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BBep;eHIIe. ,II;IiyxQeHTpOBbie Mop;emI IIMeIOT WIIpOKYIO o6rraCTh npIIMeHe

HIIII. OHII IIcnorrhnyroTCJI B KBaHTOBOII TeopIIII nomr (Mop;errIIpoBaHIIe cnoH

TaHHoro Hapywemra p;IIcKpeTHOII CIIMMeTpIIII), B KBaHTOBOII MexaHIIKe (<l)II
:JIIKa p;ByxypoBHeBbIX CIICTeM ), B q>IIt3IIKe BbICOKIIX ~meprIIII ( OCQIIJ:rmIQIIII 

HeIITparrhHhIX KaOHOB), B KBaHTOBOlI XIIMIIII (pac~enrreHIIe p;ByxaTOMHhIX 

M01IeKy11). 

,Il;ByxQeHTpOBbie IIOTeHQIIa1IbI o6bl'IHO He nop;p;aIOTCH TO'IHOMY aHMIIt3Y, 

T._K. peweHIIH COOTBeTCTBYIO~ero IIM ypaBHeHIIH Illpep;IIHrepa He Bblpa)Ka

lOTCH 'Iepen mrneCTHhie CIIeQIIMhHhle q>yHKQIIII. BMeCTO 9TOro npIIXOp;IITCH 

lIMeTb p;erro C MHOr0'!1IeHHhIMlI peKyppeHTHhIMlI COOTHOWeHlIHMlI, llt3 KOTO

pbIX HeBOt3MO'.,KHO II01IY'IIITh naMKHyToro Bbipa)KeHIIH p;rra B01IHOBhIX q>yH

KQIIII, a crrep;oBaTe1IbHO, HeBOt3MO'.,KHO BbIBeCTlI TO"'IHhIX ypaBHeHIIII, onpe

p;erraro~IIX cneKTp rmeprIIii. 

B HaCTOH~eii: pa6oTe npep;1I0'.,KeHa M0p;errh p;ByXQeHTpOB0ro KBaHTOBoro 

0CQII1I1IHT0pa, KOTOpM B YKatJaHHOM BhIWe CMbIC1Ie pewaeTCH TO'IH0. 8Ta 

MOp;errh OIIIICbIBaeTCH IIOTeHQIIM0M 

V(x0 , x) = mw2 jx2 
- x~l/2, 

rp;e x0 litJMeHHeTca B npep;errax O $ x < oo. To'!KlI x _ = ±xo npeµ;-) t 

CTaB1IHIOT co6oii: p;Ba QeHTpa IIplITH)KeHIIH, OTp;erreHHhIX 6apbepoM c napa

MeTpaMII (2x0 , mw2xU2). ThKIIM o6panoM Mop;errh norrHOCThIO peryrrHpy

eTca op;HIIM napaMeTpOM Xo, PocT napaMeTpa Xo He T01IhKO yBe1III'IlIBaeT 

Bbl COTY 6apbepa, HO II op;HOBpeMeHHO OTp;arraeT QeHTphI p;pyr OT. p;pyra. B 

9TOM OTHOWeHIIlI o6cy)Kp;aeMM MOp;errh 0T1III'!aeTCH OT Mop;erreii, B KOTO

pbIX p;ByXQeHTpOBOCTh pearrIInyeTCH na C'IeT BK1IIO'IeHlIH B IIrpy µ;06aBO'I-

Horo J:1MhToo6paaHoro BnaIIMop;eiicTBIIH [1]. 
Hawa Qe1Ib naK1IIO'IaeTCH B BbIHCHeHIIII naBlIClIMOCTII 9HepreTII'IeCKIIX 

ypOBHeii: II B01IHOBhIX q>yHKQIIH p;ByXQeHTpOBoro KBaHTOBoro OCQII1I1IHTOpa 

OT napaMeTpa xo. 
BorrHOBhle q>yHKQIIII. BBep;eM crrep;y10~1Ie BCIIOMoraTe1IhHble Be1I1I'IlIHhI: 

17 = (2mw/n) 1l2x,170 = (2mw/n) 112x0 ,c = E/nw,'). = -175/4-c,µ = 175/4-
c. YpaBHemre Illpep;IIHrepa BHe lI BHYTPlI 6apbepa TpaHcq>opMHpyeTca B 

9TIIX o6onHa'IeHlIHX B ypaBHeHIIH p;1IH q>yHKQIIH napa6orrII'IeCKOro QII1IIIHp;pa 

[2] 
\Jl~ut - (172 /4 + A)Wout = 0 t 

\JI~~+ (172 /4 - µ)Win = 0 • 

J 0'> \C.11,,i:,. -;:r:i.<lj l1Ui=rii)1T t'. 
~ rut~~iMX llCClP.A~llGGfi 
j EivtSn~tOT~HA __ 

(2a) 

(26) 



BTopoe ypaBHemie trony'IaeTCH 1m rrepBoro na.MeHon: >.---+ -iµ, 17---+ 17ei1r/4 , 

CornacHo [2], <pyHµ;aMeHTaJihHhle pewemrn aTIIx ypaBHem1n: c µ;aHHOH 'IeT
HOCThIO p;aIOTCH cneµ;yIOI.qlIMil Bhlpa)KeHIIHMil: 

Y1(>., 17) = e~•i2!4F(l/4 + >./2; 1/2; 172 /2) , 

Y2(>., 17) = 17e-ri214F(3/4 + >./2; 3/2; 17 2 /2), 

flt(µ, 17) = e-iri214F(l/4 - iµ/2; 1/2; i172 /2), 

Y2(µ, 11) = 17e_;,,214F(3/4 - iµ/2; 3/2; i172 /2), 

(3a) 

{36) 

(4a) 

(46) 

BHyTplI 6apbepa HeT HIIKaKux rpaHII'IHhlX ycnoB11n:, II rroToMy TaM BOJIHo
Bhle <pyHK~lIIl lIMeIOT Blip; 

(±)( ) - (±) - ( ) '11 in µ, 1J - ain Yk µ, 1J • (5) 

3µ;ecb ai;>-HopM11poBO'IHhle KOHCTaHThl, a nHa'IeHirn k = 0 11 k = l OT

HOCHTc.s:· K 'IeTHbIM 11 He'IeTHbIM peweHIIHM. BHe 6apbepa µ;oJI)KHO co6nro
µ;aTbCH rpaHH'IHOe ycJIOBlie 

lim \JI out( >.J f = 0 , 
ri--+±oo 

<PJHK~lilI (3a) lI (36) He yµ;oBJieTBOpHIOT 0TOMY ycJIOBlIIO, oµ;HaKO lIX 
JilIHen:mu1 KOM611Ha~11H 

/V-
U(>., 17) = ay1(>., 11)(9/JY2(>., 11), (6) 

B KOTopon: 

= r(l/4 _ >./2)cos1r{l/4 + >./2) , 
0: 7rl/22>./~@) 

/3 = r(3/ 4 _ >./2)sin1r(l/4 + >./2) 
7rl/22>./2-1/4 

lIMeeT HJ)KHOe IIOBeµ;eHlie [2] 

U( , ) r,--++oo -r,2 /4 ->.-1/2 
", 1J - e 1J • 

lfa <l>YHKIOIH (6) MO)KHO IIOCTpOlITb 'IeTHbie (k = 0) 11 He'IeTHhie (k = 1) 
peweH1rn BHe 6apbepa: 

wi;](>., 11) = ai;]U(>., l111)(sgn11l. (7) 

2 

~'\ 
~J 

...... 

·j 

TaKHM o6panoM, BHYTPH II BHe 6aphepa BOHOBhie <pyHK~nn c µ;aHHOH 'IeT

HOCThIO µ;aIOTCH Bbipa)KeHUHMil (5) II (7). 
YpoBHll aHepr1m. 8HepreTI1'IeCKIIH crreKTp µ;Byx~eHTpoBoro KBaHTOBoro 

OC~IIJIJIHTOpa rrony'IaeTCH CWHBKOH norapil<pMII'IeCKIIX rrpOIIOBOp;HbIX pewe

HIIH (5) II (7) B TO'IKe 1J = 170: 

(
U'(>.,17)) (iJ~(µ,17)) . 
UC>., 1J) 11=rio - YI(µ, 1J) 11=rio 

(
U'(>.,17)) _ (iJ~(µ,17)) .• 
U( >., 11) ri=rio - Y2(µ, 11) 11=110 

IIepBOe 1m 0TIIX ypaBHeHIIH OTHOCIITCH K 'IeTHhlM, a BTopoe - K He'IeTHbIM 

ypoBHHM. "9:ncneHHhIH aHanim aTnx ypaBHeHnn: rrpIIBOp;IIT K yKanaHHOH Ha 

pIICJHKe 1 3aBIICIIMOCTII 0HepreTII'IeCKIIX JpOBHeH OT rrapaMeTpa 1J0• 
IlpII 1Jo = 0 ypoBHII aHepnrn, KaK II ;rJ;OJI)KHO 6hlTh, COBrra;a;aIOT c ypo

BHHMII aHepnrn JIIIHe11Horo oc~IIJIJIHTopa. BKJIIO'IeHI1e rrapaMeTpa 170 rrpII

BO;rJ;IIT ypoBHH B ;rJ;Bll)KeHne. Haxo;a;Hcb Haµ; 6apbepoM, OHII CHa'!ana cnerKa 

orrycKaIOTCH, a naTeM Ha'IIIHaIOT paCTII, HO He CTOJib 6bICTpO,KaK BbICOTa 

6apbepa. C HeKoToporo nHa'IeHIIH 170 ( cBoero µ;nH Ka)K;a;oro ypoBHH) Bhl

coTa 6apbepa HacTnraeT ypoBeHh II o6xoµ;IIT ero. C aToro "MoMeHTa" 

ypoBeHh naxBaTbIBaeTCH HMon:. OrrilcaHHM 'IaCTh rpaq>IIKa Ka'IeCTBeHHo 

IIOBTOpHeT IIOBeµ;eHile TepMoB µ;ByxaTOMHblX MOJieKyn rrpn lIOMeHeHIIII pac

CTOHHIIH Me,K;a;y aToMaMII [3]. ,I(anbHen:wee yBeJIIl'IeHile 1]o rrpllBO;rJ;IIT K KOH

;a;eHca~IIII ypoBHen: B HMax, ux pocTy II rrorrapHoMy cmrnHIIIO.IlpII 170 2: 6 Mhl 

npaKTII'IeCKII BMeCTO wecTII Ha'IaJihHbIX ypoBHeH IIMeeM TPII µ;ByxKpaTHO 

BblpO)Kµ;eHHbIX ypoBHH. 

B6mmII ~eHTpOB 1J = ±110 IIOTeH~IlaJI (1) TpaHc<popMI1pyeTCH B µ;Be 

o;a;Hopoµ;Hhle HMhl: V(xo,x) ~ 1Jol1J ±
0

1101/2. IlpII 1Jo ~ 1 0TII HMhl ;a;o
CTaTO'IHO rny60KI1, II B HlIX naxBaTbIBaIOTCH HeCKOJibKO CJIIlBWlI_XCH ypo

BHeii. BBilµ;y o;a;Hopo;a;HocTu HM cmrnwIIe.cH ypoBHII µ;on)KHhl BecTII ce6H 

np11 1]0 ~ i KaK en ~ n21317ll3 , r;a;e 'IIICJIO n HyMepyeT CJIIIBWilecH ypo

BHH. 0TMeTI:IM TaK2Ke, 'ITO 'IlICJieHHhIH aHaJIIIO yciIOBIIH KBaHTOBaHirn Bopa-

3oMMep<penh;a;a µ;nH IlOTeH~nana (1) y6e;a;I1n Hae B TOM, 'ITO KBalJlIKJiaccn

'IeCKOe npI16JII12KeHne TO'IHO BocnponnBoµ;nT rrpHBeµ;eHHYIO BhlWe KapTIIHY 

0HepreTII'IeCKIIX ypoBHeH (ncKJIIO'IeHIIe COCTaBJIHIOT BeCbMa Manble OKpe

CTHOCTII BOKpyr TO'IeK IIOBOpoTa). 
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Pn:c._l. rpaq>HK 08.BHCHMOCTH BbICOTbI 6apbepa ll nepBbIX llieCTll ypo
BHeH aHeprn:n: OT napaMeTpa 'f/o-

Pn:c.2. rpaqmK OaBHCHMOCTll BOJIHOBOII <l>YHK~IIII Hyrreaoro ypOBIDI OT 
'f/ n: 'f/O· 3;a;ecb -10:::; 'f/:::; 10, :::; 770:::; 5. 
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Pn:c.3. rpaq>n:K oaan:cn:MocTn: aorrHoaon: q>yHK~mt nepaoro ypoaIDI OT 77 
n: 770- 3;a;ecb, KaK n: Bblme, -10:::; 77:::; 10, 0:::; 'f/o:::; 5. 
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Pn:c.4. rpaq>n:K oaan:cn:MOCTH BOJIHOBbIX q>yHK~n:ii nepBbIX ;a;ayx YPOBHen: 
OT nepeMeHHoii 1/ npn 11

0 
= 5. 

5 



CrroHTaHHoe Hapywem1e CIIMMeTpm1. YcnoBue HerrpepbIBHOCTII BOJIH0-

Bo1'i: <PYHKIJ;IIII B TO~Ke f/ = f/o rrpBO)];IIT K cneµ;yro~eii CBHtm: . 

(±) _ U( X, rJo) (±) 
ain. - fik(µ, T/o) aout 

KoHCTaHTbI a~;] orrpeµ;eJIHIOTCH II□ ycJIOBIIH HopMupoBKII II II:rvreroT BIIµ; 

1

2 '70 oo }-1/2 
a~;] = r 112 { I ~(X, T/o) j lfJk(µ, T/ )12 d'f/ + j IU(X, T/ )l2 d'f/ 

Yk(µ, T/o) 0 7Jo 

8TH cpopMyJibl BMeCTe c cpopMyJiaMII (3), (4), (5) II (7) IIOJIHOCTbIO orrpe

p;eIDIIOT rr0Beµ;em1e BOJIHOBbIX cpyHKIJ;IIH oT rrepeMeHHOII T/ u rrapaMeTpa T/o• 
Cneµ;yro~IIe µ;Ba rpacpnKa µ;aroT rrpep;cTaBJieHIIe 06 yKa□aHHbIX □aBIICIIMo
CTHX (puc.2,3). 

. MbI BII)];IIM, ~TO IIO Mepe pocTa rrapaMeTpa T/o BOJIHOBble <PYHKIJ;IIII rrep

BbIX )];Byx ypoBHeii IIOCTeIIeHHO JIOKaJIII3YIOTCH BHe 6apbepa II rrpII T/o ~ 6 

BOKpyr n;eHTpOB T/ = ±rJo o6pa□yIOTC.H µ;Be ll30JIIIpoBaHHbie µ;pyr OT µ;pyra 

.HMbI. Op;HOBpeMeHHOe II□o6pa)KeHIIe rrepeµ;HIIX rrpocpuneii µ;Byx IIOCJieµ;HIIX 

rpacpIIKOB µ;aHO Ha pncyHKe 4. 

Mn Hero BIIµ;Ho, ~To· Moµ;ynII BOJIHOBbIX cpyHKIJ;IIH HyJieBoro II rrepBoro 

ypoBHeii coBrraµ;aroT y)Ke rrpII T/o = 5. Oµ;HaKo 6bmo 6bl HaIIBHO µ;yMaTb, 

~TO B rrpeµ;eJie T/O = 00 IIMeHHO 0TH BOJIHOBbie <PYHKIJ;IIII 6yµ;yT OIIIICbl

BaTb )];BYXKpaTHO Bbipo)Kµ;eHHbIH ypo~eHb, o6pa□oBaHHbIH CJIIIHHIIeM rrep

BbIX )];Byx ypoBHeii. Ha caMOM gene, B yKa□aHHOM rrpep;eJie CIICTeMa pac

~errIDieTC.H Ha µ;Be II30JIIIpoBaHHble IIO)];CIICTeMbI: ~aCTIIn;a, □axBaTIIBilIIICb 

O)];HIIM II3 n;eHTpOB, y)Ke He MO)KeT BepHyTbC.H KO BTOpoMy. roBOp.H IIHa~e, 

B rrpep;eJie f/O = 00 peaJIII□yeTCH CIIOHTaHHOe HapyweHIIe CIIMMeTpIIII: Ha 

CMeHy BOJIHOBbIM cpyHKIJ;II.HM '1J+(T/) II q,-(T/) "MrHOBCHHO" IIpIIXO)];.HT BOJIHO

Bbie cpyHKIJ;IIII WL = (w+-w-)/21/ 2 II WR= (w++w-)/21/2, OIIIICbIBaIO~He 

cocTOHHIIe ~acTIIIJ;bI B JieBoii II rrpaBoii .HMe. Cneµ;H □a rroBeµ;eHneM cncTeMbI 

B o6paTHOM rrop.Hµ;Ke, T.e. OT T/o = 00 µ;o T/o = o, MbI o6Hapy)KIIBaeM, ~TO 

TO~KY f/O = 00 MO)KHO IIHTeprrpeTIIpOBaTb KaK rrpeµ;eJibHYIO TO'IKY 6ncpyp

KaIJ;HH,T.K. B Heii rrponcxoµ;IIT pac~errJieHIIe ypoBHH II rrepecTpoiiKa CIIM

MeTpIIII. KaK y6e)Kp;aIOT Bbl~IICJieHIIH, 0TOT cn;eHapIIii IIOBTOp.HeTC.H II )];JI.H 

µ;pyrIIx, 6onee BbICOKIIX, ypoBHeii aHepruu II COOTBCTCTBYIO~IIX IIM BOJIHO

BbIX <PYHKIJ;IIH. 
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MbI 6Jiaroµ;apHbI M.B.Jiyn;eHKO II JI.r.Mapµ;o.HHy □a IIHTepeCHbIC 06-
cy)Kµ;emrn. 
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