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1. Bneaenne 

B .nacTosm~eli pa6oTe onpeaem:reTcSI Ko9if>ljln:un:enT Tpenn:SI ~ anSI 9neKTpo

na B npoBOJlSIIueli sone nonynpoBOJlHHKa nnn nsonSITopa nneJlCTBIIe ssanMoJleli

CTBHSI ero c ljlononaMn. 

Bbr~n:cnenn:e K091jlljln:unenTa TpennSI B KBaHTOBo-Mexann~ecKOM cny~ae 

npeJlcTaBnSieT nnTepec no cneJlyiOmnM npn~IIHaM. B nyneBoM npii6nnmennn 

9neKTpOH B HenOJlBIImHOH pellieTKe HMeeT 6ecKoHe~HO 6onblliYIO nOJlBH)!{HOCTb 

fl. = 00 II nynenoli K09#n:unenT TpennSI t; = 0 • Dpii y'IeTe nsanMoJlelicTBHSI 

9neKTpona c ione6aHIISIMn: pemeTKn, KoTopoe Mhi 6yJleM xapaKTepn3oBaTb Kon

cTanToli CBSI3H A 0 nOJlBIImHOCTb 9neKTpona CT8BHTCSI KOHe'IHOH fl._> 00 
1 

a Koaif>

if>nuiieHT .TpeHIISI g > 0 npn. A > 0 • no9TOMy Bbl~IIcnenne K091jlif>mineHTa Tpenmi 

B BnJle pasnomennSI no KOHCTanTe.cBSI3H A n6niisn t; =0 npeJlcTaBnSieTcSI 6onee 

yao6HbiM, tieM no)lo6noe me pasnomenne JlnSI noJlBnmnocTn fl. , nynenoli ~nen 

KOTOpOI'O paCXOJlllTCSI, fl. = 00 
• DOJlBHmHOCTb fl. MOmeT 6biTb 3aTeM onpeJlenena 

C noMOllibiO COOTHOllieHIIH 3liHlliTelina-CMonyXOBCKOI'Oo XoTSI JlnSI KB8HTOBOI'O 

cny~aSI 9TO COOTHOllieHUe He BCei'Jl8 cnpaBe)l11HB0 0 B HaCTOSIIUefi pa6oTe OliO 
Ill . 

BhrnonnSieTCSI • 

B §2 BhrBeJleHa MMKpocKonn:~ecKaSI ljlopMyna Tnna Ky6o JlnSI K09qJ!jln:uuenTa 

TpenuSI t; ( 15), cnpaneJlniiBaSI JlnSI paccMaTpnnaeMoro cny~aSI aneKTpon-if>onon

noli cn:cTeMhi. l1cnonb3YSI pe3ynbT8Thi § 2, B §3 onpeJlennM K091jlif>nunenT TpennSI 

M.eKTpona nne)lcTnn:e -B3aiiMOJlelicTBIISI ero c if>onoHaMII, yKameM cnoco6 pas

nomennSI t; B pSIJl no A II onpeJleniiM nn:sr.i.mli nenc~esaiOmiili ~neii aToro pSIJla 

{.32) -( 33). B Ka~ecTBe npnMepa paccMoTpeno Bbi~ncnenne Koaljlif>nunenTa Tpe

HIISI aneKTpOH8 BCneJlCTBIIe B38HMO)leHCTBliSI C onTH~eCKliMli if>oHOHaMIIo B §4 

·.o6cymJlaiOTCSI pe3ynbTaTbl • 
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§ 2. Koa¢¢HuHeHT TpeHHSI 6poyHOBCKoro JlBH>KeHHSI 

KBBHTOB~MeXaHH'IeCKOil: '18CTHUbl 

J1CKOMOe Bbipa>KeHHe JlnSI KoatiJtiJHUHeHTa TpeHHSI e JlnSI KnaCCH'leCKOI'O cny
/2/ 

'18SI 6binO H8ii:JleHO B pS[Jle pa6oT • 3JleCb BbiBeJleM tiJopMYny JlnSI KB8HTOBOI'O 

/3/ 
cnyqaSI, cneJlySI • ilyCTb CHCTeMY 'l8CTHU MO>KHO pa3nO>KHTb H8 JlBe '18CTH: 

6onhiiiYIO noJlCHCTeMY c raMHnhTOHHaHOM H 2 , npeJlCTaBnSIIOIIIYIO TepMOCTaT, 

H UOJlCHCTeMY '18CTHU Manoil: nnOTHOCTH C I'8MHnbTOHH8HOM 

p 2 

H =~-a-
1 a 2M 

+ ~ U (IRa - r 2 IJ, 
a.2 

( 1 ) 

rJ:le Pa, R a , M o6osHa'laiOT HMnynhc, KOOPJlHHaTy H Macey qacTHU Manoil: 

UOJlCHCTeMbi
1 

a T 
2 

- KOOpJlHHaTy 'l8CTHU TepMOCTaTa. B CHny Manoil: nnOTHo

CTH, !1
1 

cneJlOBaTenbHO; Manoro BnHSIHHSI BTOpoil: UOJlCHCTeMbl Ha. TepMOCTaT 

6yJleM C'IHT8Tb, 'ITO I'8MHnbTOHH8H H 2 He 38BHCHT OT nepeMeHHbiX Manoil: ll0Jl

CHCT9Mblo 

Ha CHCTeM)' 6yJleM HanaraTh BH9IIIH99 none, Bbl3biBaiOl!l99 H9p8BHOBeCHOe 

JlBH>KeHHe Manoil: UOJlCHCT9Mbi1 OCTaBnSISI '18CTHUbl TepMOCTaTa B CTaTHCTH'leC

KOM paBHOBeCHH. B JlanbHeii:IIIeM TaKoe JlBH>KeHHe qacTHU Manoil: noJlCHCTeMbi 

6yJleM H83biBaTb 6poyHOBCKHM JlBH>KeHHeM1 a 'laCTHUbl - 6poyHOBCKHMH 'laCTH-. 

I~ I 
UaMH ·• faMHnbTOHHaH TaKOI'O nonSI HMeeT BHJl/

1 •3 

~H 
st -e 

e (-M A~ p ), 
e a a 

I'Jle A = eonstH He aaBHCHT oT JlHHaMH'leCKHX nepeMeHHbiX. 

nnSI HepaBHOBeCHOil: Jl06aBKH { CTaTHCTH'I9CKOI'O onepaTopa p 

/2 5/ 
Ky6o ' JlaeT 

f = i 

0 {3 
s t 

f e d t J d A p [ ~H ( -0.. + t), H ] , 
0 . 0 

-oo 0 

I'Jle p O -paBHOBeCHbiil: CTaTHCTH'I9CKHil: onepaTOp CHCTeMbl, a H 0 

Bbi'IHCnSISI KOMMYTaTop B (3), nonyqaeM 

4 

I. 

(2) 

MeTOJl 

.(3) 

HI+ H 2 ~ 

"''-< 

_j 

I'Jle 

[~H (-iA + t}, H
0

] 

ll = I x,y, z I, 

-ie 
eM ~All Fap. 

a,J.L 

F ~ 
aU(!Ra- r 2 1J 

a p. 2 
aR ap. 

ilo onpeJleneHHIO (5) 6yJleM H83biB8Tb onepaTOpOM KB8HTOBC 

CHnbi Jleii:CTBHSI TepMOCTaTa Ha 6poyHOBCKYIO '18CTHUy. 

H a ocHoBe ( 4), (3) npHHIIMaeT BHJl: 

f = 
e . {3 o 

e M ~ All J d A. J e 
a,p. 0 -oo 

st 
dtp F (-iA. + t). 

0 aJ.L 

YcpeJlHSISI orrepaTop CKopocTn 6poyHOBCKoil: 'laCTHUbi 

v 
1 

1 
-P M . 1 

e 
-A 
eM-· 

·c HepaBHOB9CHbiM OUepaTOpOM p = p + f 1 C TO'lHOCTbiO JlO nHH9j 
0 

A nonyqaeM Jlpeii:¢oByiO CKopoCTb u 
1 

: 

u 
1V 

I'Jl9 

-e e 
{3 •o 

s t 
- A + - :S A f dA. f e 
eM v eM2p. ll" · 

0 

dt<F (-iA + t)P > 
1p. 1 v 

<F (-iA. + t)P > 
1J.l 1V 

Sp(p F (-iA+t)P ) 
0 lp. IV 

paBHOB9CHb!il: KBaHTOBO-M9X8HH'l9CKHil: KOppenSITOp CHnbi H. HMll 

CKoil: 'laCTHUbt. B cnyqae aneKTpoH-¢oHoHHoro B3aHMOJleil:cTBH 

6yJleM paCCM8TpHB8Tb 1 . STOT KOppenSITOp_ paBeH Hyni01 .• 'ITO UOK· 

"'>KeHHH A. nanbiiie 6yJleM paccMaTpHB8Tb nHIIIb cnyqaii:, B KOTO] 
. . 

CHnbi H HMnynhCa paBeH Hyn.IO H JlnSI Jlpe_iitiJOBOH CKOpOCTH l 

-e st 
u =--A e 

IV eM v. 
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ABIOKeHIHI 

I Ubi 

~ Ans Knaccu~ecKoro cny

~opMYny AnS KB8HTOBOI'O 

Jaano:H<HTb H8 ABe ~aCTH: 

~CTaBnSIOIIlYlO TepMOCTaT, 

)JIHaHOM 

(1) 

r u Macey ~acTHU Manofi 

:a. B cuny Manoll: nnoTHo

>ACHCTeMhi Ha. TepMOCTaT 

t: nepeMeHHbiX Manoll: noA-

,J3biBalOIIlee HepaBHOBeCHOe 

pMOCTaTa B CTaTHCTH~ec

aCTHU Manoll: nOACHCTeMbl 

lbl'- 6poyHOBCKHMH ~aCTH-. 

I 

(2) 

tHHbiXo 

Jro onepaTopa p MeToA 

.(3) 

cTeMbl, a H 
0 

·j 

I 

rAe I x, y, zl, 

F I. 
a fl 2 

(4) 

(5) 

no onpeaeneHHlO (5) 6yaeM Ha3hiBaTb onepaTopoM KBaHTOBO-MexaHu~ecKofi 

CHJihi Aeii:CTBHS TepMocTaTa Ha 6poyHOBCKYIO ~acTuuy. 

Ha ocHoBe (4), (3) npHHHMaeT But:~: 

e . {3 ° st 
f = -;;-;;! I. Afl J d A J e d t p 

0 
~ fl (- i A + t) . 

a,fl o 

YcpeAHss orrepaTop CKopocTu 6poyHOBCKoll: ~aCTHUbi 

v 
1 

1 e 
-P- -A 
M 1 c M 

(6) 

(7)· 

·c HepaBHOBeCHhiM onepaTOpOM p = p + f, C TO~HOCTblO AO JIHHeil:HhiX ~neHOB 110 
0 

A nony~aeM apell:~oByro cKopoCTb u 
1 

: 

{3 0 
- e e s t 

u = --A +--I. A ( dA ( e dt <F (-iA + t) P > , 
Iv eM v cM2 fl. · 1fl 1v 

fl 0 -oo 
rAe 

(8) 

<F (-iA+t)P >=Sp(p F (-iA+t)P) 
1fl 1v o Ifl 1v 

(9) 

paBHOBeCHblH KBBHTOBO-MeXaHH~eCKHii: KOppensTop CHnhi H HMnynbC8 6poyHOB

CKOii: ~aCTHUhlo B cny~ae aJieKTpOH-~OHOHIIOI'O B38HMOAeHCTBHSI, KO'l'Opoe Mbl 

6yaeM p8CCM8TpHBaTb, 9TOT KOppenSITOp_ paBeH HyJI10 0 . ~TO nOK838HO B npHnO

)KeHHH A. naJibllle 6yAeM paCCMaTpHB8Tb JIHlllb cny~all:, B KOTOpOM KOppeiiSITOp 

CHJibl H HMnyJibCa paBeH HyJI.lO H AJISI Ape_fi~OBOH CKOpOCTH MO:H<HO nHCaTb: 

-e st 
u --A e (10) 

1v c M v 
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l1a ypaBHeHHSI 

• st 
P

1
=-i[P

1
,H

0
]-i[P

1 
,l\H]e 

Bbi'IHC1l5I5I KOMMYT8T0pb1 0 nonyqaeM: 

. 
P

1 
= F

1 
, ( 11) 

a cTaTHCTH'IeCKOe ycpeaHeHne c TO'IHOCTbiD no nnHefiHhiX qneHoB no A aaeT 

rae 

<P > 
lv 

e -2 A t: 
c M "' "' !. J!V, 

.0 st 
~J!V = J d>.. f e <F11! (-iA + t) FJv> dt. 

0 -oo 

fi01lb3YSICb COOTHOlii9HH9M {10}, nonyqaeM 

<P > =- 2 u 1 ~ • 
lv I! I! J!V 

(12) 

(13) 

(14) 

neBaSI 'laCTb ypaBHeHHSI (14) npeaCTaBnSieT CpeaHee ycKopeHHe 6poyHOBCKOfi 

qacTHUhi, a npaBaSI 'laCTb - cpeaHroro cnny, aeficTByromyro na 6poyHOBCKyro 'lac• 

Tnuy. Bnauo, 'ITO ~I! v MO*HO noHnMaTb KaK. TeHaop TpeHHSI 6poyHoBCKOfi 'l:ac-

THUhi. l1MeSI B BHay, 'ITO fJ!V- CHMMeTpH'IHhlfi TeH30p B (13), MO*HO nony._ 

'IHTb/6,7 I 

0 
f3 st ~ = -

2 
f e l<F (t} F > + <F (-t) F > l. 

J!V -oo lf! lv lJ! 1 v 
(15) 

. 8TO H eCTb HCKOMOe , Bbipa*eHHe All5I K09cM>HUHeHTa TpeHHSio llo6aBHMt 'ITO 

B F lf! nHaeKc 03lla'laeT, 'ITO cnna OTHOCHTCSI K oaHOfi 6poyHOBCKOfi 'laCTHUe. 

§3. Koa~~nuneHT TpeHHSI aneKTpoHa acnencTane 

B38HMOaefiCTBH5I C ~OHOHa~AH 

BaanMoaeficTBHe aneKTpoHa c nepnoan'leCKHM noTeHunanoM KpHOTannn

'l:ecKofi pemeTKH, nog BnHSIHHeM KOTOpOfi aneKTpOH ABH*eTCSI no AHH8MH'IeC-

6 

~"". 

i 
I 

KHM aaKoHaM, He npnBoanT K anccnnaTH5HhlM npoueccaM·-.no 

nSIIOTCSI B3aHMOaefiCTBHeM C TennOBbiMH KOne6aHHSIMH, KOTOpbie 

He'IHOMj 3Ha'leHHID'K09~~HUHeHTa·TpeHHSio 

-. TennoBbie_ Kone6aHHSI peme-TKH 6yaeM. onnchiBaTb B: .Tet: 

nOHHMaSI HX KaK 'laCTHUhl TepMOCTaTa, _non BllHSIHHeM KOTOphiX 

maeT cBoe 6poyHoBCKOe aBH*eHne. noaTOMY cnny, ~nrypnpyK 

HHH. anSI K09~~HUHeHTa TpeHHSI ( 15) 0 6yaeM onpegenSITb no·.~( 

6npaSI anSI noTeHUHana B3aHMOaefiCTBHSI aneKTpOH-~OHOHHblfi r 

B BHay, 'ITO KapTHHa 6poyHOBCKOrO aBH*eHHSI aneKTpOHa np01 

oanqecKoM noTeHunane pemeTKH, 6yaeM nonhaoaaTbCH gng c 

HHSI aneKTpOHa nOHSITHeM KB83HHMnynhca, 'ITO yao6HO anSI._npJ 

BOSMyllleHHSI • 

llnSI aneKTpOH-~OHOHHOrO noTeHUHana. B H30TOnHOM Cny'la• 

npoaOnbHOfi BeTBH KOne6aHHSI0 KaK rnaBHOfi, 6yaeM nOnb30BaTbC 

H 
1 

=--2 u,. 
.;v" 

' i I& R 
e ( b,. 

+ 
b_,. }, 

rae lj l -MaTpH'IHbie .aneMeHThl aneKTpOH-~OHOHHoro B3aHMOaE 

+ 
b_,. -BOnHOBOfi BeKTOp, onepaTOp nornomeHHSI H _pO~eHHSI ~( 

paTOp KOOpAHH8Tbi aneKTpoaa. 

l13 (16) no (5) gng onepaTopa cHnbi nonyqaeM: 

F 
1 

= _ 2 S(k) e 

.;v " 
rae 

S(k) = -iU,. k. 

ii&R 
(b,. 

+ 
b _,. ) , 

B npeacTaBneHHH BTOpH'IHOrO KB8HTOBaHHSI no aneKTpOHHhlM D 
il R ' . 

paTOp e HMeeT BHA: 

il& R + 
e =2D(p,k)ap+l&ap, 

p 
+ 

rtr.e ai>+" H. a P --onepaTopbi PO*AeHBSI H yHH'ITO*eHHSI aneKTJ 

CTBYIDIIlHM._.Bon~O~biM BeKTOpOM0 aD(p;k) :lip~ y'leTe TOnbKO HOp 

COB paCCeSIHHSI ecTb 
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( 11) 

nHHei!:HbiX 'ineHoB no A llaeT 

(12) 

(18) 

(14) 

!l:(Hee ycKopeHHe 6poyHOBCKOH 

'BYIOIUYIO Ha 6poyHOBCKYIO 'laC• 

:sop TpeHHSI 6poyHOBCKOH 'iaC-

TeH30p B ( 13 ), MO>KHO nony-

> }. 
IV 

(15) 

eHTa TpeHHSie .no6aBHM1 "'TO 

OllHOfi 6poyHOBCKOH 'iaCTHUe. 

a BC.119llC'l'BHe 

tHM noTeHUH8.110M KpHO'l'8.11.11H

lOH ll5H>KeTCSI no llHHBMH'ieC-

KHM 38KOHSM1 He npH50llHT K llHCCHllSTH~HhlM npoueccaM - nocnel:(HHe onpelle

JISIIOTCSI 538HM0ll9HCT5H9M C T9ll.110Bb!MH KOne6aHHSIMH 1 KOTOphie npHBOllSIT K KQ

H9'iHOMY 3HB'i9HHIO'K09~~HUH9HTa TpeHHSI, 

. Tenno5bie. Kone6aHHSI pemeTKH 6ylleM onHChiBaTb 5 TepMHHax. ~OHOHOB1 

llOHHMSSI HX KaK 'iaCTHUhl TepMOCTaTa1 llOll 5.11HSIHH9M KOTOpb!X ~JieKTpOH COBep"7 

maeT c5oe 6poyHo5CKOe ll5H>KeHHe. noaTOMY CH.11Y 1 !pHI'ypHpyromyro B Bhipa>Ke

HHH llJISI KOS~~HUHeHTa TpeHHSI (15) 1 6ylleM onpel19.11SI.Tb no ~op_Myne (5 )_ 1 Bhi-

6Hp8SI ll.11SI llOTeHUHana 538HMOlleHCT5HSI aneKTpOH-~OHOHHbiH llOT9HUH8.11, I1MeSI 

5 5HllY 1 'iTO'K8pTHH8 6poyH05CKOI'O ll5H>K9HHSI aneKTpOHS npOHCXOllHT 5 nepH~ 

OllH'ieCKOM llOTeHUHSJie pemeTKH1 6ylleM no.11b3058TbCSI ll.11SI OllHC8HHSI'll5H>Ke

HHSI aneKTpOHa noHSITHeM K583HHMllYnhC8 1 'iTO Yll06HO llJISI,UpHMeHeHHSI TeOpHH 

503MyiUeHHSI, 

.nnSI aneKTpOH-~OHOHHOI'O llOT9HUHana 5 H30TO:IIHOM Cny'iae C y'ieTOM .11Hllib 

/8/ 
npOllOJlbHOH 59TBH KOJie6aHHSI1 KBK I'.118BHOH1 6ylleM nonh305aTbCSI 5b!pa)K9HHeM 

H 
1 

=--~ u,. 
vv" 

'ilc R + 
e ( b,. - b_,. ) , ( 16) 

I'lle U 1c -MaTpH'iHhie aneMeHThi aneKTpoH-~OHOHHOI'O B3aHMOllei!:cTBHSI k 1 b~ , 
+ 

b_,. -5onao5oi!: 5eKTop1 onepaTop noi'nomeHHSI H pO>KlleHHSI ~oHoaa 1 a R-one-

paTop KOOPllHHa'l'bi aneKTpoa:a. 

I1a (16) no (5) llnH onepaTopa csnbi nonyqaeM: 

1 
= - ~ S(k) e 

vv " 
(17) 

i1c R + 
( b,. - b _,. ) ' F 

S(k) = -iU,. k. (18) 

B npellCTa5neHHH 5TOPH'iHOI'O KBaHT05aHHH no. aneKTPOHHhiM nepeMeHHhiM one~ 
i1c R ' 

paTOp e HMeeT 5Hll: 

(19) 

+ 
I'lle at>+l 'H at> -onepaTOpbi pO>KlleHBH H YHK'iTO>KeHBH aneKTpOHa C COOT5e't-

CTBYIOIUHM BOJIHOBbiM BeKTOp0~1 aD(p ;k) np~ y'ieTe T0.11bKO HOpMSJlbHb!X npouec

COB paCCeHHHSI eCTb 



. 1 + 3 
D(p,k) =- fupH(p)up(P)d p, 

no (20) 

rne 0 - o6'beM aneMeHTapHo:ii: SI'Ie:ii:Kn pemeTKH, a u P+l (p) H uP ( p) - 6noxos

CKHe BOnHOBbie ¢yHKUHH aneKTpOH8o C noMOIUbiO :3TOI'O paano>KeHHSI (17) ·MO:lK-

Ho nepenucaTb B BUlle: 

1 + + 
F=-I.S(k)D(p,k)a a(b

1
-b ·), 

yV • pH p -l 
p ... 

(21) 

a KOppenSITOp CHnhi1 HM9101UHH nHIIIb llH8I'OHanbHhie T9H30pHb19 aneMeHTbl1 -B BIIlle: 

1 
<F (t)F >=-I. S (k 1 )S (k 2 )D(p 1 ,k 1 )D(p2 ,k 2 ), 
- Ip. IV V /l ll 

p ,l 
1 1 

p .l 
2 2 (22) 

+ + + 
{<ap +k (t)ap (t)(b1 (t)-b_ 1 (t)Jap +k ap (b1 - b_ 1 )> l. 

11 1 1 1 2222 2 

C y'leTOM nepeHOpMHpOBKH aneKTpOH-!iJOHOHHOfi CHCT9Mbl KOppenSil'Opbl B npa

BOfi '18CTH (22) pacuerrnSIIOTCSI Ha llpOH3B9ll9HHe aneKTpOHHbiX H !!JoHOHHbiX Kop

penSITOpOBo B aToM cnyqae nony'laeM: 

1 
<F (t)F >=-vI. S -(k 1 )S (k 2 )D(p 1,k 1 )D(p2 ,k2 ) 

lp. 1/l ll ll 

+ + + 
<ap H (t}ap (t)ap +11. ap >[<~ (t)b_ 1 >0 +<b_ 1 (t) b1 >0 ] . 
. 11 1 222 1 2 I 2 

(23) 

CTaTHCTH'IeCKHH onepaTop aneKTpoHoB p =p (H +H ,~,•u onepaTop ilpe-:-
oe e't'f 

MeHHO:ii: aBonrouuu exp ( + it ( H
09

+ H,e¢)) MO>KHO paanaraTb B PSI.ll no 

B3aHMOll9i!:CTBHIO lfe!!J H TeM CaMhiM nony'IHTb pa3nO>K9HHe B PSI.ll llnSI KOppe-

nstTOpa + + 

K(t) = <ap +l(t)ap (t)ap +11. ap >. 
1 1 1 2 2 2 

(24) 

KaK u- Bceraa npu paano:lKeHHH no sneKTpoH-¢oHoHHOMY B3aHMOlle:ii:cTBHIO 

PSI.ll 6yneT conep:lKaTb TonbKO napHbie qneHbi no He!fl u cooTBeTCTBeHHO no 

8 

-

' 
l 

.,, 

Koa¢¢HUH9HTy aneKTpOH-¢oHOHHO:ii: CBSI3H A • nocKOnbKY. A 

B S (k), TO cpaay BIUiHO, 'ITO PSill no A llnSI g Ha'IHHaeTCSI 
ll -

qneHOB u noTOMY npn A -=0 6yaeT § =0, KaK H aomKHO 6biTb; 

paTH'IHhx:ii: qneH no Aansr !; nonyqaei-csr, e.:::nn B psray ansr X 
KO HyneBOH qneH, B '19M H COCTOHT OllHO H3 ·npeHMYIU9CTB B: 

!iJHUHeHTa TpeHHSI1 a He nOllBH:lKHOCTH. lloKa:lKeM, 'ITO :3TOT 'I 

HyniO H oc;raHOBHMCSI noapo6He:ii: Ha ero Bbi'IHCneHHHo 

HyneBo:ii: 'lneH KOppensrTopa K(t) paBeH 

+ + 
K (t) = <a a > <a a > o (k )o (k ) + . 

0 PPO PPO I 2 

+ 
+<a (t)a 

p p 
2 2 

I I 2 2 

+ > <a (t)a > o(p +k -p )O(p -k -p ). 
OP PO 1_1 2 12 2 

1 1 

B aTOM rrpu6nu:lKeHHH (23) cTaHOBHTCSI 

1 
<F (t) F > = -V I. S (p2 - p 1 ) S ( p1 - p 2 ) D (p , p - p ) D 

Ip. 1p. p ; p p. ll 1 · 2 · 1 

+ 
x<a (t} a 

p2 p2 

1 2 

+ + + 
> <a (t)a > (<b (t)b > + <b (t)b 

0 p p 0 p -p - p -p 0 p -p p 
1 1 21 21 121 

1 
+-I. SIL(O)Sil (O)D(pi,O)D(p2 ,0)x .v 

- p1. p2 

+ + + + 
X<ap ap ><a a > (<b (t)b > + <b (t)b > ). 

2 2 
0 PI P

1 
0 0 0 0 0 Q 0 

. . 
l13 (18) BH.lllio, 'ITO Sll (0)=0 H nOTOMY BTOpaSI CYM¥a B. (2( 

nro. B nepBOH CYMMe Ha OCHOBe _ (18) S ll (p 2 - PI ) MO:lKHO 

9 



(20) 

U fl>f-lt. (p) H U fl ( p) - 6nOXOB

OI'O pa3nO)KeHH51 ( 17) MO)K-

(21) 

reaaopHbie aneMeHTbi, a BHt:te: 

12 , k 2 ) , 

(22) 

:TeMbl KOppen.Hl'Opbl B npa

!KTpOHHbiX If cpOHOHHb!X KOp-

(23) 

(H
0

e +He.pl H onepaTop ape

))KHO paanaraTb B P.Htl no 

no)KeHHe a P.Htl t:tn.H Koppe-

(24) 

lOHOHHOMY B38HMOt:teiiCTBHIO 

Herp H cooTaeTCTBeHHO no 

j 
I 
l 

Koarp<iJHuHeHTY aneKTpoH-<iJoHoaaofi CB.H3H .\ • nocKonbKY A y)Ke conep)KHTC.H 

B S (k), TO cpaay BIIJlHO, 'ITO p51Jl no .\ Jln.H g H8'lHH89TCSI C KB8Jlp8TH'lHbiX 
~ . 

qneHOB II nOTOMY npii .\ =0 6yJleT g =0, KaK H JlOn)KHO 6biTbi npii 9TOM KB8Jl-

paTH'lHblll qneH no Ann.H ~ nony'laeTc.H, e.::nH B psmy nn.H K( t) y'leCTb TOnh

KO HyneBOii 'lneH, B '19M If COCTOIIT OJlHO H3 npeHMyiiieCTB Bbl'lHCneHHSI Koa<!J

<iJIIUIIeHTa TpeHH510 a He nOJlBH)KHOCTH. lloKa)KeM, 'ITO 9TOT 'lneH ,, He paBeH 

ayn10 H oc;raHOBIIMCst nonpo6aefi Ha ero Bbi'lHCneHHII. 

H yneBofi 'lm:m Koppen.HTopa K ( t) paBeH 

+ 
+<a (t)a 

fl fl 
2 2 

+ > <a (t)a > o(p +k -p )O(p -k -p ). 
Oil flO l l 2 12 2 

l l 

B aToM npH6nii)KeHIIH (23) cTaHOBHTCst 

(25) 

1 
<F (t)F > = -V ~ S (p2 -p 1 )S (p1 -p 2 )D(p ,p -p }D(p ,p -p )x. 

IJL lp. p. /l I 2 l 2 J 2 
fl • fl 

1 2 

+ + + > <a (t) a > (<b (t) b > + <b (t) b > ) + 
0 fl fl 0 fl -p fl -p 0 fl -p fl - fl 0 

1 1 21 21 1212 

1 
'+ - ~ s (O)S (O)D(p1 ,O)D(p2 ,0) X .v ll JL 

fl1. fl2 

(26) 

l13 (18) BIIJlHO, 'ITO S (0)=0 H nOTOMy BT0p851 cyMMa B. (26) paBH519TCSI Hy
ll 

n10. B nepaofi cyMMe Ha ocHoae. (18) SJL (p 2 - p1 ) MO)KHO aaMe}t.HTb Ha 

9 



,'; 
I 

+ 
SIL (p 1 - P2 ) , a BMecTo D(p1 ,p2 -p1 )D(p2,p1 -~MO)I{HO aaecTH o6oaHa'l:eHHe 

c (p1 , p2) 

C(p , p ) 
. 1 2 

HMeromee 3Ha'leHHe 

I 
1 + 3 2 n J up r P J u ~> r P J d P I > o , 
n 1 2 

l27) 

'ITO nei'KO npoaepSieTCSI Ha OCHOBe onpe.r:teneHHSI (20) • llepeXO.r:tSI OT CyMMbi . 

no KBa3HHMnynbCaM K HHTei'pany,nony'IHM: 

<F (tJF >=-v-Jd3 pd3 piS(p-pJI
2
C(p,pJ x 

11' 11' (2 17 i 1 2 1L 1 2 1 2 

(28) 

+ 
X< ap 

+ + + 
(t)ap > <ap (t)ap > l<bp -p (t)bp -p > + <bp -p (t)bp -p> 0 ). 

2°1 1° 21210 12 12 2 

4nSI KOS~~HUH9HTa TpeHHSI Ha OCHOBe (28) H3 (15) nocne COB9plll9HHSI HHTe

I'pHpOBSHHSI no t nony'l:aeM: 

f3rrV 3 3 2 + + e = --6 J d p d p Is (p - p Jl C(p ,p ) <a a ><a a > )\: 
IL IL (2 TT) 1 2 IL 1 2 1 2 I> I> 0 I> I> 0 

2 2 I. 1 

xl <bp -p bp -p>0 8(£(p )-£(P )+ cu(p - p )) + 
. 1212 2 1 12 

+ <bp-pbp-p•>0 8(£(p2 )-£(p1 )-cu(p2 -p 1)Jl, 
2 1 2 1 

(29) 

I'.r:te £ (p) H cu ( k) npe.r:tCTaBnSIIOT SHepi'HH aneKTpOHa H ~OHOHa C COOTB9TCTBYIO-

IIlHM BOnHOBbiM B9KTOpOMo 

···,i 

) 

( 
I,. 

j 
.I 

!• ,. 

·.~ 
lj ) 

l i,f 
11 ... , \ t 

. j ,. 

r 
. ·I 

i. 

t 
1 
[ 

i 

I 
j 

I 
I 

~i 
r. 

I;( 

r 
.\ 
h 

) 

PaccMoTpHM .r:tanee cnyqaa Manoa nnoTHOCTH aneE 

+ 
<ap ap > = 1 

l l 0 

+ 
<at> at> >0 

~ 1 
1 . 

B peayllbTaTe JJ.nSI KosqxpHUHeHTa TpeHHSI nonyqaeM Bbi] 

r.r:te 

v 3 + e = -- J d p e (p2) <at> at> >o , 
I'lL (2rr)3 ·2 I'lL 2 2 

{3TT 2 

{P.IL(p2)=(2TT)3 Jd3pliSIL(p1-p2JI C(p1,p2 

+ 
X (<bl> -p bl> -p >0 ii(E(p 2 }-£(p 1 }+(pl-p

2
)) 

1 2 1 2 

+ <bp-p bp-p>0 8(£(p )-£(p )-cu(p -p )}1. 
2121 2 1 12 

Bhl6HpaSI HopMHpoao'I:Hoe ycnoaHe Ha 'I:Hcno 6poyHoBCKHX 'I 

06'beMa . V =1 B BH.r:te: 

1 3 + 
-- J d p <a ( 2 rr) 3 2 1>2 a I>/ o 1, 

Bbipa)l{eHHe (30) 6yt:teM OHC8Tb T8K)I{9 B BHt:te: 

1 3 + 
giLl'= (2rr)3 Jd p2 gi'IL(p2)<ap2 ap2 >o. 

Bee aenH'IHHbi a (30), · (3i) ·nono)I{~Tem;Hbi~ H3 'l:ero 

e ··· > 0-. H, COOTB9TCTB9HH01 OOllBH)I{HOCTb IL 1 .r:tH~~Y3HOH 
I'lL 
D • Bbi'IHCneHHbie c noMOIIlbiO e • 6y.r:tyT KOHe'IHbio 



MoJKHO aaecTH o6osHa'l:eHHe . 

{27) 

(20). llepexoag oT cyMMbi · 

(28) 

5) nocne coaepweHHB HHTe-

+ + 
) <a a > <a· a > x 

2· p p 0 p p 0 . 
2 2 l I 

+ (29) 

! H ~OHOHa C COOTB9TCTByro-

.. 

~·· 

If 
.J 

PaccMoTpHM aanee cny'l:aA ManoA nnoTHOCTH aneKTpoaoa, nonarag 

B pesylibTaTe ang KoaqxpHuHeHTa TpeHHB nony'laeM Bbipa:JKeHHe: 

(30) 

rae 

(31) 

Bhl6Hpag HopMHpOBO'IHoe ycnoaHe Ha qacno 6poyHOBCKHX 'laCTHU B enHHHUe 

o6'beMa · V =l a aaae: 

1' (32) 

BbipalKeHHe (30) 6yneM nacaTb TaKJKe B sane: 

1 3 + 
~lliL = (2rr)3 .f d p2 ~ILIL (p2 )<ap2 ap2 >o (33) 

Bee aenH'IHHbi B ( 30), (3i) nonoJKHTenhHbi, H3 'l:ero cnenyeT, 'ITO 

'lliL > 0. H, COOTB9TCTB9HHO, UOllBHlKHOCTb p. , aH~~Y3HOHHbiil: K09~~HUH9HT 

D , Bbi'IHCneHHbi9 C UOMOWbiO t , 6ynyT KOH9'1Hblo 
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"1· 

BocnonbayeMcn nony'IeHHhiMH .PopMYnaMH H Bhi'IHCnHM Koa#HuHeHT Tpe-

. HHSI aneKTpOHa BCnenCTBHe B38HMoneiiCTBHSI ero C OITTH'IeCKOH BeTBbiD 4JOHOH

Horo cneKTpa B nonynpOBOnHHKBX H H30nSJTOpax C KOBaneHTHOH H HOHHOH CBSI3biD1 

TaKHX KaK 1 n S b H N a C l • EonhiiiHHCTBO TaKHX KpHcTannoB nMeeT KyoH'Ie

CKyro CHMMeTp!IID1 H aneKTpOH B HX npOBOnSIIlleH 30He XOpOIIIO OITHCbiBaeTCSI B 

npHonmKeHHH a.P.PeKTHBHbiX Mace c OllHOii nonHHoii B ueHTpe aoHbi Epnnnroa

Ha191. B aToM cnyqae HM~eM: 

1 2 

€(p) = 2KfP ' 

rne M - a.P.PeKTHBHan Macca aneKTpoHa; 

c (pi' p 2) = 1 

w ( k) = w, = canst . 
0 

< b + b > 
l .1: 0 

N 
{3w -1 

( e o_ 1) , 

(34) 

(35) 

(36} 

rile KaK o6bi'IHo, npeHe6peraeM llHCnepcneii onTn'IeCKHX .PoHoHoB. Y'IHThiBaSJ 

SIBHbiH BHil onepaTopa sneKTpOH-.POHOHHOI'O B38HMOAeHCTBHSI C onTH'IeCKOii 

/8/ 
eeTBbiD , nonyqaeM: 

e 2 k, 
2 

2 2 ) ... 
I S(kJI=(411)(2 k2 

Jl 'Y wo 

rne e - aapSIIl sneKTpoHa, a ·Y - nocToSIHHan 
2 

1 w 1 1 
- = _o(-- -). 
y 411 (00 (0 

(37) 

(B naHHOM cnyqae ponb 6eapaaMepHofi nocTOSIHHofi CBSJ3H X nMeeT Benn'IHHa, 

/8/ 
o6oaaa'IeHHan B KaK a , KOTopan anecb llnSJ yno6CTBa aaMeaeaa aa y ). 

· C ~eTOM COOTHOlll9HHii (34)-(37) Bblpa>K~Hiie (31 )_ npHHHMaeT BHil:. 

eJlJl (p2 J 
2 3 

....f!..:_ f d p1 
ywo 

2 
(plJl - p 2Jl) 

~~~- P)2 

-1 2 2 1 2 2 
IN8[-(p -p )+w ]+(N+1)8[-(p -p )-w 1 I. 

2M 2 1 o 2M 2 1 o 

HHTei'pHpOB8HHe B (38) COBeplllaeTCSI sneMeHTapHO H llf 

erEJ {3e 
2 E 

Wo wo ln(V1+--+ 
IN..jE + wo[l- 2E + 

2
yE+w

0

..jE3 wo 

2 -E-- E 
~- . ~ wo ln(..j--1+y-} 

+(N+1)yE-wo[1+2E+2..jE-wo.JEJ Wo wn 

I'lle 

eo= 

E 

2 312 11 e 2M 312 

1 2 

2M p2 

ywo 

O(E - %) - CTyneH'IaTaSJ WHKUHSI. B (39) B~eCTO eJliL (fl 

0003Ha'IeHHe e (E) B CHny Toro, 'ITO KOS¢$HUHeHT TpeHHSI H3l . . 

CHT OT SHeprHH E 



H Bbi'IHCliHM KOStjl¢HUHeHT Tpe-

1 C ODTH'IeCKOlt BeTBb!O ljJOHOH

: KOB8l19HTHOlt H HOHHOlt CBH3bi01 

KHX KpHCTallnOB HMeeT Ky6H'Ie

~ 30.119 XOpOWO ODHCb!B8eTC.II B 

Bolt B ueHTpe 30Hbi Bpnnnroa-

(34) 

(35) 

(36} 

TH'IeCKHX ¢oaoaoB. Y'IHTbiBaSI 

SHMOaeltCTBH.II C ODTH'IeCKOlt 

(37) 

BOlt CB.II3H ~ HMeeT BeliH'IHHa, 

yno6CTBa aaMeHeHa aa y ). 

ile (31 )_ DpHHHMSeT BHll: 

l 

l 
I 

I 
! 

r 
( 

·r 
'j 

{ 

l 

I 
f 

. I 

I 
·I 

I 

(38) 

-1 2 2 1 2 2 
IN5[-(p -p )+cu ]+(N+1)8[-(p -p )-cu ]}. 

2M 2 I 0 2M 2 I 0 

HaTerpHpoaaHHe a (38) coaepwaeTcSI sneMeHTapao H naeT pesynhTaT: 

(39) 

2 -- -
N -'E- . cu,. cuo l • E E 

+ ( + 1) v - cu [1 + __.. + r-;:;::_ n ( v-- 1 + v- )] 0( E- cu ) l, 0 2 E 2y -cu0 y EJ cu
0 

cu
0 

o 

rae 

eo=------
y cuo 

(40) 

E 

(41) 

O(E - cuo}- CTyneH'IaTaSI WHKUHSI. B (39) BMeCTO e,_qJ. (p2) BBe]leHO 

0603Ha'l:eHHe e (£) B CHlly TOI'01 'ITO KOaljlljJHUHeHT TpeHH.II H30TpODeH H 3SBH

CHT oT aaepi'HH E 



+ 
PaBHOBecaoe pacnpeJleneHHe aneKTpoHoB <ap · a p > 

0 2 2 
onpeJleneHo 6onbu-

. MSHOBCKHM pacnpeJleneHH9M 

+ 
<ap ap >0 

2 2 

1 .:_f3E 
-e 
z 

(42) 

TioncTaBnnn (39} H (42) B (33) H coBepman HHTerpHpoBaHHe no yrno

.Bl>tM nepeMeHHhiM, nonyqaeM 

1: 2 3/2 
00 

-{3 E II 

"'=-;7rf3 JdEg(E)e £
12 

0 
(43) 

HHTerpHpoBaHHe no E B (43) He aneMeHTapHo, OllHSKO 'IHCneHHhiM Me'l'OilOM 

OHO COBepmaeTCR 6e3 TpyJla, 'ITO SBTOpOM CJlenaHO JlnR OJlHOro 3H8'19HHR na-

paMeTpa: (w /k) = 260[
0
k 1 , OTHOCRruerocSI no1101 K KpHCTanny N.aCl. · 

PeaynbTaT npeJlCTaBneH Ha pHc. 1. 

Ham peaynbTST nnn ' conocTaBHM c peaynbTSTOM npe:nmnx pa6oT, Bbl- '\ 

'IHCngg 1J. C nOMOillbiO COOTHOlli9HHS1 3iiHmTeii:Ha-CMOnyXOBCKOrO! 

e 
IL = - • e (44) 

LlnSI npeJlena BhiCOKHX TeMnepaTyp T »;a (39) HMeeT BH/l 

g( E) = 2 f3 eo N v E 
1 

H, nonbayncb paanmKeHHeM N 
wo 

kT 
, H3 (43) H (44) nony'IS9M SCHMRTO-

TH'IeCKOe Bbipa)KeHHe! 

2 
ywo 

IL·= 2 7h
17

lhM3he(kT)112 

cornacyromeecSI c peaynbTaTaMH pa6oT /11-161. 
ruo 

· B npeAene HHSKHX TeMnepaTyp T >> kT nony'laeM 

IL 

1!2 w 0 

3yw 0 kT -ItT 

2 5/2" M 312 e ( e - 1). 

(45) 

(46) 

--T[oK] 
:1000 2CIO JbO lfO 
I 

1 

t 6 
5 

~ 
o4 

~)JI 
. . ), 
"-.:..,_.... 

. , _____ ·-···--·· --·--·-·-·--·--------·-· 

8J2 
c:::u 

;{ 

05 :1.0 ;1.5 f!.O 2.5 J.D 3.5 ~0 

102 

T[°K] 

PHc. 1, Ko~HUHeHT TpeHHH aneKTpoHa BcnencTBue B3SHMOJlE 

HSMHo 

/11 12/ ' B pa6oTax • nony'leH peaynbTaT, oTnH'IaroruHii:CSI oT ( 46). ~ 
/11,12/ ' . 

OnHaKo B npH Y'~~Te qneHOB pSI/la 6onee BhiCOKoro nopHJ 

'19HO Bblp8)K9HH9 
3!2 

yw 0 

(JJ 

IL 25hrrM3he (e'T-1), 

KOTOpoe OTnH'IS9TCSI OT ( 46) np9/lSKCnOH9HUHSnbHbiM MHO)KH'l'€ 

nonyqeH TaKoii )Ke peaynbTaT, ,KaK n (47), a a pa6oTe 
1 

wo 
B o6nacTH npOM9)Ky'l'0'1HbiX TeMnepaTyp T"" r . rilE 

mecTBeHHO, Heynpyroe, KHH9TH'IecKoe ypasaeHHe MO)KHO pemaTl 

UHOHHbiM M9TOJlOM1 'ITO, CAenaHO B /11,l 2/ • B aTOil: o6naCTH 
• ' /11 12/ 

cornacyeTCR c peaynbTaTaMH pa6oT • • 



+ 
:ap a P > 

2 2 0 
onpeAeneao 6onbn-

(42) 

wag HHTerpHpo5aHHe no yrno-

(43) 

1 OAHaKO 'IHCneHHbiM MeTOAOM 

IaHo AnR OAHOro 3Ha'leHHR na-
1101 

~° K KpHCTanny N .a C l. 

rnbT8.TOM npe>KHHX pa60T1 5bi

CMOnyX05CKOro: 

(44) 

0(39) HMeeT 5HA 

:) H (44) nonyqaeM 8CHMDTO-

(45) 

161 

'o 
;;- ·nonyqaeM 

(46) 

--T[oK] 
JOOO JJJO lfO 

1 

t 6 

5 
~ 

olf 
:).J1~ 

. l 
~ 

g-, 2 
<:::u 

.:i 

05 :1.0 j.5 2.0 2.5 J.D .J.5 lf.O .4.5 5 

102 

T[°K] 

Puc, 1, Kos#uuueHT TpeHHH anexTpoaa scne.QcTBHe naauMo.QeltcTBHH c <jloao-

H8MHo 

Ill 121 . B pa6oTax 1 nonyqea peaynbTaT, oTnH'IarowHficsr oT ( 46) MHO>KHTeneM 112, 
/11,12/ O.QHaKo 5 npH y'I~Te qneaoB psraa 6onee BbiCOKoro nopsraKa AnSI ,.,. nony-

(47) 

KOTOpoe OTnHqaeTCH OT ( 46) npeAaKCDOHeHUHanbHbiM MHO>KHTeneM, B /13-151 

nonyqea TaKoit :>Ke peaynbTaT, KaK H (47), a B pa6oTe 116l KaK (46). 
wo 

B o6nacTH npoMe>KyTO'IHbiX TeMnepaTyp T"' k , rae pacceRHHe C)"-

meCT5eHHO,Heynpyroe, KHHeTH'IeOKOe ypaBHeHHe MO>KHO peillaTb TOnbKO BapHa

UHOHHbiM MeToaoM1 'iTO CAenaHo 5 I 11 •121 , B. aToll: o6nacTH Haw peaynbTaT 

cornacyeTCR c 'peaynbTaTaMH pa6oT 
1 11 •

121
, 

15 
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]· 

AHamra, npoBelleHHhifi B 
191 , npnBOllHT K aaK:moqeJinro, 'iTO !flopMyny (49) 

MO:lKHO ITpHB9CTH B COrnacne C 8KCIT9pHM9HTanbHbiMH ll8HHbiMH B 06naCTH TeM
Wo 

nepaTyp ITOpHllK8. k If Bb!IIJ9 If IT09TOMy 0 npaBHnbHOCTH HH3KOT9l',{IT~pa-

TypHbiX pa3nO:lK9Hlffi (46) If (47) TpyllHO CyllHTb, 

§ 4. 06cy*.lleHne 

B HacToHmefi pa6oTe Mbi npe,llnonarann, 'iTo aneKTpoH llBlf)KeTcSI KaK 

6poyHOBCKaH 'f8CTHU8 ITO.ll BnHHHHeM ~OHOHOB0 H8XO.llSIIJllfXCSI B paBHOBeCHH, 

Tipe,llnOnO:lK9HII9 0 paBHOBeCIIII !floHOHHOfi. CIICT9Mbl ll3B9CTHO KaK npe,llnOnO:lKe

HII9 Bnoxa 181, C ITOMOIIJbiO KOToporo COBepiiJaeTCSI nHHeapii38UHSI CTOnKHOBII

TenbHOI'O qneHa B KIIH9TII'feCKOM ypaBH9HIIII, TiosTOMy TO'fHOCTb 3H8'f9HIIH llnH 

/l II D , KOCBeHHO Bbl'fHCneHHbiX B HaiiieM MeTOlle C ITOMOIIJbiO {; 0 He 

llOn:lKH8 6biTb MeHbiiie TO'fHOCTII 3H8'feHIIH llnH /l 0 nonyqeJIHOfi C ITOMOlllbiO 

nnHeapii30BaHHbiX KHHeTII'feCKIIX ypaBHeHnfi. B HaiiieM MeTOlle HeT pa3HHUbl 

Me:lK.lly cnyqaHMII ynpyroro u Heynpyroro pacceHHHH, B To speMH KaK aTn 

cnyqan B MeTolle KIIHeTnqecKnx ypaBHeHnfi cymecTBeHHo pa3nnqaroTcSI. B pac

CMaTpiiBaeMoM cnyqae OITTII'i9CKOfi BeTBII !floHOHHOI'O CIT9KTpa B o6naCTII rrpo

Me:lKyTO'fHbiX TeMnepaTyp KHH9TII'f9CK09 ypaBH9HIIe MO:lKHO peiiJaTb TOnbKO Ba

piiaUHOHHbiM MeTOllOM, KOTOpbifi .ll89T peiiieHne .llnH /l B BH,lle pa3nO)KeJIIISI 

B ,llBOfiHOfi pHllt C K09~IIUHeHTaMII, KOTOphle H8ll0 onpe,llenHTb ll3 6eCKOHe'f

.HOM9pHOI'O lleTepMIIHaHTa I 11,121 ,. B To BpeMSI KaK HaiiJ MeToll .llaeT peiiJeHne 

B 6onee npo3p8'iHOM BH.lle: CBOlllfTCH K 'fHCneHHOMY. HHTerpnpOB8HHIO (43) 

~yHKUHII ( 39) • 

Bhlpa:lKeHne ( 31) llnH {; /LIL (p 
2

) MO:lKHO IIHTepnpeTnpoBaTb KaK Koa¢-

~HUIIeHT TpeHHH 'f8CTHUhl B ll8HHOM KB8HTOBOM COCTOSIHIIH p 2 t II3 KOTO-

poro MaKpOCKOITH'i9CKOe 3H8'feHH9 ~ llll nony'faeTCSI K8K CT8THCTH'feCKOe 

cpellHee. B o6o6meHHOM ypasaeHHH KpaMepca-cl>oKKepa-TinaHKa I 11/ BXOlliiT 

He MaKpOCKOITH'i9CKOe 3Ha'ieHIIe Koa!fl!fJHUII9HTa TpeHHH, a o6o6IIIeHHhlfi K09~

!flnuneHT TpeHHH 'i8CTHUbl B ,ll8HHOM · KB8HTOBOM COCTOSIHIIII, TioaTOMy K8:lK9TCSI, 

'iTO CBSI3b Me:lK.lly KOa~!fJHUHeHTOM TpeHHSI H KHHeTH'ieCKHMII Koa!fl!flnuneHTaMH 

_ H8ll0 HCK8Tb He Ha ypOBHe cpe,llHHX 3H8'ieHIIfi1 KaK ll89T COOTHOIIJ9Hlfe 3fiHIII~ 

TefiHa-CMonyXOBCKOI'0 1 a Ha ypOBHe Koa!fl!flnuneHTOB llnH KB8HTOBblX COCTOSI_HIIfi. 
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TaKoe cooTHomeane 6bmo 6hi 6onee TO'fHhiM n BbinonHSinocl: 

o6mnx cny'faSix. 

B aaKnroqeane MHe xoTenocb 6br no6naro,llapnTb ll-pa 3. M, 

)KUBaHOBH'f :u .ll-pa M. Han:nSino H3 Benrpa.lla aa coBeTbi n 

C'iHT810 CBOHM oco6eHHO rrpHSITHbiM .llOni'OM Bbip83HTb 6 

npo!fleccopy" n.H. 3y6apeBy H .ll-py H.M. TinaKHlle lf3 06~e,llHHeH 

Ta SI,llepHbiX nccnellOB8Hifii 38 COB9Tbl If o6cy:lK.ll9HHSI1 rrpHBOllHIIJHEi 

KOMY ITOHHM8HHIO npo6neMaTHKH. 

Tipnno:lKeHne A. .. 
DnH onepaTopa nMnynbca p 

aoe paano:lKeHHIO ( 19): 

MO:lKHO HanncaTb paano:lKeH 

.. + 
p l = ~ at> a I> <p 2 I p l I p . > . 

v 2 3 v 3 
p2 ,p3 

BaHB llnH Fl Bhipa:lKeane ( 21), nonyqaeM 

A 
A 1 

<F (-i>..+ t)P > =- ~ s (k)D(p,k)<p IP1 IP > > 
lfL lv ..,JV 1L 2 v 3 , 

x <(b (-i"A+ t)- b +(-i"A+ f})a + (-i"A+ t)a (-i"A+ta +~ 
l -l p+l p . p2 l 

TeM :lKe o6paaoM, KaK npn nepexolle oT ( 22) K ( 23), 3ll9Cb M1 

30B8Tb KOppenHTOpbl Ha _ ~OHOHHYIO If aneKTpOHHYIO 'i8CTH, U:: 

+ 
<b. (-i"A+t)> = O; <b .(-i"A+ t)> = 0 

~ 0 -~ 0 

A 

< F ( -i A + t) P 1 v > = 0 · 
lfL 
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cne.llyeT: 

.,. 



SaKniO'IeHHIO, 'ITO !flopMyny ( 49) 

:Ib!MH llaHHhiMH B o5naCTH TeM·-

Tb, 

'ITO aneKTpOH nBH*9TCH K8K 

HBXOilHlliHXCH B p8BHOBeCHH, 

~hi HSBeCTHO KaK rrpelliiOllO*e

lTCH nnaeapnsaunn cTonKHOBM

lSToMy TO'IHOCTb SHa'leHHH llllH 

MeTOile C IIOMOllibiO e 0 He 

1-1. . 0 rrony'leHHOH C IIOMOUlbiO 

aarueM MeTone neT pasanuhl 

oeHHHH 0 B TO BpeMH K8K 9TH 

!CTBeHHO pasnnqaroTcH, B pac

:aoro crreKTpa B o5nacTn rrpo

me MOIKHO peruaTb TOllbKO Ba-

llllH 1-1. B Bnne pasno:lKemm 

allo orrpellenHTb ns 5ecKoHe'I

KaK Haiii MeToll llaeT peiiieHne 

iHHOMY, HHTerpMpOB8HIUO ( 43) 

HHTeprrpeTHpOBaTb K8K KOS!fl-

COCTOHHHH p 2 o HS KOTO-

Iy'laeTCH KaK CTaTHCTH'I9CKOe 

~OKKepa-nnaHKa /l?/ BXOnHT 

Tpeann, a o5o6meHHhifi Koa¢

cocTonann: noaToMy Ka/KeTCH, 

HeTnqecKHMH Koa¢¢nuneHTaMn 

KaK JlaeT COOTHOIIIeHne 8fiHlli

TOB llllH KBaHTOBhiX COCTOH.HHfi, 

TaKoe cooTHomeane 6bmo 6bi 6onee TO'IHbiM H BhmonHHnocb 6bi B 6onee 

o6mHx cny'laHx. 

B saKnroqeane MHe xoTenocb 6bi rro5naro.!lapnTb .!l-pa 3. Mapn'l, ll-pa lliK, 

)KHBaHoBH'I H n-pa M. HanHs:~no H3 Eenrpana aa coBeTbi H o6cy~eHHH. 

C'!HTBIO CBOHM oco6eHHO IIpHHTHbiM .!lOlli'OM Bbip83HTb 6naro.!lapHOCTb 

npo!fleccopy· ll,H, 3y6apesy H .!l-py H.M, nnaKH.!le HS 06~e.!lnHeHHOI'O HHCTHTy

Ta H.!lepHhiX nccne.!loBaanfi sa coBeThi n o5cy1Kil9HHH, npnBO.!lHmne it 5onee qeT

KoMy IIOJIHMSHHIO npo5neMaTHKH, 

npnnoiKenne A. 
A 

llmi orrepaTopa nMnynbca P MOIKllO aanncaTb pasno*enne, aaanorn'l

aoe pasnoiKennro ( 19): 

(A 1) 

BsHB .!lllSI F 1 Bbipa*eane ( 21), rronyqaeM 

(A2) 

x <(b (-iA.+ t)- b +{-iA+ t)}a + (-iA+ t)a (-iA+ta +a > 
l -l t>+l t> 1>2 1>3 

TeM IKe o6pasoM, KaK rrpn rrepexo.!le oT ( 22) K ( 23), S.!leCb MO:lK~O $aKTopn

soBaT& KOppenSITOpbl Ha.$OHOHHYIO H sneKTpOHHYIO '18CTH, HS '19I'O B CHllY 
+ 

<b
1 

(-iA.+t)>
0 

= O; <b_
1

(-i'A.+ t)>
0 

= 0 cne.!lyeT: 

(A3) 1\ 

< F ( -iA + t) P 1 v > = 0 · 
IIJ. 
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