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'-.M3yqeHne s¢¢eKTa'Aapo:Hosa _;'BoMa (AB) [1·]; IIInpoKo o6cy~~sinero-:' 
C51 B CBOe BpeMSI B CB513ll C pOJihlO 3JieKTpOMamHTHhlX IIOTeiiiijlaJI:o:B B KBaHTOBOH 
MexaHHKe, ce:Hqac ·noJiyqHJIQ HOBOe 3HaqeHHe ·ll3::.3a llHTepeCHhlX aHMOrHH C~ 
nose~eHne:M qaCTnu,':B·oKpeCTHOCTH KOCMH:qecKo:H CTpyHI:i [2] 1J qaCTHOCTH· 11 c 
oco6eHHOCT51~fll' iC~aHTOBOH' TeOpllll ~JI5J: npoCTpaHCTB, H:Meiom;HX .KOHJiqeCKHe 
qepThl [3 ], - B iienoM; B ucxo~Ho:H :Mo~enn AapoHosa- BoMa ~aHHhlH s¢¢eKT 
B03HHKaeT KaK·pacce51HHe KBaHTOBhiX '6eccriiiHOBhlX 3apii:i<e:HiihlX qaCTHIJ, Ha 
6eCKOHeqHQ TOHKOM ll ~JIHHHOM COJieHO~e, CO~ep)Kam;eM KOHeqHhlH MamHT
HhiH_ rroTOK ci>. IlocK«;>JinKY .MamnTHOe rroJie BHe TaKo:H <<CTPYHhl>>' OTCYTCTBYeT, 

~~~~-OJihlf);', ~ ,~~5~#1J~~KO!:f .~MhiCJie.If,e! n cipl/ ~~jicisy~ill;~x_H<;l:,qac:rnu,y !9!::. 
MeTHM, qTo Kpo~e BhlmerrepeqnCJieHHhiX CHTyau,n:H rro~o6HhlH _<<Torr;oJIOJ}Iqe
CKIIH» xapaKTep.B3aiiMOb;e:HcTBllsi BcTpeilaeTCH iinci<e H rrp:H'pacce5iliui·sJiet~'..: 
pOHOB rrpOBO~IIMOcTII Ha i JIHHeHHhlX : Ji:~epeK~ax. KpiiCTaJIJIIIqecKOH pemeTim 

" • '•' ' \.• <' 

TBep~hlx TeJI - ~IICJIOKau;H:Six 11 ~HCKJIHHau,uSix [ 4 ]. Cym;ecTBYIOT IIHTepecHhle 
npiiMeHeHiiSI: · s<P<PeKTa AapoHosa -- BoMa n ieopiiH · aHII~:Ho.~. pa3~m~a~~o:H: · 
ce:Hqac B IJ,eJISIX OtThSICHeHIISI BhiCOKOTeMrrepaTypHOH CBepxrrpOBO~IIMOCTII [ 5 ). 

Y qeT crr'nHa B TaKOI'O 'p()']i,a s{p<t>efTa:k ci~a3iJ:BaeTCSI ~aJieKO He IlpOCTOH rrpo-
6JieMOH, Tpe6yrom;e:H Tll~aTMhHOI'O aHaJI~3a rpaH~qHf1Ix . yCJIOBIIH 3a~aqn, 

' ' \ • ' ~ • ;. < • t ,. ', , ' ";"': . i ' ;: ~' ' • ;:;· ,. ' ·: t } ~-

B npOTllBHOM CJiyqae B03HHKaeT_yrpC)3a HeKoppe.Ki'lioro onrica:HIIi ~liiiaMIIqe-
CKOH 3BOJIIOIJ,IIII qacTIIU. Il3-3a HapyilleHIISI YCJIO,~IISI caMocohpSI)KeHHOCTII ra-

• MllJihTOHllaHa. BrrepBhle Ha 3TO o6pimuuinmi::Ma:H:He ,n:;K'eKH:s II rep6epT B pa6o
Tax, IIOCBSIID;eHHhlX IIOBe~eHIIIO ¢epMHOHOBB OKpeCTHOCTH 'i(oCMHqeCKOH CTpy-

. Hhi [ 6 ] , II XareH rrpni13yqeHHH pacceSIHIISI AB ~JISI peJISITIIBIICTCKHX. qaCTHIJ, co 3
. 

cniiHOM 1/2, g = 2 [7 ]. CyrrepciiMMeTpli~ecKoe B3aiiMo~e:HCTBiie, no3HH:Karo
m;ee B ~aHHOM pacce:Sru-H~; AOITYCKaei-' 3HaliH:fe:ixiiioe yrrpolli;eH:Ite aHaJIII3a cneK.;. 
Tpa ~IIpaKOBCKOI'O raMHJihTOHHaHa: B ~IaCTHOCTll, ~erKO IIOKa3aTh cym;eCTBOBa
HIIe N MO~ c HyJieBOH 3Heprne:H E =:= o; riowilio:H Ha Ka~hlH KBaHT MamiiTHOI'O 
noToKa, 3aKJiroqeHHOro B coJie:Ho~e ' [8 1: (Mhl noJiaraeM 3~ecn 
l'=7 ~{<f.> o == f ; ,o ~ rl1.,ff. ~,,= [~ /~o1'.. ~~ ~ o ;": qrftc/ eo: I c: ~~<;lH'L M<}I}III'fl!O«) : 

IIOTO~a.), . , . , ., :r~ ~· ~:, .·· . ·.. . . ~. ./ : ~'·<:: ··.; ., ,: ·; .. :;:
. B. ~aHHo:H pa60Te Mhl aiiMI13IIpyeM ciiytia:H g :;e 2,. Cym;(!CTBOBaHne aHo-; :, 
~ <·_,. _.·.:.~> . .J'·::_·.~.~.:··~ . ·~·c· :-. ~'!·">_-_.·;.,_. · o., :- .. · ··-·· ~-.,__~~ -~-_.t ..... • __ ,~,.~,. -'--\.-

MaJihHOI'O MamiiTHOro MOMeHTa y_qaCTHIJ,hl HapymaeT cynepciiMMeTpiiid B3all-: 
MO~eHCTBllSIII, KaK Mhl noKa)KeM A'anee;• iipHBOAHT.KaK 'K'nepexo~y nhl:meym).:. 

r ~iie"ii11~"ll'tn iicmrr. I 
S i2f.!l.1Jt f!Ct':H!i!lE;lfi!]~ : 

r ~WSnirfOTEHA · -- ~ --



,ffiHyTHX HyJieBHX MOAB ooblqHHe CBSI3aHHHe COCTOSIHHSI, TaK H K nmiBJieHHIO 
AOllOJIHHTeJibHoro ypoBHSI SHepmH. MH orpaHHqHMC.si HepeJISITHBHCTCKHM CJiy
t.IaeM •. IlpH aHaJIH3e cneKTpa raMHJibTOHHaHa IIayJIH H rpaHHqHHX yCJIOBHii, 
HaKJiaAHBaeMHX Ha BOJIHOBYIO <I>YHK~IO qacrHn;H B ooJiaCTH :HcroqHHKa noJISI, 
HCllOJib3YeTCSI MeTOA caMOCOllpSI)KeHHbiX pacmHpeHHH onepaTopon, pa3BHTbiH B 
TeopHH 1:5-noTeHD;HaJIOB, HJIH noTeHD;HaJIOB MaJioro paAHyca AeiiCTBHSI [9 ]. IIo
Ka3aH:a HeOOXOAHMOCTb BBeAeHlci: cnen;HaJibHOH rapMOHHKH, H npoCJie)KeHO 
BJIHSIHHe xapaKTepHCTHK ee CHHryJISipHOI'O llOBeAeHHSI Ha pa3JIHqHhle $H3Hqe
CKHe CHrya~H: AJISI qaCTHn; BHe HCTOqHHKa. MH HCCJieAyeM · TaK)Ke npeAeJI 
~ .. O(R -paAHYCTpy6KH MamHTHoro rtoJISI) H, TeM caMHM, B03MO)KHOCTb Hc
nOJib30BaHH.si MOAeJIH MarHHTHOH <<CTPYHI>I>> AJISI aAeKBaTHOI'O OnHcaHHSI pacce.s~.:. 
HH.siifJepMHOHOB :8 nOJie AapoHoBa- BoMa. , - -~ 

!1:.' 

· 2,.AHAJlH3 rPAHHtiHhiX YCJIOBH:A: HCIIEKTPA 

. PaccMoTpHM HepeJISITH~Hcrcim:H sJieK~poH c Macco:H M, 3apiiAOM e = -e0 H 

MarHHTHbrM MOMeHTOMJl = g p.BS'((g.:.: 2)/2 E ae>Oj_:B OKJ)e~HO,cTH MarHiiT:_: 

Ho:H c:fpyHI>I c sJieKTpoMamHTin>I~ noT~i.'~IianoM Aa~~ona_-· BdMa. ·, · . 
. - .. A= e A'(p),'A (p) ~- <f).!. .- -· . .. 

"' ·"': "' . 'br P. -

H MarHHTHblM llOJieM . ~ ) 

,, •. ·:.· •• ,<i.. / 

H = e H , H = .<1> d(x) o(y). . ' z z z "' ·. . ' - ' 

B sToM CJiyqae ypaB:Heillie IIayJIH 
• ' T ' '0 '·;(-' ' 

-. 
[2~ (p +:0 ~)2 - {Jl·~)] W(~) =-:·£; (r) .. 

MO)KHO npeACTaBHTb B BRAe i. '' '· . . '::i 

·- - - 2M · '' 2M \ 
[-a_:_ 1i2 lp.l,<l>.~(p)J';l'(p) = tl ElJ!(p), 

( )

2 . . ;_ .. ~ eo 
a.~ V +i ~c.·~ , (1) 

, "' . , . L 1- . ;, ~ "· . " . < 
r.D;e Mbl Bbl6HpaeM p ~ 0 H 's = --

2
n. (JierKO yBifJ.teTb, qTO B ripoTHBHOM CJiyqae z z , 

-S t t H - He 6yAeT HHKaKHX HHTepecHblX $H3HqecKHX CJieACTBHii.) Ilo_Rpo-
6yeM ii36e)KaTb TPYAHcicreH:, nHocHwx d.:iuhe~n;Hano~: Bn~ivionepilTop H

0
: . 

" -·_:. · .,., ·_ ·,· · 2 ·2····-, -.. _ ' ... " ·-· 
H0 =-a; D(H0 = {\f\11 E L (R .); '1!(0) = 0}; 

:·.#r~;·}:·~~ -i~.~;;~ ~ ~,,:~ ;·~~~':: ~:~ 
-~~-·~'"~ .. : ,•-: ,; -~~ ~-.7::~:;{~: 

i.:l_; 

•, ' ·. 

T.e. onpeAeJieiiHhlH ToJibKO HaperyJI~pHbiX B HCTOt.IHHKe BOJIHOBbiX $y~SIX. 
0AHaKo eCJIH: iJ:~rioJib~YSI CKaJISipHoe npoH3BeAeHHe B L2(R2) -

"' ?" ·F'· ..... -A ' -~ " 

(g, H0 !) = (H*~,-i) ~ fdr g*ff>t=fdr [JJ*~]*f, 
:. "' . '"' ~·· ,· ;.' :;_~·;ji ~ _._ 

n6CrpoHTb on.epaTOp ~. conp.si)KeHHHii HCXOAHOMY, H 
0

·, io Jiei'Ko no:KasaTb, t.ITO 
' :.\ . " ' ··.;.._ . .· . ;.._ . ; :_ ·.'.' ; 2 2 ,. ;c;; ' ; 

~-= H 0 , Iio D(~) = {\t\11 e'L (R )}, -

T.e. o6JiaCTb onpeAeJieHHSIJf;, Irilipe il riosToMy.oriepaTop H
0 

H:e 5i'Bmierc.s~ eaMo:. 

corrp5J:)KeHHbiM. IIpciaiianH3HpyeM:;·c.ii~AYSI MeTO~y <t>oU: Heii:Mima, ero H:Ii):£e!Ccbi 
Ae$eKTa. JLrrSI 3TOI'OHeOOXOAHMO OTbiCKaTb BCe COOcrBeHHble BOJIHOBble $yHK-,, 

' - • ' >.. • ' ' ' •• A_ ... ,.,, ·:•·. 

:n;HH, oTileqarow;He KOI\{IIJieKciihlMc~Be_HHhlM.3Haqeif!ISIM~: , . · 
-: _ .. ~; -· ,.-·_ ; - ,; -~~ .· ' .· ':'''' ".:•._- ' . ·.~,., . 

~'I!(p) g.z2'I!(p); z2 E C \R. · ' ·., ('2) 

IIycrb i = ± ip
2

; rAe -p
2 > 0 H HMeer pa3MepHOcrb sHepmH. TorAa, pa3JiaraSI 

BOJIHOBYIO $yHKIJ;HIO B PSIA no yrJI~~biM ~a'pr.ioHHKaM: · . 
+co 

·.. , . ; w(pf~ "Z c~ eitf!Jp R,nCiJk; !~.n: ' .. :· .'!.:'(3). 
_-- m=-oo 

J : ·' 
2.~-- !i>k!.~t;·~-~-. ; !~-: 

rAe paAHaJibHaSI B'o:;IHOBaSI IPYHicn;~~ YAOBJieTBOp.si~ ypanHeHHID ;_r 

' ~2 . : ; 1 / : f 

1 .[."('··~),;2 . . 2] ' 
-R· (p) + --R_ (p)-' - -:-_ ·· - z R (p) = 0, dp2 m , p dp;,,m · 1p. , . m 

~~---·.,~-'"~ <-:.:(:'~~ ';··),, .. ~-
iii=:= 'm +/,"I :::d ~/<1>0• 

·11cnOJib3YSI YCJIOBHe KB~~paT~_'I_H9:H HHTerpifpyeMOCTH, Mbl HaXOAHM,' t.ITO peme
HHSI <2> B03MO)I(Hbl To.ribKoAJiSI:'rap:MoHHKH m =: '-N, oTBe-.!arori::i;e:H MHHHMMb-

HoMy 3Haqelmro o6w;ero ~r.{~oB_o~ MOM~HT(a~ +iJ~p)a)KaioTC.si.B BRAe .. , 

.. ,:'-'·.>-,<: . .- -· . w· -(p)_= __ Jl.l) e, 4 PP ·_ . ·, ... . ,_ ... _. 
, . _+ <S - --· ;:rc . . <-'r ,. ~-,,., •• , .. : 

. . .• .12) ( -7 ) ' .. . :.. 2 ::-(p)= jiJ e . PP •• . , : ... - . . .... 

B STOM 9JYqae HHAeKC:H Aeif>eKTa panHbl ( m, n) = (1, 1 )_ 11 Heo6xoAHMO BBeCTH 
l,:fj,~ ._.; .:,., _I :> •• , • .o'c.,,., f~·~• _,..).·- .. ~:..:.~:...: .~·_:".j•·~-" '·' ,. '-·· • ~".' ~ I' ' -~V~; ~ • ~ • 

OAHOnapaM~pHqeCKOe CeMeHCTBO caMOCOllpSI)KeHHblX paCWHpeHHH HCXOAHOro 
onepaTopa 110 ToiibKo i:Jm rap:Moiiifi(H::~ =· - N: " . ~ . ".. . .. . .. -. -

.. ·--.." .. ~~ ... '~,-.~-~~ 

-A-. :_ ,·A.· .-, ~..--. '- ; ' 

h/0 -+h#. d; (m '== -N), 
Jt Jt . . 

·, 

·rAe' ~ ' 
: -~ ... <'- '": ~ ; 

3' 



A 

" d - 1 d I 2. ( 2 
h =-----+ - . .· t.d - al · P dp .:: P) •. 
h;, d'I!~V>) = (±t[J2)'w ±c;;~: 

.. - ,.·., 

,fi'_;..;' 

llpHlleM_:'P(p) E D(h/, d)' eCJIH _. .. ·.· . _ . ., . 

.. 'I'':)·= 'I' (p)+_C [m~~(~+1 _e_).+ e+i9ffi2{·(e~1. Zp)-] 
I.Y o ... o -. a· o · a . ··: ' ' . 0 '.. ' 0 

. A I 

rp.:e lJ! 
0
{p) .E D(H 

0
) ·_; C .~ npOH3BOJibH~si:· KOMnJie~cHa51 const;. (} --:- napaMCTp, 

u:YMepyrom;Hii _BapHaHTbl caMoconpY:lKeHHhlx, pacmHpeuHii; a0 ----c paa:MepHNii 

napaM'cip ([aJl- ~), no:Ka H:e onpeAemi:eM:hlii; ~1 • 2>(x)- lf>YHKIJ:~H XaHKe:.. 

~ 1-ro H 2-ro po~a: McnOJib3Y51XOpomo' H3BeCTHOe aCHMll~ClTH'IeCKOe noBeAe-
HHe !f>yHKD;HH Becceng npH MaJibx~ apcyMeHTax . . . 

. . ·" - - ,\ 

·' .. . : J v (x);~o :=! .. ( i) ~- r(ll+ Y). [1 +· o(x2) ], 
' ' ~~' ' . . . -~ ". -; t' 

''· 

Mbl Mo:lKeM: oimcaTb HCK~Moe o6m;ee noBeA~!fHe. BonuoBoii !f>y:HKu;HH B oKpecr-, .. . ... :. ~ ' :' 

HOCTH HCTO'IHHKa KaK . · 

(
1 p) -o (1 P) ~ ( P) 2 

. . lJI(p);·~ o :=!fl 2 '·ao ·' :.+B 2 ao + o . ao ', 
·- i 

(4) 

rAe 

A= C (~2) ~;!!.. 
sin(.nd) e: 2 

·;r. (} .. 

B..:. ·c 2 ·· · :+i2 
- sin(.no) e 

t_'·.:: 
., 

H no3TOMY B03MO:lKHa uyMepall;Hx JiapHaH~OB ca-M~onpY:lKeHHhlX pacmHpeuHii 
. OAHHM Bem;eCTBeHHhlM napaMCTpoM 

B.· • .· .. ,. 
A'·= 'brd, -oo <:: d~"'+oo. (5) 

IIpoaHanH3Hpye~f' T~n~pb · cneKTIJ raMMb~o~n~~~a riiiymt(l) • y~iA :Kop:
peKTHNMH. rpaunlliihlMH yCJioBHYMH. (4) .:.:..:_ (S) .· Bce'ueTpHBHMbHHe CJieACTBini, ... 
. KaCaiOID;HeC51 B03MO:lKHhlX CB513aHHhiX cocio5liliiii', MO~HO riony'IHTI~, ~cc.iieAY51 . 
crpyKTypy peaOJibBeHTN :R, n~poeH~oii TO~bKOAIDI hJ.d (m = -N). Tiycrb 

{R(p:k) = £~.d -'k2ril h(p) = t(p), <6> 

4 

) 

rne't(p) E!J(hj,~) .. ~ k2 _E C; Jie'i-Ko YB,H~eTb, 'ITO ~1151 paiiHaiibHOra Y,PaBHeHHSl 

peaonbBeuTa isnYCTCY HHTerpanbHbiM onepaTopoM c ~poM G(j, j>' ,"k); 
'' , '~ ~- o~•,• ~-·· ,; :·· ."':'·>·=-·•> l:.·- ,·~. ", ~ '". • ·, .. ·· .·'" -. ,:• ~(:~"!•'• 

L Ei (h'·d . ._ k2 ] G(p, p', k);,·d(p- p'). . (7) 
. P, . f, ... . , . ,.. . 

-~ 

TorAa H3,(6) CJieAyeT, 'ITO 
~ ' • >--

t ~. ~ • " 

:{-~: ._._1 -. -:~ '/' ~· 00 .~ t '' ..... <,.• ,_ •• • 

.,L.,;~,fo(j,/, k) h(p')dp' .=5'/(p)~·-
~ i ;i :} 

,:;·~ .: .. f - (8) 
_.. i' o ,, . ·. ' :\' '-'l •;' . ~ .• f,> . "'·~;-, .... · ~ ; ~)..;' .·..;.'i~:''f :..·!_~-

ECJI}i p ~ p', TO ' ~i::~ 

" ~ ··~ ~ " 
•• l" 

' > i .: LPG (p, {• ~) ~;Lp' G (p,"p', k) = 0, 

H'Mbl M:o:lKeM nocrpoHTb cf,yHKIJ;HIO fpHHa G {p,:p~, k) KaK cynepnoaHIJ.HIO 'nH-
ueiiuo He3aBHCHMbiX Co6CTBeHHbiX pemeHHH ypaBHeHH51 (7) '· 1 . c • ; '. ·' ;L 

. , j)p{p) il)<~:):, p ;-'~~~-; 1 : \ :; ' c .• ' 

.. ,.~G(p,p,k}_=_.'. :f2)";,.··.·_:fl)''··,_:-.n''.''~ ,_~ r:: (9) , .. .. .• . ... : . " : . XL (p)'X! ,(p:),:p <f p' ' ' "' 
. .;.:":...i'\ i k . .:.: :..~·.:.. ~ _: . : c ~ _.:~·- ·-· 

C BblllOJIHeHHeM yCJIOBH51 HOpMHpoBKH 
.. _.;::: -· :;· · ::,;·. . p,+ ll :n ;.-.. ;. · ;:m:l "''~ :;. , ., , . . :" .. r dp' L G(p, p', k) ~ 1. , 

.;· ... ·-.~-.ti;_"J.P-- .... ,, .. , .• _. 

: 

q; .. ,,,,., :s t '"''(10) 
-d~ ';..''' 

· .:.l'lr}r:.: :;:.._·.f~· .._·_, 

' CHCTeMa · cooTHomeHHii · (9)-0 0) no~monYer· · IlaM: oAiioai:Ia'IHO; ~npeAenHTb 
G{p,:p',,k):· · · ,, •.· :·_o:nF}j'' :''•.' , :,.._-;,·:·;.•;:c•,: .;:; 

· • • • .•. • 1 ink-~1o(kp) !ii 1 (kp'), P < p' · • 
. G(p, p' ,· k) =- . 1 . . ... ·; t:: , ' 

1 ' :; :·:~ : • :, • ,, 2 ,., M ~(~f)/o(kp ~::P?: p_. \' 
. )· 

H_ 3HaJI~,3 ~paHl{~H.()I"O y~~B.H~ A1151 f(p) H3 (8) _AaeT 3Ha'leHHe_ d :=:". + oo. J'aKI~M 
o6pa~~M:, · Mbl · rioctfiJ<?lUi". ·peao~hiieii1-'i. ~:R~(J),k) ~~}~~51 'tiacrH'oro?Pbiyqag 

hf,d ( d ::;:: oo) . -:- .. Ttt.IC.-.!!a?hi~~~~~I? .:IJap~aJ!~a, ~P.~I;>HX~ .. ~M~o,np~~e':moro 
pacmHpeHHY;' PeaonbseHiy AJIY npoH3BOJibHoro a·ua'leHHY. d- R(p, k) MO:lKHO 
Tenepb nOCTpoHTb, HCrrOJib3Y51 MCTOA KpeiiHa [10 ], 

1 

;:; .:i•.;c; 
"' "' _,~~~-::· :;_~·-.r~:{co r~ >·:I~ '.:~~;~:-·i.:-::.-:~.. :. ,-~·:;~:::r1 

R(p, k)= R0(p,_~) ~-p(kfJ dp'-~1 )(k p')(·)~1 )(k p), _l 

.:·~ - _; ; '· l:~;' ~ !.~~~-~-· -~~~-- ·-,~ ~{ ' ---~]>~ ... _ c) .·; . ·_ . . '~ ~·~ ; 

H, aHaiiH3Hpyg rpa~H'IH6e yCJiOBHe AJI51/{p) S~3 (8), M'b. ~~nyqaeM B~ p(k): 

. .. ~ '::,'-;"\ _,. ~ (¥-) sin(.nd) (ka0)~ .·... .. , .· .. :., ,, ,:z;,., .· 

p(k) · · · ·o-- .:.:i.n-0' • • T(L+d)· ..:.o • .... J ' '-

(ka0) e1_, ·+,2n:dr(l..::.d) (ka0) · ·- ·· ~" : .. '. 

'\' , .... ~ 

5 

--- .. 



KaK xopomo H3BecTHO, noJIIOC pe3oJinBeHThl no3BOJISieT onpeJJ.eJIHTb CBSI3aHHoe 
cocroSIJiiie. ·:roma. · ·. · ·~- ''·: · ·· , ·· · · · · · 

. . .. , .· .. -.. . '· .. · . . __ ; :zJ T(1 -:CJ): ,., ·-·' >'.·. 

p(k)-+ oo: ~1.=: -(Ka0) r(l + Cl)·~ 0; ~ = ZK 
'• _. . · _

1 
.i 1 ·i·' • 

k2 - - 2 - 2ME/1i2 < 0 HJIH - K- ~· :-y- ~ ,- ·--.~ _ 

TaKHM o6pa3oM, Mhl MO)KeM HOpMHpoBaTb H~my IDKMY . d, 'Jiono:iKHB 
ao = 1 I K, me K xapaKTepH3YeT 3H~pnno CBSI3aHHOro ~_()CTOSIHHSI, H CKa3aTb, 'ITO 

rpaHH'IHOe ycnoBHe (4), Ha~aAhl~aeMoe Ha BOJIHOBY~ <f>YHK~HIO (p-+ 0), npH 

3Ha'leHHH ,J 
··;. 

r(l- o) 
_,. '.md = ~\-r(1 +or 

•,: ," 

.:~ (11) 

'OT~e'laeT 'cB5iaaHHOMY COCTO~HHIO.' 0TMeTHM npH 3TOM,. 'ITO :onpe)J.eJIHT~. caMy 
BeJIHtlHHY ypoBHSI SHeprnH Hero CB.SI3b C <f>H3H'IeCKHMH napa:MerpaMH f.l, <J> )J.aH

HhiH MeTO)J. He ll03BOJISieT. 
·n 

3. PErYJI.SIPH3Al.I,H51:~MO.D,EJIH CTPYHhl 
. . c KOfiEqHJ;IM PA.D,HYCOM 

· PaccMcnpHM Tenepb 6onee·ij>H3Htlec~Hii ri~JJ.~~~: a Hlde~Ho B~eJJ.~~j,~~JJ.eJib 
'crpyHhl KOHe'IHOro pa)J.Hyca ·Ric p'acripe)J.eJieHHhiM BHYTPH MarHHTHhiM noJieM 
TaK, 'ITO cyMMapHhiH MarHHTHhiH llOTOK no-npe:>iCHeMy paBeH <J> • .D,JI.sr TOI'O 'ITO

, 6hi;BhiJJ.eJIHT:b :MoJJ.eJibHO-HHBapHaHTHhle <f>H31liiecKHe pe3yJinTaThl, imeJJ.eM TPH 
pa3JIH'IHhiX pacnpe)J.eJieHHSI MarHHTHOI'O llOJISI, )J.OllYCKaiODJ.HX TO'IHble.peme
H_ifsi_. ::. ~ :\:\·;_·/ ("'• ': . > ' 

Mo)J.eJib 1: H(p) :::;, . <I>; " ,, o~~OPOAH~·eM~~~~Hoe none ·;HYTPH Tpy6KH. 
n:R . ,.... . .. 

·,, __ ··.::· -·;-~ :.._ "''. . , '•<f> :· '·} '.=. l _t-.. (r -~·-. :··i li < •c, ·' ", ,.::·--:.~·;,··· ., .... _: .,: ;-;~; '( 

~,OJJ.~b ~: H{p) ~-'brR p ~(R -:f2.:'r:·. "I(yJioH,O]JC;~~~:· THIT Iio~·e~e~:~SI;i 
{ ~ . - ..... "~-· -~ r~ cw : • • • •• ·.,- - c ".] ' . <J>- .- ·, .-.c : - - -- •. r; ,. ·~,·, . .- .,. ,· ... ' , .,. ,... . ~ , 

·· .. · Mo~enn .~: H{p) = 'brR o (p- R) ··- ~H.nH~PH'IecKaSI Cl-o6ono11Ka pa-

P,Hy~R: .•. ,_· . _:. l;:r~:-,;~:~~'~_,':,,,.,:;~:.:'.·, .. , 
IlepenHmeM ypaBHeHHeilayJIH B o6m.eM BHJJ.e 

.·· [~ :;:c '(~ ~~-,~:3c2·\~t + ::?~)]~~~;,~,:t!·:· 
3JJ.ecn a= ±1 OTMe'laeT npoeK~HIO cnHiia:~JJ.oni. (npoTHB) HanpaBJieHH.si Mar
HHTHoro llOJISI. Ilocne Bhi)J.eJieHHSI yrno:Boii aaBHCHMOCTH aHMOm'IHO (3). pa)J.H
aJibHOe ypaBHeHHe 6y)J.er HMerb Blm (p = 0 r 

' ' '·:-- . ; z 
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),. . 

!) 

;l 

i .·)·· ~ . ' 

\.I 

\ 
. i 

1 
I 
I 

l 
l 

[
_!_ ..!!:.._ p _i!:_ + (m +I a(p))

2 
+ a g I h(p)] lJI {p) = e lJI _, {p) · .. 02) 

p dp dp 2 2 u,m u,m ' . p . 
<I> .•... · '1:d': .. · .. 

r)J.e A = e'P 2n a(p) ; h{p) =-d a(p) ; e = 2ME/1t
2 

• .D,n.sr Hac HaH6onee HH-
p p p ,. · ... 

TepeceH cny11aii m = -':N. PaccM6TpHM BHa11ane "BHemHHe" pemeHHSI, T.e. o6-
JiaCTb p > R . .D,JI.sr E < 0 B03MO)KH0 CB.SI3aHHoe COCTO.SIHHe, KOTOpoe OllHCbiBaeT-
C.SI pa)J.HaJibHOH BOJIHOBOH.Q>yH~Heii: :· .. 

. ' 
lJI_N =K0(v~e p), (13) 

H'JiorapH<f>MH'IeCKaSI llPQH3BO)J.HaSI 3TOI'O periieHHSI paBlla .· 

' :..:: ' d -· . .. K~(V-£) R) . 
R~x{J = P(J In lJI_N {p) ··1_ = (v=t R) -- , ~ ~-. (14) 

p p-+R+O 

~ COCT~~~H~ iie~~ep~Hon:i; ~ri·~K~p; :(pi~c~SIH~SI) £:; '(f pa~ii~i.Ha.SI BOnHO-
Ba.SI <f>YHK~H.si B o6~eM CJiyqae HMeeT BH)J. , . , . . " , . .. . . . . . 

lJI~(p) =·I
1
;n

1
(kp) ~·B~(k)~2 1,(kp)' (15> 

--~::.:!"' ... ~"~, ':· 

H ee norapH<f>MH'IeCKaSI npoH3BOJJ.Ha.sr paBHa · 

, -~ '· · (> _;·{;_·,_.(.feR)+ B (k) ffilJ;.(ve R)' .... 
lml . ve ·lml ; . . . m . . lml ... , ·. 

Rext .• =.=: ( e ~)j·';..'({1,R)+~\k).ffi1J (ve.R). 
-Ifill,, ·.·· · .·· . m .. . lml , : . 

(16) 

. " 

· il~Jj~;KeJIH.sr <14> ~('I 6>(' J:io)K'Hli''fii>OaliaJi:H3:HpoBaTb ;·npil., pa3Hhlx. 31ia~u!iiB:SIX 
/,E HR. B 'laCTHOCTH, npe)J.eJI R '-+ 0 )J.JISI E < 0 AaeT '; ;; 

. · .. R<~m·= ~i·+o(iR2)·:-. 
·1 · ' --ext·;, · ·. · 

(17) 

\~ .~ 

McnoJib3y.sr .SIBHhle pemeHH.si ypaBHeHH.si (12) JJ.JI.SI paariH'IHhiX pacnpe)J.eneHHii 
'~a~iiT~oro' no:n5I :Bily!fpil' Tpy6KH~ MH MO)KeM 'liaiiTH3Haiiemul'.iu)rapn<f>MH'Ie
CKHX nlxm3:B'&~x'":8HyTpeHH~" pemeiillii ripil sTOM ::ie'npe~e.Tte R -+'0 ]:viSI 
CB.Sia~mn~.k cOCriJ~·E< ·o~ ; .J l ;,j~~··:-:nr .. ~ =>·:_J" ; { H' ; ; ·. ' ' 

i M~~~~:i'~ ·. "' •, ,\' . ';_,,_ ' .:·FC '. " . . ' 

:~~ ,,~~~l21H~ "· . 

-- ·• '-1'~-t ~-:..t ·' -• .• "" 

t:• ;_ 

... :.• :,, : . ,. '2 + g . i 
R~-~ = -:-~ +.,j·. f.~1+ o(eR), 

f._.:"·-:'.';:~~ 

' .. ;. 2 +g' .. , .. :·. . 
. 'F (-=- +'1;'2'+'N;·.f)· 

.<~>~~ ~- 1 ·.·,~~·.·: .... ··.' .· 
, ' .. ·. iFi( 4 g ;· 1 + N; /)'. 
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. MOAeJih2: ~ .; 

' . 2+ g •., 2 ' 
R~-N) = -o + 2 t<P2 + o(eR), 

,.',.,,. 

(
2 ± g ' ' ) 

· 1F1 _~+ I; 2+N; 2/ 

<P2· = · · .: ··(i_ ±g. ·I-~.N; 2/). 
F --, ... 1 1 4 

; MOAeJih 3:. 

R~-:-N) = -o + 2i g t<P3 + o(eR~), 

<P3 = L ,, ... 

BeJIIfliHHa ypoBHSI 3HepmH WISI nepBhlx ABYX MOAeJieii onpeAeJI51eTC51 yCJIOBHeM 
CillHBKHHarpaHH~e'Tpy6KH , ·~:; ' .... L 

R(-N)=R~-N)~ p=R· i~~I 3 ·(:lS) 
·ext : , · 1. ' ' ' : ,_ 

'; ' . 

):(Jig MOAeJIH 3 Heoo~bAHMO paCCM~TpHBaTh ciattOK, ~ep~OH npOH3BOAHOH 
~~J.:~~'~;Lt\,;\ -,~ ~- ,; ·~' ·' 

d ) 'R+E. I I' ; •::. 0 :.', 0 ·,,·· I9 
-~pR(~!f)(p :R.-E+5.gf~~(~!f/~~R) = .. , ~.~~ ·. . ( ) 

PemeHHe (18) .H (l'g) ~O~M~)I(H~;TOJI~·~~:II:p~ g.>· 2 H a = -I; T.e:cnHH AOJDKeH 
6h1Th HanpaBJieH npoTHB UOJI51. ~poBeHb 3HepmH mipeAeJI51eTC51 B 3TOMCJiyttae 
TpaHcqe~eiiiin>iM ypa8Iiemie1d ·:,'.·.'. -~-~- .. . . · · · · . · <. '" ~:-~:,_".: 

(~ R) 20 
'T(I +';o)'"g :- 2 ·I · 

s 2 = r(I - o) '=r- 2 <P; • <2~> 
':· ', ' ::·: ,' _;:. ..:.. ::- . . ' ·~·~',;;;.':'!-._;:.; ~:i • ~- <~-.-.. ·!·) •. _,' -t~~. ,:< '··(: 
It: BeJIH'lHHa ero 3aBHCHT OT B~6opa _MOAeJIH. Jlei'I(O llOKa3aTh, ~TO AJI51 3TO~ pe-

. meHHSI B~llOJIHSieT~51 rpaHH~HO~ ycno~He ( ll),,np_e,u:cl<a3'aHHOe TeopHeii' CaMO
conpSI)I(eHHhiX pacmltpeHHii.'.OTMeTHM,':tiTo npif.R ~:o·,u:aJi~oe_-CB513aHHOe_ co

. CT051HHe COXpaHHTC51 TOJibKO npH COOTBeTCTBYIO~eii '~nepeiiopr.tHpoBKe,': 'i<oH-
CTaHThl CB513H a : : ., . ·. ·.·:·~ ~ 

. e 

ae ..:.·(..;'"7'e-R):ZO a(Ren) · e • (21) 

.l(aHHOe 51BJieHHe xapaKTepHO WI~ TeOpHH 0-llOTeH~HaJIOB H 6b1Jio 'BnepBhle paC
CMOTpeHO JI;.l(.<l>aMeeBhiM H <!>.A;Bepe3HHhiM [li ] .. 

HaJIHttHe CBSI3aHHoro c~OSIHHSI.npHBOAHT HK oco6eHHOCT51M B pacceSI
HHH ttaCTH~ co criHHOM. II pH R:.. OHS t l H KPoMe o6~~moro pacceSIHHSI Aapo-

, . . . ' ~ '· ) 

8 

HOB~- BoMa:rroSIBHTC51 Ao6aso~Hoe, onuc~BaeMoe Ko3$lJH~eHTOM B ~.N <15> 

(Bm,;;,?· m ¢ -N >:. t';''' 

··1 ~-· ' 
.. ;~.: .. (22) 

· .. " ' .-- ·.-~ · ·re,, :·_.-.·f,,_· .. ~, 
. .,!t. . :~)',· ••,: .. ·-. ~ ·, ~ ·:·.:{ 

·.:i~ ,;.::.. ,!; ,, 

B (k) = i sin(n: o) -·'·; :

·,,;::!'!. .. -~("')~~- iii-~: i.': 

~A;~-~ . 1 s~epm~ CB~;~HHOI'O c~b5JHHSI (20) -~ .Bhr~~~e~He WI~ ceqe'~~~p~2c~1_:·· 
H;;~ i-.}J~ ;rc,M HMeer BM, ~uan~~ttHhlft.¢opMy~eEp~ii:Ta .:....BHmepa •.. -.·-.· ·:' :· 

rrp~ ·~coii~ttHo~ i8a:..·euuii 'R, B CJiyttae'c -:::· 2, c:Y~ecr:Byei yp<)Be.Hh' E ~·. o ,c. 
KpaTHOCThiO BhlpO)I(AeHH51 N. BHeillHHe BOJIHOBhl\! ¢YHK~~H lfMewi" npH 3ToM 

" ·~· - ' ·,"" ' .· ~ . . '_......_..,. _, " . . ~ . " . ' -. . ··' 

BRA 
4~ :-.• ;.ii 

.. (m) P . . . .. ,, . . . .. '._ 
··~ext =con~t R ,. · ..,.OS lml S.JX,::::}• (23) 

. . ( )-(N+~-;Iml) ':, . 

H~pH npe~~ep ~ o'r.tJ'tioni<~hl H~ ~p~an~ifo orop&HT~'il3-3a Tpe66BaHHSI 
~BaApa~H~H~i{ . uH'ierp~py,eMOCrl{ BOJIHO~hl~ ''¢yu~~HH~ y~~. BHyTpeii~eii 
crpyKTYPM'npMaeTCMhiCJI RK~K-rpaHH~e cyllieCTBOBaHH51 :88enmero pemeHHSI 
<23> li'yCTpa~ie.f cH~rYJI51pHyro. oco6eHiiocib. '.naulioe I>accMoTpeH:iie 51BiiSierc51 
ttaCTII~M. enyqae~ u3Becruon; i>e3yithiilTa Kauiei>a ~·AlipoHo~a o ~HCJie,li:Yn~:.~ 
BM~ MOA B :Ma~HTHO;..;' none 'np~m3B~~bHOH ~ou<lJiicypa~HH [S ]: ' '. . . . . : .: : .. 

: , ,. !;'·.-~.• •. ,'·"•;, ···• "r.L_.-:,,·.; ~~ ' .. H:: .""!..'::. -·i ''·'" "t'>• - ',, 1·,.·:.' : ,;., ,·_~t(· ;:', 

llpH g ;t: 2 (a HMeHHO g > 2) llapymeuHe cynepcHMMeTpHH. CHHMaeT -Bhl-
po)I(AeHHe H AOOaBottHoe npHTSIX<eHne, o6yCJIOBJieHHoe B3aHMoJie~cTBHeM a~o
MaJibHoro MamnTHoro MOMeHTa ttaCTH~hl H noJISI Tpy6KH, Bhi30BeT nepexoA pe
meHuii (23) AJISI HyJieBhiX MOA B BOJIHOBhle cPYHK~HH N AOllOJIHHTeJlbHhiX CB51-
3aHHhiX cOCToSIHHii: 

R(m) cP) = K. - . '(" p) ;n'K' --_= (a_··• I C ~-; 1112 .. ''. . ·(24) 
ext, N+~- lml ,m-R ..•. · m . .... e :' m .. , ·. 

' , > F , < > • '(~- -. ~ " i' , E 

Bo3HHKa~T~HaJIOI'HttHa'sr CHTya~H51: B,~Pe'AeJie p ~-0 'khl: no <ix>PMaJibHhrM np~-
3HaKaM, AOJI)I(Hhl HX oropoCHTh.' Tekt·IieM:euee'ytteT IliiyTpeHHeH .crpyKTYPhiH 
cooTBerCTBYIOm;aSI ·•.n~peHopr.ilil>oiu<~'· KoHcra81-l.i cB513H · · 

. '· :';. -·~- .· __ ~ ~ .'.' -~ . ~-··."":.:· ---~' ~\::;t·~-~-.. <, . ,.. •,·-~ ... :>'-'. 
' ,·r 

-. 't ;~ :.. ·: t {; . • -·.t 
, (:~ )2 (Ren) a-~. v-e, R 'a··.··· 

~ .. /: f~"l:~:' 

,;(25) 
.· e' · m· · e· · · · 
~ ':.;: -~ _· .• - -- : ·~::- . . ~;- . i·:. ~. -:.'iX>~ · ~ ,·:_~ -~ ""- t~l".~ .. ): 

no3BOJI51IOT lix coxpaHHTh. 3aMerHM7·ttTO yCJioBHSI."nepeHopMHpoBoK".(21) H 
(25) HeCOBMeCTHMhl APYr c APYroM H'no3TOMY B .. npe~ene R ~ 0 ~Q)KHO pa~cM:a~
pHBaTh TOJibKo nii6o "KBa3nHyneBI>ie·~ MOAhl <24>, nuoo ··:HCTHHlio CTpyHlioe" 
CBSI3aHHoe cOCTOSIHHe (13). · . \: . , . :. · ' .. · . · 
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•' ~ ,o· . 4. :3AKJII01JEHI1E: ~ ; ; ;·~ [_ 

• "'"' ." 'I' ~ • 

Mbi noKa3an:H, tiTo MeTo~ caMoconp5nKeHHbiX pacumpeHitif onepaiopoB Jl · 
aHaJIH3 peryJI5IpH30BaHHbiX MO~eJieH ~aiOT CXO~Hble pe3yJibTaTbi ~Ji5{ iiaCTHIJ; CO 
cnHHOM a none AapoHoaa --::-: BoM:a TOJibKo npu N7- 0 .. Boo6~e roaop5I, npH 
N :#. 0 B03HHKaiOT pemeHi;I.SI ypaaHeim5I IlaynH, Koiophle peryn5IpHbl B o6nacrH 
p < R, HO QJopMaJibHO CHHrynxpHM B~e: (p > R ) B ripe~ene p(R) -+ 0. Mbi He 
MO)KeM HX oropocHTb, T.K. OHH MOryT OTBe'laTb peaJibHbiM CB5I3aHHbiM COCT05I
HH5IM:··BbiXO~OM SIBJirutac& 6hl M~TeM~THtH!cKciR cxe:Ma paCCMOTp'eiin5i 0-llOTeH.::~ 
IJ;HaJIOB 6onee. o6~a5I, 'leM. npe~'n:mi<e~~a5I. B: [9 ] . Ji npo~eMOHCTpHpOBaiiiia~ 'B. 
tiacm 2 3Toif ·craTbH.· " · ·· •· · ·· · ·: · · ·: ·. ' : · 

•,lLli5I peaJibHbiX <Pn3'HqeCKHX CHTya[\HH; i<or~a ae' H R MaJihi, HO'KOHe'l~hi 

(HanpHMep, ~JI5I 3JieKTpoHa a = 0,00116), B CMbiCJie npHMeHHMOCTH Hamero 
. , .e.. . ·; . :, . .. 

paCCMOTpeHH5I (17), (20), (22), no:...BHAHMOMY, MO)KeT cy~eCT.BOB~Tb O~HOBpe-
MeHHO 1 + N ca5I3aiiHi.JX ccicro5IHHH, oTaetiaiO~Ifx p~3Iii.iM ypoBH5IM 3HepmH . 

•. . Cxo~e BbJ:BO~cnpaBe~HBbiH ~.ii5I peanbHbiX i<ocMH'leCKHx CTpyu KoueqIioro paAifyea (;· 3axilaqeuubiM Mamil-rui,ir.f~:ioTo:KoM: honbi~Ka 'ciec-rH·i3'alfMo.: 
~eifcTiHe TaKoft crpyHhr c'¢epMHoiiaM'u K Bbl6opyiieK()ero'rpaHH'lHOro ycnOBH5I 
~:ns. pemeu'H5I · cooi'aeidayiOiU;ero · ypa'B8eli8S., ·on.H~biiiaio'~ero 'Jia8)ieiine l!ac:-> 
THii B IIpOCTpaHCTBe c KOHH'leCKOH CHHr'yJHipHOCTbiO <Hiill nocrp6eliue "cihiJona'
paMer}mqe'cKoro ceMeifcraa caMoconpS.~e'uiibix pacrinlpeHHH raM:H.ii&TOHHaHa); 
Boo6~e I'OBOp5I, He KOppeKTHa~·~aKKai<'M:I>i'Mo)Ke'it'rii:hep.siJ.& npH 3TOM PM'¢il~ 
3H'leCKHX 3!fJ<i>eKToi': , . f •:' ':'.' ·:' ''· < ;,, ' ,·_, '' .. : 

.~U 

-· i' :·;; ·r, .l.l .:. }irr·-... f 
., ~: ; i\ f. ·' ·"Hi":... 
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