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B pa60Te 
111 

6hlna Bbi'IacneiiB sneJ<TpOIIpOBOAHOCTb MeTBIIJla c aewarllKTKbiMJI 

RpHM9CHMK R8 0CKOB9 BApHBnHOKRorO pemeKHH J<HR9TB~&CJ<OrO ypBBK9KRH C npHM9H9RH8M 

MeTOAa J<Oppen>maoaaoll <j>yaKnaa Baa-Xoae. I13BeCTIIO, OAKaxo, '!TO xaaeTR'IecKHe xos<i>¢11-

AR9KTbl, B TOM 'IHC119 9119ltTpOnpOBO):(HOCTb, BblpB)I(BIO'I'CSI ~epe3 ABYX'IBCTH'IRb19 <j>yK!tAHH 

fpaaa, Bhi'IHC11eaae ltOTOphiX eo MKorax cny~aax R03BOnlleT o6o6maTb pe3y11hTBTbl peme

/21 
HRH ltHHeTH'I9CitOro yp8BK911HH , nosTOMy npeACTAB11HeT IIKTepec o6o6m11Tb M9TOA, 

pB3BHThlll B pa60Te
121

, A11H Y'l9TB ):(BH)I(9KIIH UpHMecell B AyXe pa60Tbll
1/, 

B aToll pa60Te c<j>opMynapyew AOCTBROBitY 34):(8'18 H D011Y'IHM BblpBll<9.1lRSI A11SI O):(IIQ-

'18CTH'IKbiX <j>yKitAHll fp11K8 8119ltTpOHOB R <j>OHOKOB, OUp9A911IDOmHX p8BIIOB9CHbl8 CBOliCTB4 

CIICTeMbl, Bbi'IIICneue AByx~aCTH'!Holl <j>yaxnaa fpaaa a aa OCJlQBe ee snes:orponpoBoAHo

CTH 6yAeT pBCCMOTp9KO B C119AY10mell pa60Te, 

1, fBMH11bTOKKBK 9119J<!pOH-ROKKOll CHCT9Mbl 

nng IIpOCTOTbl 6yAeM pBCCM4TpHBATb CHCTeMy CB060):(Hb1X 9119J<TpOKOB1 B3411MOAell-

CTyiOmiiX C HOIIBMH pemeTitll, ltOTOp8H HM9eT AOCT4TO'IKO M41100 'IHC110 K9MBrKHTKbiX npa

Mecell, xaOTK'Iecxa pacnpeneneKRhiX B xpacTanne. ByAeM npennonaraTb, 'ITO npaueca o6pa-

3YIOT paCTBOp 38Mem&KBH H 'ITO MOJI<KO IIp91196pe'lb H3M9K911B9M CB110BbiX UOCTOSIKKbiX B 

naaaMa'lecxoll MaTpane xone6aaall (eM. 
111

). C'!aTaew T81t)l(e pemeTs:y s:paCTQJIJUl OARo

aToMKoll 11 s:y6a'!ecs:oll. B STOM cny'!ae acxoAKblll sneKorpoa-ROKKhlll raMB11hTO.HRBB 3BnHmeM 

B BHA9 (CM. 
131 

): 

H=H+H+H, 
1 • • -1 (1.1) 

p2 af3 a {3 
H =I-"-+_!_I 

1 n 2 MD 2 nm <l>•m u. u m' ( 1.2) 

2 

H +H =I (.!!_-1') + I v (-; -R ), 
•- t t 2m ID D I ( 1.3) 
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r'IIO p ll U - onepa TOpbl IIMITyJlbCli II CMelUeHH il IIOHH C M BCCOA 
a n 

M B yane n , 
¢ a f3 

nm 
~ ~ 

.0.HH8MB1:1eCK8H M8T p n na B38 B MO.lleACTB B SI BOHOB C IIn8B8 f p
1 

t t i - onepaTOpbl a neKTpoHa, 

JL ·- X HMJI "te C JtHl! ROTeHilHHJI aneJtTpOHOB - 9 HepraH ¢epMH. v (;- R }- nOTe Hila an R3HHI\4o-
!l. Q R: - pasHo sec aoe nono~eaae aeACTBHH :31!eK TpOHH C HOHOM B yan e n 

.... -+o -+ 
R = R + u 

D ft D 

lfOHll . 

K yn oHO&CJtoe saauMonellcTsae Me~Ay a neKTpOHBMII s SI&HOM &RAe ae Y"'HTblsae TcSI, 

HO npennonara eTCSI, '-ITO CHJ10B bl 9 JI OCTO i!HHbl9 <f>a{J II R OTe HrtB.HJlbl V (t ) Sbl"'B.CJieHbl 
n m n 

C y'IOTO M CTHT H'IeCX Or'O 3 XpBHHp OBHBBH HOBOS 3JleXT pOBHMR npOROAHMOCT H, T.e. M bl npeA

nonaraeM M one n b ·~ecTJtoro aoaa ·. HenocpencTseHuoe ~e 3 neKTpoa-sneXTPORBoe p accen

/ 3 / 
HHe B MeTanne C npH M9C HMB H eCymeCT B9HHO 

B c nyqae aeaaeanhHbi X Kp acTannos nepexo n K aopMa nhHbtM KOOp ABH8TaM anH K one-

6onHA li OHOS M 8Jl03<jl<jJeKTI!BeH , T 8 K K8K npa :3TOM Heo6XOJIBMO y'IHT biBBTb B3HHMOJiel\CTBHe 

KOne6aaa l! /lpyr C JipyruM, no3TOMy M bl OCTBBHM K OOpaiiH8TH09 npea CT'iBJI 9 HH e JIJI!I IIOHO&, 

KOTOpOe C ycn e XOM IICROJlb30&aJIOCb 8 p!Ia e pa60T no B3y'leHIIIO c neKTp08 KQJie 6 aHall 8 He-

Hneanb ROI1 pemeTK e ( e M. , Harrpl! M ep , 
141

) 

B TO )t{e n p eMSI sneKTfJOHHY IO C!!C T OMY 3H8'1 HT e nbHo yao6aee onaC btBaTb a npencTas ne-

HHH IlTOp ii '-IHOf'O KBOHTOil8HHII, p8CC M BTp H8811 p a CCG !IHHe 3 Jl9KTpOHOB 88 RpHM9Ci!X H KOJie-

6 a HB IIX peweTJtH KB K M a n oe B03MY W9HH e . n e peXOJIII K n p eJIC T88 Jle HHIO BTOpB'IHO!"'O KBHHTOBH-

JUiSl UO n nOCK H M BOnHa M 

~ 1 
1/J( r) =-~ 

y V P 

~ ~ 

1 p • r 
e a P ' ( p = p, a )' 

3 Jl 9 1<TpOH- HOHHb!A !'BMHnhTORHHR ( 1.3 ) 3 8RHIU9M 8 BBJie 

• -1 

~ .. 
~ < a+ a+~~ A ( q)a+ a e- t q •un 

p p p pq n n p p-q 
H 

rne 

£ =~-IL, 
P 2 m 

.. .. o 
1 -I t( • An 

A n( q) - V vn (q ) e 

.. .. 
3 -If( . f 

vn( q)-Jd rv. (r ) e 

( 1.4) 

( 1.5 ) 

- <jly pb9-K OMnOH9 1!Tll noTeHUHBJla B3 8 HMOJI9ACTBH SI, BHT e r papOB8 HH9 n pOBOJlHTCII no 0 6"beMy 

3 neM e HT apHoll Sl'l eliK H V 0 =VI N. 

I3 o M H OrH X c n y ':I8 RX C Mell.leH H e H OHOB U n MO>K HO C 'IHT8 Tb MB n biM R n p OH 3 BeCT H 

paano>KeHa e exp ( - i q. ;,+ n ) a ( 1. 4) , coxp a HH B nHwh n e p Bbi e q n e Hhi p a a n o>Ke HH R 

Hill =~< a+a + ~ ll A(q)a + a + 
e-i pP P P qp pp-«r 

a + a 
+ :£ I A

0
( q )apa p-qu n ' 

qp n 

4 

( 1.6) 

rAe 

II 

llA 

Mb! B89JIB. <jlyl!ltilB.IO c D 

II I - s npiiMeCBbiX yana' 

vn (q 

rne aRAeKCb! 0 a 1 o6oaaa 

peWeTI<II H TlpRMeCHb! M 1108 

( 1.6), Mbl onycTana pac ce. 

&eCTHO, npHBOABT X UO SIBJIE 

ayMe saTb non 3RepraeA 

p • n p a 9 TOM M bl 6 y n e .. 

M e sce raa cymecTsyeT nJ 

YI TaK, raMJUlbTOHBa R 

B OABo¢OBOBBbl9 nepeXOJibl , 

yqecTb MBaro¢ouaHHhte ne~ 

npa BM~BTYJIBX pacceHBB !I 

OnuaJ<o s a TOM cny'!ae nn• 

B TO'IKOO 8b!pB~9HBe JIJIH 

<jlyunaJO CMemeaal! exp [

RB9M ( 1.2) • nocJtOnhKY p e l 

peWBM ee CHB"'BJlB 8 !'8pM1 

H OCTb peweHBH JIJISI r'8MBl)], 

Pac cMOTpHM ypasaeru 

HBll BeHJie8JlbROA peweTKB. 

a 
D 

n 

rAe cpenHee < •.• > 6epe'l 

Ha ocHoae y pasKeHa A 

n o n ytteH HblX .O. n SI r BMHilhTOHI 



M a yane n , <l>af3 -
nm 

l 
onepaTo pbl a n exTpo aa, 

(;- R )- nOTeRUaan 83AHMo-
• D 

n - pa8R08ecaoe nono~eaae 

" 8HJle ae y'IBTbl8aeTcSI, 

IIIH8nbl V (t) 8bi'IBCIIe Hbl . 
JBO.O.BMOCTH, T.e. Mbl npeA-

:Tpoa-alleiTPOHBoe paccea-

< KOOpiiBH8T8M IIIISI KOIIe

f'IHTbiBBTb B38RMOIIellCT8He 

npeacT~aneHae anH aoHoa, 

cnexTpoa Kone6aHal! 8 He-

~e OJlHChiBBTb B rrpeACTaane-

OHOB 88 npHMeC!lX H KOne-

18HHJO BTOpRqHoro KB8HTOB8-

-+ 

"• ( 1.4) 

( 1.5) 

me npOBOIIHTCS! no o6'beMy 

'b MBnbiM H npOH3B8CTH 

B 

Mb! 88eJIB tjlymtnBIO c • , IOTopaSI npBHBMaeT 3Ha'leBHSI 0 8 ya11ax OCH08BOA peweTKH 

B I - 8 npHMaCHbiX yanax, npa aTOM DOTOHUBAn paCCORBBB MO~HO 38nHC8Tb 8 8H)le 

( 1.7) 

rue HHJleiCbl 0 H 1 o603H8'1810T COOT8eTCTBeHa·o BaJlB'IBRbl, OTROCBI!lBOCSI K BOH8M OCROBHOII 

pewwrxa a npaMeCRbiM aouaM (eM. 
111

). 3all.HCb!Ba!l raMHJlbTORHaH aaau"'ollelicTBHSI a 8HIIe 

( 1.6), Mbl ODyCTHJIB pacce!!Hlla CB060IIHb!X anaiTPOHOB H8 Blle811hHOl! peweTie, 'ITO, K8K H3-

BeCTHO, npa80JlBT It noBBneHBIO aou Epallnya ua
131

• 3TOT <jlaKT MO~Ho yqeCTb, e CIIH nollpa

ayMeBaTb nou aaeprael! • P a ( 1,6) anepra10 6noxoacxoro alleltTpoua c KnaauaMnyllbCOM 

p • npa 9TOM Mbl 6yllaM npeHe!SperaTb nponeccaMB nepe6poca, Y'IHTbiB8!l, 'ITO B CIICT e-

Me ncer11a cymecTayeT npaMecuoe paccenaae. 

I1T8K 1 raMBJlbTOHB8H ( 1.6) ODHCbiB8eT y npyroe paCCeHHBe H8 npHMeCHX ( BTOpOH 'lneH) 

B O)lRO<jlOHORRbie DepeXOJlbl 1 K8lt Ha BORaX OCHOBHOli peweTKB, T8K H H8 npHM9CHbiX, 4T06bl 

yqecTb MHoro<!>OBOBHbie nepexouhl, KOTOpbie, HanpaMep, JlBIOT <t>axTOpbi De6aa-Bennepe 

npB aMllJIBTyJlaX pacceRBB!l, He06XOJlBMO DOIIh30B8TbCB DOnHbiM raMHJlbTOHB81lOM B BHIIe ( 1.4). 

Ouaaxo a aToM Clly'lae unR noclleuoaaTeJlbHoro onacaHHSI cacTeMbl cne11yeT coxpanBTb TBK~e 

H TO'IBOO 8blp8lK8HBe JlnSI nOTaB!lH811hHOl! aaeprHB 838BMO)lel!CT8BSI BOROB 1 COIIep~awee 

tjlyH!lBIO cMemeaal! exp [-I q • ( ir • - "ir m ) ] , a ae aaMeHHTb ero rapMOHB'IeCKHM npa6na~e-

BHeM ( 1.2). nocxOIIhKY petueHBe T8XOl! TO'UIOJ! 38118'18 He Dp911CT8BnHaTCSI B03MOlKHbiM 1 

paWHM ee CH8'1ana 8 rapMOHH'I9CKOM npB6JIBJKeHBB (1,2), (1.6) 1 8 38TeM o6cy)lBM B03MO~

HOCTb peweRBSI 11nB raMBIIhTOBB8H8 ( 1.4), 

2, <I>OHOHH8SI CBCTeMa 

PaCCMOTpBM ypaaaeRBe IIIISI q,o,OBHOii <I>YHitllBB rpaaa, onpeAensnomeA cneKTP KOIIe6a

/5/ 
Hall ueaueaJlbaoA peweTxa. BaouaM aana3JlbiB810lllYIO <!>YHKilBIO fpaua : 

a f3 a 
D ,(t-t') =« u (1) 

nn n 

{3 I , 
u ,,_t ) >>-

19Hbl pa3nOlK9BHS! (:.!,1) 

(1.6) •-iO(t-t') < [ua(t),u~{t')J , >, 
n n -

rue Cpeuaee < • • • > 6epeTC!I no COCTO!IRBIO CBCTeMbl C raMHIIhTOHB8HOM { 1.2), { 1,6) 

Ha ocaoae ypaaHaHBll IIBHJKeBB!I 111111 onepaTopoa a ral!aeH6eproBCKOM npeiiCTaaneHBa, 

DOIIy'leHHblX 1111!1 raMHIIhTOHB8H8 ( 1.2) , ( 1,6): 

5 



1-dd .a (t)•[a;Hl•• a +I~A(q)a +IAa(q)a...l ,ua, 
t p p p p fl p- fl 4111 D p fl D 

(:.!.2) 

a 
d a [ a ] PD 

ldtun(t)Q u.,,H •IM, 
D 

a 
d 2a di P I a 

(1-) u (1)•1---D •-[P H)= 
d t D dt M M D • 

D D 

af3 {3 1 a 
·- I cl> u + M I A (q) a+ a • 

Mn m n m m nfiD n p p-fl 

(2.3) 

llH<P<I>epelllUipyll (jlyHI<.llBIO (2.1) no apeMen , uxo)lHw .a.n11 aee :rpaaae1111e: 

( . d )2M 0a{3..( ') •( ') .,a/3 ,.. ,.. ay yf3 ') 
1- , t- t •u t-t " ,+.<."' D ,tt-t + dt n nn nn m nm mD. 

a + 
+I AD( q} <<aPaP-•; 

•• 
u~.(t') », 

(2.4) 

(!_!_+£ -< )<<a+ a ; ,/J;(t')»-dt P P-fl P P-'1 n 

• I ~A (q') <<( a+a -a+~,a ); u/3•(1')»+ 
, m p P-41-4( p~ p-fl n 

• m 

+ I Ay (q') << (a+ a -a+ , a )uY; u~ (t')». 
q'm m P P-11""""41 P+t~ p- q m n (2.5) 

ByueM rrpeunonaraTb, qTo B3BHMOJlellcTBHe aneJtTPOHOB c pemeTKOll .SIBJl.lleTc.SI cna6blM 

(nopSIJlKB MBJlOCTH A ) , H orpannqsMCH H113lllHM rrpHOJlHlK9HH9M JlJlSI ITOJ1HpH38UHOBHOrO 

onepaTopa <PononRoll .pynKUHH fpHna. Torua <jlyHKUHH fpana CMelllaBnoro THna a npasoil 

'IQCTH ( 2.5) MOJKHO 38M9HHTb nyneBblMH <jlyHKUHllMH fpBIIB, yCp9JlH9HBblMII C raMBJILTOHBB-

HOM H0 ~ H • + H 
1 

rJJ.e n =<a+a > 
p p 

( /..5). 

• .QpyruMa cnoBaMu, MOJKHO npoaecTa cnenyromee pacnennellae 

«a a ,uY; Jl,(t')»~B •D Dy,B,(t-t')+ O(A), 
p p-1(-q m n -q,q p mn 

+ fl 
<<a P a ~>-<~-• •; un • ( t ') » • 0 (A), 

(2.6) 

• 3To npHonH>KeHae noaBonSieT aaMKHyTh cncTeMy ypaBneHnt1 (2.4), 

6 

nepeXOJlSI It .pypbe-JtOMU 

D(t-t 

rronyqHM nocne ITOJlCTBHOBitH ' 

2 af3 
cu MD Du•( cu) • 

rne nonspaaa!lHOHHbtA onepaT< 

ay 
nDm(OJ)-

= _!_I a y v q q q 

'o ( q,w ) - JlH3neKTpHqecKa" rrp 

ypaBH9HHH (2.5) Mbl COXp 8HHI 

uarrpHMep, coBepwHB pacnerrnE 

Bowna Obi rrpoaanaeMOCTb ane 

YpaBHeuae (~.8) MOlKHo 

HYIO <PYRKUBIO fpsna <!>OROHOB 

2 (0 )C 
W M Dnn, 

YNBOlKB.SI (2.8) cneBB HB D 

af3 ( 1 

Dnn'(w)=Dn. 

+~ 
m 

rna A= Mw
2

(1 - M / M), M 1 -

00blqHO <jlOHOHHble 'IBCTO 

H IT03TOMy npHOJllllK911110 MOlKII 

lla,B( w) ~ na,B( 0) 
nm n m 



(:.!.2) 

(2.8) 

ypasaeue: 

(2.4) 

». 
(2.5) 

"6TKOA SIBJISIOTCSI CJia6wM 

Qn51 llOJIRpB38UHO BHOI'O 

aoro THna B npasoA 

eHHbi MJI C r&MR1IhTOHB8-

nee pacnenneuae 

A), 

(2.6) 

MY ypaBI!eHHI1 (2,4), 

nepeXOAR E ¢ypb&-EOMilOHeHT8M ¢YHEUHB fpaHa 

1 - -lw(t-t') 
D(t-t')~- f D(cu) e dcu, 

2rr_ (:.!,7) 

llOJiy'IHM nocne ll0ACT8HOBI<H (2,6) H (2,5) B (2,4): 

2 af3 af3 ay yf3 ay yf3 
w MD •(w)•S •+i4l D ,(cu)+iTI (cu)D ,(cu), 

n nn ttn fll nm mn m Dm mn 
(2.8) 

rae nongpB38UHOHHWA onepaTOp BMeeT BHA 

n - n 
p p-q 

W+ ( - f p p - q 

(2.9) 

<
0 

( q,cu ) - aaaneKTpH'IecKal! nponanaeMOCTb cao6oaaoPo aneKTponnoro raaa, Ecmr 6hi o 

ypaBaeaaa (2.5) Mbi coxpauana 6hi qneabr 6onee BhiCOKoro nopHAKa M&JIOCTH no A 

HanpHMep, COBeplliHB pacnenneaae B llOCJI6AYJOIIlHX ypaBHOHIISIX, TO BM6CTO i O ( q, cu) B (:..!.9) 

BOillna 6w npOHHil80MOCTb aneKTpOHHOro I'838 C y'leTOM pacces<HHSI 91IOKTpOHOB Ha pellleTKO. 

YpanaeaHe (:.!.8) MO>KHO aanHCaTb n 

HYJO D(O)a,f3('·') ~YHKUHJO fpBH8 ¢0HOHOB ~ 
nn 

BRAe ypaBHOHHSI naAcoaa, e CJIH BBeCTH CB060n

' ypaBH6HBe AJISI I<OTOpOA BM66T BR A: 

(2.10) 

YMHO>Kasr (2.8) cneBa ua , nonyl.IHM 

+~ 
m 

(2.11) 

rue A=Mcu
2
(1-M/M), M 1- Mecca npuMeca, 

06b!'IHO ¢oHOHH bl6 '18CTOTbl w « cu O 

H ll03TOMY npu6nH>KeHHO MO>KIIO UOnOlKHTb 

7 

- nn83MeHHOA qaCTOTbl 3neKTpOHHOrO raaa, 

(2.12) 



r.ue N(O)ump/17
2 nnOTHOCTb 3neKTpOHHb!X ypOBHeJ! Ha TIOBepXHOCTH <ll epMH 

B 3TOM cnyqae yno6Ho aaeCTH 

_a(3 a(3 af3 
<llnm=<!J __ +ll __ (0), 

p • 
0 

(2.13) 

T,e, 3neKTpOH-HOHHOe B3aHMOneJ!CTBHe npHBOUHT K HeKOT OpOli nepeHOpMHpOBKe CHJ10Bb!X 
af3 

TIOCTOS!HIIb!X <!J n m , B pe3ynbTa·re qero OpOHCXOUHT nepeHOpMHpOBKa '!aCTOT Kone6aHHll 

pel!IBTKH. 

MHIIMa!l qacTb non!!paaanuouaoro onepaTopa onpenen<~eT aaTyxaase Kone6aHHil aa 

c"eT aaau.,wnellCTBHSI uouoa c 3neKTponaMH. Oaa paaaa 
.... o 4 0 

af3 l a f3 -lit•(R -R ) 

lmll (w+i<)e-~N(O)-~!L£v (q)v (-q)e " '" 
2v V q q n m 

flo nop!!liKY nenH'IIlllbl 3aTyXaHHB C0CTBBJ1 SIBT s / v ~ (m / M) y, «1 
0 

H 06biiiHO MHOrO 

Mel!Ll!le npHMecuoro aaTyXaHH 11, onpenenneMoro BTOpbiM 'lneHOM B npaaoil 'laCTH (2.11). 

T aK HM o6pa30M1 a Jie KTpou-HOHHoe B38HMo.ae llcTBHe a Hen.neanhnoA pemeTxe rrpnao

llRT nHWb K He601Ih lUOMY H3 MeHeHHIO CHJlOBbiX IIOCTOHHHhiX COrlfllCHO (2.1 3 ) 1 T.e. C,J.'HIT~' 

t.t nC T OT KOne68HRH peweTKH 1 T8Jt qTO B ll8llbU:e:HllleM M bl l\ I O >K eM ero SIBHO He Y'HITblB8Tb, 

aanHCbiBa!l ypaaHeHue (2.8) a anne 

w 2 M Daf3,( w ) =8" f3-+~(j,ay DY f3 ,(w). 
n n n nn m n m m n (2.8a) 

PellleHH!I TaKoro THna ypasaeunil 6b!J1H nonpo6ao paccMOTpeHbl a pa6oTax
11

•
41

, no3TOMy 

Ha HX 06CylKUeHl!H Mbl 3l!eCb He OCTaHaBnuBaeMCSI. 

3, 3neKTpOHHa!l CHCTBMa 

flpH HCCneUOBaHHI! llOBeneHHSI 3J1eKTPOHOB npOBOUHMOCTR B HeHneanb!IOM KpHCTanne 

He 06XOUHMO paCCMOTpeTb cpyHKllHIO fpnHa 3nBKTpOHOB 

( t - t ' )=« a (t); a+(t') ». 
p p p 

(3.1) 

Ha OC!IOBe ypaBHBHHH l!BHlh eHHSI llll!l onepaTopoa (2.~). u.s) nony'laeM cnenyiOmyiO ne no'I

KY y paaHeHuil nn" !jJyuKuun (3.1): 

(i~-< )G (t-t')=o(t-t')+~ L\A(q)«a ;a+(t') » + 
dt p p q p-q p 

+ ~ 
qn 

a a 
An (q) << •p-q U n 

8 

a+ ( t ') » , 
p 

(3.2) 

( i -

(i~ 
dt 

+ 

+ 

d 
( i dt -

+ 

H pennonara>t, 'ITO aaaa M< 

Mac coabi ii onepaTop qlym< 

( .A 
1

) • .UnH 3Toro npoH2 

(3.3) - (3.5} : 

« 

<<a ,u 
p-q-Cf 



• ITOBepXIlOCTH <l>epMII p • 
0 

(2.13) 

nepe KOpMi!pOBKe Cl!nOBbiX 

lMI!p OBK8 '18CTOT xone6aHI!li 

3 a Ty xaHHe xone 6aBH A 38 

_ 1 ~- ( ;a _ ;o ) 
n m 

e 

% 
«I a o6hi'I:{HO M Horo 

M B npaaofi '18CTH (2,11), 

tlleanbHOll pemeTKe npHBO

c~cuo (2.13) , T.e. C" ' l Hry 

A ero Hnn o He Y llHTLI BBT h , 

) ) . (2 .8a ) 

B p a60T8 X/ J , 4/ , ll03TOMY 

B He B.a.e aJlhHOM KpHCT a nne 

(3. 1) 

nony'la eM c nel!yiODlYIO ue noq-

a: (t') » + 

(3.2) 

(i~-< ) « a ; a~( t') » = I,~A(q')« ••-•- • ' ; a:( t ' ) » + 
dt ·-· p -q • 

+ ~ A~(q' ) « a 
q m 

(3.3) 

+ ' •. (t ) » + 

(3 .4) 

!. . {3( ') {3 a + ( ') + , A m q . << a p -11(- tl 'U m u D; a p t >> ' 
q m 

+I ~ A(q') « a 
q' P -q-q 

iPa 
_ _ n_ 

M 
n 

(3 .5 ) 

a 
f3 i p 

+!.A (q') « a ,uf3 _ _ n 
t~m m P-f:l-q m Mn 

H pe.llnonaraH, 'ITO B38HMOile llcTaae anexTpoHOB c p ewe Tx oll HBn!leTCII c n a6biM , Bbi '!Hcnu M 

M8 CC0Bblll OUepaTOp <!>YHKUHH f p 1111a (3,!) B HH3WeM TI Oplllllte llO 3TO'My B38HMOI!eHCTBHIO 

( -A I) • nnll aToro np01!3Be)leM cnel!yiOmee pac n enneaae <j>y HI<UHll fpaaa B np&BbiX '18CT !IX 

(3.3) - (3.5): 

«a , ; a +( t' ) »= ll ,G ( t-t ')+O(A ) , 
P - tl-41. P -l( ,ff P 

(3 .6) 

g 



« a a+, ,a , ; a + ( t ') » = ( 1 - n ) 8 ,8 , G ( t - t ' ) + 0 ( A ) , 
p -q p+q p p p -q -q, q PtP P 

__ a 

«a ,u f3-~ ;a+(t')»= <uf3 i~a >8 .G (t-t')+O(A). 
P- q- q m Mn P m n - q, q p 

nouCTSB/lHH 3TH p83110*0HH~ B ypaBHOHHH H nepeXOAH K ¢ypbe-KOMTIOH9HTSM COrnaCHO (2.7), 

nony'IKM: 

(w-< )G (w)= l+~fi.A(q)«a \a+»+ 
p p C( p-tl( p cu 

+ ~ Aa(q)«a ua\a+ », 
n p-q n p w 

(3.2a) 
qn 

(w-•p-q) « •p-q \a; »w= !'J. A( -q)GP (w) (3.3a) 

M(w-< )
2

«a ua\a+»=~<llap«a uf:J\a+ >>+ 
n p- q p- q n p (U m n m p- q m p W 

a 
+ GP(w) Bnp(q,w), 

(3.7) 

rne Mbl peWH/lH COBM9CTHO yp8BH9HHH (3.4) H (3.5) H BB911H ¢yHKUHIO 

Ba (q,w)=Aa(-q)(l-n )+~Af3(-q)M [<u,Bua >(w -< )+<uf3 ;~a>]. 
np n p-q m n m n P-t( m n (3 .8) 

YpaaHeaae (3.3a) onHChiBaeT ynpyroe paccem1He aa npHMeca , a ( 3. 7) - OAHO<!>OHOHJ!b!G 

nepexonhi . 

'-IT06CI peWHTb HOOI(HOpOAHOe HHTerpa.'lbHOe 'yp8B110IIHC ( 3. 7), BOCTIO/lb3)'9MCH ypaBI!e-

HH9M (2.8) A/lSI ¢ oHOHHOii ¢yHKAHB fpalla. YMHOlKSI'! (3 .7) cneaa JIB Df3,a (w-< ) II CyM-
n n p -q 

MHPY" no n a nonyl.fee M 

f3 + f3 a a 
«a u . \a » =G (cu) ~ D, (w-< )Bnp(q , w) 

p-q n p w p na n n p -q 

a + ay vf3 
-~ «a u \a» n (w-< )D ' ..(w-< ) 

nm P-q n p W nr- p-q m n p-q 

Tiocn e.UUH'i 11Jl9H 3AeCh 6onee Bb!COKOro nopRUKa ManoCTH no A n ero cne.nyeT onyCTlt.Th, 

•no6bi JW npeBbiCI!Tb TO'-IHOCTH pacncnn<'Hl!H (3.6). B peaynbTaTe nonyqaeM Jl /lH ouacxpoaon-

H! .I X Ot•JH! X. r:::nO~~ 

J( 

1 
l 

I 

« a ua\a+ 
p- q n p 

+GP(w) 
av 

.I, Dn'n' 
mn 

BTopol! 'lnea auecb MOlKHO ~ 

aToro aaeneM cnexTpanbay!O 

< uf3 uY 
m n' 

=_j_J-
211-oo 

Ma ypaaaeHHH nnH ¢oaoaaol! 

TOlKAOCTBO 

~ Day, (E) ~ 
n"' nn 

nonCTSB/li!H (3.10) BO BTOp~ 

~ Day•( l 
n, n n 

oo E+ u. 
= _j_ J d w -;;;r:r 

2"-oo e -

~ 

=i_ J dw 
2"--~ 

CneuoaaTe/lbao, ¢YHKAHIO fp1 

« a ua\a+>; 
p-q n P 



-t')+ 0 (A), 

.<ROHeHTBM cor naCHO (2, 7), 

> + 
"' 

"' 

. ) 

PJ a+>> + 
m p W 

J). 

::nuro 

(3.2a) 

(3.3a) 

(3.7) 

(3,8) 

(3,7) - OAHO<jlOHOHI!bie 

eocnonbayeMCSI ypaelle-

la D fl,a ( w - < ) n cy M-
n n p - q 

: q, OJ)-

) . 
I 

n ero cne.ayeT onycTHTh, 

ROily48BM JlllH 0/lHcxVOIIOII-

t 
BTopoll qnea 3AeCb MOJKHO 3"HB'IHTBnbHO ynpocTHTb, BhmonHRSI cyMMBpoeanae no 

3TOro eeeAeM cnexTpanbHy~ nnOTHOCTb xoppenKUB OHHOli ¢ynxnnn cornacno 

f3 Y ( ) 1 f .. 1Yf3( ) -lwtd < u u , t >=- , w e cu-
m n 2rr_

00 
n m 

"' e T- 1 

-tcut 
e dw, 

/5/. 

(3 .9 ) 

• .llnSI 

(3.10) 

Ha ypaeaeHBSI ARSI ¢oaoHnoll ¢yaxnaa rpaaa e BRAe (2.8a) nerxo nony'IHTb cneAyrowee 

TOlKABCTDO 

ay yf3 Da {3( w)-Da {3( E) 
~ D •(E)M ,Q, (w)= nm nm 
n'nn n l!l.m 

E 
2 2 

-w 
(3.11) 

noACT8BRHSI (3.10) BO BTOpyK> CyMMY (3,9) H Ronb3YS!Cb (3.11), nonyqaeM: 

i .. 1 1 afJ af3 
=- f dw -- <J""1"r. [ D ( w + i <) - D ( w - il) ] 

2n...oo E-4Je -1 nm nrn 

(3.12) 

CneAOBBTBnbiiO, ¢YIIKUHID rpHHB (3.9) MOlKHO 38RHC8Tb B BHAB 

a + f3 a(J 
«a u Ja » -G (w)!A (-q){(l-n )D ( w -< l+ 

p-q n p W p m m p-q nm p-q' 

+_!_ ( dw ' a (J , l 
2rr_~ uJ - ( - CtJ ,J nm ( w) ' 

(3.13) 

, _Q 

11 



HrrH, DOllh3YHCb CD9ltTp8nbHbiM Dp9LlCT8BrreHH9 M LlrrH ljlyHKilHH rpHH8 / S / : 

a {3 1 ~ e OJ / T 1 {3 
D ( E) -- f ---- f (OJ) dOJ, n m 2 11-oo E _ W n m 

o6'bellHH!le M o6a 'lneua a (3. 13) H nony'laew 

a 
<< 8 u 

p -• n 
8 + >:> - G ("' ) I A{J ( - q) X 

p (U p m m 

x _!_ j dOJ' Jaf3 ( w ') ecu'/T_ e-•P-/T 
2tr- 00 w- tp-q -lU ' nm e-lp:/T+l (3.13a) 

nony 'le HHble Bblp8*8HHH LlrrH ¢yHKUH A rpaea ynpyroro (3.3a) H Heynpyroro (3.13) pacCeH

HH H IT 03BOnH~T npellCTHBHTb y p8BH9HH9 LlrrH OllHOane KTpOKHOR ¢ yHKilHH rpaHH (3.2a) B BIIA9 

G P( <u )= [ cu - < . - M P( w ) ]-
1
, 

(3.14) 

I'Ll 9 MHCCOBbiA ODepaTOp 

2 • 
M ( cu ) = I \~ A(q) \ + 

p .. w- l 
p - q 

q nm 
A a (q) A{J ( -q)..J... j dw' Ja f3 ( cu ' ) 

n m 2"-oow - l -w' n m ·-· 
w'/ T -< / T e + e p-q 

-< / T . 
e •-• + 1 

(3.15) 
I I 

K a K OObi 'IHO (eM. 
15 1

). rron~c ¢YHKilHH r paaa (3.14) onpeAenHeT 3KeprH~ an eMeHTapuoro 

B030Y*LleHHH aneKTpOHH < p 

;'.=• . + ReM P ( ;'P ), 

rrp H'Ie M MKHMH H 'IHCTb MHCC OBOI'O OUep8TOp8 - ero KOHe 'IHOe 3 8Ty XHHHe 3 8 C'leT B3 8H MOLle A-

CTBH!l C pellleTKOA 
y (;' )= -lm M (;' +i <). 

p p p p 

nollCTHBrr!l !l CIOLlH Bblp8 ~<9 HHe ( 3.1 5) II Y 'IHTbiBHSI orrpeLteneHH H ( 1.5 ). rronyq aeM: 

r ae 

y =!!... I 
p v 1- n • 

J. :I 
V n m 

- 1;t·cRo-Ro, 
e n .., X 

x l/\v(q)c c o (w)+ v (q)v ( - q)_l_ < (q.;; ) \ (q·"i: ) > , .. I. 
n m n m 2 rr n m ....., 

1-np·'= 

1 - n P 

(i) = lp-l P -f(, 

-· /T e • + 1 

e-• .. l -;_1 

12 

- ( t -t' ,, ;Tn , 
p p ___L 

e 

(3.1 6) 

II <( 

KaK BHLlHO, aaTyxaaae ( 3. 

Baa- X oaa S (Q, OJ) , ecna 

y • 
p 

s ( ; 

rne Mbi asena aMnnHTYJlhi 

u ao6aaana a (3.17) qneH 

'-!TOObl yCTHHOBHTb C 

qTO KHH8THqecK&e CBOACTE 

rpHHH (CM,
121

) , ycpellHeH 

ycpellK8HH8 38 TyX8 HH H (3. 

HIIH 

Ka1< BRllHO, Mbi nonyqunH 

.Qe6aSI-Ba11nepa B ¢YHKURK 

3 0 BanBCb nHaeAHhiMH flpK( 

HOHHOrO B38 KM0 Jl8ACTBH H 

¢yKKUII II rpi!HH RH OCHOBe 

MO>KHO ITOny'IHTb (jlaKTOpbl 

PaccMOTPHM ypaeHe£ 

TOHH8H8 ( 1.2), (1.4): 



X 

(3.13a) 

11 aeyrrpyroro (3.13) pacceR

Ij>yaKuaa fpaaa (3.2a) a Bll.cle 

ew'/ T+e -•. -/T 
e -•.-/T+ i 

(3.14) 

(3.15) 

HeT aaepra10 aneMeHTapaoro 

3HTyXHHH9 3 8 C'leT B3HHMOilefi-

( 1.5) , rronyqaeM: 

~ l X 

_p_' 

I P 

(3.16) 

II 

Ka1t Bll.clBO, 3aTyxaalle (3.16) MOlKeT 6b!Tb 3am1caao 'lepe3 J<oppensotlloHHyJO lj>yBJtlliiiO 

Bau-Xoaa S (q, w ), ecna onyCTHTh B uell. lj>aKTOpbi Jle6a >1-Bannepa: 

(217)
3 

1 1 ~ 1-n ' .. .. ) y ~ -- - - ... ______lL s ( p- p • •• -· , • 
P 2 V V ' 1-n P P m o P P 

(3;17) 

rna Mbl BB9JIH llMITJIHTy,[lLI paCC9SIUKIJ an (q) : 

v (q)=~a (q) m n 

H llOOHBHIJK B ( 3.17) 'IJ'l9K 0 ( W ) 0 q,O pacce<IHBe Hll llllCBJ!b!lOtl pe mc·rKe. 

t!l 
"4T06oJ yCTBHOBHTb COOTBBTCTBUB nonyqenaoro peaynbTBTS C putJCYrofl , 3aMeTUM, 

'ITO KRHeTB'l9CKBe CBOliCTBH CHCTCMbl orrpe)leJISI9T 3HTYXBKBe llBYX'lHCTH'lKOii <jlyHKUHH 

fpBHH ( CM. 
12 

I). ycpe,l:lHeBHOe no 3ReprBSIM BOJIB311 lj>epMBeBCKOil. npoH3BO)lH THKOO )1{9 

ycpenReHHe 3HTyXBHH SI (3.17), Hllil.[leM Cpe,l:lf!ee BpeMSI lKB3HB OllB03JleKTpOHHOrO B030YlKilC -

HBSI 

-=-v1 }; y• ( iln•T)~..!_~y n (1-n )--a.. v • • • • 

=-1 "<' n ( 1-n •) (217)3 .... "'- --- S(p-p',l.-<.•). 
yzpp ' P P m2Vo (3.18) 

Kal< BJIIlHO, Mbl nony'IHJIB Tll!<Oe lKe BblplllK9HBe. 'ITO II B pa60Te
111

, flO oe3 <jlaKTOpOB 

Jle68H-Bannepa B <jlyHKlliiH S(q,cu) (3.17). 8Toro H CJie,l:lOBBJIO OlKBilBTb, THK KHK Mbl ITOJlh-

3 0BB nBCh nuaeAHbiMH rtpK6nH>K9H.HBM no CM9lll8HHSIM u ,[lJISI rllMIIJlbTOHHHKH 3JieKTpOH-

Hoaaoro a3aRMO.[lelicTBHSI ( 1.6). B cneny10meM pa3.[lene Mbi paccMoTpaM ypaaHeHBR AJISI 

<jlyHKilBB fpHRB HH OCROBe ITOJIROrO raMHJlbTOHBllHB ( 1.4) II flOKHlKeM, KBKHM OOp830M 

MO>KHO flOJiy'lHTb <jlaKTOpbl Jleoa>T-Bannepa ITpH BMITJIHTYilBX pl!CC9HHB>T B (3.17), 

4. Maoro<!JoaoRRble np oueccbi 

PaccMOTPHM ypaaaeaae ,[lJIH onaoane!tTponftofi rpyHKllHH fpaaa (3.1) na ocaoae raMHJib

TOHaaaa ( 1.2) , ( 1.4): 

13 



H=H +~< a+a + 
1 p p p p 

.... 
-tq • u 

~ A (q)a+a e n 
ll(n n p p-q 

B STOM cnyqae yp a BHBIIB>I llBBli<BHH>t nnn onepa·ropoa npHMYT BUll 

.. .. 
-iq• u 

i_c!__a (t)•< a+ 
dt p p p ~ A ( q) a e n 

qn n P-Ill 

(i~)2 ua(t)~_j__ i_c!__ Pa(t) ~ 
dt n Mn dt " 

.. -+ 
1 I 

=Mn 
a{J /'l _!_ I 

<lln m Um - M n 
a + -1tp u

0 An(q) q ap a p-qe 

. d 
1- e 

dt 

1-;.;;n ( t) 
.. 

q • p 
( - - n - ~ 

2 
+ _q_ ) - t ;!•-: 

2 M e n 
n 

(4.1} 

( 4.2} 

(4. 3} 

( 4.4 } 

Ha o c !foae STHX ypaane Hs>l nel'KO nony~aeM u e no'IKY nraBHBHHll nn<~ <jlyKKUHll fpHHa (3.1 }: 

i ~-< )«a (t);a+(t')»=ll(t-t')+ d t p p p 

+ ~ 

"" 

-+ -I q• \In 
a:(t') » • An(q) «a. _

0
e 

-+ -+ d -I q• u 
(i--< )«a e ";a+(t') » dt p-q P-Ill p 

q. p q 2 -1 ;;. It 
= « a (--"+--)e ";a+ (t') » + 

P- q Mr. 2M p 

.... .... .... .... ' 1 -let'· unl -lq • un 
+LA (q )«a , e e 

, m P-tt -., q rn 

+ 
a P (t ') » , 

-+ -+ 
( i_!- ( 

dt p 

~-P 
) « a (---"- + 

-q' P-C{ Mn 
2 -lq • u + 

___q_::_)e ";a (t') » 
2Mn P 

q. p q 2 2 -t-;;. tt 
=«a (--n + --) e " ;a+(t ' )>>+ 

•- • M 2M P 
n n 

( - iqa) af3 f3 -tq•il 
+ --- I <I> << a u e n 

Mn .., nm p -«{ m 
a+(t ' ) » + 

p 

(4 .5} 

(4.6} 

+ I 
q m 

- t :'.~m Q. P q2 -1 ;;.: + 
Am( q' ) « ap-q - qe (T+ 2M ) e n; ap( t') >>-

n n 

I 
• p 

_., _, 
, (-+ • ?l + -lq • u n 

A ( q ) _ q___ « a a , •• • e 
n M P - 11( P + 11 P 

e 

.. .. 
- 1 ... u 

";a+ ( t ') ». (4.7 } 
p 

B nony'!eKHbiX neyx ypaanenuSIX llllSI CMewaHHbiX <jlyHKUHll fpaHa Mbr MOli<BM npol!aa ecTH 
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pacnenneBH>I B TeX $YHKUBRX, 

sneKTPOH-BOHBoro pacceKaB>I: 

«a 

=I> 
-q,, .. 

«a· -·· 

-/) ,. -··· 
«a a ·-· 
= /) ,1) -··1( 

n o llCT a Bn>ISI $YHKABH (4.8} B : 

<j>oaaoro n p a611Hli<BHHSI (3.2}- I 

llOlmBilHCb MHoro<j>OHOHHbl~ <j>yf 

C9IDIHH, Mbi MO>KQM npOB3B8CT .. 
HHSIM un • Bb!nonH>I>I paanc 

He, KaK B nyHKTe 3, Mbl MOl 

KOTOpaSI onpellBilSIBT <j>aKTOp ll 

pacuenneHHB (4.8} COOTBBTCT I 

91lBKTpOHHOll CUCTeMhl, npH'IB'

T.e. BBBilBHHB B aMilllHTyllY P' 

'llpOli<BHRe' HOHOB. 3aMBTH M I 

Bannepa B nocnen!feM qnene 

HBHHSI BMfiynbCB npH p8CCBSIHH 

BTC>I sa RyllBBOll BMnynbC. 3T 

CTBYIOIUaSI <j>yHKAB>I fpBHB B YI 

sax aa C'leT o6Meaa qepea <!>o 

HOB, K OTOpOe OCYWBCTBil>IBTCB 

HHJO peweTKH He MO>KeT "' p a.3 

BBBMbll! SllBKTpOH B3aH MOI!B l!C· 

weTKY. Q qesH..a.Ho, "fTO npH ::~T 



(4.1) 

(4.2) 

(4.3) 

~ • u . 
. . 

n (4 .4) 

cpyHK UHH rpHHB (3,1 ); 

a' (t ') » , 
p 

(4.5) 

(4.6) 

.. ~ 

iq• u a: ( t ') >>-

.. .. 
. • • u n; a+ ( t ') » . ( 4.7) 

p 

MO >K9 M rrpOH3BeCTB 

pacnenlleBBII B TEIX ljJyHKIIHSIX, KOTOpb!e BXO.UHT C MHOlKHTeii& M A (q '), Ufll'l yCIIOBHII MBIIOCTH 

snexTpoa-aoaaoro pacc eKHBn: 

-let'· ti -J;. ; + 
<< a , e m e "; 8 ( t ') » = 

P-q-~ P 

~ ~ ~ 

-•~· (u -u.} 
=8 ,<e m >G (t-t')+O(A), 

-q;," p 

;. p• 
(-M-+ . 

2 ~ .. q _, •• .._ 
""2if)e -:.>Gp(t- t' )+O(A), . 

• 8 ,[; , ( 1 - n ) G ( t- t ') + 0 (A ) • 
-41 1 11( PP P-41 P 

(4.8) 

no.[lCTilBIISI.II cjJyHKILBH (4.8) B ypaBH9HHII (4,5)- (4,7), Mbl He 00/ly'IHM B OTIIH'IH9 OT O.[lHQ

cpOHHOrO npB61UIJKeHHSI (8,2) - (8.6) 31lMK &yTyiO CBCTeyY ypasHeHBJ!, TBK KllK Tenepb y HBC 

rrO.IIBHIIHCb MHOrocpoHOHBbl.; ljlyBKIIHH rpaaa. Y'IHTb!BilSI IUIUib O.<lHO<jJOBOHBbJe npoueCCbl pac

C9SIBHII, Mbl MOlK9M npOH3B9CTH pll3110lK9HH9 Cp9ABBX B \4.8) H ljlyHKUIIll rpuaa no CMeiUe-.. 
u. • Bb!rronaag paanoJKeaae B CllMHX ypasaeaaHX, a ae B acxo.uaoM raMBIIhTOHHa-

He, KBK B rryBKTe 3, Mbl MOlK9M y'leCTb Ty COBOKynBOCTb NHOroljJOBOBHhiX npoueCCOB, 

KOTOpllll onpeJ:t9/1119T ljlaltTOp .[(e6aSI-Bannepa • 3TOT peayllbTST Bnonae O'!eBH.UeH, TBK KBK 

pacuenneaae (4.8) COOTBeTCTBY9T He3aBHC HMOMy ycpe.uaeBHIO no COCTOSlHH tJM peiiieTI<H H 

3/19KTPOHHOil CHCT9Mhl, npa'!eM nepsoe ltlll< .paa B 03Bil'lll9T ycpe.UHeHHe no UOIIOJK9HHIO HOHOB, 

T.e. s s e.ueHHe B llMniiHTyllY pacceSIHHSl cpaKTopa .[(e6aSI-Bannepa, y'IHThiBaiOmero Tennosoo 

'npOlKBHHe' HOBOB. 3aMeTHM UpH 9TOM , 'ITO TllK09 ycpe.UH9HHe He naeT ljlaKTOpa .[(e6aSI

Bannepa B nocne.uHeM '!II e Be ( 4.8) , r.ue c npHHSITol! TO'IHOCTbiO BhmonaReTCSI aaKOH coxpa-

H9HHSl HMnyllbCa UpH paCC9 SlHHH: q'- - q .. 
t B peaynbT8T9 qero CM9Ill9HH9 Un YMHOlKa-

9TCSI Ha aynesol! BNUY/IbC, 3TOT peayllbTilT nerltO UOBSITbo 9CIIH 39MeTHTb 0 'ITO COOTBeT

CTBYIOIUilSI ljlyHKUHH rpaHa B ypaBH9 HHH (4. 7) OrrHCb!Bil9T paCC9SIBH9 3119KTpOHOB Hll 3/IQKTpo

HaX 38 C'I9T 06MeHa '!&pea cpOHOH, T,e. aljlcpeKTHBHOe B31liiMO.[l9l!CTBBe MelK.UY napoli 3 /leKTpo-

HOB, K OTOpOe OCyiU eCTB/ISieTCH '1epe3 OAHH H TOT lK9 IIOH, H U03TOMY ycpenHeHHe no ~OCTOSI

HHlO peweTKH He M O>K9 T ,..pB3M838Tb" nonO)l{eH~e 9Tor o HOHa. Mo>KHO CKB38Tb, 'liTO pacceK

B99MhiJ! 3/leKTpOH B38H MO)leil:CTByeT C .upyrHMH 9/leKTpOHilMH, n eljlopMHpyR BOI<pyr Ce6n pe

IIIeTKy, O '!eBIIAHO, '!TO np11 3TOM He npoacxo.uaT 'ycpe.uueaan• a T oil .ueljlopMaulln . 
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11TlU[ 0 llp0H3B9Jl9M pA3110lK&HH9 no CM9Ilt9HHHM B cjlyHKilHSIX fpHHA (4,5)- (4.7) H B 

cpenux (4.8 ): 

.... 
<<a e-'•""•;a+>>•<<a ;a+>>+(-iqa)<<a ua;a+>>, 

p -·· p p- 411 p p- 411 D p 

q.Pa q
2 -s:.--: a iP: 

<<a (---+--)e •;a+>>•-iq <<a --
P-• II 211 P P-• II 

D D D 

+ 
a P>>' 

w w 
,.-,-: -: ) -~ _ _,!! ... .... ... ... 

< • m • > • e 2 e 2 ( 1 + < ( q • n,. )( q • u. ) > ), 

,;.: q. p q2 _, ... ;r d .-:.-: -1~.-; (t) 
< e '"( ---• + --) e '> • I I-< e '" e • > l 

II 211 dt t•o 
D D 

.w .. 
-2 

•e 

w 
D -, ...... ... ... 

e <( q·u .. )(iq·u.)>, 
(4.9) 

r)l& W n ( q) • < ( q• Un )
2
>-<jlai'l'Op !le(Sag-8annepa. noiiCT8BIIHH ( 4.8) II paano>KeHHe ( 4,9) B 

ypABII'eH.W.J( ( 4.5) - ( 4, 7) UOCII9 nepexO)lA I< cjlypb9-IOMUOH9HT8M TIO/Iy'IHM CII911YIOWYIO CHCT9-

>.r"/ ypaaaeHHA: 

(w-• )G (w) •1 + I A (q)« a I a+ ·»w+ 
p p D p -· p •• 
+I Aa(q)«a uala+ ·» 

•a D P- • a p w 
(4.5a) 

wm wn 

( w- • ) « a I a+» • I A ( - q) e- 2 e- 2 G ( w ) , 
P-411 P-411 p CiJ m m p 

(4.6a) 

(...,_, )
2

M « a uala+» -I<ll 0 ,8«a 
p-· D p-411 D p {&) m Dm p-411 

u ,81 a+ » + G ( w) B a ( q, w), 
m p lU p np 

(4.7a) 

rne Tanepb 
• a a 
F,., (q,w) · A.(-q)(1-n"_•)+ 

w w 

+ I A~( -q) e -
2 :-T 11. [ < u~ ua. > ( w- < P -•) + < u,B,.i ~: > ] , 

8 yp&BB8HHH (4,6) Mbl OT)l&IIHIIII yupyroe paCC9SUIH9 OT aeyupyroro II TIOIICT&BHIIH TYII8 

( 4. 7) •. Kai< BH)lHO, 9TII yp&DII8llll H OTIIII'IAIO'I'C H OT llOity'l&BIIbiX D IIHB&AIIOU llpiiiSIIII>K&HBII 

ypalllleKBA (3.2a), (3.3a), (3.17) TOIIbiO MKOlKHT&IIHMH !la6aR-8ennepa B Tax 'lii9H&X, 

rAe llpOBOABTCH cyMMBpoaaHae no yanau pemeTIH, Pemaa &RTarpallbHoa ypaaaa11ae (4.7a) 

Teu JKe cnoco6ou, 'ITO • (3.7), nony'IHu AIIH ~HI<IlBH fpHII8 0)lHO¢oHOHHOrO nepeXOII8 
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_.... 

«a u c 
P-t( t: 

+ G P 

X ( < 

npoH3BeCTH CBepTKY no 

T9TI9pb 89 Yll89TCH0 T8K K 

aoii peweTK..H, Kor.aa ace ! 

npHM9HHTb cjlopMylly (3.12 

coaepmaeMaH npa STOM 01 

B T8!UKe yqHTbJBaH, l:ITO C 

TeMnepaTypl(aH 38BIICIIMOC 

cjlyHKUHHMH, 

TeKHM o5paaoM, I<ax 

,;. 
«a P -• 

+· 

noiiCT8BIIHH (4,11) H (4.8 

C M&CCOBbiM Onep&TOpOM 

M P(w 

xI e 

3aTyX8HII9 cjlyHKUHH fpHH8 



~paaa (4,5)- (4.7) a B 

) << a u a ; a+ >> , 
P-41 D p 

.. .. 
-I··~ (t) 

e n > I 
t- 0 

(4.9) 

) 11 paanoJKea11e ( 4,9) B 

!Ony'IHM cnenyJO!llyiO CHCTe-

(4,5a) 

.!! 
(4.6a) 

•a 
P ( W ) B n P ( q, Col ) ' 

(4,7a) 

~oro B nOilCT8B11nB TYilB 

nEHGIBOU UpR!5nBlKI!HBB 

1nnepa B Tax qneHax, 

anhaoe ypaaaeaae (4,7a) 

nao¢oaoaaoro nepexona 

«a ual a+»nG (w) 
P-f( n p p 

-~ 
e 2 

X 

(4.10) 

npoH3B9CTB CBepTKY no n' BO BTOpOM qneae (4,10) T9M lK9 CnOCOt50M, 'ITO H B (3,9) 

Tenepb HI! Yll89TCH, TBK KBK nOll 3HBK CYMMbl BXOilHT exp (- W n , /2) , 8 cnyqae Hll98nh-

HOli peweTK..H , KOrllB BCe yanbi 3KBHBaneHTHbi, Mbl MOlK9M nonOJKHTh W
0

, = W n ( q) H CHOBQ 

npaMeHHTh 4JopMyny (3.12). CosepwaM 3TY aaMeay a B o!5meM cny'lae,npennonaraH, 'ITO 

coaepwaeMaH npa STOM owat5Ka aecymecTaeaaa BBHilY Manoll KOH!l9HTPBUHH npaMeceA, 

a TBKlK9 Y'IHTb!BBSI, 'ITO CBMH 4JaKTOpbl .llet5ast-8annepa B MeTannax Manbi H OCHOBHBH 

TeMnepaTyp.ltaH 38BHCHMOCTh OllHo4JOHOHHblX nepeXOilOB OllpellenHeTCH KOppenHUHOHHbl N11 

4JyHKUH!IMH, 

TaKHM ot5pa30M, KaK a B (8.13) , nonyqaeM 

«a uala » =G (w)~A/3(-q)((1-n )Da/3(w-< l+ 
P -t( D. P lU p m m p-t( om p-• 

1 
+- f 

2"-oo 
dw' 

(4.11) 
<il-l - (U p-. 

noncTaBn!l!l (4.11) 11 (4,6a) B (4.5a), nonyqaeM nn11 4JyBKilH11 fpaaa BblpaJKeaae (8.14) 

C MBCCOBb!M onepaTOpOM 

x ( 
wn 

-,
e 

v (q)v · (-q) 
n m 

-----'--+ _L j dw ' 
(t) - ·l 211_ 00 lU-l -cu 

P- q p-q 

(4.12) 

3aTyXBB119 4JyHKilHH fpaaa onpenenH9TC!I MHBMOA 'IBCTh!O M8CCOBOrO onepaTopa H paBHO 
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y(c)c~~_l~ 
p p v ~ v 

_, •. ,RO_fto 
v(q)v(-q)e n m~ 

n ~ 

wn wm 
-, -2 < 1 < ~ ~ I ~ ~ 1 x le e [S cu)+""f,;< q•um) (q•U

0
)>"' -

cu/ T 1 - ( 1 - np _ ~ ) ( e - 1 } T,; < ( ij • it m) I ( q • it 
0 

) > cu I , 
(4.13) 

I"' A& w t:s( - l 
p P-41 

nor.y~eanoe Bblp8lK9HR9 HM99T npOCTOl! ljla3R~9CKHII CMbtCn. nepBbl9 AB8 ~neaa, COA8plK8-

UlR9 ljlaKTOpbt Ue6aR-Bannepa, COOTBeTCTBYJOT pacceRRHJO sneKTpoaoe aa xone6nJOmBXCll 

HOH8X peweTKH (nepBbti! •WeH - ynpyl"'oe paCC9SIHHa , BTOpOII - OARoljloHOHHOe), B MOJ:'yT 

6 h1Tb npeACT8Bfl9Hbl 'lepe3 KOppensmaoanyJO <!>yRKilR~ Baa-Xoea s (~. "') • nocneAHRP. ~nen 

naeT pacceRHRe s neKTponoe aa sneKTPOHax aa C'leT o6Meua 'tepea <t>oao&bi. Kax OTMe~anocb 

BhJWe, B 3TOM cnyqae He UpORCXOJlBT ycpeJlHBHBH flO nOnOJKBRBK> HOHOB, H D03TOM}' OTCyT-

CTB)'JOT cjlaKTOpb• Ue6a11-Bannepa. 

npR paCCMOTpaHBR paccaSIHBSI &eiiTPOROB RnR peRTJ:'9ROBCKBX ny~ell R8 pemeTJ<O D0Cll9A

IUIA ~neB He B03llllll8eT, T8ll llBX B C8MOA CRCTeWe (xpBCTanne) ReT paCCOBBBeMbiX '18CTB~ 

R aee03MO>Ken RX OOMeR. B cnyqae JKe pacceBBBRBll aneKTponoe e MeTanne, I"'Ae nnOTROCTb 

sne&:'TpOBOB n.OCTaTo-t:Ro BhiCOKa, aTOT qnea Be wan. 0.n.Jl8K.O, Kax: 6hlno noKaaauo a n. S, 

STB nponecCbl scM>ei<TRBBO y'!BTbiBllJOTCSI 6narOA8pSI HpR-Bny nayna - <i>YBllllBSI S ( q, CU) 

YMHOliUleTCSI H8 BenH'IRII)' DP ( 1-D.•} (eM. (3.18) ). 

E crur JO<e y'lecTb Muorooj>oaoHBble nepeXOAbl npe.~:~noJKeanbtM a.~:~ecb MeTOAOM, TO no.~:~o6-

uoro npOCToi"'o coOTseTCTBBSJ c MeTOAOM KoppenSIIlBOHHOA cjlynKilBR Baa-Xosa, aal!.~:~eaaoPo 

B 0. 3, 3 1lecb yCTBROBBTb He YllBeTCSJ, Tllll KBI B nocnenHeM ~eRe B (4.13) OTCyTCTBYJOT 

$BKT<JP"' U e6ag-Bannepa. OIUillllO ceSDaua..e c a-raw aaMe&eHBSJ ne cymecTseuuw , Tall< KaK 

aeJ<OTOpoe B3ue&eRBe AMIIJIJITYll aeynpyroro paccellftBSJ ae noBnRlleT ua OKOR~aTellbRble 

pe3)'JibTBTLI pa6oTJ.i/l/• 

TaiRu o6paaow, aau )'A&ROCb onacaTb noseneRBe aneKTpoaoe B aeaneallbaol! peweTJ<e 

C UIOUOUbiD J:'B ........ TOID'BJI8 (1.1). 0011)"1eHBble BblpaJKeHBll llnSI OliHO'IBCTB'IftbiX <i>YHII<UHli 

!"paaa UJ03BOIIJIJin" BccnenOBBTb B3Me&eRBe cneKTPB aneweHTapiD>IX B036yJKlleliHA • onpene

..,..,,..... ai spe""ellla li<II3BB. 00JU038RO, 'ITO RpM y'!eTe MHOJ:'oojloBOHBblX Hp01l9CCOB BB OCROBe 

l!"'.ft •,BJIILT O!III!IAII!ll ll . 4} yJUteTC<I DOJI)"'BTb ljltoxTophl . lle6a11-Bannepa npB BMUnRTYABX pacceg... 

BB to, XOI'Sl 18 3TON CJIY'IBe RP. cymecTBJ'eT DOIUIOJ:'O COOTBeTCTBHSI C WeTOllO .. KOppen~ROH-

18 

aoll ljlyaK~aa Baa-Xoea . I 
Ill 

pa60Tbl Mbl npOB9A9M BE 

AOM ABYX~8CTR~ROA ljlyaX~RI 

B aaxn~~ea•e Mae x 

1. 10. Kai"'aa, A.n. )i{epaoe 

2. H.M. nnauu. ci>TT, !!, 

3, fi. 3aliM8Ro ::JnexTpORbl 1 

4. R. J. Elliot, D. W. Taylor. Pro-

5. U.H. 3y6a,pee. Yci>H, 1L 



(4.13) 

pebte .l!Ba qneua, co.QepJKa-

rpouoe ua xone!SmomaxcSI 

OABo<jlouoauoe), • MoryT 

S (it, "') • nocneAHSil! qneu 

pea <Pouoabt, Kax OTMB'Ianoc& 

!0 HOHOB, H n03TOMJ' OTCyT-

:ax nyqell aa pemeTxe nocne.Q-

HBT pacceaeaeMbiX 'UlCTBil 

e e MeTanne, rn:e unOTKOCTb 

U< 6btno noxaaaao e n. S, 

SyJUI - <jlyBitllBSI S ( q, UJ) 

3A9Cb M9TO.QOM1 TO nOA06-

HH Baa-Xoea, uaiiAeBaoro 

•eue B (4.13) OTCYTCTBYIOT 

I H e CYlll9CTBOHHbJ , TBI J[8K 

liB HeT Ra OKOR'I8T91IbHble 

tROD B HeBJleSllbUOA peweTxe 

O.QBO'UlCTH'IIII>IX tjlyBJtllHii 

a soa6y&neBHA H onpe.Qe-

IILIX DpOilBCCOB Ba OCBOBe 

a ups &MIIJIHTy.llax pacceg-

I C WeTO.QOW IOppenSilliiOH-

aoll <jlyaxiUrH Baa-Xosa . Bonae no.Qpo!Sable Bl>l'll!cneBBa • cpaaaea•e c peaym.TaTaMB 
Ill 

pa60Tbl Mbl DpOBB.llBM BBUOCpeACTB8li.BO DpB 0Dp8.Q91t8BIIB DpOBO.QBMOCTB CBCT9Wbl MBT<>-

.QOM .LIBYX'ISCTII'IBOII <jlyBitiUIII fpBBS, 

B aaxniO'Ieaae Mae XOTenocb 6bl uo6naro.Qap&Tb C,B, TJilSuxoB& aa o!ScyJK.QeHBS. 
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