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Bse~eHHe. ~ . 

B uacTmnneii pa6oTe TaiOKe, KaK 8 npe~LIJlYlllHX [1,2], Hccne~yeTca 80npoc o 
83aHMHOM BnH.IIHHH ~8YX 83aHMO~eHCT8HH, a HMCHHO: KYJIOHOBCKo'ro 
OTTaJIKH8aHH.II :meKTPOHOB ':f HX 83aHMO~CHCTBHe C tPOHOHaMH Ha C80HCT8a CHCTeM 

C CHJILHLIMH KOppeJI.IIllH.IIMH. . . 
.IJ.na Hccne~i)sauHH sToro · snHaHHst 8L1Gpaua· o~uoJouuaa Mo~enL Xa66ap~a 

[3]; ~ononueuuaa :83aHMo~eiicr8HeM Xoncreiiua· [4] MeJKJly' noKanLuoii <lJnylny~-
uHeii 3ap~a 3JICKTPOHa H JIOKaJILHLIMtPOHOHOM. ' • :· ·' h ;• 

PaccMaTpH8aeMLIH 8onpoc aKryaneu ocp6euuo . 8 ~8.113H c • 8L!.IICHeHHeM po,rm 
!1JouoH08 8 npoU:ecce ycrauosneuHa. a8neHH.II 8LICOKOTeMneparypuoiLc8epxnpo-

80~HMOCTH 8 KynpaTHLIX Coe~HHCHH.IIX. 
HH)I(e npe~nonaraeTCH, ·lJTO o6a ynoM.IIHYTLIX BLI.we 83aHMO~eiicTBH.II .118JI.IIIOTC.II . . 

CHJILHLIMH H, CJie~08aTeJILHO, HYJKJlaiOTC.II 8 ~eKBaTHOM paCCMOTPCHHH, KOTOpOe, 
ecTeCTBCHHO, npe~nonaraeT BLIXO~ 3a paMKH,J"COpHH cna6of.t C8.113H. . ; . 

npH 3TOM CHJILHOe KYJIOH08CKOe OTTaJIKH8aHHC 3neKTPOH08 8K.rilriiteuo B liy-. 
ne80H raMHllLTOHHaH nolduntJ08aimi.IX. 3nei<Tj>OHOB, a nlitieiiuoe ;3neKTPOH-pewe
TOlJHOe 8~aHMO~CHCr8He HCKJIIOlJacrrcJI . npH IIOMOlllH' KaHOHHlJeCKOro. npeo6pa30-. . . 
BaHHJI naur- <!»HpC08a [5). 
· · B pe3yJILTaTe · 3Toro npeo6palo8aHHJI · 80JHHUIOT sneKTpOHLI, ~Kp~eHHLie 

OOJlaKOM !IJoHOH08, T.e. nOJIJ!poHLI. npouecc nepeCKOKa nOJIS1pOH08 MeJKJly yJJiaMH 
peweTKH npH80~HT K HX ~enoKaJIH3aUHH H 803HHKH08CHHIO nposo~HMOCTH. HH)I(e 
HCIIOJIL3YCrrCJI !1JopMaJIH3M Mauy6apoBCKHX .!IJYHKUHH rpHHa H . H08LIH ~HarpaM- . 
'~HLIH IIOJlXO~, p'aJpa6oTaHHbjiii 8 pa60TaX [~8]; MJI sm:KTpOHHOH no~CHCTCMLI. 

B · C8JI3H c npe~nonaraeMLIM CHJILHLIM sneKTPOH-tPOHOHHLIM 83aHMO~eHCT8HeM 
~HarpaMMHa.ll TCXHHKa MJI .!IJOHOHHOH. rio~CHCTCMLI . HCCKOJILKO MO~H!IJHUHpo8aHa 
H HCIIOJIL3YeT ,8MCCTO: JIHHCHHbiX 3KCIIOHCHUHanLHLie no !IJOHOHHLIM onepaiopaM 

q,opMLI H COOT8eTCT8)'10lllHC 4>oHOHHLIC nponaraTOpLl. . . ' .· ... 
. . ·. Kaic6y~ei 8MHO.;Hj'~w;bHeiiwe'ro, 3TO nocne~H~e OOCTO.IITenLcT80;npu80~HT 
K BOJHHKH68eHHIO KOJ1JICKTH8HLIX :Kone6auuii. q,ouoH~LlX o6naK08,' OKp,0KruowHx 
'nonH'poH~. qac.fo~·~oiopldx 3HalJWreJlLHO 6oili.iiJe qacToTLi'Hc~o~HLIX !IJouoiios. 

. ·. HcnycKaHHe H IIOrJIOluCHHe 3THX KOJIJICKTH8HLIX MO~ MCHJ!eT ~e 8 npOCTeH
. weM JIOKM~H.OM. ripli6.ii~xe~HH stieprnH uaHTOBLIX nepexo~OIJ noiuipml'a' Ha yJJie 

':.:·'!·.· .·. .. -,. ' ' . ·' ....•.. :: .. "' . , .• . . ·. . 

peWeTKH. , 
HH)I(e M" KpaTKoCTH HcnoJIL3YJOTC.II 6e3 noBTopeHHJ~ ·ocuoun.Lte onpe~eneHH.II 

pa6oTLI [2] . 

Of:rf)tif.irtk:>lWB &~tfi -~ 
rul'!~Bt.J.l UC~JI!l:t;ailll . 
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1. KoJJJieKTHBHa.ll c}Jou.ouulur MO.l{a 

PaccMoTpHM xapaKTepHbiH nponaraTop !}lououos, oKppKaiOllUfX no!Uipou: 

(Teig(p(-rl) -p(-r2)\ = (1) 

·1 !:f 

.me .. 

= exp [- t< T(p('ti)-p('9)
2

) 0] ='= exp [-d(J3) +a( h1 - 't2 I>J, 

. . . ·t ch [tiro {13/2- I 't'h . 
ach I>= 2 . . sh (1froJ3/2) ' . 

~ ' J. J : ' :_ -:' > • I • ~ • • ·. • ' • 

(2) 

3.uecbpi ~ HMnynLc noKanHJosauuqro "~ .. i-M. YJne KPH~~Jnl~ec~o~ pemeTKH 

6e3.u~cnepcuoro !}lououa c tJaCTOToii ro, g =·gj1lro - 6e3pa3Mepuru~ aneKTPOH
!}loHOHHrul KOHCTaHTa CB$13H, J3 -. o6paTHrul ,TeMneparypa. 0 < 't < J3 ·; -MHHMOe 

'speM$1' Mauy6apOBCKOH .!l>YHKUHH· fpHHa; · · • · '' · · 

PaccMOTPHM !}lypbe-o6pa3 aToii !}lyHKUHH· . ·· 

. -a<~> ~ : . . .. ( I. . 
, <l>(iQ,n)=.y .J ·einm-r+_a(-r )d't;·., , .. ·'' · 

., . -~ /., ... ,; 
(3) 

'.: .. ·- ~; n 

me n = 2m1t I J3 .!....;... qe-furur Miluy6apbBCkM lJaCTciTa. . ; ..•. 
........ "'!.·.· ... · .. ,. ·' .... "':;·;': . -" ·: ;.'· "• .-' ,. < . . . ,. ·. 

; .. Bee .UanbHeHIIIHe .Bbi'IHCneHH$1 BbiDOflH$1IOTC$1 B npe.unonoxeHHH, 'ITO KOHCTaH-
;~ CB~3H g'ile~~K~, 'j-:e. paCCM1iTP~BaeTC~ ac}f~~T~.u~a (3) ~P~. . . .. 
. '. . . . . .. ' .. -2. . ·. ... . ·. , .. ., . . ' 
'· ., .... :.·.: ... _., . ,;·.· _a=.~.-.·. a>>l. · . '(4) 

' ' ·.~ .... . . 
:.Enaro.uap$1 'IeTHOCTJf !}JyHKUHH a HMeeM . . . . ; . , 

... ,·, .· . . . ~ , , · . . ... , I . .. 

, : ..... $(iQ)::;: e ~~>j c~s O'te~<:>d't = P ~os ~~j<~) .J_ cos TJfeo(t)ch,. (5) 

. -·':•. 0 . '. : -.0. ·. 
- . . ch Sf r, 1ieoJ3 RO · 
a(t) = a . ; .., '== , · TJ = l!:!!'. = tn7t. 
- · .s.hl;·.. 2 .· .. 2. :.:., 

11HTerpan. (5) jiBJijleTC$1 HHTeiJ'anot.t''Jiann'aca. [9}. c' 66~imuM' nono:iiml-eJibHbiM 
nap~eTpOM a. ll>JuKUH$1 a(t). HMeeT.MaKCHMYM. B TO~Ke t;,; 1': collria,uaromHM c 

O,llHHMH3.KOHilOB mpe3~£i HHTeqJHposaiJIDI [0,1]. 3-rcn).'taKCHMYM TeM pe3qe,''qeM 
6on'iiiit!·a. · · · ··· ·· · · · · · ·· ·· .,. · · ·' ·· · '· .·. ·· · · .· ... 

.. ' .· no:noMy umerpan. (5)' MO)i(HO 'npli6mlxeuuo 3iiMeHHTL ;liuTerpanoM. no Manon 

oKpecl-uoci-n -r'otJ:Kn ·, -d 1; ii 3io ripn6nnxeiine· 6y~e.f Teif 1-~iiiiee, 'oJeM 6onbuie' ·a. 
Tor.uanonyqaeM (E > 0) . · . . ' ',. · ··. . .· .. -... , ·.·, ,·.· .. ' , ···::· •·· ........ ·. , .. · ._. r · .. -·.· . .- . , . : .. 

<l>(iQ) ~ J3 cos TJe -<r(~) J cos TJfe(J(t)dt. · (6) 

I-£ 

~ , .. :~/~ ;:rr:;.;-: 

\i 
' 

'f 
) 
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Pa3Jioxeune B PM •Teiinopa s6JIH3H t =:1 .l{aeT acHMDTOTHtJecKoe pa3noxeHHe •. 

q,(,n) "' p[ ~2 :~;1 ))2 if(!~~ ll(i:l~)¥( m1: ... ] ; . . . (7) 

a(1)'= ri(J3) = a'cth !;, CJ'(1) ~aS-

B npoCTeiimeM npn6nnxeHHJi nonyqaeM cso6o.uubiH nponaraTOp ·~on-
neKTHBHOH MO,llbl C .'JaCTOTOH (I) 

. c 

2roc 
<I>(iQ) ~ ~- 2 '. 

n + 00c 

ro . = aro. 
c 

(8) 

B npHHjiTOM npn6nHXeHHH (8) He np0$1Bn'$1eTC$1 '3al)'XaHHe STOH MO.l{bl 6naro.uapjl 

aurapMO~H3MY STHX KOne6auuii1 3-fo. BblpiDKeuiie cyuiecrBeHHbiM o6pinoM. OTJIH'Ia

eTC$1 OT !}lypbe-o6pa3a nponaraTopa cso6oiiuoro !}lououa • 
.. 

(I) 

v o(iQ) =- n2 + ro2 . 

2. 3neK'lpOHHLJii' ,aueprem'leCKHH cneKTp 
• • 0 ~ 

. • • • . ",_. . -~----- .- : ' ':: ;· '' • ~-: ' • :' . • ' :i ' 

B npHCYTCTBHH !}lououos,noKanbHrul !}lyuKUH$1 fpnua aneKTpouos npespama~ 
• • ••• • • • • • ., ' •• • ~ 1 ,· ·>- ' -- "" ' ••• ' <.- •. ; . - ' ' .. < .. '" 1." • '.. ' 

eTC$~ B peHOpMHpOBaHHYIO DOfl$1pOHHyiO BeJIH'IHHY . 
~ ·~· ·:.·:· .. :.: ~::-- .. ,·1 ~~. ··."·..;: ;·· ···,; .<·;·. ·',· , .. :"- _:_:.;; :- ~'- '.:.'! ·, ·,.~ 

.. ' - . .. -0'(~)+<1(1-r -''t I> 
(jO)('t' _ 't) _ d0)('t·~- 't ) , ...... I 2,,.. "·. , . (9) 

<1 I 2- a I 2e • 
... . ·~ 0 

~ < .,.., '< .. 
me 

. d0)('t)=~'9(~) [ -~E0 +(E0 -E)t.· .. ·.~. E_:.,:+(E-a -E2)-r] . 
. a ... 

2
, .e. . . .+.e . · + 
~ . . . ' -~ 

(10) 

9.(~) [. ;_I3E +(E. -E \-r · -~E +(E -E )'t]. + . .e . a o a' +e 2 ~ .. 2 . Zo . .. . . "' . - ... , 
.i' 

z
0 

_ - jiBJUieTC$1 ciaTtfCTH'IecKoii CYMMOii · YJenbuoro sneKTpo'ua c auep

reTH'Ie~'KHM cneKTpOM E0,E±a' ~2: 

-. h -
E0 =0, ~a=-J.I.:-2a, E2 =UtE+ +E_. Jll) 

' I. .;. 

. ~E ~E ~E -.~E, 
Z

0
=e 0 +e "+e· -a+e 2• 
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XHMH'ICCKHH DOTeHUHaJI CHCTeM~l- Jl_ H HCXO.UHOe' KYllOllOBCKOe • qTTaJIKHBaHHe 
sneKTpOHOB U MO,UenH [3] OKaJbiBaJOTCg peHOpMHpOBaHHblMH 6naro,napH B03HHKa

, IOIUeMy KOCBeHHOMY 'DpHT~XeH~IO ::me~,.PO'uoB sch~hcTBHe itx. npHMOI'O B3aHMO-
.ne~CTBH}J C !flOHOHaMH: ' : · ·.' ~-: . , . ·', :· • ' 

jl = Jl + a1iro, U = U 7"' 2cdlro, (12) 

h - ecTb BHemuee Manmrnoe none: KOTOpoe 6}r.neT nonaraTbC}J B .llaJlbHeiimeM 

OTCyTCTBYJOIUHM, (E + = E .J. 
'. PaccMOTP~M-tflypbe~o6p~ !flyn~UHH fpuua (9) _ . 

~ ,-
(;(O)(iro) =! J ·.eiront(;(O)('t)dt, 

a __ n 2, a .. -
·_-,_ '-13 ··, . .::· 

':· 

(13) 

. _ ro =(2n+ hit;~ ... 
·.- . ,- ' . . • . ,· _n ·•· :·: ·-.· ., .<. . . . . .· .... ' ~··· 

AcuMm'oTH'IecKagoueuKa_sToro HHTerpana npu a>> J ,naeT:· 
. . - . [ . ~~. . . . ' :_AE ;' :- . . :...AE -- - . :...AE . ]. ' 
~0) . ..... 1 ' e 0 . e· ... (J - - '. ' . . e ... -<J • ' . • e r. 2 . : . 
(J' (lro) -- . + . + - + - , 

a . Z0 'A.a(1ro)-1iroc A0 (1ro)+1froc __ 'A.-a(iro)_-1iroc 'A.-a(iro)+1iroc 

me 
- 'A.~(iro) = iro+E0 ;_E

0
,:r I_:o(iro)=jrot ~41 '- E2. 

(14), 

(15) 

<!JopMyna (14) YKaJbiBaeT uacymecTBenuoe H3Meueuue .usyx suepmii KBaHTOBbiX 
nepexoi:tos Ha yme, a HMeutio: Eo'- Ea HE -a;_ E2 H 3aMeHbl: HX Ha 'I(:Tblpe HOBble 

senn'IHHbi E0 - Ea ~ 11ro c n. ~-a~ E; ± 1riJc. ·_ l13~e_li~·ulie ripo~~ooiriri 6riarohapll ·To~ 
My, 'ITO B npHCyTCTBHH !flou'oui-ioro,o6naKa KBaHTOBbie n_epeXO.Ilbl Ha OJ{HOM ywe 
peiDeTKH MOryT npOHCXO.IlHTb KaK C ·ucnyc.KaHHeM;··TaK.: 'H .C nornomenHeM KOii-
neKTHBHOH cfloHOHHOH MO,Ilbl. • . 
. , IIocne.nyiOIUHii ~ yqeT nepecKoKoa nonllpouoa ·; Me)K.Ily )'3JiaMH pemeTKH 

npuao.u".T K .uenoKanH3auHH nonHpouoa " ux !flyuic:unnTpn.Iia it K. nepeuopMupos-
Ke nocne.uueii. . . 

Ecnn. npHHHTb ao ·aHHMaHJte npocreiimue ueno'le'IHble • .nuarpaMMbl, onucau
Hble B pa6oTax [6-Sj, ".. TeM ·CaMbiM onycTHTb ~BCC HenpHBO.Il".Mble MHOI'O
'IaCT".'IHble !flyuKun.n. fpuua, ro aoJH".KHeT npu6nuxeul1e; HJaecTuoe KaK Xa6-

- 6ap.u I. annpoKcn.MauH.li._B uameM cnyqae Mo.uenn. Xa66ap.ua- Xoncreiiua [3,4] 
ouo m.feei au.n- · · .: • · · . · -_. -• _:

0 
_ .; · '< _ · · · • -

_ . Cf
0 

>(iro) . ·· .,. · "" 
~(k, lro) = . (;<0) • (16) 
. _ _ . _. 1 - t(k) a (iro) , 

·- '\ ' . - . . - ~ 

Bbmonun.M auan".Tn.'lecKoe npo.uomKenn.e sToii cflynKUHH c .nucKpeTuoro p}J,Ila 
TO'IeK iro Ha aepXHIOIO nonynnOCKOCTb Z,; iro (ro >0) .. 

n . · . · n n · 
~ ;. ' . 

~ 

J 
I :1 
11; 

i 

/\
'I 

.. IIo.ucTaB".M (14) a (16) n. paccMoTpHM non10ca JanaJ,nbiBaiOmeii !flynKUHH 
fp~ua,'Koi'c}{:lbie O~pe~e~BIOT peu'opMHpoBaHHLIH 3uepreTH'IeCKHii' c'neKTP •.. ( . 
. . .. Eiiaro):(aps :UenoKMHJilUHH,. 4 ; 'suepmn . KBinlTOBbllC nepexoJioB .. Ha.' )':me 

Eo::... Ea~ tiro; .If E~-- £; ±1froc; 'p~ci.uennHioTcH' ua. qe:rblpe \ DO.Il30_HLI. 'Ej(kj 

i = + ti3.4: .3-r~ 3Ha'I~H~H. onpe.uen~IO~cg KaK KOpH~· ypa~HeHHJI; 'leTBep~pji CT~~ 
neuu .nnH .E(k): . , . . · .. , . . 

. < [~2 :-1f2~~][-(E ~·frl7":tfro~]_,; Eik).{[E(1 ~ ~) +1fcric(L; ~)]x: .. ~- :(17) 
. . . . ., .. 0 . . . \ 

x £<E- V>2 -112~21 +~£<E- V>o~ ~x> +11~· (1- ~x)nE-2 ~112ro2]}~·-c c c 

me 
E = E(k) + ~: ·_ ·~·;,; ellii, X= e-:-Pii • 

_ ' 'B · 'lllCTHOM cnyqae;( ·KOr,na ·npOHCXO,UHT · KOMneucaUHH icynoHOBCKOfO 
OTTaJlKHBaHHjJ sneKTPOHOB H .HX KOCBCHHOI'O npHTHXeHHll 6naro.ziapll cfloHOHaM, 
T.e. npu U = 0 ypasueuue (17} 'cso.uuicll K: 6onee npocToMy BbipaxeiiHIO 

.. . ' .:, .,, 

[ g2 _ ~~2]{e;:-~{ E-f~;ft; :~]- ro'("} =0: .. .~ ( 18) 

~ .. {, ' .· .... : ,.~ ···--·.: '., '•. ' ~-. ·, ~·.. ·.'(' ', :,_~ ; .. _: . 

B 3TOM cnyqae 3HepreTH'IeCKHH cneKTP COCTOHT H3 .llByxnoKanbHbiX ypOBHeii 
• · . , ' ' .. ' - . ~ • ;' ·,;. 1., ·, ,, . i :I , '• :.. ~ . • ' ' • ; " 

E = - jl + ftro = - Jl, 
;1 ~-, ~,.- .. ·. . C·\ , .•.. 

.:;· 

·· '' •'-•· · _,:: .. ··:._-'€.?.~ ~-~ftro~·~.~Jl:;._2,1f(l)c · 
·-': ~._/• 

H .llB)'X 3HepreTH'IeCKHX n[OAJOH ,~,, . . . 
2 

·'. '·· . ']'c-·•:·:i', 
· · . · · · _ 16~1?ro2 

E±(k)=-jl+t E(k)± (e(k)+211roc! ~~) + 
0 

+C); · . (20) 

BltiBO,nLI' 

B HaCTO.liiUeii pa6oTe Ha. OCHOBe npe.unonoxeHH}J' 0 C".nbHOH sneKTPOH
!flouoHHOH CB.li3H HCCne,nosau' cneKTp iconneKTHBHOr~ .llBHXeHHjJ lf!OHOHOB H Xa
paKTep DOll.llpoHHOI'O CDeKTpa KaK B llOKaJIH30BaHHOM; TaK H B ,llellOKaJIH30BaHHOM 
npH6nHXeHHH. qaCTOTa KOnneKTHBHOH !floHOHHOH MOJ{bl roc Up". a>:> 1, 'ITO 

npe,nnonaraeTC.ll, ·JHa'I".TenbHO npeBOCXO,IlHT 'laCTmy HH.nHBH.IlYaJlbHOI'O CBo6o.nuo
ro cpououa. Enaro.ua~ HcnycKaHHIO u nomomeuuiO KonneKTHBHofi tfJououuoii MO
.Ilbi MeH}JeTC.ll CyuleCrBeHHO >suepmg; 'KsatrroB'i.rx:·'nepexbi:ttil(;hOMpOHa Ha yJne 

3',t~ 1 i -:-'----~·-~-~·: ~:.;··y ~;. / . 
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peweTKH. BoJHHKaKiT BMecTo JlByx tJeTLipe 3ueprnu TaKnx nepexo)los.'YtJeT nepe-
cKoicos nom~pouos· Me)K)ly yJnaMH pelmrriCn yxe s 'npoCTeiiweM rijm6nmKeu~n 
uenoqeqHLIX ~HarpaMM . npHBO)lHT K pacwnpeHHIO. ~THX ypOBHeii 3Heprn.H · H K. 
BOJHHKHOBeHHIO 'leTLipex 3ffeprerntJeCKHX ll0)l30H. naxe npH nomioii Kmmeti: 
CaUUH KYROHOBCKOTO orianKHBaHIDI '3neKTpOHOB npHTll:lKI:;HHeM, . o6ycimsneHHLIM 
<f:loiioHaMH, HMeeT MeCTo JOHHoe pacmenneune, uo ua 3TOT pa3 ua )lBe 'no)lJOHLI.'' 

AsTOp nonLJYeTC.H cnyqaeM. BLipaJHTL npHJHaTenLHOCTL npo<f:leccopaM 
H.M.TinaKHJle n II .. EuTemo Ja HHTepec K pa6irre n ueuuLie JaMetJaun.il; . 

Pa6ora BLmonHeHa no nporpaMMe reiiJeH6epra - JlaH)lay. 
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