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BBEJ(EHHE 

I.J.enoqxa 'leTHLIX H3oTonoB Mo HBnHeTCJI HHTepecHLIM 
06'LeKTOM ~nH HCCne~OBaHHJI, fiOCKOllbKY BKmoqaeT Jl~pa 
OT nonyMarH'IeCKoro . ~~Mr) SO :no l~t~lfo G4 , neiiTpOHHa,} 
o6ono11xa KOToporo 3anonueua no'ITH uanonoBHHy. JlerKHe 

. . 92 94 . ·-·· . . . -. - .. . - . 
H30TOfihi · Mo paccMaTpHBaJIHCh B paMxax o6onoqeq-: 
uoii · Mo~enu / 1 '. O~ua-Ko · xopornee 'cornacue c 3KcnepaMeH-
. . . ·. •. . ---~-- . - 92 . . . . . 
TOM 6Lmo nonyqeuo TOnhKO ~nH Mo: Hau6onee TJI)I(enLie 
H3 HJBeCT,HhiX H30Tonos·, 101 ,lOG Mo, BH~HMo·, cne~yeT oT
uecTH x ~e«<JopMnpoBannLIM ·. H~paM. Bo- nepBhiX, H3- 3a Manoii 

. 3iu!prHH B036y:>K~eHHJI nepBbiX 2 1 
cocTOJIHHii /170-19_0 K3B/. 

Bo-BTOPLIX, noTo!'dy, 'ITO cnei<'rpuu:>Kaiirnux cocTOJIHHii s :i;r~x 
JI~pax '6nH30K K poTaD;H.OHHOMY (E(6j'):E(4 ():E(2~)~: 3,04:1 )12

/ ~ 
06nacTb M:e:>K~Y 9-tMo. H: 104Mo cne~yeT paccMaTpHBaTh xa-K 
nepexo~Hyro' o'T. c«<JepH'IeCKHX .ft~ep K ~e«<JopMHPOBaHHLIM: 
XapaKTepua~ oco6eHiiOCTL noii o6mtCTH H~ep: noJIBneuue 
HH3KOJie*amero 0 :t . B036Y.:>K~eHHOrO · -· COCTOJIHHJI, KOTOpoe 
a · ·· 98 Ma·· ·~a:>Ke · onycxaeTcH · HH:>Ke nepB<)ro 2 1. cocTOJIHHJI~ 
a ·pe3'xo:M nponiBope'IHH c BH6pau;uonnoii '1.io~enLIO. -

B pa6oTe. ':-l_.:' ' 6bin0°npe~nono:>KeHO, 'ITO o6uapy:>KeHHLie 
B %.98 • HIOMo. HH3KOne:>KaiD;He Oi COCTOJIHHJI JIBnJIIOTCJI 
~e«<JopMHPOBaHHhiMH, B . npOTHBonono:>K.HOCTh c«<JepH'IeCKHM 
OCHOBHhiM. COCTOJIHHJIM 3THX .H~ep. 0~HaKO B pac'leTaX, BLI~ 
nonueHHhiX ·B .~3 . .nn.H nux JJ:,nep, ue y.nanoch nony'IHTJ. no
TeHu;Hani.uoii 3HeprBH .ne¢opMaD;BB c ~BYMH MBHBMyMaMB B. 
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3THM IIO.l(TBep,n:HTL BLICI<a3aHHOe IIpe,D,IIO.iJO)KeHHe. 
TOro, H3 ,n:aHHLIX 110 I<YJ10HOBCI<OMy B036y)K,n:eHHIO 
H30TOIIOB Mo / 41 . cne.n:yeT: · · 

+ 2 + 
<02 LB I 02•> 

+ 2 + 
<01 1/J I Or> 

+ + 
fB(E2;02 c..~) , 

+ + :::1, 
~B(E2·; 0 1 -+ 2i .) 
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KpoMe 
'leTHLIX 

'lTO IlpOTHBOpeqHT rrpe,n:nOJ10)KeJIHIO 0 ,n:etlJopMHpOBaHHOCTH + 0 2 COCTO.HHHH. 

flonLITI<H TeopeTH'leCI<OrO paCCMOTpeHHJI nepexo~HLIX 
s.n:ep .n:enanHCL B He6onLmOM 'lHCne pa6oT /5/. Bo ncex 
cnyqaJix ux ocHony cocTannHna $eHoMeHonoruqeci<aJI Mo
.n:enL liopa-MoTTenLcoHa. llepexo,n:HLie H30TOnLI Mo pac
CMaTpunanucL TOJ1LI<O B 161 , r,n:e B 'lHCTO HJ1J1IOCTpaTHBHLIX 
nenJIX 6Lm paCC'lHTaH cneJ<Tp . Hli3I<OJ1e)KainHX COCTOHHHH 
B npe.n:nono)KeHHH, 'lTO noTeHnuanLHaJI ::meprHJI .n:e$opManuu 
HMeeT .n:na . MHHHMyMa: c$epuqeci<uii if .n:etlJopMuponaHHLIH. 
llpH 3TOM _x.n:anOCL nony<iHTL a;· COCTOJI~HJI B HY)KHOH o6-. 
naCTH 3Hepruii·, 110 CJ1HWI<OM 3aHH)KeJIHbiMH /Ha 
600-70o' K3Bj OI<a3aJ1HCL nOn<l)KeJIHJI 2; H 4 i COCTOH~HH. 

l(enLIO uacTOJIIneii· pa6oTLI JIBnJieTcJI a11anu3 cnoiicTB 
nepexo.n:HLIX H30Tonon Mo. n paMI<ax MHI<poci<omlqec~oii 
Mo;:ienH H,n:pa. Tai< I<a:K 3I<cnepuMeHTanLHLie .n:aHHLie JIBHhiM 
o6pa30M yi<a3LIBaiOT Ha I<OJ1J1ei<THBHyio rrpupo,n:y HH3I<OJ1C)Ka:
JnHX COCTOJIHHH B paCCMaTJ>HBaeMLIX JI,n:pax, TO 3a~aqy MO)KHO 
c$opMynuponaTL: cne.n:yiOlllHM o6pa3o:M: H3 raMHnLTouualia 
MHKpOCI<OnuifeCI<~H MO,n:enu JI,n:pa BLI,n:enHTL Ty ero qacTL: 
KOTOpaJI OnHCLIBaeT TOJ1LI<O COCTOJIHHJI, npHHa,n:ne)KainHe 
Konne_KTHBHo:ii Kna.n:pynonLHoii neTBH no36y)K.n:eHiiJI. C.n:enaTL 
3TO MO)KJIO C no.MOJnLIO MeTo,n:a· 6o3oimoro npe,n:cTaBneHHH 
tiJepMHOHHLIX onepaTopon l7a,b) CpaBHHBaJI nonyqeHHLU~ 
B :JTOM npH6JlH)KeHHH pe3ynLTaTLI C :JKcnepHMeHTaJ1LHLIMH·, 
MO)KHO 6y,n:eT O!leHHTL BJ1HJIHHe Hei<OJ1J1ei<THBHLIX CTeneHeH 
cno6o,n:LI Ha cnoiicTna Hii3:Kone)Ka~nux cocToJIHHii. · 

1. KoAAeKmueHblii zaMUAblllOHuan 

3,n:ecL MLI paCCMOTpHM J1HWL OCHOBHLie H,l(eH MeTO,n:a, 
MaTeMaTuqecKue .n:eTanu KOToporo no.n:po6Ho H3J10)KeHLI 
B .·7()/ 
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B pa6oTe 17 ° I aHanu3uponanucL·anre6pauqeci<ue cnoii
cTna_ 6uHapHLIX $e~MHOHHLIX · onepal-opon a~ m a J'm' . 

•. a. • 
01 

• a jm , a j 
01 

a j 'm • , I<OTOPLie· B 3a,n:aHHOM KOH-
$Il:rypanHOHHOM npocTpaHCTBe o6pa3yiOT anre6py Jlu. liLino 
npe.n:nono)KeHo,- 'lTO B ::noli. anre6pe co.n:ep)KaTcJI onepaTopLI, 
C nOMOJnbiO KOTOpLIX MO)KHO nocTpOHTL BCe CeMeHCTBO 
KOnneKTHBHLIX I<Ba,n:pyno.riLHLIX COCTOJIHHH /6y,n:eM Ha3LIBaTL . . 

3TH onepaTOpLI I<OJ1J1ei<THBHLIMH/, H :JTH onepaTOpbi HMeiOT 
cne.n:yro~nyro CTPYI<Typy: 

" 1 q =-
2p. 2 

! 
jj 'mm 

" - i ! P2,- T .. , , 
r- Jl mm 

[~p. ,q~,], 

2p. j+j '-p. 
q .. , C. . , , (a:+ a:, , + (-1) a . , ,a. \ 

Jl JDl J m JDl J m J -m t-nf 

2p. j+j '-p. 
P .. , C: ·', ((:--1) a;t a.~- ,-a., ,a. ), 

JJ JDl J m 1-m 1 -m 1 m JDl 

[ q 2it 'p 2p.J ' [ p2p. ' p 2p. ,] • /1/ 

Ko34KbunueHTLI q .. , H p .. , npe.n:nonaraiOTCH no-
ll " JJ " ,n:o6paHHLIMH Tal<, 'lT06LI q2p. . , p 2p. H HX KOMMyTa-

TOpbl 6LinH HaunyqmuM npu6J1H)KeHHeM I< onepaTopaM, reHe·
pup}W~uM CeMeHCTBO I<OnneKTHBHLIX I<Ba,n:pynOJ1LHLIX co-

. CTOHHHH. 
Ko:MMyTa TOP .n:nyx I<Onnei<THBHLIX on epa TOPOB B o6~neM : n, 

cnyqae HBJ1JICTCJI J1HHeHHOH I<.OM6HHanueii .He T~·J1bi<O KOJ1J1CI<~·· 
THBHLIX, HO H OCTaJ1LHLIX /Hei<onnei<THl3HLIX/i'onepaTOpOB. 
H no3TOMY $opManLiio I<onnei<THBHLie onepaTopLI He o6pa3y-
IDT 3a:MI<HYTOH anre6pLI.HO ecnu orpaHH'lHTb pacCMOTpeHHe. 
npocTpaHCTIWM I<onneKTHBHLix cocToHHHii, .n> na)KHLI 6y~yT: 
He CaMH KOMMyTaTOpLI, a J1HWL HX MaTpH'lHLie :JJ1eMeHTLI, 
B3HTLie Me)K,ny I<onnei<THBHLIMH cocToJIHHJIMH •. Tai<ue MaT~ 
pH'lHLie :JneMeHTLI OT Hei<onneKTHBH~Ix ·Onepa:ropon ManLI no • 
nOCTpOeHHIO, no cpaBHeHHIO. C COOTBeTCTBYIOJnHMH.MaTpHq
HLIMH 3ne;MeHTaMH OT. KORJ!eKTHBHLIX on epa TOpoa: llo::J_TOMY, 
ecnH HaC HHTepecyiOT TOJ1LI<O I<OJ1J1ei<THBHLie COCTOHHHH, To· 
MO)KHO cquTa 'i'L, 'lTO orrepaTopLr /1/ rrpu6nu)KeHHo o6pa3yiOT .. 
3aMKHYTYID anr_e6py .AHaJ1H3 n<;>_I<a~aJl,'lTO' 3Ta anre6p~ cmirr·a-
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,D;aeT C SU6 , , . a ,!J;RH OITepaTOpOB /1/ cnpaBC,D;llHBO cne,D;yro-_ 

~ee npe,D;cTaaneHHe B. TepMHHax onepaTopoa KBa,D;pynonLHLIX 
6030HOB b; , b

2 
': 

J1 J1 . 

~-

" . Jl" ~ N J1 q +In(-) p = (2n) './1- - (-) b , 
2p. 2-p. , n 2-p. 

[ " -~ . ] i 1 + fl+Jl ' 
. q2p. ,p2p.' = 2 1- 2(b2p. b2p.' + (-) b+ b ) + 

2-p.' 2-p. 

N Jl+Jl ' ,, . " 
+ no , (1 - - ) I = (-) [ q 

2 
"P.. ·] , 

P.Jl n - J1 a-p. 

[ " " 1 J1 4 ' q ' ] = -((;-) b ;+- b - (- f b+ ' b ) = 
2p. 2p. 2 2p. 2-p.· 2p. 2-p. 

= n 2 ( .. : .. ./+p.' [ "p,... ,] P ' 2-p.· 2-p. 

" + 
r,D;e N ~ I. b211 b 211 , n - uenoe 'IHcno. 

3TOT f Ha nepBbiH B3rllH,!J;, HCO)KH,D;aHHLIH · pe3yllLTaT 

MO)KHO 6Lmo, O,D;HaKo, npe,D;BH,!J;CTb. l:f3BeCTHO, 'ITO npH pac

CMOTpeHHH "napHbiX" BH6pa:UHH HllH {3 -xone6aHHH. ,!J;llJI. 

<llepMHOHHLIX onepaTOpOB MO)KHO ITOllY'IHTb 6030HHOe npe,D;-

. cTaa~eHHe XoncTeiiua- IlpHrs,xoaa, npe,D;cTannxroll(ee co6oii 

peanH3a:UHIO anre6pLI su2 . MO)KHO ITOKa3aTL, ·'ITO 

npH COBMCCTHOM paCCMOTpCHHH {:3- H y -xone6aHHH B03-

HHKaeT 6030HHaJI peanH3a:UHH anre6pbl SU3. ~llJI TOrO 'IT06LI 

paccMaTpHBaTL KBa.D:pynonLHLie xone6auix a na6opaTopuoii 

CHCTeMe xoop,D;HHaT, Heo6xo,D;HMO o6'be,D;HHHTL f3 ~ H y -xo-. 

ne6aHHH c apa~eHHeM, T. e. o6'be,D;HHHTL rpynny · SU 
3 

c 

TpexMepHLIMH apaJUeHHHMH. CHTyauHH B 3TOM cnyqae aua

norH'IHa TOR, KOTOpax HMena MCCTO B TeOpHH 3llCMCHTap

HLIX .. 'laCTH:U. JillH)KaHlliHM o6o6~eHHCM SU
3

; BKlliO'IaiO~M 
cnHH, oKa3anacL anre6pa SU 6 • · : 

. " 
Tax xax raMHnLTOHHaH H H onepaTop KBa,D;pynonLHoro 

MOMCHTa Q 2 tl ITOCTpOCHbl H3 on epa TOpOB a j~ a T'm • , 

6 . 

~ I 

~ 

; 

l 

t 
~-

a: 'm, d; ~~ . , a)m a j 'm, , a cpe,D;_H 3THx··. nocne,D;HHX 

C~CCT~CHHLIMH. ,!J;llJI paCCMOTpeHHJI JIBllJIIOTCJI TOllLKO one• 

paTO_pLI /1/, ,!J;llJI KOTOpLIX ITOny'leHO 6030HHOe npe:ncTaBne

HHe, . To MLI rionyqaeM 6o30HHoe -npe,D;cTanneHHe H ,D;nH. 

H H Q211 • 0Ho HMeeT cne,D;yro~Hii BH.D:: · 

"". Jl++. 1-1 --N1 -· 
H=cuN +g(; (-) b 211 b 2~11v(l- 0)(1-. 

0
+ ) +h.c.)+ 

+ f( I c2p.~ 
'1/Jlfl, 2'1/ 2p. 

"' + + N b2 b 2 b2 , './ 1 - - + h.c.) + 
'1/ • J1 J1 n . 

I IM . + p. ' IM v + 
+I J1 J1 ~J/1/ J I C2p. 2p..h 2p. (-) b 2-p. 'x C 2v 2v' (-) b2-v b 2v" 

-~ 
" + N N J1 Q =Q {(b './1-- + './1--(-) b )+ 

2p. o 2p. n ·· n . 2-p._ 

2p. · +. v'' . 
C

2
. 

2 
, b

2 
(-) h , 1, 

v v · v 2-v .. 
+y I /2/ 

l/1/' 

·,' 

r,D;e w, g , f , {I , n , Q0 , y - . KOHCTaHTLI. BLipa)I(CHHJI )J;llJI 

HCKOTOpLIX H3 HHX B cnyqae" ITpOH3BOllLHOrO OCTaTO'IHOrO 

B3aHMO.D:eiicTBHJI npHBe,D;eHLI B · pa6on~· /7 6 I; 
'"-') 

II . Ilap~Metflpbr zaMUAbtflOHUaHa 

Ko3<ll<IIBuBeHTLI w , g , f , ~ 1 , n , Qo , y onpe,D;en.RroTc.R 

CXCMOR O,!J;HO'IaCTB'IHbiX ypOBHCH H BH,!J;OM OCTaTO'IHOrO 

B3aBMO,!J;CRCTBHJI. 0THODIC.HBJI 3HeprBii B BepOSTHOCTe':ii: E2 -

nepeXO,!J;OB 3aBHCJIT TOllbKO OT _! . !._ · ~ y-· .n qHCllCHHWe cu, cu'·cu' , • . . .. 
3Ha'ICHBJI 3TBX K03<Il<IIH:UBCHTOB. MLI Ha:ii,D;eM, JIHWL 3HaJI 

q "i' • p.;, • . HO .BX <IIB3H'ICCKBH .CMLICll MO)I(HO BLIJICHHTL, 
I ]J . . 
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;7 6/ 
HCnonL3Y.II BLipa:>KeHH.II .IJ;n.ll HHX, .. npHBe,IJ;eHHLie. B ., H 

3Ha.ll TylonL, KOTOpyro OHH HrparoT BTaMHnLTOltHaHe. ol-H:o

meHHe W o6paTHO nponopn;HOHanLHO C}''MMe 3HeprHHKBa-

3H'IaCTHI(, YMHO:>KeHHLIX Ha BeCOBOH .clJaKTOp, H 'nOTOMy 

onpe,IJ;enJieTC.II nnOTHOCTLIO ypOBHeii B6nH3H noaepXHOCTH 

«<»tp>MH. ~Ho y6LmaeT c yMeHLmeHHeM nnoTHOCTH. BenH'IHHLI 

- H y 3aBHC.IIT OT pacnpe,IJ;eneHHH BenH'IHH MaTpH'IHLIX 
w - . 

3neMeHTOB MaTpHI(LI B3aHMO,IJ;eHCTBHH H onepaTopa KBa,D;py-

nonLHOrO MOMeHTa OTHOCHTenLHO noBepXHOCTH cf»epMH. 3TH 

BenH'IHHhl ManLI .IJ;n.ll CHMMeTpH'IHOrO pacnpe,IJ;eneHH.II H B03-

pacTaroT, ecnu TaKoe pacnpe.IJ;eneHue HeCHMMeTpH'IHO. Ecnu 

B3aHMO,IJ;eHCTBHe B KaHane 'laCTHI(a - 'laCT:H'n;a HeCYll(eCTBeH-· 

HO H OCTaTO'IHOe B3aHMO,IJ;eHCTBHe MO:>KeT 6LITLannpOKCH

MHpOBaHO KBa.IJ;pynonLHLIMH CHnaMH, TO HMeeT MeCTO CO-

OTHOWeHHe: 

f -
-~ 2y 
g 

'..;' 

/3/ 

CpaBHeHHe cneKTpOB KonneKTHBHLI1 COCTOHHHH, nony'leHHLIX 

.IJ;n.ll pa3nH'IHLIX 3Ha'leHHH !- H (;) llpH .IJ;HaroHanH3al(HH 

/2/, CO cneKTpaMH KonneKTHBHLIX COCTfHHHH · o6o6ll(eHHOH 

MO.IJ;enH .II,D;pa, noKa3ano, 'ITO -f;- H w TeCHO CB.II3aHLI 

C XOpOWO H3BeCTHLIMH clJeHOMeHonorH'IeCKHMH napaMeTpaMH 

f3 3¢¢ ' y 3¢¢ ._ . . 
BenH'IHHa "n " xapaKTepH3yeT MaKCHManLHO B03!rf0)f(HOe 

'IHCnO 6030HHLIX B036y:>K,IJ;eHHH H orpaHH'IHBaeTC.II 'IHCnOM 

aKTHBHLIX HYKnoHOB. PonL cnaraeMLIX u /2/, nponopn;Ho

HanLHLix ~I , o6LI'IHO HeBenHKa. B pac'leTax, BLinonHeHHLIX 

B npu6nH:>KeHHH XaOTH'IeCKHX clJa3, BKna,IJ;OM 3THX 'lneHOB 

npeHe6peraroT •. 

TaKHM o6pa3oM, cneKTPLI HH3Kone:>Kall(HX KonneKTHBHLIX 

COCTO.IIHHH B HameM paCCMOTpeHHH onpe,IJ;enHIOT(;).II .IJ;BYM.II 

OCHOBHLIMH napaMeTpaMH ~ H .!_ , 3TO 03HaqaeT, 'ITO .IJ;JI.II 
- ul 

OnHCaHH.II TaKHX COCTOHHHH Cyll(eCTBeHHLI nHWL HHTerpanL-

Hhle xapaKTepHCTHKH OCTaTO'IHLIX CHn H CXeMLI O.IJ;HO'IaCTH'I

HLIX ypOBHeii. AHanH3 KOHKpeTHLIX H,IJ;ep IT03BOnHT npouepHTL 

3TO YTBep:>K.IJ;eHue. . 

TaK KaK B H30Tonax Mo 'IHcno HyKnOHOB BHe 3anonHeH

HLIX 060nO'IeK HeBenHKO~ TO BKna,IJ; KaHana 'laCTHI(a- 'laCTHI(a 

8 

(, 

1-
) 

MO:>KeT 6LITL CYll(eCTBeHHLIM H /3/ He 6y.IJ;eT BLinOnH.IITLC.II, 
. 102 . 

XOT.II B Mo. OTKnOHeHHe OT /3/ ,IJ;On:>KH0·6LITL MeHLWe, 'leM 

B 6onee nerKHX H30Tonax. . . .91 
Cy.IJ;.II no HeiiTpOHHoii cxeMe O.IJ;HO'IaCTH'IHLIX ypouHeii

1 
, 

nnoTHOCTL O,IJ;HO'IaCTH'IHLIX COCTOHHHH B6nH3HnOBepXHOCTH 

cl»epMH HeBenHKa, H K03cPcPHU:HeHT -: .IJ;OIDtceH 6h1Tb ·Man. 
KaK noKa3anH pac'leTLI, onycKamie oi- COCTOJIHHJI MO:>K

HO. 06'L.IICHHTL TOnLKO 6onLWOH BenH'IHHOH K03cbcPHn;HeHTa 

L. llpH 3TOM 2 ·~ H 4 r COCTOHHHH OKa3LIBaiOTC.II 6nH3-
(() KB~JI no 3HeprHH. B 3TOM cnyqae HX OTHOCHTenLHOe nono-

:>KeHHe 6y.IJ;eT 3aBHCeTL OT qneHOB B /2/, nponopn;HOHanLHhiX 

~I • KOTOpLie BHOCJIT B 3HeprHIO, B006ll(e rOBOp.ll, MaJihiH, 

HO .IJ;n.ll ,IJ;aHHoro cnyqaJI CYll(eCTBeHHLiii BKna.IJ;. Y'leT 3THX 

qneHOB B /2/ CBJI3aH c uae.IJ;eHHeM ,IJ;ononHHTenLHLixnapa

MeTpou, 'ITO He:>KenaTenLHO. 0TMeTHM, O,IJ;HaKO, CJie,IJ;yroll(ee 

o6cTOJITenLCTBO. BKna.IJ; B ~I MoryT ,IJ;aTL pa3nH'IHhle 

3cbcPeKTLI. flpOCTeHWHH H3 HHX CBH3aH. C 6onee aKKypaTHLIM, 

'leM BLIWe, yqeTOM O.IJ;HO'IaCTH'IHOH 'laCTH raMHnLTOHHaHa • 

MLI c.IJ;enanu 3TO rpy6o, BLI,IJ;enuu · numL cpe,D;HIOIO 3Hepruro 

nap KBa3H'IaCTHI( C MOMeHTOM I ,2 . 'yqeT TOnLKO :noro 

'IJieHa B MO,IJ;enH He3aBHCHMLIX 'laCTHI( npHBO,IJ;HT K CHnLHOMY 

BLIPO:>K.IJ;eHHIO 3HeprHH no MOMeHTY. O,IJ;HaKo on;eHKH no 

MO,IJ;enu clJepMu-ra3a 'JO; noKa3LIBaiOT, 'ITO HMeeTCJI.IJ;onon-

. ii2 . 
HHTenLHa.ll 3aBHCHMOCTL 3HeprHH OT MOMeHTa: z:zr 1(1+1) 

T 

'/r.IJ;e ~T 

COOTBeTCTByeT 

TBep,D;OTenLHLIH 
• 2 

51i 
~I =-d-on . 

2 .JI 

6y,IJ;eM HCITOnL30BaTL B paC'IeTaX. 

MOMeHT HHepn;HH/, 'ITO 

3To 3Ha'leHHe ~ 1 
Mid 

III. 3uepzuu KOAAeKmuau&IX cocmo.RHUii u eepo.RmHocmu 
E2-nepexoooa 

Pe3ynLTaTLI pac'leTa 3Hepruii H uepoHTHOCTeii nepexo

,IJ;OB, nonyqeHHLie npH TO'IHOH ,IJ;HaroHanH3al(HH raMHnLTOHHa

Ha /2/, npHBe,IJ;eHLI Ha puc. J H B ma6A. J BMeCTe C 3KCne-. 

pHMeHTanLHLIMH ,IJ;aHHLIMH. TaM :>Ke npuue,IJ;eHLI onTHManLHLie 

g· 
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3Ha'leHHJI g H 2y. Jlyqmee cornacHe c 3KcnepHMeHTOM 

6bl.ri:o nony'leHo . npH t ::: 0 , xax H npe~cKa3biBanoci. 
Bldiiie. II pH pacqeTax Mhi nonaranH n = 7. 

H3 puc. 1 BH~Ho, 'ITO cornacHe TeopeTH'IeCKHX 3Haqe

HHii 3HeprHii xonnei<THBHhiX cocTOJIHHii c 3I<CnepHMeHTaJihHbi

MH ~ocTaTO'IHO xopomee. IIpH 3TOM, npaBHJihHO onHChiBaJI 

3HeprHH HH3I<OJie)Ka~HX 0~ COCTOJIHHH, Mhl nonyqaeM, 'ITO 

+ 2 + ' + + 
<02!13 102> r8 <E2;2i ... 02) 

"" + 2 . + + + <0
1

lJ3 I01> ~B(E2;2i ... o 1 ) 
1 

-1 - , 

B COrJiaCHH C 3KCnepHMeHTOM H B npOTHBOpe'IHH C ~eJiaB· 

WHMCJI B pJI~e pa6oT npennonomemreM o ~eciJopMHposaH

HocTu 0; COCTOJIHHJI. HHTepeCHO, O~HaKO, cpaBHHTh clJo

HOHHhle CTPYI<TYPI>I OCHOBHOro ( 0 i) . H B036y)K~eHHOro 0~ 
COCTOJIHHH foPHC. 2/. ECJIH B BOJIHOBOH ciJyHK~HH 0: co

CTOJIHHJI 00 Mo npeo6na~aeT 6ecmoHoHHaJI KoMnoHeHTa, 
+ · 1~n. 

TO CTPYKTypa 0 2 COCTOJIHHJI 'MO 6onee CJIO)KHaJI. 

Tax.xaK tiJoHoH.npH6JIH)KeHHo cooTseTcTsyeT cynepno3H~HH 

• ~BYXI<Ba3H'IaCT~'IHhiX B036y)K,IJ;eHHH, TO MO)KHO CKa3aTh, 

'ITO 0~ COCTOJIHHe, .XOTJI H He JIBJIJieTCJI ~eclJopMHpOBaH-
.. HhiM, 6JIH)Ke no ~TPYI<Type I< ~eclJopMHpOBaHHhiM COCTOJIHHJIM, . 

qey OCHOBHOe. 

B 96Mo npH 3HeprHH, npH6nH3HTen~>Ho pasHoiiy~-. + 
BOeHHOH 3HeprHH 21 - COCTOHHHJI, 06Hapy)KeHbi~Ba ypos-

HJI c 1rr ~ 2 + , .Tor~a · I<ai< B HaWHX pac'-lel'ax B 3T<lii o6nacTH 

3HeprHH HMeeTCJI TOJihi<O O,IJ;HO 2+ COCTOJIHHe. Ilo-BH~HMO· 
MY, nOJIBJieHHe BTOporo 2+ COCTOJIHHJI CBJI3aHO C B036y~e
HHeM HeKOJIJiei<THBHOH BeTBH, TaK 'ITO o6a 2+ COCTOJIHHJI 

npe~CTaBJIJIIOT co6oii CMeCh I<OJIJieKTHBHOH H HeKOJIJieKTHBHOH 

I<OMnOHeHT. 

HHT.epecHaJI 3ai<oHoMepHOCTh Ha6nro~aeTcH s H3MeHEiHHH 

I<03clJciJH~HeHTOB T H 2 y npH ne~exo~e OT neri<HX K TJI

:JKeJihiM H30TonaM Mo.EcnH B · 
6

Mo 3TH I<03clJciJH~HeHThl 
CHJI.hHO pa3JIH'IaJOTCJI, TO y)Ke B 

100
Mo oHH 6JIH3I<H ~pyr 

I< ~pyry. 3TO cornacyeTCJI C TeM, 'ITO C pOCTOM 'IHCJia HYK:

JIOHOB BHe 3aiTOJIHeHHhiX 060JIO'IeK pOJih B3aHMO~eHCTBHJI 
B KaHane qacTH~a - ~hlpKa so3pacTaeT. 

12 

'<·-

Pe3yJII.TaThl pacqeTa sepoJITHOcTeii E2 -rr~·pexo~os 
Y~OBJieTBOpHTeJII.HhiM o6pa30M; cornacyJOTCH c ' 3KCnepH

MeHTaJII.HhiMH ~nJI 96 
Mo H 100Mo. Ho s 98 Mo pe3yn~>TaTM· 

~JIJI B (E2; 2~ ... 2j )· H B(E2; 2:f ... ot ) pe3KO npoTHBope

qaT 3KcnepHMeHTaJII.HhiM ~aHHhiM. IIpH'IHHa pacxo~eHHJI 

MO)KeT 6I.iTh cne~yro~aJI. Manoe no cpaBHeHHIO c 3KCnepH

MeHTaJII.HhiM TeopeTH'Iecxoe 3Ha'leHHe B (E2; 2 ~< ... 2j ) H 

CJIHWKOM ~OJihWOe 3Ha'leHHe B(E2; 2~ ... ot ) CBJI3aHhl 

. C 60JihWOH BeJIH'IHH~H I<03ciJclJH~HeHTa ~;KOTOpaJI onpe~e
JIJieTCJI 3HeprHeii 0 2 cocTOJIHHJI. EcnH c~ecTsyeT ~onon

. HHTeJII.HaJI npH'IHHa onycKaHHJI 0;- COCTOJIHHJI, HanpHMep, 

CBJI3h C ~BYXKBa3H'IaCTH'IHhiMH 0+- COCTOJIHHJIMH, ToJ. . . w 
yMeHI.WHTCJI H COrJiaCHe C 3KCnepHMeHTOM no BepOJITHOCTJIM 

E2 -nepexo~os ynyqmHTCJI. Tai<aJI· CBJI3h CHJII.Hee scero 

~OJI)KHa npoJIBHThCJI B 
98 

Mo, r~e nonHOCTI.ro 3anonHeH HeiiT

p(>HaMH yposeHL d 5 ; 2 , a cne~yro~He o.ilHoqacTH'IHhle ypo:~H. 
s 1; 2 H g 7 / 2 y~aneHLI OT d5n Ha 1,5 - 2,0 M3B / · . 

IIo3TOMy csepxTeKy'lecTL c~ecTBeHHO ocna6neHa H B03-

MO)KHO nOJIBJieHHe HH3KOJie)Ka~erb ~BYXKBa3H'IaCTH'IHOrO 
.: 0 1" COCTOJIHH.II. . 

III. PeaKlJUU oeyxnyluzomwu·nepeoa'lu 

B peai<~HJI:x' ~syxHyKJIOHHoii nepe~a'IH c 6onLmoii sepoJIT

HOCTLIO 06hi'IHO 3aCeJIHIOTC.II ~OJILKO OCHOBHhle COCTOJIHHJI. 

Ho :B · ( p, t) H (t,p) peaK~Hxx Ha nepexo~HLix H30Tonax 

Sm , Gd H Mo' It. . sepoJITHOCTH 3aceneHHJI OCHOBHbiX H B03-

6y)K~eHHLIX COCTOJIHHH OKa3aJIHCL cpaBHHMLIMH no BeJIH'IHHe. 

liLmo BLICKa3aHo npe~nono)KeHHe, 'ITO . TaKoe yseJIH'IeHHe 

BepOJITHOCTeii nepexo,na Ha B036y)K~eHHhle COCTOJIHH.II MO)KeT 

6LITL CBX3aHO C pa3nH'IHeM CT~YI<Typ OCHOBHhiX COCTOJIHHH 

COCellHHX. 'leTHO- 'leTHLIX JI~ep, Me)K~y KOTOphiMH H~eT nepe

xo,il: 112
/. MLr MO)KeM nposepHTh 3To npe~nono)KeHHe, Hc

noJIL3)'JI nonyqeHHLie BLIWe I<OJIJieKTHBHLie BOJIHOBhle ciJyHK· 

~HH pa3JIH'IHLIX cocTOHHHii 'leTHLIX H30Tonos Mo • ,lJ;nJI xa

qecTBeHHLIX O~eHOK ~OCTaTO'IHO HCnOJIL30BaTL CJie~yro~ee 

~pH6JIH)KeHHOe BLipa)KeHHe on epa TOpa .z:(:ByxHyKJIOHHOH ne-
pe~a'IH A/ 13:' : · · · 

" 2 ti 21¢ 
A::; --e , . G 

13 



/0
01

, 

90
7,

 

BD
%

 

60
%

 

5
0

j,
 0 

o
;-

w
 0 

o+
 ( 

96
M

o)
 

1 
. 

. 

P
u

c
. 

2
. 

·B
K

A
aO

M
 

<J'
) .

 e
 
t 

·. 
H

0
6

b
le

 {
fiy

H
K

IJ
U

U
 

0 
I 
..

 
U

 
0
~
 

·f
• 

/ 
o: (

'00
M

o)
 2 

, -
--

-o
t 

. 
z 

N
 -
{f

io
no

H'
!b

~ 
~
~
~
~
~
~
e
n
m
 e

 e
o1

1·
 

co
cm

o.
R

H
U

U
 

' 
' 

M
o 

· 

6 
7 

N
 

o
;-

+
· 

( 
-o

; 
I 

o
·
~
 

o
"'

-
0

,-
:-

-
1 

I 
t 

tO
O 

· 
10

2 
. 

s6
M

o 
'· 

98
 

•' 
M

o 
. ·M

o 
M

o 

P
u

c.
· 

3
. 

O
m

no
cu

m
ei

z.
bH

bz
e 

ce
'le

H
U

.R
 p

e
a

K
i#

u
il 

oe
yx

ny
K

A
O

H
H

O
il 

n
e

p
e

o
a

'lu
 n

a
 ·

 
'le

m
H

M
X

 
U

3
o

m
o

n
a

x 
M

o.
 C

e'
le

H
u.

R
 

e
o

3
6

yx
o

e
H

u
.R

. o
cn

o
e

n
r.

rx
 (

0
 1·

) c
oc

m
O

JI
H

U
il 

np
UH

JI
11

1b
l 

pa
eH

bf
M

U
 e

o_
U

H
U

ije
;· 

B
 

C
K

0
6

K
a

x 
n

p
u

e
e

o
e

H
b

i3
K

C
n

e
p

u
M

e
H

II
IQ

II
b

H
b

le
 

3H
at

le
H

U
JI

 0
11

1H
O

C
U

11
!e

llb
H

bi
X 

C
e'

le
H

U
U

. 

) c 



. '· . " 

r~e 2/l - :mepreTHlJec:KaH ~em., G - I<OHCTaHTa .nap

Horo B3aHMO~eHCTBHH, rp - yron, I<aHOHHlJeCI<H COITp.IDKeH

HldH onepaTopy lJHcna Hyi<noHoB. B :noM npH6nH)KeHHH pac

qeT. CelJeHHH peai<nHii CBO~HTCH I< BbllJHCHeHHIO HHTerpanOB 

nepei<pbiTHH I<Onnei<THBHbiX lJaCTeii BOHHOBbiX ci>YHI<nHii pa3-

HH'IHDIX COCTOHHHH. llonylJeHHbie rpy6hie oneHI<H OTHOCH

TenhHbiX Ce'leHHH peai<nHii ~BYXHYI<HOHHOH nepe~alJH HalJeT-. 

HDIX H30Tonax Mo npHBe~eHhi Ha puc. 3 BMecTe c 3I<cne

PHMeHTanhHhiMH ~aHHhiMH~ XoTx TeopeTH'IeCI<He pe3ynhTaTDI 

lJHCneHHO He COBna~aiOT C 3I<CnepHMeHTanbHDIMH /'ITO Hem.-· 

. 3H Tpe6oBa Tb OT CTOllb rpy6hiX oneHOI</, 3cl>4>e:KT .yBeHHlJe-

HHH OTHOCHTenhHOrO CelJeHHH B036y)K~eHHH Oi COCTOHHHH 

npH nepexo~e oT 96 Mo I< 102Mo HCHO BH~eH. H3 ·puc. 2 
BH~Ho, ·'ITO npH nepexo~e OT 

96 
Mo • I< 6onee TH)KenDIM 

H30TOITaM npoHCXO~HT H ycnO)I(HeHHe CTpyi<TypDI OCHOBHOrO 

COCTOHHHH. 

B 3ai<mo'leHHe aBTopbi 6naro~apHT yqacTHHI<OB ceMHHapa 

· no TeopHH x~pa JIT<I> OHJIH 3a none3Hhie o6cy)K~eHHH • 
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