO,JUfHaMWJecKHX 

Uj8JJ8H 1! CTI8RTpe CHCT8Mhl, 1!N31!8HHOH E3ai1MHh!M 1!JJIDIHH8M KyrrepOECHO-

ro H 3JJ8RTpOH-~pO'tl:HOrO cnapH!!aHMH. B CER3M C 3THM 

Tenepb K HCC~e.n;oEaHM~ Cil8KTpa (?). 

§5. CneKTp sJJeMeHTapHNX Eos6y!AeHHfi 

ncpeti.n;eM 

HanoMHHM, 'lTD panee w> onpeJlCJJMJIH qerb:pe TJ~rra HesallMCilMbiX 

ctl 1 • ) ECil ( · 
KEa31'!'tl:acnm o<.p. \ L •1, ... , If c saKoHB.MJ1 .n;Hcnepcmi p L: 1, ... ,1t) , 
COOTE8TCTE8HHO, ITp8J(CT3PJIIIIOIIUl8 COCk:;:! cneCb O.I{H03JI8HTpOHHHX C::JCT')

JIHIDl (p,t),(p+Q,f),(-p,~),(-p+Q,{.) . CneHTJI :eos6y;;meHHi1. 

II 



c ytJeTOM ( IB) MeTeR cJie.nyiOIUIDA EI>palKeHReM*): 

[Nez+~~ ±f )2+529(w,-;w.l]''z, \E.l~a 

Ec'..zt~J-l[E2+~2+fk2+fs2±2V(pde1-fsz)~~2~2+tszi] ~ a< lEI' & 

lve2•A2 ±f"- I , 8 < IEI'W" 

E(l/tt~J-- E(i,Z)(E) 

a •lf·-t.>,l . B =/A· +k>J) , 
r,ne MH YtfJIH, 'ITO 

{ 

o , 1~1 ~a 

iL (E.f.) = !Sign€ , a< 161' g 
o ,8<1EI'W" 

{ 

9(CJ,-J".), IEI'a 
i\ .. (e,,-u.)= ! , et<IEI' 8 

0 , 8<1EI'W", 

H EE8JIH CTYIT8HtJaTYJO <PlfHKUHIO: 

B(X) = { ~ , x~o 
, X< 0 

(I9) 

(20) 

PaCCMOTpHM CHatJa;ra rrpe,neJI::OHHe CJIY'IaH d- 0 , S +0 H 

Ll1D. s-o. 
A. ilpH fl-0 EH"pallt8HH8 (!9) y,no6HO 3aiTHCaT::& C IIOMOI!1::0!0 

<iJyHKqrm E 5 (E) 

E 5(E)ss;n(e.~)V(E:~)1 +S2i\:t(IE:;M·U , -tJ~E' tJ, (2I) 

*) ~ orrpe.neJieHHOCTH ~ 6y,neM pacCMarpKEar::o CJIY'Iaa 6oJiee 
'!eM HaiiOJIOEHHy 3aiiOJIH8HHOit 30Hli, T, e, 6y,neM C'JHTaT::&, 'JfO 14• >0 
H jK >0 • 

12 

COOTE8TCTEYDm8~ CIT8KTpy E036y~eHRH E 'JHCTOM CEepxrrpOEO~KKe, 

Tor.na, ec;m sy'f{'A < ~~o-w~»l , TO 

E~1(e) = I E5 (-~JI l 
0 ~ f (W"" 

E~tE)= IE5 (E)I 

H ecJIH SY4jU > I fi'C• -~I , TO 

IES(-E)I 

E~~E)={I Es( E) I 
IE5(-E)l 

\E5(E)\ 

E(2l(f).) \ES(-E)\ 
, s l 

I Es(E} I 

, O~E:<Cl 
· s1 1) , a < E ~ mwr (- , 0 

· (Sa 1) +~ , mf.f'l -tr'o < e Hu. 

ll::JEe,neHHe @rHKU~ E~i.)(E) 0•1, ... ,4) H E5(E) rroKaaaHo Ha 

PHC, (I, IT), 

KaK HeTpy~o aaMeTHT:&, B aToM c;ryqae (.6 -=0) WH3HtJecRH 

60JI88 8CT8CTB8HHHM .fiBAA8TC.f1 OIIHCaiiH8 B036ylK,ll;eH~ CHCT8MH ITO

cpe,nCTBOM O~Oro THITa RBa3HtJaCTIIU, ROTOp!>e BEO,n.f.!TC.fi C ITOMOI!1b!O 

H3B8CTH~>X {'U, 11')- rrpeo6paaoEaH~ EoroJII06oBa. llapaMeTp 25 
HrpaeT pOJib CBepxrrpOBO,n.f.!I!18ll I118JIH E CIT8RTpe B036y~,neH~, B03HH-

RaDm8ll ITpH aHeprRHX, paEHH"X aHeprHH <iJepMH €- =ru , ilpH 

.,6:: 0 MO~O ITORa3aT::O, 'ITO H3 ypaBH8HRH ,nJifi XHMH'J8CROrO IIO

T8HUHaJia CJie.nyeT paB8HCTBO fU : f"<o 
E. B .npyroM rrpe.neJI::&HOM CJIYtfae S -0 JIMeeM 

E~'2,(El = I{E2+L1t -±f< I 

13 
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. 
~ 

~--------~~.-~-------- Q -
~ 

~ 
.~ .....,., 
u.J 

';f. ~ <./) V)~<n 
'i_ i 

I 

3 
~ 

0 
~ 
~ 
~ 

0 
II 
<l 
~ 
p, 
t= 

~ .. 
u 
§! 
~ 
t') 

II:! 
Ill 
Ill 
p, 

5 
t= 
0 . 
H 
H . 
u 
~ 
~ 

1 , 

I 
t 

wrn: 

E~1(E: >=I E6 (-e)\ ) 

E~1(E) = \ E6 (E) \ 
O~E.~W", 

r.ne111E6(E-}=~Ev'E2 +A1 -jk ., IE:I'~ (22) 

H ft = ~~:+Al . 
<byrrnqm1: E!''( E:) ( i = f, · .. ,It) H £4(~) Hso6pa.xeHh! Ha p.11e. (m) • 

B aToM e~ae TaKxe ~erKo HaMTM KaHOHH'!eeKHe rrpeo6pasoEa

HHa, BBO.!\Rm:>i8 0.!\KH THIT KBa3H'!aeTMU /I/. 

B. IIepeii,neM rerrepb K Hee~e.noBaHHJO o6mero e.ny'!M fl. =I: 0 
5 "f:O. He rrpe,neTaBJJJI8T Tpy,na ITOKa3aTb, 'ITO B o6meTY! 

IWt-j"<ol '€ ~ Wn + (Wo HM810T MeeTO HepaBeHeTPa: 

IVEl+~a ±;ul~ EC4,2)(E),~(yE:2+f12 ±ft)2+Sz (23) 

KaqeeTE8HH08 ITOP8JJ:8HH8 erreKTpa (19) rrpe.neTaP~8HO Ha 

pRe. (IY-Y), r,ne ITO aHMOrlfil: e Pb!W8 paeeMOTp8HHh!MY! rrpCJJ:8JibHhTMll 

CJIY'IMMH rroeTpoeH e,nl!HhlH cneKTp Bos6yx,neHID1 E4
'
5

( €) P pae

umpeHHoH(nepEoHa'!MbHOM) soHe EpHJIJIIOaHn: G € [- \V, \V j . 
0TM8TY!M, 'ITO O,nHOBp8M8HHb!M yqeT fl H S enapHPaHID1 

npHBO.I\HT K cya1eeTB8HHO pasJI~Hoii nepeHopMY!pOPKe .n;1:"JJieKTpWICC

KOH H CBepXITpOEO,nRl!18il J~eJieti E CIT8!\TpC eHCT8MH B e~'!MX 

~-f'Ao > Yf< 2 -A'2 H WD-(Uo < '/f'A-1-tJ.2 (eM. pMc.IY,Y). 

TaR' Hanp11Mep, ee~H w~? 0 > v /"<2 -lj,'Z. ' TO pOJib 

.IUiaJieKTpH'!ecKoti meJin Mrpaer P8M'U1Ha (eM. p;;c. IY) 

za-= VlfW+A)2 +S2. - {(fU-IJ}2 +S1 

15 
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3 

llJill 
1 51. 

~ ~ 2.Ll ( 1 - 2 Jkt-At ) • 

s2 
- - << i 

nprr 

~ ~<1 
(f"i:~)1 

(24) 

C:eepxnpoEOMlllM IUCJI:b nprr 3TOM, RaR ll B ~eTOM eBepxnpOEO~

HllRe (eM, pne.I), pa:eHa y~oeHHOMy rrapaMeTpy nopR~a S 
B e;ry~ae eJiaco~ e:eRsll 171 

~ <<1 
4f<! , f'Ao = '(/"'2-Ll2 , (24 a) 

s -ROTOphlM Cy~eT paeeMaTpllEaT:bCJ'I E 3TO~ paCOTe, EJillf!HllCM ,... 
errapllEaHIDI Ha ~ll::!JICRTplltieeicyil meJI:b 2A MOJKHO npeHeCpetiL, 

~ 

e1.JllTM ~ ~ Ll 
ITpn GV])"/"'fo < Vf--2-fl't .IJ;ll3JieRTpll~eeRilli napaMeTp rropR~-

Ra 11 rrpHEO.IJ;llT R s@leRTI!EHOMy YM8H:biUeHll!O e:eepxnpoEoMrue~ 

U18Jill (eM. pile, Y H HepaECHeTEO (23)), npH1.!8M .IJ;ll3JI8RTpll1.!6eRM 

lJ16JI:b, RaR ll E OTeyTeTEHll S - errapllEaHAA,paEHa 2A 
Tipn yeJIOEHll (24) .lJ,Jifi sM>eRTHEHOM e:eepxnpOEOMIJ16M f116JIM 

ITOJIY'!aeM (eM. TipllJIOlKCHMe) BhlpalK8Hll6 

2S = fU +~fk7.-A'l. S < 25 
jK 

(25) 

3a.MeTHM, ~TO E OCJiaeTH Bo = ~ K: fEKI' l""nfUol J 
o( ~'J { i. •1, ... ,It} K l'OEbiM MOlKHO rrepeMTll OT REa3ll~aeTllU 

REasll'laenru,aM o( k,cr 

~~ EW~ciJo(W=~ ~ ECK)(X'+ 0( 
L L;- p p p 1-- L IC,cr l<,cr 

Ep>O ~·1 I<EBo cr 
CO eiTCRTpOI.I: 

(26) 

~Ct<l=Si9ft(~E:K~ea+~2 -tt)V(sijf1E~eYE!+t? ""ftl1+5 2Bl41,-ft.) C27) 
K.eB., 
AHa.norwrno, :e oCJiaeTll :82 = ~ K: W.,+fk,. <fEll' W) HMeeM 

't""' .jL EthJHiolCiJ =~ ' EACK)o( .. o( (28) L. ~4 J:ll P p L- k,IT K,CT 
~'(ep.(22)) ~Btcr 

E4
{1<) =E.Ci<e.B~.l= sifhEI('/E!+-12 -;v. . (29) 

KaHOHll~eeROe npeoCpa30EaHlle, ROTOpOe EEO~llT REaSll~aeT~ 

O(K,Ir E oCJiaeTRX B 0 ll B 1. MOlKeT Ch!T:b npe~eTaEJieHo E 

Ell~e npons:ee~eHll!'I ~yx (1(,tr)- rrpeocpasoEaHilli: 

«t<p- 1.(1( -tfiC 0 0 VI< 0 - VJ<,cr 0 0(" cr I 

O..t<+Q.I" 11'1( 'I.( I( 0 0 0 UK+'i 0 - YICtQ,O" Q(k+Q,cr -+ 0 0 ul< -Uic VK,IJ 0 ul( 0 + Q.-H,-Ir 
oC.-1<,-Ir 

+ 0 0 Ytc+lil,CT 0 Vtt.+Q 
+ a-l<+q,-r 0 trl( ul( o( -I<+Q ,·IT 

(30) 

r.n;e KE.Bo llJill i( E. B 2 ll 

1 ~ . 1 ,(1 IE~el 
ul< = f2J 1 + ~ , 1!'1( = -.s.c.r el< {2 v - ve:+A2 

u = 1 ~1 I~EIC~ -twl 
K i2 + IE(Kll 

. . 1 ~ \~¥tE-1de:+Ai -!"I 
VK,a=- 51.ipt0"'·5tf*1 E(K )U 1- I E.(K)j 

II L 19 



CymeeTEeHHO OT~qHOH ORaS~BaeTCH eHTY~ B o6~eTH 

B4 ={ K: lc.>J)-,u.l <IEI(I' c.J» +/'(0 J . 3,neet. eneRTP HMeeT 

ropas.no 6o~ee e~oEEHil EH,IJ; (eM. (19) M pne. IYn Y), a RaHOHH

qeeRoe npeo6paso:saHne, ,IJ;HaroH~synuee eooT:seTeTEYDmYD qaeT:& 

raMH~:bTOHHaHa (2), Be~e,neTBHe"ROrepeHTHOeTH" eBepXI!pOEO,Il;iiiiie

ro H ,IJ;HS~eRTp~eeROrO enapHEaHHH He~:b3H npe,neTaBHT:b E EH,IJ;e 

npons:se.nemm ,IJ;Eyx noe~e.no:saTe~t.~x ('IA. 1 U')- npeo6paso:sa

mm. TeM He MeHee, :s e~ae e~a6oro S - enapHEaHM (eM. 

ITp~o~eHRe) enCRTp a~eMeHTap~X BOS6y~eHHH B STOH o6~eTM 

y,naeTCH HHTepnpeTMpOEaT:bB TepMKHax TIOHE~eHM a~eKTHEHOro 

( SaBMCHmero oT KEa3HRMIIY~t.ea n napa.MeTpa A ) e:sepxnpo:so

,IJ;R:mero napa.MeTpa nopH.llKa S ( K,-6) 

E ( K) c::statt(~E.I(ie!+ A"-M)V(S1'9f1etcYE:+l1'1 -M)2
+'S2.(1<,ll) 

t1 I I (31) 

"Ke.B1 

r.ne 2. 

5'2.(1< a)=!.S1 [1+sta.t1€ 2f< 1EKI-~ ] i<EB 
I 2. I" II: 2l~1(E;: + b") ' .. 

QqeEM,IJ;HO, qTo ee~ f"o =;u..,. 0 7B/ HJUI eCJil'l jko?-0 ,HO 

06pesaHHe zyrrepOBeRoro ESaHMO,IJ;eHeTBM npOHSEO,Il;HTCH eHMMeTp~

HO no oTHowemuo R ueHTpy so~ EK = 0 /S, ?/ ( a He no OTHo

weHHD R TIOEepXHOCTH ~epMH, RaR B HaCTOHmeil pa60Te), TO YRa

SaH~X Tpy,Il;HOCTeH, eBHSaH~X e ,IJ;HarOH~SauReH r~:bTOHHaHa· 

H e KHTepnpeTanHeH nepeHOpMHpOEOK ¢nsnqecKKX Tiapa.MeTpOB B 

eneRTpe REasnqacTRU, He B03HKKaeT. 

HanOMHHM, qTo neTIOJI:b30EaHHM Ha.MH o6pesaDII8JI ¢yHRUM (18) 

TipHEeJia R TIOHEJieH.IUl pas~BOE E eneKTpe SJieMeHTap~X BOS6yJQe

HHH. C TIOMOmt.D HepaBeHeTBa (23) JierKO TIO~HT:b OUeHRY e:sepxy 

,IJ;JIH EeJI~'TIIH eKaqKoE E ToqRax EK"" jlJJ>i:/'lol: 

20 

Eu•2,(1w»±f'-\+o)-Eu'21(1w.,t~.l-o)l~ 5 1 K 1 
E11

'
2>(1w.,tfe1-o) "'2{/(Wr,1f.)1-+A,.t"~ 

(32) 

Boo6me ro:sopa, CJie,nyeT npe.nnoJiaraT:&, qTo HepaBeHeTEa (32) 

ENTIOJIHe~, H TOr,na npeHe6pexeHRe Be~KHaMH ITOpH,IJ;Ka CKaqKOE 

o6ecneqHT HeSaBHCHMOeT:b nonyqeH~X pesyJI:bTaTOB OT ,IJ;eTaJI:bHOrO 

BH~ o6pesanmeil ¢yHKURH. 

§6. 06eyMeHne 

B HaCTOHmeR pa6oTe MN HalliJIH cneKTp KBasnqaeTnq~X EOS6y~

,neHHH annpOKCRMHpym{eil CHCTeMN (2). AH~s STOro eneKTpa TIOSED

~ BNHEHT:b HaJIHqHe HeROTOporo a~eKTa"KorepeHTHOeTH" zynepOE

CKOro H SJieKTpoH-,Il;h1po~oro cnapHEaHHH B o6~CTH IWlo -;t<-1< 
< IEK \ ~ c.J]) + f"to , KOTOpHK npOHBMeTM EO ESaHMHOK "nepe

HOpMHpOEKe" CEepXIIpOBO,Il;iiiiiero: Sl<,cr=l]:<a.I<,~Q-k',-.. )..., ( S ) 
2. + .-. A, •fk 

n .n;HaJieKTp~ecKoro :fliC, .. = ~"(aK+st,.,.a.JC,cr)Jt'o(A.(,jt() aHOMa.JI:&~x epe,IJ;HHX, 
IIpH c~a6oM S - enapHEaami (eM, IIpHJIOlltElHHe) STOT a~eKT MO~

HO yqecTt. :s:se,neHneM a~eRTKBHoro c:sepxnpo:so,IJ;R:mero napa.MeTpa 

~(K,L\) 
HccJie~OBaHHeM YpaBHeHH! caMoeorJiaeoBaHHH (12), (13) n (I4) 

MH sailMeMCH B c~e~Dmei pa6oTe. 

B SaRJIDqeHHe OTMeTHM, ~TO r~TOHHaH (I) HMeeT MO,IJ;eJI:bHHH 

XBpaRTep, o6yCJIOBJie~R ~THB~M EKJIDqeHHeM E HeM ,IJ;ByX TBDO. 

- 'it BsaHMO~eHeTBHH: B3!U'IMO~et\CTEIIe C BH,IJ;eJieHHOH MO,IJ;OH Q = 0Jt 1;t1;t1) 
oTBeTCTBeHHoe sa CTPYKTYP~ ¢asoBHK nepexo,n,H a~eKTpOH-a~eKTpOHHoe 

npHTHJiteHKe Eap,IJ;KHa-Kynepa-UipmJxPepa {EKlll), OTBeTeTBeHHoe sa CBepx

npOBO~ nepexo~. 

21 



KaK .113E8CTHO, E3aHM0~8HCTEHe EKlli IIOJIY'fa8TCR H3 I'aMRJibTQ

HHaHU 'J?pe;mxa nyTeM o6w'!Hoi1 rrpo~e.IJYJID IiCKJIIO'l:eHltf.! WOHOHHJ:JX ne

peMeHHJ:Jx/13·14~ pe~HpOEaHltf.! E03HKK~ero 3WW8KTHEHOI'O 3JI8K

TpOH-3JI8KTpOHHOI'O IIpHTRllteHBR EClJIH3H IIOEepXHOCTH ~epMH. llpH 

TaKoll: rrpo~e.nype, o~aKo, He rrpe~rroJiaraeTCR HaJIH'IKe "Ko~eHcH

PYIOOieiic.F" Mo~. KOTOpaR rrpHEo~T K rrepecTpolllie KaK woHoHHoro, 

TaK H 3JI8KTpOHHOI'O CII8KTpa .11, E 'laCTHOCTK, K C~lfrY ypOEHR 

WepMH. Yll:eT 3THX owPeKTOE MOllteT IIpHEeCTH K IIOREJI8HHD REHOR 

3aEHCKMOCTH "KOHCTaHTU" E3aKM0~8HCTEltf.! EKlli OT ,nK3JI8KTpK'I8CKQ

I'O rrapaMeTpa rropa~a (cM./I/ ). TioaTOMY Eorrpoc o rrpKMeHKMoc

TH raMHJibTOHHaHa (I) ~ onHCaHltf.! KDHKpeTHHX WH3H'IecKKX cnc

TeM Tpe6yeT ~aJibH8HW8I'O HCCJI8~0EaHHR. 

TeM He MeHee, "~TKEHHe" MO~eJm E~ (I) OTpaJiralOT cy

!ll8CTE8HHJ:Je '18pTU CHCT8M, rrpeTeprreEaDmKX ~a THDa iPa30EHX IIe

peXO~OE H WHpOKO HCIIOJib3YlOTCR IIpK K3Y'I8HHH EOIIpOca 0 cocymecT

EOEaHHH H E3aHMHOM EJmRHRK CEepXIIpOEO~meii H ,nK3JI8KTpH'IeCKOH 
\{Ja3 /5-7.15/. 

AETopw EecbMa 6Jiaro~apHH npo¢. JI.B.Ke.II,IlllJuy H rrpow. 

H.H.EoroJIJ06oEy (MJI.) 3a HHTepec K pa6oTe H ueHirue 3aMe'laHltf.!, 

a TaKllte B.A.3arpe6HoEy, Kl.B.KonaeEy, A.M.PycHHOEy, P.X.THMe

poEy H A.C.illyMOECKO~~ 3a IIOJI83HH8 o6cy~eHHR. 
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I1Pl1JIOJKEHUE 

Bii'IHCJIHM CHa'la.rra Ee.lm'Jmzy 3\{lpeKTHEHOH !118JIH 2 ~ D 

npe,!UIOJIOllteHHH, 'ITO EwnoJIHeHo HepaEeHcTEO (24). H3 ycJIOEltf.! 

~ 3KCTp8My.MOE ~HKUHH 

E.'tl(e) =[ E.t+l!+fk2 + fsz- ~ilf1<1E1-fs2t +tl,(fK'l.+ ~sz) J .,2 
E nepEoM nopsmKe no + 2 naxo~: 

fk -ti£ 

mltt E12,(E) = E'1,(E) I -::= 
E~O E=ftti'-A1 (4-8) 

fU +fjk·---A-1 

2ft s (IJ.I) 

r~e 

A 5 2 
/),

1 tt"1-A2 

oo:4 {IJ.'-1:1'1. fk~{ki-liz. (1+ 2ft )« 1, (II.2) 

H, KpOMe TOI'O, 

tnQX E111(E)=E.121(El\ 52 ~ M-6+ ..LL (1-A) 
E ~0 E: _ (i+T) I 4 (f"'-!1)1 '2.fk 
r~e ~ 

t"- A --;w-A (!1.3) 

TI03TOMY, E CJIY'Iae, KOr~a HMeeT M8CTO YCJIOEHe (IT.2) H 

sa. 
('1-.-w, >> ~ (~ +'t) 

CII8KTp 3JI8M8HTapHHX E036y~eHail E OGJiaCTH 

fk• -c.Jb <. e ~ fk• +Wl> 
C XOpOIUe~i TO'JHOCTbJO arrnpOKCHMHpyeTCR •!J'JHKU118li 

E(1)(E) =~(~E2+6i -{'A-)2. +Sa. 
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(II. 4) 



r.n.e EEe,UeHa sqxpeRTifEHM CE8pXTipOEO,ni!IllM li{eJib: 

2.s = t!. .... 'lj.tf.-6,'1. s < 2.s 
1"-

(II. 5) 

PaccMOTpMM Tenepr, CSoJiee oCSaum CJIY'Ia.fi. ITepemiweM EHpa;KeHMe 

,!lJIH CTieRTpa 3JieMeHTapHhlX E036y~eHMH (I9) E OCSJiaCTH 

lf't•-QJ)l < IEpl ~/'«• +w.D , E, > 0 E cJie.nyRl!leM Elf)l;e: 

E't.2>(G,) = {€~+A2+.f'<1.-+1S1 ± 2(,«ZC~+.da)-lsz[2f1E,.I-L\1-lst] t 
Ctfi:ITM, tfTO + ~ 

{s2 <<fA~E.~+Ai , IE,.I > l(k·-~1 
lfJJl'l 

5 1/'tfA '{ ([U.-r..JJ))z.+A1 4:: 1 , (IT.6) 

E nepBOM TIOpH~e TIO Ma.JIOMY napaMeTpy (II.6) HaXO,!lHM: 

Et•.zJ(e,.l~ ~u~;+L\2. ±t1t )1.+ 24 st[1~ 2ft ''ei-Azl }•'2. <rr. 7) 
1 - 2.fMie~+A1 

CneKTp (fl. 7), E COOTE8TCTEifll C (27) If (29) (eM. TaKlK8 

p~:~c. IY, Y) , MOlKHO nepeonpe,JJ;eJIMTb B oCSJiacTM l,u.-ec>, I< IEIC \ ',c<• +~ 
(r,JJ;e E k np:rmMMaeT ImK oTpHUaTeJIDHHe, TaK M rroJIOJKHTeJI:bHHe 

sHatfemm), noJiarrur 

IE (K ~s V(sitflE:tt.~E~+l:li-f'A )1 + S2 (1<,A) (TI.8) 

npMtfeM 

S1(t<,Al--![1+sta.t1E" Z,ule"I-A
1

]S'1 · <rr.9) 
'"' r · 2~~6~-+A1 

)J.a.Jiee, onpe,JJ;eJJRJI (II.8), (TI.9) ,!lJIH IE~t\' 'r·-~' R 

/"•+c.>,< IEk\ ''W' c TIOMOI!lbiO (27) R (29), RMeeM ,!lJIH Be ex \E~e\' W": 

l 
S2 9(t..VJ)-~·) 

2 
, IE~c\(\fo-1.> .. \ 

~2(1<,A)s i2[1+~411EIC• Z_MIE"\-l:l lS2,IM.-~\<IE~e\,f,+f.\(IT.IO) 
T- 2j'Ai6~+fl1 J-

0 , fo+tJD<\Ek\( \IT . 
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