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B nocne,nHee ,ll8CHTHR8THe npH OilHCaHHH CTPYKTypu ~pa illHPOKO 

HcnonbayeTcH nonyMHKpOCKOnHqecKaH CBepxTeKyqaH MO,ll0Rb aTOMHOrO 

~pa, HHT0HCHBHaH paapa6OTKa KOTOpOll Haqanacb nocne pa6OT B.r.co

noneBa/1/ H C.T.EenHeBa/2/. CBepXTeKyqaH MO,ll0Rb aTOMHOro H,llpa, 

KaK BnpoqeM H B8Cb nonyMHKPOCKOnHqecKHR IlO'AXO.ll, BO3HHMa B peaynb

TaTe 'Cl1HTeaa MOl!lHUX MaTeMaT11qecKHX M8TO,llOB 11 HOBblX g/113HqecKHX 

11,nell. Eonbmy10 p01lb Bee OO3,llaHHH 11 pa3BHTHH curpan11 Teop1111 CBepx

TeKyqecTH/3/, CBepxnpOBO,llHMOCTH/4 , 51, TeopHH @epMH-lKl1,llKOCTl1/6/. 

Enaro,napH HM 6una IlOIIHTa l1CKmoq11TeRbHaH BalKHOCU napHblX KOppenH

UHli CBepxnpOBO,llHlllero THna B ~pax/7/, a OO3,llHee, 11CilORb3YH MeTO,ll 

np116n11lKeHHoro BTOpHqHoro KBaHTOBaHHfl/3/, y,nanOCb yqecTb ,ll8RbHO

,lleilCTBYIDlllYIO qacTb OCTaToqHmc H,llepHUX CHn. 

CBepxTeKyqaH MO,llenb H,llpa o6~HCHHna orpOMHOe KORHqecTBO 8Kcne

p11MeHTa1IbHIDC @aKTOB, KacalOl!lHXCH HH3KO1IelKall(HX H,11epHb!X B086yllt,llemrn/8{ 

l!le1lb B 3HepreT11qecKOM'CileKTpe· qeTHo-qeTHWC 8TOMHblX H,llep, npHpo,11y 

Bl16pan11OHHh!lC COCTOHHHli B qeTHo-qeTHb!lC H,llpax, MOMeHTU l1Hepn1111 .ne

g/OPMHpOBaHHillC H,11ep 11 MHOrHe ,11pyr11e. B nocne,11~11e ro,11u nuTaJOTCH 

pa8BHU annapaT CBepxTeKyqell MO,llen11 'A1IH OIll1C8Hl1ll T8KO11 11HeoouqHoU 11 

,ll1IH Hee o6naCTl1 KaK BO86ylK,lleHHue COCTOHHHH B61!113H aHepr1111 CBll811 

HYMOHa/9/ • 

E111e !.IHOro .HeHCHOCTeil OCTaeTcH, O,11H8KO, B CBOtiCTBax Hl13KO1!elKa

lllHX COCTOHHHil, oco6eHHO B ~pax cwep11qecKHX. Mu nonaraeM, qTO He 

Bee BO8MOlKHOCTH CBepxTeKyqeli Mo,11en11 B 3TOM OTHOilleHHH HCilO1lb3OBaHu. 

HacTOHlllaH ,llHCcepTanHH IlOCBHlll0Ha 11ccne,llOBaH1110 B paMRaX CBepx

TeKyqen MO,1101111 B1111HHHH Baa11uo,11elicTBl1H KBaa11qacTHU C g)OHOHaMH Ha 

CTpyKTypy Hl13KO1!elital!lHX COCTOHHHil B qeTHO-qeTHbllC Cg)ep11qecKHX ~pax. 

Ha nepBOM 3Tane (rnaBa I) Ha OCHOBe B3aHMO,110llCTBl1H KBaa11qacTHU C 

g)OHOH8Ml1 yq11TUBaeTCH nepeMeillHB8HHe TO1lbKO KO11110KTHBHbllC COCTOHHHll. 

3 



B rnanax Il Hill yqHTh!llaeTCH cuemITTlaHHe K011116KTHBHhlX H HeK01lneK

THBHWC COCT8llHHil. llpeAcTaBn6Hbl pacqeTbl H6KOTOPHX xapaKTepHCTHK 

2+-u 3--cocTOHHHll B HSOTonax Cd , Sn u Te H HSOTOHax c 

J{ =80,82,84. liccneAOBaHa T8Kllte ippaneHTanHH &onneKTHBHhlX H He

KOnneKTHBHWC KOMnOHeHT no HCTHHHWI fi'A6PHHY ypoBHHM (rnana Il). B 

rnane ill paccMaTpHBaeTCH B1IHHHHe B8aHMOAettcTBHH KB88HqacTHn C 

qiononau:H Ha cnottcTna 4+,6+,8+,5-,7- cocTOHHHtt B HSOTonax Sn 

H ll80TOH8X C /{ =82. 

B nepBOH rnane AHCcepTanHH {§ I) KpaTKO H8nOllt6Hbl qJH8Hqec

KHe H M8TeMaTzqecKH6 np116nHllteHHH, nelit8~He B OCHOB6 cnepxTeKyqett 

MpAenz/8/, a TaKllte o6cyll)taDTCH 11cnonD80BaBmH~CH B pacqeTax 

napaMeTpbl. KaK 113B6CTHO, raMHnDTOHHaH cqiepHqecKoro fi'AP8 B CBepx

TeKyqett MOAenH sanHChlll86TCH B BHAe: 

H = l-ls.p. + Hpa,i + Heall.• (I) 

3AeCD qepes H s.p. o6osnaqeno cpeAHee none H~a; qepes H pa.it 

CHllbl, npHBOAHIIIH6 K napHWI KOppenHnHlDI cnepxnpOBOAH1116ro THna, 8 

1-1 coll - uynDTHnonD-:uynuznonDHbl8 c11nH. Ilocne V , V -npeo6pasonaHHH 

EoronD6ona H nepexo~a K onepaTopau qioHOHOB, B npu6nHllteHHH cny-_ 

qattHUX: lp88 raMHJIDTOHHaH (I) MO:EHO npeACT8BHTD B BH~e: 

H = Hph +tlqpph = 

= L. w1ti" Q:}tl Q J.}'i - r ('(Jdz 'TL i) X 

1L!'• 1-}' t /t/l. • • 
)( [[ (-f) QlJli -I-{},__µ,] 8(J1J/1.-r) + h.c-J' 

(2) 

3A6CD Q:1"., QJ.tt• - onepaTOpbl pOSAeHHH H YHHqTOllteHHH tpOHOH8 

C MOM6HTOM H npoeKIµ!ell ;\. f"- 1 HOMepOM i H aHeprHel . cJ"A. t ; 

r(J,J2 l.L) SaBHCHT OT B61l~HHli O;!tHOqaC!rlitiHOrO MafpH'IHOrO 8l18118H!8 
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u:ynDumom,Horo onepaTopa, U ,V -Kosqiqmn11euToB npeoopasoBaHHH 

EoronDOOBa H 3Heprm1 tpOHOHa/8/. OnepaTop 8 (J,i2. i ~f-) HMeeT 

BHA 
iz+m:. + 

B(j~/~;7.Jt)==J:. (-J) <j,m,1~m,/1LJ,l>ol1.m
 ci.._m 

,,,, ml I t , /, 2. • 1 

j 

rAe '7m d.,jm - onepaTOpbl pollt]leHl1fl 11 y1rnqTOllt6Hllfl KB83111JaCTHn11 

C MOMeHTOM j 11 npOeKnHell m , 3Heprmo KOTopoU 0003Ha1JllM 

<1~m,j2m2. / n..r- >- - KosiWHnHeHT Kne6ma-ropAOHa. l!nen J-l9pph 

B (2), KOTOPLILI o6~HO npeHe6peraDT B rrepBOM npHOll11llt6HHH, OITHCbl

B86T B3aHMOAettCTBl16 KBB3H118CTHn C tpOHOHaMH. 

IlpH onHC8HHH cpeAHero nonH fi'Apa Mb! HCnO~h30B8Jlll ITOTeHnHan 

ByAca-CaKCOHa C napau:eTpaMH, B3HTWlH H3 /IO/. KOHCT8HTbl napHhllC 

CHJI G,., 11 Gt BU6HpanHcD, cneAYH nponeAY~e, onHcannoii 1l /II/. 

KOHCT8HTbl KB8ApynonD-KB8ApynonhHhlX H OKTynonh-OKTynonhHblX cun 

1lb16HpanHCD T8KHM o6pasoM, 1JT06bl paccqHT8HHble (c yqeTOM 1l38HMO'A6HCT

Bl1fl Kll88H1JaCTlln C tpOHOHaU:11) 3HeprHH 2r-- 11 3;- COCTOHHl1ii COBnaA8llH 

C 3KcnepHMeHTOM. 

C § 2 nep:aott rnaBbl AHCcepTanz11 Haq11HaeTCfl HayqenHe BllHHHHfl 

ueHa l-lq,pph Ha CBOilCTB8 HHl!tallmHX COCTOHHHll B qeTHo-qeTHblX cipe

pHqeCKHX fi'AP8X. YqecTD 3TOT qneH MOlltHO,HCnOnD8YH M6TOA paanoxe

HHH nap qiepMHOHHhlX orrepaTOPOB no 0080HaM. MB 11cnonh80BanH T6XHHKY _,, 

pa3BHTYID B/I}/, orpaHHqHBW11CD npH 3TOM npocTettmHM B8pHaHTOM, KO

Toputt npHBOAHT K noanneHHD B raMHllDTOHHaHe qneHOB He BhU!l6 Tp6TDe

ro nopHAKa no qzcny qionoHOB. TorAa onepaTop B (j,j2 ; 11.f) 

llpHHHM86T BHA: 
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j,tJ~lll l/z 
B(A;~i'"·Jt)=I.. (-1} [(211,,+J}{h2t1)] X 

'A-,jt, 
71?_µ2 
,/3 

1,-}'t 
X (-1) < ~,JI, a1 p.2 I l f > 

{ 

i'!. i'!., i!.2 

jJ/2 Ji 
+ 

X fl (J1j3 j l1f1) Jl (j~jz i ;,.2 -jtz} : 

[ 
;i, n z l 3 J 

8;ziec:& . . • ,, J-i. J3 
OnepaTopu A+ HA B (3) nweroT BH;ll: 

} X 

6/. CHMBOJ'Io, 

-1- + + -+ 

fl (j1j2; lft )= [R (j,j2, i lft )] ==,.,;/J1m,jim/TLf>1.>1;m, J../2m2 

(3) 

(4) 

H B paccMaTpHB86MOM IlOW{O'Ae cqHT8IDTCH 6O3OHHWH onepaTopaMH. 

Kor1I,a MOMeHT H qeTHOCTl> onepaTopon A+ n AB (4) paBHHDTCH 2+ H 

3-, arn onepaTopu uolltao nupaaHr:& qepea onepaTopu ~oaoHon. 

B ,§ 2 nepno~ rnanu KU HayqanH BJ'IHHHHe B38HKO;llettCTBHH TOJ'Il>KO 

KOJ'IJ'I8KTHBHUX MO'A BO36YlltlJ.8HHll Ha CBOttCTB8 2+ H 3~-COCTOHHHH B 

naoTonax Sn H Tel121. ~na aToro n 6oaoHHOM paanoxeHHH onepaTopa 

BU,J2. i iJt) (3) ocTanna1111c:& JIHm:& Te onepaTopu A+ HA, Koropue 

nueroT uoueHT n qeTHOCT:& 2+ H 3-. A nupaaaa 8TH onepaTopu qepea 

onepaTopu ~OHOHOB, MU orpaHHqHB81IHCl> TOJ'Il>KO KOJIJ'IeKTHBHWH <1/OHOHa

MH (r.e. i =I). PaccqnraHaue aaTeM aHeprHH cocTOHHHtt, KBa;zipynon:&-. 

Hue MOMeHTU H nepOHTHOCTH E~ -nepexo;zioB B OCHOBHOe COCTOHHHe 

npo;zieMOHCTpHpOB81IH J'IHm:& K8qecTBBHHOe cor11ac11e C aKcnepHM8HTOM. 
·+ + 

Cnn:&ao aanumeHHw.rn OKaaa11Hc:& aaeprHH 2~ yponHett H B(E2,~s._,. Z. 
2 
h 

3H8K Qz(2:1 COBil8'A88T C 8KCil8PHK8HTOK J'IHm:& B 50% cnyqaen. 

TaKHe peayn:&T8TU BilOJ'IHe cornacyDTCH H C pacqeTaMH ;zipyrHJC 8BTO

ponl14/, 11cno111,aonanmnx ro xe cauoe npH61IHEeHHe. 
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Bo BTOpott rnane ;llHCCepTa~HH HCCJ'Ie;ziyeTCH BnHHHHe Ha 

CBOttCTBa 2+ H 3- COCTOHHHtt aexonneKrHBHHX npHYecea.Ha cy~eCTBOBa

HHe T8KHX npn11ecett YK83Ul381IOC:& B pH;lle pa6oTl15/. ldx ITUT81IHC:& 

yqecT:& B paMKaX ~eHOM8HOJ'IOrHqecKOtt MO;ll81IH (Anara H COTpy;llHHKH), 8 

;llJ'IH 'A8~OpMHpOB8HHWC fl;llep HCCJ'I8;!1OB8HH8 npOBO;llHJ'IOCl> H B paMKax 

cnepxTeKyqett MO'A81IH/I6/. B § I 6U1IH no11yqeHu nee HeO6XO'AHMue 

ypanaeHHH, npHqey HCil01Il>30B81I8Cl> BOJ'IHOB8H ~YH~HH C1I8'AJD~ero BH-

lJ.8/17/: • 
+ 11 lz 

'Y.(1M):f"fR(Tiv)QrnL +I;. P.LI (TY)<¾J-f/~z/'11.liJO· x 
'I T 1,z•zff• ··, ' 

~1,~, (5) )( a: u . Q: u • l l o > p h 
"'r11, '"trzlz J 

3;ziec:& Io> Ph oaaaqaeT <1/OHOHHlitt naKyy11 •• 

raMH.11:&TOHH~H cHcTeu1i1 1111e11 BH'A (2), a onepaTop 8 (i, i2.; J.f) _,. 

BH'A (3) • 

Ho Tenep:&, KOr'Aa 111,1 Blilp8llt81IH onepaTopu A+ H A,·BXO;ll~He B 

(3) H HMero~He MOM8HT H qeTHOCTl> 2+ H 3- qepea oneparopu ~OHOHOB, 

Mlil HCilOJ'Il>30B81IH H ~OHOHU C j > 1 ( T .e. H H8KOJ'In8KTHBH1i18) • TaKHM 

06paaou,11u no11yq11nH BOBMOllHOCTl> c11emHB8Tl> KO1I1IeKTHBHU8 COCTOHHHH 

C H8KOJ'IJ'I8KTHBHUMH. Hcno11:&aya napHa~HOHHYD npoue;ziypy ;llJ'IH aHeprHH 

COCTOHHHH 'l'j, Mlil no11yq1111z CJ'I8'AYD~ee ypaBH8HHe: 

def {(CJ,., -,'l)~,.. -~(ii'Jj ::.0. (6) 

3;ztec:& l{(ii')-aeKaH 1IHH8MH8H KOM6HH8~HH MaTpHqHux aneMeHTOB one

paropa H qpph OT ~o~oHHWC nonaoBwc <l!YH~nn/I?/. EUJ'IH TaKl!te no11y

qea1i1 n1i1paxeHHH ;zina Koaqxj)HUHeHTOB R H P 
AHaJ'IH3 ypaBH8HHH (6) noxaaa11, qTO yqer HeKOJ'IJieKTHBH~ coc

TOHHHi npHBO;llHT K y11yqmeHHD OilHC8HHH 2t H j':. COCTOHHHH no cpanHe

HHD co c~yqae11, KOr;zia ~qH~.blll81IHCl> TOJ'Il>KO KOJ'IJ'I8KTHBH1i18 KOMilOH8HTlil. 
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KpoMe Toro,1nmcH1moc:&, tJTO CMemHBaHHe ItoJL110KTHBHblX H HeKOJIJieKTHll

HUX MO;i:t l3036y~;i:teHHU l3 CBOttCTBaX HH3ltOJiellta~HX COCTOHHHtt ;i:tOJIEHO 

npOHllHT:&Cfl HaH60Jiee tJeTKO B ITOJiyMarHtJeCKHX H coce;i:tHHX C HHMH 

MP8X. 

B § 2 H § 3 BTOpott rJiallU npe;i:tCT8BJI0HU pesyJI:&TaTu pacqeTOll 

CBOHCTB HHlltallmHX 2+~11 3-~cocTOHHHtt D paMKaX OITHC8HHOro ID0PM8JIH3-

ua. PacctJHT8HU 8HeprHH, KBa;i:tpynoJI:&Hae MOMeHTU H B0JIHtJHHU 
+ + . t +) B(E2,0J-s.-"'2i}, (, = 1,2,J) , 8(£2 .. ,Z, -2 1 , 

(i ~ 2, 3) H B(EJ, o/<:,. --. Ji ) , { l-:::. 2, 3) ;i:tJifl H30TOilOB (.d , 
Sn H Te H HSOTOHOB c I'/ =80, 82, 84. qacu peayJI:&TaTOB npe;i:tcTaB

JieHa B Ta6JIH~e I. 

B H;i:tpax c JV =B0,82,84/I8,2D/ no~ytJHJIOc:& y,1toBJieT:aopHTeJI:r,

HOe cornacue c aKcnepIDo1eHTOM AJIH aHeprutt 2i cocTO!IHHtt. Saeprm1 

2; -cOCTOHHHtt nonyqHJIHCL B cpe,1tHe'M 38HHllt0HHWIH. 

B HSOTOHax c /( =82 CTPYKTypa ·cocToHHHtt chtaaanao':t, 'AOBOJI:&Ho 

npocTott, oHa c:ao,1tHTCfi, KaK npaBHJio, K K8KOH-JIH6o o~Hott OAHOIDO-

HOHHoii K014IlOH8HTe Q +. • IlpHqHHa aToro - cna6oe B38WlO;i:telr!CTBHe 
Tt f + 

KB83Htl8CTH~ C qJOHOH8MH. ~BYXIDOHOHH8fi KOMilOH8HT8 (22, Q21 B 8THX 

fi)tpax )tOCTHraeT 38M8THOii ienuqHHU (I0-20%) TOJI:&KO B BOJIHOBOtt 
.11/i 141/ 

qiyHK~HH 2~ - COCTOHHHH, )ta H TO JIHm:& B MP8X }{cl. H 5m • 
CTpyKTypa BOJIHOBOtt qiyH~HH 2+-cocTOHHHtt ll H30TOH8X C Jr' =80, 

84 6onee HHTepecHa. BaaHMO)tettcTBHe .Kll83HtJ8CTm:t C qJOHOH8MH a;i:tec:& 

,D;OBOJI:&HO CHJI:&Hoe, H B BOJIHOllOtt qiyHK~HH 21 -COCTOHHHH nepeuemHB81lT

Cfl KaK HeKonneKTHBHue, Tait H ,1tByxqioHOHHue KOlUIOHeHTu. B HeKoTopu:x: 

Q+ a+ . . Mpax, O)tH8KO I ltOMilOHeHT8 21 ZI OK83Ull88TCH no.itaBJieHHOtt, 'l'.TO 
. . r + 2+} npHllO,D;l:IT K HepeaJIHCTHtJeCKH MaJieH:&KOit ]38Jllf'IU!H8 8( C. 2' l, 2. ......,, f ,• 

3-~COCTOHHHH :e H80TOH8X CJ{ =80,84 Olt83Ull81lTCH 6onee 'l'.HCTU

MH, qe14 2+, XOTH ll HeKOTOpue 3f -COCTOHHHH )t88T 38Metautt BKJI8)t 
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TaOJimta I 
Pac•eto:e ~R HeK0T0PWC: C0CT0JUilllst C i,r = 2+ H r 

~po £(2{} H3b B(t.Z ,o+➔z; Jez6z Qz<2; Je6 e,~2,2;-2;)ez63 E (:f) H~b !?>( 1- - Z~l Q./~Ueb £310,..s~Ji )e 

5:SCII. Teop. 8KCII. teop. 8B:CII. teop. 811:CII. Teop. 8KCll •. Teop. SB:Cll. Teop. Teop. 

tzoSn 
1.172 1.188 0.20 0.19 o.u9 -0.18 2.408 2.423 0.069 0.056 -0.24 

2.361 2.394 0.002 0.001 - 0.08 0.013 3.467 3.382 - I"I0-5 0.20 

2.735 2.563 - 3•10-4 - 0.01 - 0.008 - 4.I07 - o.uo8 0.20 

0.602 0.604 U.53 0.48 -0.08 -0.40 2.294 2.271 - o.II 0.20 

12.Y] l.325 1.499 O.OI7 0.025 - 0.26 0.34 0.!3 - 2.536 - 0.002 -U.80 
- e 

2.038 I.625 - 3.10-5 - -0.44 - U.005 

• 0.666 0.649 0.47 0.46 -0.16 -o.n 2.320 2.28d - 0.10 -0.34 

Jz'Te 1.420 1.144 0.004 3.ro-4 - 0.15 0.17 a.rs - 2.59f - a.or 0.45 

2.190 I.665 - 4.ro-5 - -0.4I - 0.008 

13' 8Q 0.818 0.815 0.42 0.42 -0.43 0.46 2.532 2.510 - o.n 0.67 
1.551 I.711 - 0.06 - -0.12 - 0.04 - 3.230 - 0.002 0.32 

? nAI 1.858 - 7.Io-4 - -0.15 - 2.Io-4 

,uNd I.5'16 I.576 0.39 0.47 - 0.32 
1.10-5 2.084 2.04! 0.44 0.19 0.59 

2.385 2.380 0.003 - . 0.02 - - 3.149 - 0.001 0.39 
2.583 2.405 0.002 - 0.08 - 0.002 . 

~• frd 
0.697 0.704 0.5! 0.3! -0.23 -0.39 I.SID I.505 0.26 D.18 D.68 

I.576 I.715 - 0.16 - 0.17 - 0.03 2.776 2.995 - D.OOI D.40 



+- -+-
ItOMITOHeHTa Qlf Q Jl • 81tcnep11MeHT81ll,H8H .llH\POPM8UHH O 3; -
COCTOHHHH cnHfilROM cxy;nHa , 'IT06bl npOBOJ{HTh nocne;noBaTenhHOe cpaB
HeHHe C SRCnepHMeHTOM. B 3TH COCTOHHHH OCHOBH0.11 BRna;n ;naJOT~no 
HamHM pac11eTaM,He1tonneKTHBHble \POHOHbl. 

B o6nacTH Cd, Sn H Tel19 , 20/ pacc'IHTaHHue aHeprHH 2; , 
3; -COCTOlIHHH (nocne;nHHe H3MepeHbl T01lhlt0 B ~n ) HaXOJ{HTCH B 
y;noBneTBOpHTenhHOM cornaCHH C SKCnep.11.1.!eHTOM. 

B H30Tonax Te B CTPYKTYPY 21 ..-cocTOlIH.llil He1tonneKTHBHue coc
TOlIHHH ;naroT BRna;n 25-30%. E~e cnoJKHee OKa3anHCh COCTOlIHHH 2~ 

+ f B .11a0Tonax Sn • BKna;n ROMnoneHTbl ()21 (2
21 

\PID:lRTy.11pyeT npH 
nepexo;ne OT H30TOila K H30Tony B npe;nenax 20-50%, 0CT81lhHaH qaCTh 
npHXOJ{HTCH Ha HeKonneitTHBHble \POHOHbl. HeCMOTpH Ha T8KHe CH1lhHble 
H3MeHeHHH,BKna;n JlBYX\POHOHHOi KOMilOHeHTbl ,l!OB0111HO peaHHCTuqeu,• 

Or + cy;nn no paayMHOMY on.11caHH10 BenH'lliH 8 (£2, 9.s. - 2 2 ) 

H 8 (£2, 2; - 2;). 
B ·o6nacTH Te H Sn B3a.11Mo;neiiCTBHe ItBa3H'laCTHU C \POHOHaMH 

C.111lhHO B11HHeT H Ha cTpyRTypy 3- COCTOlIHH.11. B Te COCTOlIHHH 3; 
OK83a11.11Ch C110lKHWH, BIUla,ll JlBYX\POHOHHOii ROMilOl!eHTbl Q

2
: o;, ,llOCTH

raeT 40-50%~ B Sn B1tna;n aToii 1to1tn0Hewru B 3-;_ ~ IO%. 
B H30Tonax Cd BaaHMo;ne.11cTBHe KBaaHqaCTHU c qioH0Ha1rn 01taaa

nocL CHHfilKOM CH1lhHIDl, H peaynhTaTbl pac'leTOB B nenoM Hey;noBneTBO
PHTenhHble. B 3THX fi,llpax BenHKa 3HepreTH'leCKaH ~enh,H B B01IHOBYJO 
4JYHKUHIO (5) Ha;no ,no-BH,l!HMOMY, BK11D'laTL H TpexqioHOHHYJO KO)(IlOHeHTy + t t 
Qi, 02, (ll.4 . 

Hccne;noBanach T8Klle 'IYBCTBHTenhHOCTL peaynhTaTOB K Bb16opy 
O,llHO'laCTH'IH0.11 cxeMu. 0Ha OKa3;1!8Ch-BeChM8 BblCOKOii. 

PeaynDTaTu, no:nyqeuHf;ie B § 2 H -§ 3, cpaumiuanHCh ,_c pac"qeTaMH, 
npe;ncTaBneHHW.11 B § 2-n~p:soit rnaB1t, ,:r;ne OB0.110Tlia,1o:CT~lll!Hil :2+ 11 
5- pacc'IHTHBanuch 6ea yqe_Ta ue1tonneKTHBHmc KOMl!OlieHT. Kait u OllH-
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PHO. I. BKn8.ll HeKOTopux ROMITOHeHT EOJIHOBOH qiyHKUHH ( 5 ) 
/AS' X :e nepBble IllITL KOpne.11 ypaBHeHHlI ( 6 ) B JI,ll;pe e 
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'A8J10Cb,BIUIJOqeHH.e HeKOJIJieKTHBH.blX KOMilOHeHT 3aMeTHO yJiyqmHJIO corna

CHe C 8KCnepHMeHTOM. 

CJIOXBaH CTpyKTypa HHEaltmHX 2+-H 3--COCTOllllHH Il08BOJIHJ18 H8K 

npOHJIJIECTpHpOB8Tb HaqaJlbliYD CT8'AHD npoqecca, KOTOpwt B nocJie'AHee 

BpeMH BCe 60Jibme H OOJlbme ~PHBJie:icaeT BHW48HHe TeopeTHKOB/9/ -

npoqecca wparMeHTaqHH. B § 4 BTOpott rnaBu paccuaTpHBaeTcH pacnpe

'JJ.eJieHue (wparMeHT8qHH) O'JJ.HO~OHOHHOll KOMCKTHBBOtt KOKilOHeHTll 

Q/ (flT) , HeKOJIJieKTHBHOtt KOMllOHeHTll Q.; ( 17T) H 'ABYX4/0HOHH.b1X 
+ + + ( +) a·+-( +J Q .. ( -J . KOMilOHeHT Q, (2 ) Q • 2 H . 1 2 1 3 no nepBUM 

llHTH KOPHfDI ypaBHeHHH (6). B KaqeCTBe npHMepa 6unH BU6paau H'AP8 
f'l2 m w, !Jo "' /2I/ · 134 #d, Xe , Te , Sn, CcL • Pesym,TaT '/1.JIH Xe no:ica-

,,, t,. 

88H Ha pHc. I. ~JIH Bcex paCCM8TpHB8BWHXCH H'JJ.ep nonyqHJIOCb, qTo 

KOJIJieKTHBHBH KOMilOHCHTa 0/(2.+) npaKTHq8CKH He !/!IJ8rKeHTHpoBaHa. 

KmmoaeHT8 Q:(Y) TaKXe CJ1800~paSM838H8
1

"no "11cTHHHW1" COCTOllllHllll 

fl'Apa. HaHOOJiee CHJlbliO !l!PBrMeHTHpOBBHll KOMllOHeHTU Q,(I7) H 

~YX!l!OHOHHUe. GTenellb POC !/!PBrMeHTBq]!H saaquTeJlbHO KOJie6Jietca OT. 

H'AP8 K H'APY, HaX0'/1.HCb B nplDlOtt 88BHCHMOCTH OT CHJlll B88HllO'JJ.elcTBHH 
11/Z. KBasuqaCTH~ C q)OHOH8MH. HanpHMep, B H'Ape !Id wparueHT8q]!H oqeHb 

CJia6aH. 3TO OllHTb-T8KH CBH38HO C Teu, qTO B88HKO'JJ.elcTBHe KB83Hqac

TH~ c woaoHaMH ocna6eBaeT B usoToHax .n-'=82. B 'APYrHX H'APBX 

8TH KOKllOHeHTll CHJlbHO WPBrMeHTHp0B8Hllo 

TpeTbH rJiaBa 'JJ.HCcepTB~HH llOCBHll{eHa HayqeHHD COCTOllllHl C 

:J~ =4+,6+,s+,s-,r B qeTao-qeTH.blX nonyuaruqecKHX fi'Apax cl =60 

H JI =82. Bo~HOBBH 4/YHKilHH 8THX COCTOllllHtt p83UCKHB8Jl8Cb B JJH'JJ,e/I?/: 

12 

~ (JH):::.{~ R(rJ~j]. TY) J1\J1J2. JH}-t-
y J1J2. 

. + • t 
+L. p:~1

z(n,)<1..,µ,?J.}'2ITM>Qltif'1l,Q'Alfzi2 f 1.,Jt,t, 1 t 
'lz,#z <z 

(7) 

S
1i2 t- Qt } +i:. · (Tv)<L,H41,_f2 1TH>fl(s,s1 L,H1 ) 1141 IO>p 11 1o>9p. 

11zJ'z il s, s, L, z i z • 
S, Sz L,Jt, 

3'11.eCb fo)9p - B8KYYM KB83111J8CTllq. 

raMHJlbTOHHBH CHCTeuu TOT xe, qTO H p8Hbme, HO onepaTopu 

A+ HA, KOTOpue BXO'JJ.HT B WOPMYJIY (3), celiqac uoryT HUeTb BCe 

MOMeHTli H qeTHOCTH, paspemeHHue npaBHJ18MH OT6opa. KorAa me MOMeH

Tli H tzeTHOCTH paBHll 2: H 3-, onepaTopu A:·H A CJieAyeT BliP88HTb tze

pea ·onepaTopu WOHOHOB. 

B § I TpeTbea rJI8Bll,Il0Jlb8YHCb TeXHHK~tt,paSBHTOtt »II61,ua ypaB

H8HHB (6) 1W no~yqJ!X ceKynHpHOe ypaBHeHHe AM aaeprHH 'r{, coc
TOHHHH (7) •. 0HO neeT BHA/I7/: 

det{(e. t&. -11 )cf.,,cf. ., -H(~·:1~,)J=o. ) /t /z l:Tll J,J, /z/z 1, Jl · (8 

lJJieH /{ v·! ~•~ ) no:nyqaeTCH HS J< (ii 1 ) B ( 6) · UPH npeAeJlbHOII. nepeXO'JJ.8 
'/f (/2 / 7/ ... 0, ..., f,. + f.. I 6 ,I • .AHanoruqHl,111 o6p830Jl no:nyqaDTCH ypaBHeHHH ~i JI /2. · · , 

A:IIH KOSWWuqHeHTOB R, S H P BOJIHOBOit ll!YHKIUIH. {7/I?/. 

B § 2 TpeThett_rJISBH paccqHTSHJ[. W30ttCTBS yxaaaHHHX Bume 

COCTOHHHit .I1 =4+ ,6+ ,a+ ,s-, r. llacn peaynHaTOB npe.licTBBJieHa 

B Ta6nuqe 2. 

PesyJibTBTU pacqeTOB AJIH H80TOUOB Sn 'JJ.8KOHCTPHPY~T xopo

mee corJiaCH8 C 5KCll8pHKeHT8JlbHWlll ASHHl,111111 (ooo6eHHO AJIH 4~-coc

TOHHIIIA). CTpynypa 4+-ypOBHett OK83Wl8eTca ~ecua CJIOJEHOtt. ,I!Byx-. ~ r ' 
<pOHOHHSH ROllllOH8U8 Q2, Q z• CHJlbHO <pparMeHTHpOB8H8 no p88lllilll 
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Ta6mu~a 2 
HeKOTOpue peayJl:&TaTU )lJill H)lpa c f,/ =82 H 2 =50 

SueprHH 41 Mall SHeprHH 61 Mall B(E2,6! - 4;) ez;,,14..t 
H,11po 

aKCil • Teop. aKCil. Teop. .aKCilo Teop. 
0 'Xe l.695 l.774 l.892 l.836 0.53 39.2 
mBa I.898 2.040 2.091 2.050 2.0 1.28 
m,ce 2.083 2.068 2:ros 2.147 16.6 0.17 
HZ Jvd 2.IOl 2.101 2.209 2.255 0.90 1.12 
msm 2.191 2.255 2.32 2.425 5.35 5.05 
1
•' Gd 2.658 2.348 2.982 2.600 II.3 2.70 

Sueprmt 4+ Mall SHeprml 5- Mall SHeprHll r Mall 

aKcn. Teop. aKCil. Teop. aKCil~ Teop. 

2.142 2.181 2.245 2.191 2.390 2.237 

2.528 2.328 2.270 3.478 3.199 
122 5n 5.UBl 3.222 5.084 3.204 - 3.266 

3.237 3.269 

3.513 3.444 

2.390 2.285 2.367 2.321 2.890 2.690 

2.526 2.463 - 2.791 2.977 2.725 
{tG5n 

2.787 2.926 . 
3.020 3.306 

3.436 3.587 
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pemeHHllll ypallHeHHH (8), 3aMeTeH TalCllte llKJl8,1l COCTOHHHH THna 

rJ. f J, f ri'" • B CTpyKType HH3KHX 4 + npeo6J1a;n.aeT llKJl8,1l ;Zl.llYXKll83H
tZ2 

ttaCTH'lHUX ll036yJK.IteHld1. TOJl:&KO ll $n 4"i - COCTOHHl!e OK83UBaeTCH 

Ha 80% ,11ByxwouoHHW4. CTPYKTypa coqToHHHil 6+,s~ .1lllYXKll83HttacTHttHaH, 
f flO- I.Z'I' 

J1Hm:& ll cTpyKType / G 2 > cocTOHHHil H,11ep Sn BeJIHKa npHMec:& 

cuemaHHOH KOMilOHeHTbl. TaKJKe npaKTl'JqecKH 'lHCTO ;Zl.llYXKll83l'JqacTl'JqHb[

MH OK838JIHC:& H COCTOHHHH 5-,r, TOJl:&KO ll CTpyKType llOJtHOllUX WYHK

nHil, cooTBeTCTllYDillHX TpeT:&HM H 6onee BblCOKHM KOpHHM (Sh noaBJIH-
+ tl']t 

DTCH cymecTBeHHue KOMnoHeHTbl Tl-Ina cL cL ~ • ~JIH H30TonoB Sn 
paccttHTRll8JIHC:& TalOlte Be.pOHTHOCTH E2 H E4 nepexo;n.oll. 

B H30TOH8X C fl =82 CTPYKTypa COCTOHHHi1 cymecTBeHHO 60J1ee 

npocTa, tteM ll H30Tonax OJIOlla. ~ayqallmHeCH a;n.ec:& COCTOHHHH 

( jT =4 + ,6+, 5-, rJ OK83Ull8D~CH npem.tyil(eCTBeHHO ;Zl.llYXKll83H'l8CTH'lHbl

MH. IlpHMec:& .1lllYXWOHOHHOH KGMilOH8HTbl cTaHOllHTCH aaMeTHOll Jlllm:& )lJIH 

. llblCOKHX KOpHeil. IlpHql'JHa aTOMY - 60111,maa aHeprHH ( ~ I.5 MaB) H 

CJia6aH KOJIJleKTHBHOCT:& 21"" COCTOHHHH ll aTHX H)lpax. TOJl:&KO ll 
{lfG 11+ Q+ H Gd npHuec:& KOMnoHeHTbl "z, 21 B cTpyKType nepBoro 4 + -

COCTOHHHH )lOCTHraeT 10-20%. Cor11ac11e aueprHll 4+ H6+ ypOBHen C 

3KcnepHM8HTaJl:&HUMH y;n.OBJ18TBOpHT8Jl:&HOe, qero H8H:&3H CKa3aT:& 0 

5- Hr ypOllHHXo STO CBH38HO, IlO-BH)lHMOMY, C HeHa)leXHOCT:&D 3KCil8-

pHMeHT8Jl:&HOH HHWOpManHH, XOTH H8KOTOpoe y11yqmeHHe TeopeTnqecKHX 

peayJ1:&T8TOll MOlltHO no11yttHT:& 38 cqeT H3MeHeHHH O)lHOqacTHqHOH cxeMu. 

,UJIH H30TOHOll C },' =82 paccqHT8Hbl TaKXe BeJll'JqHHbl B(E2,4! - 21) 

H B(E2,6J ➔ 4j ),(i =I,2). CornacHe paccttHT8HHblX neJil'Jql'JH c 

aKcnepm,i°eHTOII HOC HT HeperynapHblil xapaKTep. TaK, eCJIH ll 138Ba, 

IH. Jlcl, IH Sm cor11acHe xopomee, TO n 136xe H 140ce paa1mqHe aKc

nepHMeHTaJl:&HUX 3HaqeHHil )lOCTHraeT nopH,1lK8 BeJll'JqHHbl. 
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Pemeaae ypaBH8HHH (8) HBJIH8TCH .l(OBOJII,HO TPYA08MKOil 
qffcJieHHOH npo6JieMoii. B OT,ll8JibHblX cnyqamc ee MO~HO ynpOCTHTb, npe
He6peraH B (8) H8.l(HaroHaJibHW.rn 3JI8M8HT8MH J{ (f; j; ) • B 3TOM cny
qae M1,1 nonyqaeM 13MecTo (8) cJie,llyJOll!ee, ropaa,llo 6onee npocToe, ypall
HeHne: 

n[rt-+t.-,.,) 11(/,jz.)} • , JI /2 { j'jl - I'\ 1. • = 0 > /1/2 , f /2. (9) 

B KOHI:(8 § 2 Tpeuen rJiallLJ npOB8,ll8HO cpaBH8HHe peayJibT8T013, 
nonyqeHHb!X nyTeM pemeHHH (8) H ynpomeHHoro t9) ypaBHeHHn/23 ,241. 
IIoJiy'!eHo, qTQ 13 J,J30TOHax C }I :::82 pemeHHH ypa13H8HHH (9) npa13HJII,HO 
nepe,llaroT rnaBHue ICOMilOHeHTU 130JIH013IDC qiyHicr:i»ii. B HaoTonax Sn 
CHTyanHH xyme. 3,ll8CI, HeOOXO,llHMO HCUOJII,30138Tb ypa13H8HHe (8). 

Pe3JOMHpyH 1308 npe.l(CT813JI8HHb!8 13 ,llHCcepTanuH peayJibT8TLJ, MOlKHO 
C,ll8JI8TI, Bb!BO.ll, qTo B38HMO,lleilcT13He KB83HqacTnn C qJOHOHaMH H13JIH-
8TCH cyll(eCT138HHl,[M qiaKTOpOM 13 qiOpMHP0138HHH CTpyKTypu Hll~ilmlDC 1303-
6y~eHHii 13 qeTHO-qeTHLJX cqiep»qecKIDC fiApax. IIpn 3TOM a6COJIJOTHO 
HeOOXO,llHMO yqHT1i1138TD,HapHAy C 1338HMO,ll8HCT13H8M TOJibKO KOJIJieK
THBHLJX MO.zl,IDC CMemHllaHHe C H8KOJIJI8KT11BHUMH, 13 .l(8HHOM CJiyqae .llllYX-
1rna 3H'I8CTllqHl,[MH, B036ym.neHHHMH. Y.ll013JI8T130pHT8JIIiHOe COBna.neane T80-
peTH'I8CKIDC H 3KcnepHM8HT8JII,HLJX peayJIIiT8TOB UO.l(TBep.nnno, qTo MHorue 
xapaKTepHue qepTLJ HA8PHOH CTPYKTypu npa13HJII,HO OTpameHu CllepxTe
Kyqett MO,ll8JII,JO H,llpa. 

OcHOBHLJe peayJIIiT8TLJ .l(HccepTa~llll ony6JIHKOB8HLJ B pa6oTax 
/I2,r 7-24;_ OHH .l(ORJI8,llb!B8JIHCI, Ha C8MHHapax RT~, Xlli COB8ll(8HHH no 
H,llepHOil cneKTpOCKOnnn n Teop1m a.npa (1973 r.), YI ]eTHefl illKOJie 
no H.nepHOH qJll3HKe B IlOJIIime (1975 r.), XXIY exerO.l(HOM COB8ll(8HHH no 
a.nepHOH cneKTPOCKOnHH H CTPYKType 8TOMHoro HAP8 (1974 r.), Il Ha
~HOH8JII,HQH KOHqiepeH~llH MOJIO.l(LJX qJll3HKOB B Co@HH (1974 r.). 
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