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AHamra CBOHCTB HH3KOnexmmnx B030Y:lKJJ:eHHbiX. COCTOSIHHH 

aTOMHbiX :srnep ocymeCTBnsreTCSI B H8CTOSirnee BpeMSI H8 OCHOBe 

JJ:BYX MOJJ:enefi: ¢eHOMeH_onornqeCKOH II Mll:KpOCKOIIII'IeCKOH. 

n~pBaSI MOJJ:enb/1,2/ JJ:OOHna~b oonblliHX yciieXOB B OO~SIC

HeHHH MHOrHX CBOHCTB SIAep IIpH He6onblliHX aneprHSIX B036y:lKAeHHSI. 

0JJ:H8KO B Hefi IIpH OIIHC8HHH KOnneKTHBHOrO ABH:lKeHnSI HCIIOnbay

IOTCSI JJ:HH8MH'IeCKHe nepeMeHHb!e 1 CBSI3b KOTOpbiX C HyKnOHHbiMH 

CTeiieHSIMH CBOOOJJ:bl He SICHa. no 3TOH IIpH'IHHe ananH3 MHOrHX 

9KCIIepHMeHTanbHbiX ¢aKTOB (oTHOCSilliHXCSI 1 HaiipHMep, K IIapHOMY 

CpbiBY H IIOJJ:XB8TY H T~A.) OCTaeTCSI 38 npenenaMH BOaMO:lKHOCTefi 

TeopHH. 

C npyrofi CTopOHbi1 BO BTopofi Monenn/.3,4/ c caMoro · naqa-

na BBOASITCSI B paCCMOTpeHHe HyKnOHHb!e CTeiieHH CBOOOJJ:bl H B3a

HMOAefiCTBHe HyKnOHOB. TaK 'ITO IIOSIBnsreTCSI B03MO:lKHOCTb ycTaHO

BHTb CBSI3b KOnneKTHBHbiX nepeMeHHbiX C HyKnOHHbiMH. Ho B ,PaM

KaX 9TOH MOJJ:enH IIOK8 ycnemHO OO~SICHeHbl nHllib · CBOHCTB8 Hll

:lK8HlliHX B030Y:lKAeHHbiX COCTOSIHHH1 a K H3y'leHHI01 H8IIpHMep, aH

rapMOHH'IIIOCTH Kone6aHHH 'leTHO-'IeTHbiX SIAep IIpHCTYIIlfnH nHllib B 

caMoe nocneAHee BpeMsr. 

CBOHCTBa HH3KOne:lK8lliHX ypOBHefi He'leTHbiX SIAep B 3H8'1HTenb

HOH CTeneHH onpenemnoTCSI B3!lHMOAeHCTBHeM KonneKTHBHbiX H OAH0-

'18CTH'IllhlX B030y)I{AeHHH1 .KOTOpoe BO·MHOrHX cnyqasrx He SIBnSieTCSI 

cna6biM. Ho MeTOAbi, no3Bonsrronme nony'IHTb 'IHcnennoe pemenne aTofi 

38A8'1H1 ·T~nbKO H8~HH8IOT pa3pa6aTbiB8TbCSI/5/ .. 
\ 

UenbiO nacToHmefi -pa6oTbi srBnsreTcsr, Bo-nepBbiX, ¢opMynnpoBKa 

IIpHonH:lKeHUOro MeTOA8 JJ:nSI paCCMOTpeUHSI CHnbliOrO B38HMOJJ:efi-
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CTBHH KOnneKTHBHbiX BH6p8UHOHHbiX H 9llH0'18CTH'IHhiX BOa6y:lKneHHH, 

BO-BTOpbiX, BRanna BHrapMOHH'IeCKHX 9~~eKTOB B, Kone6aHHHX 'leTHO

'IeTHbiX Hnep n ycTaHoBneane cBHan Me:lKnY MnKpocKonnqecKoii: n 

~eHoMeHonornqecKoii: MonenHMH Hnpa B Bonpocax, KacaromnxcH ue

KOTOphiX CBOHCTB HH3KOne:lK8lliHX BOa6y:lKlleHHhiX COCTOHHHii:. 

llnccepTaunH cocTonT na Tpex rnaB. B nepBoii: rnaBe paccMaT

pnBaeTCH BaaHMOlleii:CTBHe B He'leTHOM Hnpe KB83H'I8CTHUhi1 KOTO':" 

paH MO:lKeT aaxonnTbCH B uecKonbKnx paannqaromnxcH no aueprnR
;.; 

COCTOHHHHX1 C ~HOHaMH1 COOTBeTCTBYIDlliHMH TOnbKO OllHOMY H3 

BoaMO:lKHhiX -TnnoB Kone6aunii: caMocornacoBaHuoro nonH Hnpa. no-

ll06llaH CHTYBUHH MO:lKeT BCTpeTHTbCH B ne~opMHpOBaHllbiX HApax, 

rne· KBanpynonbHhte f3 - n Y - Kone6aHnH nMeiDT paanH'IHbte 

. '18CTOThi1 a BblpO:lKllellne HeBoaMymeliHhiX KB83H'I8CTH'IHbiX ypOBHeii:, 

xapaKTepHOe llnH C~epn'leCKHX HAep,.'laCTH'IHO_CHHMaeTCH1 TaK 'ITO 

Henb3H orpaHH'IHBaTbCH y'leTOM TOnbKO OllliOrO ypoBHHo 

B §§ 1,2,3 paCCMaTpHBaeTCH- CHCT9Ma1 B KOTOpOii: KBa3H'I8CTH

ua MO:lKeT HaXOllHTbCH nHllib B llBYX llOCT8TO'IHO 6nnaKHX no aueprnn 

COCTOHHHSIXo 

faMHnbTOHHall T8KOH CHCTeMbl aanHCbiBaeTCH cnenyiDlliHM 06-

paaoM: 

+ + + + + + (l) 
H=-£(a

1
a

1 
-a

2
a

2
)+hcub b+y(b +bl<a

1
a

2
+a

2
a

1
), 

rne a7<al) - onepaTopbi pO:lKAeHHH ( yHH'ITO:lKellnH) 

KB83H'18CTHUbl B COCTOHHHII b + (b ) - onepaTop po:lKne-

HHH ( YHH'ITO:lKeliHH) ~OHOH8 1 COOTBeTCTByromero paCCMaTpHBaeMoMy 

Tnny Kone6aunH: caMocornacoBaHHoro nonH. 

BonHoBaH ~YHKUHH nMeeT Bnn: 

I 'I' > = { a+. F ( b+ ) · + a ; $ ( b +) _II 0 > , ( 2) • 

·4 

.I 
.I 

I 

rne 

a 1 \il > =0, b 1 o >= o 

(3) 
F(b+) c:If (b+)n, 

D D 
$(b+) =:I ..I. (b+)n 

D 'f' D ' 

TaK 'ITO ypaBHeHHH llBH:lKeHHH TaKOBhi: 

-_.- '+> +-- + + 
{-(E+£) + hcub b I F(b ll O> + y(b +b)$(b liO>=O 

(4) 

{-(E-d+hcub+bl$(b+llll>+ )' (b++blF(b+)j.O> .. O 

E - aHeprHH CHCTeMhi.) 1 a liOpMa ~yHKUHH qt paBHa 

<'PI 'I'> :I D I <I f 12 + ICI> 12 ) •. 
D D D (5) 

B nnccepTaunn noKaaauo, 'ITO 

1. llnH OThiCK8HHH C06CTBeHHbiX 3H8'1eHHH raMHnbTOHHaHa 

(1) H llaXO:lKlleHHH K09~~HUHeHTOB pHllOB (3) yno6HO BBeCTH npo-

H3BOllHlliHe ~yliKUHH 

F ( z) =:I f ZD 
D D 

';f,(z)= :I if> z n 
D. D 

( 6) 

KOTOpbte 1 K8K nerKO y6enUTbCH 1 YllOBneTBOpHIDT lxll*epeHUHanb

HbiM ypaBHeHHHM. 

d d 
{- ( E + £ ) + h w z -- J F ( z) + ·y ( z + -) $ (z) = 0 . 

d z dz 
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l- (E- £ l+hru z _d_ J ~(z) + y(z + _d_,)F'(z l.-0, 
dz · d z 

(7•) 

nonyqaromHMC51 ns ( 4) cJ!opManbHOfi saMeHo:li b +-+ z , b'J+, : z , 

F ( b + ) ... F ( z) • ~ ( b +) .. ~ ( z ) • I 0 > ... 1 • 

2. IlponsBo.r:tHmHe cpyHKUHH F ( z) , ¢1 ( z l HBJ1HIOTC51 uenbiMH 

cpyHKUHSIMH KOMnneKCHOH nepeMeHHOfi: Z , TaK 'ITO 38):{8'18 onpe-
·""' 

.r:teneHIIH C06CTBeHHbiX cpyHKUHfi ( 2) CBOJ:lHTCSI K OTbiCKSHHIO BCeX 

pemeHHlf .r:tHcpcpepeHuHanbHbiX ypaaHeHHi!: (7), BbipamaromHXC51 uenbi

MH cpyHKUHSIMH, 

··lln51 TeX cnyqaeB, KOr.r:ta CB513b OJ:lHO'lSCTH'lHbiX H KOJ1Jl9KTHB

HbiX B036ym.r:teHHlf OK83biB89TCSI CHJlbHOi!:, B J:lHCCepTSUHH npe.r:tnara

eTCSI CJ19LIYIOlliHi!: MeTOJ:l IIOCTpOeHHSI pemeHHlt .ypaBH9HHlf (7). 

a) Haxo.r:tHTCSI pemeRHH ypaBHeHHi!: (7) rrpn £ =0: Fbn>(zl 

, H <lJ ~n) ( z ) • 3TH lf!yHKilHH COOTBeTCTByiOT CJly'laiO Ilp9LI9JlbHO CHJlb-

HOlf CBSI3H. 

(7) 

6) IIpH OTJlli'lHbiX OT HYJlH 3H8'19HHSIX £ 

nmyTcH B BHLie pasno~eHHii:: 

pemeHHSI ypaBHeHnlt 

(n) 
F(z) =~c F 

0 
(z), 

n n 

. (n) . 
¢1 ( z) = ~ d <ll 

0 
(z) 

n n 

(8) 

Ilpn STOM LIJlSI KOacpcpHUH9HTOB en , d n nonyqaroTCSI ypaBRe-

HH51 0 pellieHHSI KOTOpb!X HSXOLISITCH B ·nponecce nOCJ19LIOBaTeJlbHbiX 

npH6nHmeHHii. IlponeLiypa aRanorH'!Ha o6bi'!Roii TeopHH BosMyme

RHii, KorLia TO'!Roe pemegue HmeTCH B BHLie pasnomeRHH no peme-

HH51M ReaosMymeRRoii sa.r:ta'ln. Ho B .r:taHHOM cnyqae B KaqecTae 

6a3IICHbiX. Bbi6paHbl cpyHKIIHH; COOTBeTCTBYIOlliHe npeLI9JlbHO CliJlbHOit 

. CBSI3H, ( IJapaMeTpOM pa3JlO:H<eHH51 rpy6o MO:H<HO C'lHTSTb BeJIH

-11( y/hru> 11 

'lHHy f I h ru e • IloaToMy ycnoBHe 6blcTpolt 

_r_ :1 

CXOLIHMOCT~ 

-2(..2'_)2 
t: +ll<hru> 

IITepaiiHlf TaKOBO: -- .<< e • IJpaBLI8 1 B9JlH'lliHa 
hru 

f b(&) 
-e 
hru 

6 

YMHO:H<aeTC51 eme Ha HeKOTOpbiH nOJIHHOM OT 

JIH'lHbiH llJI51 pa3HbiX nop51.r:tKOB npH6nnmeHH51, 

. II 
(~) , pas

hru 

TSK 'ITO MaJlOCTb 

SKCnOHeHTbi e 
- II( ----l....:...) II 

hru 
'lSCTH'lHO KOMneHCHpyeTC51)~ 

qHCJlO HTepaunlt, He06XOLIHMOe llJlSI TOro, 'lT06bi nony'lHTb 

pemeRHe sa.r:ta'!H . c Tpe6yeMofi TO'lHOCTbiOt orrpeaenSJeTcSI npn cpaB

.HeHHH. .TO'lHbiX pe3yJlbT8TOB C np!l6JlH:H<9HHbiMH. 

lln51 'lHCJ19HHOrO Haxom.r:teHHSI TOtlHbiX C06CTB9HHbiX 3HS'leHHfi 

raMHJlbTOHHSHa (1) 

KOacplf!HIIHeHTbi f~ 

(4) npn nro6hiX E 

B pa6oTe HCnOJlb30B8H TOT cpaKT0 '1TO~XOT51 

cp n MOryT 6b!Tb Hai!:LieHbl H3 ypaBH9HHfi 

pHJ:l ( 5), onpe.r:teJlSIIOlliHH HOp My BOJIHOBOit 

cpyHKUHH 0 CXOLIHTCSI TOJlbKO TOr.r:ta, KorJ:ta. E COBna.r:taeT C OJ:lHHM H3 

co6CTB9HHbiX 3Ha'leimi!:. 

PesynbTaTbi TO'lHoro pemeHH51 sa.r:ta'!H LleMoRCTpnpyroTc51 B 

nepsofi rnase LIHccepTaUHH Ra MRoroqncneRHhiX pHcyRKax. TaM 

me npHBOJ:lSITCSI pe3yJlbT8Tbi Bbl'lHCJ19HHfi B npH6JIH:H<eHHH CHJlbHOi!: 

bB513H H no TeOpHH B03MymeHH:li (no ~ ), 

0.r:tHH H3 npnMepOB LISeTCSI Ra pHC. 1. Hs pHCYHKB BHJ:lHO, 

'ITO rrpH _r_h = 1 LIBYX HTepannlt yme ):lOCTSTO'lHO LIJlSI TOro 1 (&) • 

'lT06bi nony'lHTb YLIOBJ19TBOpHT9JlbHOe cornacHe C TO'lHbiMH pe

f 
3YJlbT8T8MH BIIJlOTb ):{0 ~ =1. 

B LIHCCepTaiiHH IIOK838H0 0 'ITO, Bo-nepBbiX, C pOCTOM B9JlH'lH

Hbl --t;;-. 06JlaCTb0 rLie npHM9HHMO _IIpH6JlH:H<eHne CHJlbHOlf CBSI3H 0 

'( 
paClliHpS!eTCSI 0 BO-BTOpbiX0 npH IIpOMemy'I'O'lHbiX 3H8'19HIISIX "'h'C;) • 

KOrLia H9Jlb3SI npHM9HSITb HH TeOpHIO B03MymeHnfi, HII npH6JlH:H<9Hll:e 

CHJlbHOH CBSI3II 0 CII9KTp ypOBHeii: paCCM8TpHB89MO!J: CHCTeMbl 06Ha-

" pymHBaeT HHTepeCHOe CBOiiC.TBO - paCCT.OSIHHSI M9:H<LIY CJ19LIYIOlliHMH 

.r:tpyr 38 .r:tpyrOM ypOBHSIMH npH6JlH3HTeJib~O OJ:lHHSKOBbl H cna60 

3aBHCHT OT -it;;-. (sa HCKJl.IO'l9HII.eM paCCTOSiimst. M9:H<LIY OCHOB

HbiM H · nepBbiM B036ym.r:te,HHbiM COCTOSIHIISIMH) • 

06o6meHHe pesynbTaToB, nony'leHHhiX B § § 1, 2,3 Ha cnyqaii 

CliCTeMbl ~ H9CKOJlbKHMH KBa3H'l8CTH'lHbiMH ypOBH.I!MH, LI89TCSI B § 4. 

PesynbTaThi nepaoii r1IaBbi . .r:tnccepTaUHH ony6nHKOBSHbi B pa6o

Tax16. 7 I. 
·, 
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Bo BTOpoit rnaBe nanaraJOTCSI peaynbTSTbi aaannaa aarapMo

HH'IeCKHx a4$eKTOB B Kone6aHHSIX 'I~THO-'I~THbiX Hnep·n HCCJie-.. ' 

nyeTCSI CBH3b Me~y MHKpOC~OliH'IeCKOit.H ~eHoMeHOJIOrH'IeCKOit 

MonenSIMH Hnpa B BOlipOCaX, K8C810WHXCSI H~KOTOpb!X CBOfi:CTB 

HH3KOJie~awHX KOnneKTHBHhlX B036y~neHHfi:. PaCCMOTpeHHe OCHOBhl

aaeTCSI aa npenno~eaaoM B pa6oTe/8/ MeTone BblneneHHSI KonneK-

THBBoro'raMHnbTOHnaaa H3 raMHJibTO~HaHa MHKpOCKOliH'IeCKOfi: 

MonenH H 38liHCH onepaTOpOB MyJibTHliOJibHbiX MOMeHTOB 'lepe3 _ 

KOnneKTHBHble nepeMeHHble. J 

B § 5 aHan'nanpyroTCSI HenaBHO nonyqeHHbie. SKCIIepHMeHT8Jib

Hbie naHHhle IIO KBanpyiiOJibHhlM MOMeHT8M B036y~eHHhlX COCTOSIHHfi:. 

gnep, C'IHTaBwnxcH no nocnenaero apeMeHH c~epnqecKHMH ( 
114Cd, 

180 ' ) 
Ba H npyrne H npHBO.OSITC~ pacq~Tbl KBa.OpyiiOJibHhlX MOMeH-

TOB H BepOSITHOCTeft ·E 2 - nepexonoB MeJKny KOnneKTHBHbiMH 

COCTOSIHHSIMHo 06HapyJKeHHbie KBanpyliOJibHble MOMeHTbl OK83a

JIHCb 60JibWHMH0 'ITO lipOTHBOpe'IHT CJIOJKHBWHMCSI npenCTaBne

HHSIM o6 sTnx Bnpax. B pa6oTe o6cy~ac:n-cSI cnenyromaH aoa

MoJKHaSI HHTeprrpeTSUHSI pe3yJibT8TOB BbinOnHeHHhlX SKCliepnMeBTOBe 

I13BeCTH00 'ITO ITOpBbie 2+ { 6yneM o6o3H8'18Tb HX TaK~e KaK 

2+1 ) COCTOSIHHSI 'leTHO-'IeTHhlX SI.Oep COOTBeTCTBYJOT HJIH KOne6aHHSIM 

C8MOCOrJI8COB8HHOrO ITOJISI SI.Opa OTHOCHTeJibHO ccl>epH'IeCKH CHMMeT

pH'IHOit p8BHOBeCHOH ¢opMb10 HJIH BpaweHHSIM0 ecnH paBHOBeCH8SI cl>op-

Ma oKa3b!BaeTcH necl>opMHpoBaHBofi:, nnn KaKoil:-nn6o nepexonaofi 

cl>opMe nan~eHHH. ToT cl>aKT, 'ITO KBanpynonbHhle MoMeHThl nepBbiX 

2+ COCTOSIHHfi: aenHKH H naJKe 6nH3KH K 3H8'1ElHHSIM0 -npencK83bi

BSeMblM poTaUHOHHOfi: MOLieJiblO, eme He BeneT C HeHa6eJKHOCTb~ 

K 3aKJIIO'IeHHI01 'ITO na~e B TSKHX SI.Opax K8K ll.t Cd • 180Ba paB-

HOBeCH8SI cl>opMa SIBJISieTCSI SJinHITCOHLIOM BpameHHSI. He .HCKJIIO'IeHO, 

'ITO B paccMaTpHBBeMbiX Hnpax 3H8'1HTeJibHbl aHrapMOHH'IeCKHe 

a4>4>eKThl1 a aHrapMOHH'IHOCTb MO~eT IIpHBeCTH K TOMY t 'ITO_ ITpH KO

ne6aHHSIX OTHOCHTenbHO c¢epH'IeCKH CHMMeTpH'IHOft paBHOBeCHOfi 

'¢QpMbl .OJISI SI.Opa 60JibWefi 6yneT BepOSITHOCTb HMeTb ·'BhlTSIHyTyi<( 

cl>opMy t 'leM 'CliJIIOCHyTylO' { HJIH HS060,pOT) • 3TO H SIBHTCSI lipH'IH

HOfi ITOSIBlieHHSI KBanpyiTOJibHOrO MOMeHTa B •B036yJK.[leHHOM COCTOSI-

HHH. 

_8 

J 
·' .·, 
'\ 

I if 
i: I I' 

I 
l 

'f 
t 
j•' 

nnH lipOBepKH .STOrO npenliOJIOJKeHHSI C liOMOWblO MeTona, 

npenno~enaoro B pa6oTe/8/, 6bm nony'leH KonneKTHBHbiit raMHnb

TOHHaH, BKJI10'1810WHA aarapMOHH'IeCKHe 'IJieHb10 Ky6H'IeCKHe liO 

,Konne.~t,THBBbiM nepeMeBHbiM. 'lncneHBbie oueHKH noKaaann, 'IT~ 

Bb!CWHe 8HrapMOHH'IeCKHe 'IJieH.bl MOryT He ITpHHHM8TbCSI BO BHHMa

HHe lipH paCCMOTpeHHH Hnep, peaynbT8Tbl nnSI KOTOpb!X lipHBene

Hbl B nnccepTaunn, BcnencTBHe Toro, 'ITO sKcnepnMeHTanbHbie 

OWH6KH H3MepeHHSI KBanpyliOJibHbiX MOM9HTOB eme O'leHb B9JIHKH 

{qaCTb OU9HOK BhlliOJIHeHa B npnno*eHHH IV ). 

~ pa6oTe liOK838H00 'ITO 

1) OCHOBHOfi BKnan B KBanpyliOJibHblfi MOMeHT SI.Opa CBSI38H C 

Han6onee KonneKTHBHOfi: BeTBblO aoa6y~eHnil: KBanpynonbHoro Tnrra 

{cooTBeTCTByromefi nepBOMy KOpHro xopowo.HaBeCTHoro.ceKynHpHo

ro ypaBHeHHSI MeTona npn6nHJKeHHOro BTOpH'IHOro KB8HTOB8HHS1) 0 

2) BOnHOBSSI ¢YHK~HSI nepaoro 2+ COCTOSIHHSI C xopo~eii: TO'I

HOCTbiO MO~eT 6hlTb npencTaBneHa K8K cynepiT03HUHSI OLIHO-, .OBYX~ 

H Tpexcl>oHOHHOro COCTOSIHH~ ITpH'I~M yqeT Tpexcl>OHOHHOrO COCTOSI_

HHSI naMeHHeT aenn'IHHy KBanpynonbHoro MoMeHTa ·ae 6onee qeM 11a. 

10%, rorna :KaK axcnepnMeHTani.,nbm--o1!1li6K1I''npeBbiWaroT 20%: 

B pacqeT8X cxeMa O.OHO'I8CTH'IHblX ypOBHeii:, KOHCT8HTbl napHbiX 

CHJI H a¢qleKTHBHblii: 38pSin 6panHCb TeMH JKe, 'ITO H B pa6oTe/9/. 

KoncTaHTa KBanpynonb-KBaApynonbHoro_BaanMoneii:cTBHSI onpene

nHnacb TaK, 'IT06b! Y.OOBJieTBOpHTeJibHbiM '06pa30M OIIHC8Tb sHeprHH 

nepBbiX 2+ COCTOSIHHfi. PeaynbT8Tbl Bbl'IHCneHHit npnaeneHbl B Ta6-

nnue 1. 

113 Ta6nHUbl 1 BH.OHO, 'ITO Bbi'IHCneHHSI .0810T 60JiblllHe 3Ha

'leHH51 nnH BeJIH'IHH KBanpyliOJibHblX MOMeHTOB B .cornaCHH C SK

cnepHMeHTOM. TaKHM o6paaoM, aarapMoHn~eCKHe acl>cl>eKTbi B paccMaT

pnaaeMbiX Hnpax OK838JIHCb ·3H8'1HTenbHblMH. B TO . ~e Bpe~m xa...;. 

paKTep naMeneHHSI. Monyneii: KBanpynonbHbiX. MoMe.HToB oT na(>Tona 

K H30TOITy H HX 3H8KH He Bcerua COBnanaroT C SKCITepHMeHTSJib

HbiMHo llpH STOM, eCJIH MO.OynH KBa.OpyiTOJibHbiX MOMeHTOB OK83hl

Ba10TCSI B 60JiblliHHCTBe CJiy'laeB CTa6HJibllhlMH { B npenenax SKCIIepn

MeHT8JibHbiX OWH6oK). OTHOCHTeJibHO H3MeHeHHit CXeMhl O.OH0'18CTH'I-

9 
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HbiX ypOBHeii:, TO 3H8KH II TeHAeHUHH B H3MeHeHHHX KB8APYII01Ib

HbiX ~oMeHTOB OT 1130TOII8 K H30TOIIY MOryT IIpH '3TOM.· MeHHTbCHo 

A cxeMa OAHO'ISCTH'IHbiX ypoBHeii: H3BeCTH8 _HeAOCTaTO'IHO xopoiiio. 

3TO cymeCTBeHHO orpaHH'IHBSeT B03MOJKHOCTH Bbl'IHClleHHfio· 

l.JTO KacaeTCSI OCT81IbHbiX peaynbTUTOB1 TO KB8APYII01IbHbie 

~oMeHTbi BTOpbiX 2 + { 2 ~ ) cocTOHHHfi oKaaanncb npn6nnanTenbHC 

paBHbiMH IIO MOilY1II01 HO IIpOTllBOII01IOJKHbiMII IIO 3H8KY KBanpynonb

Hb~M MOMeHTSM 2+1 ~OCTOHHHHo KBanpyrro~bHbie MOMeHTbl nepBbiX 

4+ {4~) COCTOHHilii: II01IY'IH1IHCb (\ TeMH JKe 3H8K8MH1 'ITO H KB81l-
+ ~ 

pyiiOllbHbie MOMeHTbi 21 COCTOSIHHH1 HO C Be1IH'IHH8MH1 • B 1,2 -

1,8 pa3a 6onbwnMn. 

B pa6oTe ·TaK)Ke &bi'IHCneHbi rrpnBeneHHbie sepoHTHOCTH E2 -rre

pexonoB Me)KJly BTOpb!M 2 T 1 nepBbiM 2+ H OCHOBHbiM COCTOHHHHMH o 

PeaynbTSTbi lln.H sennqnH ( . + + 
BE2,0 .-2~) H. 

B ( E 2 ; 2 ~ .... 2 t ) 
B(E2;2f-+0~ 

ynoaneTBopnTenbHbiM o6paaoM cornac~IOTCH c aKcrrepnMeHTa~bHbi

MH naHHbiMH. ITpnqeM nnH B (E 2; 0 + -2 1+) peaynbTaTbi ny'l-:. 

IIIe, qeM B 6onee ~Tapb!X pac'I~Tax, ony6nnKoBaHHbiX B pa6oTe/9/. 

{Ynyqweane cBR3aHo c yq~TOM aarapMOHH'IeCKHX ~~eKTos). Onna-

B ( E 2 ; 2 t. -+ 0 +) 
KO 3Jia'leHHSI OTHOWeHHH B ( E 2 ; 2 {~o+) ua nopHnoK rrpesoc-

XOJlHT aKcrrepnMeHTanbHbie. ITo-BHJlHMOMy, aTo yKa3biBaeT Ha To, 

'ITO IIpH p8CCMOTpeHHH BTOpblX _2+ COCTOSIHHii: He06XOll~MO IIpHHHM8Tb 

BO BHHMSHHe H MeHee KOimeKTIIBHbie BeTBH KB8Jlpyii01IbHbiX B03-

5y)KJleHHil, { COOTBeTCTBYIOinHe. BTOpb!M KOpHHM CeKynHpHoro ypaBHe

HHSI MeTona IIpH6nJJ)KeHHOrO BTOpH'IHOr'O KB8HTOB8HHSI). PeaynbTaTbl 

§ 5 ony6nn~oBaHbi B pa6oTe/ 13/. 

B § ·6 JliiccepTaunn nonyqeHo 11 rrpoananiianposaHo BbipaJKeHHe 

AJ'IH onepaTopa M8r'HHTHOr'O JliiiiOllbHOr'O MOMeHTa q{!THO-"'eTHQr'O 

Hnpa qep~a KonneKTIIBHbie- rrepeMeHHhie, cnenaHbi oueHKH nnH se

poRTHOCTefi M 1 rrepeXOJlOB Me::~~tny rrepBbiM H BTOpb!M . T COCTOHHH

HMH H Bqi'IHCneHbl MarHHTHble MOMeHTbl 2! COCTORHHil. 

10 

Bb!paJKeane JlnR. orrepaTopa' MarHHTHoro nnnonhHoro . MOMeH-

Ta BK1IIO'IaeT cnaraeMbie, coJlepJKamne KonneKTHBHbie nepeMeHHbie 

BO BTOpoil:, TpeTbeii H T.Jl. CTerreHSIX. · B pa6oTe IIOK838HO, "'TO 

qneHbi, COJlepJKamne aTn nepeMeHHbie s TpeTbeil: n 6onee Bb!COKHX 

CTeiieHHX, ~HOC.HT HecymeCTBeHHblii: BK118Jl H B Mar'HHTHbiil: MOMeHT 

rrepBOr'O 2+. COCTOSIHHSI, H B BepOSITHOCTb Ml IIepeXOJl8 Me)KJly 
+ . 

BTOpbiM H nepBbiM 2 COCTOSIHII.HMH. 

HanpifMep, ecnn B BbipaJKeHHH JlnH orrepaTopa MarHHTHoro Jln·-

.rmnbHoro MOMeHT8 ·( m 1/!) COXpSHHTb TOllbKO nepeMe~Hble, 
COOTBeTCTBYIOinHe ~an6onee K0111IeKTHBHOii: KBaAPYIIOllbHOil: BeTBH 

B036YJKJleHni!:, TO OHO . 6yJleT HMeTb cneJly!OinHH BHJl: 

- + ] 
m1Jl-SoY 6 [b2b2 11' 

{9) 

+ t' 11 [[ b +:/'~ lJ>J1~ [ b:[ b J> 2] 211"' }, 

rne b~(b2) orrepaTop pOJKJleHHSI {yHH"'TOJKeHHSI~ ~OHOH81 
COOTBeTCTByiOmero Han6onee KOnneKTHBHbiM KB8JlpyrronbHbiM B036y)K-

)leHHHM. KoficTaHTbi g 0 , g 1 • Bbi'IHC1IHIOTCSI B. paMKSX MHKpO-

CKOIIH'IeeKOil: MOJlenn. 

TO'IHO TaKyiO JKe CTpyKTypy HMeeT orrepaTOp Mar'HHTHOI'O 

nnrronbHoro MOMeHTa n s ·~eHoMeHonornqecKofi MoJlem/ 10, 11 I. B 
+ . 

M8r'HHTHblii: MOMeHT 21 COCTOSIHHSI OCHOBHOii: BK118Jl naeT IIepBOe 

cnaraeMoe s { 9). ITorrpasKa, cBH38HHSH co BTOpbiM cnaraeMbiM, ,, .. 

rrpeHe6peJKHMO Mana:· 0,1%-1,0%. B TO JKe BpeMH • TOllbKO BTOpoe 

cnaraeMoe Bbi3biBaeT M 1- rrepexbJlbi Me)KJly KonneKTHBHbiMII cocTo-

HHHRMH. 1Ho ecnn B ~eHoMeHonornqecKoii: MOJl?nn oao naeT rrpasnnb

HbiH IIOJ*IIlOK BenH'IHHbl BepOHTHOCTH rrepexona Me)KJly BTOp~lM II nep- -

Bb!M 2+i COCTORHHSIMH, TO B HS!IIHX pacq{!TSX 9T8 ;se~H'IHHS OK83bi

BaeTCSI Ha JlB8 IIOpHJlK8 MeHbllleil:. 

TaKHM o6paaoM, KonneKTHBHaH ~eHoMeHonornqecKaH Monenb 

II MHKpOCKOIIH'IeCKSSI MOJ:tenb, Y'IHTbiB810lll8H TOllbKO II8pHble H KB8llpy

II01IbHbJe OCTSTO'IHble CH1Ibl 1 B 8TO.M BOIIpoce OK8381IHCb He9KBHB8-

neHTHbiMHo 

11 



B pa6oTe noKaaaHo, 'ITO senH'IHHY sepoHTHOCTH Ml-nepe-
+ + - ' -

XO.r:ta MeJK.r:tY 22 R 2t COCTOHHHHMR MOlKHO OO'bHCHHTb, ecnH B 

~ KBa.r:tpaTH'IHOM no KOnneKTHBHbiM nepeMeHHbiM cnaraeMOM B m 1JL 

yqeCTb nepeMeHHbie, onRCbiBaromHe MeHee KOnneKTRBHbie BeTBH 

soa6yJKneHHfi KBanpynonbHoro THna. Ho .r:tnH cncTeMaTnqecKoro aHa-

nn:aa sepoHTHOCTefi M 1 - nepexo.r:toB .r:taHHbiH no.r:txo.r:t ssnseTCH 

CnHmKOM rpy6biMo 

+ 
Danee B § 6 Bbi'IHCnHnncy g R- $aKTopbi 2t cocToHHHii. 

B pa6~Te noKaaaao, 'ITO 

1) TeiJneHUHH B H3M9H9HHH g R- $aKTOpOB OT H30TOIT8 K H30-

TOny B OCHOBHOM onpe.r:teJIHIOTCH CXeMOH 0.[{H0'18CTH'IHbiX HyKnOH

HbiX ypoBHefi; 

2) cornacHe TeopeTH'IeCKHX peaynbT8TOB C 8KCnepHM9HT81lb

HbiMH ynyqmaeTCH, ecnH BMeCTO 3Ha'leHJ!:H g r - $aKTOpOB nnH 

CBQOOAHb!X HYKJIOHOB HCIT01lb3YJOTCSI nepeHOpM!IpOB8HHb!e 3H8'19HHS!f 12/ i 

3) peaynbTBTbl Bbl'IHCneHHH oqeHb 'IYB.CTBHTenbHbl ;I{ 3Ha'leHHIO 

pa3HOCTH HefiTpOHHOH H npoTOHHOH napHbiX KOHCT8HTo 

TaK KaK peaynbTaTbi oKaaanncb cnnbHO aaBHCSIIUHMH OT napa

MeTpoB MO.r:tenH; TO Ha OCHOBe STHX Bbi'IHCJieHRH MOJKHO C.r:tenaTb 

TOnbKO oqeHb ociopoJKHhifi BbiBon: peaynbTaTbi Bbi'IIICneanfi gR -<jlaK-

+ 
TOpOB 21-COCTOSIHHH Ha OCHOBe MHKpOCKOITH'I9CKOH MO.r:tenn, Y'IH-

Tb!B8JOIU9H qapHbl9 H KBanpynonbHb!9 OCTaTO'IHb!e Cllnbi 0 He npoTIIBOpe:

qaT aKcnepnMeHTanbHbiM .r:taHHhlM. JV\aTepnan aToro naparpa$a ony6-

miKo~aH B pa6oTe/ 14/. 

B § 7 .r:tnccepTaunn paccMaTpnBanocb BnHHHHe aHrapMOHH'I

HOCTH Kone6aHHH Ha CBOHCTBa HHJK8HIUHX BH6paUHOHHhlX" COCTOSIHHH 

B 'leTHO-'IeTHbiX .r:te$opMHpOB8HHbiX H.r:tpax. IlpHHHM81lRCb BO BHR

M8HHe TOJlbKO aHrapMOHH'IeCKHe a$<PeKTbl1 CBH38HHbie C ·BXO.[{HIIIH

MH . B raMHnbTOH~aH KyoH'JElCKHMH ITO KonneKTHBHbiM nepeMeHHhlM qne

H8MHo Bbi''IHCJIHJIRCb CABHrH 3Heprn:fi HHJKafimn:x BH6paUROHHbiX 

COCTOSIHHH H H3MeHeHHH BK1l8AOB OAHO!jJOHOHHbiX KOMITOHeHT B HOp

Mbl 3THX COCTOHHHfi,. Bbi3B8HHbie .. aHrapMOHR'IeCKHMH a<P$eKT8MH. 

PeaynbTaTbi Bbl'IHCneHnfi npnBe.r:teHbi B Ta6nnue 2. Ha Ta6nHUbi 

12 

BHAHO, 'ITO BKna.r:tbi OAHOtPOHOHHbiX KOMnOH~HT B ~OpMbl HHJK8HIUHX 

BH6paUHOHHbiX CO.CTOHHHH AOMHHHpyroT, TaK 'ITO i:IpnMeCH KOMno-

HeHT C OOJibiUHM 'IHCJIOM tPOHOHOB MOlKHO He npHHHM8Tb BO BHH-

M8HHeo · A C.[{BHrH aHeprHii 3TH X COCTOHHHH npeHe6pel!{HMO Mai!blo 

DpyrHMH cnoBaMn, npn paccMoTpeHHH HHJKafimnx BH6paunoH

HbiX COCTOSIHHH 'leTHO-'IeTHbiX ne!jJopMHpoBaHHbiX H.r:tep, aHrapMOHH'IeC

KHe a!jl!jleKTbi, CBH38HHbie C KyOH'IeCKHMH no KOnneKTHBHbiM nepeMeH-

HbiM qneHaMH B raMH1lbTOHH8He, MOJKHO He Y'IHTbiBBTb; 

PeaynbTaTbi § ? HanoJKeHbi B pa6oTe/ 15/. 

B TpeTbeft rnaBe HccneayeTCH Bonpoc o noTeHunanbHOH aHep-

rnn KBa.r:tpynonbHOfi .r:te$opMaunn c¢epnqecKHX n nepexo.r:tHbiX H.r:tep 

MeJK.r:tY c<fJepnqecKHMH H .r:te$opMHpoBaHHbiMH. DnH Toro, 'IT06bi 

nony'IHTb OTBeT Ha Hero, B pa6oTe npe.r:tnoJKeH MeTO.[l Bbi'IHCneHHH 

ITOTeHUH81lbHOH 3HeprHH KBa.r:tpynonbHOfi .r:te$opM8UHH TBKHX H.r:tep, 

OTJl:i'IHblll OT npH6nHJKeHH51 XapTpH~<f>OKa. 0TJIH'IHe COCTOHT_ B 

TOM 0 'ITO 3TOT MElTO.[l npHHHMaeT BO BHH!-.f8HHe tPJIYKTYBUHH !jlopMbl 

_H.r:tpa. 

JV\eTO.[l COCTOHT. B yqeTe TOJlbKO .[{HHBMH'IElCKHX nepeMeHHbiX0 

onHCb!B8101UHX Han6on~e KOnneKTHBHbie BElTBH B036yJK.[leHHH KBa.r:t

pynonbHOro THna, H 8H81IH3e HX KOMMYT8UHOHHbiX COOTHOIUeHHfi. 

3TOT MeTOA npHMeHHM npn ·paCCMOTpeHHH TOJlbKO He6onbiUHX .r:te

!jlopMaUHH. 

B pa6oTe nonyqeHo BbipaJKeHne .r:tnH noTeHunanbHOfi aHeprnn 

.r:te$opM8UHH paCCMaTpHBaeMbiX si.r:tep, BCe K03tPtPHUHeHTbl. KOTOpOX:O c, 

MoryT Ob!Tb Bb!'lllCneH~I B paMK8X KOHK.peTHOH MHKpOCKOITH'IeCKOH 

Mo.r:t.enn. AHanna aToro BbipaJKeHHH noKa3biBaeT, 'ITO 

1) .r:tnH aHeprHH .r:te$opM8UHH c<fJepH'IeCKHX H nepeXO.[{HbiX 

H.r:tep xapaKTepHO H81lH'IHe ABYX MHHHMyMOB1 OAHH H3 KOTOpb!X 

COOTBeTCTByeT c<fJepnqecKH CHMMeTpH'IHOfi paBHOBeCHOH $opMe, 

.r:tpyrofi - .r:te$opMHpOB8HHOfi; 

2) npn nepexoae oT. c¢epnqecKHX Hnep K. ae¢opMHpoBaHHbiM 

paBHOBeCH8H .r:te¢opMaUHH He pacTeT nocTeneHHO OT HYJIH 0 a Cpaay 

CTaHOBHTCH KOHe'IHOfi BenH'IHHOHo 

PeaynbTaTbi aTOH rnaBbi nanoJKeHbi B pa6oTe/ 16/. 
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'Ta6nnua 1 

3xcnepHMeHta~HHe H teopetHqecxHe snaqeHHH.KBa~ynon»HHX uoMeH! 
. nepBHX 2+ COCtOHH~ 

=====~====================================·================== 
:reop • . .~ . axcn •. li30tODH Q +\ -2.'1 Q l2:\ le-to-2~:t) (2.1 l t•10 toM&) 

98Ru - 0,6 
100 Ru - 0,7 
10Z. Ru + 0,6 
toltRu + o,8 

tolj Pd - 0,7 
1o'Pd - 0,7 

. toaPd - 0,8 
110pd -,I,O - 0,8 :!: 0,2 

m c~ - 0,7 
11"cd - 0,7 - o,6:t0,2 ;-o, 7:t2; 

- 0,5£0,2 

f''Cd - 0,5 - 0,9 :!: O,J 
H6Sn + 0,4 +0,6 :!: o;J tz'tTe· 

+ o, 7 
tz.&Te 

+ 0,5 - O,J :!: 0,2 'l.&Te 
+ o,J O~QlZ~)~-O.'f 130Te + o,2 

110Ba 
I,I - I,I :!: O,J 

============================================================= 
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Ta6nnna 2 

C.mnrrH :meprHil t. WK.;~~,..- Ei ( K'~~ ) .:u: · BKJia.m O.lUI~OHOHHHX 
KOMIIOHeHT .B HOpMH: HHlll'.a.ilmmc COCTOHHHil C K,1i = 0~ 0; . 2+ 
B 1s~. Hsc H 13"u frc 1~~) :J ' U'L . \ K

0
lAofo) 

==============~======.===================================== 

Hsotonu li 
t\wl(.~.r.- E1lK:r.) . 2. K tK.~.r.) 

( CK0 lAofo)] 
(K38) 

158~-Y 
o+cr2o) !6 0,984 
o-cno) 2 0,998 

16£fn. 
o+(I20) 2 0,946 
2+(!22) J 0,995 

:mu o+(I2o) !2 0,987 
o-(Do) 0,2 I,O : 

==================================~====================== 

3.n;ec» 

t wl(•"•f• · -aHeprHH 1Jo:Hona c MOMen:rou ).o , erl? npoeK~Heti 
fAo H HOHepoM K0 ( COOTBeTCTBYDillHM HOMepy KOpHH ceeynHpHO

:ro ypaBHeHHJI Me:ro.n;a npH6JU'lE:eHHOrO BTOpHqHoro KBaHtOBaHHSI) ; 

""' 

'','' 

E
1

l Kr.) 
-3HeprHJI HHlll'.a.ilmero BH6pa~HOHHOrO COCTOHHHSI C KBaH-

TOBHMH qHCRaMH: npoeK~eH MOMen:ra Ha OC» CHMM~TpHH JI~a - K, 
qe:rnoc:r»ro · - Sl • 
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Pnc. 1. CneKTP HII3KonelKamnx ypoBHeli cncTeMhi 

npH Y /h(JJ = 1 B 38BHCHMOCTH OT pa3HOCTH 

sHeprHli HeB03MymeHHbiX KB83H'l8CTH'lHbiX 

ypoBHeli (cnnoWHbie KpHBbte). KpecTHKaMH oT

Me'leHhl peaynbT8Tbl npnonHlKeHHSI CHnbHOn CBS13H 

( y'lHTbiBanHCb nonpaBKH JlO BTOpOrO nopSIJlK8) 0 

rryHKTHpHb!MH KpHBb!MH .- peaynbT8Tbl TeOpHH 

B03MymeHHH. 
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