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§ 1. Bne11e1111e 

B l!aCTOll!llell paooTe nccne11y10TCll H0ICOTOpbI0 :aq11peICTbI, BO3l!HK8IO!llll8 llpH CM8WHB8HHH 

IB811TOBbIX ypoBH&l! BlmWHHMH DOJlllMH. Ilnll BblSICH8HKll xapaKTepa 3THX :aq>q>eltTOB paCCMOTpHM 

JlByxypoBHeByIO CHCTeMy. nocne 'BKJIIO'l8Hllll' DOCTOllHHoro BO3MYDl0HHll HOBbie CT8IIKOH8pHbl0 

COCTOllHllll llBJllllOTCll cynepnO3llDH1!MII H8BO3MymeHHbIX CTaIIHOl!ApllblX COCTOllHHll: 

11 >' -- o> 11 o> I c 1 >+c
2 

2>, 

( 1) 
12>' = c(2)ll> + c(2)12> 

I 2 

Taxoe CM811lHB8HHe OO~llCHlleT, nanpHMep, 9JI8KTpH'l8CKyIO H MarHHTHy10,nonllpH3Y8MOCTb aTo

MOB H Mone:s:yn. TTycTh Tenepb Ha cocTOllHHll 11 > H 12> BO3MOJKHbI KBSHTOBbte nepexonb1 B 

cocrosiane I 3 > 1 BOmIOB8SI q,yHKDHSI KOTOporo npaKTH'l8CKH ne M8Hll8TC!I npH BKJIIO'l8HHH 

paCCM8TpHB88MOrO CJI8O0I'O BO3MYDl8HHSI. Ilm1 IlpOCTOTbl DYJ18M T8KJK8 C'IHT8Tb, 'ITO paCCTOll-

IIHO MOJKAY ypOBII!IMH jl> H 12> Mano no cpanneHHto c paccTOSIHHeM no ypoBH!I I 3 > • 

TorAa aMIIJIHTYAhI nepexoAOB B03Mymeaaol! CHCTOMbI DYAYT Bb1paJKaTbCll '!epea aMnnHTYAhI 

H8BO3MymeHIIbIX nepeXOAOB A I H A 2 C IlOMOlllbIO T0X JKe K09q>q>HIIHOHTOB, '!TO H B ( 1 ) : 

A'= 
I 

(I) (I) 

c1A1+c2A2• (2) 

Ilnll KBBApSTOB 8MilJIHTYA, HenocpellCTBeHIIO CBSl38HllbIX C B8poSITHOCTSIMH nepeXOJlOB, nony'la

lOTC!I Bbip8JK8llHSI 

, 2 (I) 2 2 ( I) (I)* 2 2 
I A ii = I c I I !·A I I + 2Rec I c 

2 
A I A~ + I c<~) I I A 2 I 

H (3) 

COAep>KamHe HHTepq,epen,nHOIIHbIO 'IJI8HbI 2Re c(I) c< t'* A A* 
I 2 1 2 

H 

2 (2) (ll) * * Rec I c 2 A I A 2 • 

3 



EcnK Ans H8B03Mymeaaoi! CBCT8Mhl
0

0JlHH B3 nepexonoB 3a11pemea, BHTepq,ep8HIIHH 118 6yA8T, 

HO B03Mymeane CHJIM88T COOTB8TCTBYJOntHi! 38llp8T, 'llpBM8lIIBBBB' K CTa6nnbHOMY COCTORHHJO 

H8CTa6HnbH08. 

B xaqecTB8 llpHMepa YKB*8M HS B3M8H8HH8 Bp8M8HH *H3HB B xapaxTepa pacna)la op

/I/ 
T0II03BTpoHHH BO BH8lIIH8M MarHHTH0M none (cM.,HanpHM8p, ).H3B8CTHO TSK*e, =o AnB ST0-

Ma· B0A0pona, HSXOllHnterocB BO BH8lIIH8M aneKTpnqecK0M none, CTSH0BBTCH B03M0*HblM on

/2/ 
ao¢>.oTOHHbli! nepexon .2s ➔ 1 s I 3811pemeHHhli! B OTCYTCTBH8 nomr ( CM., HSllpHMep, ) • 

TTepei!)l8M T8118pb K anamrny H8K0T0phlX K0BKp8THhlX BBneanA. 

§ 2. ~¢,¢,eKThI, ~~ll38Hllbl8 C nonnpnaanueil a TO MOB .n. ·"·(OE8KYn 

BHelIIIIHMB nonnMB 

nnn aaqana BM88T CMhICn pacCM0Tp8Tb npocTelimuil llpHMep BOJl0p0JlOIIOA06noro STOMa, 

RJlPO K0Toporo o6naAa8T CIIHH0M 1 /2. 

EcnH op6nTanbHbli! M0M8BT aTOMa paBeH ayn10, TO ero C0CT0HHBe M0*8T 6bITb nn6o 

TpBlln8THblMo nH60 cnarneTHhlM. Hae 6y)l8T HHT8pecoBaTb MarHHTHaH B0CllpBHM'lHB0CTb ra3a, 

COCTOHntero H3 TaKHX ST0M0B. Ha nepBbli! B3rnHA x=eTCH 8CT8CTB8HHbIM cqHTaTb, qTo aTo

Mhl, HSX0JlHlllH8CB B CHHrneTH0M C0CT0HHHH, ae BH0CHT BKna)la B· nena•may BocnpHHMqHB0CTB 

H qTo Beeb 8¢,¢,eKT o6ycnoanea C0CT0HHHHMH C m = ±. 1 • l13B8CTBO, 0JlHBK0, qTo TBKOi! 

II0JlX0Jl OIIIH6oqeH H IIpBBOJlHT K pe3yltbTaTy 11pHM8pH0 BAB08 Mellblll8MY I qeM HCTHHllhIH, Ha ca-

MOM Aene none CM8lIIHBaeT CHHrneTnoe C0CTOBHH8 H TpHnneTaoe C0CT0l!HHe C m"' O. 05-

pa3yJOntHeCH CM8lllaHHble COCTOHHBH o6nanaJOT HHllynlipoBaHHhlMB M0MeHTBMH, paBHhlMH 110 ae

naqaae H npoTanonono*HhlMR 110 nanpaBneaaro. BnaroJ:tapH pa3naqaoil aacenenaocTH yponaei!, 

8TH MOMeHThl DHOCHT HellOCTaromm1 DKna)l B Benaqaay BocnpaaMqBB0CTH raaa. 

PaccMoTpHM aToT Bonpoc 6onee noJ:tpo6no. 

O6oa11aq11M saepran aenoaMymesHbIX cnnrneTaoro n Tp1mneT11oro yponaei! qopea :w 
0 

II Wt , Tenepb y 8TOM8 HM88TCll Y*8 qeTblp8 ypoBml co cnenyromHMH aaaqennllMH anep-

rm'\ H MarHJITHblX M0M8HT0B: 

:E 
DO 

·anec1, 

E 11 W 1 - (µ + µ')H /Lu=µ+µ' 

:E 10 
WI+ WO 

-2-
·w w 2 2 2 

+ ,/(+) + (µ -µ') H , /LID= -
(µ -µ') 2H 

v<w 1..:w,,2 + (µ-µ')28 2 
2 El-I= WI+(µ +µ')H • µ,_, = 

:w,+w2 -v'(W1-W~2+ (µ-µ')2H2 
2 2 

-µ -µ'· 

_(µ -µ')2 H 
/Loo= 

V(w 1..:w 0) 2 + (µ-µ')2H 2 

;(4) 

/L - MarHHTllblli M0M8l!T an0KTpoaa, µ' - MiirHHTHb!H M0MeHT HApa, C yqeToM 

4 

J 

( 4) nnoTHOCTb MarHJtTlloro M0M8l!Ta llB0TCH Bblp8*8HK0M 

M, 
N -E 1/kT -£

1 
/kT -E /kT 

E / / I /L e • 
1 10 

.E /kl 
- I kT ·E10'kT •E /kT E /kT 11 -µ lie + /L e -µ e oo' -(5) 

e + e +e 1. +e 0<1 to 10 , ,, 

rA0 N - "IHCno aTOM0B B 0AHHHue 061,eMa. EcnH µH « kT H I WO - W /« kT) TO 

M NH ( 2 , 2 
• = kt /L +µ ) • (6) 

a MarnHTHall BocnpnaMqKB0CTb 

K = ..Ji_(µ 2 +µ'2). 
kT (6') 

nerxo BHJl8Tb, qTo Toqno TSKK8 *e Bb!p8*8HHll nonyqaJOTCll H B TOM cnyqae, K0rJla CIIKHhl 

aneKTpoaon n HJlep cqnTaJOTcll HeB3a11MoAei!cTny10m11Mn, T aKHM o5paaoM, npa µ H << k T 

n W 1 --'W 
O 

« kT 

B0CllpHKMqllBOCTH 

B38HMO)l8i!CTBK0 CIIHH0B HHKaK He 0TPa*a8TCll Ha BennqnHe CTaTaqecxofi: 

raaa. 

/3/ 
Bee cKa3aHH00 Bbime Y*e 0TMeqanoch. B nHTepaType TTpH aToM, onuaxo, ue non--

qepxunanocb cymecTB8HH0e BnH<IHK8 yxa3a1111oro B38KM0llei!cTBHH ua nnH0MHqecKHe CBOHCTBa 

MarlilITHOii B0CllpHHMqHBOCTH, TToKaJKeM, qTo TaK08 BnHHHK8 HM08T M0CTO. nei!cTBHT8nbH0 1 

h -9 
uaB0ll0HHbl8 MOM8HThl /L 10 H /L ycTaHaBnHBaJOTCH 38 Bp8MH II0pH,lKa -. --- ~ 10 • 

oo W1 -W
0 

C llpyroi! CT0p0HhI, BpeM!I ycTaH0Bn8HHH CTBTHCTJiqecKoro paBH0B8Cl!!I (npOM!I penaxcamm) 

3SBBCHT OT TeMnepaTypbl H naBJI0Hlrn raaa H B llpHHIIKII0 M0JK8T OK838TbCH 110 Benaqa-

h 
He M11oro 6onhllle ---- • H3MOHIIM T8110pb BenH'IKHY MaranTuoro nonn 38 Bp0M!I, M8Hb-

W 1 -W o b 
mee npeMeun penaxcanna, 110 6onbmee qoM W . • Torna n nponecce aToro H3M0H8HHH 

t -Wo 
3aceneHH0CTb yponaei! 0CTa8TC!I IIOCTO!IHH0i!, B TO Bp8M!I KOK M0MCUTbl /L 10 ll /L 00 

6ynyT 3aBHceTb oT MrHoBeuuoro aaaqenn11 11on11, TTo9ToMy ua (5) cnenyeT, qTo naHaMaqec

Ka11 MarHHTl!aH B0CllplmMqllB0CTb 

a ~ 
dH 

, 2 
N ( l:.::.1:.J 

2kt (7) 

TaKHM o6pa30M, Bb!paJK0IIH0 Jln!I B0CIIpHHM'IHB0CTH paa5ana8TCH aa nne 'IllCTH, HM8JOmne 

pa3nH'iHbl8 llHHaMnqccxne CB0i!CTBa. 

Bume Mb! paccMaTpnna:m a¢,¢eKThI, o6ycnoBJIOHHbl8 CB8pXT0HKIIM pacmenneHH0M, .Hc

no, 'ITO aaanor11qHbl8 ,11,,neHH!I CBll38Hbl TaKJK8 H C T0HKKM pacmenneHH8M, HO Bp8MSI ycTa

-12 
H0BneHIISI HHIIYJlHponaHHblX M0M8HT0B B 9T0M cnyqae y:,1<:e nopHAKa 10 C8K, Ecnu, nanpa-

Mep, OCHOBHOe COCTORHHe HMCCT CilHH s = 1/2, a op6a-ranbHb!H M0M0HT L = 1, TO 

nnn cTaTH'I8CKOH MarnaTuoi! nocnpam.;qHB0CTll nony'Ia8TC51 Bb!PB*8HH0 

...5.. N1,2 
3 n K = 

(8) 
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~ TO BpeMR KIIK /:IHH8MH'l8CKIIR BOCllpHHM'lHBOCTh 

q = 4 -· Tl 

Np. 2 

u (8') 

CooTHOWE!HHll (8) H (8') 38llHCIIHbl npD ycnOBDH, 'ITO Tomcoe pacmenneane MHOro M8Hhme 

kT·, EcnB oao cpaBHHMO c kT, TO Bbipal!CeHHR 11n11 K H ,u ycnoJKHRIOTCR, B cny,me 

Korna ToHKoe pacmenneaHe MHoro 6onhme 

' . x/ 
<jlopMynbl : 

K = 

q = 

kT BM8CTO (8) H (8') 6yAYT HM8Th MeCTO 

2 

..2..~. 
9 kT (Bx) 

~£ 
9 t;W (8'x) 

311ech ,';w - TOHKoe pacmenneane, Cauo co6oIO paayueeTcg, 'lTO aaanorH'IHoe cMemHB11HHe 

COCTORHHA BHemaHM noneM HMeeT MeCTO H llHR MOneKy~. 

CxonaaR cHT)'anHR B03HHxaeT Bcerna, xor.r:ta HMeeTCR n:axoe-m160 Boauymeaue, cMemu

BaIOmee • ypoBHn, 

PacCMOTpHM, HsnpHMep, ll0B8A8HH8 KB8HTOBOM8X8HH'l8CKOA CHCTeMbl B M8B:TpH'l8CB:OM 

none, CM8WHBaIOmeM YPOBHH paanH'IHOll 'I8THOCTH, Taxag CHCT8Ma 6y11eT, Boo6me roBOpH, 

o6nSllSTh ':;meKTpH'l8CKHM nnnonhHblM MOMOHTOM, KOTOpbtA MO)K8T 6blTL DnB IIOllllOCTLIO HSB8-

)leHHbIM, ecnu B OTCyTCTBH8 norui: CT81lHOH8pHble COCTORHHR CHCT8Mbl HM8IOT onpeneneHHYIO 

'IeTHOCTh, HnH BKnJO'ISOT B ce6g KSK HSB8A8HHblfi llHIIOnhHblA MOMeHT, TSK H noCTORIIHblli Mo

MOHT, ecnH B OTCYTCTBH8 nong HM88TCR Bblpo)KJ:18HH8 no 'IeTHOCTH, CncTeMoll nocne11Hero 

THna RBnReTcll ABYXBTOMHllll MoneKyna. Tax :lK8, KIIK 9'1'0 6blno CAenaHo npn paccMoTpe~ml 

MSrHHTHOro MOMeHTS rsas, MO:lKHO IIOKS3STh, 'ITO ecnH pSCCTOllHHe Me)KJ:ly CM8WHBalOillHMH-

Cll ypoBHRMH MoneKynbl MHoro MeHLme 

raas, COCTORIIl8ro H3 TSKHX Monexyn, 

IllHfi H3 ABYX llHHSMH'IeCKH paanH'IHblX 

AOHHbIM MOM8HTSM • 

kT , To Bb1pa:lKeHne llnR sneKTPH'I&CKoro MOMGHTa 

conep:lKHT TeMnepsT)'pHblfi 'l'.n8H THns ...!!_ , COCTOll-
kT 

'lllCTeA, COOTB8TCTBYIOillHX OpH8HTHpOB8HHbIM H HSBe-

§ 3. HHTepqiepOHllHOHHbl8 :14>eKTbl npu ·Y -nepexonax 8TOMHblX ll.r:tep 

Bo BBe)leHHH Mbl IIOK838nu, 'ITO CMeWHBaHHe ypoBHeA lt8KOA-mr6o· CHCT8Mbl BHOWHHM 

noneM MO:lKOT llpHB8CTH K IIOllBneHHIO HBTep<jlepeHJlHOHHblX :acj,q>eKTOB B ltB8HTOBblX rrepexonax. 

. Mo:lKeT nOK838ThCR, 'ITO CMeWHBSHHe RAepHldX ypoBaeli npSKTH'I8CKH llOCTBJKHMblMH rronllMll, 

6yny'IH O'leHh cna6b1M, He Bbl3b1BlleT 3aMeTHblX HHTepqiepeHllHOHBblX :acj,<l>eKTOB. Heo6XOllHMO, 

OJtHaKo, yqecTh, 'ITO nnu B8pollTHOCT8A nepexonoB senH'IBHll HHTepq>epeHllHOHHldX :acj,<!>eKTOB 

cinpeAen11eTCl1 He Ko:acj,<l>m1HeHTOM CM8WHB8HBR, S npoH3BeA8HHeM a-roro K0:9q)qlB)lH8HTa HS 

xi 
, C'IHTaeTCH, 'ITO OCHOBHblM HBnHeTCR ypoBeHb C J - 1/2. 

6 

,j, 

OTHOW8HH8 'npHM8WBBIIIOI!leficg• aMnnHTYllbl K 'ocHOBHOA' • Ecna YJC838HHOO ·OTHoweane AOCTa

TO'IHO BenHKO, TO MOlKHO roBOpHTh O cymecTBOBIIHHH CBOeo6pa3HOro .,MexaHH3MS ycimcHHR' 

B HHTep<jlepeHllHOHHble a<jl<j,eKTbl MoryT OKS3SThCSI .ds6nIO)lSeMblMH, B llSnhH9AmeM, )lnR onpene-

neHHOCTH, Mbi J)SCCMOTpHM · nonRpH30BSHHb18 Sl)lpa BO BH8WH8M MarHHTHOM none H H BbISIC..., 

HHM, 11:SKOro •C:OpTS 'IHTep<jlepeH)lHOHHbl8 S<p<peKTbl MoryT HM8Th M8CTO B 9TOM cnyqse, Pa.r:t• 

npoCTOTbl 6y11eM C"IHT&n., 'ITO CM8WHBSJQTCR 'IIICTbl8 nep8XOllbl, conpoBOl!(.[l8l0Illll8Cll ll3/Iy'le.llll-

SIMH paanH"IHblX Mym.THnon&HOCT8A, Ha-os OpTorouam,HOCTll COCTORHIIA ,y - KBSHTOB, o6pa-

3YIOillHXCR B 9THX nepexonsx, HHTepqiepeH)lHSI H8 )lS8T BKna.r:ta B nonHyIO BepORTHOCTh H3ny'Ie

HHR, npoHHT8rpHpOBIIHHylO no BC8M HanpsBneHHllMo' 0JlB8KO B BblpS:lK8BHH )lnR yrn_oBOro psc

npeneneHHR, ecna :f'IHTblBaTb namL 3SKOH coxpaHOHHR 'l8THOCTH, MOlKHO Ol!CHASTL llORBneHHSI 

qneHOB THUS 

➔ ➔➔ p(:l) 
(&)(Pit)- -j (HP), Ha eafJy f3on•y n,5 

H T,A, ' 

SB Bblp8:lK8HHH Anll llHpKynRpHoA nonRpH3SllHH H3ny'IeHBR ... 'lneHOB THUS 

➔ (:l) 

(~if), H(PII"']. Hap afJ n f3 H T • .tt. , 

➔ (~ 

rne p ... nonnpH3SllBll HS'ISnhHOro COCTOHHHR, pop nonRpH3SllHOHHblA TeH30p BToporo 

➔ . 
paHrs, n ... 8/lHHH'IHblll BeKTOP B HSnpsBneHHH H3ny'I8HHll, S e af3y ... nonHOCTLIO SHTH-

. . x/ 0 6 CHMMeTpR'IHblfi e)lHHH'IHblfi TeH30P TpeThero psHrS , llHSKO H3 Tpe OBBHHH·HHBllpHSHTHOCTB 

anelI:TPOMSrBHTHblX B38HMOJtefiCTBHA no OTHOW8HHIO K onepSllHH o6psmeHHH Bp9M8HH Bb1TelI:S9T, 
2 (~ 

'ITO C TO'IHOCTblO no 'IneHOB nopRJtKS e /he llORBneHHe cnarseMblX THUS II e ,i p,,,:, n no a a;,y JJV ,y u 

n Hae afJy P /3 n Y aanpemeHo, TToaToMy MO:lKHO C'IHTSTh, 'ITO B yrnoBoM pscnpenene-

HHH W(;) 11 UHpKynHpHofi nonRpB3811HB B3ny'IeHHH _e(i!') BHTep<jlepeH!lHOHHbie qneHbl OlllI-

CblBSIOTCH cnenyIOlll'.HMB BblpalKeHHRMH! 

(I) (I) 

W'(n): al (HaPfi ... 1sopP I< HK )na n13 

(2<+ I) . (2k + I) 

+ ... +a (H P,:;., ~-.l..Ba" HKP.,,, ~) n n ,.n ... n0 + ••• , 2k+I a /JT ... u 3 ;, ,., ••• u a /J ,y u , 

(2k) (2k) 

e•c;, = b O (Han a ) + ... +b 2k (Ha pfly ... s- -}HK P,.y ... 8 8 afJ )n an /j n,y ... n 8 + ... , 

{9') 

rne 

(k) 

Ip ap .• • ~ -HenpHBOJtHMbIA nonnpnas11uoHHb1A Te1taop panra k 

J,13 9 H, {9') cnenyeT, 'ITO B MSrHHTHOM none npn HanH'IHH HHTepq>epeHUHH naJKe HenonRpH30-

x/ BHeWH8e none HBnReTCll cns6bIM no. cpaBHeHHIO C BHYTPHHJtepUbIMH nonHMH, no3TOMY 

paccMaTp1rnseMble HHTep<jlepeHUHOHHble sq>q>eKTbl nHH0HHbl no H • 
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Ballllbl8 SIApa D3ny'lllJOT y -KBaHTbI, nomlpU30BaBBbl9 110 xpyry i AIU! IIOIUlp1130BaBBblX 

RAep yrnoaoe pacnpeAeneuue 113ny'l0HHB ncerAa aBB30TpOnuo, npK'l8M·cneAyeT IIOA'l&pltJIYTL, 

'lTO 3TO OTHOCBTCR H IC SIApaM CO CIIJIBOM 1/2, 

99 x/ 
B ltll'lecTBe ltOBltp8TH0ro npuMepa paCCM0TpHM Tc • OCHOBHOII H BHJKHHe B036yJK-

AeHHble ypOBHB sinpa ll30l5paJKeHbl Ha pHC, I. Ypoaeub 1,2- BBnSieTCSI M8T8CTal511nbBblM co 

BpeMeHeM lK113Hll 6,04 qaca. B 98,6% cny'laeB HMeJOT MeCTO nepeXOAbl Tuna ES Ha ypoB8H:b 

+ + 
7 /2 , a a 1 ,4% - nepeXOAbl Tuna M4 Ha YPOB8Hb 9/2 , B OCH0BBOM COCTOSIHIIII SIApo .IIMeeT 

MarJIIITJIUII MOM8HT µ 5,5 /lo , rAe /l o - RA8pHbIII MarH&TOH, 

B MarHBTHOM none + + 
H ypoann 7 /2 11 9/2 c.uem11Ba10'1'csi n nepexoA, conpoBolKAaIO-

IDBIICR H3ny'leuneM 

(1/2 .. 7/2+) AOnB 
' 

,y - KBllHTa aaepr11u 142 JtaB, COA8PJKBT 11pBM8Ch ES - nepexoAa 

µH xx/. . 
KOTOporo l'iyAeT nopsrmta ~ • OTHOCBTenhHbll! BKnaA nn-

1 0 
Tep¢epennBOHHUX 'lneH0B no nopS!AKY BenH'IHHbl paaeu 

2. 
- + 

~,,; Q( ½ , 7/2 , \11 2 ..:w0) 

W 1 ..:w O a ( ½ , 9/2 +, W 
2 

..:w 
O 

) 
2 ~(w 2 ..:w0 )

7/2..;Q<Y, ,7/2 ,:w 2 -W 1)., 

:w 1 -w0 :w2 -·w 1 Q<Y,-,9/2+,w
2

..:wJ 
•8 

10 H• 

B anrx Db1paJKeHnnx ( - + - ¼' Q 1/2 , 7/2 , Y ) - B8pOHTHOCTb ES - nepexo,11a (I/2 +7/2 ) 
C H311Y'l8HH8M ,y . - + 

KB8HTa anepr1111 w • Q(½ ,9/2 ,W) - BepoSITH0CTb M4 ..: nepexoAa 

( I/2- .. 9/2+) npu npoBe)18HHH onenKH ucnon..aoBaH TOT ¢rucT, 'ITO neponTHOCTb 0KTynonb-

- + ) 7 K ,mro nany'len11n Q(l/2, 7/2, W = KW , rAe • - aenH'lHHa, ne 3aancn-

mast oT ·w • A6con10Tnan aenn'lnna BKnaAa nnTep¢epemrnn n yrnoaoe pacnpeAenenne n nnp-
xxx/ 

xym1puyro no11Rpl13811BJO B3ny'leHBn )188TCH Bblpal!<eHHnMH 

6 10
6 

+ + 
I ,n;> I = _S._· - I PH .<9/2 llµfl7/2 > l'2 (ros 2 0 - ..1> I 

411../ 3 w ,-wo 3 
( 10) 

H 

7 + + 

1cm1 =· 
3,9 • 10 I <9/2 flit [11/2 > 

01 H ros • 
411IW(il") I w i- ·wo ( 10') 

x/ Bb!pal!<eHRH Ann narop¢epemtHOHHbIX '!nenoB B o6meM cny'lae naHbI B IlpnnoJKeann A. 
+ + 

.<9/2 11,..111;2 > xx/ 3 . H .,, Ha caMoM Aene Aonn E - nepexona 011pe,11enneTcn nenn'!Hnoll :w 
1 

_W
O 

, rne 

<9/2 ·nµll 7/2+> - He 38BHCnmnll OT MarHHTHbIX KB8HTOBbIX 'lHCen MaTpH'.i-Hbll! aneMeHT, ae

nH'IHHY. KOTOporo MOJKHO onpenenHTb H3 ll~HHbIX 06 Ml - nepexoAe (7/2 + - 9/2+). B Hac
TOHl!lee apeMH Taxne A8HHb1e eme ue nony'leHu, n Mb! nonaraeM, 'ITO. <9/2 llµfl 712+ > • µ • 

xx,;_/ 
3HaK nepeA HHTep¢epemtHOHHUMH 'lnenaMH M0iKHO onpeAenllTb, Bbl'lHCnHB npnaeneH-

Hble M8Tpll'1Hble aneM0HTbl CMQWHB8JOil!HXCn nepexoAOB H BenB'lHHy <9/2 +llµ(l 7/2 +> 

8 

,j' 
, ' 

.. 
3A8C:b p -nolUlpB3alUUI SIAPII B COCTOBBBJI l /2, npK'l&M llp8AIIOnaraeTCII, 'ITO '1 • it 
1tommueapBbl, 

Ml>! yxa3111Ill llpllMep nepexo,1111, AnH KOToporo BHT0p¢epelll1BOHBbl8 a¢¢exTbl )10nJKHbl 

HMeTh nopsmoi: 10-8 H • CymeCTByeT T8KJK8 nenbl!i pn,11 lIJ18PHblX nepexo)1CJB, B i:OTOpblX 
-9 

BIIT8p¢epemtHOHHble aq,¢eKTbl 6yAyT nopn)1K8 10 H • 

IlpH paCCMOTpeHl!H BOnpoca O B03MOJKHOCTH H3M8p811HH T8XHX a¢¢exTOB 11800XOAHMO 

y'leCTb Hecxon&xo ol5CTOHTen:bCTB, 

/4/ 
1 ) CoaceM H8A8BHO B pal50T8X B 

/8/ 
l'ibinH ol5HapylKeHbl nnrep¢epelll1HOHRble scj,-

¢eKTbl, nonBmIJOlllHeCH BCn8ACTBH6 CMQIDJIBBHJISI YPOBHell He COXJIBRHIOIIIHM 'lftTHOCTL BIIJ'Tplil

HAepHbIM .nOT8HIIH8IlOM, Ilpll 3TOM fiblnB Jl3M8p8Hbl aCHMMeTpHH H IIHpKynSipRaH nonSip1'13811)(lI 

-4 
11opn,11xa 10 • 

2) C paaBHTBeM T8XHHKlil CBepxnpoBOAJlllllilX M&rHHT0B B CKOpoM BpeMeHB noHBBTCB 

5 
B03MOJKIIOCTb IIOM81118Th nApa B nonn 10 apcTeA. 

3) M11or11e nnpa MDDKHO BKnl0'18Tb B y3nbl pemeTKH q>epp0MarrutTHblX KPIICTannoB, '!TO 
5 6 

II03BOnHeT noMemaTb IIX B none IIOPBAK8 10 -10 apcTe,11, 

no CHX nop Mb! paccMaTpBB81Ill cny'lall, KorAa MarHHTHOe none CM8IDHBaeT 'IHCTbl9 

nepexo)1bl paanB'lHOro THna. Tenepb npe,1111onoJKHM, '!TO CMemHBBIOTClI nepeXOAbl OAHOro H 

TOro JKQ THll8, 3To npHBOAHT K nonaneHHIO D Bb1pa2Ke.11BH Ann BeponTHOCTII B3ny'leHHn >ine-. 

Ra a(~¥, J O)lHRaxoaoro AnH acex uanpaB~eanll. 

B peaynhTaTe nonnan aepoHTROCTb nepexoAa TaKJKe 6yAeT 3aBnceTh OT B3811MHOII opn

e11Tannn cnnua HApa n BHemuero nonn. nocKOnbKY, onHaxo, B ASRHoM cny'!ae ttMnnnTyAbl 

HHTepecyromnx nae nepexOAOB OTnH'IBIOTClI npyr OT Apyra TOnbKO H3-3a pa3nH'l'.Hn BOnBOBblX 

q>yHKnnll CM8IDHB810lllHXCH COCTOHHHII, OTHOCHTenbHUil BxnaA HRTep¢epe1111noHHblX a<pq>eKTOB 

paBeH no nopnnxy BenH'lHHbl xoa¢¢nnneHTY CM8WHB8HHn nAepHblX YPOBHel!. noaTOMy aq,¢eKT 
; 

npaKTH'leCKII H8nb3n O0HapyJKHTh, 

Bb1me oblnH onncaHbl naneHnn, B03HHKaromne npn noMemeHBH n,11ep B 0llHOPOJ1H08 Mar

HHTHOe none, Auanorll'IHblM cnocol'ioM MoryT l'ibITb paccMOTp8Hbl a<pq>eKTbl, BbI3UBaeMue 

0)1Hopo,11HblM aneKTPH'leCKHM noneM, 8 TaxJKe He0)1HOPOAllblMH aneKTpH'l8CKHM II MllrHHTHblM 

nonnMn. 3aM8THM, 'ITO ,11nn TorO,-'lTO0U noMeCTHTb smpo B OAHOponaoe anelcTpH'lecxoe. none,. 

ueo6xonHMO ncnonb30B8Th HOHH3HpOBaHHblll ra3 BnH HOHHbte ny'lKH. nellCTBHTenhHO, cpe,11uee 

aneKTpH'lecxoe none, A8llCTBy10mee HS n,11pa H8llTpanE1HblX 8TOMOB, noMemeHIIUX B OllHOPOA

Hoe aneKTpH'l'.ecxoe none, nn6o Ha nnpa 8TOMOB•H HonoB, aaxonnmHXClI B yanax hpHcTannn

'l'.ecxol! peweTKll~paBHO Hynro, nocxonbKY B npoTHBHOM cnyqae nnpa, a BHecTe C HHMH aTO

MbI H noHbl ,11anrannch obl B onpeAenenuoM aanpaanennn. 

Bhl3blBan CMemnaaHHe nAepHUX ypoaaell, BHemuee OllHOpOAHOe,anexTpH'lecxoe none 

MOJK8T npnBecTH K nonaneHHIO COOTBeTCTBYJOlllHX HHTep¢epeHHHOHHblX aq,¢exTOB, J,13 38XOHa 
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coxpaHeHHSI npocTpaHCTB0HHOii H BpeMeHHOii qeTBOCTH cnenyeT, ~o B Bblp8JK0HBH n1111 '.W(lf) 

11 '(ii) STII 3'l><lieJ:Tbl nolllKHbl OilHCblBBTbC!I cnenyromHMH qneaaMH: 

nm1 ·w(;) - TBna 
(21<+ I) 

c 2k+1:Ea 'J {Jy ... 8eafx n, n,y ... n 8 
H nm1 e (;) - Tana 

(21<) 

c 1,:Eil 'J f3y ... v eafx n • n,y ... nv. 

(ll) 

( 11') 

KoncTaBTbl Cl< SIBIISIIOTCSI <j,yaKitHSIMH nOIIRblX MOM0HTOB H8q&llbBOro n JtOHeqaoro COCTOllHBff' 

n nnneiiBblM o6p830M 3SBHCHT OT npn»eneBBhlX MaTpnqublX aneMeBTOB, onHCblBHIOllUIX E 1 -

nepexonhl MeJKny cMemHBHIOmHMHCSI ypoBB!IMH. 

PaccMoTpHM renepb HBTep<j,epeunHoaable s<j,<j,eKThl, B03BH1ta10mue B ueonuoponaoM a_ne1t

Tpaqec1:0M H MaraHTBOM nonHX, B38HMoneiicTByromnx C HnepBblMB 1tBanpynom.BblMH MOMeB

TBMH (peqb HneT O uen11aroBa1IbBh!X M8TpHqBhlX aneM0BTax onepaTOp0B aneJtTpHqecltoro H 

MarBHTBoro JtBanpynonbBhlX MOM0BTOB Hnep). 

B aeonaoponaoM aneKTpHqecKoM none a BhtpaJKeHH!IX nllll :w(ii) H e(n") nOHBn!llOTCSI 

cnenyromHe qneabl: nnH W (n) - Tnna 

d'. 0 Ea I :J' (2k) 
2k ox A xx =O apy ... 8 n A n /3 n,y ••• n 8 

d". oEa I i/lk) 
. lk ax/3 xf3~ my ••• 8 nan pnv n,cn,y ... nlJ (12) 

d~i aEa I p C2kl 
ax/3 X p=O a,6y ••• lJD,y ••• nl) 

(21<) 

; d"" ~ I P. n n n ••• n 
2kax. x,:;=O f;Xy •. 8 a A y 8 

p p 

H IInll e (n) THna 

(lit+ I) 

d'· 
2k+I 

~I Papy ... , 
OXA xA=O 

n Xnf;n,y _ ... n 
oE (2k+.1) 

d"· __ a_ I 'J, n n ,.n n, n ••• n 
:ll.+1 ax/3 x13=0 VI\Y·•· • at-' V I\ ·Y l 

( 12') 
oE (2k+I) oE (:ll.+I) 

d"~- ...::.= I 'J ,:. n ••• n ; d "~~ ...::..:::.lL. I !J\,. n n , n ... n 
2k+I OX xt3=0 Ut--Y••• l •y £ 2k+I ax f3 x13=0 "f-'Y•••< a A •y l 

aE f3 
3necb __ a I _ - KOMIIoaeaTbI qrad:E B ToqJte uaxoJKneBn!I Hnpa. B aTOM cnyqae 

ax xa-o a 
KOHCT8BTbfdkc,,,,, ,,~, ,,,,,Bblp8JK8IOTCSI mrneiiuo yJKe qepe3 npHBeneHBbl8 M8TPB'!Hbl0 Bll8M8HTbl 

onepaTopa KBanpynonbHoro 31l0KTpH'10CKOro MOM8BTa, KOTOPbie_ onHCblB8IOT E2 - nepexonbl 

Me>Ki!y CM8ll!BB8IOmHMHCSI COCTORHHS!Mll. 

0TM0THM, '!TO B aeonuoponaoM aneKTpaqecKOM none, npH CM~mHB8BHH _nepeXOJlOB OllHH8KOBOII 

MynbTHnOnbHOCTH, nO!IBml8TCSI 38BllCHMOCTb nonuoll aepOSITHOCTH nepeicona OT KBanpynon!lpH38llHH 

Hnpa B HaqallbHOM COCTOSIBHH. OnnaKo KaK H paabme, 9TOT sq,<j,eKT no BennqHHe nonJKeH HM8Tb no

PBIIOK ~03,P<j,HIIHeHTa CMemHB8BHSI H nOSTOMY B cnyqae MepHblX nepexonoB npa1tTH'18CltH ne aa6-

ll88M. 
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l 
I 

~r 
i\ ' . 
~ 
I 
i 

' 
I; 

:,, l;:i ,, 

ii 
r 
l 
{ 
'/. ·, 

"' ·\ 
.I 
1' 
·I 

: J 
ii 

.I, 

i 

)i' 

ITpa noMemeaHH snpa B ueonuoponaoe MarBHTHoe none HHTep<j,epeannoaable ~<j,<j,eKTU na

nyT Bl:llan B yrno»oe pacnpeneneune H HHPKYIIHPHYIO no1111pH3anHIO nanyqeHHSI, B03HHJt8IOmHii 

H3-:38 qneHOB B W(if") THna 

oH C21<> . 
f = _;__a_ I 'J ~ e ,:,._ n n n ••• n ~ 

2k OXp x13=0 J/Y•••P t-< a l •y u 

( 13) 

f' oHa 1·· !fca> e 
2k OX/3 x{JO a,y ... lJ p~ Bl•••• DlJ 

r;,o~I p<::i.> 
OX f3 X p =0 f3y,.,l)e ay< n, ••• n 8 

f'~' 
n 

oHa I 'J (:I<) 

O X/3 x13=0 vy ... [) e a{i n l nv ... na t"" oHa I "'c2" > 
a. - J e ax~ x,;=O vy ••• 8 av, n {11, ••• n 8 

,o p . 

a B t(n) Tlma 

oH (2k+I) 

al 'J ~e 
21<+ 1 0 Xf3 x13=0 .. y ... u aye n, n/3 ••• n 8 

; f'. oHa p<lk+ 1) 
n+1ox13 lxf;=O '>'•·8 e13~ na !I, ... na 

f" 

(2k+I) 

~Ix -o'J8y ... _vepacn8 n, ny 
o x13 fT ·- n" 

. f"' oHa · (2k+ I) 

' 2-1<+1--I P e,:; n ax f3 xp=O ay ••• v t,-}"' l 

(2k+t) ,,,, a H 
f2k+l.::..:.:a....lx =O':ff3y ••• v'-eay< n, ... nv • 

a X p /3 

( 13') 

•·• nv 

Ha611rona11 HBTep¢epeanHOHHbl8 a<j,<j,eJ:Tbl, MOJKHO B npHanune onpenenHTb npHB8A0HBbl0 

M8TpB'IBbl8 aneMeHTbl onepaTopoB MYllbTHITOllbBbIX MOM0HTOB, a TaKJKe aepoHTHOCTH: COOTB8T 

CTByIOmHX nepexonoa MeJKny• cMemHBaIOmHMHCSI YPOBHSIMB. 

§ 4. HaTep<j,epeBIIHC>l!llJ,10_ a<j,_p_eK'l"bl__ B _aTo_MH_blX_ m:,pexonax 

Mbl BHIIellH, '!TO B S11IepHbIX •Y - nepexonax B cuny oqeab cna6oro cMemHBaHH!I ypoB-

neii HBTepq,epeHnHOHHbie a<j,q,eKTbl MOryT na6nronaTbCR IIHWb 6naronap!I cymecTBOBaBHIO 'Me

xaHH3MOB ycHnenaH'. Hnaqe o6CTOHT neno C aToMaMH, noMemeHHblMH B MarHHTHOe none H 

3necb YJK8 caMO CM8WHB8HH0 ypoBHeii, ooo6me roBOPSI, ae Mano H HHTepq,epelIIlHOHBbl8 a<j,

<j,eJtTbl nonlKHhl oouapyJKHBaTbCR He3aBHCHMO OT Toro, cymecTByeT HIIH aeT 'MexanU3M ycHne-

HHSI'• 

8 K8'10CTB8 npuMepa paCCMOTpHM nepeXOIIbl M8JKnY ypo~HRMH' aTOMa C onnHM BHemHUM 

8110JtTpOBOM, npennonara!I nn11 npoCTOTbl, '!TO cnan 11npa paBeH uynro. 

CxeMa ypoBHell TOHKOii cTpyKTYPhl TaKoro aroMa H3o6paJKeaa ua puc, 2. MarHHTHoe 

none, KOTopoe MOJKBO cqaTaTb c11a6b1M, CM8WHB88T nonapno K8K YPOBHU (J+ 1)
4 

H J+ 

TaK H ypOBBH J- H (J - 1 ) • Hnrep<j,epeunHOHHbl0 s<j,<j,eKTbl HM8IOT M0CTO . B KHJKnOM 

H3 nepexonoa MeJKny »epxaeii u BHJKaeii rpynnoii ypo»aell. Ta1t, uanpHMep, npH cyMMapo»a

BHH no BCeM oeeMaHOSCltHM KOMnoaeHTaM KOB8'1HOro COCTOSIBHSI B BblpU~eHHU nn>1 yrnoBoro 
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pacnpeneneHHll R IIRPKYllllpHofi IIOAllpR38llRH H3Ay'leHRll OT nepexona,.conpoBoJKAaromerocH 

ncnycKaHR0M q,oTOHa aHeprHR ·w l - W a I IlO!!BlllllOTCH qnem,..X
1 

W'(n) ~ _ 3P2(cos0) [v' U + 2)(J+3)( 2J+ 5) S'a -v'~ S\]~v'-L- x 
5. 4rr (J+ 1) 2(2J+l) (J+l) W1-W2 2L+l 

(14) 

x S(U + 1)+ ,J-;w
1
-w 1 )S"U+,J-;w

1 
-·w,) . 

Q((J+l)+,J-,W
1
-W

3
) ~ 

(14') 

('(;-);.- ~[-v'_J_ +v'J(J+2)(2J+5> p 1 3µ 0 Hv L 

4riW(iij J+l 0+1) 2 (2J+l) 
2 

W -W 2L+l 
I 2 

S(0+ 1)+,J..-,W, -W
3
)S"if,t;w,1'1.) 

+ ~ , 
Q <U + 1 > ,J , w 1 -·w ,> 

3nech 5\ P2 p 8 - nonllpH38llROHHbl0 MOMeHTbI .HaqanbHOro COCTOSIHRSI, onpene-

llll0Mbte xapattTepoM 3aceneHHOCTR ero 3eeMaHOBCltHX KOMIIOH0HT, ·w(ir) - yrnoBoe pac-

npeneneHR0 <POTOHOB, µo - MarHeToH Eopa, a 
+ -s0
1

,1
2 

,w) 

MarHHTHbIX ttBaHTOBblX 'IRcen MaTpH'IHhtfi anei«eHT nepexona o: ➔.1;> 
+ -

-, He 3aBRCSlmHJI OT 

C HCnyCKaHHeM 

q,oToHa aHeprnu w • Benn'IHHa S(J.
1 

,J 2 ,W) CBSl38Ha C IIOllHOJI B0pOllTHOCTblO 

( + - w 
Q J 1 ,J 2 ' ) COOTBeTCTByromero nepexona COOTHOW8HHeM Q = Is 12 

113 HHBapHaHTHOCTH aneKTpOMarHHTHblX B3aHMonellcTBHll OTHOCHT01IbHO onepannH o6pameHHll 

BpeMeHH MOJKHO nerKO Il0K83Tb, 'ITO B 6opHOBCKOM npn6nnJK0HHH BenH'f.HHa 

+ - + -
S((J+l) ,J ,W 1 -W 8 )S*(J ,J ,W 1-W

3
)llBJUl0TCl!AellcTBHTenbHOll H II03TOMy HHTepq,ep0HIIHOH-

Hb10 aq,q,eKTbl o6SI3STenbHO HM8IOT MeCTO; 'IT06bt HallTH 3HaK 3TOll B0llll'f.HHhl, Heo6xoAHMO 

BOCIIOllb30BSTbCSI KOHKp0THOll MOA0llbl0 aToMa, Y'IHTblBSll npaBnna cy_MM, Mb! MOJKeM CBll-
S((J 1)+ - · . + -

aaTb 1+ ,J ,w,-w.)s•u ,T ,w,-Wa)lco 3Ha'leHHeM op6nTanbHOro MOM0HTa 
Q((J+))+r ,W -W 8 ) 

SToro nnll I W ( n ) I n . I ('(ii) I nonyqaroTcll BhlpaJKeHH>I 

L , TTocne 

IW'{it)I =I 2__1_ [v'U+2)(J+3)(2J + 5) 
5 4,, (J + 1)2(2J + 1) 

:J' -v'(J+2)J :J' ] '¥oH V 1 2(cos20-11 
3 (J + 1)2 1 W 

1
..;W

2 
(2L+ 1)(2L-1) 2 J (15) 

H 

IC'<ii'>I =I--1-[v' JU+2X2J + 5> ·p2 -v'-1-1 ~ v' 1 cos0 I 
4rrfl ".rr) U +•1) 

2
(2J-1) J + 1 W 1 -W2 ( 2L+1)(2L-1) 

( 15') 

x/TTpn BbIBOAe BbtpaJKeHHll (14) n (14') C'f.HTanOCb, 'ITO MaTfllllla IIllO;"HOCTH Ha'lanb
Horo COCTOSIHHSI nnaroHanbHa B npencTaaneHHH, AllSI KOToporo OCb KBaHTOBaHHSI Hanpaane
ua no BHernHeMy nonro. 
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3aM0THM, 'ITO Bblp8lK0HRll ( 15) R ( 15') H0 conepJKaT qneHOB, CBll38HHb!X co CM0WRBaHReM 

ypoBHell J- H (J - 1 )- 1 IIOCKOllhKy nepeXOA {J + 1) + ➔ (J - 1 f SIBlllleTCll npaKTR'leCttR 

aanpemeHHhtM, 

PacCMOT_pHM HeCKOllbKO qacTHblX cnyqaeB. TTyCTb .B036yJKAeHHbtll STOM .He IIOJlllpR30BAH, 

T,e. 'Bee· -.P 1 , · P 2 , Pa paBHht aynro. Torna H3 ( 15) R ( 15') cnenyeT, 'ITO cMemnBa• 

HH8 YPOBHell IIpHBOART K IIOSIBll8HRIO numb llRPKYllllpHofi nonnpn3aUHR R3ny'l8HHll H HHKSK He 

CK83blB8eTCll Ha ero yrn~BOM pacnpeneneHRR. Ecna Bo36yxmeHBhlfi aT~M, HaXOIIllmallcl! B 

COCTOllHHH C MOM0HTOM J ~ l /2,nonllpR30BaH, T.e. p I I, 0 p 2 = P2 = 0 , TO R3 

(15) BHABO, 'ITO yrnoBoe pacnpeneneaue R3ny'l0HHH TSKoro STOMS l!BnsreTCll aHH30Tp0IlHblM, 

Torna K8K BblCBe'IHBaHH0 aTOMa B TOM JK8 COCTOSIHHH B OTCYTCTBH0 nonn naBano 6bl H30-

Tponaoe HanyqenHe. 3aMeTRM eme, 'ITO B naaellHOM no H npH6nuJKeHRn nonaaR B0p051T

.HOCTb paCCMOTp0HHOro Bb!W8 nepexona ne 38BHCHT OT nonSI, 3TOT pe3yllbTaT RM00T o6mee 

3Ha'1e11He: MOJKBO noKa3aTL, 'ITO 38BHCRMOCTb nonHoll B8pOSITHOCTH nepexona OT H noHB-

llll0TCSI TOllbKO npn CM0WHB8IIHH ypoBHefi KOHe'll!oro COCTOlll!Hll, Tax, aanpHMep, Allll nepexo-

na c ncnycKaaneM q,oToaa aHeprnn -W 2 - W 3 
nonaall B8pOSITHOCTb naeTCll BblpaJK0HH0M 

Q'{W 2 -W 8 )= Q(J+ ,J- ,W
2

-W
3

)[1+ _g_~(L-l)y2L+l] 
2L-1 W

3
-W 4 2L-1 

(18) 

JfoneHHSI, paccMOTp8HHbie Bblme, HM8IOT _M8CTO H B cnyqae cMelllHBSHHSI KOMnoueaT 

CB0pXTOHKOfi CTpyKTYPhl, TToCKOllbKY CBepXTOHK00 pacmenneHne Mano, HHT0ptjlepeHUHOIIHb10 . 

sq,q,eKTbl MOryT 6btTb 0'18Hb CHllbHb!MH naJKe B cna6btX non,ix, He npHBOASI COOTBeTCTBYIO

m11x o6mnx q,opMyn, OTM8THM, TOllbKO H0CKOAbKO xapaKT8pHb!X o6CTO!IT8nbCTB, 

a) MoJKeT oKa3aT.bCll, 'ITO mHpHHbl CB8pXTOHKHX KOMnOH8HT cpaBHHMbl C pacCTOlI

HHSIMH M8lKAY HHMH. B 3TOM cnyqae CM8111HBSHH8 ypoBael! 6yneT aaBHC8Tb TaKJK8 OT nx WK

p,ra. EcT8CT58HHO, 'ITO npn paCCMOTpeann ll/l0PHb!X nepeXO/lOB K TOHKoro pacmenneHHSI Ta

Koll 3a13ncHMOCTblO MOJKHO 61,mo npeue6pe'lb; 

6) DpennonOJKHM nnn onpeneaeHHOCTH, 'ITO cnnu SJApa paBeH 1/2, TTycTb nonab!R MO

M8HT aneKTpOHHOfi o6ono'IKH aaqanbHOro COCTOlIHHSI paBeH 11ynro, KOHeqaoro - enunnne. 

B 3TOM cnyqae MarHHTHOe none CM8WHBa8T TOnhKO ypOBHH Koneqaoro COCTOlIHHlI, Torna B 

nepexonax C q,nKcnpoBaHHOfi aHeprnel! 6ynyT ua6nIOA8TbClI HHTepq,epeHilHOHllbl8 aq,q,eKTbl, HC

qe3aro111ne npu cyMMnpoBaann no BCeM KoMnoaeaTaM cBepxTouxoro pacmennennn, TTocnenaee 

OO'bllCHSl8TCSI TeM, 'ITO HHTeptjlepellllHOIIHb!8 qneHbl, CBlI3aHHb10 C KaJKnoR H3 KOMIIOH8HT, onn

HaKOBb! no B8lllI'IHHe H npoTHBOnonolKHbl· no 3118Ky. 

PaccMOTpHM 'Tenepb o6paTHhtfi cnyqafi, Korna MOME!HT aneKTpOIIHOfi o6ono'IKH Bepxaero 

COCTOSiann paBeH ennanue, HIIJKHero - 11ynro. B nepexonax c q,nxcupo_Baaaofi aneprnell cuoBa 

HMelOT MeCTo IIHTepq,epeHUHOHHbl8 3<P¢eKTht, HO npn ycpenaeuun no CBepXTOHKOll CTPYKType 
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oaa acqe3aIOT TonhKO npH OllHHBKOBoA 3aceneHaocTH cMemHBa10II!Hxca ypoBHeA. Ecna cBepx

Torui;oe pacmenneHH0 npHCyTCTBY0T B OfiOHX COCTOHHHHX1 TO B03HHKaIOT H0CKOnbKO 6onee cnolK

Hbl0 51Bn0HH51, KOTOpbI0 MOlKHO paccMOTp0Tb aaanorH'IHblM o6pa3oM. 

B) B npe/lblllYmeM nynKTe none npennonaranocL cna6bIM. EyneM TenepL C'IHTaTb, ~TO 

OHO nocTaTO'IHO nenHKO nnH Toro, 'IT06bl pa3opBaTb CB513L M0lKJ:lY anepHbIM cnHHOM H aneKT

poHHOA 06ono'1XoA. B 8TOM cnyqae anepHbIA cnHH HHKaK He BnHH0T Ha noBep8HH0 aTOM8 H 

HM8IOT _MecTO p8CCMOTp8HHbl0 BWID0 HHT0pq>epeunHOHHbl0 51Bn0HHSI, CBH38HHbl0 C TOHKOA CTPYK

TypoA. 

noc1:onbJ:Y aq,q,eJ:Tbl OT CM0IDHBaHHll' CB0pXTOHKHX KOMnOH0HT ( B nonax npH KOTOpbIX eme 

MOlKHO roBOpHTL O CBepXTOHKOA CTpyxType) Maoro 6onbme aq,q,eKTOB OT CM0IDHBaHH51 TOHKHX 

:1:0MnOH0HT, TO H3 CJ:a3aHaoro Bb1ID0 cnenyeT, 'ITO npa µ H 1 cpaBHHMb!X no B0nH'IHH8 

co CBepXTOHXHM pacmenneuaeM, HHTepq,epeunHOHHbI0 51Bn0HHH 6ynyT oco6eHHO CBnl,HblMH. 

Mb! BHnena, 'ITO HHTepq,epennHH nepexonoB onaoro Tarra B onHoponHoM MarHHTIIOM none 

MOJK0T llpHB0CTH K 3aBHCHMOCTH nonHblX B0pOHTHOCT0A nepexonoB C q>HKCHpoBaIIHOA aIIepru-

x/ 
eA OT nonHpH38IlHB aTOMa B Ha'lanbIIOM COCTOHIIHH, rrpH'l0M 8TOT aq,q,exT nOHBnHeTCH nHmb 

npH CM0illHBaHHB'. ypOBHeA KOII0'1IIOro COCTOSIHHH. AHanorll'.'IIIaH 38BHCHMOCTb 6yneT· 'HM0TL 

M0CTO B'. nna Bp0M0HH lKX3IIH 'aTOMa B Ha'lanbHOM COCTOSIHHH, uo; KaK BH/lHO H3 TTpHJIOlK0HHll 

E, TOnLKo B TOM cnyqa-, Korna aenL3H npeae6pe'lb pa3JIH'IHeM B aIIeprHBX nepexonoB na 

CM0mHBaIOmHec51 ypoBHH. 

OcTaHOBHMCH BKpaTue H8 H3JIY'l0HHH 8TOMOB B onaopoAHOM 8JI0KTPH'l0CKOM none. B 8TOM 

cnyqae -MoryT cMemaBaTLCH nepexonbl El H Ml , nH6o El H :E2 C HcnycKa-

HH8M q,oTO~OB pa3HOA '10THOCTH. nocKOJihKy nepexonbl .E2 H Ml CHnbHO nonaBJI8Hbl 

no cpaBaeHHIO c El • nnaeAHbl8 no non10 HIIT0pq>epeunHOHHbl8 aq,q,eKTbl o6b!'IHO HC'le3aIO-

me ManbI• npyroe ll0JI01 ecnH HM00TCH TpH 6nH3XHX ypOBIUI C '10peny10mHMHCH '18THOCTHMH. 

Bo BTopoM nopH/lK0 no BH0IDH0MY non10 ypOBHH 0/lHHaKOBOA '10TIIOCTH oKaJKYTCH cMemaHHblMH 

npyr C npyroM, qTO MOJKQT npHB0CTH K noHM8HHIO 3aM0THbIX HHTepq,ep0HI!HOHHblX aq,q,eKTOB. 

B K8'10CTB0 llpHMepa yKaJKeM Ha nepeXO/lbl B aTOM0 Bonopona C ypoaneA 3S½ 3P ½ 

3 D s/2 Ha ypoB0HL 2P ½ ( CM. pHC. 3). 

B aneKTpH'l0CJtOM none .IC COCTOHHHIO 3 s ½ npHM8mHBa8TCH COCTOHHH8 3 D 3/2 • BBn-

ny MaJIOCTB :w I -·11 
2 

B ·11
2 

-·11 3 npHM0CL MOlK0T OKa3aTLC51 3Ha'IHT0JILHOA, IloaTOMY B ne-

pexone · :1 1 - ·11 , 6ynyT ua6monaTLCH HHTepq,epeunxoHHble aq,q,eKTbl. 

x/ 
HanOMHHM, 'ITO Mb! paccMaTpHBa0M BepoHTHOCTH nepexonoB, npocyMMHpoBaHHbl0 no 

BC0M 300MaBOBCKHM KOMnOB0HTaM KOB0'1HOro COCTOHHHSI• 
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nPHnOX<EHHE A 

PanuanHOHllbl8 nep_exonbl KBall'.TOBblX CHCT8M BO Bll0illH0M MarHHTHOM none· 

~ 

TTpxneneM o6mxe Bblp'aJKeHJUI Anll llHT8pq,epe111u10HHblX sq,q>eXTOB B panHanHOHHblX nepe

xona~ ~;OMOB x nnep, xorna nnemaee nono cMemuaaeT yponnu nH6o Ha'lan&noro, nH6o xo

aeqaoro COCT051HBA. 3TH Bblp8lK8HH51 npuronHbl nna OUHC8HH51 aq>q,eKTOB xax B aTOMBblX 

(unTepq,epeunua .El -,nepexonon), Tax H B ,inepHblX (nHTepq,epeunHil EL u ML t.1 

nepexonon) CHCT8MaX. 06paTHMCll K Cny'1a10, xorna BO BH0illH0M none CM0illHBalOTCll YPOBHB 

TOJibXO na'lanLHOro COCTOHHHB (pHc. 4, j 2 ,/ j a ). Ecna B oTcyTCTBH0 no= CHCT0Ma Haxo-

nnnacL B COCTOHHHH i2 TO BHT0pq>epeunHOHHbl0 aq>q>eKTbl B nepexone C H3ny'l0HH0M 

XB8HT8 aaeprHB :w 2 - 1i I OnBCcb!BaIOTCSI CJI0llYIOillHMB q,opMynaMH : 

QI a 0, 

. <" 11 11 · >* ·w•(;) = I _l_ H !J'fp J (cosO). 2Re. l 2 µ l 3 x 
fxeq. 4" ·w a - ·w 2 

.1=f ± do 

( IA) 

x[S1<i2,i1 ,w2..;.W1)S~O.,iJ'Wa.:w 1> 

Q{j 2 ,j I 'W2 .:w I ) 

a'(l,J)+ s,02 ,J ,;112 .;w ,)SjGs,i,,Wa..;.wia"(!'.,J)], 
Q(i 2, i 1 ,·w 2.:w ,> (2A) 

e'(;) = I -. _1_ H!l'f P., (cos0),2Re<j2flµHia>* X 

fqeT • .4n'W(n) W3 -Vi;a 
J•ft_l >o 

(3A) 

x[S1<J2i ,,·w2.:w,)~Oa,i1,li2 - w I) b'(f,J)+S1(i2,j1;w2.:w,>~,o;,i;W2..;.wt\,,(t,J) 

Q {j 2 ,j I ;W2 .:w I ) Q{j 2 ,j I ,'W 2 -·w I ) 

rne ·'ln0Hbl C a" ( f, J) H b" (f, J ) naIOT BKnOll OT HHT0pq>0p0111!HH :EL+ l(ML + 1) -

,nepexonoB j ➔ j , j ➔ j 1 8 'ln0Hbl C , a' (f I J ) H b' (f,J ) - BKnall OT HH-
2 I a I 

Tepq,epeunuH ELI- l{ML+-1) H ML(EL ) - nepexonoB, SI ( j 2 , j I ,'W") - npHB0/l0HHblA MOTpH'IHbIA 

aneMen-r, OllHCb!B8IOmHll EL + l(ML + 1) - nepexon j 2 ➔ j I C H3ny'l0HH0M KBOHTa aaep;.. 

rnn 11 , S
2 

(j 
3 

,i 
1 

, W ) - TO }1{0 nm1 ML (EL ) - nepexona j 
8 
➔ j 1 , QI - BKnal! 

OT HHT0pq>epeunuu B nonnyro B0p0SITHOCTL, 8 BC0 OCT8IlLHbl0 o603Ba'l0HHSI npnBell0Hbl B 

T0KCT8. B Bb!pai,ceuunx (2A) H (3A) cyMMHpoBaHH0 npOH3BO/lHTCSI no f .~ 2j 2 

Koaq,q>HUH0HTbl a' (f I J ) , a" (f I J) 1 b' (f ,J) n b"(f ,J) HM0IOT BHll: 
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a'(£ J ) - 12-I I - I • - (-1) 
JO 

(2i+ 1)(2j + 1)(2L+ 3)C _, W(lj ,Ji ;j f )x 
a loco 2 2 a 

Jo· ---- JO 
W(j L ,j L+·l ;j 1J)[yL(2L+3)W(L+lL,L+lL+l;Jl)C +y(L+lX2L-l}W(L+lL,L+lL-l;Jl)C l 

8 2 LHOL+IO L+IOL-10 

12-1, 2 
a'tf.J) =(-1) (2L+ 3) (2j 

1 
+ l)y(~ + 1)(~ +1}W(L+1,L+l,L+l,L+l;Jl)l'Qj

3
,f~;bl) x 

fo JO 
X ·w O 3 L+ 1, j 2 L+l; j ,J) C JOIO C L+!OL+IO J 

12-lcl 
btf,J) =(-1) (2f +1)(2j 

1 
+1)(2L+1)(2L+3)W(L+lL, L+lL; J l )x 

JO JO 
x wc1;2,Ji,; i,flWGaL,i2L+1; i,J>cLoL+1oc10fo • 

I -l 
b"(f ,J )= (-1) 2 l 

H H fo 
(2j

3
+1)(2f+l) (2J+l) (2L+3)WLJj

3
,fj

2 
;j

2
l)C.JOIO 

JO 
W (j 3L + 1, j 2 L+l; j 1J )[ y(L+l)(2L+5) W(L+l, L+l, L+2, L+'1 ;Jl)C L+ICL+•o + 

JO 
+ y(L+?.)( 2L+ 1) W(L+ lL+ 1, LL+ 1 ; J l)C L+IO LO] , 

(5A) 

(6A) 

(7A) 

r11e W (j 1i 2• i a i, ; i 5 i 6 ) 

/1 / 
- KOS<p<pKUH0HThl PaKa By11erA Te11eph C'IHTBTh, 'ITO 

11,mrHHTHOe none CMewnnaeT ypoBHll TOllhKO KOH0'IHOro COCTOHl!Hll ( pHC. 5). B 8TOM cnyqae 

HHTep<jlepeHUHOHHble 3<p<peKThl Jlllll nepexona aaepr1m W l - W 
3 

/18IOTCH Bblpa>KeHl!llMH 

Q H"' 2R <J 21lf'.lli,>* s c· · w ·w )s*c· · ·w w > 
,=aoJI e ·w -·w 1lida•1-a 1 1 1•12• ,-a' 

2 3 

<j 11,,11 i > * s o ; , w -W > S* G · w -W > ·w• (ri') = l: ..!..-Hp f p J ( cosO) 2Re 2 . a X l I. 3 I 3 2 I ,J ~ l 3 a(f, J) + (8A) 
faeq. 4:r w -w Q(j , j , w -·w ) 

J =f_-1,..-J ,/ O 2 8 l 3 l 3 
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+ l: 1 f
80

q. -:.; HPt PJ(cos6)-2Re<i2lll'lli 8 > * 

"J=t t..1=!0 W 
• 2 -:w a 

S1(;1,i,,:w ,..:w,)s;G,½Wt..;.w,)a /f,J) • 

Q(j,,J, ,w, ..:w,) (9A) 

~•(;;) = f l: ___ 1 _ H Pl p (cos0)2R/iJl,4li 8 >* S 1 01,i 8 , W1 ..:w3 )S~GAtW ..;.w ) 
'IeT •. 4:rW(if) J w ..:w QG J w ·w )· i a b(f,J) + 

;s =ft.i>o 2 8 1 • a • 1 - a 

+ l: 
f 'IOT, 4:r W(;) 
J=ft_l>o 

(JOA) 

HP f P J(cosO)· 2Re_<j2 lll'llia>* s, 0, ,i, ,Wt ..:wa )~ G1,i2 ,W ,-w,) b i (f,J) • 

·w 2 -:w a Q (j i • i a • w 1 ..;w ~ > 

rne CYMMHpOBllHHe B nepBblX CYMM8X Bb1pa>Ke11Hll ('SA) H (9A) aeneTCll _B npenenax 

0.-:5.f .-:5_min(2J 1 ,2L+2) , a 110 nTophlX - B npenenax 0.'S,_f .'.5_min(2j 1 ,2L+3). 

l<o:3q)'PHUH011Tbl a,(f,J), ao(f,J),a(f,J), b(f,J) • b,(f, J)aanHCblBBIOTCll B BHne: 

l2-J
3

+f+ L -J 

a
1
(f,J) = (-1) 

H H 2 
(2j

2
+ 1) (2j 1 +1) (2f+1)(2L+3) x 

( l lA) 

JO JO 
X}: (2;,+l)W(J,i2,fL+l;pjl)W(jlj2,L+ll;pj a>W(lf, L+lL+l;Jp)C!Cio CL+lOL+IO X 

!1 1 -1 2 1-'~.P.S-_L+ 2 

x w (L+lL+l, L+lL+l,Jl), 
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a o = a I (1,0) 

12 -1 3 +L -p 

}: (-1) 
Ii li 

(2j 2 +1) (2j
1

+1) (2p+l)W(j
1

,J 2 ,1L+l;pj
1 

)x 

111 -12l~f .<;;.L+ 2 

( 12A) 
x W(j 

I 
j 2 , L + 11; pj 

3
), 

a(f,J) = (-l)l2-
1a +f-J + L 

Ii 
· (2j 2 + 1) (2jl + 1) Ii (2f+ 1X2L + 3) W(i,,J • .lL+-l;Li-lJ,) x 

(18A) 

JO 
xWCJ,i a•L· 1; Li+l j 2)W(lf, LL+l ;JL+l) c,ofo h/L(2L+3)W(LL+ 1, L+lL+l;Jl) x 

JO JO 
x CL+IOL+to +t y(2L-1XL+l) W(LL+ 1, L-lL+l; Jl) CL+IOL-to ] , 

•b(£J)-( 
1
2-l 8 +f-J+ 

' - -1} L 
½ Ii 

(2j
2 

+1) (2j
1

+1} (a'.+1X2L+1X2L+3)x W(j 1j
3

,fL+l;L+lj
1

)x 

(14A) 

JO JO 
X W(i1i3 ,Ll; L+li2)•W(lf ,IL+l; JL+l}W(LL+l,LL+l;Jl)C1ofocL+lOLa 

J 2-J+L+f-J ½ Ii 
b ,(£ .J) = (-1) 

3 
(~j 2+1} (2j 1+1) (2f + 1)(2L + 3) x 

JO ( 15A) 
x }: (2p+l)W(j 1 j 2 ,fL+l,pj 1 )Tl(j

1
J 2 ,L+ll;pj 8 )W(lf ,L+1L+l;Jp)C

10
fo x 

l1,-12l~p SL+2 

JO JO 

x[ y(L+ 1X2L+S)W(L+ lL + 1, L+2 L+ 1; J 1 )CL+toL+ ~ +y(L+2X2L+ 1) W(L+l L+l, I+ lL,Jl)CL+toLo ]. 
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IlPl-fnO)KEHME 6 

TToKaJKeM, qTo ecna'npeae6peq& pa3naqaeM B aaepraax nepexonoB c neKOTOporo ac

xonuoro ypoBHH na CM8WHB8IOWH8CH ·ypoBHH, 110 cyMM8 BepOHTHOCTell nepexonoB ne•, conep

l!CKT BHT8pq>epennHOHHhIX qneHOB lI paBH8 cyMMe, B8pOHTHOCT8l! nepexonoB B OTCYTCTBHe no

nH. llmt npo!='fC>Thl paccMOTpHM cnTyanuro1 npencTaanennyro aa pnc. 6, xorna nnemaee none 

CM8WIIB88T 0ypoBHll ltOHeqnoro COCTOHHHH 12> B I 3> • Bo BH8WH8M none BepOHTHOCTH 

nepeXOAOB paBHhl 

·H 

Q(l,2,·E1-E2) = IV2al2 Qo(l,2,E1-E2) +· 
2 2 

IV2al +(E 2-·w2 -v22> 

v;a (E2-W2 -V22) 1, · ) *(1 3 'E 'E ) +2Re-=---=-.,,;:__;.c__ S( 2,E 1 -E 2 S , ,. 1 -- 2 + 
I v 2a I 2 + (E 2 -w 2 - v2l . 

+ 

2 

C:E 2 -W 2 - V 22) 

1v2al2+(E -w -·v )2Qo(l,3,E -E > 
2 2 • 22 I 2 

2 

Q(l,3,:E
1

-:E
3
)= IV2I Q 0 (1,2,E -E 3 ~+ 

2 . 2 I 
1v2al +(Ea-w-2 - V22) 

(16) 

(2B) 

v; (E -W -V ) (E - W - V ,2 
+ 2.Re 8 8 2 22 S{l 2, E - E ) S" (1 3 E - E ) + 3 2 2

2' x 
2 . . 2 ' 1 3 '' l 3 2 2 

IV
28

l + (.E
3

-W2-'V2J IV 23 l + (E8 -W 2-V 2J 

x Q O (1,3,:E I -E 8 ) , 

3necb .E I ' E 2 • ' :E 8 - aueprHH B03MymeHHhlX CT8IUIOH8J)HhlX COCTOHHBil: 

(86) 
:EI WI +·VII ' 

:E = ·w2+·v22+:wa+·vaa + v'<w2+·v•2~·w,-·v .. )•+ IVul2 • 
~3 2 -

(46) 
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" a v 11 - MaTpa•mble SJieMenn1 onepaTopa ooai,,:ymemrn ·v • C1ma.i:u,masr ( IE) 11 (2E). 

n npene6pera11 pa31tH'DteM xax Q 0 (1,2,.E 1 -:E 2 ) JI Q0 (1,2,:E 1 -:Ea) , Tax 1r 

Q O ( 1,3, .E 
1 

-.E 2 ) n Q ( 1,3, E 1 -:Ea ) , nocne npocTblX 11peo6pa30BaBl[l1 Mbl llO/IY'l49M 

Q(l,2,E 1 -E 2 ) + Q(1,3,E 1 -Eg) = Q 0 (1,2,E 1 - E
3

)+Q 0 (1,3,E
1 

-E
1

). (
5
E) 
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