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§I, ilOCTaHOBRa sanaqH 

3~ecb MH npo~onxHM Ha~aToe :e pa6oTe /I/ (UHTHpyeMoH ~~ee KaR 

I) HCCne~OBSHHe MO~enz 0~030HHOrO MeT~a CO cneKTpOM, 06~DmHM 

c:eoltcr:eou E I< =- Ek+~ , B KOTopoa o~o:epeMeHHo y~TeHo KaK 

aneRrpoH-aneRTpoHHoe npHTHZeHHe THna EKW,TaK H aneKTpoH-woHOHHOe 

B3aBfO~eilC'l'BH6 C MO~Oil Q = f ( ± 1 , ± 1 , '± 1 ) , npHBOMII{ee K 

CTpyxTypHOMY ~30BOMY nepexo~ / 2•3/. B 0603Ha~eHRHX pa60TH/l/ 

paCCMa'l'pHBaeMHil rBMKHbTOHRBH HMeeT B~: 

dl = L (Ekf"}a.:,craK,r +11w(Q) g; 8~ + 3J;r:_ (a:+Q,cra~e,v8~+3.c.)-
k,r JV K,r (I) 
~ 

-~ r L 7t(IEIC-,.cc.J)i\(I€K'tt'oi)Sc'~n(Cf-f') a~a\-.. a-l(:-4f'al<~a-· . 
l(,f' K~r' 

HanOMHHM, ~TO HaMH 6Hn llOCTpOeH KB~TH~HH llO ~epMK-OllepaTO-

paM raMMDTOHRBH 'Jf0 (fl,$,f') , T6pM0~~6CKH SKBHBM6HT-

HH!t r~bTOHRaHy (I),H BHqHC~eHO aCHMllTOTHqecKH TO~Oe BHpaK6HHe 

~ n~OTHOCTH CB060~0lt aHeprHH CHCT6MH (I). 

Ypa:eHeHHH cauocor~acoBaHHa, onpe~enRnmHe HeTpHBHMbHHe aHaqe-

HHH ~~eRTpH~ecKoro ~ H c:eepxnpo:eo~mero S napaMeTpo:e 

llOpsmRa, a TaKllte XHM~6CKH!t llOT6HIJ;HM CHCT6MH fW , B npH6~eHHH 

llOCTOHHHOI MOTHOCTH a~eKTpDHHHX COCTOHHHH pCE:) = ~ HM810T B~: 
4 r J ;xc(E) .f.L E.(11{E:) Clf1(E:) ~L E.111(E:) l \V 
'I~dE-1 E.'c'(E) vn 2kT + E.'7.'(E:) vn 2kT J = A'l.Sh flo' (2a) 

..t(de: f Y1CE:) ~E'"'{E:) + )I~(E) fM E111
(f) l -A .. -L cJ» (26) 

2 A lE141(E) ZkT E'2~E:) ZkT J - ·"'5'n So ' 
! rd \'t1(6) tAt EUI(f) 'tz (E) u, E111

(E) 1 - (2:e) 
Z f" l E E111(E) ZkT + E.'21(E) 2. kT - f'A-o ' 
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3~8Ch, paccMaTp~EaR ~ onpe~eR8HHOCTH C~aM 60R88 '18M HaiiOROBH

Hy 3allORH8HHOK 30HH (T.e. f't> >0 ), ~ <iJyH~ 1BXO,nmuHX E 

ypaEH8HMH (2),HM88M Ebipax8HHH 

tu 

{ 

1 f: _ ~Et+Al 
x,,l(E-)- ~ ± el+fsl 

{(fE -~S1)2 ... ~t(fK1+;sz) 

, O~E'a. , -8<E 'W"; 

, a<e~& 

9{w))-;u .. l ,o~ E ,a. ; 
1 2 ~ 1 

~(f:):li.f1+ ,.UE-i;S-ILS l Cl<E<.g· 
~.1 )'2. VC,uE--!Sl)l .. ~1(Jk1+!S2) • ' 

0 , 8<E'-14 

\

1 ± ~E;;-A2 
1 

, o~f ~a, B<e ~ w 
't;l(e)= E2+A1 -.1.~·€ , + 't ,... 

1- ~(('<E-!sz\i_._Ait •• i ... lci) ,a<E<.8 

a.= l,tM .. -£J])I , 8=;u .. +"'» . 
nna Cll8KTpa KEa3H'1aCTRqHUX B036y~eHHK E pa60T8 I 6URO llORJ-

qeHo CR8~~~ee EHpa38HH8: 

~(Vei+A1 ±,f"t) 1 +S 2 9Ct.JJ)-;u.J , o,e,o..; 

E''·z'(E) = Ne:z+.1z+,M1+1sz ± 2V(J1CE- ~sz)l+fN,«z+~s~) . a <E' 8; 

liE2 +A1 t,M I ) 8<E-''W. 

B ypaEH8HHHX (2) ~ Y~06CTBa EE8~8HH E8RH'1HHH /4/ 

lV 
f1o = s-ft w ~ 2 W eJcp '- ~ J 

~a 9-d. 
t~»1) 

c..v]) 
So=~~ ~ 2 w))~P\- ~ 1 ( ~ >>1)' 

4 

COBII~e CO 3HR'18HHRMH napaMeTpOB llO~a COOTE8TCTE8HO E 

'IHCTHX CBepxnpOBO~eK H ~R8KTpH'18CKOK ~sax npH HyR8EOM SHa

tJ8HIDI XHME118CROro llOTeH~ H8EaaHMO.D;8KCTBYJ!li!HX 3R8KTOpOHOE E 

30H8 ( f'A• -:0 ) H IIpH T = o. 

§2.06RaCThcocymecrBOBaHHR pas 

llep8H.D;8M T8II8pb K HCCR8.D;OBaHHID OCHOBHOro COCTOHRHH pacCMaT

pHBaeMOH CHCTeMU. Onpe,neRHM CHatJaRa 06RaCTb SHaqeRHH KOHCTaHT 

ll.0 , So , {'A-o , rrpH KOTopux cymecTByeT COBMeCTHoe HeTp:ltBHaRh

HOe perneHHe ypaBHeHHA (2) npH T = 0. KaK H8Tpy.D;Ho 3aM8THTh, 

ypaBHeHHe (26) rrpH T = 0 HMeeT HeTpHBHaRhHOe perneHHe 5?0 rrpH 

JID6ux /"' 1 "> A1 
( '1TO COOTB8TCTByeT f"t> :1-0 *) ) 11 JII0611X 50 

8TO 06CTOHT8RbCTBO OT~eT TOT ~T, '1TO OCHOEHOe COCTORHH8 

CHCT8MU C "H36biTOtJHHMH" 3R8KTpOHaMH B 0Tll{8ITHEW8HCR EepXHeti 30H8 

( f' >A npH jKo>O ) MH c H83aTIORH8HHOH HillKHeti 30HOH 

( J«< -~ npH f"o < 0 ) H8YCTOKtJHEO OTHOCHT8RbHO CKORb yro.D;HO 

CRa6oro IIpHTRllt8HHR M8JKJJY 3R8KTpOHaMH. TaKHM o6pa30M, Ha!lla 3a,D;a

qa COCTOHT E OTbiCKaHHH 06RaCTH 3Ha'18HHH KOHCTaHT CER3H H XHMH-

'18CKOrO IIOT8HUHana, npH KOTOpllX CEepxnpOEO.D;Rmee COCTORHHe peaRH

syeTCR npH fl "# 0 . Jimuno pa3.ll8Jia '1HCTOH ( 5 ) 11 "CM8illaHHOK" 

( SA ) qas Hati.D;eM, rrepexo.D;R B ypaBHeHHHX caMocorRacoEaHHH 

K npe.neRJ /1- 0 
~ onpe.neReHRR XHMHqecxoro noTeHUHaRa Ha rpaHHue ·s~" 

o6RaCTH EOCTIORh3Y8MCR COOTE8TCTEYKXUHM ypaEH8HH8M npH 06il!CM 

EH.D;e <fJyHKUHH o6pe3aHHH (\(fXI) (eM. I), TIO.D;CTaEJIIDI E H8M ~=0; 

*) B CJJY'Iae ;t<o=O aTo ypaEH8HHe :I'IMeeT peweHHe 11•5/ 52 =5:-tl , 
8CRH /5. , onpe.D;8M8M08 HS ypaEH8HHR (2a), y.D;OER8TEOp:R8T YCRO-
EJ.Ul o <J),:Z·< s~. 
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c'td f ,.«+E + tfA-E }'-
2~ El VcHt1A-)1-+~(IH~l)S1 ~(f:-,U)1+i\(IE7'Coi)S 1 -f"'• ' (3) 

Orcnna, ytrn:'l.'!Ula.R:, 'ITO .i\(IXI) • 0 npH JXI > (.4)~ , II npOH3-

E8.JV1 H8CJIOlitHH8 npeo6pa30ESHIDJ:, TIOJIY'Ia8M 3REH:BaJI8HTHYil 3aTIHCb 

ypa:eH8HIDl: (3) : 

4 ""• )( +,M 'I'< M+-(dxistar.(X+~jM)-·- }-M 
I 2 ~- l I . 1(X+ff•-!'<)2+ il1(1XI)S1 - f • , 

IIocJie.D;Hee, RaK JierRo npo:eepHTb, .ID&eeT e.znmcT:eeHHoe peweHHe J'l' =;wo . 
.IlaJiee, np.11 fl.= 0 , f'=~· H T = 0 ypa:eHeime (26) npHim

Ma.e'l.' mm: 
a. 

le(w -.«..) ~dE J 1 + 1 l -+ 
'2. ]) 1 - c 1 VCE+~l1+S18Cw~-,u.) VcE-,...)1 +S1 CIJ.-_.M.) } 

B 
+.i { d.e. -... = A~ CJ» 2! ~(E-;u.l1 +S1 So 
oTKy~a no.ny'laeM S = S0 

Ypa:eHeime (2a) npH T=O .11 A-+0 y~o6Ho HccJie~o:eaTb ).l.JISl c.ny-

'!ae:e (.,J:b >jfAo H W'J) < f'A• TIOOT~BJ!bHOCT.H, 

A. llpH c.J~ > f'Ao , TIOCJie Blitm:CJIBHKII COO'l'EB'l.'CTEYD!UIX 

KHTerpaJIOB, Haxo~: 

A~ GJa - Arr.sfi 1J' + &-.. ~ - 1 Atz.s..lt fU· -t 
So ilo IJ:r>+{ko V ~ + S!/ /A: So 

.i 1 f.tt [a+i(a+~o)1+S! -@+S!][a.+~CO.'f.f+.S: +~ 
+ 2 ~1 +S!/~~ [a ... ~<a.-J'4>'+s! --ft!+s:)[a.+VCa.+,4J.r+s!+f/'<!+s: + 

6 

+.!en [ 8+Jl,(.+VCB-~)i+s: Ua. f'C .... ~(ot-~.)1+5! + S!/2.,4'.] 
2 [ot+~+tca.-,...Jl+S!l[g-~.+icB-,..u.)1+S! +S!/2!A.1 

+ 

+ .!ftt VCB-~f'+S! + I"• + s!/'t/*o 
2 ·'· -- a rtQ.7U•J"+s: +fko + s."l'ltuo 

= 0' 
(5) 

r~e a.=l,ti.C·-W~l , 8=;uo+t.VJ> . 
~t 

Kor.na lA) :a » fk• , npeHe6peraR :eeJlH'IHHoil nop.~UI<a --{ « 1 
~ w 

.11 ;:1 <K 1 B :eepXHeM Eiipa%BH.I!H,nOJIYtm:M cJie~uee npocToe 
Cc>a 

ypaBHeHHe .ll.1III rpa.Hmn.t pa3~eJia S H SA qas: 

en A.= t A~~ • . 
s. v 1+S:ftt.c~ s. 

(6) 

Ypa:eHeHHe (6) 6UJIO no;ryqeHo :e pa6oTe 14/, 06JiaCTb cocymecT-

BOBaHHH ~3 npHBe~eHa Ha pHC, (I). 

0MeTHM, 'ITO np.l! f'Ao: 0 H3 (5) HaxO~ COOTBeTCTEYJOOtYJO 

rpa.HKQY pas~eJia .ll.1III CJIY'laR HaTIOJIOBHHY saTIOJIH8HHOH 30Hii*) : 

Arzs..h t.)~ - A'Z.S'h .!! + fht ~ • o 
HJIH /5/ So Ao IJ.D 

ll. -[4+£2. + -t-£2 V1 +s~/~t J-1 
So - 2 2 • D 

tJTo c TotJHocTbJO ~o tJJieHo:e nop~mRa s: I'-"; 
A. -s. 141• 

~ , t=-:w: , 
co:ena,naeT c TipRMOH 

ill)3TOT CJIY'IaH DO.zq>06HO paCCMa.TpHBaJICFI B pa6oTrul5• 6/, 
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s. 
2!J.. 

tO 

o.s 

n $ M -sa· 

-1.0 

P»c. I. 1iasoEaJI ,nRarpaMMa rrpH T= 0. 

8 

2.0 

A. 
2/W~ 

B. IlpH {AJJ> < ~· KMeeM ypaEHeHHe: 

Art.>lt tJ, - A'Z.S'h ""-+e.,~ +.! ~ I, +tu.•VC8-,M.} 2 +s: 
S. Ao r.I>J,+/.fo 2 Gt+,Mo+VCa-f!o)2 +50

1 

+!e.,. [a-,M.+rla.-,f<.)2+S!+S!/~~1h78f~Jl+s! +fo+S!/~f·l =O 
2. [ &-!'f.+V(~-;f.t.}1+S:+s:/2fo1lVCa-_l.f.)2+S! +f<.+S:/'tfUo} · (7) 

IJ.2. 
IIpeHe6peraJI, KaK 11 E rrpe~~eM c~ae, q~eHaMH rro~a ~ 

~ w 
H 1 , no~aeM 

w. 
Ao = i 

2fUo 
(8) 

3aMeTHM, 'lTO EJ>palteHHe (6),crrpaEe.JVIHEoe rrp11 Wp»j'.fo , rrpmm

MaeT EH,IJ; (8) E npe,ne~e $~ « 1 , 
/'of• 

§3. BnRRHHe 8HS~eKTp:r,rqecKoro crrapHEaHER Ha CEepxrrpoEOnffWYD me~b 

rrp11 T = 0 

B pa60Te (!), Ha OCHOEe aH~3a CIT8KTpa KEas:r,rqaCTHqHJ>X E03-

6yx,neH~ E paCCMaTpHEaeMOH CHCTeMe, HaM» 61>~0 ITOKasaHO, 'lTO rrpH 

51 «1 (9) 
~2.-A1 

aq¢eKTHEH8JI .D;Ha~eKTp11I'l8CK8JI me~b 2.2i" COEITa.naeT l! Hy~eEOM 
ITpH6.IDIJ!t8HIIIJ/I C ITapaMeTpOM 2 Ll , a pO~b 3qxp8KTHEHOJi CEepxrrpOEO-

,Wiill8ft me~ HrpaeT E8~l'l'l>J:Ha 2 S@ff , r.ne 

s •• = { ; " /1+~5 
. 2"< 

'Wn-;tA• >f;«a.-11z ' 

• O<;u.-tJD< Yjk .. -112. 
(IO) 

B CBil3H C Cy[;1€CTB€HHb!1!Jl ynpO!l1€H111lMH, B03HHKaiOll1HMl'l B 3TO!.! CJiytJae, KO

TOpb!H COOTE8TCTEyeT TaK Ha3HEa8MOMY npl'!6.IDIJ!teHHID C~60H CER3H/4/, 
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MH nepeH~eM Tenepb K HCC~e~OBaHHD pemeHHH CHCTeMH ypaBHeHKn (2) 

npz T=O, npe,IUIOJia.I'M HBJm'Uie cw.u.Horo Hepa:eeHC'l'Ba (9). B HYJieBOM 
s'l 

IIOpli.ItKe no Ma.IIOMY napaMeTpy -~.--~, CHCT6Ma ypaBHeHd (2) pac-1" -4 
~eTCH Ha TpH HesaBHCHMH% ypaBH6HHH. ~ XHMHq6CKOrO IIOTeHUHa-

Jia f" H .IUrfSJieKTpH'IecKol men A cpasy noJIY'Iaeu: 

r = Yf! +A" , (II) 

A = '/ A,(A.- 2,M.) , f"o E ~ Ao • (I2) 

B ypaBHeHHH ~ onpe~eJieHHH c:eepxnpo:eo~el meJIH corJiacHo npMHH

TOMY npH6JIKEeHHD y~epKHM napaMeTp S TOJ!DKO B J!Orap~eCKH 

pacxo,nmnruc:CJI npR 5- 0 HHTerpa..nax, IIOJia.I'M 5 = 0 B OCTaJID!UiX 

•meHax. PaccMoTpHM :eosmmall!U!e npH aTOM cymec'l'BeHHO pasHHe c;ry-

'laH ~ll > 'J.tf'Co H W'D < f'Ao (CM. (IO) H (II) ) IIOOT~e~bHOCT>!. 

HanOMHiiiM, 'ITO !13-Sa paspb!EHOCTR CIIeKTpa >I C~eJiaH!UiX IIp>!6.11MlK8HJilli 

He06XO,IUriMO C06.1I.J:l.Wl,TD OC'l'OpOmiOCTD IlpR (,\)1> ~~. , Tpe6yg BU

IIOJIH6HHH YCJIOEHJi MaJIOCTH"CKa'!KOB"(CM. (I.29) ) : 

S" « t . (I3) 
(Vlt.J.,.±,M.l1+A" -;")2 

A. Cmal l.Jlt > 2.,Mo 
C y'le'l'OM c~eJiaHHHX :esme npe,IUIOJIOKeHHI ypaBHeHRe ~ c:eepx

npo:eo~el meJIH npHHRMaeT B~ 

Q. -

4 CctEf 1 + 1 }+ 
2 ~ 1 VE:1 +&'1 +f" ~ae,+4'-t">1 +s1 

& 4 • 
i \ctEi 1 (i ~E-t&')+ 1 (1 ,.«E-JAt\L 

-+:;;a.. l VE1 +A1 +fA - f-/E"+A" liE"+A'l-rc-1 + (f4tt'+A4H- (I4) 

= fM 2"'.» 
So' 

HJlll IIOC~e HHTerpHpOBaHHH H y~epli8HHR: B 8JI.IDmTH'I6CKHX HHTerpa.JIB.X 

!t'OJlbKO Be.D3111el IIO S aCHMn'l'O'l'HKH iiM66M 

fm. {o.+f«1
+ll• t&+JI*+II +! fht~4?a+2& ;w +{O.Z+if -+ 
~ +/Ao 1 "'•-l,M• ti"-+tta+A" 

+ ~ fNl "M·ta'-t«: +1.~ (1-.t )l,/4Jp+?M, 1!-a+&fOEif 
lA- S(fttA.+r.la.z+Aa) 2fl4• '1.f't WD-2~ fAI>+f.fl!+"Dr 

=en 2w. ' s. 
r~e no-npeaHeMY Ol = I cJ, -~A· I , 8 = w, +fko • 
llpeae6pera.~~ 'IJieHaMH nop~UtKa 

t 
,M. « 1 

"'" » 

A" 
n"l « 1 ....... ' 

C y'l6'l'OM (II),(I2) IIOJIY'IaeM: 
_h_ 

s- ~(~) 4,-;w. 
Ao Ao 

= 

(I5) 

(I6) 

(I?) 

PeayJ!DTQT (17) 6HJI ITOJ!y'leH H II0~06HO RCCJie~OBaH B pa6oTe 

A.H.PycHHoBa, .llo tiaH KaT R ll.B.Konae:ea 14/. HMR 6HJIO noKasaao, 

'ITO BeJIH'IHHa S B 3a.BHCHMOCTH OT fl. 0 RJlH fko 06~eT 

MaRCHMYMOM, pacnOJIOJteHHHM BHYTPH 56 - qasbl npH ll.o ;!!: e So 
H q'l'o BeJIH'IHHa c:eepxnpo:eo~ei meJIH :e MaKCKMYMe rrpe:eumaeT sHaqe

HHe llleJ!H $ 0 E $ -iflase. 0TM6THM, 'IT0 1 C Haweil TO'JKH 3p6HHH,06JiaCTD 

npHMeHHMOCTH pesyJ!DTaTOE pa60Tbl /4/ OrpaHHq:e::eaeTC.II Hepa:eeHCTBaMR 

(I6). OcTaHOBHMC.II 6o~ee no~po6Ho Ha c~e~eM CJIY'Iae. 

B. Croa.H W, < /Uo 

~ c:eepxnpoBo~eil meJI>I RMeeM Terrepb ypaEHeHRe: 
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e 1 a 
.t r d.e { 1 ( ttE- xA ) + 
ii l VEt+-6.2 +fV- 1- fl.t f~2+f12. 

+ 1 (f + lf.<E-jA
2
)} =fA-t ZtVll 

~(~E1+62 -f"-)1 + ~1 fl~E1 +-A2. So (I8) 

anH, OCTaERHH C yqeTOM (I3) r~HNe no S ~~eHN, no~aeM; 

if.tt V~f!-wi (B+w;Ai) 2W:.. + 
2 (,« +,«.Kft-+{ga+A2.) S 

i l!i (1- A
1 

) ltt ~ 2tf:(.+cJ• 2,«! 2.4>,~~ = fM ZtJ,p 
2 ~· ~~ 2f'o -t.J• ~ 8 + l'•ifl+iJ ~ So 

B~paxeHHe (I9) npHHKMaeT 6o~ee npocTo~ B~ E c~~ae 
2. 

~ « t . fWo 
Tor~a. npeHe6peraa Be~~HHaMH no~a (20), Haxo~ 

~ S =!<o{..:?.!._)lft~•) Jf+!(<J.11)[1-(~)2.j~ +0(~)1 
2~ ~ \2~ 1 Z fl 2~ {f-+~Ao)'l. ~~ 

~. HCnO~b3YR (II) H (I2), HMeeM: 

(I9) 

(20) 

(2I) 

-4-,cc.CA.-&l 
l_= ~. (~) A! f1+!(W,~~)(1-~]f.eol~.(C(o)+ .. ·J (22) 
2~ A0""f'o 2cvJ> l 2 A.~. #A.-,A4) A! ' 

0TM6THM cpasy, ~ro noRa3aT6~b CTeneHHOti 3aEHCHMOCTH 3~8RTHB-

HOH CEepxnpOEO~e:Li me~ 5; OT ROHCTaHT~ ~ H B 3TOM C~-
~ae (cp. (I7) ) ORa3UEaeTCR llpH ~~0 MeHbWe e~HQa: 

12 

' l 

I 

' 

4t<o(Ao[Uo) = i- (A.-2~. r < 1 . 
~! A. 

(D) 

0TCIO,I4a C~e,DyeT, ~TO OTHOCHT8~bHOe yEe~~eHHe CBepxnpOEO.JUime~i llle~ 

S = ,Mo {~)-(A";.'O"l~1+0(<J,)] 
s. t:...-f". 2t.JJI fk 11.~ 2jU. (24) 

MOE8T npHHRMaTb CRO~b yro~o 60~blliHe 3Ha~eHHR npH ~OCTaTO~O ManHX 

2S, . Pa3YMeeTCR, B TaROH CHTyauHH 6o~billlli HHTepec npe~cTaE-
WJ> S 

MeT 3aBHCHMOCTb 21.J.11 OT nap;tMeTpoE A0 H JU• npl! cpHR-
cHpOBaHHOM So « 1 . ITepe:Li~eM R Hcc~e~oEaHl!JO a Tot! samwHMoc-2w.-
rlil. 

ITpeHe6pera;:r B (22) ~ei!Ho~ no ';: nonpaERO:Li, ~eiicTBYJOIUeH 
B CTOpOHy yBe~~eHlill S , paCCMOTpHM rPYHKI.Um 

fM S = fM lAo + 't/Ao(A.-jU.) ~ ~ , 
2«->..- Ao-1-'• A! 2wl> 

~. BBO~ COOTBeTCTBynmHe 0603Ha~eHHR 

X = ;. ~ Z , c. = 1Jn 2~J) >> 1 
RMeeM 

s et, 2~ - - fNt (X-1) -Co 1,(;
1
1) 

.JlmlxPepeHURPYR paBeHCTBO (26) no X, Haxo~: 

t &s 1 t ~- :z- ~Gt.(X-2)(X-1)-X3 ] 
S cJ..X X3 (X-1) 

Hs BupaxeHaa (27) c~e,Dyer, ~To npH 

c.- en. 2cJ• > ~ (3 !:: 2.6 
So 
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(26) 

(X~2) . (27) 



s ,._ . 
T.e. nplit ..:::!. < 0,0?4,EeJIH'ntHa S RaK ~ napaMe'l'pa 

A 214)• 
X .. -..!. B 9JHsH'iecxol o6.nac'l'H )( ~ Z cHa"'a.na y6HBae'l' O'l' 

tfA. 
rrepBoHat~aJII:.Horo SHat~eHWI So Ha r~e o6.nacTH " SA " qa-
SH ( .;. = Z ) ,IJ;O HeKOTOporo MHHJDotaJl:bHOrO 3Ha"'eHKII, ,IJ;OC'l'lll'aeMD

ro B Tot~Ke: 

Xm~n•!c.[2f4-k·Cb5'*'-;7r +1]. (28) 

r,IJ;e 'f ecn HaHMeHI:.IIIBit noJIOllli'l'em>HHA xopeHI:. ypaBHeHllll 

COS!f= ( 1-(ltJ. (1- ..!.)][1-(.!)1.!.]-~ (29) 
2 Co 2C. 2 c. . 

IloToM S(X) aat~HHaeT Bospacoran, cpa:eHHEaeTCJI c Ee.inrcnmol S. 
B TO'IKe X. , r.ne X.> Z onpe.neMeTCJI H3 ypa:eHemm 

8tt(x,.-1)=c.(1-~t. <30> 

~ee .noc'l'HraeT MaKCHMyMa npH 

Xmell( = tC. [2 { 1-:. ·cos -'f + 1] (3!) 

H IIOTOM CHOBa Hat~HHaeT y61:ll!a'l'I:. C ~HeiUIHM pOC'l'OM BeJI1I'llitHI:l X=:;; . 
3TO IIOBe,IJ;eHHe ~(X) R306pu;eHO Ha pHC. (II). 

3aMeTRM, 'ITO np:a C0 "» 1 113 (29) JIIMeeM 

COS'f tw 1- .!( 2~) j_ S(.n•D""' JIJ' 1 
- 2 6lf c: ' T - 8 Co t 

R Bl:lpiU:eHWI (28), (3!) 3HalJHTeJII:.HO ynpomavrCJI, IIpRHHMa.A: BH,IJ; 

s 1 
Xtnl.-!1 ~ z + 16C + O ( c& ) ' 

0 0 1 
Xm~ ~ Ltc. -3- f ~. • O(C!) 

(32) 

(33) 

B xat~eCTBe _rrpKMepa yxueM, 'iTO np:a 2~ = 0,0! Ma.KCIDd8Jll>-

Hoe saat~eHHe 5 npeB~:~maeT S. 6oJiee treM B ,IJ;Ba pasa : 
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s 
So 

~ 2.21 . (34) 

ll0 = 15jL(o 

§4. KpHnPtecKM TeMTiepaTypa cEepxrrpoBo.zvnuero rrepexo.na 

KaK 1'!3EeCTHO, 06~qHM TeOpl'lff EKill IIpi'!EO~I'!T K IIpRMO IlpOIIOp

UHOH~bHOH 3aEHCHMOCTI'l KpRTH~ecKOH TeMrrepaTYp~ qHCTDrO CEepx-

IIpOEO~HKa ~O OT Ee~~HU me~H E OCHOEHOM COCTORHHI'l / 7/: 

k Tso = f So ( !:. ~ 0. 51 ) . 
I( 

(35) 

Borrpoc 0 IIpHMeHHMOCTH COOTHOllieHI'!ff EH~a (35) E CMelliaHHOH 

" SA " qa3e, o~aKo, Tpe6yeT cBoero o6ocHOEaHI'lff • .Il.mi c~-

~M C.)l> >> ;u. s To 6~~o c,ne~aHo E pa6oTe I 4/. IIosTDMY 

MH 3,1l;eCb paCCMDTpHM r~aBH~M o6pa30M IlpOTI'IEOIIO~O~H rrpe~e~b~H 

c~~an cJJ> « f'A• . 
TeMIIepaTypa Ts , IIpH KOTOpOH I'!Cqe3aeT CBepxrrpOBO,ll,ffii!a.R: 

I!le~b E "Sll " ijla3e, onpe~e.IDieTCF! H3 cncTeMH ypaEHeHIDi 

caMocor ~acoBaHI'lff ( 2) rroc~e rrepexo,na E HHX K rrpe.ne~ T .. Ts ,5-0 . 
B pe3y~oTaTe (coEepmM ~ono~HTe~oHD 3aMeHY rrepeMeHHOH I'!HTerpH

poBaHI'lff E -+ E = tE1 +.:11 ) rro~'l!aeM ypaEHeHI'!ff EJma: 
ftr+li-

! S ~ fUtE+tu +th~ 1 = Arzslt~ 
24 YE2-[lt l 2kl$ 2k"JS ) £l0 ' 

(36a) 

~a.z+AZ 

_ if EdE f_1_th~ 1 b!i 1 
e (WJ) ~o} 2 ! V Et-llt 1 E +('It 2kTs + E -('It 1;h 2kTs l + 
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1~Ec:LE f[ J1<W:0:-tll
2 
]-1- tfl~ + +if~ y ?._6t l 1- f1'<E E.+~ 2kTs tt:A.I+A1 E 

,.«iE1-A2 -tA1 1 tft~ 1 = Arz.s41. LVn • 
+ [ 1+ fk E J E-? 2kTs J So (366) 

.~W"4-AaEc:LE. fth~ -'fih.£::L!.1 = o • (36E) 
2 ~ fE?.-llt 1 2kT.;, Zkl$ fU 

A 

Mcc~e~OBaHHe CI'!CTeMH (36) rrpoEe,neM, HCIIO~b3Yff c~e~IDmYID 

rrpocTeamyD anrrpoKcHMaUHro : 

1
-i 

~X._. ~ 
, x~-1 
, lXI< 1 
~ X >1 

Y~HTHEM (37) H BBO~ ~ y,no6cTEa 6e3pa3Mep~e rrapaMeTp~ 

(37) 

A* fl If- /ko •- ~ lA- lJJ) ff L 
~ = 2kTs , f<o - 2kTs ,W" - 2k"fs '""'ll-2kl; '/" = 2kTs ' (3B) 

rrpH t"-•-11• > 1 H W' >'>Ao rro~aeM: 

,._flo =.i(Arzc.-h ,.tc•-1 +Arzdtlk .. 1)+iM•(A'ZC4t,.u._1_AwJtf'l't,.+1)-
rm A 2 fl.* A* 2! fl." ll" 

-i (Y{,u•+1)i~-lllf1 - V(,Mff-1) 2 -(l•Z ) , (39) 

RJIH, CtJHTM 2 k Ts « fU• , T.e. («lfl -flffZ »1 , HaXO,Il;HM 

f< (1; } + V,M '(1$) -fl'(Ts) = flo (40) 

AH~orH~O ypaBHeHHe ~ XHMH'l!eCKOro IIOTeHUH~ (36E) 

IIpHEO,Il;HT K COOTHOllieHHID 
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V;tc.2 rr.J -tNTs) =fko . 

Ta.KHM 06pa.sOM, KOM6HHHpyR ( 40) H ( 4I), IIOJIY'laeM 

t« ("fs) '!:! jU ( 0) = fl.o -;uo 1 

ACTs)':: LlCo> =Vl1o(L1.-2f<.) (2kTs«,M.) . 

B aTOM npH6JJH&eHHH yprumeHHe (366) npH CV:~~ «/Ao 
npHHHMB.eT BH,I( 

~r~fll· ~ +1]+1. "'·rf-r+,4(.tl = ~~ 
"~aft /K 2 11:1$ 2 ~ 2;" s. 
OTKf~a C yqeTOM (2!) HMeeM: 

e-kl$ -= 1l s ( kl5 «W:~~«fk•) · 

(41) 

(42) 

(43) 

(44) 

0TMeTHM, ~TO O'l.'nH~e KOa~eHTa nponopUHDRanbHOC'I.'H Me~ 

klS H S 0'1.' r f'j[ Cl!R3aHO C rpy60C'I.'LD annpOKCHMaUHH 

(37).~ Hamero Rccne~oBaHHR, o~o. 6w~o cymecTBeHHo ycTaHo

BHTL Cllpal!e~OCTL COOTHOWeHHR 

Ts /Tso = SIS. , 
~ere BOSMOXHOCTL CBRsaTL YBenH~eHRe a~KTKBHOii cBepxnpoBo~

meA me~ S C yEe~eHReM KpRTR~eCKOH TeMUepa'J.'YpW CEepxnpo

BO,nlnQero qaso:aoro nepexo.na Ts (eM. §3). 
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06cY!AeHHe pesy~TaToB 

B HaCTQRmel pa.6oTe MH HCXO~ H3 MO~e~ 0~030HHOrO MeT~ 

CO cneKTpOM €1( :- Ek+GI , E KO'I.'OpoA rrpHTsu;eHRe Me~ a~eKTpo-

HaMH TRrra EKllJ BKJID1ieHo B c~ol um:pHHoi 2 Gc)J> : 

D = {I< : IEIC -,M·I ~ LJJ) 1 (45) 

pa.crro~oXeHHHH CKMMe'l.'pKqHO OTHOCHTe~HO IIOBepXHOC'I.'H WepMH HeEsa

HMO~eil:CTBYJl!IHX SJieRTpOHOB B SOHe ( € IC =;uo) . flpH HaJIH~ '1.'0~

KO 9'l.'Oro B3aHMO~eHCTEHR MW HMe~ 6W Ba~ CBepxrrpOBO~ OCHOE

HWM COCTOHHHeM XOpOIDO H3BeCTHWH ClleK'I.'p KBa3H~aCT~X E036~e

HIDl 

E~ = Siyt(EIC""jUo)((Ek-J"o)2 +S0
1 • I< ED (46) 

C 06W~OH 3aBHCHMOCTLD CBepxnpOBO.nm.Qei menH 0'1.' KOHCTaHTW B3a

HMO~eHC'I.'BM 

s. ~ 2tJJ) €.1¥ ~- ~·>'1: l ' (47) 

r~e ff.tu•J ~ ;!;: - nJioTHOcTL cocTMm Ha ypoBHe wepMH. 

KaK 6HJIO IIORa3aHO B / 2 , S/, HCXO~aR: 9JieKTpOHHaR: CHCTeMa 

CO ClleKTpOM CIC HeyCTOHT:JKI!a TaKXe OTHOC.H'J.'eJILHO B3aHMO~eHCT

EM c !}>oHOHHoil: Mo~oil: Q = ~ ( ± 1 , ± 1 , '± 1 ) . B pesyJILTaTe CTPYR-

TypHoro 4asoBoro nepexo.na rrpoHcxo~T nepecTpoiiKa aJieKTpoH-

HWX COCTORHHH: 

e"- E:-=st~ekve:+e (48) 

npH KOTOpOii HCXO~aR: 30Ha pacmerrJIReTCR Ha ~e II0~30HH, pa.s~e

JieHHWe meJILD 2.A 
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E:e[-Yw1+61,-A]U[~.v'"r'+ll~] ,eke[-'-'f,w], 

T.e. od;racn 3Hatiemm <!JyHRUHH E: coEna,u,aeT c od~e,niDieHHeM 
HHTepBaJIOB [-~W~A~~-A1 H [~, VliT2+A,_] 
3To paciuen;remie 30HH COITpOEO~eTCff COOTB8TCTB~HM C~KrOM 

ypoEHH cJ?epMH f<•-.(U:. ~f'o'+Az 
O~OBpeMeHHHH yqeT RaR RynepoBCRoro, TaR H 3JI8KTpOH-~pot!

HOrO cnapHBaHIDI llpHEO,IlHT K ITOR:EJ!8HHil OdJia.CTJII CM8UJaHHOH 11 $ fl " 
wa3H. HecMOTpR: Ha CJ!OMHHH B~ CIT8KTpa 3JI8M8HTapHHX E03dy~eHJI!i 

B aTOM ¢aae, aHaJIH3, npoBe~eHHHH E padoTe I,H pe3yJ!:OTaTH HaCTOR:

mero HCCJie~OBaHIDI yKa3HBaiDT Ha TO, 'ITO B H8KOTOpHX CJiyqa.R:X ero 

MO~O HHTepnpeTHpOBaT:O E TepMHHax ITOR:EJI8HIDI 3~eKTHEHOro, 3aEH

CR:mero OT REa3HHMITyJ!:OCa (sHeprHH) 3JI8RTpOHOE CEepxnpOEO~mero 

ITapaMeTpa ITO~a E HOEHX 3JI8RTpOHHHX 30Hax: 

E:·s-= str ( e: -,M >ice:-;« )1 + Sl~< > • (49) 

TaRHM odpaaoM, noJiyqeHHHe peay;r:oTaTH o CEOHCTEax acHMITTOTH

'!ecKH TO'IHO pernaeMOH MO~eJIH (I) ll03BOJIR:~T EH~8JIHTh CJie~romHe 

OCHOEHHe ¢al\TOpH EJIIDIHIDI CTPYRTYPHDro Wa30Boro nepexo~a Ha CBepx

npoEO~myiD me;r:o H TeMnepaTYPY cBepxnpoBo~ero ¢aaoEoro nepexo~. 

I. ilOBHrneHHe ITJIOTHOCTH a;reRTpOHHHX cocTOR:HRH BdJIHaH ypoBHR: 

'DepMH. B paCCMOTpeHHOH 3~8Ch MO~eJIH ~ HOBOH ITJIOTHOCT.I'I COCTOR:

HHH f 4 (E) .I'!MeeM COOTHOlll8HHe 

E 
D4(E),. .r;:;-::;- pCE) ' E- =VE 2-Il1 

' 
I' JEZ-~2. 

(50) 

'!To cooTBeTCTByeT noEHrneHHil ITJIOTHOCTH y noEepXHOCTH ~epMH E=;u 
B jU pa3. 3To H3MeHR:eT ITOKa3aT8J!h 3RCITOH8HUHaJihHOH 3aBHCHMOCTH 

;tAo 
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meJIH S OT KOHCTaHTH B3aHM0~8HCTBIDI E CTOpOHY YB8JIH'-!8HIDI 

(eM. (!7,22) ). 

2. CyxeHHe oo;racTH 3Ha'!eHHM sHeprHH sJieRTpOHOB, ~ ROTopHx 

HMeeT M8CTO 3JI8KTpOH-SJI8RTpOHHOe llpHTR:llt8HHe, CER:3aHHOe C ITOBHUie

HHeM ITJIOTHOCTH COCTOR:HHH llpH COXpaH8H1m odmero 'IJIICJia STHX COCTOR:

HHH. TaR, HanpHMep, npH tv .1> << f'A• nepBoHa'IaJI:OHHH aHepreni

'IecKHif CJ!OH TOJIIIU!HOH 2GJJ) , B ROTOpOM BR~'I8HO B3aHMo~eiicT

BHe TRna ERIJJ, cyllfaeTCff npHMepHo B JU• I ;u paa: 

V (fo+LJ,)2.+/l2. - Vf{Wo-IJJ))''+!J.'l ~ 2cJ.J) 14 
f"l "'" << 1 . ( 51 ) ',M· 

3TOT 3~8RT yMeH:ornaeT npe~RCITOH8HUJI!aJI:OHHH K03~8HT B 3aEH

CHMOCTH (47). 0H cymeCTBeH npR Y3ROH OOJia.CTH $ - cnapREaHIDI. 

3. YMeH:omeHRe(npH tJ»>fko ) ~OJIH aneRTpoHoB, 3~CRTHEHO 

yqaCTBYromHX B Odpa30BaHHI'I KYIT8pOBCRHX nap, ECJie~CTBHe TOro, 'ITO 

lJaCT:O 3JI8KTpOHOB Jll3 OdJia.CTH ]) ITOIT~aeT B HHlltH~~ 30HY H Ta-

RHM odpa30M OKa3HBaeTCff OT~8J!8HHOH men:o~ 

R ypOB~ cJ?epMH COCTOR:HHH B BepXHeH 30He. 

2~ OT np.11JI8JKamHX 

3TOT WaRTOp, Hr~ pOJI:O TOJ!:ORO llpH ~» >fUo 
TaRXe K YM8H:Olli8HHD npe~3RCITOH8HUJilaJI:OHOrO ROS~Q~eHTa 

~0 9(.11!!. ~ 
B {w,) ",M+t') I" pa3 ) • 

, llpHBO,IlHT 

npH l.Jb '>"> ;u. 

4. 3~eKTH, CBR:3aHHHe C nepeM8lli.I1BaHHeM nap 3JI8KTpOHHHX 

COCTOR:HIID (I<, -I() H ( IC +Q, -1< -Q ) BCJie~CTBHe paCCeR:HIDI aneRTpO-

HOE Ha CKO~eHCHpOEaElli8HCR: MO~e C BOJIHOBHM B8KTOpOM Q • ilpH 

aTOM tiaCT:O 3JI8KTOpOHOB H3 COCTOR:HHH, llpHH~e&amax OdJiaCTH 3JI8KT-

poH-aneKTPOHHoro npHTR:8:eHIDI, a HMeHHo ( 1<,- K) e D 1 
npHH~J!elK.I1T D 

.D1 -={ K: IW·-~·1 ~EIC ~ tJ,+~o 1 CD 
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, r~e D1 

(52) 



nepeXO,IUIT E COCTORHRa ( K+Q , -I< -Q ) 

06~CTH npHTSI&eHHH : 

HRlme:l! a·OHLI, JielltalliHe BHe 

D2 = { K+Q : I£J.o-,.Mol ~ €K+Q ~IW.o+,MoiJ : 
(53) 

= { K : - IW.o+~.l !t ~I( '-IW.ofl4ol} ¢ D 
H Ha060pOT. ilO-B~OMY, B HeKOTOpHX C~aRX pOJib 8THX rrpouecCOE 

MOEHO CEeCTH K YMeHbilleHHD EeJIHqHHH $ - cnapHBaHHR B 06~CTH 

.D1 H ITORBJieHHD OTJIH'IHOrO O'l' lfYM a<Pl>eKTHBHOrO 

IJaHHR B o6~crH D
1 

• 

S - cnapH-

3aMeTHM, 'fTo B c~ae cJb > I'-• cymecTByeT TaKllte o6~cn 

Do C D , KOTopaa pacnoJiollteHa CHMMeTpR'mo OTHOCH'l'eJibHO 

YPOBHR E I( = 0 

Do= { K: IEkl' W.of"«o l CD ( WJ) >;uo), 

H ITOBTOMY YKa3aHHHe rrepeXO~ He BHBO~T aJieKTpOHOB H3 Hee, OCTaB

MR 6ea. H3MeHeHM Be~ 5 - cnapHBaHHfl: S (I() :S , I< e ])
0 

3Ta KapTHHa cor~cyeTCR C pe3yJibTaTOM HCCJie~OBaHHR TO'fHHX 

YpaBHeHKR CaMOCOrJiaCOBaHHR,eCJIH B CJIYqae WD «jU. npHHRTb, 

{ 
(t«-t~. rsl 

~:t(l<) = ~ 

qTo 

, Kel>t , 
(W.o«j"fo) 

[ 1 - ( ,M
2
:,M .. t] S,_ , 1<£ D

1 
• 

llo~epKHeM, O~aKO, 'fTO ~ OKQHqaTeJibHOrO BHRCHeHHR rrpHpO

~ ~HaHqecKHX npoueccoB, CBR3aHHLIX c nepeaopMHpOBKOR S - crra-

pHBaHHR,Heo6XO~ 60Jiee TmaTeJibHLIX aHaJIH3, OCHOB~ Ha RBHOM 

B~e KaHOHH'feCKHX npeo6pa30BaHRH, llpHBO~ annpOKCKMHp~ ra

MHJibTOHHaH K ,IJ;Hal'OHaJibHOMY BH,D,y. 

0ITHCaHHHH BUrne ~TOp nepeMelliHBaHHR H3MeHReT ITOKa3aTeJib 8KCITD

HeHUHaJibHOH 3aEHCHMOCTH E CTOpoay JMeHbrueHHR a<PI>eKTHBHOH CBepx-
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ITpOBO,nfii!IeH nteJIH. B ~ae, KOr,zr.a tJJ) "'»jUo , BBH~ MaJIOCTH 

BKJia.zr.a o6~cTei D1 H D-z. (no CpaBHeHmJ c Do ) , BTHM H3-

MeHeHReM MO.l!HO npene6pe'fb. B c~ae lite CJn<.jU0 OHO RBMSTCR 

BeCbMa cymeCTBSHHHM, HO He HaCTOJ!bKO CHJ!bHLIM (no KpaHHe:f! Mepe 

npH WJ)<il:: ,Mo ), 'fT06H ITO~HTb a<M>eKT ITOEHillSHHR ITJIOTHOCTH 

COCTORHHH (eM. (21) ): 

s-~ { '\J 1 (~·)t~ .e;x,p - l~):tl.!! aZ ' ~ f(o >1 
~ '2iA ,M0 1S 

( IJ.o«;"o} • 

0TMeTHM, 'fTO ITOJIY'feHHLie HaMid ypaBHeHHR (18) H (19) ~ 

CBepxnpOBO,nfii!IeH IUeJIH ITO~TCR ~OCTaTO'fHO npOCTOMY aHaJIH3Y 

TOJ!bKO B npe~eJibHHX C~aRX WJ>«fU. H w.J) .,;u. ' KOTOpue, 

IID-B~OMY, He SIEJI.IUlTCR ca.MHMH 6JiaronpMTHHMH KaK C TO'fKH 3pe-

HHSI ITOEHrneHHSI KpHTHqecKOH TeMITepaTypH ~ BCJie~CTBHe CTPYK-

TypHoro qa30BOro rrepexo,zr.a, TaR H C TO'fKH 3peHHSI COOTBeTCTBHSI 

peaJibHLIM 3Ha'feHHSIM 3THX KOHCTaHT. ilOBTOMY rrpe~cTaBJISIST HeCOMHeH

HHH HHTepec ~eTaJibHLIH 'fHCJieHHLIH aHanH3 ypaBHSHHH CaMOcorJiaCOEaHHR 

npH 6oJiee o6max rrpe~oJiollteHHRX. 

ABTopu necbMa rrpHsHaTeJibHLI B.A.3arpe6HoEy, ~.B.KorraeEy, 

A.H.PycHHoEy H P.X.THMepony sa MHoro'fHCJieHHHe nJIO~OTBOpHHe o6cyllt

~eHHR, a TaKEe rrpo~eccopy n.B.Ke~my H npo¢eccopy H.H.EoroKDdoBy 

(Mn.) sa HHTepec K pa6oTe H ueHHHe saMe'faHHR. 

23 



Jll1TEPATYPA 

I. H.r .EpaHRoB, H.C. TontJeB. Coo6memre 011ffii, P4-8907 , ,1Jy6Ha, 1975. 

2. D. C.Mattis, W .D.Langer. Phys.Rev.Lett., 25, 376 (1970) • 

3. M.r.EpaHROE, B.A.3arpe6HoE, H.C.ToutJeE. llperrpKHT OHRH, 

P4-79I7, ,1Jy6Ha, 1974. 

4. A.~.PyCHHOE, no qaH RaT, D.B.KorraeB. EST~. §§,1984 (1973). 

5. J.l.r.EpauRoE, H.C.ToHtJeE. Coo6meuHe OHRH, P4-8150, ,1Jy6Ha, 1974. 

6. K.Levin, D.L.Mills, S.L.Cunningham. PhYsoRev~lOB,J821(1974). 
7. A.A.MpHRocoB, JI.TI.ropbROE, M.E.nru:r.n:ournHcKIDi:. MeTo,lij;l RBaHTOEo:if 

TeopHH rroJIR E cTaTHCTHtJecRoii !flH3HKe, <DH3MaTrH3, 1962. 

8. D.B.KonaeE, P.X.THMepoE. hl3T~, 63, 290, 1972. 

PyKOll11Ch llOCTYlli1Jia B 113,ll;UTeJihCKI!Il OT,JJ;eJI 
5 11IOHil 1975 r. 

24 


