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MeTOAOM caMocornacoeaHHoro nonR e nHHeHHOM npH6nHmeHHH no
ny4eHa npaBHnbHaR ¢opMyna AnR AH3neKTPH4eCKOH npOHH4aeMOCTH 
KOnneKTHBH3HpOBaHHblX eaneHTHblX 3neKTPOHOB /KB3/. OnpeAeneHa 
TeMnepaTypHaR 3aBHCHMOCTb HenpHBOAHMOro nonRp~3a4HOHHOro one
paTopa fi0(q, w ) AnR OAHOMepHoro MeTanna npH w ,/0 e npH6nHme
HHH CHnbHOH CBR3H. 

npowno 6onbwe nRTH neT c Tex nop 111, KaK aeTop yKa3an 
Ha HenpaBHnbHOe npHMeHeHHe TeOpHH BO3My~eHHR npH Bbl-
4HCneHHH H3MeHeHHR 3HepreTH4eCKOro cneKTpa /3C/ ¢oHOHOB /3C ¢/ 
npH naHepncOBCKOM CTpyKTYPHOM nepeXOAe ;ncn;. CKOfO HCnonHHTCR ' 
20 neT co AHR BblXOAa pa60Tbl A¢aHaCbeBa H Kara Ha ;2 ' B KOTOpOH 
HCCneAOBanocb BnHRHHe 3C KB3 Ha HHTeHCHBHOCTb 3neKTpOH-¢OHOH
HOro B3aHMOAeHCTBHR /3¢B/ H yCTOH4HBOCTb KPHCTannH4eCKOH CTpyK
TYPbl MeTannoe /KCM/. B 3TOH pa6oTe noKa3aHo, 4TO B HeKOTOpblX 
MeTannax, rAe AnR 3C KB3 HMeeT MecTo paeeHCTBO dk + q0) = - c(k), 
3$B O4eHb CHnbHO, a ecnH nnOTHOCTb KB3 TaKOBa, 4TO f F= c(qo/~. 
TO noeepXHOCTb ¢epMH /n¢/ KB3 coenaAaeT c noeepXHOCTb~ Bblpom
AeHHR 3HeprHH KB3, no3TOMY KCM HeycTOH4HBa H peweTKa nony4aeT 
HOBblH nepHOA q O ( I q01 =2kF). HcKameHHe peweTKH CHHMaeT BblpOmAeHHe 
e 3C KB3, npH4eM rpaHH HOBblX 3OH 6pHnn~3Ha coenaAa~T c n¢ KB3, 
H nO3TOMY MeTann nepeXOAHT B AH3neKTpHK. ABTOpbl npH6nHmeHHO 
H no3TOMY HeTO4HO y4nH anHRHHe 3C KB3 Ha KCM, Ha pe3ynbTaTe 
CAenaHHble BblBOAbl OKa3anHCb HenpaBHnbHblMH. TaKy~ me OWH6Ky CAe
nan H OB4HHHHKOB131, a nOTOM H APYrHe 14 - 131• EcnH nOCMOTpeTb 
pa60Tbl BeHT4enR 1141, TR6nHKOBa H TonMa4eea 1151, TO MOmHO YBHAeTb 
3Ty me OWHUKY npH y4eTe /npH6nHmeHHOM!/ BnHRHHR 3C KB3 Ha HH
TeHCHBHOCTb 3¢B H yCTOH4HBOCTb KCM. Heo6XOAHMO OTMeTHTb, 4TO 
MHOrHe aBTOpbl 3HanH, KaK npaBHnbHO onpeAenHTb AH3neKTpH4eCKY~ 
npoHH4aeMOCTb /An/ KB3 e MeTannax K(Q, w ) 116

- 231: 

K-l (q ,w) "" 1 + V
0

(q)K(q ,w ), /1/ 

rAe Vo ( q) - ¢ypbe-KOMnOHeHTa KynoHOBCKOrO noTeH4Hana, a K ( q,w) 
RBnReTCR ¢ypbe-KOMnOHeHTOH ona3Ab1Ba~~eH ABYX4aCTH4HOH ¢YHK4HH 
rpHHa 12 11: 

K (q, t- t') =-i 0(t- t ' )< [ p ( q,t ) p ,(-q,t ')]> . 

B /2/ Hcnonb3oeanocb o6o3Ha4eHHe 

p ,(q,t ) = I. a+k (t) a k ( t), 
- qa a · 
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on1-1eb1Ba101qee <!>Ypbe-KOMnOHeHTY onepaTopa BOnHbl aapR,[IOBOH nnoT
HOeTH /B3n/. Xopowo 1-1aseeTHO, 4TO 

K T(q,t-t')=-i < T(p(q,t), p{-q,t'))> /4/ 

MOJKHO BM4HenHTb e noMO!qblO HenpHBO,[IHMOro nonRpHaa4HOHHOro one
paTOpa /HnO/ II(q,w) npH nOMO!qH <t>opMynbl 

T T 
K (q,w)=Il(q,w)+ II(q,w)V

0
(q)K (q,w). /5/ 

Ha /5/ ene,qyeT, 4TO 

T -1 
K (q,w)=-Il(q,w){1-II(q,w)V0 (q)) /6/ 

np1-1 np1-16nH>KeHHOM onpe,qeneHHH BMeeTO HaeTORiqero HnQ [l(q,w) Mbl 
MO>KeM nOnbaOBaTbeR np1-16nH>KeHHblM HnQ Ilo(q,w ), KOTOpblH BW4HenR
eTeR e noMO!qblO rpHHOBeKOH <!>YHK4HH Go(P,£) HeBaaHMO,[leHeTBYIO!qHX 
KB3: 

r,qe 

d4 q q 
IIo<q,w)=-2i f J!.J!... G 0 (p+-

2
) G0 (p- -). 

(2rr)4 2 

Aanbwe nerKo MO>KHo nony4HTb, 4TO 

K(q,w) = ll~(q,w)(1-II:(q,w)V0 (q))- 1 , 

II~{q,w)=x (q,w)=-~ f(p)- f(p+g)_ 
0 W + fp-'fp+q +Io 

noene no,qeTaHOBKH /8/ B /1/ HMeeM 

-1( ) Vo ( q) X o ( q, w ) -1 
K q,w = 1+ l-V ( )·' ( ·) =(1-V0 (q)x (q,w)). 

Oq"'- 0 q,w 0 

171 

/8/ 

/9/ 

/10/ 

3ToT OTBeT He TaK y>K eno>KeH, 1-1 OH nony4aeTeR cpaay a np1-16n1-1me
HHH eaMoeornaeosaHHoro nonR. AeHeTBHTenbHO, een1-1 noMeeTHTb Me
Tann Bo. BHewHee nep1-1O,q1,14eeKoe none e noTeH41-1anoM W0(q), TO KB3 
nepepaenpe,qenRIOTeR 1-1 eaMoeornaeoBaHHblH noTeH41-1an W(q), a ·Ko
TopoM OHH 6y,qyT ABHraTbeR, ,qon>KeH onpe,qenRTbeR paBeHeTBOM 

W.(q)= Wo( q) +p ( q) Vo ( q)=Wo (q)+ Xo (q) Vo ( q) w (q). /11/ 

Ha /11/ nerKo MO>KHO nony4HTb, 4TO An KB3 K(q,w):cW 0(q)/W(q) 
,qon>KHa onpe,qenRTbeR paBeHeTBOM /10/. AnR ,qanbHeHwero 1-1eene,qo
BaHHR HaM Heo6xo,qHMO Han1-1eaTb paBeHeTBO 

w2(q) = w~(q) •= w5(q) 
K (q,w) [ 1- v

0 
(q)x 

O 
(q,w )] . 

/12/ 

2 

I 
t 

Ha /12/ BH,[IHO, 4TO TOnbKO B eny4ae, eenH BwnonHReTeR He
paBeHeTBO I V0 (CO,x 0(q,w)l«1, BMeeTo /12/ MO>KHO nonba·oBaTbeR 
np1-16nH>KeHHOH <!>OpMynoH: 

w 2 (q) "'w~{q)(1+ V0(Q)xo<q ,w )). /13/ 

BWBO,[IR <!>OpMyny /13/, y6e>K,qaeMeR, 4TO paBeHeTBO /13/ np1,1-
6nH>KeHHOe 1-1 HMeeT eMwen TOnbKO npH BblnOnHeHHH Heo6xo,q1-1Moro 
yenoBHR: 1»1 V0(q)x0 {p,,w)I, np1-1 KoTopoM paBeHeTBa /12/ 1-1 /13/ 
npeHe6peJKHMO ena6o OTnH4alOTeR ,qpyr OT ,qpyra. noaTOMY He TOnb
KO rpy6o H HeBepHo, HOH HenpoeTHTeJlbHO 1-1enOI1baOBaTb np1-16111-1-
JKeHHOe paBeHeTBO /13/ B Ka4eeTBe ye11OBHR, onpe,qeJlRIO~ero yeTOH-
4HBOeTb KCM. A Be,qb Bee BblBOAbl '& TeMnepaTypHOH aaBHC:HMOeTH 
eaMoeornaeoBaHHO nepeHOpMHpOBaHHOH 4aeTOTM w(q) ,qe11a111-1eb Ha 
oeHOBe paBeHeTBa /13/. Beer,qa YTBepm,qanoeb, 4TO, BW4HeJ1RR <!>YHK-
41-110 OTKJlHKa XO ( q, w) e noMO!qblO <!>OPMYilW /9/, MO>KHO npH,qTH K sw
so,qy, 4TO np1-1 HeKoTopwx TeMnepaTypax npo1-1aBe,qeHHe V0(q)x o<q,w) 
yMeHbwaeTeR H npHHHMaeT 3Ha4eHHe, 6J1H3KOe K -1. BOTH roBOpHT
eR, 4TO B 3TOH 0611aeTH 4aeTOTa w(q) eHJlbHO YMeHbwaeTeR H npH 
T:=Tc , KOr,qa Vo(q)xo(q,w)=-1, 4aeTOTa w(q) eTaHOBHTeR HYJ'leBOH, 
a np1-1 T< Tc KCM RB.nReTeR HeyeTOH4HBOH, TaK KaK KBa,qpaT 4aeTo
TM w 2(q) eTaHOBHTeR OTp1-14aTeI1bHWM, a eaMa 4aeToTa - KOMnJleKe
HOH. Ho asTopy Ha oeHOBe eKa3aHHOro npH BblBO,qe paseHeTsa / 13/ 
Ka>KeTeR, 4TO 3TH YTBepJK,qeHHR HeBepHw, H no3TOMy <!>HaH4eeKaR Kap
THHa, on1-1ewBa101qaR H3MeHeHHe 3C <!>, RBI1ReTeR TaK>Ke Heo6oeHOBaH
HOH 1-1 HesepHOH •• Ha <1>opMy11w /12/ ene,qyeT, 4T~ B paeeMaTp1-1saeMOH 
paHee MO,qeJlH see ncn AOJl>KHW npo1-1eXOAHTb npH T ➔ 0 K, TO eeTb 
KOr,qa <!>YHK4HR OTKJlHKa Xo(q,w) ➔ ,. H An KB3 K{q,w) ➔,.. 

Ltenb HaeTOR~eH pa60Tbl - 1-1ee11e,qoBaTb TeMnepaTYPHYIO aaBHe1-1-
MOeTb An KB3 K(q,w ,T) B e11y4ae BMnOJ1HeHHR paBeHeTsa f(k!-q 0 )=-£(k), 
KOTOpoe 4aiqe seero Ha61110,qaeTeR B KBa3HOAHOMepH~X e1-1eTeMax, 
KOr,qa JC KB3 onHewBaeTeR I1Y4We B np1-16111-1JKeHHH eHJlbHOH eBR3H. Ho 
eHa4ana MW noKaJKeM, 4TO paseHeTBO /12/ ,qeHeTBHTeJlbHO HMeeT Mee
TO a np1-16111-1>KeHHH eaMoeornaeosaHHoro nonR. AllR 3TOH 4e111-1 MO>KHO 
soenOJlb3OBaTbeR raMHilbTOHHaHoM: 

H =· ~. £ (k) a!u;iku·+ ~. ~ Vo(q) a!+qe1-ai!'1-qd·ak1e1~a ku·+ 
/14/ 

~ + 1 + + 
+ .i:.ifw

0
(q)(bqbq+ 2 ,)+ ~gO(q)ak+qu·aku·(bq+.b_q ). 

+ Tor,qa aso111041-1R onepaTopa po>K,qeHHR KB3 apu· on1-1ewsaeTeR 
ypaBHeHHeM ABHJKeHHR: 

. + 
a.apu· + + 

i1i--;r:r-=-r(p) apu--'~ ~ (q) a:+qu·(bq+b_q)-~ VO(q) a;+qu p(q), /15/ 
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rAe g0 (~ eCTb KOHCTaHTa He3KpaHHPOBaHH~ro 3¢B. npH ncn KCM 
MeH.ReTC.R, peweTKa HCKalKaeTC.R (<b q >+<b q >/,0) ' H no11y4aeTC.FI 

0 - 0 

HOBblH nepHOA c BOllHOBblM BeKTOpOM qo= 2k F • Cy~eCTBeHHblH BKllaA 
B H3MeHeHHe 3C KB3 BHOCHT 4/leH C q=qo. TorAa H3 /15/ MOlKHO 
n011Y4HTb 

. + 
a,aoa- + + + + - /16/ ih--'-'-=-c(p)a -g0(q 0)a + (bq+b )-V0(q )a p(q 0 ). a.t pa· p qoa O -~ O' p+qoa· 

Hs TeopHH llHHeHHOro OTKllHKa ClleAYeT 118 •231, 4TO B npH611H-
lKeHHH cpeAHero non.A 

i . i K(q )V (q )<p,{q )> 
<Vq >=K(C\J)(V0(q 0)<p(ClcJ)>+<Vq >)= o o o o • 1171 

0 · 0 (1-K(q
0 

)) 

rAe 

i + 
<Vq >=go(qo)(<bq > +<b_q >) 

O · 0 0 
/18/ 

eCTb noTeH4Ha11 MOAY11.R4HH n110THOCTH sap.RAOB HOHOB, BHOCHMblH 
HCKalKeHHeM peweTKH 6. a =-11 • noaTOMY B npH611HlKeHHH cpeAHero no-
11.R npH y4eTe /17/ H3 /16/ MOlKHO no11y4HTb . 

. a.a;a + Wo(qo) + . 
1h-=-c(p) a __ ;.,._;a,_ a -,, • /19/ 

at pa K(%,W) p+~a 

H3 / 19/ Bb1TeKaeT, 4TO po11b 3C KB3 npH onpeAe11eHHH caMocor-
11acosaHHOro HCKalKeHH.R peweTKH npo.RB/1.ReTC.FI B 3aMeHe He3KpaHHpo-
BaHHOH KOHCTaHTbl 3¢B go(<Jow) Ha 3KpaHHpOBaHHYIO g(%,W) 

go(qow)/K(<\Jw). no3TOMy AallbWe Mbl MOlKeM BMeCTO /16/ sanHcaTb 

a.a+ w 
· h pa- ( )- + o<qo) + /20a/ 
1 -=·-£pa ----a 11 at pa- K({Jow) p+qoa • 

rAe 

w (qo) + 
+ + _ _Q__,apa7J • a,ap+q0a =-c(p+q

0
)ap+q

0
a K(q

0

w) ih at 

~(q o>= go(qo,w)j 2M wo(qo) 
1i 

H HCKalKeHHe peweTKH 

T/ =-✓ 1'i (<bq >+<b+ >). 
2Mw

0
(q

0
) o -qo 

/206/ 

/21a/ 

/216/ 

Ec11H npeAnO/lOlKHTb, 4TO BpeMeHHa.R 3aBHCHMOCTb onepaTOPOB 
pOlKAeHH.R a~a- H a~ +IJoa· HMeeT 3KCnOHeH4Hal1bHblH BJ.1A 

exp(i E:p)t ), TO H3 /20/ All.Fl nepeHOPMHPOBaHHoro 3C KB3 MOlKHO no-

4 

11Y4HTb 

c(p)+c(P+<Jo) - / c(p)-c(r,+q0) 
E(p)=-(----)±J(--

2 2 
f + 11 2 1 W(q

0
)1 2 • /22/ 

HTaK, H3 /19/ ClleAYeT, 4TO ¢opMy11a /10/ .RB/1.ReTC.R npaBHllbHOH 
H ¢H3H4eCKH OOOCHOBaHHOH, H n03TOMY Aallbwe HaM OCTaeTC.R TO/lbKO 
socno11b30BaTbC.FI ¢opMyllOH /9/. Ec11H y4eCTb, 4TO npH µ=0 H Bbl-
no11HeHHH paBeHCTBa £ (p + qo) = -£ ( p-) MOlKHO n011Y4HTb 

, c(p+qo) 1 -c(P) -1 
f(c(p+q

0
))=[ exp( · . )+lJ. =[ exp(-)+1] , 

koT koT 
TO eCTb 4TO 

c(p) 
f(c (p+ C\J))=f(c(p)) exp(-), 

· k 0T 

,(J 

TO H3 /9/ ClleAYeT ( (p) 
f (c (p))( exp( ~)-1) 

X (q,w,T)=-I. p ___ _ 
0 P (w+2c(p)) 

npH T➔ 0 H3 /24/ BblTeKaeT 

X ( q, w ) = - I. ____ 1;:..__ 
o ( w + 2 c (p)) 

/23a/ 

/236/ 

/24/ 

/25/ 

KaK 6bl110 OTMeljeHO paHbWe, ncn npOHCXOAHT B KBa3HOAHOMepHblX 
MeTa1111ax, rAe All.A onHcaHH.R 3C KB3 YA06Hee socno11b30BaTbC.R npH-
611HlKeHHeM CHllbHOH CB.ASH. Ec11H Y4eCTb' 4TO c(k)= f 0(1-cos(ka)), 
TO H3 /25/ MOlKHO n011Y4HTb 

TT/2 d ( -· rr 0 N (ka) 2N ° de' 
Xo(a,w, )=-;- ~ w+2c

0
(1-cos(ka)}-rr( -

O (w+2c)yc(2t
0
-r) 

noc11e saMeHbl B /26/ nepeMeHHOH HMeeM (w+
4

c ) 

2N arctg( ,J O ) 
w 2N 1 dy 

(!!..wO)=--( 2 
Xo a • • TT o w+( w+4c

0
)Y 

/26/ 

/27/ TTVW(w+4i0 ) 

TaKHM o6pasoM, Mbl no11y4H11H, 4TO 
x0 (; ,w,O) He pacxOAHTC.R npH wlO, 
T➔ 0 'K npH611HlKeHHblH Hno X <\.w ,0) 
no T,AeiicTBHTe11bHo, H3 /2~/ cneAyeT 

npH T-OK npH611HlKeHHblH Hno 
H n03TOMy npH T -IO K, HO npH 

He MOlKeT HMeTb oco6eHHOCTJ.1 

X (q ,w • T)2-I. th(c(p)12koT) 
o o w + 2c (P) • /28/ 

noc11e noACTaHOBKH 3C KB3 c (k)= c 0(1- cos(ka)) · s /28/ no11y4aeM 

( T 
N TT 12 d(ka} f O cos(ka) 

X ,w, )=--( th ) 0 % TT o w+2c (1-cos(ka)) ( 2k T • 1291 
0 
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. 
npRMOe peweHHe HHTerpana B /29/ HeB03MOlKHO, n03TOMy M~ AOJl)l(

Hbl eocnoJ1b30BaTbCR HHTepnOJlRl,IHOHHblM npH6JlHlKeHHeM: 

thx .. x/.j.l+x2 • /30/ 

TorAa Ha OCHOBe /29/ H /30/ 

N ' TT/2 dy cosy 
Xo(qo,w ,T)=-,- f . • -======· 

2 TT E O o a+ 1- cos y ..; 8 2+ cos2 y 

N TT/2 dx sin x 
=-~ f a+i-smx ..; 82 . 2 

/31a/ 

/316/ 
eu o o 2koT . + sm x 

rAe az•2-' H 8=--; Ho H 3TO e~pameHHe CJlHWKOM CJlOlKHOe, 4TO-
fQ •f o 

6bl nony4HTb nerKO o6o3pHMOe BblpameHHe. no3TOMy Mbl MOlKeM eoc-
noJlb30BaTbCR npH6JlHlKeHHeM sin X .. X. TorAa H3 /316/ no11y4aeM 
npocToe e~pameHHe: 

_ N ldx x 
X (q,w,T)=·--f --'"• -•·• 

o O 4Eo o l+a-x ..; 82+ x2 /32/ 

Heo6XOAl-1MO OTMeTHTb, 4TO CAeJlaHHOe npH6J11-1lKeH1-1e~He CH1-1MaeT 
pacXOAl-1MOCTH npH6JlHlKeHi-toro Hno /<l>YHKl.ll-11-1 OTKJlHKa/ Xo(qo> w ,T) 
np1-1 T=OK. AeHCTBHTeJlbHo, 1,13 /32/ npH 8=0 MOlKHO nony41-1Tb 

.. N l+·a N 2Eo+w 
X (q ,w,0)=--•ln(__,;)=- -In(-..----). /33/ 

0 0 4EQ a 4E Q (L) 

B pe3yJlbTaTe,cpaeHeHl-1R /27/ C /33/, BHAl-1M, 4TO CAeilaHHOe np1-16111,1-
lKeH1-1e sin x .. X 3aMeHReT KOpHeeylO pacXOAHMOCTb B /27 / no 1.1acTo
Te Ct) Ha 11orap1-1<1>MH'-1eCKYIO paCXOAl-1MOCTb B /33/. nocne 3aMeHbl ne
peMeHHOH l-1HTerp1-1poeaHHR e /32/ HMeeM 

tl 2 t 
X (q,w,T)=-,Ji.[ f (l+a) dt - f 1._!!!_], /34/ 

o 2Eo o (l+a)2+82--(0f-(l-ta)tf o l-t2 

rAe BepXHRR rpaH1,14a l-1HTerpHpoeaHHR eCTb t1=vl+o 2 .-8. nocne He
CJlOlKHblX npeo6paaoeaHHH H3 /34/ MOlKHO no11y'-ll-1Tb npOCTOe H 0603p1,1-
MOe BblpameH1-1e: 

Xo (q,w,T)=-!!_l (1-k!} )n[~~l+a)v~ai ]-ln[!+v1~_8 JI. 
4

E O y(l+a)2+82 y (l+a) 2+8 2 -(l+a )v1+8 2+a8 l-y1+8 2+ 8 
. /35/ 

Heo6XOAl-1MO OTMeTHTb, '-ITO BblpameH1-1e /31/ MOlKHO npOHHTerp1-1po
BaTb TO'-IHO. no3TOMY MR nOJlHOTbl H3JlOlKeHl-1R Mbl npeACTaBl-1M 3AeCb 
TOJlbKO npeo6paaoeaHHe H KOHe'-IH~H peaynbTaT: 

X 0(q,w ,T)= 

6 

..,. 

V 

,. 

TT/2 TT/2 2 d 
N 'l+a 'cosx dx cos x x 6 = - --[ f ----'-!- ►-Lo:::---- ----+ f - __ }= /3 a/ 

2
TT£ O O [( l+a )2- cos2x]Jll-82- sin2x O [(l+a)2- cos~lv'll-82-sinl?x 

N 1 (l+a)dx TT/2 cos 2vcos 2 x 
=--- c r ----- - + r - -J., /366/ 2

TTEo O [2a+a2+t2 J.J1+82- t 2 0 [1-cos2vcos:?x (/1+82-sin2x 

-1 
rAe COSv=(l+a). nepBblH HHTerpan 6epeTCR TO'-IHO C nOMOUlblO 3JleMeH-
TapHblX <l>YHKl.ll-1H, a BTOPOH l-1HTerpa11 MO>KHO npe,qcTaBl-1Tb TOJlbKO C 
nOMOUlblO cne1.11-1a11bH~X <l>YHKLIHH: 

x 
0
(q,w,T)=-~ t (l+a) , \l'(l+a)

2
+82 

2 TT t 
O 2 2 

arctg( _ ) + 

0 

.J.(l+a) +8 ya 2+ 2a 8-f~2 · V· a+a 
/37a/ 

+ __ l [ ~ +K(k)[F(v,k')-E%v,k')]-E(k)F(v,k')]. 

y 1+82 $invy1+k2t:g2v 
2 -½ 

nocne no,qcTaHOBKl-1 COSv=(l+a)- 1 H k=(1+8 ) BO BTOpOH '-IJleH 
1,13 /37a/ Haxo,q1-1M 

__ _!'!_I (l+a) _ 
Xo(q,w,T) - 21T£0 v(1+a)2+82 y2+a'?-

V (l+a )2+82 

arctg (-=== ) + 
oy2a+ a 2 

/376/ 

+ (l+a) [ TT
2 

+ K(k)(F(v,k ')-E(v,k '))-E(k)F(v,k ')]I.. 
2 2 2 

y(l+a) +8 J2a+a 

B /3 7 / 1,1cno11baoaa111,1cb 311111-1nT1-11.1ecK1-1e 1-1HTerpa11bI nepaoro F (v ,k) 
H arnporo E(v,k) po,qoa 1251, npH4eM K(k)=F( 2 ,k) 1,1 E(k)=E(; ,k) -
nOJlHble 3JlJll-1nT1-11.1ecK1-1e HHTerpaJlbl I 1,1 II po,qoa. 4T06bl 11er1.1e 6~110 
onpe,qe111-1Tb pOJlb TeMnepaTypHOH aaaHCHMOCTH np1-1611H>KeHHOro Hno 
x 0(q, w, T) , Heo6xo,q1,1Mo npeo6paaoaaTb BbIpameH1,1e /35/. nocne 

3Toro MO>KHO no11y1.11,1Tb 

- N I 2(1+a) v(1+a) 2 +o2 + (1+a)y1+82-a8 
x (q,w,T)=-- -::::::=::;;:==ln( _ )+ 

o 4 fo y(1+a)2+.8 2 l+y1+8 2-8 

+ (l+a) ln[ ..,;1':72_3 l+ [ (l+a)-J(l+a)2+82 

v(1+a)2+ 8 2 . (1-o)(a+ a2) y(1+a)2+ a2 

lln( 1+v1+o
2 

0 )}. 

/38/ 

Ha /38/ B1-1,QHO' '-ITO np11 8 ➔ 0 Mbl ,QOJllKH~ no11y1.11-1Tb Bblpa>KeH1-1e 
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- ( O) N [ (l+a~ ·l ( 4(1+ a) 2 ~] )( q, w • == --- ~· n 1 ,, 
0 4£ 0 (l+a) _ 4a(l+a) 

/39/ 

KOTopoe nOJlHOCTblO coena,qaeT- C Bb1pa>KeH11eM /33/. 
BoT 11 HaCTyn1111 MOMeHT' ·-Kor,qa Heo6xo,ql1MO OTMeTl1Tb' 4TO pac

CMOTpeHHaR MO,qenb He 1111weHa He,qocTaTKOB. TaK, Hanp11Mep, np11 
a= 0 Bb1pa>KeH11e Xo(q,O,T) pacxo,q11TCR, KaK :no B11,l:IHO 113 <l>OPMYJlbl 

N rr/2 d co 
X(q,0,T)=--•( ¥ sy /40/. 

o 2rr£ 0 0 1- cosy v 0 2+ cos?y 

np11 Jll06b1X a /To eCTb np11 J1I06blX TeMnepaTypax T /' TaK KaK BCR 
pacxo,q11MOCTb npo11cxo,q11T np11 cosy ➔ 1, r,qe e1111RH11eM a MO>KHO 

2 2kQT 2 npeHe6pe4b /He/lb3R 3a6b1eaTb' 4TO a = ( ) « 1 /' 11 TOr,qa Bbl-
£ o 

pa>KeH11e / 40/ nepexo,q11T B /2 7 /. no3TOMY HaM Heo6xo,q11MO BblRCHl1Tb' 
OTKy,qa B03Hl1KaeT 3Ta pacxo,q11MOCTb, .QnR 3TOrO BMeCTO 3C KB3 B 
O,l:IHOMepHOM MeTanne 

£ (k) = Eo<l- cos(ka)) /41a/ 

Heo6xo,q11MO 11cnOJ1b30BaTb 3C KB3 B KBa3110,l:IHOMepHOM MeTanne 

£ (k) = £
0 

((1- cos(kza)) + y (2- cos(k:i:a)- cos(kya))). /416/ 

/26,27 / 
3,qecb y - napaMeTp ro<1>p11poeK11 n<1> KB3 • Tor,qa BMeCTO pacxo-
AR~erocR 11HTerpa11a: 

rr/2 1 
f dy =f--2.L, 

o 2 sin2y /2 o t 2 /42/ 

HaM Heo6xo,q11MO 11cnOJ1b30BaTb KOHe4HblH 11HTerpan: 

f dx dy dz •=~ / ln ( .!.=.!.:)= .i!r...in 2 • 
z2+y(x2+f) Y o t2 y· 

/43/ 

H3 /43/ 811,l:IHO, 4TO pacxo,q11MOCTb np1161111>KeHHOro Hno /<l>YHK41111 
OTKJ111Ka/ x'o(q,Q,T) npl1 w= 0 B /40/ RBJlReTCR CJle,qCTBl1eM npeHe-
6pe>KeHl1R aae11c11MOCTblO 3C KB3 /416/ OT nonepe4HblX KOMnOHeHT eon
HOBoro BeKTOpa K:i: 11 Ky. KOTOpaR eCTb B / 416/. no3TOMY Mbl Hl1KOr
,qa He ,1:10/l>KHbl aa6b1BaTb O KBa3110,qHOMepHOCTl1 3C KB3. TaK11M o6pa-
30M, 113 c,qenaHHoro 11cc11e,qoeaH11R cne,qyeT, 4TO np11 w ➔ 0 Mbl He 
11MeeM npaea eocnonb30BaTbCR paccMaTp11eaeMoH 11,qea1111311poeaHHOH 
Mo,qe11b10. KpoMe Toro, Mbl He 11MeeM npaea yTeep>K,qaTb, 4TO np11 
T ➔ OK 11 w ➔ 0 Hno X (q,w, T) ,l:IOJl>KeH paCTl1 HeorpaHl14eHHO. 

11TaK' Mbl no11y4111111' 4TO B KBa3110,l:IHOMepHblX MeTannax' r,qe 3C 
KB3 T04Hee on11cb1eaeTcR e npH61111>KeH1111 c1111bHOH CBR311, .t:tn KB3 ,qnR 

8 

' 

ii 
~ ,, 

I 

tl 
\J 
i' 

BOJlHOBOro BeKTOpa qo, AJlR KOTOporo E (k+ qo)= -£ (k), np11 nnOTHO-
CTl1 KB3 fp:Z·£(qcl2) MO>KeT 11MeTb 04eHb 60JlbWOe 3Ha4eHl1e, cy-
~eCTBeHHO aae11CR~ee OT TeMnepaTypbl. 0Ka3blBaeTCR, 4TO B TaK11X 
Cl1JlbHO aHl130TpOnHblX MeTannax KCM npORBJlReT HeYCTOH411B0CTil26,27/ 
OTHOC11TeJ1bHO nORBJ1eH11R BOJlH aapR,qOBOH nnOTHOCTl1 /B3n/ C eon
HOBblM BeKTOPOM qo=2kF' B pa6oTe1241aBTOPOM noKa3aHO, 4TO PO/lb 
.t:tn KB3 K (qo) MO>KHO onpe,qenl1Tb' .· aaMeHRR He3KpaH11poBaHHblH MaTp114-
HblH 3/leMeHT WO (qo) peweT04HOro noTeH411a11a 3KpaH11poeaHHblM MaT
Pl14HblM 3/leMeHTOM W (qo)'"'WJqo)/ K (q O), TaK, Hanp11Mep, paBHOBec
HOe 3Ha4eH11e 11cKa>KeH11R peweTKl1 ~o=~0a .onpe,qenReTcR c noMO~blO 
Bblpa)KeHl1R 

~ =· 4c~(%),exp[-, A(l+).)( 2£F_..K(q0 ) 2]. 
0 WO ( q O) BK ( q O) WO ( q 0) 

/44/ 

B <!)opMyJle /44/ Y4TeHO BJ111RHl1e 3KpaHl1POBKl1 KB3 Ha ynpyrOCTb 
peweTK11 /aaMeHOH KOHCTaHTbl A Ha AIK(q0 ) /. <l>opMyna /44/ noKa-
3b1eaeT, 4TO 6onbwoe 3Ha4eH11e .t:tn KB3 K (q 0) 06ecne411eaeT 3KcnoHeH-
411aJ1bHoe yMeHb~e~11e paBHOBeCHOro 3Ha4eH11R 11CKa>KeHl1R peweTK11 
~o =·~o a. ,lleHCTBl1TeJlbHO, XOTR, C O,l:IHOH CTOpOHbl, 60/lbWOe 3Ha4e

H11e .t:tn KB3 K(q 0 ) yMeHbwaeT ycToH411eocTb KCM ec11e,qcTe11e aa
MeHbl KOHCTaHTbl ynpyrocTl1 He3KpaH11poeaHHOH peweTK11 A Ha A/ K (qo ). 
C ,qpyroH - OHa /,[In KB3/ Cl1JlbHO yMeHbwaeT 3KpaH11poBaHHblH MaT
Pl14HblH 3/leMeHT W(q0 )=W0 (q0 )/K(q0 ), 11 no3'roMy, KaK cne,qyeT 113 
/44/, B CyMMe 60JlbWOe 3Ha4eH11e .t:tn KB3 K(qo) 3KCnOHeH411aJ1bHO 
YMeHbwaeT paBHOBeCHOe 3Ha4eH11e 11CKa>KeHl1R peweTK11 ~o-3TO 03Ha-
4aeT, 4TO He aHr.apMOHl13M, a 3KpaH11py10~ee BJ111RHl1e KB3 Cl1JlbHO 
orpaH11411eaeT ee1111411Hy paeHoeecHoro 11cKa>KeH11R peweTKl1 ~ 0 • TaK11M 
o6pa3oM, Bb1xo,q11T, 4TO e1111RH11e KB3 Ha ycTOH411BOCTb KCM MO>KHO 
paccMaTp11eaTb KaK e1111RH11e cpe,qbl, e KOTopoH ABl1>KYTCR rapMOH11-
4ecK11e oc4111111RTOpbl. 

8 KOH4e Heo6xo,ql1MO OTMeTl1Tb, 4TO 4acTO ncn nepeHOCl1TCR 113 
411CTblX MeTannoe B coe,q11HeHl1R, r,qe O,l:IHOBpeMeHHO cocy~eCTBYIOT 
TpexMepHaR KapKacHaR peweTKa 113 Cl1JlbHO no11Rp11ayeMblX 110HOB 6onb
Wl1X paaMepoe 11 MeTa1111114ecK11e 4eno4K11, aano11HRI0~11e nycTble npo
xo,qbl. B 3T11X coe,q11HeHl1RX KB3 OAHOMepHblX MeTannoe ceo6o,qHO ,qe11-
>KyTCR TOJlbKO B,1:10/lb 4eno4eK. no3TOMY KB3 cnoco6Hbl 3KpaH11poBaTb 
311eKTp114ecK11e nonR TOJlbKO e o6nacTRX ceoero ceo6o,qHoro nepe,qe11-
>KeH11R. 8 nepneH,1:111KY11RPHOM HanpaeneHl111 11 BHe 3Tl1X o6nacTeH 
311eKTp114ecKoe none 11 no11Rp113a411R KapKacHoH peweTKl1 onpe,qenRIOTCR 
60JlbW11Ml1 11 Cl1JlbHO nOJlRPl13yeMblMl1 110HaM11, no3TOMY HeKOTOPble RB-
11eH11R B 3T11X coe,q11HeH11RX MOryT npo11cxo,ql1Tb KaK B 06b14HOM ,q11-
3J1eKTp11Ke. Ho He/lb3R aa6b1BaTb np11 3TOM O npl1CYTCTBl111 Mei-a111111-
4eCKl1X 4eno4eK, Ha1111411e KOTOpblX MO>KeT Cl1JlbHO 11CKa311Tb 3J1eKTp11-
4eCKOe none B A113JleKTpl1Ke. no3TOMY HeJlb3R CTapaTbCR 060RCHl1Tb 
60JlbWl1HCTBO A11HaM114eCK11X CBOHCTB peweTK11 3Tl1X coe,q11HeHl1H C no-
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MO~bID 4J.1CTO MeTaflflJ.14eCKJ.1X MOAeneH 6e3 y4eTa BflHRHHR CHflbHO 

nonRpH3YID~erocR KapKaca. KB3 MeTannH4eCKHX 4eno4eK nonRpH3YIDT 
OKpy>KaID~yID cpeAY /HOHbl KapKaca/, J.1 npH ABH>KeHHJ.1 OHH yeneKaIDT 
aa co6oH nonRpHaa4J.1OHHble o6naKa128 ~ KpoMe Toro, Henb3R aa6bl
eaTb' 4TO nono>KHTeflbHble J.1OHbl MeTaflflJ.14eCKJ.1X qenO4eK TO>Ke o6na
AaIDT HHOrAa HeMaflOH 3fleKTpOHHOH nonRp1,13yeMOCTbo129~ KOTOpaR 
MO>KeT Bbl3BaTb eaav1MOAeHCTBJ.1e BaH Aep Banbca Me>KAY HOHaMJ.1 1301 

TaK KaK yKa3aHHOe B3aHMOAe,J'.lcTBJ.1e o6ecne4HBaeTCR BblCOKO4aCTOT

HblMJ.1 KOne6aHHRMJ.1' TO OHO 3KpaHHpyeTCR KB3 cna6ee' 4eM o6bl4HOe 
KyflOHOBCKOe OTTaflKJ.1BaHJ.1e Me>KAY HOHaMH, no3TOMY npJ.1 on1,1caHJ.1J.1 . 
AHHaMHKH HX OAHOMepHblX qeno4eK noHaA06HTCR y4J.1TblBaTb J.1 y6b1eao

~He no CTeneHRM /a He 3K~noHeHqHaflbHO/ CHflbl BaH AeP Banbca. 
Heo6XOAHMO HMeTb B BHAY, 4TO 6onbWaR An AH3fleKTPH4eCKoro KapKa
ca MO>KeT CHflbHO 3KpaHHPOBaTb KYflOHOBCKOe B3aJ.1MOAeHCTBHe Me>KAY 
B3n B 6nv1>KaHWHX MeTannH4eCKHX qenO4Kax. no3TOMY B TaKHX COeAH
HeHHRX CHa4ana MOryT npOHCXOAHTb OAHOMepHble ncn B peaynbTaTe 

B036Y>KAeHHR B3n B Ka>KAOH qenO4Ke, aMnnHTYAbl KOTOPblX OAHHaKo
Bble' HO ct>a3bl snonHe He3aBHCJ.1Mble. npv1 6onee HH3KOH TeMnepaType' 
nopRAKa 3HeprHH KYflOHOBCKoro B3aHMOAeHCTBHR Me>KAY B3n B COCeA

HHX 4eno4kax, AOfl>KHO Ha6nIDAaTbCR TpexMepHoe ynOPRAO4eHHe 1311• 
npv1 3TOM ct>a3bl B3n B 6nv1>KaHWJ.1X qeno4Kax OTflH4aIDTCR Ha TT. 4TO 

snonHe COOTBeTCTBYeT cny4aID MaKCHMaflbHoro 3HepreTH4eCKoro Bbl
Hrpblwa ncn KaK AflR KB3 /nonHoe cosnaAeHHe net> KB3 OAHoeaneHT
Horo MeTanna npH f (k+qo)"" -f(k) /, TaK H AflR' MaKCHMaflbHOH 3Hep

rHH KyflOHOBCKoro npHTR>KeHHR Me>KAY npOTHBOnono>KHO aapR>KeHHblMJ.1 
B3n. CneAOBaTeflbHO, TaKoe npOTJ.1BOct>a3HOe TpexMepHOe ynopRAO4e

HHe 06ecne41,1eaeTCR MaKCHManbHOH An KB3 /MaKcv1MyM cneAyeT H3 
/9//, a 3TO o6bRCHReT, no4eMy KpoMe npoAOflbHoro HCKa>KeHHR pe

WeTKJ.1, npHBOAR~ero K MaKCHMaflbHO 3cJ>ct>eKTHBHOMY H3MeHeHHID 3C KB3, 

npOHCXOAHT J.1 nonepe4HOe HCKa>KeHHe. 
4T06bl npJ.1BeCTJ.1 B nonHoe COOTBeTCTBHe BblBOA HaCTOR~eH pa6o

Tbl c paHHHMH pa6oTaMH aBTOpa 126 •271, Heo6XOAHMO o6bRCHHTb, no-
4eMy TOrAa YTBepmAanocb, 4TO B KBa3HOAHOMepHOM HflH KBa3HAByx
MepHOM OAHOBaneHTHblX MeTannax ncn YABa1,1aaeT nepHOA HeHCKa>KeH
HOH peweTKJ.1 BAOflb OCH MaKCHMaflbHoro nepeKpblTHR BOflHOBblX ct>yHK-

4HH KB3. nony4anOCb, 4TO HCKa>KeHHe peweTKH npH ncn npHBOAHT K 
o6paaosaHHID 3fleKTPOHHblX J.1 AblPO4HblX KapMaHOB' KaK 3TO cneAyeT 
l-13 PHC. 1-4. 3TO RBflReTCR cneACTBHeM Toro, 4TO BflHRHHe 11KBa3H 11 

Y4J.1Tb1Eianocb KaK soaMy~eHv1e. KpoMe Toro, npeAnonaranocb 1261, 4TO 
rpaHH HOBblX 3OH 6pHflflID3Ha HCKa>KeHHOH peweTKH AOfl>KHbl 6blTb nnoc
KOCTRMJ.1. no3AHeel 2716blfl0 Y4TeHO, 4TO COBOKynHOCTb TO4eK pa3pb1-
sa 3HeprHH /TO eCTb rpaHJ.1 HOBblX 3OH 6pHflflID3Ha HCKa>KeHHOH pe
weTKH/, Bbl3BaHHOro noHH>KeHHeM CHMMeTpHJ.1 KpJ.1cTannv14eCKOro no
TeH4J.1ana, He scerAa ne>KHT s nnocKoCTH. Ho onRTb, paccMaTpv1eaR 
BflHRHHe rocJ>pHpOBKH net> KB3 KaK BO3My~eHHe, He npeAnonaranJ.1, • 
4TO y4eT cna6oH roct>pHpOBKH MO>KeT noMO4b, a He TOflbKO noMeWaTb 

IO 

' 

Pttc.l. rr~ KB3 CHJtbHO aHH3O
TpOnHoro OJJ;HOBaJieHTHOro Me
Ta.JIJia c IlK pemeTKOH c ycwteH
HOH CBR3bW Bp;Onb OCH Z, 

:----

Pttc. 2. 3neKTpoHHbie H p;b1po1:rnwe 
KapMallbI a 3ottax non}'MeTa.JIJia, 
KOrp;a TIK pemeTKa p;e¢opMttpoaa
Ha· ap;onb OCH z. 

II 



Pnc.3. Il~ KB3 cnnhHo ► 
aHH30TpOrrHoro OAHOBa
neHTHOro MeTanna C IlK 
pemeTKOll C ycnneHHOll 
CBH3bID BAOnh rrnocKo-
c™ XY. 

r 

l<~j~ 

--, 

~ 

Pnc. 4. 3neKTpOHHble n Abl
po'-IHble KapMaHbl B 30Hax 
rronyMeTanna, KOrAa IlK 
pemeTKa Ae¢opMnpoBaHa 
BAOnh rrnocKOCTH XY. 

ncn. AeHCTBl1TenbHO, ecn11 B 1130TpOnHOM OAHOB~neHTHOM MeTanne 
c nK peweTKOH n¢ KB3 e np116n11meH1111 c11nbHOH ceRs11. /p11c.5/ 06ec
ne411eaeT aHepreT114eCKYID ewroAHOCTb ncn, np11BOAR~ero K 06paso
BaH11ID ABYX CMe~eHHWX rUK nOApeweTOK, 11 nepeXOA B COCTORHl1e 
Al13neKTPl1Ka, TO 4TO MewaeT TaKOMy me 11CKameHl1ID B OAHOBaneHT
HOM MeTanne c nK peweTKOH, c c11nbHOH aH1130Tpon11eH B npocTpaH
CTBeHHOM pacnpeAeneH1111 11 3C KB37 TaKoe me 11cKameH11e AOnmHO 
o6ecne411Tb nonHoe coenaAeH11e n¢ KB3 c rpaHRMl1. HOBOH soHw 6p11n
nIDaHa 11CKameHHOH peweTK11 B np116n11meH1111 Cl1flbHOH CBR311, C Cl1flbHO 
aH113oTponHwM 3C KB3. 0Ho AOnmHo o6ecne411Tb 6onbWYID An KB3 11 
3HepreTl14eCKYID BWrOAHOCTb ruK peweTKl1 C 4eTWpbMR aTOMaM11 B 
aneMeHTapHOH R4eHKe. np11 TeMnepaType T nopRAKa ro¢p11pOBKl1 Yfo· 
KOTOpaR np116n11s11TenbHO paBHa 3Hepr1111 KynOHOBCKoro B3al1MOAeHcT
Bl1R MemAY 6n11maHw11M11 B3n, peweTKa coeA11HeH11H nony4aeT TpexMep
Hoe ynopRA04eH11e, aneKTPOHHWe 11 AWP04HWe KapMaHw 11C4e3aIDT 11 
COeA11HeH11e nepeXOAl1T B Al13neKTPl14eCKOe COCTORHl1e. TaKl1M o6pa-

12 

t Pnc.5. n~ KB3 ll30TPOilHOro OAHOBa-
~ ~oro MeTanna c IlK pemeTKott · 
~ ~B rrpn6nIDKemm CHnbHOH CBH3ll. 

30M, MOmHO YTBepmAaTb, 4TO 
TpeXMepHOCTb /T.e. KBa311/ 
He MewaeT ncn, a Hao6opOT, 
noAaBneH11eM ¢nyKTya411H OHa 
06ecne411eaeT ero aHepreT11-
4eCKYID BWrOAHOCTb. H30Tpo-

• n11sa411R 3C KB3 o6w4Ho· CBR
. 3aHa co c¢ep114eCKOH Cl1MMeT

p11eH 11X BOnHOBWX ¢YHK411H, 
4TO no4y11 ecerAa 06ecne411-
eaeT np11MeH11MOCTb np116n11-
meHl1R cna6oH CBR311. A 11a-

. eecTHo, 4TO nepexoA 3C KB3 
113 ¢opMbl Cl1flbHOi1 CBR311 B ¢opMy cna6oi1 c11nbHO yMeHbwaeT 3Hepre
Tl14eCKYID BWrOAHOCTb nCn. HMeHHO no3TOMY ncn tta6nIDAaeTCR 06b14-
HO TOnbKO B MeTannax C c11nbHO aHl130TpOnHblM 3C KB3, KOTOPWH 
ny4we on11cweaeTcR e np116n11mett1111 c11nbHOH CBR311, 4TO 06ecne411ea
eT OAHOBpeMeHHOe BblnOnHeH11e / cocy~eCTBOBatt11e/ 06011x paBeHCTB: 
c(k+ q 

0
);,.-r (k) 11 r F = r (q/2). 
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