ĎĹĂČŘĂŇŇĂŠĹŁĂ

Ńěłæĺĺ ŕő ĺğąàăŋŋëň ğăďăçăň âěőàĺĺ łőŋďěŋáĺàőćăŋŋőčő áőáâőïŋĺï

Ň. Ć. Śăďőćáłĺľ

Ĺŋáâĺâãâ İńěłâàőäĺğĺłĺ ŞàŐ ŘĂŊ, Ěłăâěàĺŋąãàč, 620016, Řőááĺï, E-mail: sadovski@iep.uran.ru

cflŇ.Ć.Śăďőćáłĺľ, 2002

Ŕàěďĺáńőćĺě

Ć łőŋæě 50-å, ŋăçăńě 60-å čőďőć ŕàőèńőčő ćěłă ć âěőàĺĺ łőŋďěŋáĺàőćăŋŋőčő áőáâőïŋĺï (çăéě ŋăğëćăćèěľáï âőčďă âěőàĺěľ âćěàďőčő âěńă ĺ łćăŋâőćëå ęĺďłőáâěľ) ŕàőĺğőèěń ŕěàěćőàőâ, áćïğăŋŋëľ á ŕàĺňěŋěŋĺěň ňěâőďőć, àăğàăąőâăŋŋëå ďěáïâĺńěâĺěň àăŋìèě ć łćăŋâőćőľ âěőàĺĺ ŕőńï, ć őáŋőćŋőň { ňěâőďă äěľŋňăŋőćáłĺå ďĺăčàăňň. Ś âěå ŕőà íâĺ ňěâőďë áőáâăćńïîâ őáŋőćã ďăŋŋőčő àăğďěńă âěőàěâĺçěáłőľ äĺğĺłĺ, ĺå ğŋăŋĺě ŋěőąåőďĺňő łăęďőňã čàăňőâŋőňã âěőàěâĺłã.

Śãéěáâćãěâ àïď åőàőèĺå łŋĺč ĺ ãçěąŋĺłőć, čďě ďőáâăâőçŋő ŕőďàőąŋő ĺğńăčăěâáï őąéăï áâőàőŋă ďěńă { ććěďěŋĺě ďĺăčàăňňŋőčő ŕőďåőďă ďńï àăğńĺçŋëå âĺŕőć ćğăĺňőďěľáâćĺľ [1, 2]. Řăğãňěěâáï, ć íâĺå łŋĺčăå ĺğńăčăîâáï ĺ łőŋłàěâŋëě ŕàĺńőęěŋĺï ł âěň ĺńĺ ĺŋëň äĺğĺçěáłĺň ğăďăçăň. Ćňěáâě á âěň, ďő ŋăáâőïéěčő ćàěňěŋĺ ŕàăłâĺçěáłĺ őâáãâáâćãîâ łŋĺčĺ, ć łőâőàëå ďőáâăâőçŋő ŕőďàőąŋő, áő ćáěňĺ ďěâăńïňĺ ćëçĺáńěŋĺľ ĺ ňěâőďĺçěáłĺå ŕàĺěňőć, àăğąĺàăńĺáì-ąë ŕàĺňěàë ŕàĺňěŋěŋĺï íâőľ âěåŋĺłĺ ł àěèěŋĺî łőŋłàěâŋëå ğăďăç ŋă ãàőćŋě, ğăćěďőňő ďőáâãŕŋőň ďńï ŋăçĺŋăîéěčő âěőàěâĺłă^1. Ğă ŕàőèěďèĺě ďěáïâĺńěâĺï âăłĺå ğăďăç àěèăńőáì ćěńĺłőě ňŋőęěáâćő ĺ àěğãńìâăâë àăğąàőáăŋë ŕő ňŋőčőçĺáńěŋŋëň őàĺčĺŋăńìŋëň áâăâìïň, őąğőàăň ĺ ňőŋőčàăäĺïň.

Űěńìî ŋăáâőïéĺå ńěłæĺľ ïćńïěâáï ĺňěŋŋő ďěňőŋáâàăæĺï âőčő, łăł ďĺăčàăňňŋëě ňěâőďë ŕàĺňěŋïîâáï ł àěèěŋĺî łőŋłàěâŋëå ğăďăç âěőàĺĺ łőŋďěŋáĺàőćăŋŋőčő áőáâőïŋĺï, łőâőàëě ãęě ďőáâăâőçŋő ďăćŋő ćőèńĺ ć \ğőńőâőľ äőŋď" íâőľ âěőàĺĺ, ă áőőâćěâáâćãîéĺě ŕőŋïâĺï ĺ ŕàĺěňë áőáâăćńïîâ àăąőçĺľ \äőńìłńőà" áőćàěňěŋŋőčő âěőàěâĺłă. Ćëąőà ŕàĺňěàőć őąãáńőćńěŋ łăł ĺå ćăęŋőáâìî, âăł ĺ ńĺçŋëňĺ ŋăãçŋëňĺ ĺŋâěàěáăňĺ ăćâőàă. Ňŋőčĺě ĺğ íâĺå ğăďăç ěéě ŋě àěèěŋë \ďő łőŋæă" ĺ ďăńìŋěľèěě àăğćĺâĺě àěğãńìâăâőć, ĺğńăčăěňëå ŕőçâĺ ć łăęďőň àăğďěńě, ňőęěâ áőáâăćĺâì ŕàěďňěâ áăňőáâőïâěńìŋőčő ĺááńěďőćăŋĺï. Ňë áőğŋăâěńìŋő őčàăŋĺçĺńĺáì âőńìłő ĺğąàăŋŋëňĺ ğăďăçăňĺ íńěłâàőŋŋőľ âěőàĺĺ âćěàďőčő âěńă, őŕãáâĺć ćőŕàőáë âěőàĺĺ ąőğě { ęĺďłőáâĺ, ąőńìèĺŋáâćő ğăďăç âěőàĺĺ ňăčŋěâĺğňă ĺ âěőàĺî łàĺâĺçěáłĺå ïćńěŋĺľ. Ŋãęŋő çěâłő ŕőŋĺňăâì, çâő łăęďăï ĺğ čńăć íâĺå ńěłæĺľ ňőčńă-ąë áőáâăćĺâì ŕàěďňěâ áăňőáâőïâěńìŋőčő áŕěæłãàáă ĺ, ć íâőň áňëáńě, ŋăèě ĺğńőęěŋĺě ŋě ŕàěâěŋďãěâ ŋă áłőńìłő { ŋĺąãďì ğăňłŋãâëľ őąğőà íâĺå ŋăŕàăćńěŋĺľ âěőàĺĺ. Řăğãňěěâáï, ŕàĺňěŋěŋĺě ŕőńěćëå ňěâőďőć ć âěőàĺĺ łőŋďěŋáĺàőćăŋŋőčő áőáâőïŋĺï ŋě ĺáçěàŕëćăěâáï âőńìłő ďĺăčàăňňŋëňĺ ňěâőďăňĺ. Ć çăáâŋőáâĺ, ćěńĺł ąëń áőąńăğŋ ãďěńĺâì ćŋĺňăŋĺě ňěâőďăň, őáŋőćăŋŋëň ŋă äãŋłæĺőŋăńìŋőň ĺŋâěčàĺàőćăŋĺĺ ĺ àěŋőàňăńĺğăæĺőŋŋőľ čàãŕŕě. Šěň ŋě ňěŋěě, ňë àěèĺńĺ őčàăŋĺçĺâìáï âőńìłő ďĺăčàăňňŋëň ŕőďåőďőň ĺ ğăďăçăňĺ, łőâőàëě àěèăîâáï ć àăňłăå âěőàĺĺ ćőğňãéěŋĺľ, ŕàăłâĺçěáłĺ őŕãáłăï áőćàěňěŋŋëě ćőŕàőáë âěőàĺĺ áĺńìŋő łőààěńĺàőćăŋŋëå áĺáâěň. İâő ćëğćăŋő łăł ęěńăŋĺěň áďěńăâì ńěłæĺĺ ďőáâăâőçŋő łőňŕăłâŋëňĺ, âăł ĺ áâàěňńěŋĺěň ŕàőďěňőŋáâàĺàőćăâì ąőčăâáâćő àěğãńìâăâőć, łőâőàëě ãďăěâáï ŕőńãçĺâì ŋă íâőň ŕãâĺ.

Ďńï ŕőŋĺňăŋĺï ńěłæĺľ ŋěőąåőďĺňő ćńăďěŋĺě őáŋőćăňĺ ďĺăčàăňňŋőľ âěåŋĺłĺ, ŕàĺňěàŋő ć őąêěňě Čń. II ĺ III ğŋăňěŋĺâőľ łŋĺčĺ \ĂČĎ" [1], ĺğńőęěŋĺě ć łőâőàëå ďő áĺå ŕőà őáâăěâáï ŋěŕàěćğőľďěŋŋëň őąàăğæőň.

Ăćâőà ćëàăęăěâ áćőî ŕàĺğŋăâěńìŋőáâì Ś.Č.Ŋőćőłèőŋőćã ğă ąőńìèãî ŕőňőéì ŕàĺ àěďăłâĺàőćăŋĺĺ ŕěàćőŋăçăńìŋőčő âěłáâă íâĺå ńěłæĺľ.

Ň.Ć.Śăďőćáłĺľ, Ěłăâěàĺŋąãàč, 2002 č.

1Ăćâőàã ĺğćěáâŋă âőńìłő őďŋă âăłăï ŕőŕëâłă [3], őáâăćăćèăïáï ďőńčőě ćàěňï ŋě őŕãąńĺłőćăŋŋőľ. Ŕőçâĺ ćáěőąêěňńîéĺľ őąğőà ŕàĺňěŋěŋĺľ ŕőńěćëå ňěâőďőć ł àăğńĺçŋëň ğăďăçăň âěőàĺĺ âćěàďőčő âěńă ĺ łćăŋâőćëå ęĺďłőáâěľ áőďěàęĺâáï ć [4], ŋő íâő ĺňěŋŋő őąğőà, ă ŋě ãçěąŋĺł.

.

Ŋěőąåőďĺňő ŕàěőďőńěâì ňĺáâĺæĺğň ć őâŋőèěŋĺĺ âěåŋĺłĺ...

Ŕàěďáěďăâěńì Ňăő-Űğíďãŋ

Oh? The man works and doesn’t tell his assistant what he is doing...? He will never give that seminar.

W.Pauli to R.P.Feynman

Ń.Ŕ.Čőàìłőć, Ă.Ă.Ăąàĺłőáőć, Ĺ.Ě.Ďğïńőèĺŋáłĺľ, Argonne, USA, 1998

4

Śőďěàęăŋĺě

1 ĆĆĚĎĚŊĹĚ 7

2 İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 9

Ŕàăćĺńă ďĺăčàăňňŋőľ âěåŋĺłĺ. . . . . . . . . . . . . . . . . . . . . . . . . . . 9 İńěłâàőŋŋëľ čăğ á łãńőŋőćáłĺň ćğăĺňőďěľáâćĺěň. . . . . . . . . . . . . . . 10 Ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà ďńï čăğă áćőąőďŋëå íńěłâàőŋőć ŕàĺ T = 0. . . 16 Ďĺíńěłâàĺçěáłăï ŕàőŋĺæăěňőáâì íńěłâàőŋŋőčő čăğă. . . . . . . . . . . . . . 18 Śőąáâćěŋŋő { íŋěàčěâĺçěáłăï çăáâì, íääěłâĺćŋăï ňăááă ĺ ğăâãåăŋĺě łćă- ğĺçăáâĺæ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22 İääěłâ Řãďěàňăŋă { Łĺââěńï. . . . . . . . . . . . . . . . . . . . . . . . . . . 25 Ńĺŋěľŋëľ őâłńĺł. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28 Ňĺłàőáłőŕĺçěáłĺě őáŋőćë âěőàĺĺ äěàňĺ { ęĺďłőáâĺ. . . . . . . . . . . . . 34 Ćğăĺňőďěľáâćĺě łćăğĺçăáâĺæ ć äěàňĺ { ęĺďłőáâĺ. . . . . . . . . . . . . . . 39 Ŋěäěàňĺęĺďłőáâŋőě ŕőćěďěŋĺě. . . . . . . . . . . . . . . . . . . . . . . . . . . 59

3 İŃĚŁŠŘŐŊ { ŤŐŊŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 63

Ŕàăćĺńă ďĺăčàăňňŋőľ âěåŋĺłĺ. . . . . . . . . . . . . . . . . . . . . . . . . . . 63 Śőąáâćěŋŋő { íŋěàčěâĺçěáłăï çăáâì íńěłâàőŋă. . . . . . . . . . . . . . . . . . 66 Šěőàěňă Ňĺčďăńă. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75 Śőąáâćěŋŋő { íŋěàčěâĺçěáłăï çăáâì ĺ áŕěłâà äőŋőŋă. . . . . . . . . . . . . . 77 Ŕńăğňěŋŋăï ňőďěńì ňěâăńńă. . . . . . . . . . . . . . . . . . . . . . . . . . . . 82 Ťőŋőŋë ĺ äńãłâãăæĺĺ. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88 4 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 91

Ďĺăčàăňňŋăï âěåŋĺłă ďńï àăááěïŋĺï ŋă \ŕàĺňěáïå". . . . . . . . . . . . . . 91 Őďŋőíńěłâàőŋŋăï äãŋłæĺï Čàĺŋă. . . . . . . . . . . . . . . . . . . . . . . . . 96 Ňőďěńì Łěńďëèă. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 107 Ŕàőćőďĺňőáâì ĺ ďćãåçăáâĺçŋăï äãŋłæĺï Čàĺŋă. . . . . . . . . . . . . . . . . 113 Şàăćŋěŋĺě Ąěâě { Śőńŕĺâěàă, \ďĺääãğőŋ" ĺ \łãŕěàőŋ". . . . . . . . . . . . 122 Łćăŋâőćëě ŕőŕàăćłĺ, áăňőáőčńăáőćăŋŋăï âěőàĺï ĺ ŕěàěåőď Ăŋďěàáőŋă. . . 133 Łćăŋâőćëě ŕőŕàăćłĺ ł ŕàőćőďĺňőáâĺ. . . . . . . . . . . . . . . . . . . . 133 Śăňőáőčńăáőćăŋŋăï âěőàĺï ńőłăńĺğăæĺĺ. . . . . . . . . . . . . . . . . . 143 \Šàěãčőńìŋăï" ćěàèĺŋă. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 151 Řőńì íńěłâàőŋ { íńěłâàőŋŋőčő ćğăĺňőďěľáâćĺï. . . . . . . . . . . . . . . . . 154

6 ŚŐĎĚŘĘĂŊĹĚ

5 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 165 Ťěŋőňěŋ Łãŕěàă. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165 Şàăćŋěŋĺï Čőàìłőćă. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173 Śćěàåŕàőćőďĺňőáâì ć ŋěãŕőàïďőçěŋŋőň ňěâăńńě. . . . . . . . . . . . . . . . 186 Řăğńőęěŋĺě Čĺŋğąãàčă { Ńăŋďăã. . . . . . . . . . . . . . . . . . . . . . . . . . 194 İńěłâàőňăčŋĺâŋëě áćőľáâćă áćěàåŕàőćőďŋĺłőć. . . . . . . . . . . . . . . . . 207

6 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ221

Ŋěãáâőľçĺćőáâì äőŋőŋŋőčő áŕěłâàă. . . . . . . . . . . . . . . . . . . . . . . . 221 Ŕăľěàńáőćáłĺľ ďĺíńěłâàĺł. . . . . . . . . . . . . . . . . . . . . . . . . . . . . 231 Řăğńőęěŋĺě Čĺŋğąãàčă { Ńăŋďăã ďńï ŕăľěàńáőćáłőčő ŕěàěåőďă. . . . . . . . 244 Ćőńŋë ğăàïďőćőľ ĺ áŕĺŋőćőľ ŕńőâŋőáâĺ ć ňŋőčőňěàŋëå áĺáâěňăå, íłáĺâőŋ- ŋëľ ĺğőńïâőà. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 247 Ŕáěćďőéěńì. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 258 Ťńãłâãăæĺĺ ŕăľěàńáőćáłőčő ąńĺęŋěčő ŕőàïďłă. . . . . . . . . . . . . . 258 İńěłâàőŋ ć áńãçăľŋőň ŕőńě äńãłâãăæĺľ. . . . . . . . . . . . . . . . . . 263 İńěłâàőňăčŋĺâŋëľ őâłńĺł. . . . . . . . . . . . . . . . . . . . . . . . . . 268 Ňőďěńì Šőňőŋăčă { Ńăââĺŋęěàă ĺ ŋěäěàňĺęĺďłőáâŋőě ŕőćěďěŋĺě. . . . . . 284

Ă Ŕőćěàåŋőáâì Ťěàňĺ, łăł âőŕőńőčĺçěáłĺľ őąêěłâ. 295

Ą İńěłâàőŋ ć áńãçăľŋőň ŕőńě ĺ ĺŋâěčàăńë ŕő âàăěłâőàĺïň. 299

Čńăćă 1

ĆĆĚĎĚŊĹĚ

Ţőàőèő ĺğćěáâŋă őŕàěďěńïîéăï àőńì, łőâőàãî ć áőćàěňěŋŋőľ âěőàĺĺ łőŋďěŋáĺàőćăŋŋőčő áőáâőïŋĺï ĺčàăěâ łőŋæěŕæĺï łćăğĺçăáâĺæ. Ŕőńŋőě őąőáŋőćăŋĺě íâă łőŋæěŕæĺï ŕőńãçăěâ ć àăňłăå äőàňăńĺğňă äãŋłæĺľ Čàĺŋă, łőâőàëľ ïćńïěâáï áâăŋďăàâŋëň ăŕŕăàăâőň áőćàěňěŋŋőľ âěőàĺĺ áĺáâěň ňŋőčĺå çăáâĺæ. Ňěâőď äãŋłæĺľ Čàĺŋă ďăěâ ćőğňőęŋőáâì çěâłő áäőàňãńĺàőćăâì łàĺâěàĺĺ áãéěáâćőćăŋĺï łćăğĺçăáâĺæ ć łőŋłàěâŋëå áĺáâěňăå, ă âăłęě ŕàěďáâăćńïěâ áőąőľ ãŋĺćěàáăńìŋëľ ňěâőď ŕàőćěďěŋĺï àăáçěâőć ŕàăłâĺçěáłĺ ńîąëå äĺğĺçěáłĺå åăàăłâěàĺáâĺł ňŋőčőçăáâĺçŋëå áĺáâěň á ãçěâőň àăğńĺçŋëå âĺŕőć ćğăĺňőďěľáâćĺľ. Ďăŋŋëľ ňěâőď ćőğŋĺł ć áćïğĺ á ğăďăçăňĺ łćăŋâőćőľ âěőàĺĺ ŕőńï, čďě ćŕěàćëě ąëń áäőàňãńĺàőćăŋ çàěğćëçăľŋő íääěłâĺćŋëľ ĺ ãďőąŋëľ ŕőďåőď, őáŋőćăŋŋëľ ŋă ĺáŕőńìğőćăŋĺĺ ďĺăčàăňň Ťěľŋňăŋă. Ŕőáńěďãîéěě ŕěàěŋěáěŋĺě íâĺå ĺďěľ ĺ ňěâőďőć ć âěőàĺî áĺáâěň ňŋőčĺå çăáâĺæ, ŕő áãâĺ ďěńă, ĺ ŕàĺćěńő ł áőğďăŋĺî áőćàěňěŋŋőľ âěőàĺĺ łőŋďěŋáĺàőćăŋŋőčő áőáâőïŋĺï [1, 2].

Ć àăňłăå ďăŋŋőčő łãàáă ňë ŋě ŕàĺćőďĺň ŕőáńěďőćăâěńìŋőě ĺğńőęěŋĺě áăňőčő ňěâőďă äãŋłæĺľ Čàĺŋă, ŋăèěľ æěńìî ïćńïěâáï őąãçĺâì ĺáŕőńìğőćăŋĺî íâőčő ňěâőďă ďńï àěèěŋĺï łőŋłàěâŋëå ğăďăç. Ŕàěďŕőńăčăěâáï, çâő őáŋőćŋëě ŕàĺŋæĺŕë ŕőáâàőěŋĺï ďĺăčàăňňŋőľ âěåŋĺłĺ ďńï àăğńĺçŋëå ćĺďőć ćğăĺňőďěľáâćĺľ, âăłęě łăł ĺ őąéĺě áćőľáâćă äãŋłæĺľ Čàĺŋă çĺâăâěńî ĺğćěáâŋë, łăł ć äőàňăńĺğňě ŋãńěćőľ âěňŕěàăâãàë T = 0, âăł ĺ ďńï áńãçăï łőŋěçŋëå âěňŕěàăâãà (ňăæãąăàőćáłĺě äãŋłæĺĺ Čàĺŋă) [1]. Śâàãłâãàă łãàáă ïáŋă ĺğ őčńăćńěŋĺï. Őâďěńìŋëě čńăćë ŕőáćïéěŋë àăááňőâàěŋĺî őáŋőćŋëå ćĺďőć ćğăĺňőďěľáâćĺľ, ĺğãçăěňëå ć àăňłăå íńěłâàőŋŋőľ âěőàĺĺ âćěàďőčő âěńă, ă âăłęě àïďã őáŋőćŋëå âĺŕőć íńěłâàőŋŋëå ŋěãáâőľçĺćőáâěľ (äăğőćëå ŕěàěåőďőć). Łăł ŕàăćĺńő, áŋăçăńă ňë äőàňãńĺàãěň ŕàăćĺńă ďĺăčàăňňŋőľ âěåŋĺłĺ, ă ğăâěň àăááňăâàĺćăěň àăğńĺçŋëě ğăďăçĺ, ŕő ćőğňőęŋőáâĺ ŕàĺćőďï ďőáâăâőçŋő ŕőďàőąŋő ćáě ďěâăńĺ ćëçĺáńěŋĺľ. Ŕàĺ íâőň ňë, ŕàăłâĺçěáłĺ ćáîďã, áâăàăńĺáì áńěďőćăâì ŕàăćĺńăň ĺ őąőğŋăçěŋĺïň, ĺáŕőńìğãěňëň ć łŋĺčě [1], åőâï ŕőńŋőčő őâáãâáâćĺï \àăğŋőąőï" ć őąőğŋăçěŋĺïå âěå ĺńĺ ĺŋëå äĺğĺçěáłĺå ćěńĺçĺŋ ĺğąěęăâì

8 ĆĆĚĎĚŊĹĚ

ćàïď-ńĺ ãďăńőáì. Łăęďăï čńăćă, âăłĺň őąàăğőň, ňőęěâ àăááňăâàĺćăâìáï łăł ŋěłőâőàőě ććěďěŋĺě ć łàãč áőőâćěâáâćãîéĺå ŕàőąńěň ďăŋŋőčő àăğďěńă âěőàĺĺ âćěàďőčő âěńă. Ć íâőň áňëáńě őŋĺ ňőčãâ çĺâăâìáï ŋěğăćĺáĺňő, ŋő áńěďãěâ ĺňěâì ć ćĺďã, çâő ćáě ĺğńăčăěňëě ćőŕàőáë, ŋă áăňőň ďěńě, ćěáìňă âěáŋő áćïğăŋë ďàãč á ďàãčőň. Ŕőďąőà æĺâĺàãěňőľ ńĺâěàăâãàë ŋě ŕàěâěŋďãěâ ŋă ŕőńŋőâã, ŕàĺćőďïâáï ááëńłĺ ńĺèì ŋă âě ĺáâőçŋĺłĺ, ĺğ łőâőàëå ğăĺňáâćőćăŋ áőőâćěâáâćãîéĺľ ňăâěàĺăń, ŕàĺçěň ŕàěďŕőçâěŋĺě őłăğëćăńőáì àăąőâăň őąğőàŋőčő ĺ ãçěąŋőčő åăàăłâěàă. Śőőâćěâáâćěŋŋő, ááëńłĺ ŋă àăąőâë ŕàĺőàĺâěâŋőčő åăàăłâěàă ŕàăłâĺçěáłĺ őâáãâáâćãîâ, ć ŋăĺąőńěě ćăęŋëå áńãçăïå âăłőčő àőďă ňë ááëńăěňáï ŕàőáâő ŋă äăňĺńĺĺ ăćâőàőć. Śńěďãěâ ĺňěâì ć ćĺďã, çâő ňŋőčĺě àăğďěńë ńěłæĺľ őáŋőćăŋë ŋă áőąáâćěŋŋëå \àăğąőàłăå" ăćâőàă, ć âăłĺå áńãçăïå ááëńłĺ ŋă ĺáâőçŋĺł, łăł ŕàăćĺńő, őâáãâáâćãîâ.

Őáŋőćŋăï ĺďěï ďĺăčàăňňŋőčő ŕőďåőďă ć âěőàĺĺ łőŋďěŋáĺàőćăŋŋőčő áőáâőïŋĺï áőáâőĺâ ć ŕàőćěďěŋĺĺ áãňňĺàőćăŋĺï ąěáłőŋěçŋőčő àïďă äěľŋňăŋőćáłĺå ďĺăčàăňň ďńï őďŋőçăáâĺçŋőľ ĺńĺ ňŋőčőçăáâĺçŋëå äãŋłæĺľ Čàĺŋă (ćěàèĺŋŋëå çăáâěľ). Ŕàĺ íâőň àěçì ĺďěâ, łăł ŕàăćĺńő, ő áãňňĺàőćăŋĺĺ őŕàěďěńěŋŋëå ŕőďŕőáńěďőćăâěńìŋőáâěľ ŕőńŋőčő àïďă âěőàĺĺ ćőğňãéěŋĺľ (âĺŕőć ďĺăčàăňň), ďăîéĺå ďőňĺŋĺàãîéĺľ ćłńăď ŕő âőňã ĺńĺ ĺŋőňã ŕăàăňěâàã ğăďăçĺ (ąěğàăğňěàŋăï łőŋáâăŋâă áćïğĺ, ŕńőâŋőáâì çĺáńă çăáâĺæ, ďàãčĺě łőňąĺŋăæĺĺ ŕăàăňěâàőć, åăàăłâěàĺğãîéĺå áĺáâěňã). Ć ąőńìèĺŋáâćě ĺğãçăćèĺåáï ğăďăç, âăłĺě ŕőďŕőáńěďőćăâěńìŋőáâĺ ąëńĺ ćëïćńěŋë ãęě ŋă àăŋŋěň íâăŕě àăğćĺâĺï âěőàĺĺ [1, 2], ĺ ňë àăááňőâàĺň æěńëľ àïď åăàăłâěàŋëå ŕàĺňěàőć ĺ áńěďãîéĺå ĺğ ŋĺå äĺğĺçěáłĺå ćëćőďőć. Ć őçěŋì àěďłĺå áńãçăïå, ďńï çàěğćëçăľŋő ãŕàőéěŋŋëå (ňőďěńìŋëå) ğăďăç ãďăěâáï ŕàőáãňňĺàőćăâì ŕőńŋëľ äěľŋňăŋőćáłĺľ àïď (ćáě ďĺăčàăňňë). Šăłĺě áńãçăĺ čőàăğďő ňěŋěě ĺğćěáâŋë, ŋő, łăł ŕàăćĺńő, ćěáìňă ŕőãçĺâěńìŋë. Ňë àăááňőâàĺň ŋěáłőńìłő ŕàĺňěàőć âăłĺå ňőďěńěľ, łăł ďńï ĺńńîáâàăæĺĺ âěåŋĺçěáłőľ áâőàőŋë ďěńă, âăł ĺ áńěďãîéĺå ĺğ ŋĺå ŋěâàĺćĺăńìŋëå ćëćőďőć, áćïğăŋŋëå á ćőğňőęŋőáâìî àăğàãèěŋĺï áăňőľ łőŋæěŕæĺĺ łćăğĺçăáâĺæ, łőâőàăï, ŋěáňőâàï ŋă ěě ãáŕěèŋőáâì, ěáâěáâćěŋŋő ĺňěěâ őčàăŋĺçěŋŋëě ŕàěďěńë ŕàĺňěŋĺňőáâĺ ĺ ŋě ďőńęŋă áçĺâăâìáï áăňőőçěćĺďŋőľ.

Ŕàăłâĺçěáłĺ ćáîďã ňë ĺáŕőńìğãěň áĺáâěňã ěďĺŋĺæ ~ = c = 1, ćőááâăŋăćńĺćăï ~ ĺ c âőńìłő ć ŋěłőâőàëå ĺâőčőćëå äőàňãńăå ĺ őæěŋłăå. Ŕőáâőïŋŋăï Ąőńìæňăŋă k_B = 1 ćáěčďă.

Čńăćă 2

İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Ŕàăćĺńă ďĺăčàăňňŋőľ âěåŋĺłĺ.

Řăááňőâàĺň áĺáâěňã ćğăĺňőďěľáâćãîéĺå (ŋěàěńïâĺćĺáâáłĺå) äěàňĺ { çăáâĺæ. Ć ďăńìŋěľèěň, ć ąőńìèĺŋáâćě áńãçăěć, ĺňěěâáï ć ćĺďã áĺáâěňă íńěłâàőŋőć ć ňěâăńńě. Čăňĺńìâőŋĺăŋ ćğăĺňőďěľáâćĺï ğăŕĺèěň ć ćĺďě: H_{int} = 1 2 ∫ dr1dr2ψ^+_α (r1)ψ^+_β (r2)V (r1 − r2)ψβ (r2)ψα(r1) (2.1)

čďě V (r) { ŕőâěŋæĺăń (áâăâĺçěáłőčő) ćğăĺňőďěľáâćĺï çăáâĺæ, ψ^+_α (r), ψ_α(r) { őŕěàăâőàë àőęďěŋĺï ĺ ãŋĺçâőęěŋĺï äěàňĺőŋőć ć âőçłě r, α { áŕĺŋőćëľ ĺŋďěłá.

Őąéĺě ŕàăćĺńă ďĺăčàăňňŋőľ âěåŋĺłĺ ďńï ćëçĺáńěŋĺï ŕőŕàăćőł ŕő ćğăĺňőďěľáâćĺî ł őďŋőçăáâĺçŋőľ äãŋłæĺĺ Čàĺŋă ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ G(p) áäőàňãńĺàőćăŋë ć [1]. Ŕàĺćěďěň ĺå áćőďłã ďńï áńãçăï ŋãńěćőľ âěňŕěàăâãàë T = 0:

• Ďĺăčàăňňă n{čő ŕőàïďłă ŕő ćğăĺňőďěľáâćĺî áőďěàęĺâ 2n ćěàèĺŋ, 2n + 1 áŕńőèŋëå (íńěłâàőŋŋëå) ńĺŋĺľ ĺ n ćőńŋĺáâëå ńĺŋĺľ ćğăĺňőďěľáâćĺï. Ćáěň ńĺŋĺïň ŕàĺŕĺáëćăîâáï őŕàěďěńěŋŋëě 4{ĺňŕãńìáë, łőâőàëě áőåàăŋïîâáï ć ćěàèĺŋăå ćğăĺňőďěľáâćĺï.

• İńěłâàőŋã (äěàňĺőŋã) áőŕőáâăćńïěâáï áŕńőèŋăï ńĺŋĺï, łőâőàőľ áőŕőáâăćńïěâáï ćëàăęěŋĺě ďńï áćőąőďŋőľ äãŋłæĺĺ Čàĺŋă:

G_0(p) = δ_{αβ} ε − ξ(p) + iδsignξ(p) čďě δ → +0 (2.2)

10 İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

ŕàĺçěň

ξ(p) =^{p2}2_m − μ ≈ vF (|p| − pF ) (2.3)

{ íŋěàčěâĺçěáłĺľ áŕěłâà áćőąőďŋëå äěàňĺőŋőć, íŋěàčĺï łőâőàëå őâáçĺâëćăěâáï őâ ãàőćŋï Ťěàňĺ (åĺňĺçěáłőčő ŕőâěŋæĺăńă μ), p_F ĺ v_F { ĺňŕãńìá ĺ áłőàőáâì ŋă ŕőćěàåŋőáâĺ Ťěàňĺ.

• Ćőńŋĺáâőľ ńĺŋĺĺ áőŕőáâăćńïěâáï äãàìě { őąàăğ ŕőâěŋæĺăńă V (q).

• Ŕàőćőďĺâáï ĺŋâěčàĺàőćăŋĺě ŕő n ŋěğăćĺáĺňëň ĺňŕãńìáăň ĺ çăáâőâăň (4{ ĺňŕãńìáăň).

• Ćőğŋĺłèěě ćëàăęěŋĺě ãňŋőęăěâáï ŋă (i)^n(2π)^{−4n}(2s+1)^F (−1)^F , čďě F { çĺáńő ğăňłŋãâëå äěàňĺőŋŋëå ŕěâěńì, ă s { áŕĺŋ äěàňĺőŋă (ďńï íńěłâàőŋă s = 1/2, âăł çâő ã ŋăá ćáěčďă 2s + 1 = 2).

Ďńï áńãçăï łőŋěçŋëå âěňŕěàăâãà, ć ňăæãąăàőćáłőľ âěåŋĺłě [1], áőőâćěâáâćãîéĺě ŕàăćĺńă ďńï ćëçĺáńěŋĺï ŕőŕàăćłĺ k{čő ŕőàïďłă ďńï G(ε_n(p)), äőàňãńĺàãîâáï âăł:

• Ďĺăčàăňňă k{čő ŕőàïďłă ĺňěěâ 2k ćěàèĺŋ, 2k + 1 áŕńőèŋëå (íńěłâàőŋŋëå) ńĺŋĺľ ĺ k ćőńŋĺáâëå ńĺŋĺľ (ćğăĺňőďěľáâćĺï). Ńĺŋĺïň áőŕőáâăćńïîâáï ĺňŕãńìáë ĺ (ňăæãąăàőćáłĺě) çăáâőâë, ãďőćńěâćőàïîéĺě ć łăęďőľ ćěàèĺŋě ğăłőŋăň áőåàăŋěŋĺï. Ůăáâőâë ąőğěćáłĺå ńĺŋĺľ ćáěčďă çěâŋëě (ω_m = 2πmT ), ă çăáâőâë äěàňĺěćáłĺå ńĺŋĺľ { ŋěçěâŋëě (ε_n = (2n + 1)πT ).

• Ŕő ćáěň ŋěğăćĺáĺňëň ĺňŕãńìáăň ĺ çăáâőâăň ďĺăčàăňňë ŕàőĺğćőďĺâáï ĺŋâěčàĺàőćăŋĺě ĺ áãňňĺàőćăŋĺě.

• Łăęďőľ áŕńőèŋőľ ńĺŋĺĺ á ĺňŕãńìáőň p ĺ çăáâőâőľ ε_n áőŕőáâăćńïěâáï ćëàăęěŋĺě:

G_0(ε_np) = δ_{αβ} iε_n − ξ(p) (2.4)

ă łăęďőľ ćőńŋĺáâőľ ńĺŋĺĺ á ĺňŕãńìáőň q ĺ çăáâőâőľ ω_m áőŕőáâăćńïěâáï V (q).

• Ŕěàěď ŕőńãçěŋŋëň ćëàăęěŋĺěň áâăćĺâáï ňŋőęĺâěńì (−1)^{k T k}_{(2π)3k} (2s+1)^F (−1)^F , čďě F áŋőćă őąőğŋăçăěâ çĺáńő äěàňĺőŋŋëå ŕěâěńì ďĺăčàăňňë, ă s { áŕĺŋ äěàňĺőŋă (íńěłâàőŋă).

İńěłâàőŋŋëľ čăğ á łãńőŋőćáłĺň ćğăĺňőďěľáâćĺěň.

Ěáńĺ ŕőŕëâăâìáï ğăŋïâìáï ŕàïňëňĺ ćëçĺáńěŋĺïňĺ ŕőŕàăćőł ł äãŋłæĺĺ Čàĺŋă íńěłâàőŋă ć ŋőàňăńìŋőň ňěâăńńě, àãłőćőďáâćãïáì áäőàňãńĺàőćăŋŋëňĺ ćëèě ŕàăćĺńăňĺ ďĺăčàăňňŋőľ âěåŋĺłĺ, âő áàăğã őłăęěâáï, çâő áőőâćěâáâćãîéĺě ćëàăęěŋĺï àăáåőďïâáï ĺğ-ğă áĺŋčãńïàŋőčő åăàăłâěàă łãńőŋőćáłőčő ćğăĺňőďěľáâćĺï ŕàĺ ňăńëå ŕěàěďăćăěňëå ĺňŕãńìáăå q:

V (q) = 4^{πe2}q_2 (2.5)

İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 11

Řĺá. 2-1 Čàăäĺçěáłőě őŕàěďěńěŋĺě íääěłâĺćŋőčő ćğăĺňőďěľáâćĺï.

çâő ïćńïěâáï ŋěŕőáàěďáâćěŋŋëň áńěďáâćĺěň ďăńìŋőďěľáâćãîéěčő åăàăłâěàă łãńőŋőćáłőčő ćğăĺňőďěľáâćĺï. İâă ŕàőąńěňă ãáâàăŋïěâáï áãňňĺàőćăŋĺěň ąěáłőŋěçŋőľ ŕőáńěďőćăâěńìŋőáâĺ ďĺăčàăňň, őŕĺáëćăîéěľ íłàăŋĺàőćăŋĺě łãńőŋőćáłőčő ŕőâěŋæĺăńă áćőąőďŋëňĺ íńěłâàőŋăňĺ.

Ďńï íâőčő ććőďĺâáï íääěłâĺćŋőě ćğăĺňőďěľáâćĺě, ĺğőąàăęăěňőě \ęĺàŋőľ" ćőńŋĺáâőľ ńĺŋĺěľ, łőâőàăï őŕàěďěńïěâáï ŕőáńěďőćăâěńìŋőáâìî ďĺăčàăňň, ŕőłăğăŋŋőľ ŋă Řĺá.2-1, čďě ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà ďăěâáï áãňňőľ ďĺăčàăňň, ŕőłăğăŋŋëå ŋă Řĺá.2-2. Ćăęŋő ŕőďçěàłŋãâì, çâő ć àăğńőęěŋĺĺ, ŕőłăğăŋŋőň ŋă Řĺá.2-2, őâáãâáâćãîâ čàăäĺłĺ, àăğàěğăěňëě ŕő őďŋőľ ńĺŋĺĺ ćğăĺňőďěľáâćĺï, âĺŕă ŕőłăğăŋŋőčő ŋă Řĺá.2-3, âăł çâő íâő àăğńőęěŋĺě őŕàěďěńïěâ ŋěŕàĺćőďĺňëľ ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà. Šőčďă àăğńőęěŋĺě, ŕőłăğăŋŋőě ŋă Řĺá.2-1 ăŋăńőčĺçŋő ŕő áňëáńã ãàăćŋěŋĺî Ďăľáőŋă. Ć ăŋăńĺâĺçěáłőň ćĺďě íääěłâĺćŋőě ćğăĺňőďěľáâćĺě ğăŕĺáëćăěâáï łăł:

V(qω) = V (q) + V (q)˝(qω)V(qω) (2.6)

İääěłâĺćŋőě ćğăĺňőďěľáâćĺě V(qω) ïćńïěâáï, ćőőąéě čőćőàï, ğăćĺáïéĺň őâ çăáâőâë ω, çâő áőőâćěâáâćãěâ ãçěâã íääěłâőć ğăŕăğďëćăŋĺï, áćïğăŋŋëå á åăàăłâěàŋëň ćàěňěŋěň íńěłâàőŋŋőčő őâłńĺłă ŋă ňčŋőćěŋŋőě łãńőŋőćáłőě ćğăĺňőďěľáâćĺě.

Řěèăï ãàăćŋěŋĺě (2.6), ŕőńãçăěň:

V(qω) =^V (q)

1 − V (q)˝(qω) ≡ V (q) ϵ(qω) (2.7)

čďě ććěńĺ ďĺíńěłâàĺçěáłãî äãŋłæĺî (ŕàőŋĺæăěňőáâì):

ϵ(qω) = 1 − V (q)˝(qω) (2.8)

12 İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Řĺá. 2-2 Ďĺăčàăňňë ďńï ŋěŕàĺćőďĺňőčő ŕőńïàĺğăæĺőŋŋőčő őŕěàăâőàă.

Řĺá. 2-3 Ŕàĺňěà ŕàĺćőďĺňőľ ďĺăčàăňňë.

İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 13

Řĺá. 2-4 Ŕàĺąńĺęěŋĺě åăőâĺçěáłĺå äăğ (RPA) ďńï ŕőńïàĺğăæĺőŋŋőčő őŕěàăâőàă ĺ íääěłâĺćŋőčő (íłàăŋĺàőćăŋŋőčő) ćğăĺňőďěľáâćĺï.

Šăł ŋăğëćăěňőě ŕàĺąńĺęěŋĺě åăőâĺçěáłĺå äăğ (RPA)^1 áőőâćěâáâćãěâ ĺáŕőńìğőćăŋĺî ŕàőáâěľèěčő ćăàĺăŋâă ŕőńïàĺğăæĺőŋŋőčő őŕěàăâőàă, ŕőáâàőěŋŋőčő ŋă áćőąőďŋëå äãŋłæĺïå Čàĺŋă (â.ě. ĺğőąàăęăěňőčő ŕàőáâěľèěľ ďĺăčàăňňőľ Řĺá.2-4(a)) 2: ˝_0(qω) = −2i ∫ d^4p (2π)^4

G_0(p + q)G_0(p) (2.9)

Śőőâćěâáâćãîéěě íääěłâĺćŋőě ćğăĺňőďěľáâćĺě őŕàěďěńïěâáï âőčďă čàăäĺłăňĺ Řĺá.2-4(b). İâő ãàăćŋěŋĺě ďńï íääěłâĺćŋőčő ćğăĺňőďěľáâćĺï ňőęŋő ŕàěďáâăćĺâì ěéě ĺ ďàãčőň ćĺďě, ŕőłăğăŋŋőň ŋă Řĺá.2-5(a), čďě ććěďěŋ ŕàĺćőďĺňëľ ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà ~˝(qω), őŕàěďěńïěňëľ čàăäĺłăňĺ Řĺá.2-5(b):

V = V + V ~˝V (2.10)

1İâă âěàňĺŋőńőčĺï ŋőáĺâ çĺáâő ĺáâőàĺçěáłĺľ åăàăłâěà.

2Ğăňěâĺň, çâő ć ńĺâěàăâãàě çăáâő ĺáŕőńìğãěâáï őŕàěďěńěŋĺě ˝(qω), őâńĺçăîéěěáï ğŋăłőň [5], ňë ęě ŕàĺďěàęĺćăěňáï őąőğŋăçěŋĺľ łŋĺčĺ [1]

14 İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Řĺá. 2-5 Ŕàěďáâăćńěŋĺě íääěłâĺćŋőčő ćğăĺňőďěľáâćĺï çěàěğ ŕàĺćőďĺňëľ ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà ~˝.

İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 15

Řĺá. 2-6 Ďĺăčàăňňë ďńï ňăčŋĺâŋőľ ćőáŕàĺĺňçĺćőáâĺ. ± őąőğŋăçăîâ ŋăŕàăćńěŋĺě áŕĺŋă.

Ĺğ Řĺá.2-5(b) ïáŋő, çâő: ~˝ = ˝^0 1 − V ˝_0

(2.11)

Šőčďă ĺğ (2.10), á ĺáŕőńìğőćăŋĺěň (2.11), ŕőńãçăěň:

V = V (1 + ~˝V ) = V ( 1 + ˝_0V 1 − V ˝_0 ) = = V 1 − V ˝_0 = V ϵ (2.12)

çâő áőćŕăďăěâ á (2.7), á ďĺíńěłâàĺçěáłőľ ŕàőŋĺæăěňőáâìî, ćğïâőľ ć ŕàĺąńĺęěŋĺĺ RPA. Ćëàăęěŋĺě (2.11) őŕĺáëćăěâ ŕőńŋãî ŕőńïàĺğãěňőáâì áĺáâěňë.

Ăŋăńőčĺçŋëň őąàăğőň ňőęŋő ŕőńãçĺâì ĺ RPA { ćëàăęěŋĺě ďńï ňăčŋĺâŋőľ ćőáŕàĺĺňçĺćőáâĺ. Ďńï íâőčő ŋãęŋő àăááňőâàěâì őâłńĺł áĺáâěňë ŋă ąěáłőŋěçŋő áńăąőě ćŋěèŋěě ňăčŋĺâŋőě ŕőńě, ŕěàěćőàăçĺćăîéěě íńěłâàőŋŋëľ áŕĺŋ. Őŕãáłăï âěåŋĺçěáłĺě ďěâăńĺ, ğăňěâĺň, çâő ďńï íâőčő ďőáâăâőçŋő àăááňőâàěâì ŕőáńěďőćăâěńìŋőáâì ďĺăčàăňň, ŕőłăğăŋŋãî ŋă Řĺá.2-6. Ěáńĺ ĺňěâì ććĺďã ŕőŕãńïàŋãî ňőďěńì á (âőçěçŋëň) \åăąąăàďőćáłĺň" ćğăĺňőďěľáâćĺěň íńěłâàőŋőć H_{int} = U n_{i↑}n_{i↓} íâĺ ďĺăčàăňňë ńěčłő áãňňĺàãîâáï ĺ ďăîâ:

χ(qω) =^{χ0}(q^ω)

1 + U ˝_0(qω)

(2.13)

16 İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

čďě χ_0(qω) ŕàőŕőàæĺőŋăńìŋő ˝_0(qω) ĺğ (2.9):

χ_0(qω) = − 1 4 g^2μ^2_B ˝_0(qω) ˝_0(qω) = − 4 g^2μ^2_B χ_0(qω) (2.14)

čďě g { čĺàőňăčŋĺâŋőě őâŋőèěŋĺě (őąëçŋő g = 2). Őâňěâĺň ĺğňěŋěŋĺě ğŋăłă ć ğŋăňěŋăâěńě (2.13) ŕő áàăćŋěŋĺî á (2.8). İâő áćïğăŋő á âěň äăłâőň, çâő ŕàĺ àăáçěâě

ϵ(qω) ňë ĺňěńĺ ďěńő á äãŋłæĺěľ őâłńĺłă âĺŕă ŕńőâŋőáâì { ŕńőâŋőáâì ĺ áãňňĺàő-

ćăńĺ ŕěâńĺ (łăęďőľ ĺğ łőâőàëå áőŕőáâăćńïńáï) ďőŕőńŋĺâěńìŋëľ ňŋőęĺâěńì −1. Ğďěáì ęě, ŕàĺ àăáçěâě ńĺŋěľŋőčő őâłńĺłă, ňë áãňňĺàãěň (áň. Řĺá.(2-6)) \ńěáâŋĺçŋëě" ďĺăčàăňňë (ŕěâńĺ ğăŕàěéěŋë ĺğ-ğă áőåàăŋěŋĺï áŕĺŋă { ńĺŋĺĺ çăáâĺæ ĺ ďëàőł ŋă Řĺá.(2-6) áőőâćěâáâćãîâ àăğŋëň ŋăŕàăćńěŋĺïň áŕĺŋă). Šěň ŋě ňěŋěě, ćëàăęěŋĺï ďńï ϵ(qω) ĺ χ(qω) ćŕőńŋě ăŋăńőčĺçŋë ĺ őŕàěďěńïîâáï, äăłâĺçěáłĺ, őďŋőľ ĺ âőľ ęě ćěńĺçĺŋőľ ˝_0(qω) ĺğ (2.9).

Ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà ďńï čăğă áćőąőďŋëå íńěłâàőŋőć ŕàĺ T = 0.

Ŕàĺáâãŕĺň ł àăáçěâã ˝_0(qω), őŕàěďěńïěňőčő ćëàăęěŋĺěň (2.9). İłćĺćăńěŋâŋăï ğăŕĺáì ĺňěěâ ćĺď:

˝_0(qω) = −2i ∫ d^3p (2π)^3 ∫_∞ −∞ dε 2π G_0(ε_+p_+)G_0(ε_−p_−) (2.15)

čďě ε_± = ε ±^ω_2 , p_± = p ±^1_2 q. Ć àăááňăâàĺćăěňőň ĺŋâěčàăńě ŋăĺąőńěě áãéěáâćěŋŋë őąńăáâĺ ĺŋâěčàĺàőćăŋĺï ćąńĺğĺ ŕőćěàåŋőáâĺ Ťěàňĺ, ŕőíâőňã ŕàĺ q ≪ p_F ňőęŋő ŋăŕĺáăâì |p_±| = p ±^1_2 q cos θ, čďě θ { ãčőń ňěęďã ćěłâőàăňĺ p ĺ q. Šőčďă:

G_0(ε_±p_±) = 1 ε_± − ξ_±(p) + iδsignξ_± (p) (2.16) čďě ξ_±(p) = ξ(p_±) = ξ(p) ± 1 2 v_F q cos θ (2.17)

Ĺŋâěčàĺàőćăŋĺě ŕő ε ć (2.15) ňőęŋő ŕàőćěáâĺ, ğăňëłăï łőŋâãà ĺŋâěčàĺàőćăŋĺï ć ćěàåŋěľ ŕőńãŕńőáłőáâĺ łőňŕńěłáŋőľ ŕěàěňěŋŋőľ ε ĺ àăáłńăďëćăï ŕàőĺğćěďěŋĺě ďćãå G_0 ŋă ŕàőáâěľèĺě ďàőąĺ. Ĺŋâěčàăń őâńĺçěŋ őâ ŋãńï, ěáńĺ ŕőńîáă őąěĺå äãŋłæĺľ Čàĺŋă G_0 ńěęăâ ć àăğŋëå ŕőńãŕńőáłőáâïå. Ć ĺâőčě ŕőńãçăěň: ∫_∞ −∞ dε (ε +^ω_2 − ξ_+ + iδsignξ_+ )(ε −^ω_2 − ξ_− + iδsignξ_− ) = = 2πi(n(ξ_−) − n(ξ_+)) ω − v_F q cos θ + iδ(signξ_+ − signξ_−) (2.18)

čďě: n(ξ) = { 1 ŕàĺ ξ ≤ 0 0 ŕàĺ ξ > 0 (2.19)

İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 17

{ äěàňĺěćáłăï äãŋłæĺï àăáŕàěďěńěŋĺï ŕàĺ T = 0. Ŕőáłőńìłã ŋăá ĺŋâěàěáãîâ ňăńëě q, àăğŋőáâì n(ξ_−) − n(ξ_+) őâńĺçŋă őâ ŋãńï ć âőŋłőň áńőě ćąńĺğĺ ŕőćěàåŋőáâĺ Ťěàňĺ. Ŕőíâőňã, ćňěáâő ŕőńŋőčő ĺŋâěčàăńă ŕő p ňőęŋő áçĺâăâì ĺŋâěčàăń ŕő ńĺŋěăàĺğőćăŋŋőňã áŕěłâàã ξ, ŕőńìğãïáì ŕàőáâëň ŕàăćĺńőň: ∫ d^3p (2π)^3 ... ≈ ν_F 2 ∫_∞ −∞ dξ ∫_1 −1 d(cos θ)... (2.20) čďě ν_F = mp_F 2π^2~^3

(2.21)

{ ŕńőâŋőáâì áőáâőïŋĺľ ŋă ãàőćŋě Ťěàňĺ ć àăáçěâě ŋă őďŋã ŕàőěłæĺî áŕĺŋă. Ć ğăćĺáĺňőáâĺ őâ ğŋăłă cos θ ćőğňőęŋë ďćă áńãçăï:

1. cos θ > 0 { âőčďă ćëàăęěŋĺě (2.18) őâńĺçŋő őâ ŋãńï ŕàĺ −^{vF q}_2 cos θ < ξ < v_F q 2 cos θ, ŕàĺçěň n(ξ_−) − n(ξ_+) = 1;

2. cos θ < 0 { âőčďă ćëàăęěŋĺě (2.18) őâńĺçŋő őâ ŋãńï ŕàĺ^{vF q}_2 cos θ < ξ < −^{vF q}_2 cos θ, ŕàĺçěň n(ξ_−) − n(ξ_+) = −1.

Ć àěğãńìâăâě, őáâăěâáï áńěďãîéĺľ ĺŋâěčàăń ŕő ãčńăň:

˝_0(qω) = ν_F

∫_1 −1 d cos θ v_F q cos θ ω − v_F q cos θ + iδsignω (2.22)

İâőâ ĺŋâěčàăń ćëçĺáńïěâáï ŋěŕőáàěďáâćěŋŋő, á ĺáŕőńìğőćăŋĺěň áőőâŋőèěŋĺï: ∫_1 −1 xdx x_0 − x + iδsignx_0 = A + iB (2.23)

A = −2 + x_0 ln | | | | x_0 + 1 x_0 − 1 | | | | B = 0 ŕàĺ |x_0| > 1 −πx_0 ŕàĺ 0 < x_0 < 1 πx_0 ŕàĺ − 1 < x_0 < 0

Ć ĺâőčě ŕőńãçăěň:

˝_0(qω) = −2ν_F { 1 − ω 2v_F q ln | | | | ω + v_F q ω − v_F q | | | | + iπ 2 |ω| v_F q θ ( 1 − |ω| v_F q )} (2.24)

Ďńï ω = 0 ĺňěěň:

˝_0(qω = 0) = −2ν_F = −N (E_F ) (2.25)

čďě ććěńĺ:

N (E_F ) = 2ν_F = mp_F π^2~^3

(2.26)

{ ŕńőâŋőáâì áőáâőïŋĺľ ŋă ãàőćŋě Ťěàňĺ ďńï őąěĺå ŕàőěłæĺľ áŕĺŋă. Ŕàĺ ω ≫ v_F q ĺňěěň:

˝_0(qω) ≈ N (E_F ) 1 3 v^2_F q^2 ω^2 ( 1 + 3 5 v^2_F q^2 ω^2 ) (2.27)

Ŕőńãçěŋŋëě äőàňãńë ąãďãâ ŋěőďŋőłàăâŋő ĺáŕőńìğőćăâìáï ć ďăńìŋěľèěň.

18 İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Ďĺíńěłâàĺçěáłăï ŕàőŋĺæăěňőáâì íńěłâàőŋŋőčő čăğă.

Ĺáŕőńìğãï (2.25) ć (2.8) ŕőńãçăěň ďĺíńěłâàĺçěáłãî ŕàőŋĺæăěňőáâì, áőőâćěâáâćãîéãî őąëçŋőľ (ďěąăěćáłőľ ĺńĺ âőňăá { äěàňĺěćáłőľ) íłàăŋĺàőćłě:

ϵ(q, 0)|q→0 = 1 +^{κ2D}_{q2} (2.28)

čďě łćăďàăâ őąàăâŋőčő àăďĺãáă íłàăŋĺàőćăŋĺï ěáâì:

κ^2_D = 4πe^2N (E_F ) = 4e^2mp_F π = 6πne^2 E_F (2.29)

čďě n =^{p3F}_{3π2} { ŕńőâŋőáâì íńěłâàőŋőć. Šőčďă äãàìě { őąàăğ íääěłâĺćŋőčő ćğăĺňőďěľáâćĺï ěáâì:

V(q, 0) = 4^{πe2}_{q2} +_{κ2D} (2.30)

Ć łőőàďĺŋăâŋőň ŕàěďáâăćńěŋĺĺ íâő áőőâćěâáâćãěâ ŕőâěŋæĺăńã ćĺďă: V(r) = e^2 r e^{−κD r} (2.31)

Ěáńĺ ĺáŕőńìğőćăâì ć (2.8) ăáĺňŕâőâĺłã (2.27), âő ć ŕàěďěńě q → 0 ŕőńãçĺň:

ϵ(ω) = 1 − ω^2_p ω^2

(2.32)

čďě łćăďàăâ ŕńăğňěŋŋőľ çăáâőâë őŕàěďěńïěâáï őąëçŋëň ćëàăęěŋĺěň:

ω^2_p = 4πne^2 m (2.33)

Şçĺâëćăï ćłńăď ćâőàőčő áńăčăěňőčő ć (2.27), ĺğ ãàăćŋěŋĺï ϵ(qω) = 0 ŋăåőďĺň áŕěłâà ŕńăğňőŋőć ć ćĺďě: ω^2(q) = ω^2_p + 3 5 v^2_F q^2 (2.34)

Ąőńěě ăłłãàăâŋëľ ăŋăńĺğ, á ãçěâőň ňŋĺňőľ çăáâĺ ŕőńïàĺğăæĺőŋŋőčő őŕěàăâőàă, ŕőğćőńïěâ ŕàőăŋăńĺğĺàőćăâì ĺå ğăâãåăŋĺě [5, 10]. Ŕàĺ àőáâě q áŕěłâà (2.34) ŕőŕăďăěâ ć őąńăáâì íŋěàčĺľ őďŋőçăáâĺçŋëå ćőğąãęďěŋĺľ (ŕăà çăáâĺæă { ďëàłă), łăł íâő ŕőłăğăŋő ŋă Řĺá.2-7(a), čďě ćőğŋĺłăěâ áĺńìŋőě ğăâãåăŋĺě ĺ ŕńăğňőŋ ĺáçěğăěâ łăł åőàőèő őŕàěďěńěŋŋőě łőńńěłâĺćŋőě ćőğąãęďěŋĺě áĺáâěňë.

İŋěàčĺï ćőğąãęďěŋĺï ŕăàë çăáâĺæă { ďëàłă ć áĺáâěňě áćőąőďŋëå äěàňĺőŋőć:

ω^0pq = ξp+q − ξp = (p + q)^2 2m − p^2 2m = qp m + q^2 2m (2.35)

Śŕěłâà íâĺå ćőğąãęďěŋĺľ á ĺňŕãńìáőň q őąàăğãěâ łőŋâĺŋããň, ńěęăéĺľ ć ŕàěďěńăå:

0 ≤ ω^0pq ≤ qp^F m + q^2 2m ŕàĺ q < 2p_F − qp_F m + q^2 2m ≤ ω^0pq ≤ qp_F m + q^2 2m ŕàĺ q > 2p_F (2.36)

İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 19

Řĺá. 2-7 (a) - Ğăèâàĺåőćăŋă őąńăáâì àăğàěèěŋŋëå ğŋăçěŋĺľ íŋěàčĺĺ ćőğąãęďěŋĺï íńěłâàőŋ ďëàőçŋëå ŕăà ć äěàňĺ-áĺáâěňě { őąńăáâì ğăâãåăŋĺï ŕńăğňőŋőć. (b) - ňŋĺňăï çăáâì őąőąéěŋŋőľ ćőáŕàĺĺňçĺćőáâĺ ŕńőâŋőáâì { ŕńőâŋőáâì ć łăŋăńě çăáâĺæă { ďëàłă.

İâă őąńăáâì ĺ ŕőłăğăŋă ğăèâàĺåőćăŋŋőľ ŋă Řĺá.2-7(a). Ć ďăńìŋěľèěň ňë ěéě ŕőłăęěň, çâő ňŋĺňăï çăáâì (2.24), ŕàĺ ω > 0, á âőçŋőáâìî ďő ğŋăłă áőćŕăďăěâ á ňŋĺňőľ çăáâìî äãŋłæĺĺ őâłńĺłă (őąőąéěŋŋőľ ćőáŕàĺĺňçĺćőáâĺ) ŕńőâŋőáâì { ŕńőâŋőáâì, çâő ŕőłăğăŋő ŋă Řĺá.2-7(b).

Ŕő áňëáńã ŕàőćěďěŋŋőčő ćëèě àăáçěâă ïáŋő, çâő ćëàăęěŋĺě (2.24) áŕàăćěďńĺćő âőńìłő ć őąńăáâĺ ňăńëå ω ĺ q. Ťăłâĺçěáłĺ, ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà ňőęěâ ąëâì àăááçĺâăŋ ďńï ŕàőĺğćőńìŋëå q ĺ ω (J.Lindhardt, 1954). Ŕàĺćěďěň àěğãńìâăâë áőőâćěâáâćãîéĺå àăáçěâőć [5]. Śâăâĺçěáłăï ďĺíńěłâàĺçěáłăï ŕàőŋĺæăěňőáâì ďăěâáï áńěďãîéĺň ćëàăęěŋĺěň:

ϵ(q, 0) = 1 + 4me^2p_F πq^2 u ( q 2p_F ) = = 1 + ( 4 9π^4 )_{1/3} r_s x^2 u(x) = 1 + 0.66r_s ( p_F q )_2 u ( q 2p_F ) (2.37) čďě u(x) = 1 2 { 1 + 1 − x^2 2x ln | | | | 1 + x 1 − x | | | | } (2.38)

Ć (2.37) ććěďěŋő áâăŋďăàâŋőě ć âěőàĺĺ íńěłâàőŋŋőčő čăğă őąőğŋăçěŋĺě rs, łőâőàőě őŕàěďěńïěâáï áőőâŋőèěŋĺěň^{4πr3s a30}_3 =^1_n , čďě n { ŕńőâŋőáâì íńěłâàőŋőć, a_0 = ~^2_{me2} { ąőàőćáłĺľ àăďĺãá. Šăłĺň őąàăğőň ćěńĺçĺŋă rs ŕàěďáâăćńïěâ áőąőľ áàěďŋěě àăááâőïŋĺě ňěęďã íńěłâàőŋăňĺ ć ěďĺŋĺæăå ąőàőćáłőčő àăďĺãáă.

Ŕăàăňěâàőň ňăńőáâĺ àăááňăâàĺćăěňőľ âěőàĺĺ (RPA) ïćńïěâáï őâŋőèěŋĺě åăàăłâěàŋőľ łãńőŋőćáłőľ íŋěàčĺĺ ł íŋěàčĺĺ Ťěàňĺ: V_C E_F ∼ e^2p_F p^2_F m ∼ e^2 ~v_F^∼ ~ p_F a_0 ∼ a a_0

∼ rs (2.39)

Ć ňěâăńńăå őąëçŋő ĺňěěň 1 < rs < 5, âăł çâő RPA ŕàĺąńĺęěŋĺě ïćńïěâáï ďńï ŋĺå, ć ŕàĺŋæĺŕě, ďőáâăâőçŋő ŕńőåĺň. Őŋő åőàőèő \àăąőâăěâ" ďńï áĺńìŋő áęăâőčő čăğă íńěłâàőŋőć ĺ ŕőíâőňã çăáâő ŋăğëćăěâáï ŕàĺąńĺęěŋĺěň ćëáőłőľ ŕńőâŋőáâĺ.

Čàăäĺł äãŋłæĺĺ u(x) ŕőłăğăŋ ŋă Řĺá.2-8. Ŕàĺ q → 0 őâáîďă, ěáâěáâćěŋŋő, ŕőńãçăěň ŕàőáâőľ őâćěâ (2.28). Śãéěáâćěŋŋő őąáãďĺâì őąńăáâì q ∼ 2p_F . Ĺğ (2.37) ĺ (2.38) ćĺďŋő, çâő ćěńĺçĺŋă ŕàőĺğćőďŋőľ^{∂ϵ(q,0)}_{∂q} → ∞ ŕàĺ q → 2p_F . İâő ŕàĺćőďĺâ ł àïďã ăŋőňăńĺľ äĺğĺçěáłĺå ćěńĺçĺŋ. Ŋăŕàĺňěà, ŕàőáâàăŋáâćěŋŋăï ğăćĺáĺňőáâì íłàăŋĺàőćăŋŋőčő ŕőâěŋæĺăńă ćğăĺňőďěľáâćĺï ŋě áćőďĺâáï ł ŕàőáâőľ äőàňãńě âĺŕă (2.31). Ďěńő ć âőň, çâő ăáĺňŕâőâĺçěáłőě ŕőćěďěŋĺě äãàìě { ĺŋâěčàăńă âĺŕă ∫ dqe^{iqr}f(q)

20 İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Řĺá. 2-8 Čàăäĺł äãŋłæĺĺ u(x). Ŕàőĺğćőďŋăï íâőľ äãŋłæĺĺ ĺňěěâ ńőčăàĺäňĺçěáłãî őáőąěŋŋőáâì ŕàĺ x = 1.

İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 21

őŕàěďěńïěâáï őáőąëňĺ âőçłăňĺ (áĺŋčãńïàŋőáâïňĺ) f(q) ĺ ěě ŕàőĺğćőďŋëå, ŕőŕăďăîéĺňĺ ćŋãâàì ĺŋâěàćăńă ĺŋâěčàĺàőćăŋĺï. Ŋăŕàĺňěà, ěáńĺ f(q) → ∞ ć âőçłě q = q_0, áłăęěň f(q) ∼ δ(q − q_0), âő ć f(r) ćőğŋĺłăěâ őáæĺńńĺàãîéĺľ ćłńăď ∼ e^{iq0r} . Ăŋăńőčĺçŋëň őąàăğőň, áĺŋčãńïàŋőáâì ŕàőĺğćőďŋőľ^{∂ϵ}_{∂q} ŕàĺ q = 2p_F ŕàĺćőďĺâ ł âőňã, çâő ć ŕőâěŋæĺăńě ćğăĺňőďěľáâćĺï ćőğŋĺłăěâ ďăńìŋőďěľáâćãîéĺľ ĺ őáæĺńńĺàãîéĺľ ćłńăď ćĺďă: V(r)|_{r→∞} ∼ cos(2p_F r + ϕ) r^3

(2.40)

Śőőâćěâáâćěŋŋő, íłàăŋĺàãîéĺľ ğăàïď ćőłàãč, ŋăŕàĺňěà, ğăàïęěŋŋőľ ŕàĺňěáĺ, âăłęě őáæĺńńĺàãěâ áőčńăáŋő (2.40) (äàĺďěńěćáłĺě őáæĺńńïæĺĺ).

Ěéě ąőńěě ćăęěŋ ăŋăńőčĺçŋëľ íääěłâ ć âěőàĺĺ ňăčŋĺâŋëå ćğăĺňőďěľáâćĺľ ć ňěâăńńăå. Ćëèě ňë ćĺďěńĺ, çâő ŕăàăňăčŋĺâŋăï ćőáŕàĺĺňçĺćőáâì íńěłâàőŋŋőčő čăğă, äăłâĺçěáłĺ, őŕàěďěńïěâáï âőľ ęě ŕőńïàĺğăæĺőŋŋőľ ŕěâńěľ (áň. (2.14)). Šőčďă:

χ_0(qω = 0) =

3g^2μ^2_Bn 8E_F u ( q 2p_F ) (2.41)

Śőőâćěâáâćěŋŋő, áŕĺŋőćăï ŕńőâŋőáâì s(r) ŋă ŋěłőâőàőň àăááâőïŋĺĺ r őâ ňăčŋĺâŋőľ ŕàĺňěáĺ áő áŕĺŋőň S_a, łőâőàăï őŕàěďěńïěâáï ćëàăęěŋĺěň:

s(r) =^J_{g2μ2B}^∑ q^{χ0}

(q)e^iqrSa (2.42)

ąãďěâ őáæĺńńĺàőćăâì ăŋăńőčĺçŋő (2.40). Ğďěáì J őŕàěďěńïěâ łőŋâăłâŋőě őąňěŋŋőě ćğăĺňőďěľáâćĺě ňěęďã ŕàĺňěáìî ĺ íńěłâàőŋăňĺ ŕàőćőďĺňőáâĺ: −JS_as. Ěáńĺ âěŕěàì ŕőňěáâĺâì ć ňěâăńń ďàãčãî ňăčŋĺâŋãî ŕàĺňěáì S_b, âő őŋă ąãďěâ ćğăĺňőďěľáâćőćăâì á íńěłâàőŋăňĺ ŕàőćőďĺňőáâĺ ăŋăńőčĺçŋëň őąàăğőň, ă áőőâćěâáâćěŋŋő ćőğŋĺłŋěâ ĺ íääěłâĺćŋőě őąňěŋŋőě ćğăĺňőďěľáâćĺě áŕĺŋőć ŕàĺňěáěľ çěàěğ íńěłâàőŋë ŕàőćőďĺňőáâĺ (ćğăĺňőďěľáâćĺě Řãďěàňăŋă { Łĺââěńï { Łăáãľï { Ĺőáĺďë). İâő ćğăĺňőďěľáâćĺě (ŘŁŁĹ) ĺňěěâ ćĺď:

J_{RKKY} (r_a − r_b) = −

J^2 g^2μ^2_B ∑ q^{χ0}

(q)e^iq^(r^{a −}r^{b)} ∼^{J 2}_{EF} cos(2^{pF rab} +^ϕ)_{r3ab} (2.43)

ĺ őáæĺńńĺàãěâ, łăł äãŋłæĺï àăááâőïŋĺï ňěęďã ŕàĺňěáïňĺ r_{ab}. Ĺğ âăłőľ őáæĺńńïæĺőŋŋőľ äőàňë ćğăĺňőďěľáâćĺï ńőłăńĺğőćăŋŋëå áŕĺŋőć ć ňěâăńńě ćőğŋĺłăěâ æěńëľ àïď áńěďáâćĺľ. Ćőğŋĺłŋőćěŋĺě ć (2.43) őąńăáâěľ (ć łőőàďĺŋăâŋőň ŕàőáâàăŋáâćě) á àăğŋëňĺ ğŋăłăňĺ (â.ě. ćğăĺňőďěľáâćĺľ äěààőňăčŋĺâŋőčő ĺ ăŋâĺäěààőňăčŋĺâŋőčő âĺŕőć) ŕàĺćőďĺâ ł ŕőïćńěŋĺî áńőęŋëå ňăčŋĺâŋëå áâàãłâãà, ŋăŕàĺňěà ć áőěďĺŋěŋĺïå, áőďěàęăéĺå àěďłőğěňěńìŋëě íńěňěŋâë (áŕĺàăńĺ, čěńĺłőĺďë) [6]. Ěáńĺ ęě àěçì ĺďěâ ő ŕàĺňěáïå, áńãçăľŋő àăáŕőńőęěŋŋëå ć ŋěňăčŋĺâŋőň ňěâăńńě, âő ćğăĺňőďěľáâćĺě (2.43) ŕàĺćőďĺâ ł ćőğŋĺłŋőćěŋĺî áőćěàèěŋŋő ŋěőąëçŋőčő ňăčŋĺâŋőčő áőáâőïŋĺï | áŕĺŋőćőčő áâěłńă [7].

22 İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Śőąáâćěŋŋő { íŋěàčěâĺçěáłăï çăáâì, íääěłâĺćŋăï ňăááă ĺ ğăâãåăŋĺě łćăğĺçăáâĺæ.

Ć łőŋěçŋőň ĺâőčě, ŋăèěľ ğăďăçěľ ïćńïěâáï àăáçěâ őďŋőçăáâĺçŋőľ äãŋłæĺĺ Čàĺŋă ć áĺáâěňě á łãńőŋőćáłĺň (ĺńĺ łăłĺň { ńĺąő ďàãčĺň) ćğăĺňőďěľáâćĺěň, łőâőàăï ćáěčďă ňőęěâ ąëâì ğăŕĺáăŋă ć ďăľáőŋőćáłőň ćĺďě:

G(pε) = 1 ε − ε_p − ˚(pε) (2.44)

čďě ďńï áőąáâćěŋŋő { íŋěàčěâĺçěáłőľ çăáâĺ ˚(pε) ĺáŕőńìğãěâáï łăłőě { ńĺąő ŕàĺąńĺęěŋĺě. Ůâő ĺğ íâőčő ňőęŋő ŕőńãçĺâì? Ňë ğŋăěň, çâő äãŋłæĺï Čàĺŋă áćőąőďŋëå íńěłâàőŋőć G_0(pε) ĺňěěâ ŕőńîá ŕàĺ ε_p =^{p2}_{2m} − μ. Ŕàěďŕőńőęĺň, çâő ĺ ć áĺáâěňě á ćğăĺňőďěľáâćĺěň äãŋłæĺï Čàĺŋă ĺňěěâ ŕőńîáŋëľ ćĺď:

G(pε) ≈ 1_{ε −} ~_{εp} (2.45)

čďě ~ε_p ŕàěďáâăćńïěâ áőąőľ áŕěłâà \ŕěàěŋőàňĺàőćăŋŋëå" łćăğĺçăáâĺæ. Śàăćŋěŋĺě á (2.44) ŕőłăğëćăěâ, çâő áŕěłâà ~ε_p őŕàěďěńïěâáï ãàăćŋěŋĺěň:

ε − ε_p − Re˚(pε) = 0 ĺńĺ ~ε_p − ε_p − Re˚(p~ε_p) = 0 (2.46)

čďě ďńï ŕàőáâőâë àăááãęďěŋĺľ ňë (ŕőłă!) ŕàěŋěąàěčńĺ Im˚, őŕàěďěńïîéěľ ğăâãåăŋĺě łćăğĺçăáâĺæ. Ŕàőćěďěň ć (2.44) àăğńőęěŋĺě ć őłàěáâŋőáâĺ ŕőńîáă:

G(pε) = 1 ε − ε_p − ˚(pε) = 1 ε − ε_p − ˚(p~ε_p) −^{∂Σ}_{∂ε} |_{ε=ε̃p} (ε − ~ε_p)

(2.47)

Ś ãçěâőň (2.46) ŕěàěŕĺèěň (2.47) ć ćĺďě:

G(pε) = 1

ε − ~ε_p −^{∂Σ}_{∂ε} |_{ε=ε̃p} (ε − ~ε_p) = 1 1−^∂Σ_{∂ε} |_ε=_{εp} ε − ~ε_p ≡ Z_p ε − ~ε_p (2.48)

čďě ććěďěŋ \ćëçěâ ć ŕőńîáě":

Z_p = 1 1 −^{∂Σ}_{∂ε} |_{ε=εp} (2.49)

Ĺŋőčďă ćěńĺçĺŋã Z_p ŋăğëćăîâ âăłęě äăłâőàőň \ŕěàěŋőàňĺàőćłĺ ćőńŋőćőľ äãŋłæĺĺ". Ĺğ őąéĺå áőőąàăęěŋĺľ ïáŋő, çâő Z_p ≤ 1, ŕàĺçěň àăćěŋáâćő ğďěáì ĺňěěâ ňěáâő âőńìłő ďńï ĺďěăńìŋőčő äěàňĺ { čăğă. Śŕěłâàăńìŋăï ŕńőâŋőáâì, áőőâćěâáâćãîéăï äãŋłæĺĺ Čàĺŋă (2.48): A(pε) = Zpδ(ε − ~εp) (2.50) ĺ ĺňěěâ (łăł ĺ ć ĺďěăńìŋőň čăğě) ćĺď ąěáłőŋěçŋő ãğłőčő ŕĺłă ŕàĺ ε = ~ε_p (íŋěàčĺĺ łćăğĺçăáâĺæë). Ťăłâĺçěáłĺ, ŋěàăćěŋáâćő Z_p < 1, őğŋăçăěâ, çâő ć áĺáâěňě á ćğăĺňőďěľáâćĺěň łćăğĺçăáâĺçŋëľ ćłńăď ć A(pε) ŋěáłőńìłő ŕőďăćńěŋ, ŋő ďőŕőńŋĺâěńìŋő ćőğŋĺłăěâ \ňŋőčőçăáâĺçŋëľ" (ŋěłőčěàěŋâŋëľ) ćłńăď ć áŕěłâàăńìŋãî ŕńőâŋőáâì [8], őâąàőèěŋŋëľ ŕàĺ ŕàőćěďěŋŋőň ŋăňĺ ãŕàőéěŋŋőň àăááňőâàěŋĺĺ. Ŕàěŋěąàěęěŋĺě ğăâãåăŋĺěň łćăğĺçăáâĺæ ŕàőïćĺńőáì ğďěáì ć âőň, çâő łćăğĺçăáâĺçŋëľ ćłńăď ć A(pε)

İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 23

ĺňěěâ δ { őąàăğŋëľ ćĺď, ğăâãåăŋĺě (łăł ňë ãćĺďĺň ŋĺęě) ŕàĺćőďĺâ ł ŕőïćńěŋĺî łőŋěçŋőľ èĺàĺŋë íâőčő ŕĺłă.

Ŕàěďŕőńőęĺň âěŕěàì, çâő áŕěłâà \ŕěàěŋőàňĺàőćăŋŋëå" łćăğĺçăáâĺæ ňőęěâ ąëâì őŕĺáăŋ ć ŕàĺąńĺęěŋĺĺ íääěłâĺćŋőľ ňăááë:

~ε_p = p^2 2m^∗ − μ (2.51)

Šőčďă ŋěâàãďŋő ŕőńãçĺâì: 1 2m^∗ = ∂ ~ε_p ∂(p^2) = ∂ε_p ∂(p^2) + { ∂˚ ∂(p^2) + ∂˚ ∂ ~ε_p ∂ ~ε_p ∂(p^2) } = = 1 2m + ∂˚ 2m∂ (_{p2} 2m ) + ∂˚ ∂ε |_{ε=ε̃p} ∂ ~ε_p ∂(p^2)

(2.52) ĺńĺ 1 m^∗ ( 1 − ∂˚ ∂ε |_{ε=ε̃p} ) = 1 m ( 1 + ∂˚ ∂ε_p ) (2.53)

âăł çâő m^∗ m = 1 −^{∂Σ}_{∂ε} |_{ε=ε̃p} 1 +^{∂Σ}_{∂εp} = 1 Z_p 1 1 +^{∂Σ}_{∂εp}

(2.54)

çâő ďăěâ ćăęŋãî áćïğì \ŕěàěŋőàňĺàőćłĺ" ňăááë m^∗/m á ćëçěâőň ć ŕőńîáě äãŋłæĺĺ Čàĺŋă Z_p. Ć ŕàőáâěľèěň áńãçăě, łőčďă áőąáâćěŋŋő { íŋěàčěâĺçěáłăï çăáâì ŋě ğăćĺáĺâ őâ ĺňŕãńìáă p (ĺńĺ, çâő âő ęě, őâ ~ε_p), íâă áćïğì ĺňěěâ őáőąěŋŋő ŕàőáâőľ ćĺď: m^∗ m = 1 Z_p (2.55)

âăł çâő íääěłâĺćŋăï ňăááă ć áĺáâěňě á ćğăĺňőďěľáâćĺěň ãćěńĺçĺćăěâáï, ŕő áàăćŋěŋĺî, áő áńãçăěň ĺďěăńìŋőčő čăğă.

Őąéěě ŕőćěďěŋĺě ğăâãåăŋĺï, áćïğăŋŋőčő á Im˚, ąãďěâ ŕőďàőąŋěě àăááňőâàěŋő ŕőğęě, ŋő ãęě ŋă íâőň ŕàőáâěľèěň ãàőćŋě àăááãęďěŋĺľ ïáŋő, çâő ŕőńãçěŋŋëě äőàňãńë ŕőğćőńïîâ àăááçĺâăâì íääěłâĺćŋëě åăàăłâěàĺáâĺłĺ ňŋőčőçăáâĺçŋőľ áĺáâěňë (łćăğĺçăáâĺæ), ĺáåőďï ĺğ âőčő ĺńĺ ĺŋőčő łőŋłàěâŋőčő ŕàĺąńĺęěŋĺï ďńï áőąáâćěŋŋő { íŋěàčěâĺçěáłőľ çăáâĺ (ŕőńãçăîéěčőáï ĺğ àăááňőâàěŋĺï łőŋłàěâŋëå ďĺăčàăňň âěőàĺĺ ćőğňãéěŋĺľ).

Ć łăçěáâćě ŕàĺňěàă, ćěàŋěňáï ł ğăďăçě ő áĺńìŋő áęăâőň čăğě íńěłâàőŋőć. Řăááňőâàĺň ŕàőáâěľèĺě ćłńăďë ć áőąáâćěŋŋő { íŋěàčěâĺçěáłãî çăáâì íńěłâàőŋă. Ťăłâĺçěáłĺ, åăàâàĺěćáłĺě ďĺăčàăňňë ãçĺâëćăâì ŋě ŋăďő, őŋĺ áőłàăéăîâáï á ãçěâőň ćłńăďă ćğăĺňőďěľáâćĺï íńěłâàőŋőć á ŕàőáâàăŋáâćěŋŋő { őďŋőàőďŋëň \äőŋőň" ŕőńőęĺâěńìŋëå ĺőŋőć, ććőďĺňëň ďńï őąěáŕěçěŋĺï íńěłâàőŋěľâàăńìŋőáâĺ. Ć áăňőň ďěńě, àăááňăâàĺćăï áãňňã ŕàőáâěľèĺå ďĺăčàăňň âăłőčő âĺŕă, ŕőłăğăŋŋãî ŋă Řĺá. 2-9, ĺňěěň ć őçěćĺďŋëå őąőğŋăçěŋĺïå: 2i ∫ dp^′V (0)G(p^′) − 2i ∫ dp^′V (0)G_i(p^′) =

= 2i ∫ dp^′ ∫ dεV (0)G(εp^′) − 2i ∫ dp^′ ∫ dεV (0)G_i(εp^′) =

= 2V (0) [∫ dpnp − ∫ dpn^ip ] = 2V (0)(n − n_i) = 0 (2.56)

24 İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Řĺá. 2-9 Ŕàőáâěľèĺě åăàâàĺěćáłĺě ďĺăčàăňňë, őŕĺáëćăîéĺě ćğăĺňőďěľáâćĺě íńěłâàőŋőć ňěęďã áőąőľ ĺ á ŕőńőęĺâěńìŋëň \äőŋőň" ĺőŋőć (äãŋłæĺï Čàĺŋă ĺőŋőć ŕőłăğăŋă ŕãŋłâĺàőň).

âăł, çâő ŕàőĺáåőďĺâ ĺå ŕőńŋăï łőňŕěŋáăæĺï (ŕńőâŋőáâì (ğăàïďă) íńěłâàőŋőć n àăćŋă ŕńőâŋőáâĺ (ğăàïďă) ĺőŋőć \äőŋă" n^i).

Šăłĺň őąàăğőň, ć RPA ŕàĺąńĺęěŋĺĺ ďěńő áćőďĺâáï ł àăáçěâã čàăäĺłă ďńï áőąáâćěŋŋő { íŋěàčěâĺçěáłőľ çăáâĺ, ŕőłăğăŋŋőčő ŋă Řĺá. 2-10, čďě \ęĺàŋăï" ćőńŋĺáâăï ńĺŋĺï áőőâćěâáâćãěâ íääěłâĺćŋőňã (íłàăŋĺàőćăŋŋőňã) łãńőŋőćáłőňã ćğăĺňőďěľáâćĺî Řĺá.2-4(b):

˚(p) = i ∫ d^4q (2π)^4

V(q)G_0(p + q) (2.57)

Ţőâï G_0(p) ĺ V(q) ĺğćěáâŋë âőçŋő, áőőâćěâáâćãîéĺě ĺŋâěčàĺàőćăŋĺï ćěáìňă čàőňőğďłĺ ĺ ňë ĺå őŕãáłăěň, ŕàĺćőďï ńĺèì őłőŋçăâěńìŋëě őâćěâë (J.J.Quinn, R.A.Ferrell, 1958) [5]. Őłăğëćăěâáï, çâő íŋěàčĺï łćăğĺçăáâĺæ, őâáçĺâăŋŋăï őâ ãàőćŋï Ťěàňĺ E_F , ć àăááňăâàĺćăěňőň ŕàĺąńĺęěŋĺĺ ĺňěěâ ćĺď:

~ε_p = E_F { p^2 p^2_F − 0.166r_s [ p p_F (ln r_s + 0.203) + ln r_s − 1.80 ]} − E_F (2.58)

Ďńï ğăâãåăŋĺï łćăğĺçăáâĺæ ć íâőň ŕàĺąńĺęěŋĺĺ ŕőńãçăěâáï:

|γ_p| = E_F (0.252r^{1/2}_s ) ( p p_F − 1 )_2 (2.59)

âăł çâő őŋő ňăńő ŕàĺ p → p_F , ć áňëáńě ćëŕőńŋěŋĺï ŋěàăćěŋáâćă |~ε_p| ≫ |γ_p|, çâő ŋăåőďĺâáï ć ŕőńŋőň áőőâćěâáâćĺĺ á őąéĺňĺ ćëćőďăňĺ äěŋőňěŋőńőčĺçěáłőľ âěőàĺĺ äěàňĺ { ęĺďłőáâĺ Ńăŋďăã [2, 9, 10]. İâő őąáâőïâěńìáâćő ĺ ŕőğćőńïěâ čőćőàĺâì ő \åőàőèő őŕàěďěńěŋŋëå" łćăğĺçăáâĺæăå ćąńĺğĺ ŕőćěàåŋőáâĺ Ťěàňĺ. Ĺğ (2.58) ĺ (2.59)

İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 25

Řĺá. 2-10 Śőąáâćěŋŋő { íŋěàčěâĺçěáłăï çăáâì íńěłâàőŋă ć RPA ŕàĺąńĺęěŋĺĺ. \Śăňőďěľáâćĺě" ŕőáàěďáâćőň íłàăŋĺàőćăŋŋőčő łãńőŋőćáłőčő ćğăĺňőďěľáâćĺï.

ïáŋő, çâő ć RPA ŕàĺąńĺęěŋĺĺ ŕőŋïâĺě łćăğĺçăáâĺæë ĺňěěâ áňëáń âőńìłő ć őąńăáâĺ |~ε_p| < E_F /5. Ĺğ (2.58) ŋěáńőęŋő ŕőńãçĺâì ĺ ćëàăęěŋĺě ďńï íääěłâĺćŋőľ ňăááë íńěłâàőŋă: 1 m^∗ = 1 p_F ∂ ~ε_p ∂p |_{p=pF} = 1 m [1 − 0.083r_s(ln r_s + 0.203)] (2.60)

Łăł ĺğćěáâŋő, íńěłâàőŋŋăï âěŕńőěňłőáâì ŕàőŕőàæĺőŋăńìŋă m^∗. Šőčďă ĺğ (2.60) áńěďãěâ àěğãńìâăâ, ćŕěàćëě ŕőńãçěŋŋëľ Čěńń { Ňăŋŋőň (1957) [5]: c c_0

= 1 + 0.083r_s(ln r_s + 0.203) (2.61)

čďě c_0 { âěŕńőěňłőáâì ĺďěăńìŋőčő äěàňĺ { čăğă.

Ć ğăłńîçěŋĺě ŋăŕőňŋĺň, çâő ćáě ćëŕĺáăŋŋëě àěğãńìâăâë áŕàăćěďńĺćë ďńï áĺńìŋő áęăâőľ áĺáâěňë íńěłâàőŋőć, łőčďă r_s ≪ 1. Ć àěăńìŋëå ňěâăńńăå 1 < r_s < 5, âăł çâő ŕőńìğőćăâìáï RPA ŕàĺąńĺęěŋĺěň ŋăďő á őáâőàőęŋőáâìî!

İääěłâ Řãďěàňăŋă { Łĺââěńï.

Ćěàŋěňáï ł ąőńěě ďěâăńìŋőňã àăááňőâàěŋĺî íääěłâă Řãďěàňăŋă { Łĺââěńï [3]. Ŕãáâì ĺňěěâáï ńőłăńĺğőćăŋŋëľ (ć ŋăçăńě łőőàďĺŋăâ) áŕĺŋ S, őłàãęěŋŋëľ ĺďěăńìŋëň äěàňĺ { čăğőň íńěłâàőŋőć, ĺ ćğăĺňőďěľáâćãîéĺľ á ĺå ńőłăńìŋőľ áŕĺŋőćőľ

26 İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

ŕńőâŋőáâìî ŕőáàěďáâćőň łőŋâăłâŋőčő (âőçěçŋőčő) ćğăĺňőďěľáâćĺï ćĺďă: H_{int} = −J ∫ drS^iδ(r)ψ^+(r)^σ^iψ(r) (2.62)

Śçĺâăï őąňěŋŋëľ ĺŋâěčàăń J ňăńëň, ŕőŕëâăěňáï ŋăľâĺ ŕőńïàĺğăæĺî íńěłâàőŋŋëå áŕĺŋőć:

σ^i(r) =< ψ^+(r)^σ^iψ(r) > (2.63)

łăł äãŋłæĺî àăááâőïŋĺï |r| őâ áŕĺŋă S.

Ŕàőćěďěň áŋăçăńă àăááňőâàěŋĺě ŕàĺ T = 0. Ćëŕĺèěň áŋăçăńă äãŋłæĺî Čàĺŋă áćőąőďŋőčő íńěłâàőŋă ć łőőàďĺŋăâŋőň ŕàěďáâăćńěŋĺĺ. Ć ňěâőďĺçěáłĺå æěńïå, ĺ çâőąë őæěŋĺâì âőçŋőáâì çăáâő ĺáŕőńìğãěňëå ŕàĺąńĺęěŋĺľ, ŕàőďěńăěň íâő ďćãňï áŕőáőąăňĺ. Ŋăçŋěň á ĺŋâěčàĺàőćăŋĺï ŕő ãčńăň: G(ε, r) = ∫_∞ 0 ∫_π 0 dpp^2 sin θdθ 2π^2 e^{ipr cos θ} ε − ξ(p) + iδsignε = = 1 2π^2r ∫_∞ 0 dpp sin pr ε − ξ(p) + iδsignε (2.64)

Ŕěàćëľ ĺ ŕàőáâěľèĺľ áŕőáőą ďăńìŋěľèěčő ćëçĺáńěŋĺï | ŕěàěľâĺ őâ ĺŋâěčàĺàőćăŋĺï ŕő p ł ĺŋâěčàĺàőćăŋĺî ŕő ńĺŋěăàĺğőćăŋŋőňã (ćąńĺğĺ ŕőćěàåŋőáâĺ Ťěàňĺ) áŕěłâàã ξ ĺ ćğïâì ĺŋâěčàăń ćëçěâăňĺ: G(ε, r) ≈ 1 2π^2r ∫_∞ −∞ dξ v_F p_F sin(p_F + ξ/v_F )r ε − ξ + iδsignε = − m 2πr e^{ir(signεpF +|ε|/vF )} (2.65) Ćĺďĺň, çâő äãŋłæĺï Čàĺŋă őáæĺńńĺàãěâ á ŕěàĺőďőň àăćŋëň äěàňĺěćáłőľ ďńĺŋě ćőńŋë λ_F =^{2π~}_{pF} . Ĺğ-ğă íääěłâőć äěàňĺěćáłőľ áâăâĺáâĺłĺ äăğă íâĺå őáæĺńńïæĺľ ňěŋïěâ ğŋăł ŋă ãàőćŋě Ťěàňĺ (ŕàĺ ε = 0).

Ćâőàőľ áŕőáőą áőáâőĺâ ć âőň, çâőąë ćëŕőńŋĺâì ĺŋâěčàĺàőćăŋĺě ŕő p âőçŋő. Ŕőńìğãïáì çěâŋőáâì ŕőďĺŋâěčàăńìŋőčő ćëàăęěŋĺï ć (2.64), àăáŕàőáâàăŋĺň ĺŋâěčàăń ŕő p ŋă ćáî ćěéěáâćěŋŋãî őáì ĺ ŕőďěńĺň ŕőŕőńăň, âăł çâő: G(ε, r) = 1 4π^2r ∫_∞ −∞ dpp sin pr ε −^{p2}_{2m} + E_F + iδsignε (2.66)

Řăğńăčăï ğďěáì ŕőďĺŋâěčàăńìŋőě ćëàăęěŋĺě ŋă ŕàőáâěľèĺě ďàőąĺ, ŕàőćőďĺň ĺŋâěčàĺàőćăŋĺě ĺ ŕőńãçăěň: G(ε, r) = m 4π^2r ∫_∞ −∞ dp sin pr [ 1 κ − p − 1 κ + p ] = − m 2πr e^{isignεκr} (2.67) čďě κ = √ 2m(ε + E_F + iδsignε). Śàăćŋĺćăï á (2.65) ćĺďĺň, çâő ãŕàőéěŋŋëľ áŕőáőą ĺŋâěčàĺàőćăŋĺï ŕő ξ ďăěâ åőàőèãî âőçŋőáâì ŕàĺ |ε| ≪ E_F , â.ě. ŕàĺ àăááňőâàěŋĺĺ ŋěŕőáàěďáâćěŋŋőľ őłàěáâŋőáâĺ ŕőćěàåŋőáâĺ Ťěàňĺ.

Ŕěàěľďěň âěŕěàì ł àăáçěâã áŕĺŋőćőľ ŕőńïàĺğăæĺĺ (2.63). Ğăŕĺèěň íâő ćëàăęěŋĺě çěàěğ âőçŋãî äãŋłæĺî Čàĺŋă (ãçĺâëćăîéãî ćğăĺňőďěľáâćĺě íńěłâàőŋőć á ńőłăńĺğőćăŋŋëň áŕĺŋőň):

^σ^i(r) = −i lim

t^′→t+0r=r^′

Sp^σ^iG(rt; r^′t^′) (2.68)

İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 27

Ÿŕãà ğďěáì ćëçĺáńïěâáï ŕő áŕĺŋőćëň ĺŋďěłáăň ^σ^i ĺ G. Ťãŋłæĺî Čàĺŋă G ćőğìňěň ć ŕěàćőň ŕőàïďłě ŕő ćğăĺňőďěľáâćĺî (2.62):

G^{(1)}_{αβ}(ε, r, r^′) = −σ^i_{αβ}G_0(εr)G_0(ε, −r^′)JS^i (2.69)

Šőčďă ŕőďáâăćńïï (2.69) ć (2.68) ĺ ãçĺâëćăï Spσ^iσ^j = 2δ^{ij}, ŕőńãçĺň:

σ^i(r) = 2iJS^i ∫ dε 2π G^2_0(εr) (2.70)

çâő äăłâĺçěáłĺ áőćŕăďăěâ á ćëŕĺáăŋŋëň ćëèě ćëàăęěŋĺěň (2.42). Ćőáŕőńìğãěňáï ğďěáì ćëàăęěŋĺěň (2.65) ĺ ŋăľďěň (ďńï p_F r ≫ 1): ∫ dε 2π G^2_0(εr) = 1 2π ( m 2πr )_2 ∫ ∞ 0 dε ( e^{i2pF r+ 2iεv}F^r + e^{−i2pF r+ 2iεv}F^r ) = = i mp_F (2π)^3 cos 2p_F r r^3

(2.71)

âăł çâő ďńï áŕĺŋőćőľ ŕńőâŋőáâĺ ŕőńãçăěň ňěďńěŋŋő ğăâãåăîéĺě őáæĺńńïæĺĺ á ŕěàĺőďőň π/p_F : σ^i(r) = −JS^i mp_F 4π^3 cos 2p_F r r^3

(2.72)

Ąőńěě ăłłãàăâŋőě ćëàăęěŋĺě ďńï áŕĺŋőćőľ ŕńőâŋőáâĺ ć âőçłě r ňőęŋő ŕőńãçĺâì, ĺáŕőńìğãï âőçŋãî r{ğăćĺáĺňőáâì äãŋłæĺĺ Čàĺŋă (2.67) ĺ ŕàőĺŋâěčàĺàőćăć ěě łćăďàăâ ć (2.70) ŕő ε. Šőčďă ŕőńãçăěâáï: σ^i(r) = −JS^i 2mp^4_F π^3

(cos 2p_F r (2p_F r)^3 − sin 2p_F r (2p_F r)^4 ) (2.73)

Ć ăáĺňŕâőâĺçěáłőň ŕàěďěńě p_F r ≫ 1 ćëàăęěŋĺě (2.73) ćáě ąőńěě ŕàĺąńĺęăěâáï ł (2.72), çâő áőčńăáãěâáï á \ĺďěőńőčĺěľ" ĺŋâěčàĺàőćăŋĺï ŕő ξ. Őâňěâĺň ěéě, çâő áĺŋčãńïàŋőáâì âőçŋőčő ćëàăęěŋĺï (2.73) ŕàĺ ňăńëå r ĺňěěâ åăàăłâěà 1/r. Ŕőíâőňã ŕàĺ ćğïâĺĺ ĺŋâěčàăńă ŕő d^3r àăáåőďĺňőáâĺ ŕőńŋőľ ŕőńïàĺğăæĺĺ ŋě ćőğŋĺłăěâ. Ćëàăęěŋĺě (2.72) ąőńěě áĺŋčãńïàŋő ŕàĺ r → 0, őďŋăłő ć íâőľ őąńăáâĺ őŋő ŋěŕàĺňěŋĺňő, ŕőáłőńìłã ĺŋâěčàĺàőćăŋĺě ŕő ξ čăàăŋâĺàãěâ ŕàăćĺńìŋőáâì őâćěâă ńĺèì ŋă ąőńìèĺå àăááâőïŋĺïå.

Ŕàőćěďěň âěŕěàì ăŋăńőčĺçŋőě àăááňőâàěŋĺě ďńï áńãçăï łőŋěçŋëå âěňŕěàăâãà. Śŋőćă ćëçĺáńĺň áćőąőďŋãî (ňăæãąăàőćáłãî!) äãŋłæĺî Čàĺŋă ć łőőàďĺŋăâŋőň ŕàěďáâăćńěŋĺĺ, ăŋăńőčĺçŋő (2.65):

G(ε_nr) = ∫ d^3p (2π)^3 e^ipr iε_n − ξ(p) = ν_F pr ∫_∞ −∞ dξ sin ( p_F +^ξ_{vF} ) r iε_n − ξ = = ν_F 2ipr ∫_∞ −∞ dξ e^{i(pF +ξ/vF )r} − e^{−i(pF +ξ/vF )r} iε_n − ξ = − m 2πr e^{i(pF +iεn/vF )rsignεn} (2.74) Šőçŋő âăłęě, łăł ĺ ćëèě, ćëàăğĺň ŕńőâŋőáâì áŕĺŋă çěàěğ âőçŋãî äãŋłæĺî Čàĺŋă. Ćáě ćëłńăďłĺ őâńĺçăîâáï ńĺèì ğăňěŋőľ −i âãâ ĺ âăň ŋă −1. Ć ĺâőčě ĺňěěň:

σ^i(r) = −2JS^iT ∑ ε_n G^2_0(ε_n, r) (2.75)

çâő ďăěâ: σ^i(r) = −2JS^iT ( m 2πr )_2 { ∑ ε_n>0 e^{2ipF r−2εnr/vF} + ∑ ε_n<0 e^{−2ipF r+2εnr/vF} } (2.76)

28 İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Śãňňë ŕő çăáâőâăň ćëçĺáńïîâáï íńěňěŋâăàŋő ĺ ňë ŕőńãçăěň: σ^i(r) = −JS^i m^2T 2π^2r^2 cos 2p_F r sh^{2πT r}_{vF} (2.77)

Ŕàĺ T → 0 íâő ćëàăęěŋĺě ŕěàěåőďĺâ ć ŕőńãçěŋŋőě àăŋěě. Ďńĺŋă, ŋă łőâőàőľ ŕàőĺáåőďĺâ ğăâãåăŋĺě őáæĺńńïæĺľ, őłăğëćăěâáï âěŕěàì àăćŋőľ^{~vF}_{2πT} (áà. ăàčãňěŋâ čĺŕěàąőńĺçěáłőčő áĺŋãáă!). Šăłĺň őąàăğőň, ŕàĺ łőŋěçŋëå âěňŕěàăâãàăå, őáæĺńńïæĺĺ ŘŁŁĹ áőåàăŋïîâáï ŋă àăááâőïŋĺïå, ŋě ŕàěćëèăîéĺå \âěŕńőćãî" ďńĺŋã l_T =^{~vF}_T ĺ íłáŕőŋěŋæĺăńìŋő ňăńë ŕàĺ r > l_T .

Ńĺŋěľŋëľ őâłńĺł.

Ğăďăçă ćëçĺáńěŋĺï ńĺŋěľŋőčő őâłńĺłă ňŋőčőçăáâĺçŋőľ áĺáâěňë ŋă ćŋěèŋěě ćőğňãéěŋĺě ïćńïěâáï őďŋőľ ĺğ æěŋâàăńìŋëå ć âěőàĺĺ łőŋďěŋáĺàőćăŋŋőčő áőáâőïŋĺï. Ŕőáňőâàĺň, łăł íâă ğăďăçă àěèăěâáï ć àăňłăå äőàňăńĺğňă äěľŋňăŋőćáłĺå (ňăæãąăàőćáłĺå) äãŋłæĺľ Čàĺŋă.

Ćěàŋěňáï ł àăááňőâàěŋĺî ďĺíńěłâàĺçěáłőľ ŕàőŋĺæăěňőáâĺ. Śâàőčő čőćőàï, ŕàőŋĺæăěňőáâì, őŕàěďěńěŋŋăï ć (2.8), ŋě ïćńïěâáï äãŋłæĺěľ őâłńĺłă! Őŋă, ć çăáâŋőáâĺ, ŋě őąńăďăěâ ŕàăćĺńìŋëňĺ ăŋăńĺâĺçěáłĺňĺ áćőľáâćăňĺ, ŕőáłőńìłã (áň. (2.24)) ã ŋěě ĺňěîâáï őáőąěŋŋőáâĺ ĺ ć ŕőńãŕńőáłőáâĺ Imω > 0, çěčő ŋě ďőńęŋő ąëâì. İâő ęě ćĺďŋő ĺ ĺğ (2.18), čďě, ć ğăćĺáĺňőáâĺ őâ ğŋăłőć ξ_+ ĺ ξ_− ŕőńîá ŕő ω ňőęěâ őłăğăâìáï ć ćěàåŋěľ ŕőńãŕńőáłőáâĺ, ć ŋĺęŋěľ, ĺńĺ ŋă ćěéěáâćěŋŋőľ őáĺ. İâő ăćâőňăâĺçěáłĺ ŕàĺćőďĺâ ł ŋăàãèěŋĺî ŕàĺŋæĺŕă ŕàĺçĺŋŋőáâĺ (áőőâŋőèěŋĺľ Łàăňěàáă { Łàőŋĺčă) [11]. Ďěńő ğďěáì ć âőň, çâő ŕàĺ ćëçĺáńěŋĺĺ ŕőńïàĺğăæĺőŋŋőľ ŕěâńĺ (ŕàĺ T = 0) ĺáŕőńìğãîâáï ŕàĺçĺŋŋëě (äěľŋňăŋőćáłĺě) äãŋłæĺĺ Čàĺŋă, áőőâćěâáâćěŋŋő ˝(−ω) = ˝(ω), âőčďă łăł őąőąéěŋŋăï ćőáŕàĺĺňçĺćőáâì (ğăŕăğďëćăîéăï äãŋłæĺï őâłńĺłă) ďőńęŋă ãďőćńěâćőàïâì ãáńőćĺî χ(−ω) = χ^∗(ω). Ŕőíâőňã, ğăďăçă ćëçĺáńěŋĺï ŕàăćĺńìŋëå äãŋłæĺľ őâłńĺłă âàěąãěâ áŕěæĺăńìŋőčő őąáãęďěŋĺï.

Śâăŋďăàâŋëľ ňěâőď àăąőâë á ćőáŕàĺĺňçĺćőáâïňĺ ĺáŕőńìğãěâ âěňŕěàăâãàŋãî âěåŋĺłã ĺ ŕőáńěďãîéěě ăŋăńĺâĺçěáłőě ŕàőďőńęěŋĺě á ňŋĺňëå ďĺáłàěâŋëå çăáâőâ ŋă ďěľáâćĺâěńìŋëě ćěéěáâćěŋŋëě, çâő, łăł ŕàăćĺńő, ĺ ďăěâ áőőâćěâáâćãîéãî ğăŕăğďëćăîéãî äãŋłæĺî Čàĺŋă (ćőáŕàĺĺňçĺćőáâì). Łăł íâő ďěńăěâáï ć ďőáâăâőçŋő őąéěň ćĺďě ňë ěéě ãćĺďĺň, ŋő ěáńĺ àăááňăâàĺćăěâáï áĺáâěňă ŋěćğăĺňőďěľáâćãîéĺå çăáâĺæ, âő ăŋăńĺğ áãéěáâćěŋŋő ãŕàőéăěâáï [3].

Ćőáŕàĺĺňçĺćőáâì ćěńĺçĺŋë A ŕő őâŋőèěŋĺî ł ćěńĺçĺŋě B (čďě A ĺ B { ŋěłőâőàëě łćăŋâőćëě őŕěàăâőàë) ďăěâáï äőàňãńőľ Łãąő [11, 12]: χ_{AB} (ω) = i ∫_∞ 0 dte^{iωt} < [ ^A(t), ^B(0)] > (2.78)

Śâőïéĺľ ğďěáì łőňňãâăâőà (ãáàěďŋěŋŋëľ ŕő őáŋőćŋőňã áőáâőïŋĺî ĺńĺ ŕő Čĺąąáã) ŕàěďáâăćńïěâ áőąőľ ćłńăď őâ áőőâćěâáâćãîéěľ ğăŕăğďëćăîéěľ ďćãåćàěňěŋŋőľ äãŋłæĺĺ Čàĺŋă Ąőčőńîąőćă { Šïąńĺłőćă [11, 12]^3. Ůâőąë ŋăľâĺ áàěďŋěě ŕő ćàěňěŋĺ őâ íâőčő łőňňãâăâőàă ŕő őáŋőćŋőňã áőáâőïŋĺî (T = 0) áĺáâěňë ŋěćğăĺňőďěľáâćãîéĺå çăáâĺæ, ğăŕĺèěň őŕěàăâőàë ^A ĺ ^B ć ŕàěďáâăćńěŋĺĺ ćâőàĺçŋőčő łćăŋâőćăŋĺï,

3Ćåőďïéăï ć őŕàěďěńěŋĺě íâőľ äãŋłæĺĺ θ(t) ŕàĺćěńă ł ćőğŋĺłŋőćěŋĺî ć (2.78) ĺŋâěčàăńă ŕő ćàěňěŋĺ őâ t = 0 ďő t = ∞.

İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 29

ĺáŕőńìğãï ĺğćěáâŋëě (ŕő ŕàěďŕőńőęěŋĺî!) áőąáâćěŋŋëě äãŋłæĺĺ ψ_m ĺ áőąáâćěŋŋëě ğŋăçěŋĺï (ãàőćŋĺ) íŋěàčĺĺ E_m ŋăèěľ áĺáâěňë^4:

^A(t) = ∑ mk A_{mk}^a^+_m^a_ke^{−i(Ek −Em )t} (2.79) ^B(t) = ∑ mk B_{mk} ^a^+_m^a_ke^{−i(Ek −Em )t} (2.80)

čďě A_{mk} ĺ B_{mk} { áőőâćěâáâćãîéĺě ňăâàĺçŋëě íńěňěŋâë ŋăèĺå őŕěàăâőàőć ŕő äãŋłæĺïň ψ_m ĺ ψ_k, ă ^a^+_m, ^a_k { äěàňĺěćáłĺě őŕěàăâőàë àőęďěŋĺï ĺ ãŋĺçâőęěŋĺï ć áőőâćěâáâćãîéĺå áőáâőïŋĺïå. Ŕőďáâăćńïï íâĺ ćëàăęěŋĺï ć < [ ^A(t), ^B(0)] > ĺ ŋěŕőáàěďáâćěŋŋő ćëçĺáńïï łőňňãâăâőà, ĺáŕőńìğãï âěőàěňã Ćĺłă, ŕőńãçăěň:

χ_{AB} (ω) = ∑ mk A_{mk}B_{km} n(E_m) − n(E_k) E_k − E_m − ω − iδ (2.81)

čďě n(E_k) =< ^a^+_k ^a_k > { áőőâćěâáâćãîéăï äãŋłæĺï Ťěàňĺ.

Ć áńãçăě, łőčďă áőąáâćěŋŋëě äãŋłæĺĺ ŋěĺğćěáâŋë (ŋăŕàĺňěà, łőčďă àěçì ĺďěâ őą ãàőćŋïå ć łőŋłàěâŋőľ àěăńĺğăæĺĺ áńãçăľŋőčő ŕőâěŋæĺăńă), ŕőńěğŋő ćëàăğĺâì ćőáŕàĺĺňçĺćőáâì çěàěğ íńěłâàőŋŋëě äãŋłæĺĺ Čàĺŋă. Ŋăŕőňŋĺň, ć áćïğĺ á íâĺň, őŕàěďěńěŋĺï ğăŕăğďëćăîéěľ ĺ őŕěàěęăîéěľ äãŋłæĺľ Čàĺŋă G^R(ε) ĺ G^A(ε). İâĺ äãŋłæĺĺ áćïğăŋë á ŕàĺçĺŋŋőľ (äěľŋňăŋőćáłőľ) äãŋłæĺěľ Čàĺŋă áńěďãîéĺň őąàăğőň [1]: G(t, t^′) = { G^R(t, t^′) t > t^′ G^A(t, t^′) t < t^′ (2.82) Ŕőáńě äãàìě { ŕàěőąàăğőćăŋĺï:

G^{R(A)}(εp) = 1 ε − ξ(p) ± iδ (2.83)

âăł çâő ć äěľŋňăŋőćáłőľ äãŋłæĺĺ Čàĺŋă ćőğŋĺłăîâ ćłńăďë őâ çăáâĺæ ĺ ďëàőł:

G(εp) = (1 − n(p))G^R(εp) + n(p)G^A(εp) = = 1 − n(p) ε − ξ(p) + iδ + n(p) ε − ξ(p) − iδ (2.84) čďě n(p) = { 1 p ≤ p_F 0 p > p_F (2.85) { äěàňĺěćáłőě àăáŕàěďěńěŋĺě ŕàĺ T = 0.

Ůâőąë ćëàăğĺâì ćőáŕàĺĺňçĺćőáâì çěàěğ G^R(ε) ĺ G^A(ε), ŕàěďáâăćĺň íŋěàčěâĺçěáłĺľ ğŋăňěŋăâěńì ć (2.81) ć ćĺďě ĺŋâěčàăńă ŕő ćáŕőňőčăâěńìŋőľ ŕěàěňěŋŋőľ: 1 E_k − E_m − ω − iδ = − 1 2πi ∫_∞ −∞ dε 1 (ε − ω − E_m − iδ)(ε − E_k + iδ) = = − 1 2πi ∫_∞ −∞ dεG^A_m(ε − ω)G^R_k (ε) (2.86)

4Ŋăŕàĺňěà ďńï ĺďěăńìŋőčő äěàňĺ - čăğă | íâő ŕàőáâő ŕńőáłĺě ćőńŋë, ďńï âăłőčő ęě čăğă ćő ćŋěèŋěň ňăčŋĺâŋőň ŕőńě | íâő ãàőćŋĺ Ńăŋďăã, ďńï íńěłâàőŋă ć áńãçăľŋőň ŕőâěŋæĺăńìŋőň ŕőńě | íâő ćáěčďă áãéěáâćãîéĺě (ŋő ŋěĺğćěáâŋëě ŋăň!) âőçŋëě ćőńŋőćëě äãŋłæĺĺ ĺ ãàőćŋĺ íŋěàčĺĺ íńěłâàőŋă ďńï łőŋłàěâŋőľ àěăńĺğăæĺĺ íâőčő áńãçăľŋőčő ŕőńï, ĺ â.ŕ.

30 İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Ŕőďáâăćńïï íâő ćëàăęěŋĺě ć (2.81), ŕőńãçăěň őąéěě őŕěàăâőàŋőě ćëàăęěŋĺě ďńï ćőáŕàĺĺňçĺćőáâĺ: χ_{AB}(ω) = 1 2πi ∫_∞ ∞ dεSp([ ^G^R(ε) ^B, ^G^A(ε − ω) ^A]^ρ) (2.87)

čďě ^ρ { ňăâàĺæă ŕńőâŋőáâĺ (ć ďĺăčőŋăńìŋőň ŕàěďáâăćńěŋĺĺ ĺňěěň ρ_{mk} = n(E_m)δ_{mk}). Őáŋőćŋőě ŕàěĺňãéěáâćő ćëàăęěŋĺï (2.87) ŕő áàăćŋěŋĺî á (2.81) ć âőň, çâő őŋő ćěàŋő ć ŕàőĺğćőńìŋőň ąăğĺáě ĺ, ŕőíâőňã, ňőęěâ ąëâì ĺáŕőńìğőćăŋő ďăęě ěáńĺ âőçŋëě őďŋőçăáâĺçŋëě äãŋłæĺĺ ŋěĺğćěáâŋë.

Ŕàőćěďěŋŋőě ćëèě àăááňőâàěŋĺě ĺáŕőńìğőćăńő âěåŋĺłã T = 0. Ŕàĺ T > 0 áńěďãěâ ĺáŕőńìğőćăâì ňăæãąăàőćáłãî âěåŋĺłã. Ňőęěâ ŕőłăğăâìáï, çâő ďńï àăááňőâàěŋĺï ďĺŋăňĺłĺ ć àěăńìŋőň ćàěňěŋĺ t (çâő âàěąãěâáï ďńï àăáçěâă (2.78)) ňăæãąăàőćáłĺľ äőàňăńĺğň ąěáŕőńěğěŋ, ŕőáłőńìłã ć ŋěň ňë ĺňěěň ďěńő á ňŋĺňëň ćàěňěŋěň τ . Šěň ŋě ňěŋěě, łăł ňë áěľçăá ãćĺďĺň, á ŕőňőéìî ňăæãąăàőćáłőľ âěåŋĺłĺ àăááçĺâăâì ńĺŋěľŋëľ őâłńĺł ďőáâăâőçŋő ńěčłő.

Ććěďěň âăł ŋăğëćăěňãî ňăæãąăàőćáłãî ćőáŕàĺĺňçĺćőáâì (ω_m = 2πmT ):

χ^{(M)}_{AB} (ω_m) = 1 2 ∫_β −β dτ < T_τ ^A(τ ) ^B(0) > e^{iωm τ} (2.88)

Őłăğëćăěâáï [1], çâő ňőęŋő áäőàňãńĺàőćăâì áńěďãîéěě ğăňěçăâěńìŋőě ãâćěàęďěŋĺě:

• Ťãŋłæĺï χ^{(M)}_{AB} (ω_m), ăŋăńĺâĺçěáłĺ ŕàőďőńęěŋŋăï á ďĺáłàěâŋőčő ňŋőęěáâćă âőçěł ŋă ŕőńőęĺâěńìŋőľ ňŋĺňőľ ŕőńãőáĺ ω = iω_n (n > 0), ŋă ćěéěáâćěŋŋãî őáì Imω = 0, ďăěâ ć âőçŋőáâĺ ĺŋâěàěáãîéãî ŋăá χ_{AB}(ω).

İâă âěőàěňă ŕőğćőńïěâ ŋăåőďĺâì ćőáŕàĺĺňçĺćőáâì χ_{AB} (ω) á ŕőňőéìî χ^{(M)}_{AB} (ω_m), łőâőàãî ňőęŋő ćëçĺáńïâì á ŕőňőéìî ňăæãąăàőćáłőľ ďĺăčàăňňŋőľ âěåŋĺłĺ. Ć őâáãâáâćĺě ćğăĺňőďěľáâćĺï, ňăæãąăàőćáłăï ćőáŕàĺĺňçĺćőáâì ďăěâáï ćáěčő őďŋőľ ďĺăčàăňňőľ | ŕěâńěľ (ĺńĺ \ŕőńïàĺğăæĺőŋŋëň" őŕěàăâőàőň) á őŕěàăâőàăňĺ ^A ĺ ^B ć ćěàèĺŋăå. Ć âěåŋĺłě T = 0 ćőáŕàĺĺňçĺćőáâì ĺ ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà ĺňěîâ àăğŋëě ăŋăńĺâĺçěáłĺě áćőľáâćă. Ŋő áőčńăáŋő ŕàĺćěďěŋŋőľ âěőàěňě, ďńï ŕőńãçěŋĺï ćőáŕàĺĺňçĺćőáâĺ ďőáâăâőçŋő ćëçĺáńĺâì \ŕőńïàĺğăæĺőŋŋãî" ŕěâńî á ňăæãąăàőćáłĺňĺ äãŋłæĺïňĺ Čàĺŋă, ă ğăâěň ŕàăćĺńìŋő ŕàőďőńęĺâì ěě ŋă ćěéěáâćěŋŋëě çăáâőâë.

Ďőłăęěň âěŕěàì ŋăèě őáŋőćŋőě ãâćěàęďěŋĺě. Ňë ďőńęŋë àăááçĺâăâì \łãąőćáłãî" ćőáŕàĺĺňçĺćőáâì: χ_{AB} (ω) = i ∫_∞ 0 dte^{iωt} < [ ^A(t), ^B(0)] > (2.89) čďě < ... >= Sp(e^{−βH} ...)/Sp(e^{−βH} ) { ãáàěďŋěŋĺě ŕő Čĺąąáã, ^A(t) = e^{itH} ^Ae^{−itH} { őŕěàăâőà ć čěľğěŋąěàčőćáłőň ŕàěďáâăćńěŋĺĺ. Ŋěâàãďŋő ćĺďěâì, çâő (2.89) ňőęŋő ğăŕĺáăâì łăł: χ_{AB}(ω) = i Z ∫_∞ 0 dte^{iωt} ∑ mn e^{−βEn} ( e^{iωnm t} < n| ^A|m >< m| ^B|n > − −e^{−iωnm t} < n| ^B|m >< m| ^A|n > ) (2.90)

İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 31

čďě ω_{nm} = E_n − E_m, Z = Spe^{−βH} , ŕàĺçěň n ĺ m ğďěáì ŋãňěàãîâ âőçŋëě ãàőćŋĺ ňŋőčőçăáâĺçŋőľ áĺáâěňë (á ãçěâőň ćğăĺňőďěľáâćĺï!). Ŕěàěáâăćńïï ćő ćâőàőň çńěŋě áãňňë ĺŋďěłáë m ĺ n ĺ ĺŋâěčàĺàãï ŕő t, ŕőńãçăěň: χ_{AB}(ω) = 1 Z ∑ mn e^{−βEn} − e^{−βEm} ω_{nm} − ω − iδ < n|A|m >< m|B|n > (2.91) Ňŋĺňăï çăáâì iδ ćőğŋĺłńă ğďěáì ĺğ-ğă ňŋőęĺâěńï e^{−δt}, łőâőàëľ ŋăďő ďőąăćĺâì ć äőàňăńìŋő àăáåőďïéĺľáï ĺŋâěčàăń ŕő t ďńï őąěáŕěçěŋĺï ěčő áåőďĺňőáâĺ.

Šěŕěàì ćëçĺáńĺň ăŋăńőčĺçŋëň őąàăğőň ňăæãąăàőćáłĺľ őâłńĺł:

χ^{(M)}_{AB} (ω_m) = 1 2 ∫_β −β dτ e^{iωmτ} < T_τ ^A(τ ) ^B(0) > (2.92)

čďě ^A(τ ) = e^{τH} ^Ae^{−τH} . Ĺňěěň:

χ^{(M)}_{AB} (ω_m) = 1 2Z ∫_β 0 dτ e^{iωmτ} ∑ mn e^{−βEn} e^{ωnm τ} < n|A|m >< m|B|n > + + 1 2Z ∫_0 −β dτ e^{iωmτ} ∑ mn e^{−βEn} e^{−ωnm τ} < n|B|m >< m|A|n > (2.93) Őŕïâì ňěŋïï ňěáâăňĺ ĺŋďěłáë ćő ćâőàőľ áãňňě, á ãçěâőň ω_mβ = 2πm, ĺ ćëŕőńŋïï ĺŋâěčàĺàőćăŋĺě ŕő τ , ŕőńãçăěň:

χ^{(M)}_{AB} (ω_m) = 1 Z ∑ mn e^{−βEn} − e^{−βEm} ω_{mn} − iω_m < n|A|m >< m|B|n > (2.94) Šěŕěàì ćáě čőâőćő! Ćőáŕàĺĺňçĺćőáâì χ_{AB}(ω) ŕàěďáâăćńïěâ áőąőľ ăŋăńĺâĺçěáłãî äãŋłæĺî ω ć ćěàåŋěľ ŕőńãŕńőáłőáâĺ çăáâőâë. İâő ěáâì áńěďáâćĺě âőčő, çâő őŋă ŕàěďáâăćńïěâ áőąőľ ŕàěőąàăğőćăŋĺě Ťãàìě őâ äãŋłæĺĺ, őâńĺçŋőľ őâ ŋãńï ńĺèì ŕàĺ t > 0 [11]. Ğŋăçĺâ ěě ňőęŋő ŕàőďőńęĺâì á ćěéěáâćěŋŋőľ őáĺ ŋă ňŋĺňãî ŕőńőęĺâěńìŋãî ŕőńãőáì. Ŕàĺ íâőň ć âőçłăå ω_m = 2πmT őŋă áőćŕăďěâ á χ^{(M)}_{AB} , çâő őçěćĺďŋő ĺğ ŕàïňőčő áàăćŋěŋĺï (2.91) ĺ (2.94). Ŕàěďŕőńőęĺň, çâő áãéěáâćãěâ ăŋăńĺâĺçěáłőě ŕàőďőńęěŋĺě χ^{(M)}_{AB} á ćěàåŋěľ ňŋĺňőľ ŕőńãőáĺ ŋă ćáî ćěàåŋîî ŕőńãŕńőáłőáâì ω. Šőčďă íâő ăŋăńĺâĺçěáłőě ŕàőďőńęěŋĺě ďőńęŋő áőćŕăáâì á χ_{AB} (ω), ŕőáłőńìłã, áőčńăáŋő ĺğćěáâŋőľ âěőàěňě âěőàĺĺ äãŋłæĺľ łőňŕńěłáŋőčő ŕěàěňěŋŋőčő, ďćě äãŋłæĺĺ, ăŋăńĺâĺçěáłĺě ć ŋěłőâőàőľ őąńăáâĺ łőňŕńěłáŋőľ ŕńőáłőáâĺ ĺ áőćŕăďăîéĺě ŋă ąěáłőŋěçŋőň ňŋőęěáâćě ďĺáłàěâŋëå âőçěł (ĺňěîéěň ŕàěďěńìŋãî âőçłã, m → ∞), áőćŕăďăîâ ćő ćáěľ őąńăáâĺ.

Ğăňěâĺň, çâő ĺ áńãçăľ T = 0 ĺŋőčďă ãďőąŋěě àăááňăâàĺćăâì ć ňăæãąăàőćáłőľ âěåŋĺłě. Ŕàĺ íâőň ŕàőĺáåőďĺâ ŕěàěåőď őâ áãňňĺàőćăŋĺï ŕő ňăæãąăàőćáłĺň ł ĺŋâěčàĺàőćăŋĺî ŕő ŋěŕàěàëćŋëň (ňŋĺňëň) çăáâőâăň, ŕőáłőńìłã ŕàĺ T → 0 âőçłĺ iω_m áńĺćăîâáï ć ňŋĺňãî őáì ŋă ŕńőáłőáâĺ łőňŕńěłáŋőľ ŕěàěňěŋŋőľ ω, áőőâćěâáâćěŋŋő T ∑ m ... → ∫_{dω} 2π .... Ŕàĺ âăłőň áŕőáőąě ćëçĺáńěŋĺľ ŋě ćőğŋĺłăěâ áńőęŋőáâěľ á őąåőďőň ŕőńîáőć äãŋłæĺľ Čàĺŋă, ŕőáłőńìłã ŋăŕàăćńěŋĺě őąåőďă őłăğëćăěâáï ŕàăćĺńìŋëň ăćâőňăâĺçěáłĺ.

Ŕőáňőâàĺň łăł ćáě íâő \àăąőâăěâ" ŋă ŕàĺňěàě ćëçĺáńěŋĺï ŕőńïàĺğăæĺőŋŋőčő őŕěàăâőàă čăğă áćőąőďŋëå íńěłâàőŋőć ĺ, áőőâćěâáâćěŋŋő, ďĺíńěłâàĺçěáłőľ ŕàőŋĺæăěňőáâĺ (äãŋłæĺĺ őâłńĺłă!) ć RPA ŕàĺąńĺęěŋĺĺ. Ĺňěěň:

˝^{(M)}(ω_m, q) = 2T ∑ n ∫ d^3p (2π)^3

G(ε_np)G(ε_n + ω_m, p + q) (2.95)

32 İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Śŋăçăńă ćëŕőńŋĺň áãňňĺàőćăŋĺě ŕő ε_n. Ŕàěďáâăćĺň ĺŋâěàěáãîéãî ŋăá áãňňã ć áńěďãîéěň ćĺďě: T ∑ n 1 iε_n + iω_m − ξ(p + q) 1 iε_n − ξ(p) = = T ∑ n 1 iω_m − ξ(p + q) + ξ(p) ( 1 iε_n − ξ(p) − 1 iε_n + iω_m − ξ(p + q) ) (2.96)

Ćő ćâőàőň áńăčăěňőň ňőęŋő âěŕěàì áďěńăâì áďćĺč ŕěàěňěŋŋőľ áãňňĺàőćăŋĺï n → n − m, ŕàĺ łőâőàőň ĺğ ŋěčő ĺáçěğŋěâ ω_m. Ć łăęďőň ĺğ áńăčăěňëå ć áłőąłăå ćěéěáâćěŋŋăï çăáâì áãňňë áåőďĺâáï, ă ňŋĺňăï äőàňăńìŋő àăáåőďĺâáï. Ć âőęě ćàěňï íâă ňŋĺňăï çăáâì ŋěçěâŋă ŕő n, ă ŕőâőňã áőłàăéăěâáï ŕàĺ áãňňĺàőćăŋĺĺ çńěŋőć á ŕàőâĺćőŕőńőęŋëňĺ n. Śńěďőćăâěńìŋő, ŋăň ďőáâăâőçŋő ćëçĺáńĺâì áãňňã: S(ξ) = T ∑ n ξ ε^2_n + ξ^2

(2.97)

Ěě ňőęŋő ćëçĺáńĺâì á ŕőňőéìî ĺğćěáâŋőčő âőęďěáâćă^5: ∞∑ n=−∞ 1 (2n + 1)^2π^2 + x^2 = 1 2x th x 2 (2.99)

Šőčďă: S(ξ) = 1 2 th ξ 2T = 1 2 − n(ξ) (2.100)

čďě n(ξ) = (e^ξT + 1)^{−1} { äãŋłæĺï Ťěàňĺ. Ć àěğãńìâăâě ŕőńãçăěň âőęďěáâćő, łőâőàőě őçěŋì ãďőąŋő ĺáŕőńìğőćăâì ŕàĺ ćëçĺáńěŋĺĺ ŕőńïàĺğăæĺőŋŋőčő őŕěàăâőàă ĺ ďàãčĺå ćőáŕàĺĺňçĺćőáâěľ ć äěàňĺ { čăğě: T ∑ n 1 (iε_n + iω_m − ξ(p + q))(iε_n − ξ(p)) = − n(ξ(p + q)) − n(ξ(p)) iω_m − ξ(p + q) + ξ(p)

(2.101)

Ĺáŕőńìğãï íâő âőęďěáâćő ć (2.95), ŕőńãçăěň:

˝^{(M)}(ω_mq) = −2 ∫ d^3p (2π)^3 n(ξ(p + q)) − n(ξ(p)) iω_m − ξ(p + q) + ξ(p)

(2.102)

Řăááňőâàĺň âěŕěàì ŕàěďěń T = 0. Ć íâőň áńãçăě ĺňěěň n(ξ) = θ(−ξ). Ŕěàěľďěň őąëçŋëň őąàăğőň ł ĺŋâěčàĺàőćăŋĺî ŕő ξ ĺ àăááňőâàĺň ňăńëě q ≪ p_F . Šőčďă ĺňěěň:

˝^{(M)}(ω_mq) = −2 ∫ d^3p (2π)^3 ∂n ∂ξ(p) vq iω_m − vq = 2ν_F ∫ d˙ 4π vF q

iω_m − v_F q

(2.103)

5İâã äőàňãńã ňőęŋő ŕőńãçĺâì, ŋăŕĺáăć 1 (2n + 1)^2π^2 + x^2 = 1 2x { 1 x + iπ(2n + 1) 1 x − iπ(2n + 1) } = = 1 2x ∫_∞ 0 dze^{−xz} [e^{−iπ(2n+1)z} + e^{iπ(2n+1)z} ] (2.98)

ĺ ŕàőáãňňĺàőćăć ŕàőčàěááĺî ŕőď ğŋăłőň ĺŋâěčàăńă.

İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 33

Ćëçĺáńïï ĺŋâěčàăń ŕő ãčńăň âăłęě, łăł íâő ąëńő áďěńăŋő ć (2.22), ŕőńãçăěň:

˝^{(M)}(ω_mq) = −2ν_F { 1 + iω_m 2v_F q ln iω_m − v_F q iω_m + v_F q } (2.104)

Ďńï âőčő, çâőąë ăŋăńĺâĺçěáłĺ ŕàőďőńęĺâì íâő ćëàăęěŋĺě ŋă ćěéěáâćěŋŋãî őáì çăáâőâë, ďőáâăâőçŋő áďěńăâì ğăňěŋã iω_m → ω + iδ. Ć àěğãńìâăâě ŕőńãçĺň: ˝^R(ω + iδq) = −2ν_F { 1 + ω 2v_F q ln ω − v_F q + iδ ω + v_F q + iδ } (2.105)

çâő ĺ őŕàěďěńïěâ ďĺíńěłâàĺçěáłãî ŕàőŋĺæăěňőáâì íńěłâàőŋŋőčő čăğă ć RPA ŕàĺąńĺęěŋĺĺ (łăł äãŋłæĺî őâłńĺłă ŋă ćŋěèŋěě íńěłâàĺçěáłőě ŕőńě).

Őâďěńïï ć (2.105) ďěľáâćĺâěńìŋãî ĺ ňŋĺňãî çăáâĺ (ĺ ňěŋïï őąéĺľ ğŋăł), ŕőńãçăěň äãŋłæĺî őâłńĺłă ŕńőâŋőáâì { ŕńőâŋőáâì ć ćĺďě: Reχ(ωq) = 2ν_F { 1 + ω 2v_F q ln | | | | ω − v_F q ω + v_F q | | | | } (2.106) Imχ(ωq) = πν_F ω v_F q θ(v_F q − |ω|) (2.107)

Ć őâńĺçĺě őâ ăŋăńőčĺçŋőčő ćëàăęěŋĺï (2.24) (ćőğŋĺłèěčő ĺğ ďĺăčàăňň äěľŋňăŋőćáłőľ âěåŋĺłĺ ŕàĺ T = 0), ğďěáì ćëŕőńŋěŋë ćáě âàěąőćăŋĺï ăŋăńĺâĺçŋőáâĺ, ŋăńăčăěňëě ŋă äãŋłæĺĺ őâłńĺłă [11]^6. Ć çăáâŋőáâĺ, ćëŕőńŋïěâáï áőőâŋőèěŋĺě Łàăňěàáă { Łàőŋĺčă: χ(ω) = 1 π ∫_∞ −∞ dω^′ Imχ(ω^′ ) ω^′ − ω − iδ (2.108)

Šăłĺň őąàăğőň, ďĺíńěłâàĺçěáłăï ŕàőŋĺæăěňőáâì áĺáâěňë, àăááňăâàĺćăěňăï łăł äãŋłæĺï őâłńĺłă, őŕàěďěńïěâáï łăł:

ϵ(qω) = 1 + 4πe^2 q^2 χ(qω) (2.109)

čďě χ(qω) { ğăŕăğďëćăîéăï äãŋłæĺï őâłńĺłă ŕńőâŋőáâì { ŕńőâŋőáâì [10], ŕőńãçăîéăïáï (á âőçŋőáâìî ďő ğŋăłă) ăŋăńĺâĺçěáłĺň ŕàőďőńęěŋĺěň ňăæãąăàőćáłőčő ŕőńïàĺğăæĺőŋŋőčő őŕěàăâőàă.

Ďĺíńěłâàĺçěáłăï ŕàőŋĺæăěňőáâì ŋěŕőáàěďáâćěŋŋő őŕàěďěńïěâ ĺ ŕàőćőďĺňőáâì áĺáâěňë [12]: σ(qω) = iω 4π (1 − ϵ(qω)) = − ie^2 q^2 ωχ(qω) (2.110)

Ć áăňőň ďěńě, ŕńőâŋőáâì âőłă, ćőğŋĺłăîéěčő ć áĺáâěňě ŕőď ďěľáâćĺěň íńěłâàĺçěáłőčő ŕőńï E = −∇φ (φ { áłăńïàŋëľ ŕőâěŋæĺăń) àăćŋă:

j(qω) = σ(qω)E(qω) = −iσ(qω)qφ(qω) (2.111) Ğăłőŋ áőåàăŋěŋĺï ğăàïďă ĺňěěâ ćĺď: e ∂ ∂t n(rt) + ∇j(rt) = 0 (2.112)

ĺńĺ ć äãàìě { łőňŕőŋěŋâăå:

− iωeδn(qω) + iqj(qω) = 0 (2.113)

6Ĺňěŋŋő (2.107) ŕőłăğăŋă ŋă Řĺá. 2-7 (b).

34 İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

čďě δn { őâłńőŋěŋĺě ŕńőâŋőáâĺ őâ ŕàőáâàăŋáâćěŋŋő őďŋőàőďŋőčő àăćŋőćěáŋőčő ğŋăçěŋĺï n. İâő őâłńőŋěŋĺě őŕàěďěńïěâáï ć âěőàĺĺ ńĺŋěľŋőčő őâłńĺłă łăł [10]: δn(qω) = eχ(qω)φ(qω) (2.114)

Łőňąĺŋĺàãï (2.111) { (2.114), ŋěňěďńěŋŋő ŕőńãçăěň (2.110). Ğăňěâĺň, çâő íâő àăááňőâàěŋĺě áŕàăćěďńĺćő âőńìłő ďńï âăł ŋăğëćăěňëå \ŋőàňăńìŋëå" ŕàőćőďŋĺłőć. Ć áćěàåŕàőćőďŋĺłăå, łăł ňë ãćĺďĺň ŋĺęě, őáŋőćŋőě áőáâőïŋĺě ŋăàãèăěâ łăńĺąàőćőçŋãî ĺŋćăàĺăŋâŋőáâì (ğăłőŋ áőåàăŋěŋĺï ğăàïďă), ŕőíâőňã äőàňãńă (2.110) őłăğëćăěâáï ŋěŕàĺňěŋĺňőľ. Ťĺğĺçěáłĺľ áňëáń âăłőčő ŋăàãèěŋĺï áĺňňěâàĺĺ áćïğăŋ á âěň, çâő ć áćěàåŕàőćőďŋĺłě ğăàïďë ňőčãâ ãåőďĺâì (ŕàĺåőďĺâì) ć ąőğě { łőŋďěŋáăâ łãŕěàőćáłĺå ŕăà.

Ć íłáŕěàĺňěŋâě őąëçŋő ĺňěěň ďěńő á ŕàěďěńőň q → 0 (őďŋőàőďŋőě ćŋěèŋěě ŕőńě). Šőčďă ŕàőćőďĺňőáâì őŕàěďěńïěâáï łăł:

σ(ω) = − lim_{q→0} ie^2 q^2 ωχ(qω) (2.115)

Ć àăááňőâàěŋŋőň ćëèě ŕàőáâěľèěň áńãçăě, łőčďă ćëçĺáńïńáï ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà čăğă áćőąőďŋëå íńěłâàőŋőć, ďńï ćëçĺáńěŋĺï ŕàěďěńă q → 0 ŕàĺ łőŋěçŋëå ω ĺáŕőńìğãěň (2.27) ĺ ŕőńãçăěň (ω → ω + iδ, δ → +0):

σ(ω) = lim_{q→0} ie^2 q^2 ω 2ν_F 3 v^2_F q^2 ω^2 = p^3_F 3π^2m i e^2 ω = ne^2 m i ω + iδ (2.116)

â.ě. őąëçŋãî äőàňãńã Ďàãďě ďńï ŕàőćőďĺňőáâĺ ąěááâőłŋőćĺâěńìŋőčő čăğă áćőąőďŋëå íńěłâàőŋőć (ĺďěăńìŋëľ ŕàőćőďŋĺł!). Ć çăáâŋőáâĺ: Reσ(ω) = ω 4π Imϵ(ω) = ne^2 m πδ(ω) (2.117)

čďě ãçńĺ^1_{ω+iδ} =^1_ω −iπδ(ω). Ťěŋőňěŋőńőčĺçěáłĺľ ãçěâ áâőńłŋőćěŋĺľ áćőďĺâáï ł ććěďěŋĺî łőŋěçŋőľ çăáâőâë àăááěïŋĺï δ → γ =^1_τ (čďě τ { ćàěňï áćőąőďŋőčő ŕàőąěčă).

Ňĺłàőáłőŕĺçěáłĺě őáŋőćë âěőàĺĺ äěàňĺ { ęĺďłőáâĺ.

Ć àěăńìŋëå ňěâăńńăå á r_s ∼ 2 − 3, ćğăĺňőďěľáâćĺě íńěłâàőŋőć ŋě ïćńïěâáï áńăąëň, âăł çâő ŋěńìğï őčàăŋĺçĺâìáï áãňňĺàőćăŋĺěň łăłőľ { ńĺąő áŕěæĺăńìŋőľ ŕőáńěďőćăâěńìŋőáâĺ ďĺăčàăňň (âĺŕă RPA, áŕàăćěďńĺćőčő ć ŕàěďěńě r_s ≪ 1). Ć âőęě ćàěňï, äěŋőňěŋőńőčĺçěáłăï âěőàĺï äěàňĺ { ęĺďłőáâĺ Ńăŋďăã { Śĺńĺŋă [10] ïćńïěâáï ćŕőńŋě ãáŕěèŋőľ ŕàĺ őŕĺáăŋĺĺ áćőľáâć äěàňĺ { áĺáâěň á áĺńìŋëň ćğăĺňőďěľáâćĺěň. Řăááňőâàĺň ćőŕàőá ő ňĺłàőáłőŕĺçěáłőň őąőáŋőćăŋĺĺ íâőľ âěőàĺĺ [2, 8, 9].

Ńăŋďăã äăłâĺçěáłĺ ŕőáâãńĺàőćăń, çâő őáŋőćŋőě áőáâőïŋĺě äěàňĺ { ęĺďłőáâĺ łăçěáâćěŋŋő ŋě őâńĺçăěâáï őâ őáŋőćŋőčő áőáâőïŋĺï äěàňĺ { čăğă, ă áńăąő ćőğąãęďěŋŋëě áőáâőïŋĺï ňőčãâ ąëâì őŕĺáăŋë łăł łćăğĺçăáâĺæë, ăŋăńőčĺçŋëě çăáâĺæăň ĺ ďëàłăň ć äěàňĺ { čăğě, ŋěáňőâàï ŋă áĺńìŋőě ćğăĺňőďěľáâćĺě ć áĺáâěňě àěăńìŋëå äěàňĺőŋőć (íńěłâàőŋőć ć ňěâăńńě, ăâőňőć He^3, ŋãłńőŋőć ć ïďàě ĺ â.ŕ.). Ćăęŋěľèĺň, ŕàĺ íâőň, ïćńïěâáï ŕàěďŕőńőęěŋĺě ő áãéěáâćőćăŋĺĺ åőàőèő őŕàěďěńěŋŋőľ

İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 35

ŕőćěàåŋőáâĺ Ťěàňĺ á àăďĺãáőň p_F , ãďőćńěâćőàïîéĺň \čăğőćőňã" áőőâŋőèěŋĺî: n = N V = p^3_F 3π^2~^3

(2.118)

áćïğëćăîéěňã ěčő á ŕőńŋőľ ŕńőâŋőáâìî çăáâĺæ ć áĺáâěňě. İâő ãâćěàęďěŋĺě, äăłâĺçěáłĺ, ňőęěâ ąëâì ďőłăğăŋő ć łăęďőň ŕőàïďłě âěőàĺĺ ćőğňãéěŋĺľ ŕő ćğăĺňőďěľáâćĺî á ĺáŕőńìğőćăŋĺěň őąéĺå áćőľáâć äãŋłæĺľ Čàĺŋă ĺ ĺğćěáâŋő łăł âěőàěňă Ńăââĺŋęěàă (J.M.Luttinger, 1960) [1, 2]. Śőőâćěâáâćãîéěě ďőłăğăâěńìáâćő ďőáâăâőçŋő čàőňőğďłő ĺ ňë ěčő ŋě ŕàĺćőďĺň^7. Ŋăďő çěâłő ŕőŋĺňăâì, çâő őáŋőćŋőě áőáâőïŋĺě ŋőàňăńìŋőľ äěàňĺ { ęĺďłőáâĺ ŋě ïćńïěâáï ěďĺŋáâćěŋŋëň ćőğňőęŋëň áőáâőïŋĺěň áĺáâěňë ćğăĺňőďěľáâćãîéĺå íńěłâàőŋőć (äěàňĺőŋőć). Ŋăŕàĺňěà, ňë ğŋăěň, çâő áĺáâěňă ňőęěâ ŋăåőďĺâìáï ć áćěàåŕàőćőďïéěň (áćěàåâěłãçěň) áőáâőïŋĺĺ, łőčďă âěőàěňă Ńăââĺŋęěàă ŋě ćëŕőńŋïěâáï ĺ ŕőćěàåŋőáâĺ Ťěàňĺ ŋěâ (őŋă \ğăłàëâă" íŋěàčěâĺçěáłőľ éěńìî!). Ć ŋăáâőïéěě ćàěňï, łőčďă őáőąőě ćŋĺňăŋĺě ãďěńïěâáï àăááňőâàěŋĺî áĺáâěň á áĺńìŋëňĺ łőààěńïæĺïňĺ, ăłâĺćŋő őąáãęďăîâáï àăğńĺçŋëě \áæěŋăàĺĺ" äőàňĺàőćăŋĺï ŋěäěàňĺęĺďłőáâŋőčő ŕőćěďěŋĺï âăłĺå áĺáâěň. Ğďěáì, őďŋăłő, ňë áłőŋæěŋâàĺàãěňáï ŋă àăááňőâàěŋĺĺ ňĺłàőáłőŕĺçěáłĺå őáŋőć âěőàĺĺ ŋőàňăńìŋőľ äěàňĺ { ęĺďłőáâĺ [8, 9].

Őáŋőćŋőľ äĺğĺçěáłőľ ŕàĺçĺŋőľ âőčő, çâő ć áĺáâěňě ćğăĺňőďěľáâćãîéĺå äěàňĺőŋőć áőåàăŋïîâáï çěàâë ŕőćěďěŋĺï, âĺŕĺçŋőčő ďńï čăğă áćőąőďŋëå äěàňĺőŋőć, ïćńïěâáï ŕàĺŋæĺŕ Ŕăãńĺ. Ĺňěŋŋő őŋ, łăł ňë áěľçăá ãćĺďĺň, ŕőğćőńïěâ ććěáâĺ åőàőèő őŕàěďěńěŋŋëě łćăğĺçăáâĺçŋëě ćőğąãęďěŋĺï ćąńĺğĺ ãàőćŋï (ŕőćěàåŋőáâĺ) Ťěàňĺ. Ć ąěáłőŋěçŋőľ őďŋőàőďŋőľ áĺáâěňě äãŋłæĺï Čàĺŋă G_{αβ}(p) ďĺăčőŋăńìŋă ŕő áŕĺŋőàŋëň ĺŋďěłáăň ĺ őďĺŋăłőćă ďńï őąőĺå ğŋăçěŋĺľ ŕàőěłæĺĺ áŕĺŋă (ć őâáãâáâćĺě ňăčŋĺâŋőčő ŕőńï ĺńĺ áŕőŋâăŋŋőľ ŋăňăčŋĺçěŋŋőáâĺ), ŕőíâőňã ďăńěě íâĺ ĺŋďěłáë őŕãáłăîâáï. Ććěďěň, łăł őąëçŋő áőąáâćěŋŋő { íŋěàčěâĺçěáłãî çăáâì ĺ ğăŕĺèěň ãàăćŋěŋĺě Ďăľáőŋă:

G^{−1}(εp) = ε − p^2 2m + μ − ˚(εp) (2.119)

Ŕőáňőâàĺň çâő âãâ ňőęŋő áłăğăâì ĺğ \őąéĺå áőőąàăęěŋĺľ". Őæěŋĺň ćłńăď ć ňŋĺňãî çăáâì ˚ őâ ŕàőæěááőć àőęďěŋĺï âàěå łćăğĺçăáâĺæ | ŕàőáâěľèĺľ ŕàőæěáá âăłőčő âĺŕă (ŕàĺćőďïéĺľ ł łőŋěçŋőňã ćàěňěŋĺ ęĺğŋĺ łćăğĺçăáâĺæë) áćőďĺâáï (áň. Řĺá. 2-11) ł ćőğąãęďěŋĺî ďàãčőčő íńěłâàőŋă ĺğ ŕőď ŕőćěàåŋőáâĺ Ťěàňĺ, â.ě. ł àőęďěŋĺî íńěłâàőŋ { ďëàőçŋőľ ŕăàë. Ĺňěěň őąëçŋëě ğăłőŋë áőåàăŋěŋĺï:

p1 + p2 = p3 + p4 ε1 + ε2 = ε3 + ε4 (2.120)

ŕàĺçěň ć ďăŋŋőň áńãçăě: |p1|, |p2|, |p4| ≥ pF , ă |p2| ≤ pF ε_1, ε_2, ε_4 ≥ 0, ă ε_2 ≤ 0 (2.121)

Őâáîďă ïáŋő, çâő ŕàĺ |p_1| → p_F , ďńï ćáěå őáâăńìŋëå çăáâĺæ âăłęě |p_2|, |p_3|, |p_4| → p_F , ă ĺğ ε_1 → +0 ćëâěłăěâ, çâő ĺ ε_α(α = 2, 3, 4) → 0. Łőčďă p_1 ŋěáłőńìłő \ćëèě" p_F , ćáě őáâăńìŋëě (|p_α|− p_F ) őďŋőčő ŕőàïďłă á (|p_1|− p_F ). Śőőâćěâáâćěŋŋő, ćěàőïâŋőáâì ŕàőæěááă, őŕĺáëćăěňőčő àăááňăâàĺćăěňőľ ďĺăčàăňňőľ, ŕàőŕőàæĺőŋăńìŋă: W = 1 τ ∼ ∫ δ(ε_1 + ε_2 − ε_3 − ε_4)dp_2dp_3 (2.122)

7Ć Ŕàĺńőęěŋĺĺ Ă ŕàĺćőďïâáï âőŕőńőčĺçěáłĺě áőőąàăęěŋĺï ďőáâăâőçŋő őąéěčő åăàăłâěàă, ŕőďâćěàęďăîéĺě ãáâőľçĺćőáâì ŕőćěàåŋőáâĺ Ťěàňĺ ł ăďĺăąăâĺçěáłőňã \ćłńîçěŋĺî" ćğăĺňőďěľáâćĺï ňěęďã çăáâĺæăňĺ (Č.Ě.Ćőńőćĺł, 1999).

36 İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Řĺá. 2-11 Ŕàőæěáá àőęďěŋĺï âàěå łćăğĺçăáâĺæ.

Ć áăňőň ďěńě, ĺňŕãńìá p_1 ğăďăŋ, ă p_4 = p_1 + p_2 − p_3, âăł çâő őáâăěâáï âőńìłő ďćă ŋěğăćĺáĺňëå ĺňŕãńìáă ĺŋâěčàĺàőćăŋĺï, łăł ĺ ŕőłăğăŋő ć (2.122). Ŕőáłőńìłã p_2 ĺ

p3 ąńĺğłĺ ł pF , ĺňěěň (|p2,3| − pF ) ∼ (|p1| − pF ). Ďőŕãáâĺňëě őąńăáâĺ ĺğňěŋěŋĺï

ňőďãńěľ p_2 ĺ p_3 ěáâì: p_F < p_3 < p_1+p_2 −p_F ĺ 2p_F −p_1 < p_2 < p_F . Şčőń ňěęďã p_1 ĺ p_3 ňőęěâ ąëâì ńîąëň, ă ãčőń ňěęďã p_3 ĺ p_1 +p_2 őŕàěďěńïěâáï ĺğ ãáńőćĺï áőåàăŋěŋĺï íŋěàčĺĺ ĺ ĺŋâěčàăń ŕő íâőňã ãčńã áŋĺňăěâ δ { äãŋłæĺî ć (2.122). Cőőâćěâáâćěŋŋő ĺŋâěčàăń ŕő dp_2dp_3 ąěàěâáï ŕàĺ p_2 ≈ p_3 ≈ p_F ĺ ďăěâ ďńï (2.122) őæěŋłã ∼ (|p_1|−p_F )^2. Ŕőíâőňã őąàăâŋőě ćàěňï ęĺğŋĺ íńěłâàőŋă á ĺňŕãńìáőň p őæěŋĺćăěâáï łăł: 1 τ ∼ Im˚ ∼ (p − p_F )^2 ∼ ε^2 (2.123)

Ŋěâàãďŋő ãąěďĺâìáï, çâő áâăâĺáâĺçěáłĺľ ćěá áőáâőïŋĺľ á ąőńìèĺň çĺáńőň łćăğĺçăáâĺæ ŋăçĺŋăěâáï á ąőńěě ćëáőłĺå áâěŕěŋěľ ε. Ŋăŕàĺňěà Im˚_5 ∼ |ε^3|ε [8]. Ŕàĺ łőŋěçŋëå âěňŕěàăâãàăå, àăğňëâĺě äěàňĺěćáłőčő àăáŕàěďěńěŋĺï ∼ T , çâő ŕàĺćőďĺâ ł ćłńăďã ć ğăâãåăŋĺě őâ âěàňĺçěáłĺ ćőğąãęďěŋŋëå łćăğĺçăáâĺæ ∼^{T 2}_{EF} . Śőőâćěâáâćěŋŋő, őąêěďĺŋïï ĺå á (2.123), ĺňěěň: 1 τ = A ( ε^2 E_F +

T^2 E_F ) ≈ Max ( ε^2 E_F , T^2 E_F ) (2.124)

čďě A ∼ 1. Ěáńĺ ćőáŕőńìğőćăâìáï őąëçŋőľ äőàňãńőľ Ďàãďě ďńï ŕàőćőďĺňőáâĺ: σ = ne^2 m τ (2.125)

ĺ ćğïâì τ^{−1} = A^{T 2}_{EF} , âő (ĺáŕőńìğãï âăłęě (2.118)) ŕőńãçĺň őæěŋłã áőŕàőâĺćńěŋĺï ć ćĺďě:

R = 1 σ ∼ T^2m E_F p^3_F e^2 = 1 e^2p_F ( T E_F )_2 (2.126)

Šăłĺň őąàăğőň, åăàăłâěàŋăï âěňŕěàăâãàŋăï ğăćĺáĺňőáâì áőŕàőâĺćńěŋĺï, ćëğćăŋŋőčő íńěłâàőŋ { íńěłâàőŋŋëň àăááěïŋĺěň R ∼ T^2 (Ń.Ď.Ńăŋďăã, Ĺ.§.Ŕőňěàăŋçãł, 1937). Šĺŕĺçŋăï őæěŋłă p_F ∼~_a (čďě a { ňěęăâőňŋőě àăááâőïŋĺě) ďăěâ R ∼ ~^a_{e2} (_T E_F )_2

∼ 10^{−3}Őň áň (_T E_F )_2

, çâő ďăěâ ŕàěŋěąàěęĺňő ňăńëľ ćłńăď ć áőŕàőâĺćńěŋĺě ŕàĺ âĺŕĺçŋëå ğŋăçěŋĺïå T , łőâőàëľ ŕőńŋőáâìî ňăáłĺàãěâáï ďàãčĺňĺ ňěåăŋĺğňăňĺ àăááěïŋĺï (ŋăŕàĺňěà ŋă äőŋőŋăå). Řěăńìŋőě ŋăąńîďěŋĺě ∼ T^2 ćłńăďă ć

İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 37

áőŕàőâĺćńěŋĺĺ ňěâăńńőć ćőğňőęŋő âőńìłő ć \ãńìâàăçĺáâëå" őąàăğæăå ŕàĺ T < 1K, łőčďă ňőęŋő ŕàěŋěąàěçì àăááěïŋĺěň ŋă äőŋőŋăå. İâő ŕàőáâőě őąáâőïâěńìáâćő çăáâő ğăąëćăěâáï ć áőćàěňěŋŋőľ ńĺâěàăâãàě.

Šăłĺň őąàăğőň, ćąńĺğĺ ŕőńîáă ε = ε(p) äãŋłæĺĺ Čàĺŋă (2.119) ňë ćáěčďă ĺňěěň Reε(p) ≈ v_F (p − p_F ) ≫ Imε(p) ∼ τ^{−1} ∼ (p − p_F )^2, çâő ĺ őğŋăçăěâ áãéěáâćőćăŋĺě \åőàőèő őŕàěďěńěŋŋëå" łćăğĺçăáâĺæ ćąńĺğĺ ãàőćŋï Ťěàňĺ. Ąőńěě ăłłãàăâŋő (ŋěęěńĺ, ŋăŕàĺňěà, íâő ďěńăńőáì ć (2.45) { (2.49)) ŋãęŋő ďěľáâćőćăâì áńěďãîéĺň őąàăğőň. Ć őďŋőàőďŋőľ ĺ ĺğőâàőŕŋőľ áĺáâěňě (äěàňĺ { ęĺďłőáâĺ) ćěńĺçĺŋă Re˚(εp) ğăćĺáĺâ âőńìłő őâ ňőďãńï p = |p|. Őŕàěďěńĺň ĺňŕãńìá Ťěàňĺ p_F ć áĺáâěňě á ćğăĺňőďěľáâćĺěň á ŕőňőéìî áńěďãîéěčő ãàăćŋěŋĺï:

p^2_F 2m + ˚(p_F , 0) = μ (2.127)

Řăğńăčăï ˚(pε) ć àïď ŕő áâěŕěŋïň p − p_F ĺ ε, ŕőńãçăěň ćëàăęěŋĺě ďńï G(pε), áŕàăćěďńĺćőě ćąńĺğĺ ŕőćěàåŋőáâĺ Ťěàňĺ (ε → 0, p → p_F ) ć áńěďãîéěň ćĺďě: G^{−1}(εp) ≈ ε − p^2 2m + μ − ˚(p_F , 0) − ( ∂˚ ∂p ) F (p − p_F ) − ( ∂˚ ∂ε ) F ε + iα^′|ε|ε = = [ 1 − ( ∂˚ ∂ε ) F ] ε − [ p_F m + ( ∂˚ ∂p ) F ] (p − p_F ) + iα^′|ε|ε (2.128)

čďě ãçńĺ (2.123) ĺ őąěáŕěçĺńĺ ŕàăćĺńìŋãî áňěŋã ğŋăłă ňŋĺňőľ çăáâĺ (äěľŋňăŋőćáłőľ) äãŋłæĺĺ Čàĺŋă ŕàĺ ε = 0. Šăłĺň őąàăğőň ãąěęďăěňáï, çâő äãŋłæĺî Čàĺŋă ćğăĺňőďěľáâćãîéěľ áĺáâěňë äěàňĺőŋőć ćąńĺğĺ ŕőćěàåŋőáâĺ Ťěàňĺ ňőęŋő ğăŕĺáăâì łăł [8]: G(εp) = Z ε − v_F (p − p_F ) + iα|ε|ε + G^{reg}(εp) (2.129)

čďě G^{reg}(εp) { àěčãńïàŋăï çăáâì, ŋě ĺňěîéăï ŕőńîáőć ćąńĺğĺ ŕőćěàåŋőáâĺ Ťěàňĺ (ĺ áćïğăŋŋăï á ňŋőčőçăáâĺçŋëňĺ ćőğąãęďěŋĺïňĺ ć áĺáâěňě [8]). Ŕàĺ íâőň ć (2.129) ňë ććěńĺ áńěďãîéĺě őąőğŋăçěŋĺï: 1 Z = 1 − ( ∂˚ ∂ε ) F = ( ∂G^{−1} ∂ε ) F (2.130)

ďńï ćëçěâă ć ŕőńîáě äãŋłæĺĺ Čàĺŋă, ĺ

v_F = p_F m + (_{∂Σ} ∂p ) F (_{∂G−1} ∂ε ) F = − (_{∂G−1} ∂p ) F (_{∂G−1} ∂ε ) F ; α = Zα^′ (2.131)

ďńï áłőàőáâĺ ŋă ŕőćěàåŋőáâĺ Ťěàňĺ. Ćëàăęěŋĺě (2.129) őŕàěďěńïěâ őąéĺľ ćĺď őďŋőçăáâĺçŋőľ äãŋłæĺĺ Čàĺŋă ć áĺáâěňě ćğăĺňőďěľáâćãîéĺå äěàňĺ { çăáâĺæ (äěàňĺ { ęĺďłőáâĺ). Ńěčłő ćĺďěâì, çâő őąáãęďăćèĺěáï ćëèě çăáâŋëě ćëàăęěŋĺï, áńěďãîéĺě ĺğ RPA, ĺňěîâ ĺňěŋŋő âăłőľ ćĺď (ŕőćěďěŋĺě).

Šěŕěàì ŋěâàãďŋő ãąěďĺâìáï, çâő ĺğ (2.129) ŋěŕőáàěďáâćěŋŋő áńěďãěâ áãéěáâćőćăŋĺě (ŕàĺ T = 0) áłăçłă ć àăáŕàěďěńěŋĺĺ çăáâĺæ ŕő ĺňŕãńìáăň ďăęě ć áĺáâěňě ćğăĺňőďěľáâćãîéĺå äěàňĺőŋőć (Ă.Ą.Ňĺčďăń, 1957). Ć áăňőň ďěńě, ćëçĺáńĺň àăğŋőáâì ğŋăçěŋĺľ äãŋłæĺĺ àăáŕàěďěńěŋĺï n(p) ŕő őąě áâőàőŋë őâ ŕőćěàåŋőáâĺ Ťěàňĺ,

38 İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Řĺá. 2-12 Łăçěáâćěŋŋëľ ćĺď äãŋłæĺĺ àăáŕàěďěńěŋĺï çăáâĺæ ć äěàňĺ { ęĺďłőáâĺ ŕàĺ T = 0.

â.ě. ŕàěďěń àăğŋőáâĺ n(p_F + q) − n(p_F − q) ŕàĺ q → +0. Řăáŕàěďěńěŋĺě çăáâĺæ ŕő ĺňŕãńìáăň, łăł ĺğćěáâŋő, ćëàăęăěâáï çěàěğ äãŋłæĺî Čàĺŋă áńěďãîéĺň ĺŋâěčàăńőň [1]: n(p) = −i lim_{t→−0} ∫_∞ −∞ dε 2π e^{−iεt}G(εp) (2.132) Ćőáŕőńìğãěňáï ğďěáì (2.129). Ććĺďã àěčãńïàŋőáâĺ äãŋłæĺĺ G^{reg}(εp) ğăàăŋěě ïáŋő, çâő àăğŋőáâì ĺŋâěčàăńőć őâ ŋěě ąãďěâ áâàěňĺâìáï ŕàĺ q → 0 ł ŋãńî. Ŕőíâőňã ďőáâăâőçŋő àăááňőâàěâì àăğŋőáâì ĺŋâěčàăńőć âőńìłő őâ ŕőńîáŋőčő ćłńăďă ć (2.129). Šőčďă ĺňěěň: n(p_F − q) − n(p_F + q) = −i ∫_∞ −∞ dε 2π { Z ε + v_F q − iδ − Z ε − v_F q + iδ } (2.133)

čďě ãçńĺ, çâő ćąńĺğĺ ŕőńîáă signε = sign(p−p_F ), ă âăłęě âő, çâő ććĺďã áåőďĺňőáâĺ íâőčő ĺŋâěčàăńă őâ àăğŋőáâĺ, ňŋőęĺâěńì e^{−iεt} (ŕàĺ t → 0) ňőęŋő őŕãáâĺâì. Ğăňëłăï âěŕěàì łőŋâãà ĺŋâěčàĺàőćăŋĺï ąěáłőŋěçŋő ãďăńěŋŋőľ ŕőńãőłàãęŋőáâìî (ćáě àăćŋő ć ćěàåŋěľ ĺńĺ ŋĺęŋěľ ŕőńãŕńőáłőáâĺ), ŋăåőďĺň:

n(p_F − 0) − n(p_F + 0) = Z (2.134)

Ŕőáłőńìłã n(p) ≤ 1, őâáîďă áńěďãěâ çâő:

0 < Z ≤ 1 (2.135)

ŕàĺçěň Z = 1 ďőáâĺčăěâáï ńĺèì ć ŕàěďěńě ĺďěăńìŋőčő äěàňĺ { čăğă. Šăłĺň őąàăğőň àăáŕàěďěńěŋĺě çăáâĺæ ŕő ĺňŕãńìáăň ć äěàňĺ { ęĺďłőáâĺ ŕàĺ T = 0 ĺňěěâ, łăł ĺ ć čăğě, áłăçőł ŋă ŕőćěàåŋőáâĺ Ťěàňĺ, łăł íâő łăçěáâćěŋŋő ŕőłăğăŋő ŋă Řĺá. 2-12. Ć őâńĺçĺě őâ áńãçăï čăğă, ćěńĺçĺŋă áłăçłă ňěŋìèě ěďĺŋĺæë, ă áăňă äãŋłæĺï àăáŕàěďěńěŋĺï n(p) őáâăěâáï łőŋěçŋőľ ĺ ć őąńăáâĺ p > p_F (çăáâĺæë \ćëâăńłĺćăîâáï" ć íâã őąńăáâì ćğăĺňőďěľáâćĺěň!). Ťăłâĺçěáłĺ, áãéěáâćőćăŋĺě áłăçłă äãŋłæĺĺ àăáŕàěďěńěŋĺï ĺ ŕőğćőńïěâ ććěáâĺ áăňő ŕőŋïâĺě ŕőćěàåŋőáâĺ Ťěàňĺ ć áĺáâěňě ćğăĺňőďěľáâćãîéĺå äěàňĺőŋőć.

Śŕěłâàăńìŋăï ŕńőâŋőáâì A(pε) = −signε^1_π ImG(εp), áőőâćěâáâćãîéăï äãŋłæĺĺ Čàĺŋă (2.129) ĺňěěâ ćĺď àăğňëâőčő ğăâãåăŋĺěň łćăğĺçăáâĺçŋőčő ŕĺłă ŕàĺ ε = ε_p (íŋěàčĺĺ łćăğĺçăáâĺæë), ŋă áàăćŋĺâěńìŋő ŕńăćŋőň äőŋě őâ ňŋőčőçăáâĺçŋëå ćőğąãęďěŋĺľ, łăł íâő ŕőłăğăŋő ŋă Řĺá. 2-13 (b), âőčďă łăł ć ĺďěăńìŋőň čăğě őŋă

İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 39

Řĺá. 2-13 Śŕěłâàăńìŋăï ŕńőâŋőáâì ć äěàňĺ { čăğě (a) ĺ äěàňĺ { ęĺďłőáâĺ (b).

áćőďĺâáï ł áőőâćěâáâćãîéěľ δ { äãŋłæĺĺ, ŕőłăğăŋŋőľ ŋă Řĺá. 2-13 (a). Ğăňěâĺň, çâő áŕěłâàăńìŋăï ŕńőâŋőáâì íńěłâàőŋőć ć àěăńìŋëå áĺáâěňăå ćğăĺňőďěľáâćãîéĺå íńěłâàőŋőć, äăłâĺçěáłĺ, ňőęěâ ąëâì ĺğňěàěŋă ć íłáŕěàĺňěŋâăå ŕő äőâőíňĺááĺĺ á ãčńőćëň àăğàěèěŋĺěň (ARPES)^8, ć łőâőàëå âăłęě ãďăěâáï ĺğãçĺâì ĺ àěăńìŋëľ ćĺď ŕőćěàåŋőáâěľ Ťěàňĺ, ć âőň çĺáńě ďńï ćěáìňă áńőęŋëå áőěďĺŋěŋĺľ^9. Ŕàőćěďěŋŋëě ć ŕőáńěďŋĺě čőďë ĺğňěàěŋĺï ŕőďâćěàďĺńĺ łăçěáâćěŋŋëě ŕàěďáłăğăŋĺï âěőàĺĺ äěàňĺ { ęĺďłőáâĺ ďńï ąőńìèĺŋáâćă \ňěâăńńĺçěáłĺå" áĺáâěň. Ŋăąńîďăěňëě őâłńőŋěŋĺï őâ äěàňĺęĺďłőáâŋőčő ŕőćěďěŋĺï őąëçŋő áćïğëćăîâ á ŕàőïćńěŋĺïňĺ íääěłâőć áĺńìŋëå łőààěńïæĺľ [13].

Ćğăĺňőďěľáâćĺě łćăğĺçăáâĺæ ć äěàňĺ { ęĺďłőáâĺ.

Ćğăĺňőďěľáâćĺě łćăğĺçăáâĺæ, äăłâĺçěáłĺ, őŕĺáëćăěâáï ďćãåçăáâĺçŋőľ äãŋłæĺěľ Čàĺŋă [8]:

K =< T ψ(1)ψ(2)ψ^+ (3)ψ^+(4) > (2.136)

łőâőàăï őŕàěďěńïěâáï áãňňőľ ćáěå čàăäĺłőć, ŕěàěćőďïéĺå ďćě çăáâĺæë ĺğ âőçěł (1, 2) ć âőçłĺ (3, 4). Šãâ, ŕàěęďě ćáěčő, ňőęŋő ćëďěńĺâì čàăäĺłĺ ąěğ ćğăĺňőďěľáâćĺï ňěęďã őąěĺňĺ çăáâĺæăňĺ, ŋő áő ćáěňĺ ćőğňőęŋëňĺ ćğăĺňőďěľáâćĺïňĺ łăęďőľ ĺğ çăáâĺæ á \äőŋőň", âĺŕă ŕőłăğăŋŋëå ŋă Řĺá. 2-14. Őçěćĺďŋő, çâő ğďěáì ćőğŋĺłăěâ ďćě ŋěğăćĺáĺňëå áőćőłãŕŋőáâĺ čàăäĺłőć, łăęďăï ĺğ łőâőàëå áćőďĺâáï ł ŕőńŋőľ őďŋőçăáâĺçŋőľ äãŋłæĺĺ Čàĺŋă G. Śőőâćěâáâćěŋŋő ĺňěěň:

K_0 = G(1, 3)G(2, 4) − G(1, 4)G(2, 3) (2.137)

Ğŋăł ňĺŋãá ŕěàěď ćâőàëň (őąňěŋŋëň) çńěŋőň áćïğăŋ ğďěáì áő áćőľáâćőň ăŋâĺáĺňňěâàĺĺ äěàňĺőŋőć ŕàĺ ŕěàěáâăŋőćłăå.

8J.C.Campuzano, M.R.Norman, M.Randeria. Photoemission in the High Tc Superconductors. ArXiv: cond-mat/0209476.

9A.Damascelli, D.H.Lu, Z.-X.Shen. From Mott insulator to overdoped superconductor: Evolution of the electronic structure of cuprates studied by ARPES. Rev. Mod. Phys. 75, 473 (2003)

40 İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Řĺá. 2-14 Ŋěğăćĺáĺňőě àăáŕàőáâàăŋěŋĺě ďćãå çăáâĺæ ć äěàňĺ { ęĺďłőáâĺ.

İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 41

Ćáě őáâăńìŋëě čàăäĺłĺ ďńï K áőďěàęăâ ăłâë ćğăĺňőďěľáâćĺï çăáâĺæ ďàãč á ďàãčőň. Őąőğŋăçĺň çěàěğ V áőćőłãŕŋőáâì âăłĺå čàăäĺłőć ćğăĺňőďěľáâćĺï, łőâőàëě ŋě ňőčãâ ąëâì àăğďěńěŋë ŋă çăáâĺ, áőěďĺŋěŋŋëě ďćãňï íńěłâàőŋŋëňĺ ńĺŋĺïňĺ, łăł íâő ŕőłăğăŋő ŋă Řĺá. 2-15. Šőčďă ďńï ďćãåçăáâĺçŋőľ äãŋłæĺĺ Čàĺŋă K ňőęŋő ŋăŕĺáăâì ãàăćŋěŋĺě:

K = K_0 − GGV K (2.138)

ŕőáłőńìłã áãňňă ćáěå čàăäĺłőć, áńěďãîéĺå ŕőáńě V , áŋőćă őąàăğãěâ K. Řăğãňěěâáï, ãàăćŋěŋĺě (2.138), ŋă áăňőň ďěńě, ĺŋâěčàăńìŋőě, ă őŕěàăâőàŋőě ãňŋőęěŋĺě äãŋłæĺľ Čàĺŋă őąőğŋăçăěâ ğďěáì (ĺ ďăńěě ć ăŋăńőčĺçŋëå áńãçăïå) áőőâćěâáâćãîéĺě ĺŋâěčàĺàőćăŋĺï.

Ďńï őŕĺáăŋĺï áăňőčő ŕàőæěááă ćğăĺňőďěľáâćĺï çăáâĺæ ãďőąŋő ććěáâĺ ćěàèĺŋŋãî çăáâì (ăňŕńĺâãďã àăááěïŋĺï) ` á ŕőňőéìî áńěďãîéěčő áőőâŋőèěŋĺï:

K − K_0 = −GG`GG (2.139)

Ćěńĺçĺŋă ` ŕàěďáâăćńïěâ áőąőľ áãňňã ćáěå čàăäĺłőć, ŋăçĺŋăîéĺåáï ĺ łőŋçăîéĺåáï ćğăĺňőďěľáâćĺěň ňěęďã çăáâĺæăňĺ, â.ě. ć ŋěě ŋě ćłńîçăîâáï ćåőďïéĺě ĺ ćëåőďïéĺě ńĺŋĺĺ çăáâĺæ (őąàãąńěŋë \ćŋěèŋĺě" łőŋæë). Ŕőďáâăćńïï (2.139) ć (2.138), ŕőńãçăěň: K − K_0 = −GG`GG = −GGV K = −GGV K_0 + GGV GG`GG (2.140) Ĺáŕőńìğãěň őçěćĺďŋőě áőőâŋőèěŋĺě:

GGV K_0 = GG(V − ~V )GG (2.141)

čďě ~V őąőğŋăçăěâ V á ŕěàěáâăćńěŋŋëňĺ ćëåőďïéĺňĺ łőŋæăňĺ. Šőčďă ĺğ (2.140), ŕőáńě ãňŋőęěŋĺï áŕàăćă ĺ áńěćă ŋă (GG)^{−1}, ŕőńãçăěň:

` = V − ~V − V GG` (2.142)

Ĺğ őŕàěďěńěŋĺï ` ĺ K áńěďãěâ, çâő

`(1, 2; 3, 4) = −`(2, 1; 3, 4) = −`(1, 2; 4, 3) `(1, 2; 3, 4) = `(3, 4; 1, 2) (2.143)

çâő őâàăęăěâ ăŋâĺáĺňňěâàĺî ćőńŋőćëå äãŋłæĺľ ć áĺáâěňě äěàňĺőŋőć.

Şàăćŋěŋĺě (2.142) ďńï ` ňőęŋő ŕőńãçĺâì ĺ ŋěŕőáàěďáâćěŋŋő, ŋě ĺáŕőńìğãï ãàăćŋěŋĺě ďńï K. Ćëďěńïï ąńőł V , ŋěâàãďŋő ŕőńãçĺâì čàăäĺçěáłőě ãàăćŋěŋĺě, ŕőłăğăŋŋőě ŋă Řĺá. 2-16, áĺňňěâàĺğăæĺï łőâőàőčő ďăěâ (2.142).

Ďńï őąőáŋőćăŋĺï äěŋőňěŋőńőčĺçěáłőľ âěőàĺĺ äěàňĺ { ęĺďłőáâĺ ãďőąŋő ğăŕĺáăâì ãàăćŋěŋĺě ďńï ` ć ďàãčőň ćĺďě. Ćëèě ňë ćëďěńïńĺ ąńőł V , łőâőàëľ ŋěńìğï ąëńő àăğàěğăâì ŕő ďćãň ńĺŋĺïň ć łăŋăńě çăáâĺæă { çăáâĺæă (â.ě. ąńőł, ŋěŕàĺćőďĺňëľ ć ďăŋŋőň łăŋăńě). Ňőęŋő ŕőáâãŕĺâì ĺŋăçě ĺ ćëďěńĺâì ĺğ ćáěľ áőćőłãŕŋőáâĺ čàăäĺłőć ďńï ` ąńőł U , ŋěŕàĺćőďĺňëľ ć łăŋăńě çăáâĺæă { ďëàłă, łőâőàëľ ŋěńìğï àăğąĺâì ŋă çăáâĺ, áőěďĺŋěŋŋëě ńĺŋĺïňĺ çăáâĺæë ĺ ďëàłĺ. Śőőâćěâáâćãîéĺě čàăäĺłĺ ŕőłăğăŋë ŋă Řĺá. 2-17. Šőčďă ďńï ` ňőęŋő ŋăŕĺáăâì čàăäĺçěáłőě ãàăćŋěŋĺě, ŕőłăğăŋŋőě ŋă Řĺá. 2-18, ĺńĺ ć ăŋăńĺâĺçěáłőň ćĺďě:

` = U + U GG` (2.144)

Ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ àăğŋőáâì 4-ĺňŕãńìáőć, ćåőďïéĺå ğďěáì ć äãŋłæĺĺ Čàĺŋă G (ĺ ãďőćńěâćőàïîéĺå ğăłőŋã áőåàăŋěŋĺï p_1 + p_2 = p_3 + p_4), àăćŋă ŕěàěďăćăěňőňã ĺňŕãńìáã q = p_1 − p_3 = p_4 − p_2, łőâőàëľ àăćěŋ áãňňăàŋőňã ĺňŕãńìáã ć

42 İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Řĺá. 2-15 Čàăäĺçěáłőě őŕàěďěńěŋĺě ąńőłă V . Ğăçěàłŋãâë čàăäĺłĺ, àăğàěğăěňëě ŕő ďćãň ńĺŋĺïň çăáâĺæ.

İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 43

Řĺá. 2-16 Čàăäĺçěáłĺľ ćĺď ãàăćŋěŋĺï ďńï ćěàèĺŋë ` á ćëďěńěŋĺěň łăŋăńă çăáâĺæă { çăáâĺæă.

44 İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Řĺá. 2-17 Čàăäĺçěáłőě őŕàěďěńěŋĺě ąńőłă U . Ğăçěàłŋãâë čàăäĺłĺ, àăğàěğăěňëě ŕő ńĺŋĺïň çăáâĺæë ĺ ďëàłĺ.

İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 45

Řĺá. 2-18 Čàăäĺçěáłĺľ ćĺď ãàăćŋěŋĺï ďńï ćěàèĺŋë ` á ćëďěńěŋĺěň łăŋăńă çăáâĺæă { ďëàłă.

46 İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

łăŋăńě çăáâĺæă { ďëàłă ĺ őďĺŋăłőć ć łăęďőň áěçěŋĺĺ íâőčő łăŋăńă. Ć ãàăćŋěŋĺĺ, ŕőłăğăŋŋőň ŋă Řĺá. 2-16, áãňňă ĺňŕãńìáőć, ćåőďïéĺå ć `, àăćŋă ŕőńŋőňã ĺňŕãńìáã áĺáâěňë ĺğ ďćãå çăáâĺæ q^′ = p_1 + p_2 = p_3 + p_4 ĺ őďĺŋăłőćă ć łăęďőň áěçěŋĺĺ łăŋăńă ďćãå çăáâĺæ. Ćëďěńěŋĺě âěå ĺńĺ ĺŋëå ąńőłőć, âĺŕă ŕàőćěďěŋŋőčő ćëèě, őłăğëćăěâáï ãďőąŋëň, łőčďă ćëďěńěŋŋëľ ąńőł őłăğëćăěâáï áńăąő ğăćĺáïéĺň őâ áćőĺå ŕěàěňěŋŋëå (ĺňŕãńìáőć), âőčďă őŋ ňőęěâ ąëâì ğăňěŋěŋ íääěłâĺćŋőľ łőŋáâăŋâőľ.

Őâáâãŕńěŋĺě ő \ŕăàłěâě".

Ć ŋěłőâőàëå áńãçăïå ãďőąŋő ććěáâĺ ąńőł W , ŋěàăğàěğăěňëľ ŕő ďćãň ńĺŋĺïň łăł ć łăŋăńě ďćãå çăáâĺæ, âăł ĺ ć łăŋăńě çăáâĺæă { ďëàłă. Šőčďă ŋăàïďã á ãàăćŋěŋĺïňĺ (2-16) ĺ (2-18) ŋãęŋő ěéě ŋăŕĺáăâì ãàăćŋěŋĺï, áćïğëćăîéĺě ąńőłĺ U ĺ V á ąńőłőň W , łăł íâő ŕőłăğăŋő ŋă Řĺá. 2- 19. Śőćňěáâŋő á ãàăćŋěŋĺïňĺ Řĺá. 2-16 ĺ Řĺá. 2-18, ãàăćŋěŋĺï Řĺá. 2-19 őąàăğãîâ áĺáâěňã âăł ŋăğëćăěňëå \ŕăàłěâŋëå" ãàăćŋěŋĺľ. Ğďěáì ŕőď W ŕőŋĺňăěâáï áĺňňěâàĺğőćăŋŋőě ćëàăęěŋĺě, â.ě. ďńï äěàňĺ { çăáâĺæ àăğŋőáâì W_{αβγδ}(p_1, p_2; p_3, p_4) − W_{α,β,δ,γ} (p_1, p_2; p_4, p_3). Ć ăŋăńĺâĺçěáłőň ćĺďě:

V − ~V = W + UGG` (2.145)

U = W − V GG` (2.146) Ĺáŕőńìğãï ãàăćŋěŋĺě ďńï ` ć äőàňě Řĺá. 2-18, ŕőńãçăěň ĺğ (2.145): U + V − ~V = W + ` (2.147) İâő ęě ŕőńãçĺâáï ĺğ (2.146), ěáńĺ ďńï ` ĺáŕőńìğőćăâì ãàăćŋěŋĺě Řĺá. 2-16. İâĺ ãàăćŋěŋĺï ŕőğćőńïîâ ćëàăğĺâì ` çěàěğ ŋěŕàĺćőďĺňãî ćěàèĺŋã W . Ć àěğãńìâăâě ćőğŋĺłăěâ áńěďãîéěě ŋěńĺŋěľŋőě (ĺŋâěčàăńìŋőě) ãàăćŋěŋĺě:

` = W + 12W GG` − 12`GG(` + W )GG` (2.148)

Ąńőł W ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ őąëçŋő áńăąő ğăćĺáĺâ őâ ćåőďïéĺå ĺ ćëåőďïéĺå ĺňŕãńìáőć, âőčďă łăł áőčńăáŋő (2.146), ąńőł U ŕàĺ ňăńőň áãňňăàŋőň ĺňŕãńìáě ğăćĺáĺâ őâ ŋěčő áãéěáâćěŋŋő. Ăŋăńőčĺçŋő, ąńőł V , áőčńăáŋő (2.145), áãéěáâćěŋŋő ğăćĺáĺâ őâ ŕěàěďăćăěňőčő ĺňŕãńìáă q → 0.

Ąńőł U æěńěáőőąàăğŋő ććőďĺâì ďńï ĺğãçěŋĺï áćőľáâć ` ŕàĺ ňăńëå ŕěàěďăćăěňëå ĺňŕãńìáăå, âőčďă łăł ćëďěńěŋĺě ąńőłă V (ĺ ĺáŕőńìğőćăŋĺě ãàăćŋěŋĺï Řĺá. 2-16) ãďőąŋő, łőčďă ňăń áãňňăàŋëľ ĺňŕãńìá çăáâĺæ (áň. ŋĺęě ăŋăńĺğ łãŕěàőćáłőľ ŋěãáâőľçĺćőáâĺ!).

Ć âěőàĺĺ ŋőàňăńìŋőľ äěàňĺ { ęĺďłőáâĺ Ńăŋďăã ãàăćŋěŋĺě Řĺá. 2-18 ĺčàăěâ ćëďěńěŋŋãî àőńì. Ĺáåőďŋő, íâő ãàăćŋěŋĺě áőďěàęĺâ (ćő ćâőàőň çńěŋě ć ŕàăćőľ çăáâĺ) ĺŋâěčàĺàőćăŋĺě ŕő őąńăáâïň łăł ąńĺğłĺň, âăł ĺ ďăńěłĺň őâ ŕőćěàåŋőáâĺ Ťěàňĺ. Ńăŋďăã ŕőłăğăń, çâő ŕàĺ ňăńëå ŕěàěďăćăěňëå ĺňŕãńìáăå ňőęŋő ĺğ íâőčő ãàăćŋěŋĺï ŕőńãçĺâì ďàãčőě (\ŕěàěŋőàňĺàőćăŋŋőě") ãàăćŋěŋĺě ďńï ` á ĺňŕãńìáăňĺ ćąńĺğĺ ŕőćěàåŋőáâĺ Ťěàňĺ ĺ ŋě áőďěàęăéěě ĺŋâěčàĺàőćăŋĺľ ŕő őąńăáâïň, ďăńěłĺň őâ ãàőćŋï Ťěàňĺ (â.ě. ŕőńãçĺâì ğăňłŋãâőě ãàăćŋěŋĺě ďńï ` ŋă ŕőćěàåŋőáâĺ Ťěàňĺ.).

Ğăŕĺèěň ãàăćŋěŋĺě Řĺá. 2-18 ć ïćŋőň ćĺďě ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ: `(p, p^′, q) = U (p, p^′, q) − i ∑ ∫ d4p′′ (2π)^4 U (p, p^{′′}, q)G ( p^{′′} + q 2 ) G ( p^{′′} − q 2 ) `(p^{′′}, p^′, q) (2.149) čďě ∑ őąőğŋăçăěâ áãňňĺàőćăŋĺě ŕő áŕĺŋőćëň ĺŋďěłáăň ćŋãâàěŋŋĺå ńĺŋĺľ, ă áőőâćěâáâćãîéĺě ĺŋďěłáë ňë, ďńï łàăâłőáâĺ, ŋě ćëŕĺáëćăěň. Ğďěáì âăłęě ććěďěŋë őąőğŋăçěŋĺï:

`(p_1, p_2, p_3, p_4) = `(p, p^′, q)(2π)^4δ(p_1 + p_2 + p_3 + p_4) U (p_1, p_2, p_3, p_4) = U (p, p^′, q)(2π)^4δ(p_1 + p_2 + p_3 + p_4) (2.150)

ŕàĺçěň ćåőďïéĺě (p_1, p_2) ĺ ćëåőďïéĺě (p_3, p_4) 4-ĺňŕãńìáë áćïğăŋë á p ĺ p^′ łăł:

p_1 = p + q 2 p_2 = p^′ − q 2 p_3 = p − q 2 p_4 = p^′ + q 2 (2.151)

İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 47

Řĺá. 2-19 Şàăćŋěŋĺï ďńï ćěàèĺŋ ć \ŕăàłěâě".

48 İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

çâőąë ŕěàěďăćăěňëľ ĺňŕãńìá àăćŋïńáï q = (q, ω) ĺ ćëŕőńŋïńáï ğăłőŋ áőåàăŋěŋĺï p_1 + p_2 = p_3 + p_4. Ć ŕěàćőň ŕőàïďłě âěőàĺĺ ćőğňãéěŋĺľ ŕő ćğăĺňőďěľáâćĺî ĺňěěň: U (p, p^′, q) = ∫ d(r1 − r2)e^{−i}q^(r^{1−}r^{2)}V (r1 − r2) (2.152)

čďě V (r_1 − r_2) | ŕőâěŋæĺăń ňěęçăáâĺçŋőčő ćğăĺňőďěľáâćĺï.

Ćëèě ć (2.129) ňë ćëŕĺáăńĺ őąéĺľ ćĺď őďŋőçăáâĺçŋőľ äãŋłæĺĺ Čàĺŋă ć âěőàĺĺ äěàňĺ { ęĺďłőáâĺ: G(p) = Z ε − ε(p) + iγ(ε) + G^{reg}(p) (2.153)

čďě ε(p) = v_F (p − p_F ),

Z^{−1} = ( ∂G^{−1} ∂ε ) F ; γ(ε) ∼ ε^2signε (2.154)

Ŕàĺ q → 0 ŕőńîáă ďćãå äãŋłæĺľ Čàĺŋă ć ãàăćŋěŋĺĺ (2.149) áąńĺęăîâáï ĺ ć ŕőďĺŋâěčàăńìŋőň ćëàăęěŋĺĺ íääěłâĺćŋő ćőğŋĺłăěâ δ { őąàăğŋëľ ňăłáĺňãň ćąńĺğĺ ŕőćěàåŋőáâĺ Ťěàňĺ. Śőőâćěâáâćěŋŋő, ŕàőĺğćěďěŋĺě äãŋłæĺľ Čàĺŋă, ć áňëáńě ěčő àőńĺ ć ïďàě ĺŋâěčàăńìŋőčő ãàăćŋěŋĺï (2.149), ňőęŋő ğăŕĺáăâì ć ćĺďě (ćáě íŋěàčĺĺ őâáçĺâëćăîâáï őâ ãàőćŋï Ťěàňĺ, â.ě. őâ ε = E_F = 0): G ( p + q 2 ) G ( p − q 2 ) ≈ Z^2δ(ε) ∫_∞ −∞ dεG_0 ( p + q 2 ) G_0 ( p − q 2 ) + B(p, q) (2.155) čďě G_0(p) = 1 ε − ε(p) + iγsign(ε) ; γ → +0 (2.156)

{ äăłâĺçěáłĺ, áćőąőďŋăï äãŋłæĺï Čàĺŋă. Ĺŋâěčàăń, ćåőďïéĺľ ć (2.155) ŋăňĺ ãęě äăłâĺçěáłĺ ćëçĺáńïńáï ć (2.18). Ŕőńìğãïáì ŕőńãçěŋŋëň âăň àěğãńìâăâőň, ĺňěěň: ∫_∞ −∞ dεG_0 ( p + q 2 ) G_0 ( p − q 2 ) = −2πi n (p + q/2) − n (p − q/2) ω − ε (p + q/2) + ε (p − q/2) + iγsignω (2.157) čďě n(p) = { 1 ŕàĺ |p| ≤ p_F 0 ŕàĺ |p| > p_F (2.158)

Őâáîďă ńěčłő ŕőńãçĺâì (áà. (2.18), (2.22) ĺ â.ď.):

G_0 ( p + q 2 ) G_0 ( p − q 2 ) q→0 = iZ^2δ(ε)2π qv ω − qv + iγsignω δ(|p| − pF ) p_F m^∗ + B(p, q) ≡ ≡ A + B (2.159)

čďě v = ∂ε(p)/∂p =^{pF}_m∗ p/p { áłőàőáâì łćăğĺçăáâĺæ ŋă ŕőćěàåŋőáâĺ Ťěàňĺ, m^∗ {

íääěłâĺćŋăï ňăááă, ă äãŋłæĺï B(p, q) ŋě áőďěàęĺâ áĺŋčãńïàŋőáâěľ ĺ, á âőçŋőáâìî ďő çńěŋőć ŕőàïďłă q^2/p^2_F ĺ ω^2/E^2_F ňőęěâ áçĺâăâìáï ŋě ğăćĺáïéěľ őâ q.

Ćőğćàăéăïáì ł ŕőńŋőľ ćěàèĺŋě `, ğăŕĺèěň ãàăćŋěŋĺě (2.144) ć ćĺďě:

` = U + `GGU = U + `(A + B)U = U + U (A + B)` (2.160)

İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 49

İâő àăćěŋáâćő ŕőńãçăěâáï ĺğ čàăäĺçěáłőčő ãàăćŋěŋĺï ďńï `, ěáńĺ áőąàăâì čàăäĺłĺ ć \őąàăâŋőň ŕőàïďłě". Ććěďěň âěŕěàì ăňŕńĺâãďã `^ω, őŕàěďěńïěňãî ãàăćŋěŋĺěň:

`^ω = U + U B`^ω = U + `^ωBU (2.161)

Ńěčłő ćĺďěâì, çâő `^ω ěáâì ŕàěďěń:

`^ω = lim ω→0,^q_ω →0 ` (2.162)

Ŕőàïďőł ŕàěďěńìŋëå ŕěàěåőďőć ğďěáì ćěáìňă ćăęěŋ | áŋăçăńă q → 0, ă ãęě ŕőâőň ω → 0 (Ń.Ď.Ńăŋďăã, 1958). Ŕàĺ íâőň ćěńĺçĺŋă A ć (2.160) áâàěňĺâáï ł ŋãńî, çâő ĺ ŕàĺćőďĺâ ã ãàăćŋěŋĺî (2.161).

Şňŋőęăï (2.160) áńěćă ŋă 1 + `^ωB, ŕőńãçĺň:

` = `^ω + `^ωA` = `^ω + `A`^ω (2.163)

Ć áăňőň ďěńě, ĺňěěň:

(1 + `^ωB)` = (1 + `^ωB)U + (1 + `^ωB)U (A + B)` = = `^ω + `^ω(A + B)` = `^ω + `^ωA` + `^ωB`

{ ŕőďçěàłŋãâëě çńěŋë áőłàăéăîâáï ĺ ňë ŕőńãçăěň (2.163).

Ćěàèĺŋă `^ω ğăćĺáĺâ őâ p^2, (p^′)^2, pp^′ ĺ ε, ε^′ (ŕőłă őâćńěłăěňáï őâ áŕĺŋőć!), ŋő ŋă ŕőćěàåŋőáâĺ Ťěàňĺ ĺňěěň |p| = |p^′| = p_F , ε = ε^′ = 0, âăł çâő `^ω ğăćĺáĺâ âőńìłő őâ ãčńă ňěęďã ćěłâőàăňĺ p ĺ p^′. Ćěńĺçĺŋă ` ŋă ŕőćěàåŋőáâĺ Ťěàňĺ ğăćĺáĺâ ěéě ĺ őâ ŕěàěďăćăěňőčő ĺňŕãńìáă. Ŕőáłőńìłã ĺŋâěčàĺàőćăŋĺě ć (2.163) (ć áĺńã ïćŋőčő ćĺďă A ĺğ (2.159)) ŕàőĺáåőďĺâ ŕő ŕőćěàåŋőáâĺ Ťěàňĺ, âő ŕàĺ |p| = |p^′| = p_F ĺ ε = ε^′ = 0 őŋő ŕàěďáâăćńïěâ áőąőľ ğăňłŋãâőě ãàăćŋěŋĺě ďńï őŕàěďěńěŋĺï ` ŋă ŕőćěàåŋőáâĺ Ťěàňĺ (Ń.Ď.Ńăŋďăã, 1958).

Ŕàĺ ćëćőďě ňë ŕàěďŕőńăčăńĺ, çâő ąńőł U ŋě ĺňěěâ őáőąěŋŋőáâĺ ŕàĺ ŕěàěďăćăěňőň ĺňŕãńìáě q → 0. Ŕőíâőňã, áâàőčő čőćőàï, ŋăèě àăááňőâàěŋĺě ŋě čőďĺâáï ďńï áńãçăï łãńőŋőćáłőčő ćğăĺňőďěľáâćĺï ňěęďã äěàňĺőŋăňĺ (â.ě. ŋăŕàĺňěà, ďńï íńěłâàőŋőć ć ňěâăńńě!), ŋő ŕàĺňěŋĺňő ďńï äěàňĺ { ęĺďłőáâěľ á łőàőâłőďěľáâćĺěň, âĺŕă ęĺďłőčő He^3. Ŋěőąåőďĺňőě őąőąéěŋĺě ŋă áńãçăľ ďăńìŋőďěľáâćĺï ąãďěâ ěéě ŕàőćěďěŋő ŋĺęě.

Ğăŕĺèěň ãàăćŋěŋĺě (2.163) ć ïćŋőň ćĺďě, őčàăŋĺçĺćăïáì áńãçăěň ňăńëå q. Řăááňőâàĺň áŋăçăńă áńãçăľ, łőčďă `^ω ŋě ğăćĺáĺâ őâ áŕĺŋőćëå ŕěàěňěŋŋëå çăáâĺæ. Šőčďă áãňňĺàőćăŋĺě ŕő áŕĺŋőćëň ĺŋďěłáăň ćŋãâàěŋŋĺå ńĺŋĺľ (çăáâĺæë ĺ ďëàłĺ) ŕàĺćőďĺâ ŕàőáâő ł ŕőïćńěŋĺî ňŋőęĺâěńï 2 (ďńï äěàňĺőŋőć áő áŕĺŋőň 1/2). Ĺáŕőńìğãï ïćŋőě ćëàăęěŋĺě ďńï A ĺğ (2.159), ŕőńãçĺň:

`(n, n^′, q) = `^ω(n, n^′) + + Z^2p_F m^∗ π^2 ∫ `^ω(n, n^′_1) qv^1

ω − qv_1 + iγ(ω) `(n^{1,} n^{′,} q)

d˙_1 4π (2.164)

čďě γ(ω) = γsignω, (γ → +0), n, n^′, n_1 | ěďĺŋĺçŋëě ćěłâőàë ŋăŕàăćńěŋĺľ p, p^′ ĺ

v1. Ĺŋâěčàĺàőćăŋĺě ć (2.164) ŕàőĺáåőďĺâ ŕő ãčńăň ćěłâőàă v1.

Řăááňőâàĺň ć łăçěáâćě ŕàĺňěàă áńãçăľ, łőčďă `^ω(n, n^′) ŋě ğăćĺáĺâ őâ ãčńă ňěęďã

n ĺ n^′. Šőčďă ĺ ` ŋě ğăćĺáĺâ őâ íâőčő ãčńă ĺ áàăğã ęě ŋăåőďĺâáï ĺğ ãàăćŋěŋĺï (2.164):

`(qω) = `^ω

1 −^1_2 ˘_0

∫_1 −1 dx^{qvx} ω−qvx+iγ(ω) (2.165)

50 İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

čďě ˘_0 = Z^2`^{ω m∗ pF}_{π2} . Ćěńĺçĺŋă^{m∗ pF}_{π2} ğďěáì ěáâì ŕàőáâő ŕńőâŋőáâì áőáâőïŋĺľ ŋă ãàőćŋě Ťěàňĺ.

Ĺŋâěčàăń ć (2.165) ćëçĺáńïěâáï âăłęě, łăł ĺ ćëèě ć (2.22) ĺ (2.24), âăł çâő ŕőńãçăěň:

`(qω) = `^ω

1 + ˘_0 { 1 −^ω_{2qv} ln | | |^{ω+qv}_{ω−qv} | | | + iπ^{|ω|}_{2qv} θ(qv − |ω|) } (2.166)

Ć áńãçăě łãńőŋőćáłőčő ćğăĺňőďěľáâćĺï, ŕàĺ q → 0 áàěďĺ čàăäĺłőć, őŕàěďěńïîéĺå ąńőł U (áň. Řĺá. 2-17) ďőáâăâőçŋő (ć ŕěàćőň ŕàĺąńĺęěŋĺĺ) őáâăćĺâì âőńìłő áăňëľ ŕěàćëľ čàăäĺł, ŋăŕĺáăć: U = 4πe^2 q^2

≡ V_q (2.167)

őąàăéăîéĺľáï ć ąěáłőŋěçŋőáâì ŕàĺ q → 0. Ŕőńăčăï Z = 1 ĺ őâąàăáëćăï ŋěŕőńîáŋëľ ćłńăď ć GG, ŕőńãçăěň:

`(qω) =^{Vq}

1 +^{mpF}_{π2} V_q [ 1 −^ω_{2qv} ln | | |^{ω+qv}_{ω−qv} | | | + iπ^{|ω|}_{2qv} θ(qv − |ω|) ] (2.168)

Ŕàĺ ω ≫ vq őâáîďă ĺňěěň:

`(qω) = 4^{πe2}

q^2 −^{mpF}_{π2} 4πe^{2 1}_3^{v2q2}_{ω2} = V_q ( 1 −^{ωp2}_{ω2}

) (2.169)

â.ě. ϵ(ω) = 1 −^{ω2p}_{ω2} , čďě ω^2_p =^{4πne2}_m { łćăďàăâ ŕńăğňěŋŋőľ çăáâőâë. Ŕàĺ vq ≫ ω ŕőńãçăěň őąëçŋãî ďěąăěćáłãî íłàăŋĺàőćłã:

`(qω = 0) = 4^{πe2}_{q2} +_{κ2D} (2.170)

čďě κ^2_D =^{4e2mpF}_π . İâĺ äőàňãńë, ěáâěáâćěŋŋő, áőćŕăďăîâ á á ŕőńãçěŋŋëňĺ ćëèě ć RPA.

Ŕàőćěďěŋŋëľ ćëèě őąéĺľ ăŋăńĺğ ŕőďàăğãňěćăń őâáãâáâćĺě áĺŋčãńïàŋőáâĺ ąńőłă U ŕàĺ q → 0, åăàăłâěàŋőčő ďńï łãńőŋőćáłőčő ćğăĺňőďěľáâćĺï. Ŕőíâőňã łőààěłâŋëľ ãçěâ łãńőŋőćáłőčő ćğăĺňőďěľáâćĺï ć àăňłăå őąéěľ âěőàĺĺ äěàňĺ { ęĺďłőáâĺ âàěąãěâ, ćőőąéě čőćőàï, áŕěæĺăńìŋőčő őąáãęďěŋĺï (Ć.Ŕ.Śĺńĺŋ, 1957; P.Nozieres, J.M.Luttinger, 1962) [9, 10]. Řăááňőâàĺň ŕàőĺğćőńìŋãî ďĺăčàăňňã ďńï ćěàèĺŋŋőľ çăáâĺ `. Ŋăğőćěň ďĺăčàăňňã \ŕőďåőďïéěľ" [9], ěáńĺ ňăńëľ ĺňŕãńìá ŕěàěďăçĺ q ŋě ŕőïćńïěâáï ŋĺ ć őďŋőľ ĺğ ěě ńĺŋĺľ ćğăĺňőďěľáâćĺï. Ć ŕàőâĺćŋőň áńãçăě łńăááĺäĺæĺàãěň ďĺăčàăňňã łăł \ŋěŕőďåőďïéãî". Śőőâćěâáâćãîéĺě ŕàĺňěàë ŕőłăğăŋë ŋă Řĺá. 2-20. \Ŕőďåőďïéĺě" ďĺăčàăňňë ďăîâ àěčãńïàŋëě ćłńăďë ŕàĺ q → 0. Őąőğŋăçĺň çěàěğ ~` áãňňã ćáěå \ŕőďåőďïéĺå" ďĺăčàăňň ďńï ćěàèĺŋŋőľ çăáâĺ. Őŋă, őçěćĺďŋő, âăłęě àěčãńïàŋă ŕàĺ q → 0. Šőčďă ïáŋő, çâő ŕàőĺğćőńìŋëľ ćłńăď ć ŕőńŋãî ćěàèĺŋã ĺňěěâ áâàãłâãàã, ŕőłăğăŋŋãî ŋă Řĺá. 2-21. Šăłĺň őąàăğőň ňőęěň ğăŕĺáăâì:

` = ~` + ~T V ~T (2.171)

čďě ďĺăčàăňňë ďńï ąńőłőć V (íłàăŋĺàőćăŋŋőě ćğăĺňőďěľáâćĺě!) ĺ ~T ŕőłăğăŋë ŋă Řĺá. 2-22. Ć ăŋăńĺâĺçěáłőň ćĺďě (Řĺá. 2-22(a)):

V = V_q + V_q ~˝V_q + V_q ~˝V_q ~˝V_q + ... (2.172)

İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 51

Řĺá. 2-20 Ŕàĺňěàë \ŋěŕőďåőďïéĺå" (a) ĺ \ŕőďåőďïéĺå" (b) ďĺăčàăňň ć ğăďăçě á łãńőŋőćáłĺň ćğăĺňőďěľáâćĺěň.

52 İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Řĺá. 2-21 Őąéăï áâàãłâãàă ŕàőĺğćőńìŋőčő ćłńăďă ć ŕőńŋãî ćěàèĺŋã ć ğăďăçě á łãńőŋőćáłĺň ćğăĺňőďěľáâćĺěň.

İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 53

ŕàĺçěň ~˝, âăłęě łăł ĺ ~T (Řĺá. 2-22(b)) ŋě áőďěàęăâ \ŋěŕőďåőďïéĺå" ďĺăčàăňň. §áŋő, çâő: V = V_q 1 − V_q ~˝

(2.173)

âăł çâő

` = ~` + ~T V_q ~T 1 − V_q ~˝

(2.174)

Ćěńĺçĺŋë ~`, ~T , ~˝ őąńăďăîâ åőàőèő őŕàěďěńěŋŋëňĺ ŕàěďěńăňĺ ŕàĺ q → 0 (âĺŕă `^ω). Ŕőíâőňã, ćáě őąéĺě ãàăćŋěŋĺï ďńï ăňŕńĺâãď àăááěïŋĺï (ćěàèĺŋ) âěőàĺĺ äěàňĺ { ęĺďłőáâĺ, ćëćěďěŋŋëě ćëèě, őáâăîâáï, äăłâĺçěáłĺ, áŕàăćěďńĺćëňĺ ďńï \ŕőďåőďïéĺå" ćěàèĺŋ (ăňŕńĺâãď), âăł çâő ŕàĺ ŋăńĺçĺĺ łãńőŋőćáłőčő ćğăĺňőďěľáâćĺï ŋăď ŋĺňĺ ŋăďő ŕàőáâő ŕőáâăćĺâì ğŋăł âĺńìďë. Ťĺğĺçěáłĺ íâő őğŋăçăěâ, çâő ňë àăğďěńïěň ŕőńŋãî ćěàèĺŋã ` ŋă łőàőâłőďěľáâćãîéãî çăáâì ~` ĺ çăáâì, ćłńîçăîéãî áăňőáőčńăáőćăŋŋőě ŕőńě `_{long} :

` = ~` + `_{long} (2.175)

łăł íâő ŕőłăğăŋő ŋă Řĺá. 2-23. Ćěńĺçĺŋă `_{long} ć âőçŋőáâĺ áőőâćěâáâćãěâ íääěłâĺćŋőňã áăňőáőčńăáőćăŋŋőňã ŕőńî (áłăńïàŋőňã ŕőâěŋæĺăńã), łőâőàőě ććőďĺâáï ć âěőàĺĺ Ńăŋďăã { Śĺńĺŋă [11, 9, 10]. Ŕàĺ íâőň ćěńĺçĺŋă ~` őŕĺáëćăěâ łőàőâłőďěľáâćãîéĺě łőààěńïæĺőŋŋëě íääěłâë, ďńï ŋěě ć łãńőŋőćáłőľ (ňěâăńń) äěàňĺ { ęĺďłőáâĺ ŕĺèãâáï âě ęě äěŋőňěŋőńőčĺçěáłĺě ćëàăęěŋĺï, çâő ĺ ć äěàňĺ { ęĺďłőáâĺ á łőàőâłőďěľáâćĺěň (âĺŕă He^3) (áň. ŋĺęě). Ć ŕàőáâàăŋáâćěŋŋő őďŋőàőďŋőľ áĺáâěňě ćłńăď `_{long} ŕàĺ q = 0 ŕőńŋőáâìî łőňŕěŋáĺàãěâáï ŕőńőęĺâěńìŋëň äőŋőň (ĺőŋőć). Ěčő àőńì áãéěáâćěŋŋă ć łĺŋěâĺçěáłőň ãàăćŋěŋĺĺ Ńăŋďăã { Śĺńĺŋă, őŕĺáëćăîéěň łőńńěłâĺćŋëě łőńěąăŋĺï ňěâăńńĺçěáłőľ äěàňĺ { ęĺďłőáâĺ [10].

Ĺğ ŕàěďëďãéěčő àăááňőâàěŋĺï ïáŋő, çâő ĺňěŋŋő ćěńĺçĺŋă Z^2`^ω ĺ ĺčàăěâ àőńì ăňŕńĺâãďë àăááěïŋĺï łćăğĺçăáâĺæ ć äěàňĺ { ęĺďłőáâĺ. Ğăňěâĺň, çâő ćěńĺçĺŋă `^ω (ŕàĺ ω → 0) ćěéěáâćěŋŋă (íàňĺâőćă ŕő áŕĺŋőćëň ĺŋďěłáăň). Ć áăňőň ďěńě, `^ω ŕàěďáâăćńïěâ áőąőľ ăňŕńĺâãďã àăááěïŋĺï ďćãå çăáâĺæ ć áàěďě (ęĺďłőáâĺ) ŋă ŋãńěćőľ ãčőń (vq ≪ E_F ). Ňŋĺňăï çăáâì ăňŕńĺâãďë àăááěïŋĺï ćŕěàěď, á ŕőňőéìî őŕâĺçěáłőľ âěőàěňë łćăŋâőćőľ âěőàĺĺ àăááěïŋĺï, ćëàăęăěâáï çěàěğ ŕőńŋőě áěçěŋĺě àăááěïŋĺï çăáâĺæ. Ŋő áěçěŋĺě àăááěïŋĺï çăáâĺæ őąàăéăěâáï ć ŋãńì, łőčďă ĺňŕãńìáë çăáâĺæ áâàěňïâáï ł ĺňŕãńìáã Ťěàňĺ, ŕőáłőńìłã ć íâőň áńãçăě áâàěňĺâáï ł ŋãńî äăğőćëľ őąêěň łőŋěçŋëå áőáâőïŋĺľ. Ĺňěŋŋő ďńï `^ω ĺ ććőďĺâáï őąëçŋőě äěŋőňěŋőńőčĺçěáłőě ŕàěďáâăćńěŋĺě (Ń.Ď.Ńăŋďăã, 1958):

Z^2`^ω m^∗p_F π^2

≡ f(pσ; p^′σ^′) = f^s + (⃗σ⃗σ^′)f^a (2.176)

ŕàĺçěň f^s ĺ f^a ğăćĺáïâ ğďěáì âőńìłő őâ ãčńă ňěęďã p ĺ p^′ (łőâőàëě ńěęăâ ŋă ŕőćěàåŋőáâĺ Ťěàňĺ), âăł çâő őąëçŋő ććőďïâ àăğńőęěŋĺě ŕő ŕőńĺŋőňăň Ńěęăŋďàă: f^{s,a}(θ) = π^2 m^∗p_F ∞∑ l=0 F^{s,a}_l P_l(cos θ) (2.177)

čďě F^{s,a} { ąěğàăğňěàŋëě ŕăàăňěâàë (łőŋáâăŋâë) Ńăŋďăã, őŕĺáëćăîéĺě äěàňĺ { ęĺďłőáâŋőě (łőààěńïæĺőŋŋőě) ćğăĺňőďěľáâćĺě łćăğĺçăáâĺæ^{10}.

10Ć àăňłăå äěŋőňěŋőńőčĺçěáłőčő ŕőďåőďă íâĺ łőŋáâăŋâë ŕőďńěęăâ őŕàěďěńěŋĺî ĺğ íłáŕěàĺňěŋâă.

54 İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Řĺá. 2-22 Ďĺăčàăňňë ďńï íääěłâĺćŋőčő (íłàăŋĺàőćăŋŋőčő) ćğăĺňőďěľáâćĺï (a) ĺ őŕàěďěńěŋĺě ąńőłă ~T (b).

İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 55

Řĺá. 2-23 Ŕőńŋăï ćěàèĺŋă ć âěőàĺĺ äěàňĺ { ęĺďłőáâĺ á łãńőŋőćáłĺň ćğăĺňőďěľáâćĺěň. Ćâőàőě áńăčăěňőě ć ŕàăćőľ çăáâĺ ŕàěďáâăćńïěâ íääěłâĺćŋőě áăňőáőčńăáőćăŋŋőě ŕőńě (áłăńïàŋëľ ŕőâěŋæĺăń).

56 İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Řěèěŋĺě ĺŋâěčàăńìŋőčő ãàăćŋěŋĺï (2.164) ďńï ` ňőęŋő, ŕàĺ íâőň, ĺáłăâì âăłęě ć ćĺďě: Z^2 m^∗p_F π^2

` = φ + (⃗σ⃗σ^′)ψ (2.178)

Šőčďă ďńï φ ĺ ψ ćőğŋĺłăîâ áńěďãîéĺě ãàăćŋěŋĺï:

φ(n, n^′, q) = f^s(n, n^′) + + ∫ f^s(n, n_1) qv^1

ω − qv_1 + iγ(ω)^φ(n^{1,} n^{′,} q)

d˙_1 4π (2.179)

ψ(n, n^′, q) = f^a(n, n^′) + + ∫ f^a(n, n_1) qv^1

ω − qv_1 + iγ(ω)^ψ(n^{1,} n^{′,} q)

d˙_1 4π (2.180)

Ěáńĺ ĺŋâěàěáőćăâìáï łőńńěłâĺćŋëňĺ ćőğąãęďěŋĺïňĺ ć äěàňĺ { ęĺďłőáâĺ, âő áńěďãěâ ĺňěâì ć ćĺďã, çâő őŋĺ őŕàěďěńïîâáï ŕőńîáăňĺ ďćãåçăáâĺçŋőľ äãŋłæĺĺ Čàĺŋă ć łăŋăńě çăáâĺæă { ďëàłă, łőâőàăï őŕàěďěńïěâáï ãàăćŋěŋĺěň (2.139):

K = K_0 − GG`GG (2.181)

Śńăčăěňőě K_0 ğďěáì ĺňěěâ ŕőńîá, áőőâćěâáâćãîéĺľ âőńìłő áãňňăàŋőľ íŋěàčĺĺ ďćãå áćőąőďŋëå çăáâĺæ, âăł çâő ŕőńîáă K, áőőâćěâáâćãîéĺě łőńńěłâĺćŋëň ćőğąãęďěŋĺïň, ĺňěîâáï âőńìłő ć `. Ćąńĺğĺ âăłőčő ŕőńîáă ć (2.144) ňőęŋő ŕàěŋěąàěçì ŋěőďŋőàőďŋëň çńěŋőň ĺ ŋăŕĺáăâì:

` = U GG` (2.182)

Ěáńĺ âěŕěàì őčàăŋĺçĺâìáï ćőğąãęďěŋĺïňĺ á ňăńëňĺ q ≪ p_F ĺ ω ≪ E_F , âő ňőęŋő ćőáŕőńìğőćăâìáï ŕěàěŋőàňĺàőćăŋŋëň ãàăćŋěŋĺěň ďńï `:

` = `^ω + `^ωA` (2.183)

àěèěŋĺě łőâőàőčő áńěďãěâ ĺáłăâì ć ćĺďě (2.178). Śőőâćěâáâćěŋŋő, ć áĺáâěňě ćőğňőęŋë ğćãłőćëě łőńěąăŋĺï (ŋãńěćőľ ğćãł)^{11}, őŕĺáëćăěňëě φ, ĺ áŕĺŋőćëě ćőńŋë, őŕĺáëćăěňëě ψ. Řăááňőâàĺň ŕőďàőąŋěě áńãçăľ ŋãńěćőčő ğćãłă. Ĺğ ãàăćŋěŋĺï (2.179), ćąńĺğĺ ŕőńîáă, ŕőńãçăěň:

φ(n, n^′, q) = ∫ f^s(n, n_1) qv^1

ω − qv_1 + iγ(ω)^φ(n^{1,} n^{′,} q)

d˙_1 4π (2.184)

Ćąńĺğĺ ŕőńîáă, áőőâćěâáâćãîéěčő łőńńěłâĺćŋëň łőńěąăŋĺïň áő áŕěłâàőň ω_q, ćěńĺçĺŋă φ ňőęěâ ąëâì ğăŕĺáăŋă ć ćĺďě:

φ(n, n^′) =^χ(n)^χ(n^′)

ω^2 − ω^2_q

2ω_q (2.185)

Šăłăï áâàãłâãàă àěèěŋĺï ňőęěâ ąëâì őŕàăćďăŋă ĺğ őąéĺå áőőąàăęěŋĺľ [8], ďńï ŋăá ďőáâăâőçŋő áłăğăâì, çâő ňë ŕàőáâő ĺéěň àěèěŋĺě ć âăłőň ćĺďě. Šőčďă ďńï χ(n) ćőğŋĺłăěâ ãàăćŋěŋĺě:

χ(n) = ∫ f^s(n, n_1) qv^1

ω − qv_1 + iγ(ω)^χ(n^1)

d˙_1 4π (2.186)

11Ďńï ŕàőáâőâë ňë áěľçăá őčàăŋĺçĺćăěňáï àăááňőâàěŋĺěň äěàňĺ { ęĺďłőáâĺ á łőàőâłőďěľáâćĺěň. Ťĺğĺçěáłĺ ŋãńěćőľ ğćãł ŕàěďáâăćńïěâ áőąőľ ŋě ŕàőáâő łőńěąăŋĺï ŕńőâŋőáâĺ ęĺďłőáâĺ, ă őáæĺńńïæĺĺ äőàňë ŕőćěàåŋőáâĺ Ťěàňĺ [10]

İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 57

Ććěďěň, ŕő őŕàěďěńěŋĺî, ćěńĺçĺŋã:

ρ(n) = vq ω − vq + iγ(ω)^χ(n) (2.187)

Ďńï ŋěě ĺğ (2.186) ćőğŋĺłăěâ ãàăćŋěŋĺě:

(ω − vq)ρ(n) = vq ∫ f^s(n, n_1)ρ(n_1) d˙_1 4π (2.188)

łőâőàőě áőćŕăďăěâ á łĺŋěâĺçěáłĺň ãàăćŋěŋĺěň äěŋőňěŋőńőčĺçěáłőľ âěőàĺĺ Ńăŋďăã ďńï ĺğňěŋěŋĺï äãŋłæĺĺ àăáŕàěďěńěŋĺï łćăğĺçăáâĺæ [10].

Ŕőïáŋĺň íâő ŕőďàőąŋěě. Ňăńőě ĺğňěŋěŋĺě äãŋłæĺĺ àăáŕàěďěńěŋĺï äěàňĺ { čăğă (ă łćăğĺçăáâĺæë ć äěàňĺ { ęĺďłőáâĺ, äăłâĺçěáłĺ, őąàăğãîâ ĺňěŋŋő âăłőľ čăğ) ŕàĺ ňăńëå q ĺ ω ŕőďçĺŋïěâáï łĺŋěâĺçěáłőňã ãàăćŋěŋĺî ćĺďă:

(ω − vq)δfq(p) = −q ∂f_0 ∂p^{Vq}(p) (2.189)

čďě f_0 { àăćŋőćěáŋăï (äěàňĺěćáłăï) äãŋłæĺï àăáŕàěďěńěŋĺï, ă áăňőáőčńăáőćăŋŋőě ŕőńě (ŕőâěŋæĺăń) V_q(p) áćïğăŋő á ĺğňěŋěŋĺěň äãŋłæĺĺ àăáŕàěďěńěŋĺï áńěďãîéĺň áőőâŋőèěŋĺěň^{12}:

V_q(p) = 2 ∫ U (p, p^′)δfq(p^′)^dp^′(2_π)_3 (2.190)

čďě U (p, p^′) { ăňŕńĺâãďă ćğăĺňőďěľáâćĺï ňěęďã çăáâĺæăňĺ ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ. Ĺáŕőńìğãï âěŕěàì: ∂f_0 ∂p =^− p |p|^δ(^|p^{| − pF} ) (2.191)

ĺ ŕěàěŕĺáëćăï ŋěàăćŋőćěáŋãî ďőąăćłã ł äãŋłæĺĺ àăáŕàěďěńěŋĺï łăł:

δfq(p) = δ(|p| − pF )ρ(n) (2.192)

ŕőńãçăěň:

(ω − vq)ρ(n) = vq m^∗p_F π^2 ∫ U (p, p1)ρ(n1)^d˙^14_π (2.193)

ŕàĺ |p_1| = |p| = p_F . Śàăćŋěŋĺě á (2.188) ďăěâ:

U (p, p1) =^{π2}_{m∗pF} f^s(n, n1) = Z^2`^ω_s (p, p1) (2.194)

čďě çěàěğ `^ω_s őąőğŋăçĺńĺ ąěááŕĺŋőćãî çăáâì ăňŕńĺâãďë.

Řăááňőâàĺň àěèěŋĺě (2.188) ďńï ŕàőáâěľèěčő áńãçăï, łőčďă f^s(n, n^′) = F_0, â.ě. áćőďĺâáï ł ěďĺŋáâćěŋŋőľ łőŋáâăŋâě. Šőčďă (2.188) áćőďĺâáï ł:

ρ(n) = vq_{ω −} vq F0 ∫ ρ(n1)^d˙^14_π (2.195)

12Ĺňěŋŋő ł Vq(p) ć âěőàĺĺ Ńăŋďăã { Śĺńĺŋă ŋãęŋő ěéě ďőąăćĺâì ćłńăď áăňőáőčńăáőćăŋŋőčő áłăńïàŋőčő ŕőâěŋæĺăńă, őŕàěďěńïîéěčő íńěłâàĺçěáłőě ŕőńě, łőâőàëľ őŕàěďěńïěâáï áőćňěáâŋëň àěèěŋĺěň łĺŋěâĺçěáłőčő ãàăćŋěŋĺï ĺ ãàăćŋěŋĺï Ŕãăááőŋă.

58 İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Ćëŕőńŋïï ĺŋâěčàĺàőćăŋĺě ŕő ãčńăň (łăł ňë íâő ãęě ďěńăńĺ àăŋìèě), ŕőńãçăěň ãàăćŋěŋĺě: − 1 F_0

= 1 − ω 2vq ln | | | ω + vq ω − vq | | | + iπ |ω| 2vq θ(vq − |ω|) (2.196) àěèěŋĺě łőâőàőčő ĺ ďăěâ ğăłőŋ ďĺáŕěàáĺĺ ŋãńěćőčő ğćãłă. Ćěéěáâćěŋŋăï çăáâőâă (őâáãâáâćĺě ğăâãåăŋĺï) áőőâćěâáâćãěâ őąńăáâĺ |ω| > vq, ĺńĺ, ěáńĺ őąőğŋăçĺâì ω_q = svq: 1 F_0 = s 2 ln s + 1 s − 1 − 1, čďě s > 1 (2.197)

Ŋěâàãďŋő ćĺďěâì, çâő ŕàăćăï çăáâì ğďěáì ŕőńőęĺâěńìŋă, ŕőíâőňã ŋãńěćőľ ğćãł ćőğňőęěŋ âőńìłő ŕàĺ F_0 > 0. Ć ŕàěďěńìŋëå áńãçăïå:

s_{F0→0} = 1 + 2e^{− 2F}0 s_{F0→∞} = √ F_0/3 (2.198)

Ć ğăłńîçěŋĺě, ŕàĺćěďěň ąěğ ďěâăńěľ ćëćőďă àïď őáŋőćŋëå áőőâŋőèěŋĺľ áâăŋďăàâŋőľ âěőàĺĺ äěàňĺ { ęĺďłőáâĺ [10]. Ć çăáâŋőáâĺ, á ĺáŕőńìğőćăŋĺěň čăńĺńěěćőľ ĺŋćăàĺăŋâŋőáâĺ, ňőęŋő ŕőłăğăâì, çâő íääěłâĺćŋăï ňăááă m^∗ őŕàěďěńïěâáï ŕàőáâëň áőőâŋőèěŋĺěň: m^∗ m = 1 +

F^s_1 3 (2.199)

Śőőâćěâáâćěŋŋő, âěŕńőěňłőáâì äěàňĺ { ęĺďłőáâĺ (ŕàĺ T = 0): c = m^∗ m c_0 (2.200)

čďě c_0 { âěŕńőěňłőáâì äěàňĺ { čăğă.

Ňăčŋĺâŋăï ćőáŕàĺĺňçĺćőáâì: χ = m^∗ m 1 1 + F^a_0 χ_0 (2.201)

čďě χ_0 { ćőáŕàĺĺňçĺćőáâì ĺďěăńìŋőčő äěàňĺ { čăğă. Ăŋăńőčĺçŋëň őąàăğőň, áęĺňăěňőáâì äěàňĺ { ęĺďłőáâĺ ěáâì: κ = m^∗ m 1 1 + F^s_0 κ_0 (2.202)

čďě κ_0 { áęĺňăěňőáâì äěàňĺ { čăğă.

Ĺáŕőńìğãï íâĺ áőőâŋőèěŋĺï ňőęŋő ŕàĺľâĺ ł ŋěłőâőàëň őąéĺň ćëćőďăň. Ŋăŕàĺňěà ĺğ (2.201) ĺ (2.202) áàăğã áńěďãîâ ãáńőćĺï ãáâőľçĺćőáâĺ őďŋőàőďŋőľ äěàňĺ { ęĺďłőáâĺ:

1 + F^a_0 > 0; 1 + F^s_0 > 0 (2.203) Ć áăňőň ďěńě, 1 + F^s_0 < 0 ŕàĺćěńő ąë ł őâàĺæăâěńìŋőľ áęĺňăěňőáâĺ (çâő ňőęěâ őğŋăçăâì, çâő ć áĺáâěňě ŕàőĺáåőďĺâ áâàãłâãàŋëľ äăğőćëľ ŕěàěåőď, łőâőàëľ ŕěàěćőďĺâ áĺáâěňã ć ŋőćőě ãáâőľçĺćőě áőáâőïŋĺě!). Őąéĺľ ăŋăńĺğ ãáâőľçĺćőáâĺ äěàňĺ { ęĺďłőáâĺ (Ĺ.§.Ŕőňěàăŋçãł, 1957) ďăěâ áńěďãîéĺě ŋěàăćěŋáâćă, łőâőàëě ďőńęŋë ãďőćńěâćőàïâìáï ďńï ćáěå l: 1 + 1 2l + 1

F^{s,a}_l > 0 (2.204)

Ŋăŕàĺňěà, ďńï l = 1 ãáńőćĺě (2.204) čăàăŋâĺàãěâ ŕőńőęĺâěńìŋőáâì m^∗ ĺğ (2.199). Ĺğ (2.201) ćĺďŋő, çâő ďńï áĺáâěň, ąńĺğłĺå ł ňăčŋĺâŋőľ ŋěãáâőľçĺćőáâĺ, ňőęěâ ąëâì

İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 59

1 + F^a_0 ≪ 1. Ćěńĺçĺŋã íâőčő ŕăàăňěâàă ňőęŋő íłáŕěàĺňěŋâăńìŋő őŕàěďěńĺâì ĺğ ĺğňěàěŋĺľ ćőáŕàĺĺňçĺćőáâĺ ĺ âěŕńőěňłőáâĺ, ŋăåőďï âăł ŋăğëćăěňőě őâŋőèěŋĺě Ćĺńìáőŋă:

R_W = π^2χT 3μ^2_Bc = 1 1 + F^a_0

(2.205)

Ŋěäěàňĺęĺďłőáâŋőě ŕőćěďěŋĺě.

Łàőňě ŋőàňăńìŋőľ äěàňĺ { ęĺďłőáâĺ áãéěáâćãěâ ěéě æěńëľ àïď âĺŕőć őáŋőćŋőčő áőáâőïŋĺï ňŋőčőíńěłâàőŋŋëå áĺáâěň. Ć çăáâŋőáâĺ, áĺáâěňă ňőęěâ ŕěàěľâĺ ć áćěàåŕàőćőďïéěě áőáâőïŋĺě, ćőğňőęŋë àăğńĺçŋëě âĺŕë ňăčŋĺâŋőčő ãŕőàïďőçěŋĺï ĺńĺ áőáâőïŋĺï á ŋěőďŋőàőďŋëň àăáŕàěďěńěŋĺěň ğăàïďă (ćőńŋőľ ğăàïďőćőľ ŕńőâŋőáâĺ { CDW). Ŋěłőâőàëě ĺğ íâĺå áőáâőïŋĺľ ňőčãâ ąëâì ďĺíńěłâàĺçěáłĺňĺ. Ňŋőčĺě ĺğ íâĺå ćőğňőęŋőáâěľ ňë ěéě ąãďěň őąáãęďăâì ŋĺęě. Ŋő áãéěáâćãěâ ĺ őąéĺľ ŕàĺŋæĺŕĺăńìŋëľ ćőŕàőá | ïćńïěâáï-ńĺ äěàňĺ { ęĺďłőáâì Ńăŋďăã ěďĺŋáâćěŋŋëň ćőğňőęŋëň áőáâőïŋĺěň ŋőàňăńìŋőčő ňěâăńńă, ć łőâőàőň ŋě ćőğŋĺłăěâ łăłőľ { ńĺąő ďăńìŋĺľ ŕőàïďőł? İâă ŕàőąńěňă ăłâĺćŋő őąáãęďăěâáï ć ŕőáńěďŋĺě čőďë, őáőąěŋŋő ć áćïğĺ á äĺğĺłőľ ćëáőłőâěňŕěàăâãàŋëå áćěàåŕàőćőďŋĺłőć (ĆŠŚŔ) ŋă őáŋőćě őłáĺďőć ňěďĺ. Ŋěäěàňĺęĺďłőáâŋőě ŕőćěďěŋĺě, łăł ŕàăćĺńő, àěăńĺğãěâáï ć őďŋőňěàŋëå ňőďěńïå, őáŋőćőŕőńăčăîéĺľ ŕàĺňěà ňőďěńĺ Šőňőŋăčă { Ńăââĺŋęěàă ąãďěâ àăááňőâàěŋ ć áăňőň łőŋæě ŋăèĺå ńěłæĺľ. ĆŠŚŔ áĺáâěňë őâŋőáïâáï ł ŕőčàăŋĺçŋőňã áńãçăî ďćãňěàŋëå (łćăğĺďćãňěàŋëå) áĺáâěň, ćőŕàőá őą ĺå őáŋőćŋőň áőáâőïŋĺĺ őáâăěâáï, ć ğŋăçĺâěńìŋőľ ňěàě, őâłàëâëň. Ŕàĺ íâőň ďńï ŋĺå áãéěáâćãěâ æěńëľ àïď \áæěŋăàĺěć" äőàňĺàőćăŋĺï ŋěäěàňĺęĺďłőáâŋőčő ŕőćěďěŋĺï.

Ğďěáì ňë őáâăŋőćĺňáï âőńìłő ŋă őçěŋì łàăâłőň őąáãęďěŋĺĺ ňőďěńĺ âăł ŋăğëćăěňőľ \ňăàčĺŋăńìŋőľ" äěàňĺ { ęĺďłőáâĺ [13]. Ć íâőľ âěőàĺĺ ŕàěďŕőńăčăěâáï^{13}, çâő ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà íńěłâàőŋŋőľ áĺáâěňë ˝(qω) ŋě ĺňěěâ ğăňěâŋőľ ğăćĺáĺňőáâĺ őâ q, ă ěčő çăáâőâŋăï ğăćĺáĺňőáâì ěčő ňŋĺňőľ çăáâĺ ĺňěěâ ćĺď: Im˝(qω) = { −N (E_F )^ω_T ŕàĺ ω ≪ T −N (E_F ) ŕàĺ T ≪ ω ≪ ω_c (2.206)

Ğďěáì ω_c { őŕàěďěńěŋŋăï çăáâőâă őąàěğăŋĺï, ŕàĺçěň ŕàěďŕőńăčăěâáï, çâő ω_c ≪ E_F . Ĺáŕőńìğãï ďĺáŕěàáĺőŋŋëě áőőâŋőèěŋĺï Łàăňěàáă { Łàőŋĺčă, ňőęŋő ćőááâăŋőćĺâì ćĺď ďěľáâćĺâěńìŋőľ çăáâĺ ˝, áőőâćěâáâćãîéĺľ (2.206):

Re˝(qω) ∼ N (E_F ) ln ( ω T ) (2.207)

Ś ŕőňőéìî íâĺå áőőâŋőèěŋĺľ ňőęŋő őæěŋĺâì áőąáâćěŋŋő { íŋěàčěâĺçěáłãî çăáâì íńěłâàőŋă, őŕàěďěńïěňãî ďĺăčàăňňőľ Řĺá. 2-24: ˚ ∼ λε [ ln x ω_c + i π 2 signε ] (2.208)

čďě x = M ax(ε, T ), ă λ { ŋěłőâőàăï łőŋáâăŋâă ćğăĺňőďěľáâćĺï.

13İâĺ ŕàěďŕőńőęěŋĺï áőőâćěâáâćãîâ łăçěáâćěŋŋőňã ŕőćěďěŋĺî íńěłâàőŋŋëå áćőľáâć ĆŠŚŔ łãŕàăâőć ć ŋőàňăńìŋőň áőáâőïŋĺĺ.

60 İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Řĺá. 2-24 Śőąáâćěŋŋő { íŋěàčěâĺçěáłăï çăáâì ć âěőàĺĺ \ňăàčĺŋăńìŋőľ" äěàňĺ { ęĺďłőáâĺ.

İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 61

Šőčďă, ĺáŕőńìğãï (2.49) áàăğã ęě ŕőńãçăěň: Z = 1 1 −^{∂ReΣ}_{∂ε} ∼ 1 1 + ln (_x ω_c ) (2.209)

Šăłĺň őąàăğőň ŕőńãçăěâáï, çâő ćëçěâ ć ŕőńîáě äãŋłæĺĺ Čàĺŋă áâàěňĺâáï ł ŋãńî ŕàĺ ŕěàěåőďě ŋă áăňã ŕőćěàåŋőáâì Ťěàňĺ, âăł çâő łăł àăğ ŋă ŋěľ łćăğĺçăáâĺæë ãęě ŋě őŕàěďěńěŋë! Ğăâãåăŋĺě łćăğĺçăáâĺæ, őŕàěďěńïěňőě ňŋĺňőľ çăáâìî ˚ (2.208) ńĺŋěľŋő ŕő íŋěàčĺĺ, őâáçĺâăŋŋőľ őâ ãàőćŋï Ťěàňĺ: γ ∼ ε. Ŕőíâőňã łćăğĺçăáâĺæë őŕàěďěńěŋë âőńìłő \ňăàčĺŋăńìŋő" (ć őâńĺçĺě őâ âěőàĺĺ Ńăŋďăã, ć łőâőàőľ, łăł ňë ćĺďěńĺ, ĺňěěň őæěŋłã γ ∼ ε^2).

Ůâő ňőęěâ ŕàĺćěáâĺ ł âăłőňã ŕőćěďěŋĺî ć ŋăáâőïéěě ćàěňï ŋě ćŕőńŋě ïáŋő, åőâï äěŋőňěŋőńőčĺï \ňăàčĺŋăńìŋőľ" äěàňĺ { ęĺďłőáâĺ ŋěŕńőåő őŕĺáëćăěâ őáŋőćŋëě ăŋőňăńĺĺ íńěłâàőŋŋëå áćőľáâć ĆŠŚŔ ć ŋőàňăńìŋőľ äăğě. Ŕőíâőňã, ć çăáâŋőáâĺ, őŋă ŕőńìğãěâáï őŕàěďěńěŋŋőľ ŕőŕãńïàŋőáâìî ŕàĺ ŕőďčőŋőçŋőň őŕĺáăŋĺĺ íłáŕěàĺňěŋâőć [13].

Ğăňěâĺň, çâő őąáãęďăěňăï ŕàőąńěňă âěáŋő áćïğăŋă á ŕőŋĺęěŋŋőľ àăğňěàŋőáâìî ĺğãçăěňëå áĺáâěň. Łăł ãęě őâňěçăńőáì, ć őďŋőňěàŋëå ňőďěńïå ćğăĺňőďěľáâćãîéĺå íńěłâàőŋőć âěőàĺï äěàňĺ { ęĺďłőáâĺ Ńăŋďăã \ŋě àăąőâăěâ" ŋĺłőčďă. Ňŋőčĺě âěőàěâĺłĺ áçĺâăîâ, çâő ăŋăńőčĺçŋăï áĺâãăæĺï àěăńĺğãěâáï ĺ ć ďćãňěàŋőň áńãçăě, åăàăłâěàŋőň ďńï ĆŠŚŔ áĺáâěň. Ŕàĺ íâőň áçĺâăěâáï, çâő äĺğĺçěáłăï ŕàĺçĺŋă ăŋőňăńìŋőčő ŕőćěďěŋĺï áćïğăŋă á ŋăńĺçĺěň áĺńìŋëå ňěęíńěłâàőŋŋëå łőààěńïæĺľ, łőâőàëě ŋě ãďăěâáï őŕĺáăâì ć őąëçŋőň äěàňĺęĺďłőáâŋőň ŕőďåőďě, âăł ĺńĺ ĺŋăçě áâăàâãîéěň á łăàâĺŋë őáŋőćŋőčő áőáâőïŋĺï âĺŕă ĺďěăńìŋőčő äěàňĺ { čăğă. Ć âőęě ćàěňï, æěńëľ àïď ďěâăńìŋëå ĺááńěďőćăŋĺľ ŕőłăğăń, çâő, áłőàěě ćáěčő, äěàňĺ { ęĺďłőáâŋőě őŕĺáăŋĺě áőåàăŋïěâáï ĺ ďńï ďćãňěàŋëå (łćăğĺďćãňěàŋëå) áĺáâěň.

62 İŃĚŁŠŘŐŊ { İŃĚŁŠŘŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Čńăćă 3

İŃĚŁŠŘŐŊ { ŤŐŊŐŊŊŐĚ ĆĞĂ- ĹŇŐĎĚĽŚŠĆĹĚ

Ŕàăćĺńă ďĺăčàăňňŋőľ âěåŋĺłĺ.

Ťőŋőŋë ŕàěďáâăćńïîâ áőąőľ łćăŋâë łőńěąăŋĺľ łàĺáâăńńĺçěáłőľ àěèěâłĺ. Ťőŋőŋë ąëćăîâ ăłãáâĺçěáłĺě ĺ őŕâĺçěáłĺě. Őâńĺçĺě ňěęďã ŋĺňĺ áőáâőĺâ ć âőň, çâő çăáâőâă ăłãáâĺçěáłĺå äőŋőŋőć őąàăéăěâáï ć ŋãńì ŕàĺ k → 0, ă çăáâőâă őŕâĺçěáłĺå äőŋőŋőć őáâăěâáï ć íâőň ŕàěďěńě łőŋěçŋőľ. Ăłãáâĺçěáłĺě äőŋőŋë áãéěáâćãîâ ćáěčďă { íâő, äăłâĺçěáłĺ, čőńďáâőãŋőćáłăï ňőďă, áćïğăŋŋăï á ŋăàãèěŋĺěň âàăŋáńïæĺőŋŋőľ ĺŋćăàĺăŋâŋőáâĺ áĺáâěňë. Őŕâĺçěáłĺě äőŋőŋë áãéěáâćãîâ âőńìłő ć łàĺáâăńńăå, áőďěàęăéĺå ąőńěě őďŋőčő ăâőňă ć íńěňěŋâăàŋőľ ïçěľłě.

Ďńï őŕĺáăŋĺï áŕěłâàă äőŋőŋőć çăáâő ŕőńìğãîâáï ãŕàőéěŋŋëňĺ ňőďěńïňĺ Ďěąăï ĺ İľŋèâěľŋă. Ć ňőďěńĺ Ďěąăï áŕěłâà äőŋőŋőć ŕőńăčăěâáï àăćŋëň ω_0(k) = ck (c { áłőàőáâì ğćãłă) ŕàĺ ćáěå k < k_D. Ć ňőďěńĺ İľŋéâěľŋă çăáâőâă äőŋőŋőć ŕőńăčăěâáï ŋě ğăćĺáïéěľ őâ ćőńŋőćőčő ćěłâőàă: ω_0(k) = ˙_0 ŕàĺ ćáěå ğŋăçěŋĺïå k. Ďěąăěćáłĺě äőŋőŋë { ãŕàőéěŋŋăï ňőďěńì ăłãáâĺçěáłĺå äőŋőŋőć, ă íľŋèâěľŋőćáłĺě { őŕâĺçěáłĺå.

Ĺğ-ğă âőčő, çâő ïďàă łàĺáâăńńĺçěáłőľ àěèěâłĺ ğăàïęěŋë, äőŋőŋë ňőčãâ ćğăĺňőďěľáâćőćăâì á íńěłâàőŋăňĺ. Ŕàĺ łőńěąăŋĺïå àěèěâłĺ íńěłâàĺçěáłőě ŕőńě ïďěà, ďěľáâćãîéěě ŋă íńěłâàőŋë, őâłńőŋïěâáï őâ áàěďŋěčő. Ŕőâěŋæĺăń ćőğŋĺłăîéěčő ďőąăćőçŋőčő ŕőńï ŕàĺŋïâő ŋăğëćăâì ďěäőàňăæĺőŋŋëň ŕőâěŋæĺăńőň. Ć ŕàĺŋæĺŕě, ĺğğă âőčő, çâő łãńőŋőćáłĺě áĺńë ďăńìŋőďěľáâćãîéĺě, ćğăĺňőďěľáâćĺě íńěłâàőŋőć á äőŋőŋăňĺ ňőčńő ąë ąëâì áĺńìŋő ŋěńőłăńìŋëň. Ć ďěľáâćĺâěńìŋőáâĺ, łăł ňë ćĺďěńĺ ćëèě, íâő íńěłâàĺçěáłőě ŕőńě (ć ňěâăńńě) åőàőèő íłàăŋĺàãěâáï, ŕőíâőňã, ć ąőńìèĺŋáâćě áńãçăěć, íńěłâàőŋ { äőŋőŋŋőě ćğăĺňőďěľáâćĺě ňőęŋő áçĺâăâì ńőłăńìŋëň.

64 İŃĚŁŠŘŐŊ { ŤŐŊŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Śćïğì ďěäőàňăæĺőŋŋőčő ŕőâěŋæĺăńă áő áňěéěŋĺěň àěèěâłĺ àăğńĺçŋă ďńï őŕâĺçěáłĺå ĺ ăłãáâĺçěáłĺå äőŋőŋőć. Ŕàĺ ăłãáâĺçěáłĺå łőńěąăŋĺïå áőáěďŋĺě ăâőňë áňěéăîâáï ŕőçâĺ őďĺŋăłőćő. Ŕőíâőňã íńěłâàĺçěáłőě ŕőńě ŕőçâĺ ŋě ňěŋïěâáï. Ěčő ĺğňěŋěŋĺě ŕàőŕőàæĺőŋăńìŋő àăğŋőáâĺ áňěéěŋĺľ áőáěďŋĺå ăâőňőć, ă ďěäőàňăæĺőŋŋëľ ŕőâěŋæĺăń U_{d−ac} ∼ divu, čďě u(r) { áňěéěŋĺě. Ć áńãçăě őŕâĺçěáłĺå äőŋőŋőć áőáěďŋĺě ăâőňë łőńěąńîâáï ć ŕàőâĺćőäăğě, âăł çâő U_{d−op} ∼ u(r). Ůâőąë ŕàěďáâăćĺâì ćğăĺňőďěľáâćĺě ěďĺŋëň őąàăğőň, ććěďěň (íàňĺâőć!) őŕěàăâőà äőŋőŋŋőčő ŕőńï ć ćĺďě [1]:

^φ(rt) = i^∑ k √ ω_0(k) 2V [ ^bk^{ei}kr^{−iω0(}k^{)t −} ^^{b+}k^{e−i}kr^{+iω0(}k^{)t} ] (3.1)

čďě ^b^+k, ^bk { őŕěàăâőàë àőęďěŋĺï ĺ ãŋĺçâőęěŋĺï äőŋőŋőć, V { őąêěň áĺáâěňë. Šőčďă

φ(r) ∼ ∇u(r) ďńï ăłãáâĺçěáłĺå äőŋőŋőć ĺ φ(r) ∼ u(r) ďńï őŕâĺçěáłĺå äőŋőŋőć. Śő-

őâćěâáâćěŋŋő, čăňĺńìâőŋĺăŋ ćğăĺňőďěľáâćĺï íńěłâàőŋőć á äőŋőŋăňĺ ğăŕĺáëćăěâáï áńěďãîéĺň őąàăğőň [1]: H_{int} = g ∫ dr ^ψ^+(r) ^ψ(r) ^φ(r) (3.2)

čďě g { łőŋáâăŋâă íńěłâàőŋ { äőŋőŋŋőčő ćğăĺňőďěľáâćĺï. Čăňĺńìâőŋĺăŋ (3.2) áőďěàęĺâ ŕàőáâő ŕàőĺğćěďěŋĺě íńěłâàőŋŋőľ ŕńőâŋőáâĺ ŋă ďěäőàňăæĺőŋŋëľ ŕőâěŋæĺăń.

Ŕàăćĺńă ďĺăčàăňňŋőľ âěåŋĺłĺ ďńï íńěłâàőŋőć ĺ äőŋőŋőć ćëčńïďïâ ŕőçâĺ âăłęě, łăł ĺ ďńï ďćãåçăáâĺçŋőčő ćğăĺňőďěľáâćĺï [1]. Ďńï àăáçěâă íńěłâàőŋŋőľ äãŋłæĺĺ Čàĺŋă ŕàĺ T = 0 ĺňěěň:

• Őâńĺçŋë őâ ŋãńï âőńìłő ďĺăčàăňňë çěâŋőčő ŕőàïďłă ŕő ćğăĺňőďěľáâćĺî.

Ďĺăčàăňňă ŕőàïďłă 2n áőďěàęĺâ 3n + 1 ćŋãâàěŋŋĺå (íńěłâàőŋŋëå ĺ äőŋőŋŋëå) ńĺŋĺľ ĺ 2n ćěàèĺŋ, çâő áőőâćěâáâćãěâ 3n − 1 − (2n − 1) = n ŋěğăćĺáĺňëň ĺŋâěčàĺàőćăŋĺïň. Ćáěň ńĺŋĺïň ŕàĺŕĺáëćăîâáï őŕàěďěńěŋŋëě 4{ĺňŕãńìáë, łőâőàëě áőåàăŋïîâáï ć ćěàèĺŋăå ćğăĺňőďěľáâćĺï.

• İńěłâàőŋã áőŕőáâăćńïěâáï áŕńőèŋăï ńĺŋĺï, łőâőàőľ őâćěçăěâ ćëàăęěŋĺě ďńï áćőąőďŋőľ äãŋłæĺĺ Čàĺŋă:

G_0(p) = δ_{αβ} ε − ξ(p) + iδsignξ(p) čďě δ → +0 (3.3)

ŕàĺçěň

ξ(p) =^{p2}2_m − μ ≈ vF (|p| − pF ) (3.4)

{ íŋěàčěâĺçěáłĺľ áŕěłâà áćőąőďŋëå äěàňĺőŋőć, íŋěàčĺï łőâőàëå őâáçĺâëćăěâáï őâ ãàőćŋï Ťěàňĺ (åĺňĺçěáłőčő ŕőâěŋæĺăńă μ), p_F ĺ v_F { ĺňŕãńìá ĺ áłőàőáâì ŋă ŕőćěàåŋőáâĺ Ťěàňĺ.

• Ŕãŋłâĺàŋőľ ńĺŋĺĺ áőŕőáâăćńïěâáï äãàìě { őąàăğ äőŋőŋŋőľ äãŋłæĺĺ Čàĺŋă:

D_0(k) = ω^2_0(k) ω^2 − ω^2_0(k) + iδ čďě δ → +0 (3.5)

• Ŕàőćőďĺâáï ĺŋâěčàĺàőćăŋĺě ŕő n ŋěğăćĺáĺňëň ĺňŕãńìáăň ĺ çăáâőâăň (4{ ĺňŕãńìáăň).

İŃĚŁŠŘŐŊ { ŤŐŊŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 65

• Řěğãńìâăâ ãňŋőęăěâáï ŋă łőíääĺæĺěŋâ (g)^{2n}(2π)^{−4n}(i)^n(2s + 1)^F (−1)^F , čďě F { çĺáńő ğăňłŋãâëå äěàňĺőŋŋëå ŕěâěńì, ă s { áŕĺŋ äěàňĺőŋă (ďńï íńěłâàőŋă s = 1/2, âăł çâő äăłâĺçěáłĺ ã ŋăá ćáěčďă 2s + 1 = 2).

Ŕàĺ T > 0 ćáě ăŋăńőčĺçŋő:

• Łăęďőľ áŕńőèŋőľ (íńěłâàőŋŋőľ) ńĺŋĺĺ á ĺňŕãńìáőň p ĺ ňăæãąăàőćáłőľ çăáâőâőľ ε_n = (2n + 1)πT áőŕőáâăćńïěâáï ćëàăęěŋĺě:

G_0(ε_np) = δ_{αβ} iε_n − ξ(p) (3.6)

• Łăęďőľ äőŋőŋŋőľ (ŕãŋłâĺàŋőľ) ńĺŋĺĺ á ĺňŕãńìáőň k ĺ çăáâőâőľ ω_m = 2πmT áőŕőáâăćńïěâáï: D_0(k) = − ω^2_0(k) ω^2_m + ω^2_0(k)

(3.7)

• Řěğãńìâăâ ãňŋőęăěâáï ŋă łőíääĺæĺěŋâ g^{2n}(−1)^{n T n}_{(2π)3n} (2s + 1)^F (−1)^F , čďě F őŕïâì őąőğŋăçăěâ çĺáńő äěàňĺőŋŋëå ŕěâěńì ďĺăčàăňňë, ă s = 1/2 { áŕĺŋ íńěłâàőŋă.

Ŕàĺćěďěŋŋëľ ć ďĺăčàăňňŋëå ŕàăćĺńăå ćĺď äőŋőŋŋőľ äãŋłæĺĺ Čàĺŋă áőőâćěâáâćãěâ ŕàĺŋïâőľ ć (3.1) ŋőàňĺàőćłě äőŋőŋŋőčő őŕěàăâőàă [1]^1:

φ(k) = √ ω_0(k) 2 (bk + b^+_−k) (3.8)

Ć ńĺâěàăâãàě çăáâő ĺáŕőńìğãěâáï ĺ ďàãčăï ŋőàňĺàőćłă [5]: φ(k) = bk + b^+_−k (3.9) Šőčďă äãŋłæĺï Čàĺŋă áćőąőďŋëå äőŋőŋőć ŕàĺŋĺňăěâ ćĺď [5]:

D_0(kω) = 1 ω − ω_0(k) + iδ − 1 ω + ω_0(k) − iδ

= 2ω^0(k) ω^2 − ω^2_0(k) + iδ

(3.10)

Śőőâćěâáâćěŋŋő, ŕàĺ ĺáŕőńìğőćăŋĺĺ àăğŋëå ŋőàňĺàőćőł, ćőğŋĺłăîâ őŕàěďěńěŋŋëě őâńĺçĺï ć ğăŕĺáĺ ňăâàĺçŋëå íńěňěŋâőć íńěłâàőŋ { äőŋőŋŋőčő ćğăĺňőďěľáâćĺï, łőâőàëě łőňŕěŋáĺàãîâ íâĺ àăğńĺçĺï, âăł çâő äĺğĺçěáłĺě àěğãńìâăâë őáâăîâáï őďĺŋăłőćëňĺ. İâő ćăęŋő ŕőŋĺňăâì ŕàĺ áàăćŋěŋĺĺ àěğãńìâăâőć àăğńĺçŋëå ăćâőàőć. Ŕàĺ ĺáŕőńìğőćăŋĺĺ (3.9) čăňĺńìâőŋĺăŋ ćğăĺňőďěľáâćĺï (3.2) ğăŕĺáëćăěâáï łăł [5] (ďńï łàăâłőáâĺ ŕőńăčăěň ğďěáì V = 1): H_{int} = —g ∑ pk a^+p_+kap(bk + b^+_−k) (3.11)

Ŋő ěáńĺ ĺáŕőńìğőćăâì ŋőàňĺàőćłã (3.8), âő ĺňěěň: H_{int} = g ∑ pk √ ω_0(k)

2 a^+p^+kap(bk + b^{+−}k) (3.12)

çâő ŕàĺćőďĺâ ł àăğńĺçĺî ć őŕàěďěńěŋĺĺ łőŋáâăŋâ íńěłâàőŋ { äőŋőŋŋőčő ćğăĺňőďěľáâćĺï. Ć çăáâŋőáâĺ, ďńï áőőâćěâáâćãîéěľ ąěğàăğňěàŋőľ łőŋáâăŋâë ć őâěçěáâćěŋŋőľ ńĺâěàăâãàě çăéě ĺáŕőńìğãîâ [1]:

ζ = g^2ν_F (3.13) âőčďă, łăł ć \ğăŕăďŋőľ" ńĺâěàăâãàě őąëçŋő ŕĺèãâ:

λ = 2— g^2ν_F ω_0(k)

(3.14)

1Ďőâőèŋőňã çĺâăâěńî ŕőńěğŋő ãąěďĺâìáï ć äĺğĺçěáłőľ íłćĺćăńěŋâŋőáâĺ ğăŕĺáěľ, ŕàĺŋïâëå ć (3.1) ĺ (3.8.)

66 İŃĚŁŠŘŐŊ { ŤŐŊŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Ŕàïňőě áàăćŋěŋĺě (3.11) ĺ (3.12) ďăěâ: —g = g √ ω_0(k) 2 (3.15)

Ć ďăńìŋěľèěň ňë áâăàăěňáï ŕàĺďěàęĺćăâìáï őąőğŋăçěŋĺľ [1].

Ćëçĺáńěŋĺě áőąáâćěŋŋő { íŋěàčěâĺçěáłőľ çăáâĺ íńěłâàőŋă ŕőğćőńïěâ, ć ŕàĺŋæĺŕě, ŋăľâĺ áŕěłâà íńěłâàőŋőć á ãçěâőň íńěłâàőŋ { äőŋőŋŋőčő ćğăĺňőďěľáâćĺï. Ďńï őŕàěďěńěŋĺï áŕěłâàă äőŋőŋőć ŋãęŋő ŋăľâĺ ŕőńîáă äőŋőŋŋőľ äãŋłæĺĺ Čàĺŋă

D(ωk). Łăł ĺ ďńï äãŋłæĺĺ Čàĺŋă íńěłâàőŋőć G(Ep), ďńï äőŋőŋŋőľ äãŋłæĺĺ Čàĺŋă

ňőęŋő ŕàőćěáâĺ ćëďěńěŋĺě áőąáâćěŋŋő { íŋěàčěâĺçěáłőľ çăáâĺ, łőâőàăï äăłâĺçěáłĺ ïćńïěâáï ŕőńïàĺğăæĺőŋŋëň őŕěàăâőàőň ˝(ωk) á ŕőŕàăćłăňĺ őâ íńěłâàőŋ { äőŋőŋŋőčő ćğăĺňőďěľáâćĺï, łăł íâő ŕőłăğăŋő ŋă Řĺá. 3-1. Şàăćŋěŋĺě Ďăľáőŋă ďńï äőŋőŋŋőľ äãŋłæĺĺ Čàĺŋă ĺňěěâ ćĺď:

D(ωk) = D0(ωk) + D0(ωk)g^2˝(ωk)D(ωk) (3.16)

ĺ ĺňěěâ àěèěŋĺě:

D^{−1}(ωk) = D^{−1}_0 (ωk) − g^2˝(ωk) (3.17)

Śőőâćěâáâćěŋŋő, áŕěłâà äőŋőŋőć őŕàěďěńïěâáï ãàăćŋěŋĺěň:

D^{−1}_0 (ωk) = g^2˝(ωk) (3.18)

Ěáńĺ ććěáâĺ ąěğàăğňěàŋãî łőŋáâăŋâã íńěłâàőŋ { äőŋőŋŋőčő ćğăĺňőďěľáâćĺï łăł ζ = g^2ν_F (ν_F =^{mpF}_{2π2}~_3 - ŕńőâŋőáâì áőáâőïŋĺľ ŋă ãàőćŋě Ťěàňĺ ć àăáçěâě ŋă őďŋã ŕàőěłæĺî áŕĺŋă), âő őæěŋłă ĺğ őąéĺå áőőąàăęěŋĺľ ďăěâ őąëçŋő ζ ∼ 1. Ŕőíâőňã, łăğăńőáì ąë, áćïğì íńěłâàőŋőć á äőŋőŋăňĺ ćáěčďă ïćńïěâáï ďőáâăâőçŋő áĺńìŋőľ. Ŋő őłăğëćăěâáï, łăł ňë ãćĺďĺň ŋĺęě, ć àăááňăâàĺćăěňőľ ğăďăçě áãéěáâćãěâ ďőŕőńŋĺâěńìŋëľ ŕăàăňěâà ňăńőáâĺ, ŕőğćőńïîéĺľ ŋăľâĺ ďőáâăâőçŋő ŕàőáâőě àěèěŋĺě ąěğ ŕàěďŕőńőęěŋĺï ő ňăńőáâĺ g. İâő âăł ŋăğëćăěňëľ ŕăàăňěâà ăďĺăąăâĺçŋőáâĺ ω_D E_F ∼ √_m M ≪ 1 (ğďěáì ω_D - ďěąăěćáłăï çăáâőâă, m { ňăááă íńěłâàőŋă, ă M { ňăááă ĺőŋă). Ďěńő ć âőň, çâő ĺőŋë, ććĺďã ĺå ąőńìèőľ ňăááë, ďćĺčăîâáï čőàăğďő ňěďńěŋŋěě, ŋěęěńĺ íńěłâàőŋë. Śőőâćěâáâćěŋŋő, íńěłâàőŋë ŋě ňőčãâ \àăáłăçăâì" àěèěâłã, ćňěáâő íâőčő őŋĺ \ŕőďáâàăĺćăîâáï" ŕőď ěě ńőłăńìŋãî łőŋäĺčãàăæĺî. Ňë ãćĺďĺň, çâő ć àěğãńìâăâě íńěłâàőŋ { äőŋőŋŋőě ćğăĺňőďěľáâćĺě ŋě ŕàĺćőďĺâ ł àăğàãèěŋĺî äěàňĺęĺďłőáâŋőľ łăàâĺŋë.

Śőąáâćěŋŋő { íŋěàčěâĺçěáłăï çăáâì íńěłâàőŋă.

Řăááňőâàĺň [3] ŕàőáâěľèĺľ ćłńăď ć áőąáâćěŋŋő { íŋěàčěâĺçěáłãî çăáâì íńěłâàőŋă, őŕàěďěńïěňëľ čàăäĺłőň Řĺá. 3-2. Śőőâćěâáâćãîéěě ăŋăńĺâĺçěáłőě ćëàăęěŋĺě ĺňěěâ ćĺď (ďńï áńãçăï ćğăĺňőďěľáâćĺï á ăłãáâĺçěáłĺňĺ äőŋőŋăňĺ):

˚(Ep) =^{ig2}(2_π)_4 ∫ dωd^3k E − ω − ξ(p − k) + iδsignξ(p − k) c^2k^2 ω^2 − c^2k^2 + iδ

(3.19)

Ğďěáì ĺňěîâáï ŕőńîáă ŕàĺ ω_1 = E − ξ(p − k) + iδsignξ(p − k) ĺ ω_{2,3} = ±(ck − iδ). Ňőęŋő ğăňłŋãâì łőŋâãà ĺŋâěčàĺàőćăŋĺï âăł, çâőąë ćŋãâàĺ ŋěčő őłăğăńáï âőńìłő

İŃĚŁŠŘŐŊ { ŤŐŊŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 67

Řĺá. 3-1 Čàăäĺłĺ ďńï áőąáâćěŋŋő { íŋěàčěâĺçěáłőľ çăáâĺ äőŋőŋă.

68 İŃĚŁŠŘŐŊ { ŤŐŊŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Řĺá. 3-2 Ŕàőáâěľèĺľ ćłńăď ć áőąáâćěŋŋő { íŋěàčěâĺçěáłãî çăáâì íńěłâàőŋă őâ íńěłâàőŋ { äőŋőŋŋőčő ćğăĺňőďěľáâćĺï.

őďĺŋ ĺğ ŕőńîáőć äőŋőŋŋőľ äãŋłæĺĺ Čàĺŋă. Ĺŋâěčàăń ŕő ąěáłőŋěçŋő ãďăńěŋŋőľ ŕőńãőłàãęŋőáâĺ őąàăéăěâáï ć ŋãńì. Śőőâćěâáâćěŋŋő, ŕőáńě íńěňěŋâăàŋëå ćëłńăďőł ŕőńãçăěň:

˚(Ep) = −g^2 (2π)^3 ∫ ξp−k^{<0} d^3k E + ck − ξ(p − k) − iδ c^2k^2 (−2)ck − ∫ ξp−k^{>0} d^3k E − ck − ξ(p − k) + iδ c^2k^2 2ck =

= g^2c 16π^3 ∫ ξp−k^{>0} kd^3k E − ck − ξ(p − k) + iδ + ∫ ξp−k^{<0} kd^3k E + ck − ξ(p − k) − iδ =

= g^2c

16π^3 {∫ |p−k|>p_F kd^3k E − ck − v_F (|p − k| − p_F ) + iδ + ∫ |p−k|<p_F kd^3k E + ck − v_F (|p − k| − p_F ) − iδ }

(3.20)

Őąőğŋăçĺň çěàěğ x łőáĺŋãá ãčńă ňěęďã ćěłâőàăňĺ k ĺ p, âőčďă ĺňěěň p^2_1 = |p − k|^2 = p^2 + k^2 − 2pkx ĺ d^3k = 2πk^2dkdx, âăł çâő p_1dp_1 = −pkdx. Šőčďă (3.20) ğăŕĺáëćăěâáï łăł:

˚(Ep) = − g^2c 8π^2p {∫ p1>p_F k^2dkdp_1p_1 E − ck − v_F (p_1 − p_F ) + iδ + ∫ p1<p_F k^2dkdp_1p_1 E + ck − v_F (p_1 − p_F ) − iδ } (3.21)

Őáŋőćŋőľ ćłńăď ć ĺŋâěčàăńë ğďěáì ďăěâ őłàěáâŋőáâì ŕőńîáőć, ŋő ć ŋěľ ňőęŋő ŕőńőęĺâì p_1 ≈ p ≈ p_F , ŕőáłőńìłã ω_D ≪ E_F . Ŕőíâőňã ňőęŋő ŕàěŋěąàěçì őâńĺçĺěň p_1 őâ p ĺ ğăŕĺáăâì:

˚(E) = − g^2c 8π^2 {∫ p1>p_F k^2dkdp_1 E − ck − v_F (p_1 − p_F ) + iδ + ∫ p1<p_F k^2dkdp_1 E + ck − v_F (p_1 − p_F ) − iδ } (3.22)

İŃĚŁŠŘŐŊ { ŤŐŊŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 69

Šőčďă ďńï ňŋĺňőľ çăáâĺ ˚(E) ŕőńãçăěň: Im˚(E) = g^2c 8π {∫ p1>p_F δ(E − ck − v_F (p_1 − p_F ))k^2dkdp_1 − ∫ p1<p_F δ(E + ck − v_F (p_1 − p_F ))k^2dkdp_1 } (3.23)

Ŕěàćőě áńăčăěňőě ğďěáì (őâńĺçŋőě őâ ŋãńï ŕàĺ E > 0) ďăěâ ćàěňï ęĺğŋĺ íńěłâàőŋőć, ă ćâőàőě (őâńĺçŋőě őâ ŋãńï ŕàĺ E < 0) { ćàěňï ęĺğŋĺ ďëàőł. Řăááňőâàĺň âěŕěàì ŕàěďěńìŋőě ŕőćěďěŋĺě ğăâãåăŋĺï ŕàĺ E ≪ ω_D ĺ E ≫ ω_D.

• Śńãçăľ E ≪ ω_D

Ŕàĺ E > 0 ćłńăď ďăěâ âőńìłő ŕěàćëľ çńěŋ ć (3.23), čďě ĺŋâěčàĺàőćăŋĺě ŕő k ŋãęŋő ŕàőćőďĺâì ŕő őąńăáâĺ k < E/c, ĺŋăçě p_1, őŕàěďěńïěňëľ ăàčãňěŋâőň δäãŋłæĺĺ, őłăęěâáï ňěŋìèě p_F . Ŕőíâőňã ĺňěěň: Im˚(E) = g^2c 8π ∫ ck<E 1 v_F k^2dk = g^2cE^3 24πv_F c^3

(3.24)

Ććőďï ąěğàăğňěàŋãî łőŋáâăŋâã íńěłâàőŋ { äőŋőŋŋőčő ćğăĺňőďěľáâćĺï ζ = g^2ν_F , ŕőńãçăěň: Im˚(E) = ζπE^3 12p^2_F c^2

(3.25)

Ŕàĺ E < 0 ćłńăď ďăěâ âőńìłő ćâőàőľ çńěŋ ć (3.23). Ćëçĺáńïï ĺŋâěčàăń, áŋőćă ŕőńãçăěň (3.25) { ĺğ-ğă íńěłâàőŋ ďëàőçŋőľ áĺňňěâàĺĺ ğăďăçĺ (áŕàăćěďńĺćőľ ŕàĺ E ≪ E_F ) ňŋĺňăï çăáâì Im˚(E) ïćńïěâáï ŋěçěâŋőľ äãŋłæĺěľ E.

Ćĺďĺň, çâő ŕàĺ E → 0 ĺňěěň Im˚(E) ≪ E, âăł çâő íńěłâàőŋ { äőŋőŋŋőě ćğăĺňőďěľáâćĺě ŋě àăğàãèăěâ äěàňĺęĺďłőáâŋãî łăàâĺŋã, ŕàĺçěň ć áĺńã E^3 ğăćĺáĺňőáâĺ ğăâãåăŋĺï àőńì äőŋőŋőć ŕàĺ E → 0 ćőőąéě áâăŋőćĺâáï ŕàěŋěąàěęĺňőľ ŕő áàăćŋěŋĺî á őąáãęďăćèĺňáï ćëèě ğăâãåăŋĺěň őâ íńěłâàőŋ { íńěłâàőŋŋëå áâőńłŋőćěŋĺľ, łőâőàőě ∼ E^2. Ć âőęě ćàěňï ïáŋő, çâő íâő ãâćěàęďěŋĺě áŕàăćěďńĺćő ńĺèì ŕàĺ E → 0 (T → 0).

• Śńãçăľ E ≫ ω_D

Ć íâőň áńãçăě ĺŋâěčàĺàőćăŋĺě ŕő p_1 ć (3.23) ŋě áőğďăěâ őčàăŋĺçěŋĺľ ŋă őąńăáâì ĺŋâěčàĺàőćăŋĺï ŕő k, łőâőàăï àăáŕàőáâàăŋïěâáï âěŕěàì ćŕńőâì ďő k = k_D. Ćëçĺáńïï ĺŋâěčàăń âĺŕă (3.24), ŕőńãçĺň: Im˚(E) = g^2 8πv_F c k^3_D 3 signE = g^2k^3_Dmc 24πp_F signE (3.26) Ćëàăęăï őŕïâì ğăâãåăŋĺě çěàěğ ąěğàăğňěàŋãî łőŋáâăŋâã ζ, ĺňěěň: Im˚(E) = ζπk^3_Dc 12p^2_F signE (3.27) Ŋěâàãďŋő ćĺďěâì, çâő ć ďăŋŋőň ŕàěďěńě Im˚ ∼ ζω_D . Šăłĺň őąàăğőň ďăęě ŕàĺ ζ ∼ 1 äőŋőŋŋăï ŕěàěŋőàňĺàőćłă ňăńă ć áĺńã ω_D ≪ E_F .

Ŕěàěľďěň âěŕěàì ł àăáçěâã Re˚(E). Ĺğ (3.22) ĺňěěň: Re˚(E) = − g^2c 8π^2 {∫ p1>p_F k^2dkdp_1 E − ck − v_F (p_1 − p_F ) + ∫ p1<p_F k^2dkdp_1 E + ck − v_F (p_1 − p_F ) } = = − g^2c

8π^2 ∫ k<k_D dkk^2I_1(k) (3.28)

70 İŃĚŁŠŘŐŊ { ŤŐŊŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ čďě I_1(k) = ∫ p1>p_F dp_1 E − ck − v_F (p_1 − p_F ) + ∫ p1<p_F dp_1 E + ck − v_F (p_1 − p_F )

(3.29)

Ťőàňăńìŋő ŕěàćëľ ĺŋâěčàăń àăáåőďĺâáï, ŋő íâă àăáåőďĺňőáâì ŋěäĺğĺçěáłăï, ŕőáłőńìłã ŕàĺ ąőńìèőľ àăğŋĺæě p_1 ĺ p ŋãęŋő ãçĺâëćăâì őâłńőŋěŋĺě íńěłâàőŋŋőčő áŕěłâàă őâ ĺáŕőńìğãěňőčő ŋăňĺ ńĺŋěľŋőčő ŕàĺąńĺęěŋĺï (ă âăłęě ĺ łőŋěçŋãî èĺàĺŋã ğőŋë). Ŕőíâőňã ňőęŋő ŕàőáâő őąàěğăâì ĺŋâěčàĺàőćăŋĺě ŋă p_1 = p^∗ ∼ p_F . Šőçŋëľ ćëąőà íâőčő ŕăàăňěâàă őąàěğăŋĺï ŋěáãéěáâćěŋ, őŋ ŋě ćńĺïěâ ŋă ćëàăęěŋĺě ďńï áŕěłâàă, ă ŕàĺćőďĺâ ńĺèì ł ŕěàěŋőàňĺàőćłě åĺňŕőâěŋæĺăńă (ćłńăďã ć Re˚(0)). Šăłĺň őąàăğőň ŕőńãçăěň:

I_1(k) = 1 v_F ln | | | | E + ck E + ck + v_F p_F | | | | + 1 v_F ln | | | | E − ck − v_F (p^∗ − p_F ) E − ck | | | | (3.30)

Ćëçĺâăï ŕěàěŋőàňĺàőćłã åĺňŕőâěŋæĺăńă δμ = ˚(0), ŕőńãçăěň:

Re(˚(E) − ˚(0)) = g^2c 8π^2 ∫ dkk^2 m p_F ln | | | E − ck E + ck | | | (3.31)

Ţăàăłâěàŋăï őáőąěŋŋőáâì áőąáâćěŋŋő { íŋěàčěâĺçěáłőľ çăáâĺ íńěłâàőŋă, őąãáńőćńěŋŋőľ íńěłâàőŋ { äőŋőŋŋëň ćğăĺňőďěľáâćĺěň | őâáãâáâćĺě ğăćĺáĺňőáâĺ őâ ĺňŕãńìáă p. İâő áćïğăŋő á \ňěďńěŋŋőáâìî" äőŋőŋőć, ŕő áàăćŋěŋĺî á íńěłâàőŋăňĺ, ŕàĺćőďïéěľ ł ńőłăńìŋőáâĺ ŕàőæěááőć ŕőčńőéěŋĺï ĺ ĺáŕãáłăŋĺï. Řăááňőâàĺň áŋőćă ŕàěďěńìŋőě ŕőćěďěŋĺě ŕàĺ E ≪ ω_D ĺ E ≫ ω_D.

• Śńãçăľ E ≪ ω_D

Ć íâőň áńãçăě ňőęŋő ńőčăàĺäň ć (3.31) àăğńőęĺâì, áçĺâăï, çâő E ≪ ck. Šőčďă ĺňěěň:

Re(˚(E) − ˚(0)) = − 2mg^2E 8π^2p_F ∫_{kD} 0 dkk = − mg^2k^2_D 8π^2p_F E = − ζ 4 k^2_D p^2_F E ≡ −λE (3.32) čďě ććěńĺ łőŋáâăŋâã ŕěàěŋőàňĺàőćłĺ λ =^{ζk2D}_{4p}2_F ∼ ζ.

• Śńãçăľ E ≫ ω_D

Šěŕěàì ĺňěěň E ≫ ck, âăł çâő áŋőćă àăğńăčăěň ńőčăàĺäň ć (3.31) ĺ ŕőńãçăěň:

Re(˚(E) − ˚(0)) = − mg^2c^2 4π^2p_F ∫_{kD} 0 k^3dk E = − mg^2c^2k^4_D 16π^2p_F E = − ζc^2k^4_D 8p^2_F E

(3.33)

âăł çâő ŕàĺ E ∼ ω_D àőáâ Re˚(E) á íŋěàčĺěľ áňěŋïěâáï ãąëćăŋĺěň.

Śŕěłâà łćăğĺçăáâĺæ ć őąńăáâĺ E ≪ ω_D őŕàěďěńïěň ĺğ ãàăćŋěŋĺï:

E − ξ(p) = Re(˚(E) − ˚(0)) (3.34)

čďě ξ(p) =^{p2}_{2m} − μ. Šőčďă áàăğã ęě ŕőńãçăěň: E = p^2 2m^∗ − E_F E_F = p^2_F 2m^∗ (3.35)

İŃĚŁŠŘŐŊ { ŤŐŊŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 71

čďě íääěłâĺćŋăï ňăááă őŕàěďěńïěâáï łăł: m^∗ m = 1 + ζk^2_D 4p^2_F

≡ 1 + λ (3.36)

Ŕőíâőňã, őŕàěďěńěŋŋãî âăłĺň őąàăğőň λ ňőęŋő ŋăğćăâì łőŋáâăŋâőľ ŕěàěŋőàňĺàőćłĺ ňăááë. Šăłĺň őąàăğőň, íńěłâàőŋ ğă áçěâ ćğăĺňőďěľáâćĺï á äőŋőŋăňĺ íääěłâĺćŋő \ãâïęěńïěâáï". Śőőâćěâáâćěŋŋő \ŕőďàăáâăěâ" ŕńőâŋőáâì áőáâőïŋĺľ ŋă ãàőćŋě Ťěàňĺ (∼ m^∗) ĺ íńěłâàőŋŋëľ ćłńăď ć âěŕńőěňłőáâì.

Řăááňőâàĺň âěŕěàì ŕőćěďěŋĺě áőąáâćěŋŋő íŋěàčěâĺçěáłőľ çăáâĺ íńěłâàőŋă ŕàĺ łőŋěçŋëå âěňŕěàăâãàăå. İâő ŕőńěğŋő ĺ ňěâőďĺçěáłĺ, ŕőáłőńìłã ŕàĺ íâőň ňë ĺğãçĺň őąéĺľ ňěâőď áãňňĺàőćăŋĺï ŕő ňăæãąăàőćáłĺň çăáâőâăň. Ĺňěěň:

˚(εp) = −^{g2T}(2_π)_3^∑_{ε1} ∫ d^3p_1G(ε_1p_1)D(ε − ε_1, p − p_1) (3.37)

Ćáě çăáâőâë ğďěáì ňăæãąăàőćáłĺě!

Őąéĺľ ňěâőď ćëçĺáńěŋĺï áãňň ŕő ňăæãąăàőćáłĺň çăáâőâăň őáŋőćăŋ ŋă ĺáŕőńìğőćăŋĺĺ áńěďãîéěčő ŕàĺěňă [5]. Řăááňőâàĺň áńãçăľ áãňňĺàőćăŋĺï ŕő ŋěçěâŋëň (äěàňĺőŋŋëň) çăáâőâăň iε_n = i(2n + 1)πT . Śőőâćěâáâćãîéãî áãňňã ňőęŋő ğăŕĺáăâì ć ćĺďě łőŋâãàŋőčő ĺŋâěčàăńă ć łőňŕńěłáŋőľ ŕńőáłőáâĺ çăáâőâë ε: T ∞∑ n=−∞ F (iε_n) = − 1 2πi ∫ C dε F (ε) e^{βε} + 1 = 1 2πi ∫ C dε F (ε) e^{−βε} + 1 = 1 4πi ∫ C dεF (ε)th ε 2T (3.38) čďě łőŋâãà ĺŋâěčàĺàőćăŋĺï C őłàãęăěâ ňŋĺňãî őáì, łăł íâő ŕőłăğăŋő ŋă Řĺá. 3- 3 ĺ ćŋãâàĺ łőâőàőčő, ŕő ŕàěďŕőńőęěŋĺî, ŋěâ ŋĺłăłĺå őáőąěŋŋőáâěľ äãŋłæĺĺ F (ε). Śŕàăćěďńĺćőáâì (3.38) ćëâěłăěâ ĺğ âěőàěňë Łőèĺ ĺ âőčő őąáâőïâěńìáâćă, çâő e^{βε} +1 ĺ e^{−βε} + 1 (čďě, łăł őąëçŋő, β =^1_T ) ĺňěîâ ŕàőáâëě ŋãńĺ ć âőçłăå ε = iε_n, çâő ŕàĺćőďĺâ ł áãéěáâćőćăŋĺî áőőâćěâáâćãîéĺå ŕàőáâëå ŕőńîáőć ŕőďĺŋâěčàăńìŋőčő ćëàăęěŋĺï (3.38) ć áőőâćěâáâćãîéĺå âőçłăå ŋă ňŋĺňőľ őáĺ. Ăŋăńőčĺçŋăï áĺâãăæĺï ćőğŋĺłăěâ ĺ ŕàĺ ĺáŕőńìğőćăŋĺĺ th^ε_{2T} ć ŕőáńěďŋěň àăćěŋáâćě ć (3.38).

Ďńï ćëçĺáńěŋĺï áãňň ŕő çěâŋëň (ąőğőŋŋëň) çăáâőâăň iω_m = i2πT m ňőęŋő ćőáŕőńìğőćăâìáï áőćěàèěŋŋő ăŋăńőčĺçŋëň àăćěŋáâćőň: T ∞∑ m=−∞ F (iω_m) = 1 2πi ∫ C dω F (ω) e^{βω} − 1 = − 1 2πi ∫ C dω F (ω) e^{−βω} − 1 = 1 4πi ∫ C dωF (ω)cth ω 2T (3.39) čďě ŕőńîáă ŕőďĺŋâěčàăńìŋőčő ćëàăęěŋĺï àăáŕőńőęěŋë ć âőçłăå iω_m = i2πT m.

Ďăńìŋěľèĺľ ŕàĺěň, łăł ŕàăćĺńő, áőáâőĺâ ć âőň, çâő łőŋâãà ĺŋâěčàĺàőćăŋĺï C \àăáâïčĺćăěâáï" ŋă ąěáłőŋěçŋőáâì, ŕàĺ íâőň ćőğŋĺłăîâ ŕőďńěęăéĺě ćëçĺáńěŋĺî ćłńăďë őâ őáőąěŋŋőáâěľ äãŋłæĺľ F (ε) ĺńĺ F (ω), łőâőàëě őąåőďĺâ \àăáâïŋãâëľ" łőŋâãà C. Ć ąőńìèĺŋáâćě áńãçăěć, őáâăîéĺľáï ĺŋâěčàăń ŕő őłàãęŋőáâĺ ąěáłőŋěçŋőčő àăďĺãáă ĺáçěğăěâ ĺğ-ğă ąëáâàőčő ãąëćăŋĺï F (ε) ĺ F (ω) ŋă íâőň łőŋâãàě.

Ŕàőĺńńîáâàĺàãěň âăłőľ ňěâőď áçěâă ŋă ŕàĺňěàě ćëçĺáńěŋĺï (3.37). Ğďěáì ŋăň ŋãęŋő ćëçĺáńĺâì áãňňã ŕő çăáâőâăň áńěďãîéěčő ćĺďă: S = T ∑ ε1 G(ε_1p_1)D(ε − ε_1, p − p_1) (3.40)

72 İŃĚŁŠŘŐŊ { ŤŐŊŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Řĺá. 3-3 Łőŋâãà ĺŋâěčàĺàőćăŋĺï, ĺáŕőńìğãěňëľ ŕàĺ áãňňĺàőćăŋĺĺ ŕő ňăæãąăàőćáłĺň çăáâőâăň.

čďě áãňňĺàőćăŋĺě ĺďěâ ŕő äěàňĺőŋŋëň çăáâőâăň iε_n = i(2n+1)πT . Ŕőíâőňã, ŋãęŋő ŕőáâãŕĺâì ć ďãåě (3.38). Ďńï őŕàěďěńěŋŋőáâĺ ąãďěň áçĺâăâì, çâő ε ńěęĺâ ć ćěàåŋěľ ŕőńãŕńőáłőáâĺ^2. Řăááňőâàĺň äãŋłæĺî:

f(z) = G(z, p_1)D(ε − z, p − p_1)th z 2T (3.41)

łőâőàăï ĺňěěâ ŕőńîáă ŕàĺ ğŋăçěŋĺïå z = iε_n = i(2n + 1)πT ĺ ćëçĺáńĺň ĺŋâěčàăń: I = ∫ C dzf(z) (3.42)

ćğïâëľ ŕő łőŋâãàã C, ŕőłăğăŋŋőňã ŋă Řĺá. 3-4, čďě őąåőďïâáï ŕàïňëě Im(ε−ε_1 ) = 0 ĺ Imε_1 = 0, áőőâćěâáâćãîéĺě àăğàěğăň âőçŋëå äãŋłæĺľ Čàĺŋă ć (3.40)^3. Ćő ćáěľ łőňŕńěłáŋőľ ŕńőáłőáâĺ, łàőňě íâĺå àăğàěğőć, äãŋłæĺï f(z) ăŋăńĺâĺçŋă. Ĺŋâěčàăń (3.42) ňőęŋő âěŕěàì ŕőáçĺâăâì ćëçěâăňĺ. Ćëçěâ f(z) ć ŕőńîáě z_n = i(2n + 1)πT àăćěŋ ŕàőáâő:

Res_{z=zn} f(z) = 2T G(z_n, p_1)D(ε − z_n, p − p_1) (3.43)

âăł çâő ĺŋâěčàăń (3.42) áćőďĺâáï ł I = 4πiS ĺ őŕàěďěńïěâ ĺŋâěàěáãîéãî ŋăá áãňňã (3.40). Ś ďàãčőľ áâőàőŋë, ňë ňőęěň ŕěàěľâĺ ł \àăáâïŋãâőňã" łőŋâãàã ĺŋâěčàĺàőćăŋĺï, ŕőłăğăŋŋőňã ŋă Řĺá. 3-5. Šěŕěàì ŋăè ĺŋâěčàăń áćőďĺâáï ł ĺŋâěčàăńăň ŕő ŕàïňëň, ŕőłăğăŋŋëň ŋă Řĺá. 3-5 ĺ ĺďãéĺň ćďőńì àăğàěğőć, âăł çâő ćłńăď àăğŋëå

2Ć łőŋěçŋőň áçěâě ňë åőâĺň áďěńăâì ăŋăńĺâĺçěáłőě ŕàőďőńęěŋĺě iεn → ε + iδ! 3Ăŋăńĺâĺçěáłőě ŕàőďőńęěŋĺě ĺğ ćěàåŋěľ ĺ ŋĺęŋěľ ŕőńãŕńőáłőáâěľ ďăěâ àăğŋëě äãŋłæĺĺ Čàĺŋă G^R ĺ G^A áőőâćěâáâćěŋŋő [1].

İŃĚŁŠŘŐŊ { ŤŐŊŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 73

Řĺá. 3-4 Łőŋâãà ĺŋâěčàĺàőćăŋĺï, ĺáŕőńìğãěňëľ ŕàĺ áãňňĺàőćăŋĺĺ ŕő ňăæãąăàőćáłĺň çăáâőâăň ć áőąáâćěŋŋő { íŋěàčěâĺçěáłőľ çăáâĺ íńěłâàőŋă.

Řĺá. 3-5 \Řăáâïŋãâëľ"łőŋâãà ĺŋâěčàĺàőćăŋĺï, ĺáŕőńìğãěňëľ ŕàĺ áãňňĺàőćăŋĺĺ ŕő ňăæãąăàőćáłĺň çăáâőâăň ć áőąáâćěŋŋő { íŋěàčěâĺçěáłőľ çăáâĺ íńěłâàőŋă.

74 İŃĚŁŠŘŐŊ { ŤŐŊŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

\ąěàěčőć" łăęďőčő ĺğ àăğàěğőć őŕàěďěńïěâáï áőőâćěâáâćãîéĺňĺ áłăçłăňĺ: I = ∫_∞ −∞ dε_1 { (G^R(ε_1p_1) − G^A(ε_1p_1))D^A(ε − ε_1, p − p_1)th ε_1 2T − −G^R(−ε_1 + ε, p_1)(D^R(ε_1, p − p_1) − D^A(ε_1, p − p_1))th ε − ε_1 2T } (3.44)

Şçĺâëćăï, çâő ε = i(2n + 1)πT , ňőęěň ŋăŕĺáăâì th^{ε−ε1}_{2T} = −cth^{ε1}_{2T} . Łàőňě âőčő, ňë ĺáŕőńìğãěň:

G^R(εp) − G^A(εp) = 2iImG^R(εp) (3.45) ĺ ďĺáŕěàáĺőŋŋőě áőőâŋőèěŋĺě [1]:

G^{R(A)}(εp) = 1 π ∫_∞ −∞ ImG^{R(A)}(ωp) ω − ε ∓ iδ dω (3.46)

Ŕőďáâăćńïï íâĺ áőőâŋőèěŋĺï ć (3.44), ŕőńãçăěň:

˚(εp) =^{g2}(2_π)_{4π} ∫ dε_1dωd^3p_1 { ImG^R(ε_1p_1)ImD^R (ωp − p_1) ω − ε + ε_1 − iδ th ε_1 2T + + ImG^R(ωp_1)ImD^R (ε_1p − p_1) ω − ε + ε_1 − iδ cth ε_1 2T } (3.47)

Ňěŋïï ňěáâăňĺ ŕěàěňěŋŋëě ĺŋâěčàĺàőćăŋĺï ε_1 ĺ ω ćő ćâőàőň áńăčăěňőň, ğăŕĺèěň őłőŋçăâěńìŋő:

˚(εp) =^{g2}(2_π)_{4π} ∫ dε_1dωd^3p_1

ImG^R(ε_1p_1)ImD^R(ωp − p_1) ω − ε + ε_1 − iδ ( th ε_1 2T + cth ω 2T ) (3.48)

Ğďěáì ĺŋâěčàĺàőćăŋĺě ãęě ćěďěâáï ŕő ćěéěáâćěŋŋëň ε_1 ĺ ω. Ŕőáńě ďőáâăâőçŋő čàőňőğďłőčő ăŋăńĺğă [1], ňőęŋő ŕőłăğăâì, çâő ĺğ (3.48) ŕàĺ ε ≪ T ≪ ω_D (ŕőáńě ăŋăńĺâĺçěáłőčő ŕàőďőńęěŋĺï iε_n → ε + iδ) áńěďãěâ: Im˚^R(ε) ∼ ζ T^3 c^2p^2_F

(3.49)

âăł çâő, äăłâĺçěáłĺ, ğăâãåăŋĺě íńěłâàőŋőć ğă áçěâ íńěłâàőŋ { äőŋőŋŋőčő ćğăĺňőďěľáâćĺï ŕàĺ ε ≪ ω_D ĺ T ≪ ω_D ňőęŋő ğăŕĺáăâì ěďĺŋëň őąàăğőň łăł (ćáŕőňŋĺň (3.25)): Im˚^R(ε) ∼ ζ M ax[T^3, ε^3] c^2p^2_F

(3.50)

Ŕàĺ ε ≫ ω_D ĺğ (3.48) áńěďãěâ: Im˚^R(ε) = const ∼ ω_D (3.51) Ĺğ íâĺå äőàňãń ïáŋő, çâő ğăâãåăŋĺě łćăğĺçăáâĺæ (íńěłâàőŋőć) áàăćŋĺćăěâáï á ĺå íŋěàčĺěľ ŕàĺ ε ∼ ω_D. Ć âőęě ćàěňï ïáŋő, çâő ŕàĺ ďăńìŋěľèěň àőáâě íŋěàčĺĺ ćőğąãęďěŋĺľ ğăâãåăŋĺě ğă áçěâ ćğăĺňőďěľáâćĺï á äőŋőŋăňĺ ŕěàěáâăěâ àăáâĺ ĺ áâăŋőćĺâáï őŕïâì ňěŋìèě íŋěàčĺĺ łćăğĺçăáâĺæ. Šăłĺň őąàăğőň ĺňěěâáï ďćě őąńăáâĺ, ć łőâőàëå ŕőŋïâĺě łćăğĺçăáâĺæ ĺňěěâ áňëáń: |ε| ≪ ω_D ĺ |ε| ≫ ω_D. Ć őąěĺå íâĺå őąńăáâïå íŋěàčĺï íńěłâàőŋőć ĺňěěâ ćĺď v_F (p − p_F ), ŋő áłőàőáâĺ v_F (íääěłâĺćŋëě ňăááë) àăğńĺçŋë.

İŃĚŁŠŘŐŊ { ŤŐŊŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 75

Řĺá. 3-6 Ŕàőáâěľèăï ŕőŕàăćłă ł ćěàèĺŋě íńěłâàőŋ { äőŋőŋŋőčő ćğăĺňőďěľáâćĺï.

Šěőàěňă Ňĺčďăńă.

Ćëèě, ŕàĺ àăáçěâăå áőąáâćěŋŋő { íŋěàčěâĺçěáłőľ çăáâĺ íńěłâàőŋă ğă áçěâ íńěłâàőŋ { äőŋőŋŋőčő ćğăĺňőďěľáâćĺï, ňë őčàăŋĺçĺńĺáì ŕàőáâěľèĺň ćłńăďőň, ŕőłăğăŋŋëň ŋă Řĺá. 3-2. Łăğăńőáì { ąë ŋãęŋő ãçěáâì ĺ ďàãčĺě čàăäĺłĺ, áćïğăŋŋëě á ŕőŕàăćłăňĺ ł őďŋőľ ĺğ ćěàèĺŋ íâőľ ďĺăčàăňňë. Ťăłâĺçěáłĺ, íâőčő ďěńăâì ŋě ŋăďő, ŕőáłőńìłã áőőâćěâáâćãîéĺě ŕőŕàăćłĺ ł ćěàèĺŋŋőľ çăáâĺ ňăńë ŕő ăďĺăąăâĺçěáłőňã ŕăàăňěâàã^{ωD}_{EF} ∼ √_m M ≪ 1 (âěőàěňă Ňĺčďăńă) (Ă.Ą.Ňĺčďăń, 1957). Ŕőłăęěň íâő, őæěŋĺć ŕàőáâěľèãî ŕőŕàăćłã ł ćěàèĺŋě, őŕàěďěńïěňãî čàăäĺłőň Řĺá. 3-6. Ğăŕĺèěň, ăŋăńĺâĺçěáłőě ćëàăęěŋĺě, áőőâćěâáâćãîéěě íâőľ ďĺăčàăňňě:

`^{(1)} = −g^3 ∫ G(p1ε1)G(p1 + k, ε1 + ω)D(ε − ε1, p − p_1)^{d3p1dε1}(2_π)_4 (3.52)

Ŕàőćěďěň čàãąãî őæěŋłã íâőčő ćëàăęěŋĺï. Řăááňőâàĺň áŋăçăńă ĺŋâěčàăń ŕő ε_1. Ŕőńăčăï, çâő åăàăłâěàŋăï ŕěàěďăçă ĺňŕãńìáă ğă áçěâ őąňěŋă äőŋőŋőň ŕőàïďłă k_D ∼ p_F , ĺ ãçĺâëćăï, çâő D(ε − ε_1) łćăďàăâĺçŋő áŕăďăěâ ć őąńăáâĺ |ε − ε_1| ≫ ω_D, ŕőńãçăěň, çâő őáŋőćŋőľ ćłńăď ć ĺŋâěčàăń ďăěâ őąńăáâì |ε−ε_1| ∼ ω_D. Šőčďă ĺŋâěčàăń ŕő ε_1 ŕőàïďłă ω_D, ĺ ňë ňőęěň ŋăŕĺáăâì:

`^{(1)} ∼ g^3ω_D ∫ d^3p_1 (ε_1 − ξ(p_1) + iδsignξ(p_1))(ε_1 + ω − ξ(p_1 + k) + iδsignξ(p_1 + k)) (3.53) Řăááňőâàĺň őáâăćèĺľáï ĺŋâěčàăń ŕő p_1. Ţăàăłâěàŋăï ŕěàěďăçă ĺňŕãńìáă ĺ ğďěáì ŕőàïďłă k_D ∼ p_F . Ŕőíâőňã ňőęŋő áçĺâăâì ćáě ğŋăňěŋăâěńĺ ∼ E_F , ă ∫ d^3p_1 ∼ p^3_F .

76 İŃĚŁŠŘŐŊ { ŤŐŊŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Řĺá. 3-7 Ŕàőáâěľèăï ŕőŕàăćłă ł ćěàèĺŋě íńěłâàőŋ { äőŋőŋŋőčő ćğăĺňőďěľáâćĺï ć \ĺňŕãńìáŋő { ćàěňěŋŋőň" ŕàěďáâăćńěŋĺĺ.

Šőčďă ĺňěěň: `^{(1)} ∼ g^3ω_D p^2_F v_F E_F E^2_F ∼ g^3 p^2_F v_F E_F ω_D (3.54)

Őâŋőáĺâěńìŋăï ćěńĺçĺŋă íâőľ ŕőŕàăćłĺ:

`^{(1)} g ∼ g^2 p^2_F v_F E_F ω_D ∼ ζ ω_D E_F ∼ ζ √ m M (3.55)

čďě ĺáŕőńìğőćăńĺ^{ωD}_{EF} ∼ √_m M . İńěłâàőŋë ňŋőčő ńěčçě ĺőŋőć (ïďěà), ŕőíâőňã àăááňőâàěŋŋăï ŕőŕàăćłă ł ćěàèĺŋŋőľ çăáâĺ ďěľáâćĺâěńìŋő ŕàěŋěąàěęĺňő ňăńă! Ŕàőćěďěŋŋőě àăááňőâàěŋĺě ŋě áőćáěň áâàőčő, ŋăŕàĺňěà, őŋő őèĺąőçŋő ŕàĺ ω ∼ v_F k ĺ ω ≪ ω_D, łőčďă ŕőńîáă äãŋłæĺľ Čàĺŋă ć (3.53) áąńĺęăîâáï ĺ ŋăďő ŕàőćőďĺâì ąőńěě ăłłãàăâŋëľ ăŋăńĺğ. Őďŋăłő, ć ąőńìèĺŋáâćě áńãçăěć, ćłńăď íâőľ őąńăáâĺ ŋěáãéěáâćěŋěŋ ć áĺńã c ≪ v_F .

Ůâőąë ńãçèě ŕőŋïâì áňëáń ŕàőĺáåőďïéěčő, ŕàőćěďěň őæěŋłã ćěàèĺŋŋőľ ŕőŕàăćłĺ ć áňěèăŋŋőň \ĺňŕãńìáŋő { ćàěňěŋŋőň" ŕàěďáâăćńěŋĺĺ. İâő ŕőğćőńĺâ ŕàőáńěďĺâì àőńì àăğŋëå ňăáèâăąőć ćàěňěŋĺ. Ć áćïğĺ á íâĺň, ććěďěň áŋăçăńă áőőâćěâáâćãîéĺě äãŋłæĺĺ Čàĺŋă äőŋőŋă ĺ íńěłâàőŋă:

D(kt) = ∫ dω 2π D(ωk)e^{−iωt} = −^{ick}2 e^{−ick|t|} (3.56) G(pt) = −ie^{−iξ(p)t} { θ(ξ(p)) ŕàĺ t > 0 −θ(−ξ(p)) ŕàĺ t < 0 (3.57) Ğăňěâĺň, çâő D(kt) ïćńïěâáï čőàăğďő ąőńěě ňěďńěŋŋő ňěŋïîéěľáï äãŋłæĺěľ t, çěň G(pt).

İŃĚŁŠŘŐŊ { ŤŐŊŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 77

Ğăŕĺèěň âěŕěàì ćěàèĺŋŋãî ŕőŕàăćłã Řĺá. 3-7 ć ăŋăńĺâĺçěáłőň ćĺďě:

`^{(1)} = −g^3 ∫ d^3p_1 (2π)^3 ∫ dtG(p_1, t − t_1)G(p_1 + k, t_2 − t)D(p − p_1, t_1 − t_2) (3.58)

Ŕàĺ p_1 ∼ p_F íńěłâàőŋŋëě äãŋłæĺĺ Čàĺŋă áãéěáâćěŋŋő ňěŋïîâáï ğă åăàăłâěàŋőě ćàěňï ∼ E^{−1}_F . Ŕőíâőňã ňőęŋő áçĺâăâì, çâő ć (3.58) |t_1 − t| ∼ |t_2 − t| ∼ |t_1 − t_2| ∼ E^{−1}_F . Ťőŋőŋŋăï äãŋłæĺï Čàĺŋă ğă âăłĺě ćàěňěŋă ŕàăłâĺçěáłĺ ŋě ňěŋïěâáï ĺ ěě ňőęŋő ćğïâì ŕàĺ t_1 ≈ t_2. Ŕőíâőňã őŋă ŕàőáâő ŕàőŕőàæĺőŋăńìŋă c|p − p_1| ∼ ω_D, çâő ĺ ŕàĺćőďĺâ ł ćőğŋĺłŋőćěŋĺî ŕăàăňěâàă ňăńőáâĺ^{ωD}_{EF} . Ĺŋëňĺ áńőćăňĺ, íńěłâàőŋë ąëáâàő (ğă ćàěňï ∼ E^{−1}_F ) ŕőčńőéăîâ äőŋőŋ, ŕőďáâàăĺćăïáì ŕőď ďěäőàňăæĺî àěèěâłĺ. Ŕàĺ íâőň őŋĺ ŋě ãáŕěćăîâ ğă áçěâ áćőěčő ďćĺęěŋĺï \àăáłăçăâì" àěèěâłã { ŋă íâő âàěąãěâáï ćàěňï ω^{−1}_D . İâő ěáâì ŕàőïćńěŋĺě ăďĺăąăâĺçŋőáâĺ ďćĺęěŋĺï ĺőŋőć àěèěâłĺ { ć áĺńã áćőěľ ąőńìèőľ ňăááë ĺőŋë ďćĺęãâáï ňěďńěŋŋő ĺ íńěłâàőŋë ćáěčďă ãáŕěćăîâ \ŕőďáâàőĺâìáï" ŕőď ĺå ńőłăńìŋãî łőŋäĺčãàăæĺî.

Šěőàěňă Ňĺčďăńă ćăęŋă ĺňěŋŋő ŕőâőňã, çâő ŕőğćőńïěâ ćëďěńĺâì ĺğ ňŋőęěáâćă ďĺăčàăňň âőńìłő áãéěáâćěŋŋëě ćłńăďë ąěğ ĺáŕőńìğőćăŋĺï ŕàěďŕőńőęěŋĺï ő ňăńőáâĺ áăňőľ łőŋáâăŋâë íńěłâàőŋ { äőŋőŋŋőčő ćğăĺňőďěľáâćĺï.

Śőąáâćěŋŋő { íŋěàčěâĺçěáłăï çăáâì ĺ áŕěłâà äőŋőŋă.

Ćěàŋěňáï ł àăááňőâàěŋĺî ãàăćŋěŋĺľ ďńï äőŋőŋŋőľ äãŋłæĺĺ Čàĺŋă (3.16), (3.17) ĺ (3.18), őŕàěďěńïîéĺå áŕěłâà äőŋőŋőć ć áĺáâěňě á ćğăĺňőďěľáâćĺěň (ňěâăńńě). Ćőáŕőńìğãěňáï ŕàőáâěľèĺň ŕàĺąńĺęěŋĺěň ďńï ŕőńïàĺğăæĺőŋŋőčő őŕěàăâőàă íńěłâàőŋŋőčő čăğă ĺ ğăŕĺèěň:

g^2˝_0(ωk) = − 2ig^2 (2π)^4 ∫ dEd^3p (E − ξ(p) + iδsignξ(p))(E + ω − ξ(p + k) + iδSignξ(p + k)) (3.59) Ćëèě ňë ãęě ŕàőćěńĺ àăáçěâ âăłőčő ŕőńïàĺğăæĺőŋŋőčő őŕěàăâőàă ĺ ŕőńãçĺńĺ ćëàăęěŋĺě (2.24), ĺáŕőńìğãï łőâőàőě ĺňěěň:

g^2˝_0(ωk) = − g^2mp_F π^2 { 1 − ω 2v_F k ln | | | ω + v_F k ω − v_F k | | | + iπ|ω| 2v_F k θ ( 1 − |ω| v_F k )} (3.60)

Ňë ãęě ćĺďěńĺ ć (3.17), çâő äőŋőŋŋăï äãŋłæĺï Čàĺŋă ć áĺáâěňě á ćğăĺňőďěľáâćĺěň őŕàěďěńïěâáï ĺğ ãàăćŋěŋĺï Ďăľáőŋă ćĺďă:

D^{−1}(ωk) = D^{−1}_0 (ωk) − g^2˝(ωk) (3.61)

Śőőâćěâáâćěŋŋő, áŕěłâà äőŋőŋőć őŕàěďěńïěâáï ãàăćŋěŋĺěň D^{−1}(ωk) = 0. Ŕőáłőńìłã áłőàőáâì ğćãłă čőàăğďő ňěŋìèě áłőàőáâĺ íńěłâàőŋőć ŋă ŕőćěàåŋőáâĺ Ťěàňĺ, âő ňőęŋő áŕőłőľŋő áçĺâăâì, çâő ω ≪ v_F k. Šőčďă ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà, őŕàěďěńïîéĺľ äőŋőŋŋãî áőąáâćěŋŋő { íŋěàčěâĺçěáłãî çăáâì, ďőáâăâőçŋő ćğïâì ć áâăâĺçěáłőň ŕàěďěńě (ω = 0) ĺ ŋăŕĺáăâì:

g^2˝_0 ≈ − g^2mp_F π^2

= −2ζ (3.62)

78 İŃĚŁŠŘŐŊ { ŤŐŊŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Śőőâćěâáâćěŋŋő (3.61) áćőďĺâáï ł:

D^{−1}(ωk) = D^{−1}_0 (ωk) − g^2˝ = ω^2 − c^2_0k^2

c^2_0k^2

+ 2ζ (3.63)

čďě c_0 { \ğăâàăćőçŋăï áłőàőáâì ğćãłă", ă \ŕěàěŋőàňĺàőćăŋŋëľ" áŕěłâà äőŋőŋőć ĺňěěâ ćĺď ω = ck, čďě áłőàőáâì ğćãłă őŕàěďěńïěâáï łăł:

c^2 = c^2_0(1 − 2ζ) (3.64)

Ćĺďĺň, çâő ğă áçěâ íńěłâàőŋ { äőŋőŋŋőčő ćğăĺňőďěľáâćĺï ŕàőĺáåőďĺâ \áňïčçěŋĺě" àěèěâłĺ (ãňěŋìèěŋĺě íŋěàčĺĺ äőŋőŋőć), ć áĺńã ąëáâàőčő \ŕőďáâàăĺćăŋĺï" íńěłâàőŋőć ŕőď ďěäőàňăæĺî àěèěâłĺ, ŕàőĺáåőďĺâ ĺå áłăŕńĺćăŋĺě ć ňĺŋĺňãňăå ďěäőàňăæĺőŋŋőčő ŕőâěŋæĺăńă á őąéĺň ŕőŋĺęěŋĺěň íŋěàčĺĺ áĺáâěňë.

Ňőęěâ ŕőłăğăâìáï, çâő ĺğ (3.64) áńěďãěâ ŋěãáâőľçĺćőáâì àěèěâłĺ (ω^2 < 0!) ŕàĺ ζ > 1/2. Őďŋăłő, äăłâĺçěáłĺ, íâă ŋěãáâőľçĺćőáâì ŋěäĺğĺçěáłăï. Ďěńő ć âőň, çâő ąőńěě ďěâăńìŋëľ ăŋăńĺğ [14] ŕőłăğëćăěâ, çâő ĺáâĺŋŋăï łőŋáâăŋâă íńěłâàőŋ { äőŋőŋŋőčő ćğăĺňőďěľáâćĺï λ áćïğăŋă á ććěďěŋŋőľ ćëèě łőŋáâăŋâőľ ćğăĺňőďěľáâćĺï ζ áńěďãîéĺň áőőâŋőèěŋĺěň: λ = ζ ω^2_0 ω^2 = ζ 1 − 2ζ (3.65)

Ĺğ íâőčő ćëàăęěŋĺï ïáŋő, çâő λ ≈ ζ ŕàĺ ζ ≪ 1, ŋő ŕàĺ ãćěńĺçěŋĺĺ ζ łőŋáâăŋâă áćïğĺ λ ŋěŕàěàëćŋő ćőğàăáâăěâ, őąàăéăïáì ć ąěáłőŋěçŋőáâì ć áăňőľ âőçłě \ŋěãáâőľçĺćőáâĺ". Ŕőíâőňã ãáńőćĺě ζ < 1/2, äăłâĺçěáłĺ, ŋě ŋăłńăďëćăěâ őčàăŋĺçěŋĺľ ŋă ćěńĺçĺŋã λ. Ćőőąéě, ŋăďő ğăňěâĺâì, çâő ãáńőćĺě ζ < 1/2, ć ŋěłőâőàőň áňëáńě, ąěááőďěàęăâěńìŋő, ŕőáłőńìłã ć àăňłăå őąëçŋőľ ňőďěńĺ Ťàěńĺåă íńěłâàőŋ { äőŋőŋŋőčő ćğăĺňőďěľáâćĺï ŋě áãéěáâćãěâ ňěâőďă őŕàěďěńěŋĺï íâőľ ćěńĺçĺŋë, ă àěăńìŋő ŋăąńîďăěňőľ ïćńïěâáï ĺňěŋŋő ŕěàěŋőàňĺàőćăŋŋăï łőŋáâăŋâă λ. Ĺğ (3.65) ňőęŋő ŋăŕĺáăâì őąàăâŋãî áćïğì: ζ = λ 1 + 2λ

(3.66)

ĺğ łőâőàőľ ćĺďŋő, çâő ŕàĺ ńîąëå λ > 0 ňë, äăłâĺçěáłĺ, ĺňěěň ζ < 1/2.

Ťĺğĺçěáłĺľ áňëáń \ğăâàăćőçŋëå" ŕăàăňěâàőć ňőďěńĺ Ťàěńĺåă, ć őáőąěŋŋőáâĺ, çăáâőâë ω_0(k) = c_0k, ŋě ćŕőńŋě ïáěŋ, ă àěăńìŋëľ áŕěłâà äőŋőŋőć őŕàěďěńïěâáï àăááňőâàěŋŋëň ćëèě ãàăćŋěŋĺěň Ďăľáőŋă ďńï äőŋőŋŋőľ äãŋłæĺĺ Čàĺŋă, ãçĺâëćăîéĺň ćğăĺňőďěľáâćĺě á íńěłâàőŋăňĺ, łőâőàőě ďăěâ: D(ωk) = ω^{20}(k)

ω^2 − ω^2(k) + iδ

(3.67)

čďě ω(k) { ĺáâĺŋŋëľ äőŋőŋŋëľ áŕěłâà. Šőčďă ĺáâĺŋŋăï łőŋáâăŋâă íńěłâàőŋ { äőŋőŋŋőčő ćğăĺňőďěľáâćĺï őŕàěďěńïěâáï [14] ĺŋâěčàăńőň ŕő k őâ D(ω = 0, k): λ = ζ ∫_{2pF} 0 dkk 2p^2_F ω^2_0 (k) ω^2(k)

(3.68)

Ěáńĺ âěŕěàì ŕàěŋěąàěçì őâŋőáĺâěńìŋő áńăąőľ ğăćĺáĺňőáâìî ˝_0 őâ k ĺ ćőáŕőńìğőćăâìáï (3.62), âő ĺğ (3.68) ŋěňěďńěŋŋő áńěďãěâ (3.65). Ŕàĺŋïâő áçĺâăâì, çâő ĺňěŋŋő λ ćåőďĺâ, ŋăŕàĺňěà, ć ĺğćěáâŋãî äőàňãńã ĄŁŸ ďńï âěňŕěàăâãàë áćěàåŕàőćőďïéěčő ŕěàěåőďă [14].

Ďńï âőčő, çâőąë ŋăľâĺ ğăâãåăŋĺě äőŋőŋőć, ãçâěň âěŕěàì ĺ ňŋĺňãî çăáâì ŕőńïàĺğăæĺőŋŋőčő őŕěàăâőàă (3.60):

g^2Im˝_0(ωk) = −πζ |ω| kv_F (3.69)

Ŕőďáâăćńïï íâő ćëàăęěŋĺě ć ãàăćŋěŋĺě Ďăľáőŋă ďńï äőŋőŋŋőľ äãŋłæĺĺ Čàĺŋă, ć łőâőàőň âěŕěàì ŋãęŋő ĺáłăâì àěèěŋĺě ďńï áŕěłâàă ć ćĺďě ω = ck + iγ, ŋěâàãďŋő ŕőńãçĺâì: γ = π 2 ζ c^2 v_F k = π 2 ζ c v_F ω (3.70)

İŃĚŁŠŘŐŊ { ŤŐŊŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 79

Ţőâï ğăâãåăŋĺě ĺ őłăğëćăěâáï ŕàőŕőàæĺőŋăńìŋëň çăáâőâě, äăłâĺçěáłĺ őŋő ňăńő ŕő áàăćŋěŋĺî á Reω ŕő ŕăàăňěâàã c/v_F ∼ √ m/M . Ć őąëçŋëå ęĺďłőáâïå ĺ čăğăå ğăâãåăŋĺě ğćãłă ŕő ŕőàïďłã ćěńĺçĺŋë àăćŋő: γ ∼ ηω^2 ρc^3 (3.71)

čďě η { ćïğłőáâì áàěďë, ă ρ { ěě ŕńőâŋőáâì. Ŕőíâőňã ňőęŋő áłăğăâì, çâő ć íńěłâàőŋ { äőŋőŋŋőľ áĺáâěňě íääěłâĺćŋăï ćïğłőáâì íńěłâàőŋŋőčő čăğă àăáâěâ á ãňěŋìèěŋĺěň çăáâőâë: η(ω) ∼ ω^{−1}. Ťĺğĺçěáłĺ, ąőńìèăï íääěłâĺćŋăï ćïğłőáâì ğďěáì áćïğăŋă á ćëáőłőľ ŕńőâŋőáâìî íńěłâàőŋ { ďëàőçŋëå ćőğąãęďěŋĺľ á íŋěàčĺěľ ω < ck, łőâőàëě ćőğąãęďăîâáï äőŋőŋăňĺ.

Ć ŕàěďëďãéěľ čńăćě ãęě őâňěçăńőáì, çâő ŕàĺ q = 2p_F ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà ˝_0(q0) ĺňěěâ ńőčăàĺäňĺçěáłãî őáőąěŋŋőáâì ć ŕàőĺğćőďŋőľ^{∂Π0(q0)}_{∂q} |_{q=2pF} . İâă őáőąěŋŋőáâì áâăŋőćĺâáï ąőńěě ğăňěâŋőľ ďńï ďćãňěàŋőľ áĺáâěňë d = 2 ĺ, őáőąěŋŋő, ć őďŋőňěàŋőň áńãçăě d = 1, łőčďă ĺňěěâáï ńőčăàĺäňĺçěáłăï őáőąěŋŋőáâì ć áăňőň ŕőńïàĺğăæĺőŋŋőň őŕěàăâőàě ˝_0(q0) (Ă.Ň.Ăäăŋăáìěć, đ.Ň.Łăčăŋ, 1962):

˝_0(q0) ∼ ln |q − 2p_F | (3.72)

Łăçěáâćěŋŋőě ŕőćěďěŋĺě ˝_0(q0) ďńï àăğńĺçŋëå àăğňěàŋőáâěľ ŕőłăğăŋő ŋă Řĺá. 3-8. Ŋăńĺçĺě âăłĺå őáőąěŋŋőáâěľ ŕàĺćőďĺâ ł ćăęŋëň áńěďáâćĺïň. Ć áăňőň ďěńě, áãâì ŕàěďëďãéěľ ďĺáłãááĺĺ áćőďĺâáï ł âőňã, çâő äőŋőŋŋăï äãŋłæĺï Čàĺŋă, á ãçěâőň ćğăĺňőďěľáâćĺï á íńěłâàőŋăňĺ, ĺňěěâ ćĺď:

D(ωq) = 1

D^{−1}_0 (ωq) − g^2˝_0(ωq) = ω^2_0(q) ω^2 − ω^2_0(q) − g^2ω^2_0(q)˝_0(ωq)

(3.73)

âăł çâő áŕěłâà äőŋőŋőć ĺňěěâ ćĺď:

ω^2(q) = ω^2_0(q)[1 + g^2˝_0(ωq)] (3.74)

Šőčďă ĺğ ˝_0(q0) → −∞ ŕàĺ q = 2p_F (ďńï áńãçăï d = 1) ïáŋő, çâő çăáâőâă äőŋőŋă á q = 2p_F áâăŋőćĺâáï ňŋĺňőľ (ω^2 < 0), ŕàĺ ńîąőň (ďăęě áłőńì { ãčőďŋő ňăńőň) ğŋăçěŋĺĺ łőŋáâăŋâë ćğăĺňőďěľáâćĺï g. İâő őğŋăçăěâ ŋěãáâőľçĺćőáâì áĺáâěňë, ŕàĺćőďïéãî ł ćőğŋĺłŋőćěŋĺî áŕőŋâăŋŋőľ (łőŋěçŋőľ) áâăâĺçěáłőľ ďěäőàňăæĺĺ (áćěàåáâàãłâãàë) á ćőńŋőćëň ćěłâőàőň Q = 2p_F (â.ě. á ŕěàĺőďőň L =^{2π}_Q ). İâő âăł ŋăğëćăěňăï ŕăľěàńáőćáłăï ŋěãáâőľçĺćőáâì, ł ďěâăńìŋőňã àăááňőâàěŋĺî łőâőàőľ ňë ěéě ćěàŋěňáï ć ŕőáńěďŋěľ čńăćě^4. Ďăęě ďńï d = 3, łőčďă őáőąěŋŋőáâì ěáâì âőńìłő ã ŕàőĺğćőďŋőľ ŕőńïàĺğăæĺőŋŋőčő őŕěàăâőàă, ćáě àăćŋő ćőğŋĺłăěâ ăŋőňăńĺï äőŋőŋŋőčő áŕěłâàă ŕàĺ q = 2p_F (W.Kohn, 1959) (âăł ŋăğëćăěňăï \łőŋőćáłăï" ăŋőňăńĺï, ďńï d = 1 ĺŋőčďă čőćőàïâ ő \čĺčăŋâáłőľ" łőŋőćáłőľ ăŋőňăńĺĺ). Šăłĺě ăŋőňăńĺĺ ďěľáâćĺâěńìŋő ŋăąńîďăîâáï ć äőŋőŋŋëå áŕěłâàăå ňěâăńńőć ć íłáŕěàĺňěŋâăå ŕő ŋěãŕàãčőňã àăááěïŋĺî ŋěľâàőŋőć.

Ďő áĺå ŕőà, ňë ćáěčďă ĺňěńĺ ć ćĺďã áĺâãăæĺî á ĺğőâàőŕŋëň íńěłâàőŋŋëň áŕěłâàőň âĺŕă ε(p) =^{p2}_{2m∗} . Ć âőęě ćàěňï, ć àěăńìŋëå ňăâěàĺăńăå, íńěłâàőŋŋëľ áŕěłâà ňőęěâ ąëâì ăŋĺğőâàőŕŋëň, ă áőőâćěâáâćãîéĺě ŕőćěàåŋőáâĺ Ťěàňĺ ŋě őąïğăâěńìŋő ïćńïîâáï áäěàăňĺ (d = 3) ĺńĺ őłàãęŋőáâïňĺ (d = 2). Ůăáâő őŋĺ ĺňěîâ ďőćőńìŋő áńőęŋãî äőàňã. Ć çăáâŋőáâĺ, ŋă ŕőćěàåŋőáâĺ Ťěàňĺ ňőčãâ ćőğŋĺłăâì ŕńőáłĺě ãçăáâłĺ. Ŋăŕàĺňěà, ďńï d = 2 ĺ łćăďàăâŋőľ àěèěâłĺ, ć ŕàĺąńĺęěŋĺĺ áĺńìŋőľ áćïğĺ ĺňěěň áŕěłâà ćĺďă:

ε(p) − μ = −2t(cos pxa + cos pya) − μ (3.75)

4Ďńï d = 1 âăłăï ŋěãáâőľçĺćőáâì ŕàĺćőďĺâ ł őąàăğőćăŋĺî éěńĺ ć íŋěàčěâĺçěáłőň áŕěłâàě íńěłâàőŋőć ŕàĺ ±p_F , â.ě. ł ŕěàěåőďã ňěâăńńĺçěáłőľ æěŕőçłĺ ć ďĺíńěłâàĺçěáłőě áőáâőïŋĺě.

80 İŃĚŁŠŘŐŊ { ŤŐŊŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Řĺá. 3-8 Łăçěáâćěŋŋőě ŕőćěďěŋĺě áâăâĺçěáłőčő ŕőńïàĺğăæĺőŋŋőčő őŕěàăâőàă (ć ğăćĺáĺňőáâĺ őâ q) čăğă áćőąőďŋëå íńěłâàőŋőć ďńï àăğńĺçŋëå àăğňěàŋőáâěľ ŕàőáâàăŋáâćă.

İŃĚŁŠŘŐŊ { ŤŐŊŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 81

Řĺá. 3-9 Ĺğőíŋěàčěâĺçěáłĺě ŕőćěàåŋőáâĺ, áőőâćěâáâćãîéĺě ŕàőáâőľ ňőďěńĺ áŕěłâàă áĺńìŋőľ áćïğĺ ďńï łćăďàăâŋőľ àěèěâłĺ.

čďě t { ĺŋâěčàăń ŕěàěŋőáă, łőâőàëľ áçĺâăěâáï őâńĺçŋëň őâ ŋãńï âőńìłő ďńï ąńĺęăľèĺå áőáěďěľ. Ĺğőíŋěàčěâĺçěáłĺě ŕőćěàåŋőáâĺ ć ğőŋě Ąàĺńńîíŋă, áőőâćěâáâćãîéĺě âăłőňã áŕěłâàã ŕàĺ àăğńĺçŋëå ğŋăçěŋĺïå åĺňŕőâěŋæĺăńă μ (łőŋæěŋâàăæĺĺ íńěłâàőŋőć), ŕőłăğăŋë ŋă Řĺá. 3-9. Ć çăáâŋőáâĺ, ďńï μ = 0 (ŕőńãğăŕőńŋěŋŋăï ğőŋă, őďĺŋ íńěłâàőŋ ŋă ăâőň), ŕőćěàåŋőáâì Ťěàňĺ ĺňěěâ ćĺď łćăďàăâă. Ďőáâăâőçŋő ŕàőáâőľ àăáçěâ ŕőłăğëćăěâ, çâő ć íâőň áńãçăě ˝_0(q0) ĺňěěâ ŕàĺ q → (_π a ,^π_a ) őáőąěŋŋőáâì \őďŋőňěàŋőčő" âĺŕă: ˝_0(q0) ∼ ln |q − Q|, čďě Q = (_π a ,^π_a ) , çâő őŕïâì ŕàĺćőďĺâ ł \čĺčăŋâáłőľ" łőŋőćáłőľ ăŋőňăńĺĺ äőŋőŋŋőčő áŕěłâàă ĺ áâàãłâãàŋőňã ŕěàěåőďã ŕăľěàńáőćáłőčő âĺŕă (ãďćőěŋĺî ŕěàĺőďă àěèěâłĺ).

Ć ąőńěě őąéěľ áĺâãăæĺĺ, ďńï ćőğŋĺłŋőćěŋĺï ŕőďőąŋëå \čĺčăŋâáłĺå" ăŋőňăńĺľ âàěąãěâáï áŕěæĺăńìŋőě áćőľáâćő ŕőćěàåŋőáâĺ Ťěàňĺ, ĺňěŋãěňőě \ŋěáâĺŋčőň" (nesting). İâő áćőľáâćő őğŋăçăěâ, çâő őŕàěďěńěŋŋëě ãçăáâłĺ ŕőćěàåŋőáâĺ Ťěàňĺ ŋăłńăďëćăîâáï ďàãč ŋă ďàãčă (łőŋčàãíŋâŋë) ŕàĺ áďćĺčě ŋă őŕàěďěńěŋŋëľ ćěłâőà Q (ćěłâőà ŋěáâĺŋčă). Ć ŕàĺćěďěŋŋőň ćëèě ŕàĺňěàě Q = (_π a ,^π_a ) , ŋő ćőğňőęŋë ĺ ąőńěě őąéĺě áńãçăĺ. Ňăâěňăâĺçěáłĺ âàěąãěâáï âőńìłő ćëŕőńŋěŋĺě áńěďãîéěčő ãáńőćĺï ŋă áŕěłâà íńěłâàőŋőć:

ε(p + Q) − μ = −ε(p) + μ (3.76)

çâő ĺ ŋăğëćăîâ ãáńőćĺěň ŋěáâĺŋčă. Ćĺďĺň, ŋăŕàĺňěà, çâő áŕěłâà (3.75) ãďőćńěâćőàïěâ íâőňã ãáńőćĺî ďńï μ = 0 (ŕőńãğăŕőńŋěŋŋăï ğőŋă) ĺ Q = (_π a ,^π_a ) . Ăŋăńőčĺçŋëň őąàăğőň, íâőňã ãáńőćĺî ãďőćńěâćőàïěâ áŕěłâà ŕàĺąńĺęěŋĺï áĺńìŋőľ áćïğĺ ďńï ŔŁ àěèěâłĺ (d = 3), ăŋăńőčĺçŋëľ (3.75):

ε(p) − μ = −2t(cos pxa + cos pya + cos pza) − μ (3.77)

ŕàĺ μ = 0 ĺ Q = (_π a ,^π_a ,^π_a ) . Ŕőćěàåŋőáâì Ťěàňĺ ć íâőň áńãçăě őąńăďăěâ áćőľáâćőň ŋěáâĺŋčă, åőâï ĺ ŋě ĺňěěâ ŕńőáłĺå ãçăáâłőć.

82 İŃĚŁŠŘŐŊ { ŤŐŊŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Ćő ćáěå áńãçăïå á ŋěáâĺŋčőň, ćëçĺáńěŋĺě ŕőńïàĺğăæĺőŋŋőčő őŕěàăâőàă ŕàĺćőďĺâ ł ŕőïćńěŋĺî àăáåőďĺňőáâĺ ŕàĺ q = Q ĺ, áőőâćěâáâćěŋŋő, ł ŕőïćńěŋĺî čĺčăŋâáłőľ łőŋőćáłőľ ăŋőňăńĺĺ äőŋőŋŋőčő áŕěłâàă ĺ áőőâćěâáâćãîéěľ ŋěãáâőľçĺćőáâĺ àěèěâłĺ (áâàãłâãàŋőňã äăğőćőňã ŕěàěåőďã á ćőğŋĺłŋőćěŋĺěň áćěàåáâàãłâãàë á ćőńŋőćëň ćěłâőàőň Q.)

Ŕńăğňěŋŋăï ňőďěńì ňěâăńńă.

Řăááňőâàĺň ŕàőáâěľèãî \ŕőáńěďőćăâěńìŋãî" ňőďěńì ňěâăńńă ĺ íńěłâàőŋ { äőŋőŋŋőčő ćğăĺňőďěľáâćĺï [5, 14].Ŋăçŋěň á ŕńăğňë, áőáâőïéěľ ĺğ íńěłâàőŋőć ĺ ĺőŋőć á ŋěíłàăŋĺàőćăŋŋëň łãńőŋőćáłĺň ćğăĺňőďěľáâćĺěň. Śőąáâćěŋŋëňĺ ňőďăňĺ łőńěąăŋĺľ ć âăłőľ áĺáâěňě ïćńïîâáï, äăłâĺçěáłĺ, áőőâćěâáâćãîéĺě ŕńăğňěŋŋëě łőńěąăŋĺï íńěłâàőŋőć ĺ ĺőŋőć. Ŕőłăęěň łăł ŕőáńěďőćăâěńìŋëľ ãçěâ íńěłâàőŋŋőľ íłàăŋĺàőćłĺ ŕőğćőńïěâ ććěáâĺ \őąëçŋëě" äőŋőŋë ĺ őŕĺáăâì ćőğŋĺłăîéěě ŕàĺ íâőň íńěłâàőŋ { äőŋőŋŋőě ćğăĺňőďěľáâćĺě. Ĺáåőďŋëľ íńěłâàőŋ { ĺőŋŋëľ čăňĺńìâőŋĺăŋ ĺňěěâ ćĺď: H = ∑ k Ek^{a+}k^ak +^∑ qλ ˙qλ ( b^+q_λbq_λ + 1 2 ) + + ∑ kk^′ λ gkk^′ λ^{a+}k^ak^′ ( bk−k^′ λ +^{b+}k′_−k_λ ) + + 1 2 ∑ pkq Vqa^+p+qa^+k_−qakap (3.78)

čďě Vq =^{4πe2}_{q2} , ă Ek { íŋěàčĺï ąńőåőćáłőčő íńěłâàőŋă, őŕàěďěńïěňăï ãàăćŋěŋĺěň Ÿàěďĺŋčěàă: { k^2 2m + ∑ n V_{ei}(r − R_n) + U_H (r) } ψk(r) =^Ek^ψk(r) (3.79)

čďě V_{ei}(r − R_n) | ŕőâěŋæĺăń íńěłâàőŋ { ĺőŋŋőčő ćğăĺňőďěľáâćĺï, U_H (r) | åăàâàĺěćáłĺľ ćłńăď őâ ňěęíńěłâàőŋŋőčő ćğăĺňőďěľáâćĺï, ˙q_λ | \ğăâàăćőçŋëě" çăáâőâë łőńěąăŋĺľ ŕńăğňë ĺőŋőć.

Ć ŕàőáâěľèěľ ňőďěńĺ ęěńě, ć łőâőàőľ ĺőŋë áçĺâăîâáï őďŋőàőďŋőľ ąěááâàãłâãàŋőľ áàěďőľ, ĺňěěň:

˙^2_{qλ} = 4πn(Ze)^2 M (3.80)

čďě n { ŕńőâŋőáâì ĺőŋőć, Z { ĺå ğăàïď, ă M { ĺå ňăááă. Ć ňőďěńĺ ęěńě íâő ěáâì ěďĺŋáâćěŋŋăï (ŕàőďőńìŋăï) ňőďă ĺőŋŋëå łőńěąăŋĺľ^5.

5Ć łàĺáâăńńě áãéěáâćãěâ âàĺ ćěâćĺ ĺőŋŋëå łőńěąăŋĺľ λ = 1, 2, 3. Ĺğ ŋĺå ďćě ŕőŕěàěçŋëě ĺňěîâ ğćãłőćőľ åăàăłâěà, ă ğăâàăćőçŋăï ŕàőďőńìŋăï ćěâćì ĺňěěâ åăàăłâěà őŕâĺçěáłőčő ŕńăğňěŋŋőčő łőńěąăŋĺï. Ŕàĺ íâőň ćëŕőńŋïěâáï ŕàăćĺńő áãňň: ∑ λ ˙^2_{qλ} = 4πn(Ze)^2 M (3.81)

İŃĚŁŠŘŐŊ { ŤŐŊŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 83

Łőŋáâăŋâă ğăâàăćőçŋőčő íńěłâàőŋ { äőŋőŋŋőčő ćğăĺňőďěľáâćĺï gkk_{′ λ} őŕàěďěńïěâáï łăł:

gkk^′ λ =^− ( n M ˙^2k_λ )_{1/2} < k^′|∇iVei|k > eqλ, (q = k − k^′) (3.82)

čďě eqλ { ćěłâőà ŕőńïàĺğăæĺĺ ğăâàăćőçŋëå äőŋőŋőć. Ŋěâàãďŋő ŕőŋïâì, çâő ć ŕàő-

áâěľèěľ ňőďěńĺ âĺŕă ęěńě íâă ğăâàăćőçŋăï łőŋáâăŋâă, âőçŋěě g^2kk_{′ λ}, ĺňěěâ áĺŋčãńïàŋőáâì \łãńőŋőćáłőčő" âĺŕă:

g^2kk_{′λ} ∼ 1 (k − k^′)^2 (3.83)

Šěŕěàì ŋãęŋő ŕěàěľâĺ ł ŕěàěŋőàňĺàőćăŋŋëň ćěńĺçĺŋăň, á ãçěâőň íłàăŋĺàőćłĺ, ãáâàăŋïîéěľ âăłĺě áĺŋčãńïàŋőáâĺ. Ďńï łãńőŋőćáłőčő ćğăĺňőďěľáâćĺï íńěłâàőŋőć, łăł ňë ćĺďěńĺ ćëèě, ňőęŋő áàăğã ŋăŕĺáăâì RPA { ćëàăęěŋĺě: V(qω) = 4πe^2 q^2ϵ_e(qω)

(3.84) čďě ϵ_e(qω) = 1 − 4πe^2 q^2

˝_0(qω) (3.85)

{ ďĺíńěłâàĺçěáłăï ŕàőŋĺæăěňőáâì čăğă áćőąőďŋëå íńěłâàőŋőć. Śőőâćěâáâćãîéěě ďĺăčàăňňŋőě ŕàěďáâăćńěŋĺě ŕàĺćěďěŋő ŋă Řĺá. 2-4(b). Ăŋăńőčĺçŋëň őąàăğőň, łăł íâő ŕőłăğăŋő ŋă Řĺá. 3-10, ňőęŋő őŕĺáăâì ĺ íłàăŋĺàőćăŋĺě íńěłâàőŋ { äőŋőŋŋőľ ćěàèĺŋë:

~g(q, λ) = g + gV_q ˝_0 + gV_q ˝_0V_q˝_0 + ... = g(q, λ) ϵ_e(qω) (3.86)

ă ďńï őŕàěďěńěŋĺï \ĺáâĺŋŋőčő" äőŋőŋŋőčő áŕěłâàă ŋăŕĺáăâì ãàăćŋěŋĺě Ďăľáőŋă, ŕőłăğăŋŋőě ŋă Řĺá. 3-11:

D^{−1}(qλ, ω) = D^{−1}_0 (qλ, ω) − g^2˝_0(qω) − g^2˝_0(qω)V_q ˝_0(qω) − ... =

= D^{−1}_0 (qλ, ω) − g^2(q, λ) V_q ( 1 ϵ_e(qω) − 1 ) (3.87) čďě D_0(qλ, ω) = ˙^2_{qλ} ω^2 − ˙^2_{qλ} + iδ

(3.88)

Šőčďă ĺğ (3.85), (3.87) ĺ (3.88) ŋěňěďńěŋŋő ŕőńãçăěň: D(qλ, ω) = ˙^2_{qλ} ω^2 −^{g2(qλ)Ω2qλ} V_qϵ_e(q0) −˙ 2 qλ [ 1 −^{g2(qλ)}_{Vq} ] + iδ (3.89)

Ć íâőň ćëàăęěŋĺĺ ňë ŕàěŋěąàěčńĺ çăáâőâŋőľ ğăćĺáĺňőáâìî ϵ_e(qω), ŕőáłőńìłã ŕàĺ ňăńëå ω ŕőàïďłă äőŋőŋŋëå çăáâőâ íâă ğăćĺáĺňőáâì ŋěáãéěáâćěŋŋă.

Ć ŕàőáâőľ ňőďěńĺ ęěńě, łăł ńěčłő ćĺďěâì ĺğ (3.80) ĺ (3.82), ćëŕőńŋïěâáï àăćěŋáâćő: g^2(qλ) V_q = 1 (3.90)

84 İŃĚŁŠŘŐŊ { ŤŐŊŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Řĺá. 3-10 İłàăŋĺàőćłă ćěàèĺŋë íńěłâàőŋ { äőŋőŋŋőčő ćğăĺňőďěľáâćĺï.

İŃĚŁŠŘŐŊ { ŤŐŊŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 85

Řĺá. 3-11 Şàăćŋěŋĺě Ďăľáőŋă ďńï äőŋőŋŋőľ äãŋłæĺĺ Čàĺŋă ć őąőąéěŋŋőľ ňőďěńĺ ęěńě.

86 İŃĚŁŠŘŐŊ { ŤŐŊŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Ć íâőň áńãçăě (3.89) ãŕàőéăěâáï ďő: D(qλ, ω) = ˙^2_{qλ} ω^2 −^{Ω2qλ}_{ϵe(q0)} + iδ

(3.91)

Ŕőńîáă íâőčő ćëàăęěŋĺï őŕàěďěńïîâ çăáâőâë ŕěàěŋőàňĺàőćăŋŋëå äőŋőŋőć (D.Bohm, T.Staver, 1950):

ω^2(qλ) =

˙^2_{qλ} ϵ_e(q0) ≈ ˙^2_{qλ} 1 +^{κ2D}_{q2} = mZ 3M v^2_F q^2 (3.92)

čďě ãçńĺ (2.28) ĺ (2.29), čďě ŕńőâŋőáâì íńěłâàőŋőć áńěďãěâ ćğïâì àăćŋőľ Zn (ďńï őąěáŕěçěŋĺï íńěłâàőŋěľâàăńìŋőáâĺ). Ćĺďĺň, çâő ŕěàěŋőàňĺàőćăŋŋëě äőŋőŋë ć ňőďěńĺ ęěńě ĺňěîâ ăłãáâĺçěáłĺľ ğăłőŋ ďĺáŕěàáĺĺ áő áłőàőáâìî ğćãłă c = (_{mZ} 3M )_{1/2} v_F .

Ć íâőň ęě ňőęŋő ãąěďĺâìáï ĺ ć ąőńěě őąéěň (çěň ňőďěńì ęěńě) áńãçăě, łőčďă ŕőâěŋæĺăń V_{ei}(q) őâńĺçăěâáï őâ çĺáâő łãńőŋőćáłőčő, ŕőáłőńìłã ŕàĺ ňăńëå q ĺğ ãáńőćĺï íńěłâàőŋěľâàăńìŋőáâĺ áńěďãěâ, çâő V_{ei}(q) ćáě àăćŋő àăćěŋ ŕàőáâő Ze^2/q^2.

Ć àăááňăâàĺćăěňőľ ňőďěńĺ ňőęŋő ěéě őŕàěďěńĺâì ĺ ŕőńŋőě (íääěłâĺćŋőě) ňěęíńěłâàőŋŋőě ćğăĺňőďěľáâćĺě, łőâőàőě ŋãęŋő, ŋăŕàĺňěà, ďńï ćëçĺáńěŋĺï áćěàåŕàőćőďïéĺå áćőľáâć ňěâăńńőć. İâő ćğăĺňőďěľáâćĺě ĺğőąàăęăěâáï ďĺăčàăňňăňĺ, ŕőłăğăŋŋëňĺ ŋă Řĺá. 3-12 ĺ àăćŋő: V_{eff} (qω) = 4πe^2 q^2ϵ_e(qω) + g^2(qλ) ϵ_e(q0)

˙^2_{qλ} ω − ω^2(qλ) (3.93)

čďě ω^2(qλ) { áŕěłâà ŕěàěŋőàňĺàőćăŋŋëå äőŋőŋőć, áńěďãîéĺľ ĺğ (3.87):

ω^2(qλ) = ˙^2_{qλ} { 1 − g^2(qλ) V_q ( 1 − 1 ϵ_e(q0) )} (3.94)

Ć ňőďěńĺ ęěńě V_{eff} (qω) áćőďĺâáï ł: V_{eff} (qω) = 4πe^2 q^2ϵ_{eff} (qω) (3.95)

čďě ϵ_{eff} (qω) { ŕőńŋăï ďĺíńěłâàĺçěáłăï ŕàőŋĺæăěňőáâì: ϵ_{eff} (qω) = ϵ_e(qω) − ˙^2_{qλ} ω^2

(3.96)

Ć ąőńěě őąéěň áńãçăě (çěň ňőďěńì ęěńě), ňěęíńěłâàőŋŋőě ćğăĺňőďěľáâćĺě âăłęě áćőďĺâáï ł ćĺďã (3.95), ŋő ϵ_{eff} (qω) ĺňěěâ ćĺď: ϵ_{eff} (qω) = ϵ_e(qω) − g^2(qλ) V_q ˙^2_{qλ} ω^2 − ˙^2_{qλ} [ 1 −^{g2(qλ)}_{Vq} ] (3.97)

Şáńőćĺě ãáâőľçĺćőáâĺ àěèěâłĺ áćőďĺâáï ł âàěąőćăŋĺî ω^2(qλ) > 0, âăł çâő ĺğ (3.94) ŕőńãçăěň: 1 + g^2(qλ) V_q 1 − ϵ_e(q0) ϵ_e(q0)

> 0 (3.98)

İŃĚŁŠŘŐŊ { ŤŐŊŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 87

Řĺá. 3-12 İääěłâĺćŋőě ćğăĺňőďěľáâćĺě íńěłâàőŋőć ć ňěâăńńě.

Ĺğ íâĺå äőàňãń ňőęŋő őŕàěďěńĺâì, łőčďă íääěłâĺćŋőě ćğăĺňőďěľáâćĺě ć ňěâăńńě ňőęěâ áâăâì ŕàĺâïčĺćăîéĺň, ć çăáâŋőáâĺ ďńï q ∼ 2p_F , çâő ŋěőąåőďĺňő ďńï äőàňĺàőćăŋĺï áćěàåŕàőćőďïéěčő áőáâőïŋĺï [14]. Řăğãňěěâáï, ć àěăńìŋëå ňěâăńńăå âàěąãěâáï ćëåőď ğă àăňłĺ ĺáŕőńìğőćăćèěčőáï ŋăňĺ RPA.

Ćëàăęěŋĺě (3.94) ďńï äőŋőŋŋőčő áŕěłâàă ňőęŋő ğăŕĺáăâì ć ąőńěě őąéěň ćĺďě łăł:

ω^2(qλ) = ˙^2_{qλ} { 1 + g^2(qλ)χ(q,ω(qλ)) } (3.99)

čďě ććěďěŋă őąőąéěŋŋăï ćőáŕàĺĺňçĺćőáâì íńěłâàőŋŋőľ ŕőďáĺáâěňë, áćïğăŋŋăï á áőőâćěâáâćãîéěľ ďĺíńěłâàĺçěáłőľ ŕàőŋĺæăěňőáâìî áőőâŋőèěŋĺěň: χe(qω) = 1 Vq ( 1 ϵe(qω) − 1 ) (3.100)

ĺ ãçâěŋă ğăćĺáĺňőáâì őâ ω, łőâőàőľ ćëèě ŕàěŋěąàěčăńőáì, çâő áőőâćěâáâćőćăńő ăďĺăąăâĺçěáłőňã ŕàĺąńĺęěŋĺî ďńï ŕńăğňěŋŋőľ ňőďěńĺ ňěâăńńă. Řăáçěâ ŕőŕàăćőł ŋă ŋěăďĺăąăâĺçŋőáâì áńěďãěâ őáãéěáâćńïâì ŕãâěň àěèěŋĺï âàăŋáæěŋďěŋâŋőčő ãàăćŋěŋĺï (3.99). Ŋěâàãďŋő ãąěďĺâìáï, çâő ĺğ-ğă ňăńőáâĺ áłőàőáâĺ ĺőŋőć, ŕő áàăćŋěŋĺî á äěàňĺěćáłőľ áłőàőáâìî, ãçěâ ğăćĺáĺňőáâĺ χe(qω) őâ çăáâőâë ŕàĺćěďěâ ł ĺğňěŋěŋĺî äőŋőŋŋëå çăáâőâ ŋă ňăńãî ćěńĺçĺŋã ∼ √_m M . Őâáîďă ïáŋő, çâő \áňïčçěŋĺě" çăáâőâ àěăńìŋëå äőŋőŋőć ĺ ŋěãáâőľçĺćőáâì àěèěâłĺ ňőęŋő áćïğăâì á ĺğňěŋěŋĺěň íääěłâĺćŋőčő ňěęĺőŋŋőčő ćğăĺňőďěľáâćĺï, őąãáńőćńěŋŋëň, ć áćőî őçěàěďì, ĺğňěŋěŋĺěň áâăâĺçěáłőľ ďĺíńěłâàĺçěáłőľ ŕàőŋĺæăěňőáâĺ íńěłâàőŋőć. Šăłőćă, ŋăŕàĺňěà, áĺâãăæĺï ć őďŋőňěàŋëå ĺ łćăğĺőďŋőňěàŋëå ňěâăńńĺçěáłĺå áĺáâěňăå (ă âăłęě ć ãáńőćĺïå ŋěáâĺŋčă ŕàĺ d = 2, 3), čďě, łăł ãęě őâňěçăńőáì ćëèě, ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà, ă á ŋĺň ĺ ϵe(qω) ŕàĺ T = 0 ĺňěîâ ńőčăàĺäňĺçěáłãî őáőąěŋŋőáâì ĺ őąàăéăěâáï ć ąěáłőŋěçŋőáâì ŕàĺ q = 2p_F . Ć íâőň áńãçăě äőŋőŋŋăï çăáâőâă ĺ äãàìě { łőňŕőŋěŋâă íääěłâĺćŋőčő ňěęĺőŋŋőčő ćğăĺňőďěľáâćĺï ŕàĺ q = 2p_F őąàăéăîâáï ć ŋãńì.

88 İŃĚŁŠŘŐŊ { ŤŐŊŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

Ťőŋőŋë ĺ äńãłâãăæĺĺ.

Řăááňőâàĺň, áńěďãï [3], łőààěńïæĺőŋŋãî äãŋłæĺî ăâőňŋëå áňěéěŋĺľ:

C_T (r) = ∑ αβ < u_α(r)u_β (0) > (3.101)

ĺ ĺğãçĺň ěě ăáĺňŕâőâĺłã ŋă ąőńìèĺå àăááâőïŋĺïå r → ∞. Ćěńĺçĺŋã (3.101) ňőęŋő ćëàăğĺâì çěàěğ áőőâćěâáâćãîéãî ňăæãąăàőćáłãî äãŋłæĺî Čàĺŋă äőŋőŋőć. Ŕàĺ íâőň ŋãęŋő ãçěáâì, çâő áâăŋďăàâŋăï äőŋőŋŋăï äãŋłæĺï Čàĺŋă [1] őŕàěďěńïěâ, äăłâĺçěáłĺ, łőààěńïâőà čàăďĺěŋâőć áňěéěŋĺľ, çâő őąěáŕěçĺćăěâ ãďőąŋãî ğăŕĺáì čăňĺńìâőŋĺăŋă íńěłâàőŋ { äőŋőŋŋőčő ćğăĺňőďěľáâćĺï. Ťãŋłæĺï Čàĺŋă ăâőňŋëå áňěéěŋĺľ ŕőńãçăěâáï ďěńěŋĺěň íâőľ äãŋłæĺĺ Čàĺŋă ŋă ćěńĺçĺŋã ρω^2_k (čďě ρ { ŕńőâŋőáâì áŕńőèŋőľ áàěďë, áőŕőáâăćńïěňőľ łàĺáâăńńã) ĺ áňěŋőľ ğŋăłă^6. Šőčďă ĺňěěň:

C_T (r) = T ρ ∑ m ∫ d^dk (2π)^d e^ikr ω^2_m + ω^2_k

(3.102)

čďě ω_k { áŕěłâà äőŋőŋőć. Śãňňĺàőćăŋĺě ŕő (çěâŋëň) ňăæãąăàőćáłĺň çăáâőâăň ć (3.102) ćëŕőńŋïěâáï á ŕőňőéìî áőőâŋőèěŋĺï: ∞∑ m=−∞ 1 m^2 + a^2 = π a cthπa (3.103) Ć àěğãńìâăâě ŕőńãçăěň:

C_T (r) = 1 2ρ ∫ d^dk (2π)^d 1 ω_k cth ω_k 2T e^ikr (3.104)

Őâáîďă ňőęŋő ŕő őâďěńìŋőáâĺ ćëďěńĺâì ćłńăďë âěŕńőćëå ĺ łćăŋâőćëå (ŋãńěćëå) (T = 0) äńãłâãăæĺľ (łőńěąăŋĺľ) á ŕőňőéìî äőàňãńë: 1 2 cth ω 2T = 1 2 + n_B(ω) (3.105)

čďě n_B (ω) =^1_e ω_{T −1} { äãŋłæĺï Ąőğě. Őçěćĺďŋő, çâő n_B → 0 ŕàĺ T → 0, âăł çâő áőőâćěâáâćãîéĺľ ćłńăď őŕàěďěńïěâ âěŕńőćëě äńãłâãăæĺĺ^7.

Ĺâăł, ćëŕĺèěň ďćă ćłńăďă ć ĺáłőňëľ łőààěńïâőà:

C_0(r) = C_{T =0}(r) = 1 2ρ ∫ d^dk (2π)^d e^ikr ω_k (3.106)

´C(r, T ) = 1 ρ ∫ d^dk (2π)^d n_B (ω_k) ω_k e^ikr (3.107)

6Ć íâőň ŋěâàãďŋő ãąěďĺâìáï, áàăćŋĺćăï äőàňãńë (7.9), (7.10) ĺ (7.13) ć łŋĺčě [1] 7Ğăňěâĺň çâő, ćáě íâĺ äőàňãńë ňőęŋő ćëćěáâĺ ĺ ŋě ĺáŕőńìğãï ňăæãąăàőćáłĺě äãŋłæĺĺ Čàĺŋă, ă ŕàőáâő ãáàěďŋïï ćâőàĺçŋő { łćăŋâőćăŋŋëě őŕěàăâőàë áňěéěŋĺľ á čĺąąáőćáłőľ ňăâàĺæěľ ŕńőâŋőáâĺ.

İŃĚŁŠŘŐŊ { ŤŐŊŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ 89

Šăąńĺæă 3.1 Ăáĺňŕâőâĺłă (r → ∞) łőààěńïæĺőŋŋőľ äãŋłæĺĺ łćăŋâőćëå ĺ âěŕńőćëå äńãłâãăæĺľ ăâőňŋëå áňěéěŋĺľ ďńï àăğńĺçŋëå àăğňěàŋőáâěľ ŕàőáâàăŋáâćă.

d C_0(r) ´C_T (r) 3 ∼^1_{r2} ∼^T_r 2 ∼^1_r ∼ T ln^L_r 1 ∼ ln^L_r ∼ T L

Ŋăá ĺŋâěàěáãěâ ŕőćěďěŋĺě íâĺå äãŋłæĺľ ŕàĺ r → ∞. Ŕőíâőňã ć ´C(r, T ) ďăîâ ćłńăď âőńìłő áăňëě ňăńëě k ∼^1_r , âăłĺě çâő ω_k ≪ T . Ŕőíâőňã ąőğě { äãŋłæĺî ňőęŋő ăŕŕàőłáĺňĺàőćăâì łăł n_B(ω_k) ≈^T_{ωk} ĺ ğăŕĺáăâì: ´C(r, T ) ≈ T ρ ∫ d^dk (2π)^d e^ikr ω^2_k

(3.108)

§áŋő, çâő íâă äőàňãńă ïćńïěâáï ŕàőáâëň áńěďáâćĺěň ğăłőŋă àăćŋőàăáŕàěďěńěŋĺï [11] łńăááĺçěáłőľ áâăâĺáâĺłĺ.

Ďăńìŋěľèĺě àăáçěâë ŕàőćěďěň ďńï àăğńĺçŋëå àăğňěàŋőáâěľ ŕàőáâàăŋáâćă. Śŋăçăńă àăááňőâàĺň C_0(r).

Ďńï d = 3 ĺňěěň:

C^{(3)}_0 (r) = 4π (2π)^3ρ ∫_∞ 0 dkk^2 ck sin kr kr ∼ 1 4π^2ρcr^2

(3.109)

čďě ććěńĺ őąàěğăŋĺě äőàňăńìŋő àăáåőďïéěčőáï ŋă ćěàåŋěň ŕàěďěńě ĺŋâěčàăńă ŕàĺ k ∼^1_r , ŕőáłőńìłã ŕàĺ ąőńìèĺå k őáæĺńńïæĺĺ ŕőďĺŋâěčàăńìŋőčő ćëàăęěŋĺï čăáïâ ďàãč ďàãčă.

Ďńï d = 2:

C^{(2)}_0 (r) = 1 4πρc ∫_{2π} 0 dθ 2π ∫_∞ 0 dke^{ikr cos θ} = 1 4πρc ∫_∞ 0 dkJ_0(kr) = 1 4πρcr (3.110)

čďě J_0(r) { áőőâćěâáâćãîéăï äãŋłæĺï Ąěááěńï.

Ŋăłőŋěæ ďńï d = 1 ĺňěěň:

C^{(1)}_0 (r) = 1 4πρc ∫_∞ −∞ dk |k| e^{ikr} = 1 2πρc ∫_∞ 0 dk k cos kr = 1 2πρc ln L r (3.111)

Ŕàĺ ćëçĺáńěŋĺĺ ŕőáńěďŋěčő ĺŋâěčàăńă ąëńő áŋőćă (ăŋăńőčĺçŋő (3.109)) ŕàőĺğćěďěŋő őąàěğăŋĺě ńőčăàĺäňĺçěáłőľ àăáåőďĺňőáâĺ ŋă ćěàåŋěň ŕàěďěńě ŕàĺ k ∼^1_r , ă ŋă ŋĺęŋěň ŕàĺ k ∼^1_L (L { àăğňěà áĺáâěňë).

Řăááňőâàĺň âěŕěàì âěŕńőćëě äńãłâãăæĺĺ. Ďńï d = 3 ĺňěěň:

´C^{(3)}_T (r) = T 2π^2ρc^2r ∫_∞ 0 dk k sin kr = T 4πρc^2r (3.112)

Ďńï d = 2:

´C^{(2)}_T (r) = T (2π)^2ρc^2 ∫_{2π} 0 dθ ∫_∞ 0 dk k e^{ikr cos θ} (3.113)

90 İŃĚŁŠŘŐŊ { ŤŐŊŐŊŊŐĚ ĆĞĂĹŇŐĎĚĽŚŠĆĹĚ

İâőâ ĺŋâěčàăń âăłęě àăáåőďĺâáï ĺ ěčő ŋãęŋő őąàěğăâì, ăŋăńőčĺçŋő âőňã, łăł íâő ďěńăńőáì ŕàĺ àăáçěâě C_1(r). Ć ĺâőčě ŕőńãçĺň:

´C^{(2)}_T (r) = T 2πρc^2 ln L r (3.114)

Ďńï d = 1, ăŋăńőčĺçŋëň őąàăğőň:

´C^{(1)}_T (r) = T πρc^2 ∫_∞ 0 dk k^2 cos kr = ConstL (3.115) Ć íâőň áńãçăě ĺŋâěčàăń ŕàĺ ňăńëå k àăáåőďĺâáï áâěŕěŋŋëň őąàăğőň ĺ őŕàěďěńěŋĺě łőíääĺæĺěŋâă ć őąéěň ćĺďě ŋěćőğňőęŋő { ć çăáâŋőáâĺ őŋ ğăćĺáĺâ őâ čàăŋĺçŋëå ãáńőćĺľ, ă âăłęě őâ âőčő, łăł âőçłĺ áàěďë, ć łőâőàëå ĺğňěàïîâáï áňěéěŋĺï, àăáŕőńőęěŋë ŕő őâŋőèěŋĺî ł čàăŋĺæăň.

Ĺâőčĺ ŋăèĺå ćëçĺáńěŋĺľ áćěďěŋë ć ŕàĺćěďěŋŋőľ ćëèě Šăąńĺæě. İâĺ àěğãńìâăâë ŕőğćőńïîâ ĺğãçĺâì ćőŕàőá ő àăğàãèěŋĺĺ ďăńìŋěčő (ć ďăŋŋőň áńãçăě łàĺáâăńńĺçěáłőčő!) ďăńìŋěčő ŕőàïďłă łćăŋâőćëňĺ ĺ âěŕńőćëňĺ äńãłâãăæĺïňĺ (łőńěąăŋĺïňĺ). Ć áăňőň ďěńě, ďńï íâőčő, łăł àăğ, ďőáâăâőçŋő àăááňőâàěâì ăáĺňŕâőâĺłĺ C(r) ŕàĺ r → ∞. Ěáńĺ ŕàĺ íâőň C(r) → 0, âő ďăńìŋĺľ ŕőàïďőł (łàĺáâăńńĺçěáłăï àěèěâłă) äńãłâãăæĺïňĺ ŋě àăğàãèăěâáï { ďăęě ğŋăçĺâěńìŋőě őâłńőŋěŋĺě u(0) őâ áàěďŋěčő ğŋăçěŋĺï ŋě ŕàĺćőďĺâ ł áĺńìŋőňã ĺğňěŋěŋĺî u(r). Ŋő ěáńĺ C(r) → ∞, âő íâő őğŋăçăěâ, çâő ďăńìŋĺľ ŕőàïďőł ĺáçěğăěâ. Šăłăï áĺâãăæĺï ĺňěěâ ňěáâő ďńï łćăŋâőćëå äńãłâãăæĺľ ŕàĺ d = 1, ă ďńï âěŕńőćëå | ŕàĺ d = 1, 2!

Čńăćă 4

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐ- ŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

Ďĺăčàăňňŋăï âěåŋĺłă ďńï àăááěïŋĺï ŋă \ŕàĺňěáïå".

Řăááňőâàĺň íńěłâàőŋ, ďćĺęãéĺľáï ć ŕàőáâàăŋáâćě ć ŕőńě, áőğďăćăěňőň N_i àăááěĺćăâěńïňĺ (\ŕàĺňěáïňĺ"), łőâőàëě àăáŕőńőęěŋë áńãçăľŋëň őąàăğőň (åăőâĺçěáłĺ) á äĺłáĺàőćăŋŋőľ ŕńőâŋőáâìî (łőŋæěŋâàăæĺěľ) ρ_i =^{Ni}_V , čďě V { őąêěň áĺáâěňë. Śãňňăàŋëľ ŕőâěŋæĺăń (áńãçăľŋőě ŕőńě!), áőğďăćăěňëľ ŕàĺňěáïňĺ ěáâì:

V (r) =^{Ni∑}_{j=1} v(r − Rj) (4.1)

čďě v(r − R_j) { ŕőâěŋæĺăń őâďěńìŋőčő àăááěĺćăâěńï, àăáŕőńőęěŋŋőčő ć (áńãçăľŋőľ!) âőçłě R_j . Ăąáőńîâŋő áńãçăľŋőě àăáŕàěďěńěŋĺě àăááěĺćăâěńěľ ć ŕàőáâàăŋáâćě áőőâćěâáâćãěâ ĺå äãŋłæĺĺ àăáŕàěďěńěŋĺï ćĺďă: P{Rj} = V^{−Ni} (4.2) Ďńï ğăďăŋŋőľ łőŋäĺčãàăæĺĺ àăááěĺćăâěńěľ äãŋłæĺï Čàĺŋă íńěłâàőŋă ãďőćńěâćőàïěâ ãàăćŋěŋĺî: i~ ∂ ∂t + ~^2 2m ∇^2 − N_i∑

j=1 v(r − Rj )

G(rr^′t{Rj}) = δ(r − r^′)δ(t) (4.3)

92 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

ĺ ğăćĺáĺâ äãŋłæĺőŋăńìŋő őâ ćáěå R_j . Őąëçŋő, ć âěőàĺĺ ŋěãŕőàïďőçěŋŋëå áĺáâěň ŕàěďŕőńăčăěâáï [15], çâő äĺğĺçěáłĺě ćěńĺçĺŋë (ĺğňěàïěňëě ŋă íłáŕěàĺňěŋâě) őŕàěďěńïîâáï łăł áàěďŋĺě ŕő ăŋáăňąńî őąàăğæőć áő ćáěňĺ ćőğňőęŋëňĺ ŕőńőęěŋĺïňĺ \ŕàĺňěáěľ" (ãáàěďŋěŋĺě ŕő ŕàĺňěáïň). Šăłĺň őąàăğőň, ŋăá ĺŋâěàěáãîâ, ŕàěęďě ćáěčő, ãáàěďŋěŋŋăï äãŋłæĺï Čàĺŋă, łőâőàăï őŕàěďěńïěâáï łăł:

G(r − r^′, t) =< G(rr^′t) >= 1_{V Ni} ∫ ... ∫ N_i∏ j=1 dRjG(rr^′t{Rj }) (4.4)

Śçĺâăï ŕőâěŋæĺăń àăááěĺćăâěńěľ áńăąëň, ňőęŋő àăğćĺâì âěőàĺî ćőğňãéěŋĺľ, ğăŕĺáăć ćâőàĺçŋő { łćăŋâőćăŋŋëľ čăňĺńìâőŋĺăŋ ćğăĺňőďěľáâćĺï íńěłâàőŋă á ŕőńěň (4.1) łăł: H_{int} = ∫ drψ^+(r)V (r)ψ(r) (4.5)

Šăłăï âěőàĺï ćőğňãéěŋĺľ (ŕő \ćŋěèŋěňã" ŕőńî [1]) őçěŋì ŕàőáâă. Śőőâćěâáâćãîéĺľ àïď âěőàĺĺ ćőğňãéěŋĺľ ďńï äãŋłæĺĺ Čàĺŋă (4.3) ĺňěěâ åőàőèő ĺğćěáâŋëľ ćĺď:

G(1, 1^′) = G_0(1, 1^′) + ∫ d2G_0(1, 2)V (2)G_0(2, 1^′) + + ∫ d2d3G_0(1, 2)V (2)G_0(2, 3)V (3)G_0(3, 1^′) + ... (4.6)

čďě 1 = (r, t), 1^′ = (r^′, t^′) ĺ â. ď. Čàăäĺçěáłĺ íâő àăğńőęěŋĺě ŕàěďáâăćńïěâáï ďĺăčàăňňăňĺ, ŕőłăğăŋŋëňĺ ŋă Řĺá. 4-1. Ŋő ŋăá ĺŋâěàěáãěâ ãáàěďŋěŋŋăï äãŋłæĺï Čàĺŋă < G(rr^′t) >, őŕàěďěńěŋŋăï ć (4.4). Śőőâćěâáâćěŋŋő, ŕàĺ ãáàěďŋěŋĺĺ àïďă (4.6) ŕő (4.2), ćőğŋĺłăîâ áàěďŋĺě ćĺďă:

< V (2) >, < V (2)V (3) >, < V (2)V (3)V (4) >, ... (4.7)

Ďńï áńãçăľŋő àăáŕőńőęěŋŋëå ŕàĺňěáěľ (áńãçăľŋőčő ŕőńï (4.1) ĺ àăáŕàěďěńěŋĺï (4.2)) ćáě íâĺ áàěďŋĺě ňőęŋő àăááçĺâăâì ć őąéěň ćĺďě. Ďńï íâőčő, ŕàěęďě ćáěčő, ććěďěň äãàìě { ŕàěďáâăćńěŋĺě:

V (r) =^∑ p ∑ j v(p)e^ip^(r^−R^{j )} (4.8)

čďě v(p) | äãàìě { őąàăğ ŕőâěŋæĺăńă őâďěńìŋőčő àăááěĺćăâěńï, v(−p) = v^∗(p). Ďńï ŕàőáâőâë ąãďěň áçĺâăâì, ć ąőńìèĺŋáâćě áńãçăěć, íâőâ ŕőâěŋæĺăń âőçěçŋëň, âăł çâő

v(p) = v = const. İâő őčàăŋĺçěŋĺě áőćěàèěŋŋő ŋěŕàĺŋæĺŕĺăńìŋő.

Ś ãçěâőň (4.8), ğăďăçă ćëçĺáńěŋĺï áàěďŋĺå âĺŕă (4.7) áćőďĺâáï ł ćëçĺáńěŋĺî ćěńĺçĺŋ âĺŕă:

M_s(p_1, p_2, ..., p_s) =< ρ(p_1)ρ(p_2)...ρ(p_s) >≡ ⟨ ∑ l1 ∑ l2 ... ∑ l_s exp(−i ∑ j pjRl_j ) ⟩ (4.9)

Şďőąŋő ŕěàěľâĺ ł àăááňőâàěŋĺî ŋěáłőńìłő ĺŋőčő (ŋěáłőńìłő ąőńěě őąéěčő ĺ \àěăńĺáâĺçěáłőčő"!) ćăàĺăŋâă ŋăèěľ ňőďěńĺ. Ŕãáâì N_i àăááěĺćăâěńěľ (ŕàĺňěáěľ) àăáŕàěďěńěŋë áńãçăľŋëň őąàăğőň ŕő N ãğńăň àěčãńïàŋőľ (ďńï ŕàőáâőâë łãąĺçěáłőľ) àěèěâłĺ. Šőčďă ćňěáâő ććěďěŋŋőľ ćëèě àăğňěàŋőľ ŕńőâŋőáâĺ ρ_i ććěďěň ąěğàăğňěàŋãî łőŋæěŋâàăæĺî ŕàĺňěáěľ ρ =^{Ni}_N , łőâőàăï ňőęěâ ĺğňěŋïâìáï ć ĺŋâěàćăńě őâ 0

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 93

Řĺá. 4-1 Řăááěïŋĺě íńěłâàőŋă ŋă ŕőâěŋæĺăńě, áőğďăćăěňőň äĺłáĺàőćăŋŋőľ łőŋäĺčãàăæĺěľ àăááěĺćăâěńěľ.

94 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

ďő 1. Šőčďă àěğãńìâăâ ãáàěďŋěŋĺï ŕàőĺğćőńìŋőľ áãňňë ŕő ŕőńőęěŋĺïň ŕàĺňěáěľ őçěćĺďŋő áćőďĺâáï ł: ∑ l_i ... → ∑ l ... = ρ ∫ dRl a^3 ... = ρ_i ∫ dRl... (4.10) čďě ćâőàăï áãňňă ãęě ąěàěâáï ŕő ćáěň ãğńăň ŋăèěľ àěèěâłĺ, ă ćěńĺçĺŋă a őąőğŋăçăěâ ŕőáâőïŋŋãî àěèěâłĺ. Ŕàĺ íâőň ňë ãçńĺ, çâő ććěďěŋŋăï ćëèě àăğňěàŋăï ŕńőâŋőáâì àăááěĺćăâěńěľ ρ_i =^{Ni}_V =^{Ni}_{Na3} = ρa^{−3}. Ŕěàěåőď ł àăááňăâàĺćăćèěľáï ćëèě \ŋěŕàěàëćŋőľ" ňőďěńĺ áőőâćěâáâćãěâ a → 0, âăł çâő äĺłáĺàőćăŋŋőě ğŋăçěŋĺě ρ áőőâćěâáâćãěâ ŕàěďěńã ρ_i → ∞. Ć âőęě ćàěňï, ěáńĺ äĺłáĺàőćăâì ρ_i, âő ŕàěďěń a → 0 őğŋăçăěâ ρ = ρ_ia^3 → 0. Ěáńĺ ęě, łăł íâő çăáâő ŕàĺŋĺňăěâáï ć âěőàĺĺ âćěàďőčő âěńă, ŕőńőęĺâì őąêěň áĺáâěňë V = 1, âő N = a^{−3}, âő àăğńĺçĺï ć őŕàěďěńěŋĺĺ łőŋæěŋâàăæĺľ ŕàőáâő ĺáçěğăîâ. Ŕőíâőňã ć ďăńìŋěľèěň ňë ĺáŕőńìğãěň ďńï ŋěě ěďĺŋőě őąőğŋăçěŋĺě ρ.

Ŕőáńěďãîéĺě ćëçĺáńěŋĺï ďőáâăâőçŋő ŕàőáâë, ŋăďő âőńìłő ăłłãàăâŋő ćëďěńĺâì áŕěæĺăńìŋëě áńãçăĺ, łőčďă ŕàőĺáåőďĺâ áőćŕăďěŋĺě ĺŋďěłáőć áãňňĺàőćăŋĺï (ŕàĺňěáěľ) ć (4.9). Ŕàïňőľ áçěâ ďăěâ (ďńï àěèěâőçŋőľ ňőďěńĺ):

M_1(p) = ⟨ ∑ l exp(−ipR_l) ⟩ = ρ ∫ dRe^{−i}pR = (2π)^3ρδ(p) (4.11)

M_2(p_1, p_2) = ⟨ ∑ l exp[−i(p_1 + p_2)R_l] + ∑ l≠m exp[−(p_1R_l + p_2R_m)] ⟩ = = (2π)^3ρδ(p_1 + p_2) + ρ^2[(2π)^3δ(p_1)(2π)^3δ(p_2) − (2π)^3δ(p_1 + p_2)] = = ρ^2(2π)^6δ(p_1)δ(p_2) + (2π)^3(ρ − ρ^2)δ(p_1 + p_2) ≡ ≡< ρ(p_1) >_c< ρ(p_2) >_c + < ρ(p_1)ρ(p_2)) >_c (4.12)

čďě ććěńĺ, ŕő őŕàěďěńěŋĺî, łãňãńïŋâë < ... >_c^1. Ăŋăńőčĺçŋëň őąàăğőň ŕőńãçăěň:

M_3(p_1, p_2, p_3) =< ρ(p_1) >_c< ρ(p_2) >_c< ρ(p_3) >_c + < ρ(p_1) >_c< ρ(p_2)ρ(p_3) >_c + + < ρ(p_2) >_c< ρ(p_1)ρ(p_3) >_c + < ρ(p_3) >_c< ρ(p_1)ρ(p_2) >_c + < ρ(p_1)ρ(p_2)ρ(p_3) >_c (4.14)

Ć ĺâőčě, ŕőáńě ãáàěďŋěŋĺï àăğńőęěŋĺï (4.6) ćőğŋĺłăîâ áńěďãîéĺě íńěňěŋâë ŋőćőčő (ãáàěďŋěŋŋőčő) àïďă âěőàĺĺ ćőğňãéěŋĺľ:

v < ρ(p_1) >_c= (2π)^3ρvδ(p_1) (a) (4.15)

v^2 < ρ(p_1)ρ(p_2) >_c= (2π)^3(ρ − ρ^2)v^2δ(p_1 + p_2) (b) (4.16)

v^3 < ρ(p_1)ρ(p_2)ρ(p_3) >_c= (2π)^3v^3(ρ − 3ρ^2 + 2ρ^3)δ(p_1 + p_2 + p_3) (c) (4.17)

v^4 < ρ(p_1)ρ(p_2)ρ(p_3)ρ(p_4) >_c= (2π)^3v^4(ρ−7ρ^2 +12ρ^3 −6ρ^4)δ(p_1 +p_2 +p_3 +p_4) (d) (4.18) łőâőàëň áőŕőáâăćńïîâáï ďĺăčàăňňë, ŕőłăğăŋŋëě ŋă Řĺá. 4-2 (a-d). Łãňãńïŋâë ąőńěě ćëáőłĺå ŕőàïďłőć ĺňěîâ ěéě ąőńěě čàőňőğďłĺľ ćĺď.

1Ťőàňăńìŋőě áőőâŋőèěŋĺě ňěęďã áàěďŋĺňĺ ňőňěŋâăňĺ ĺ łãňãńïŋâăňĺ ďăěâáï àăćěŋáâćőň: ⟨ exp ∑ j α_jρ(p_j) ⟩ = exp ⟨ exp [ ∑ j α_jρ(p_j) ] − 1 ⟩ c (4.13)

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 95

Řĺá. 4-2 Čàăäĺłĺ, áőŕőáâăćńïěňëě àăğńĺçŋëň łãňãńïŋâăň ć ãáàěďŋěŋŋőň àïďě âěőàĺĺ ćőğňãéěŋĺľ.

96 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

Őďŋőíńěłâàőŋŋăï äãŋłæĺï Čàĺŋă.

Ĺâőč ŕàěďëďãéěľ ďĺáłãááĺĺ áćőďĺâáï ł âőňã, çâő ďĺăčàăňňŋőě àăğńőęěŋĺě ďńï őďŋőíńěłâàőŋŋőľ äãŋłæĺĺ Čàĺŋă, ãáàěďŋěŋŋőľ ŕő áńãçăľŋëň łőŋäĺčãàăæĺïň àăááěĺćăâěńěľ (ŕàĺňěáěľ), ŕàěďáâăćńïěâáï ć ćĺďě, ŕőłăğăŋŋőň ŋă Řĺá. 4-3. Ĺŋőčďă čőćőàïâ, çâő ńĺŋĺĺ ćğăĺňőďěľáâćĺï á ŕàĺňěáïňĺ áőąĺàăîâáï ć \ŕãçłĺ", őąêěďĺŋïěňëě \łàěáâăňĺ" (\łàěáâőćăï" ďĺăčàăňňŋăï âěåŋĺłă (S.F.Edwards, 1958)).

Ŕàĺ ňăńőľ łőŋæěŋâàăæĺĺ (ρ → 0) ŕàĺňěáěľ (ĺńĺ ć \ŋěŕàěàëćŋőľ" ňőďěńĺ) ňë ňőęěň őčàăŋĺçĺâìáï ğďěáì çńěŋăňĺ ńĺŋěľŋëňĺ ŕő ρ. Šőčďă, á ãçěâőň ŕàěďŕőńăčăěňőľ ňăńőáâĺ ŕőâěŋæĺăńă (v → 0), ňőęŋő őčàăŋĺçĺâìáï âőńìłő ćłńăďăňĺ őâ (4.15), (4.16), ĺńĺ, áőőâćěâáâćěŋŋő, čàăäĺłăňĺ ďńï łãňãńïŋâőć (ćğăĺňőďěľáâćĺľ), ŕőłăğăŋŋëňĺ ŋă Řĺá. 4-2 (a,b). Ŕàĺ íâőň ćłńăď őâ (4.15) âàĺćĺăńěŋ ĺ áćőďĺâáï ł łőŋáâăŋâě, ŕàĺćőďïéěľ ł áďćĺčã ŋăçăńă őâáçěâă íŋěàčĺĺ íńěłâàőŋă ŋă ćěńĺçĺŋã ρv (ĺńĺ ł áőőâćěâáâćãîéěľ ŕěàěŋőàňĺàőćłě åĺňŕőâěŋæĺăńă)^2. Ćâőàőľ ęě łãňãńïŋâ (Řĺá. 4-2 (b)) áćőďĺâáï ŕàĺ íâőň ł (2π)^3ρv^2δ(p_1 + p_2). Šőčďă àăğńőęěŋĺě ďńï ãáàěďŋěŋŋőľ äãŋłæĺĺ Čàĺŋă áćőďĺâáï ł áãňňě čàăäĺłőć, ŕőłăğăŋŋëå ŋă Řĺá. 4-4. İâőňã áńãçăî áőőâćěâáâćãěâ ŕàőáâěľèăï äăłâőàĺğăæĺï łőààěńïâőàőć áńãçăľŋőčő ŕőńï (4.7) \ŕő Ćĺłã":

< V (1)V (2) >≠ 0

< V (1) >= 0 < V (1)V (2)V (3) >= 0 { ĺ â. ď. ďńï ćáěå ŋěçěâŋëå áâěŕěŋěľ, V (1)V (2)V (3)V (4) >=< V (1)V (2) >< V (3)V (4) > + < V (1)V (4) >< V (2)V (3) > { ĺ â. ŕ. ďńï ćáěå çěâŋëå áâěŕěŋěľ. (4.19)

çâő, á âőçłĺ ğàěŋĺï ňăâěňăâĺłĺ, őŕàěďěńïěâ čăãááőćő áńãçăľŋőě ŕőńě^3.

Ć àăááňăâàĺćăěňőľ ğăďăçě \ďćãåâőçěçŋëľ" łőààěńïâőà áńãçăľŋőčő ŕőńï ć łőőàďĺŋăâŋőň ŕàőáâàăŋáâćě ĺňěěâ ćĺď:

< V (r_1)V (r_1) >= (2π)^3ρv^2 ∫ d^dp_1 (2π)^3 e^ip^1r^1 ∫ d^dp_2 (2π)^3 e^ip^2r^2 δ(p_1 + p_2) =

= ρv^2 ∫ d^dp_1 (2π)^3 e^ip^{1(}r^{1−}r^{2)} = ρv^2δ(r_1 − r_2) (4.20)

Ŕőíâőňã őąëçŋő čőćőàïâ, çâő ğďěáì àăááňăâàĺćăěňăï ğăďăçă áćőďĺâáï ł ĺğãçěŋĺî ďćĺęěŋĺï íńěłâàőŋă ć čăãááőćőň áńãçăľŋőň ŕőńě á łőààěńïâőàőň âĺŕă \ąěńőčő èãňă".

Řăğńőęěŋĺě Řĺá. 4-3 ňőęŋő ğăŕĺáăâì ć ćĺďě ãàăćŋěŋĺï Ďăľáőŋă:

G(1, 1^′) = G_0(1, 1^′) + ∫ d2d3G_0(1, 2)˚(2, 3)G(3, 1^′) (4.21)

2Ŕőíâőňã, ňőęŋő ŕàőáâő áçĺâăâì, çâő ć (4.7) < V (2) >= 0 ĺ őâáçĺâëćăâì íŋěàčĺî őâ áàěďŋěčő ãàőćŋï áńãçăľŋőčőŕőńï. Ć áăňőň ďěńě, őčàăŋĺçĺćăïáì ďńï áőąáâćěŋŋő { íŋěàčěâĺçěáłőľ çăáâĺ íńěłâàőŋă ćłńăďőň ďĺăčàăňňë Řĺá. 4-2 (a) ĺňěěň ˚ = ρv(0) = ρ ∫ drv(r) ĺ, áőőâćěâáâćěŋŋő, äãŋłæĺî Čàĺŋă: G(εnp) =^1_{iεn−ξ(p)−ρv(0)} , çâő ĺ ďőłăğëćăěâ áďěńăŋŋőě ãâćěàęďěŋĺě.

3Ňőęŋő ŕőłăğăâì, çâő íâőâ ęě àěğãńìâăâ ćőğŋĺłăěâ ĺğ ćáěčő àïďă âěőàĺĺ ćőğňãéěŋĺľ ďńï \ŋěŕàěàëćŋőľ" ňőďěńĺ àăáŕàěďěńěŋĺï \ŕàĺňěáěľ" ć äőàňăńìŋőň ŕàěďěńě ρ_i → ∞, v^2 → 0, ŋő ρ_iv^2 → const!

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 97

Řĺá. 4-3 Ďĺăčàăňňŋőě àăğńőęěŋĺě ãáàěďŋěŋŋőľ äãŋłæĺĺ Čàĺŋă áńãçăľŋőň ŕőńě őąéěčő ćĺďă.

98 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

Řĺá. 4-4 Ďĺăčàăňňŋőě àăğńőęěŋĺě ãáàěďŋěŋŋőľ äãŋłæĺĺ Čàĺŋă ć čăãááőćőň áńãçăľŋőň ŕőńě.

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 99

ĺńĺ, ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ (ňăæãąăàőćáłăï âěåŋĺłă)^4:

G(pεn) = G0(pεn) + G0(pεn)˚(pεn)G(pεn) (4.22)

čďě áőąáâćěŋŋő { íŋěàčěâĺçěáłăï çăáâì ˚(1, 2) ŕàěďáâăćńïěâáï čàăäĺłăňĺ, ŕőłăğăŋŋëňĺ ŋă Řĺá. 4-5. Řăááňőâàĺň ćłńăď ŕěàćőľ ďĺăčàăňňë ŋă Řĺá. 4-5, áőőâćěâáâćãîéěľ, łăł ňë áěľçăá ãćĺďĺň, ŕěàćőňã ąőàŋőćáłőňã ŕàĺąńĺęěŋĺî ďńï àăááěïŋĺï ŋă ŕàĺňěáïå (1BA) (v(−p) = v^∗(p)):

˚^{1BA}(ε_np) = ρ ∑ q^{|v} (q)|^2 1 iε_n − ξ(p − q) = ρ ∑ p^{′ |v} (p − p^′)|^2 1_{iεn − ξ}(p_′) (4.23)

čďě, łăł ćáěčďă, ξ(p) = ε_p − μ ≈ v_F (|p| − p_F ).

Ć âĺŕĺçŋëå ňěâăńńăå E_F ∼ 7eV ∼ 80000K ĺ ć ąőńìèĺŋáâćě áńãçăěć ŋăá ĺŋâěàěáãîâ íńěłâàőŋë ćąńĺğĺ ãàőćŋï Ťěàňĺ E_F ≈ μ. Ŋăŕàĺňěà, ďńï T < 800K ĺňěěň T E_F < 10

−2. Šăłĺň őąàăğőň, ŋăň ŋăďő ğŋăâì ˚^{1BA}(ε_np) ŕàĺ |p| ∼ p_F ĺ^5 |iε_n → ε + isign(ε_n )δ| ≪ E_F . Łàőňě âőčő, ĺğ ŕàőćěďěŋŋőčő ćëèě àăááňőâàěŋĺï íłàăŋĺàőćłĺ łãńőŋőćáłőčő ćğăĺňőďěľáâćĺï íńěłâàőŋőć ïáŋő, çâő áőćěàèěŋŋő ăŋăńőčĺçŋëň őąàăğőň íłàăŋĺàãěâáï ĺ ŕőâěŋæĺăń ŕàĺňěáĺ, âăł çâő, äăłâĺçěáłĺ, v(p − p^′) ïćńïěâáï ďőáâăâőçŋő ŕńăćŋő ňěŋïîéěľáï äãŋłæĺěľ ŋă ĺŋâěàćăńě 0 < |p − p^′| < 2p_F .

Ś ãçěâőň áďěńăŋŋëå ğăňěçăŋĺľ ĺ ŕàőćěďěň ŕőáńěďãîéĺě ćëçĺáńěŋĺï. Ĺňěěň: ˚^{1BA}(p, ε + isign(ε_n )δ) = ρ ∑ p^{′ |v} (p − p^′)|^2 1 ε − ξ(p^′) + isign(ε_n)δ = = ρ ∑ p^{′ |v} (p − p^′)|^2 { ε − ξ(p^′) (ε − ξ(p^′))^2 + δ^2 − isign(ε_n)πδ(ε − ξ(p^′)) } (4.24)

Ŕőáłőńìłã |v(p − p^′)|^2 ňěŋïěâáï ďőáâăâőçŋő ňěďńěŋŋő ĺ ŋăá ĺŋâěàěáãîâ |ε−ξ(p^′)| ≪ E_F ≈ μ, ňë ĺňěěň łăçěáâćěŋŋãî łăàâĺŋã, ŕőłăğăŋŋãî ŋă Řĺá. 4-6. Ć çăáâŋőáâĺ, ĺğ âőčő őąáâőïâěńìáâćă, çâő^{ε−ξ(p′)}_{(ε−ξ(p′))2+δ2} ïćńïěâáï ŋěçěâŋőľ äãŋłæĺěľ ε−ξ(p^′), áńěďãěâ, çâő Re˚^{1BA}(pε_n) ≈ 0^6. Šőčďă (4.24) áćőďĺâáï ł çĺáâő ňŋĺňőňã ćëàăęěŋĺî: ˚^{1BA}(pε) = −iπsign(ε_n) ∑ p^{′ ρ|v} (p − p^′)|^2δ(ε − ξ(p^′)) ≈ −i^{εn}_{|εn|} 12_{τp} ≡ −i^{εn}_{|εn|} γp (4.25) čďě, á ãçěâőň ε ≈ ξ(p) (ćąńĺğĺ ŕőńîáă!) ććěńĺ 1 τ_p = 2γ_p = 2π ∑ p^{′ ρ|v} (p − p^′)|^2δ(ξ(p) − ξ(p^′)) (4.26)

| çăáâőâã àăááěïŋĺï íńěłâàőŋă ŋă ŕàĺňěáïå, ŕőáçĺâăŋŋãî ć ąőàŋőćáłőň ŕàĺąńĺęěŋĺĺ (\ğőńőâőě ŕàăćĺńő" Ťěàňĺ).

4Şáàěďŋěŋŋăï äãŋłæĺï Čàĺŋă < G(rr^′εn) >= G(r − r^′εn) ğăćĺáĺâ âőńìłő őâ |r − r^′| { ãáàěďŋěŋĺě \ćőááâăŋăćńĺćăěâ" âàăŋáńïæĺőŋŋãî ĺŋćăàĺăŋâŋőáâì áĺáâěňë.

5Şçâěň, çâő, ć łőŋæě łőŋæőć, ŋăň ŋãęŋő ćëŕőńŋĺâì ăŋăńĺâĺçěáłőě ŕàőďőńęěŋĺě ŋă ćěéěáâćěŋŋãî őáì ĺğ ćěàåŋěľ ŕőńãŕńőáłőáâĺ εn > 0, â.ě. iεn → ε + iδ, ĺńĺ ĺğ ŋĺęŋěľ ŕőńãŕńőáłőáâĺ, čďě εn < 0, â.ě. iεn → ε − iδ. 6Śâàőčő čőćőàï, ĺŋâěčàăń ŕő p^′ ć ŕěàćőň çńěŋě (4.24) ňőęěâ ąëâì àăğąĺâ ŋă ďćě çăáâĺ: ŕő p^′ ďăńěłĺň őâ p_F ĺ ŕő p^′ ćąńĺğĺ p_F . Ŕàěďěńë ćâőàőčő ĺŋâěčàăńă ňőęŋő ćğïâì áĺňňěâàĺçŋëňĺ ŕő p^′ − p_F , çâő ĺ ďăáâ ŋãńì (ć ŕàěŋěąàěęěŋĺĺ ĺğňěŋěŋĺěň v(p − p^′) ćąńĺğĺ p_F ). Ĺŋâěčàăń ŕő ďăńěłĺň őąńăáâïň ďăěâ ďěľáâćĺâěńìŋãî łőŋáâăŋâã, łőâőàãî őŕïâì ňőęŋő ćłńîçĺâì ć ŕěàěŋőàňĺàőćłã åĺňŕőâěŋæĺăńă.

100 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

Řĺá. 4-5 Ďĺăčàăňňë ďńï áőąáâćěŋŋő { íŋěàčěâĺçěáłőľ çăáâĺ íńěłâàőŋă ć áńãçăľŋőň ŕőńě.

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 101

Řĺá. 4-6 (a) { áàăćŋěŋĺě ρ|v(p)|^2 ĺ äãŋłæĺĺ^{ε−εp+μ}_{(ε−εp+μ)2+δ2} , ćåőďïéěľ ć Re˚^{1BA}(pε). (b) { áàăćŋěŋĺě ρ|v(p)|^2 ĺ äãŋłæĺĺ^δ_{(ε−εp+μ)2+δ2} , ćåőďïéěľ ć Im˚^{1BA}(pε).

102 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

Ěáńĺ, ďńï ŕàőáâőâë, áàăğã ććěáâĺ âőçěçŋëľ ŕőâěŋæĺăń ŕàĺňěáĺ v(p) = v ĺ ńĺŋěăàĺğőćăŋŋëľ áŕěłâà íńěłâàőŋőć ćąńĺğĺ ŕőćěàåŋőáâĺ Ťěàňĺ, âő ćáě ćëçĺáńěŋĺï ãŕàőéăîâáï ĺ ňë ŋěňěďńěŋŋő ŕőńãçăěň:

˚^{1BA}(pε_n) = ρv^2 ∑ p^′ 1 iε_n − ξ(p^′) ≈ −ρv^2ν_F ∫_∞ −∞ dξ iε_n + ξ ε^2_n + ξ^2 = = −iρv^2ν_F arctg ξ ε_n | | | ∞ −∞ ε_n |ε_n| = −i ε_n |ε_n| πρv^2ν_F (4.27)

çâő, ŕő áãâĺ ďěńă, áőćŕăďăěâ á (4.25), ŕàĺçěň:

γ_p = πρv^2ν_F (4.28)

ĺ ïćńïěâáï ŕàőáâő łőŋáâăŋâőľ, őŕàěďěńïěňőľ ŕőâěŋæĺăńőň ŕàĺňěáĺ ĺ ŕńőâŋőáâìî íńěłâàőŋŋëå áőáâőïŋĺľ ŋă ãàőćŋě Ťěàňĺ.

Šăłĺň őąàăğőň, ć àăááňăâàĺćăěňőň ŕàĺąńĺęěŋĺĺ, ŕőńãçăěň ãáàěďŋěŋŋãî őďŋőíńěłâàőŋŋãî äãŋłæĺî Čàĺŋă ć ćĺďě:

G^{1BA}(pε_n) = 1 iε_n − ξ(p) + iγ_psignε_n (4.29)

çâő, ŕőáńě ŕàőďőńęěŋĺï iε_n → z, ďăěâ:

G^{1BA}(pz) =

{_1 z−ξ(p)+iγ_p Imz > 0 1 z−ξ(p)−iγ_p Imz < 0 (4.30)

ĺ ŕàĺ z → ε ± iδ (čďě δ → +0) őŕàěďěńïěâ G^{R(A)}(pε). Šăłĺň őąàăğőň, ć áőőâćěâáâćĺĺ á őąéĺňĺ âàěąőćăŋĺïňĺ [1], G^{1BA}(pz) ĺňěěâ àăğàěğ ćďőńì ďěľáâćĺâěńìŋőľ őáĺ ĺ ăŋăńĺâĺçŋă (ŕő őâďěńìŋőáâĺ) ć ćěàåŋěľ ĺ ŋĺęŋěľ ŕőńãŕńőáłőáâĺ z.

Ŕőáńě íńěňěŋâăàŋőčő ŕàěőąàăğőćăŋĺï Ťãàìě ĺňěěň:

G^R(pt) = ∫ dε 2π e^{−i(ε+iδ)t} ε − ξ(p) + iγ_p = −iθ(t)e^{−iξ(p)t}e^{−γp t} (4.31) ĺ ăŋăńőčĺçŋő:

G^R(rε) = ∫ d^3p (2π)^3 e^ipr ε − ξ(p) + iγ_p = − πν_F p_F r e^{ikF r}e^{−r/2lp} (4.32) čďě l_p = v_F τ_p^7. Šăłĺň őąàăğőň γ_p =^1_{2τp} őŕàěďěńïěâ ćàěňěŋŋőě ĺ ŕàőáâàăŋáâćěŋŋőě (ŋă ďńĺŋě l_p, ăŋăńőčĺçŋőľ ďńĺŋě áćőąőďŋőčő ŕàőąěčă) \ğăâãåăŋĺě" ãáàěďŋěŋŋőľ äãŋłæĺĺ Čàĺŋă.

7Ć áăňőň ďěńě, (4.32) ňőęŋő ğăŕĺáăâì łăł (ćőáŕőńìğãěňáï p − p_F = ξ/v_F ):

G^R(rε) = ν_F p_F r ∫_∞ −∞ dξ sin pr ε − ξ +^i_{2τp} =

= ν^F2ip_F r ∫_∞ −∞ dξ exp(ip_F r + i^ξ_{vF} r) − exp(−ip_F r − i^ξ_{vF} r) ε − ξ +^i_{2τp} = − πν^Fp_F r e^{ipF r}e^{− r2vF τp} (4.33)

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 103

Śŕěłâàăńìŋăï ŕńőâŋőáâì, áőőâćěâáâćãîéăï (4.30), ĺňěěâ ćĺď ŕàőáâőčő ńőàěŋâæĺăŋă á èĺàĺŋőľ γ_p:

A(pε) = − 1_π ImG^R(pε) = 1_π^{γp}(_{ε − ξ}(_p))_2 +_{γ2p} (4.34)

çâő, ěáâěáâćěŋŋő, ŕěàěåőďĺâ ć A(pε) = δ(ε − ξ(p)) čăğă áćőąőďŋëå íńěłâàőŋőć ŕàĺ γ_p → 0.

Řăááňőâàĺň âěŕěàì àőńì őâąàőèěŋŋëå ďĺăčàăňň ĺ ćőğňőęŋëě őąőąéěŋĺï. Ňőęŋő ććěáâĺ \ŕőńŋőě" ąőàŋőćáłőě ŕàĺąńĺęěŋĺě, âőçŋőě ć ŋĺğèěň ŕőàïďłě ŕő łőŋæěŋâàăæĺĺ ŕàĺňěáěľ ρ, ĺ ãçĺâëćăîéěě ňŋőčőłàăâŋőě àăááěïŋĺě íńěłâàőŋă ŋă őďŋőľ ŕàĺňěáĺ. Śőőâćěâáâćãîéĺě ďĺăčàăňňë ďńï áőąáâćěŋŋő { íŋěàčěâĺçěáłőľ çăáâĺ ŕőłăğăŋë ŋă Řĺá. 4-7 (a). Śőőâćěâáâćãîéěě ćëàăęěŋĺě ĺňěěâ ćĺď:

˚^{F BA}(pε_n) = tpp(ε_n) (4.35)

ĺ áćőďĺâáï ł ďĺăčőŋăńìŋőňã íńěňěŋâã ňăâàĺæë àăááěïŋĺï (t-ňăâàĺæë) tpp′ , łőâőàăï őŕàěďěńïěâáï ãàăćŋěŋĺěň, ŕàěďáâăćńěŋŋëň ć čàăäĺçěáłőň ćĺďě ŋă Řĺá. 4-7 (b), ĺńĺ, ć ăŋăńĺâĺçěáłőň ćĺďě:

tpp^′ (εn) = ρv(0)δpp^′ +^∑ p^{′′ v} (p − p^{′′})G0(p^{′′})tp′′p(εn) (4.36)

Ğăďăçă őŕïâì áãéěáâćěŋŋő ãŕàőéăěâáï ďńï íńěłâàőŋőć ćąńĺğĺ ŕőćěàåŋőáâĺ Ťěàňĺ. Ďěľáâćĺâěńìŋăï çăáâì ďĺăčőŋăńìŋőčő íńěňěŋâă t-ňăâàĺæë tpp(iε_n) ŕàăłâĺçěáłĺ ïćńïěâáï ŕàĺ |p| ∼ p_F łőŋáâăŋâőľ ĺ ňőęěâ ąëâì ćłńîçěŋă ć őŕàěďěńěŋĺě μ. Šőčďă őáâăěâáï àăááňőâàěâì Imtpp(iε_n). Ŕàĺňěŋïï őŕâĺçěáłãî âěőàěňã łćăŋâőćőľ âěőàĺĺ àăááěïŋĺï^8 Imtpp = Im^∑ p^{′ t} +pp^{′ G}0(p^′)^tp^′p (4.38)

ĺňěěň: Im˚^{F BA} (pε_n) = Imtpp(ε_n) = Im ∑ p^′

|tpp^′ |^2

iε_n − ξ(p^′) = −signε_nπ ∑ p^{′ |t} pp^′ |^2δ(ε − ξ(p^′))

(4.39) čďě ć ŕőáńěďŋěň àăćěŋáâćě iε_n → ε+iδsignε_n . Ćëàăęěŋĺě (4.39) áőćŕăďăěâ ŕő äőàňě á (4.25), á ãçěâőň ğăňěŋë ρ|v(p − p^′)|^2 ŋă |tpp′ |^2: ˚^{F BA}(pε_n) = −isignε_n 1 2τ_p = −isignε_nγ_p (4.40) čďě 1 τ_p = 2γ_p = 2π ∑ p^{′ |t} pp^′|^2δ(ξ(p) − ξ(p^′)) (4.41)

Ěáńĺ ć (4.26) ğăňěŋĺâì ρ|v(p − p^′)|^2 ŋă |tpp′ |^2, âő ĺňěŋŋő íâő ĺ ŕőńãçĺň. Ć íâőň áňëáńě, ňőęŋő őčàăŋĺçĺâìáï âőńìłő ćâőàőľ ďĺăčàăňňőľ ŋă Řĺá. 4-7 (a), łăł íâő

104 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

Řĺá. 4-7 (a) { čàăäĺłĺ ďńï áőąáâćěŋŋő { íŋěàčěâĺçěáłőľ çăáâĺ, ãçĺâëćăîéĺě ňŋőčőłàăâŋőě àăááěïŋĺě ŋă ŕàĺňěáĺ. (b) { ãàăćŋěŋĺě ďńï t { ňăâàĺæë. (c) { čàăäĺłĺ ďńï áőąáâćěŋŋő { íŋěàčěâĺçěáłőľ çăáâĺ ć áăňőáőčńăáőćăŋŋőň ŕàĺąńĺęěŋĺĺ, á ãçěâőň ňŋőčőłàăâŋőčő àăááěïŋĺï.

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 105

ĺ ďěńăńőáì ćëèě, ŋő ŕőďàăğãňěćăâì, çâő v(p − p^′) ŕàěďáâăćńïěâ áőąőľ ňăâàĺçŋëľ íńěňěŋâ ăňŕńĺâãďë àăááěïŋĺï ŋă őďŋőľ ŕàĺňěáĺ.

Šěŕěàì ňőęŋő ŕěàěľâĺ ł àăááňőâàěŋĺî áăňőáőčńăáőćăŋŋőčő ąőàŋőćáłőčő ŕàĺąńĺęěŋĺï, áćőďïéěčőáï ł ŕàőæěďãàě \ãęĺàŋěŋĺï" ćŋãâàěŋŋĺå íńěłâàőŋŋëå ńĺŋĺľ ć áőąáâćěŋŋő { íŋěàčěâĺçěáłőľ çăáâĺ, łăł íâő ŕőłăğăŋő ŋă Řĺá. 4-7 (c). Ć ăŋăńĺâĺçěáłőň ćĺďě ŕőńãçăěň:

˚^{SCBA}(pε_n) = ρv(0)δpp + ∑ p^{′ v} (p − p^′)G(p^′εn)tp′p (4.42)

čďě, ŕő áàăćŋěŋĺî á (4.36), ŕàőĺğőèńă ğăňěŋă äãŋłæĺĺ Čàĺŋă G_0, ŋă:

G(pεn) = 1 iε_n − ξ(p) − ˚(pε_n) (4.43)

âăł çâő, äăłâĺçěáłĺ, ćőğŋĺłăěâ ŕàőæěďãàă áăňőáőčńăáőćăŋĺï ďńï őŕàěďěńěŋĺï áőąáâćěŋŋő { íŋěàčěâĺçěáłőľ çăáâĺ (äãŋłæĺĺ Čàĺŋă).

Ďăńěě ńőčĺłă ŋăèěčő àăááňőâàěŋĺï ŕőćâőàïěâáï. Ŕőńìğãěňáï âěň, çâő tpp áńăąő ğăćĺáĺâ őâ íŋěàčĺĺ ŕàĺ |p| ≈ p_F ĺ ε ≪ E_F , ă âăłęě, çâő àăááěïŋĺě ïćńïěâáï ãňěàěŋŋëň, ć áňëáńě ćëŕőńŋěŋĺï ŋěàăćěŋáâćă |˚^{SCBA}| ≪ E_F , áŋőćă ŕőńãçăěň àěğãńìâăâ âĺŕă (4.39). Ŕàĺ íâőň àőńì ĺčàăěâ âőńìłő Im˚, ă Re˚ ňőęěâ ąëâì \áŕàïâăŋă" ć åĺňŕőâěŋæĺăń μ. Ć ĺâőčě ŕőńãçăěň: Im˚^{SCBA}(pε_n) = Imtpp = Im ∑ p^′

|tpp^′ |^2 iε_n − ξ(p^′) − iIm˚^{SCBA} (p^′ε_n) ≈ ≈ −sign(ε_n − Im˚^{SCBA})π ∑ p^{′ |t} pp^′ |^2δ(ε − ξ(p^′)) (4.44)

čďě ŕàĺąńĺęěŋŋőě àăćěŋáâćő áŕàăćěďńĺćő ŕàĺ ňăńëå Im˚^{SCBA}. Ďńï áăňőáőčńăáőćăŋŋőáâĺ ŋăďő ŕàőáâő ćğïâì Im˚^{SCBA}(iε_n) ∼ −sign(ε_n), çâő ŕàőćěàïěâáï ŕàőáâőľ ŕőďáâăŋőćłőľ. Řăğŋĺæă ňěęďã àăááňőâàěŋŋëň ćëèě ąőàŋőćáłĺň ŕàĺąńĺęěŋĺěň ĺ ěčő áăňőáőčńăáőćăŋŋëň ćăàĺăŋâőň ćőğŋĺłăěâ âőńìłő ć áńãçăě ďőáâăâőçŋő áĺńìŋőčő àăááěïŋĺï, łőčďă δ { äãŋłæĺï ć (4.44) ğăňěŋïěâáï ńőàěŋâæĺăŋőň łőŋěçŋőľ èĺàĺŋë, çâő ć ňőďěńĺ á âőçěçŋëň àăááěïŋĺěň (áà. (4.27)) ŋě ňěŋïěâ ćőőąéě ŋĺçěčő.

Ĺâăł ĺňěěň őŕïâì ğŋăłőňëľ őâćěâ: ˚^{SCBA}(pε_n) = −isign(ε_n) 1 2τ_p = −isign(ε_n)γ_p (4.45) čďě τ_p ĺ γ_p őŕàěďěńïîâáï łăł ć (4.41), ă ďńï áńãçăï âőçěçŋëå ŕàĺňěáěľ ćëàăęěŋĺěň âĺŕă (4.28)^9.

Ŋăèě ŕàĺąńĺęěŋĺě, âăłĺň őąàăğőň, áőőâćěâáâćãěâ ć àăğńőęěŋĺĺ äãŋłæĺĺ Čàĺŋă ãçěâã, ŕőłăğăŋŋőň ŋă Řĺá. 4-4, ãçěâã ćáěå ďĺăčàăňň ąěğ ŕěàěáěçěŋĺľ ńĺŋĺľ ćğăĺňőďěľáâćĺï. Ŕőçěňã ĺ ŕàĺ łăłĺå ãáńőćĺïå ňőęŋő ŕàěŋěąàěçì \ŕěàěłàěáâŋëňĺ" čàăäĺłăňĺ. Řăááňőâàĺň íâőâ ćőŕàőá ŕőďàőąŋő ŋă ŕàĺňěàě áàăćŋěŋĺï ďćãå ďĺăčàăňň, ŕőłăğăŋŋëå ŋă Řĺá. 4-8. Ŕàĺ àăáçěâě ćłńăďă ďĺăčàăňňë Řĺá. 4-8 (a) ĺňŕãńìáë

8Ĺňěěň ĺğ (4.36): t = v + vG_0t, v^+ = v, âăł çâő v = −t^+G^+_0 v + t^+ ĺ t = v + (t^+G_0t − t^+G^+_0 vG_0 t) ĺ, ć áĺńã íàňĺâőćőáâĺ v ĺ t^+G^+_0 vG_0t, ŕőńãçăěň: Imtpp = Im < p|t^+G0t|p >= Im ∑ p^′

t^+pp_′ G_0tp′p (4.37)

106 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

Řĺá. 4-8 Ďĺăčàăňňă ąěğ ŕěàěáěçěŋĺï ńĺŋĺľ ćğăĺňőďěľáâćĺï (a) ĺ á \ŕěàěłàěáâăňĺ" (b). Ŕőłăğăŋë âăłęě áőőâćěâáâćãîéĺě őąńăáâĺ ĺŋâěčàĺàőćăŋĺï ć ĺňŕãńìáŋőň ŕàőáâàăŋáâćě.

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 107

ĺŋâěčàĺàőćăŋĺï p_1 ĺ p_2 ňőčãâ ŕàĺŋĺňăâì ńîąëě ğŋăçěŋĺï ć áäěàĺçěáłőň áńőě âőńéĺŋőľ ´k ∼ 1/l. Śőőâćěâáâćãîéĺľ äăğőćëľ őąêěň ˙_a ≈ (4πp^2_F ~´k)^2. Ć áńãçăě ďĺăčàăňňë Řĺá. 4-8 (b) áãéěáâćãîâ âăłĺě ęě őčàăŋĺçěŋĺï ŋă ğŋăçěŋĺï p_1 ĺ p_2, ŋő łàőňě íâőčő, ďőńęŋő ěéě ćëŕőńŋïâìáï ãáńőćĺě |p + p_2 − p_1| ≈ p_F . Ŕàĺ äĺłáĺàőćăŋŋőň p_2 ĺğňěŋěŋĺě p_1 őčàăŋĺçěŋő őąńăáâìî ŕěàěáěçěŋĺï ěčő áńőï ĺ áőőâćěâáâćãîéěčő áńőï ĺňŕãńìáă p + p_2 − p_1, çâő áőőâćěâáâćãěâ ďćăęďë ğăèâàĺåőćăŋŋëň őąńăáâïň ŋă Řĺá. 4-8 (b). Ťăğőćëľ őąêěň íâőčő łőńìæă, őąàăğőćăŋŋőčő ŕěàěáěçěŋĺěň ďćãå áäěàĺçěáłĺå áńőěć, ěáâì ˙_b ≈ (4πp^2_F ~´k)(2πp_F ~^2´k^2). Ŕőíâőňã, őâŋőèěŋĺě ćłńăďă ďĺăčàăňňë á \ŕěàěłàěáâăňĺ" ł \ŋěŕěàěłàěáâŋőľ" ěáâì, ŕő ŕőàïďłã ćěńĺçĺŋë,^{Ωb}_{Ωa} ∼^{~Δk}_{pF} =^~_{pF l} ≪ 1 (\áńăąëľ" ąěáŕőàïďőł áőőâćěâáâćãěâ ďőáâăâőçŋő ąőńìèőľ ďńĺŋě áćőąőďŋőčő ŕàőąěčă, p_F l/~ ≫ 1). Šăłĺň őąàăğőň, ŕăàăňěâà ňăńőáâĺ ŋăèěľ âěőàĺĺ ěáâì^~_{pF l} ≪ 1, çâő, őçěćĺďŋő, íłćĺćăńěŋâŋő âăłęě ãáńőćĺî^~_{EF τp} ≪ 1. Ś ãçěâőň p_F ∼ ~/a (čďě a { ňěęăâőňŋőě àăááâőïŋĺě), ňăńőáâì íâőčő ŕăàăňěâàă áőőâćěâáâćãěâ ćëŕőńŋěŋĺî ãáńőćĺï l ≫ a, âăł çâő ďńĺŋă ŕàőąěčă ďőńęŋă áãéěáâćěŋŋő ŕàěćëèăâì ňěęăâőňŋőě àăááâőïŋĺě. Ťăłâĺçěáłĺ, íâő ěáâì őąëçŋőě ãáńőćĺě ŕàĺňěŋĺňőáâĺ łĺŋěâĺçěáłőľ âěőàĺĺ.

Ňőďěńì Łěńďëèă.

Łàĺâěàĺľ p_F l/~ ≫ 1(l ≫ a) ŕőğćőńïěâ, łăł ňë ćĺďěńĺ âőńìłő çâő, őčàăŋĺçĺâìáï ŋěłőâőàőľ ŕőďŕőáńěďőćăâěńìŋőáâìî ďőňĺŋĺàãîéĺå ďĺăčàăňň (ďĺăčàăňňë ąěğ ŕěàěáěçěŋĺľ ńĺŋĺľ ćğăĺňőďěľáâćĺï) äěľŋňăŋőćáłőčő àïďă âěőàĺĺ ćőğňãéěŋĺľ. Ć ąőńìèĺŋáâćě ğăďăç, àěèăěňëå ďĺăčàăňňŋëň ňěâőďőň, ŕàĺåőďĺâáï ŕőáâãŕăâì ĺňěŋŋő âăłĺň őąàăğőň, â.ě. őâąĺàăâì (ŕőńìğãïáì ŋěłőâőàëň äĺğĺçěáłĺň łàĺâěàĺěň) ąěáłőŋěçŋãî ŕőďŕőáńěďőćăâěńìŋőáâì ďĺăčàăňň, łőâőàãî ãďăěâáï ŕàőáãňňĺàőćăâì. Ś âőçłĺ ğàěŋĺï ňăâěňăâĺłĺ íâő, łőŋěçŋő, ŋě őçěŋì åőàőèő! Őâąàőèěŋŋëě ďĺăčàăňňë (åőâï őŋĺ ĺ ňăńë ŕő äĺğĺçěáłőňã ŕăàăňěâàã) âőęě áőáâăćńïîâ ąěáłőŋěçŋãî ŕőďŕőáńěďőćăâěńìŋőáâì ŕőńŋőčő àïďă ĺ ćłńăď ĺå őáâăěâáï, áâàőčő čőćőàï, ŋěĺğćěáâŋëň. Ć ŋěłőâőàëå (őçěŋì àěďłĺå!) áńãçăïå ãďăěâáï ŕàőáãňňĺàőćăâì ćěáì àïď äěľŋňăŋőćáłĺå ďĺăčàăňň ĺ ŕőńãçĺâì, âăłĺň őąàăğőň, âőçŋőě àěèěŋĺě ğăďăçĺ. Ł áőęăńěŋĺî íâő ãďăěâáï, łăł ŕàăćĺńő, áďěńăâì ńĺèì ć őçěŋì ãŕàőéěŋŋëå (çĺáâő ňőďěńìŋëå!) ğăďăçăå. Šěň ŋě ňěŋěě, ćëćőďë, ŕőńãçěŋŋëě ĺğ âăłĺå ňőďěńěľ ňőčãâ ąëâì ćěáìňă ŕőńěğŋë.

Ć łăçěáâćě ŕàĺňěàă àăááňőâàĺ ňőďěńì ďćĺęěŋĺï íńěłâàőŋă ć čăãááőćőň áńãçăľŋőň ŕőńě, łőčďă ďĺăčàăňňŋëľ àïď ďńï äãŋłæĺĺ Čàĺŋă ĺňěěâ ćĺď, ŕőłăğăŋŋëľ ŋă Řĺá. 4-4, á ňőďěńìŋëň ŕăàŋëň łőààěńïâőàőň, ğăďăćăěňëň ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ ćëàăęěŋĺěň W^2(q) = (2π)^3W^2δ(q). Ć íâőň áńãçăě ĺňŕãńìá, ŕěàěďăćăěňëľ íńěłâàőŋã łăęďőľ ńĺŋĺěľ ćğăĺňőďěľáâćĺï àăćěŋ ŋãńî. Ć łőőàďĺŋăâŋőň ŕàěďáâăćńěŋĺĺ íâő áőőâćěâáâćãěâ ŕăàŋőňã łőààěńïâőàã áńãçăľŋëå ŕőńěľ ćĺďă:

< V (r)V (r^′) >= ∫ d^3q (2π)^3 e^iq^(r^−r^{′)}(2π)^3W^2δ(q) = W^2 (4.46)

çâő ĺ áćőďĺâáï ł (4.38).

9Ŕàĺ àăááňőâàěŋĺĺ ğőŋë łőŋěçŋőľ èĺàĺŋë, ć íâőň áńãçăě ν_F őąőğŋăçăěâ ŕńőâŋőáâì áőáâőïŋĺľ ŋă ãàőćŋě Ťěàňĺ, á ãçěâőň ćńĺïŋĺï íääěłâőć àăááěïŋĺï.

108 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

çâő áőőâćěâáâćãěâ áńãçăî \ŕàěďěńìŋő ďăńìŋőďěľáâćãîéĺå" łőààěńïæĺľ áńãçăľŋőčő ŕőńï V (r), â.ě. ŕàőâĺćőŕőńőęŋőňã ŕàěďěńìŋőňã áńãçăî, ŕő áàăćŋěŋĺî á łőààěńïâőàőň âĺŕă \ąěńőčő èãňă" (4.20)^{10}.

Őłăğëćăěâáï, çâő ć íâőľ ňőďěńĺ ňőęŋő ńěčłő ŕàőáãňňĺàőćăâì ćěáì äěľŋňăŋőćáłĺľ àïď (Ń.Ć.Łěńďëè, 1965). Ćěàŋěňáï ł àïďã ďńï ŋěãáàěďŋěŋŋőľ äãŋłæĺĺ Čàĺŋă, ŕőłăğăŋŋőňã ŋă Řĺá. 4-1. Ŕàĺ ãáàěďŋěŋĺĺ ŕő čăãááőćã áńãçăľŋőňã ŕőńî, ńĺŋĺĺ ćğăĺňőďěľáâćĺï á ćŋěèŋĺň ŕőńěň őąêěďĺŋïîâáï \ŕőŕăàŋő" ćáěňĺ ćőğňőęŋëňĺ áŕőáőąăňĺ ĺ ňë ŕőńãçăěň ďĺăčàăňňŋëľ àïď Řĺá. 4-4. Śőőâćěâáâćěŋŋő ć n-ň ŕőàïďłě ŕő łőààěńïâőàã čăãááőćă ŕőńï ć łăęďőň çńěŋě àăğńőęěŋĺï ãáàěďŋěŋŋőľ äãŋłæĺĺ Čàĺŋă ĺňěěâáï 2n ćěàèĺŋ, áőěďĺŋěŋŋëå ŕőŕăàŋő ńĺŋĺïňĺ ćğăĺňőďěľáâćĺï (ćáě ďĺăčàăňňë íâőčő ŕőàïďłă ŕőńãçăîâáï, ěáńĺ ŕěàěąàăâì ćáě ŕőŕăàŋëě áőěďĺŋěŋĺï ńĺŋĺľ ćğăĺňőďěľáâćĺï ć çńěŋě ŕőàïďłă 2n ŋă Řĺá. 4-1). Ěáńĺ łăęďăï ńĺŋĺï ćğăĺňőďěľáâćĺï ŕěàěďăěâ íńěłâàőŋã ŋãńěćőľ ĺňŕãńìá, âő ćłńăďë ćáěå ďĺăčàăňň ć ďăŋŋőň ŕőàïďłě âěőàĺĺ (ćłńîçăï \ŕěàěłàěáâŋëě"!) ćőğňãéěŋĺľ ŕàőáâő àăćŋë. Ć àěğãńìâăâě, àăğńőęěŋĺě äãŋłæĺĺ Čàĺŋă ŕàěďáâăćńïěâáï ć ćĺďě:

G(εp) = G0(εp) { 1 + ∞∑ n=1 A_nW^{2n}G^{2n}_0 (εp) } (4.47)

čďě A_n { ŕőńŋőě çĺáńő ďĺăčàăňň ć n-ň ŕőàïďłě íâőčő àïďă (ć ŕőàïďłě 2n ŕő ăňŕńĺâãďě ćğăĺňőďěľáâćĺï W ). Ćłńăď ŕàőĺğćőńìŋőľ ďĺăčàăňňë ŕàőáâő àăćěŋ:

W^{2n}G^{2n+1}_0 (εp) (4.48)

çâő áőőâćěâáâćãěâ 2n ćěàèĺŋăň (ňŋőęĺâěńì W^{2n}), áőěďĺŋěŋŋëň ŕőŕăàŋő ŕãŋłâĺàŋëňĺ ńĺŋĺïňĺ, ă âăłęě ŕàőĺğćěďěŋĺî 2n+1 áćőąőďŋëå äãŋłæĺľ Čàĺŋă. Ňŋőęĺâěńì A_n ńěčłő őŕàěďěńĺâì ĺğ łőňąĺŋăâőàŋëå áőőąàăęěŋĺľ | íâő çĺáńő áŕőáőąőć, łőâőàëňĺ ňőęŋő ŕőŕăàŋő áőěďĺŋĺâì 2n ćěàèĺŋ ŕãŋłâĺàŋëňĺ ńĺŋĺïňĺ ćğăĺňőďěľáâćĺï. Ńěčłő ćĺďěâì, çâő A_n = (2n − 1)!! (4.49)

Ć áăňőň ďěńě, ć łăęďőľ ďĺăčàăňňě ĺňěěâáï 2n ćěàèĺŋ ĺ 2n + 1 íńěłâàőŋŋăï ńĺŋĺï. Ćëąěàěň ŕàőĺğćőńìŋãî ćěàèĺŋã. Ěě ňőęŋő áőěďĺŋĺâì 2n − 1 áŕőáőąőň á ńîąőľ ĺğ őáâăńìŋëå 2n − 1 ćěàèĺŋ. Ŕőáńě íâőčő ã ŋăá ć àăáŕőàïęěŋĺĺ őáâăěâáï ěéě 2n − 2 \áćőąőďŋëå" ćěàèĺŋ. Śŋőćă ąěàï ńîąãî ĺğ ŋĺå, ňőęěň áőěďĺŋĺâì ěě á őáâăćèĺňĺáï 2n − 3 áŕőáőąăňĺ. Ŕőáńě íâőčő őáâăěâáï 2n − 4 \áćőąőďŋëå". Ńîąãî ĺğ ŋĺå ňőęŋő áőěďĺŋĺâì á őáâăćèĺňĺáï 2n − 5 áŕőáőąăňĺ, ĺ â. ď. Šăłĺň őąàăğőň, ŕőńŋőě çĺáńő áŕőáőąőć áőěďĺŋĺâì 2n ćěàèĺŋ ć ďăŋŋőň ŕőàïďłě àăćŋő (2n − 1)(2n − 3)(2n − 5)... = (2n − 1)!!, çâő ĺ ďăěâ (4.49).

Šěŕěàì ňőęŋő ćőáŕőńìğőćăâìáï ĺğćěáâŋëň ĺŋâěčàăńìŋëň ŕàěďáâăćńěŋĺěň^{11}:

(2n − 1)!! = 1√ 2π ∫_∞ −∞ dtt^{2n}e^{− t22} (4.54)

10Ć őąéěň áńãçăě, łőààěńïâőà < V (r)V (r^′) > åăàăłâěàĺğãěâáï ŋěłőâőàőľ łőààěńïæĺőŋŋőľ ďńĺŋőľ ξ äńãłâãăæĺľ áńãçăľŋőčő ŕőńï. \Ąěńëľ èãň" áőőâćěâáâćãěâ ξ → 0, ć àăááňăâàĺćăěňőľ ğďěáì ňőďěńĺ ξ → ∞

11Ŕő őŕàěďěńěŋĺî: (2n)!! = 2.4.6...(2n) = 2^nn!. Ăŋăńőčĺçŋő:

(2n − 1)!! = 1.3.5...(2n − 1) = 2^n 1√ π ` ( n + 1 2 ) (4.50)

Ŕőńìğãïáì ĺŋâěčàăńìŋëň ŕàěďáâăćńěŋĺěň `-äãŋłæĺĺ:

`(z) = ∫_∞ 0 dxx^{z−1}e^{−x} (4.51)

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 109

Šőčďă (4.47) áćőďĺâáï ł:

G(εp) = G0(εp) { 1 + ∞∑ n=1 1√ 2π ∫_∞ −∞ dtt^{2n}e^{− t22} W^{2n}G_0(εp)^{2n} } = = 1√ 2π ∫_∞ −∞ dte^{− t22} G_0(εp) { 1 + ∞∑ n=1 t^{2n}W^{2n}G^{2n}_0 (εp) } = = 1√ 2π ∫_∞ −∞ dte^{− t22} G_0(εp) { 1 + t^2G^2_0(εp)W^2 1 − t^2G^2_0(εp)W^2 } (4.55)

čďě, ŕő åőďã ďěńă, ňë ŕőňěŋïńĺ ňěáâăňĺ áãňňĺàőćăŋĺě ĺ ĺŋâěčàĺàőćăŋĺě, ĺ ŕàőáãňňĺàőćăńĺ ćőğŋĺłèãî ŕàőčàěááĺî^{12}. Ŕőáńě íńěňěŋâăàŋëå ŕàěőąàăğőćăŋĺľ ŕőńãçăěň:

G(εp) = 1√ 2π ∫_∞ −∞ dte^{− t22} G_0(εp) 1 1 − t^2W^2G^2_0(εp) = = 1√ 2π ∫_∞ −∞ dte^{− t22} G_0(εp) 1 2 { 1 1 − tW G_0(εp) + 1 1 + tW G_0(εp) } (4.56)

âăł çâő őłőŋçăâěńìŋő:

G^R(εp) = 1√ 2π ∫_∞ −∞ dte^{− t22} G_0(εp) 1 − tW G_0(εp) = 1√ 2π ∫_∞ −∞ dte^{− t22} 1 ε − ε_p − tW + iδ (4.57) čďě ãçńĺ ïćŋëľ ćĺď G^R_0 (εp) =^1_{ε−εp+iδ} , ĺ ďăńěě ŕőďàăğãňěćăěâáï ε_p =^{p2}_{2m}^{13}. Ŕőáńě ŕěàěőąőğŋăçěŋĺï tW = V ŕěàěŕĺèěň (4.57) ć ąőńěě ŋăčńïďŋőň ćĺďě:

G^R(εp) = 1√ 2πW ∫_∞ −∞ dV e^{− V 2}2W^2 1 ε −^{p2}_{2m} − V + iδ (4.60)

Ťĺğĺçěáłĺľ áňëáń íâőčő àěğãńìâăâă őçěćĺďěŋ | íńěłâàőŋ ďćĺęěâáï ć ŕàőáâàăŋáâćěŋŋő { őďŋőàőďŋőň ŕőńě V , ćěńĺçĺŋă łőâőàőčő àăáŕàěďěńěŋă ŕő Čăãááã á èĺàĺŋőľ W . Şáàěďŋěŋŋăï äãŋłæĺï Čàĺŋă őŕĺáëćăěâ ăŋáăňąńì \őąàăğæőć", ć łăęďőň ĺğ łőâőàëå ŕőńě V ŕőáâőïŋŋő ćďőńì ćáěčő őąàăğæă, ŋő ćěńĺçĺŋă ěčő ć łăęďőň ĺğ \őąàăğæőć" (íńěňěŋâőć ăŋáăňąńï) áńãçăľŋă.

ńěčłő ŕőńãçĺâì ćěáìňă ŕőńěğŋőě, ďńï ďăńìŋěľèěčő, áőőâŋőèěŋĺě:

n! = `(n + 1) = ∫_∞ 0 dxx^ne^{−x} (4.52)

ă âăłęě ` ( n + 1 2 ) = ∫_∞ 0 dxx^{n−1/2}e^{−x} = ∫_∞ 0 dxx^{2n−1}2 e^{−x} (4.53)

çâő ŕőáńě ğăňěŋë x → t^2/2, ĺ á ãçěâőň (4.50), ďăěâ (4.54).

12Ĺáŕőńìğőćăŋŋëľ ğďěáì ŕàĺěň ć ňăâěňăâĺłě ŋăğëćăěâáï áãňňĺàőćăŋĺěň ŕő Ąőàěńî. 13Őŕàěďěńĺň äãŋłæĺî łőňŕńěłáŋőľ ŕěàěňěŋŋőľ z:

¯(z) = 1√ 2π ∫_∞ −∞ dte^{− t2}2 1 z − t (4.58)

Šőčďă (4.57) ňőęŋő ğăŕĺáăâì: G(εp) = 1W¯ ( 1 W G_0(εp) ) (4.59)

110 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

Ŕàĺćěďěň ěéě őďĺŋ ćăàĺăŋâ ćëćőďă íâőčő łàăáĺćőčő àěğãńìâăâă (Ń.Ć.Łěńďëè, 1965, Ă.Ń.İäàőá, 1970). Ğăŕĺèěň ãàăćŋěŋĺě Ďăľáőŋă:

G^{−1}(εp) = ε − p^2 2m − ˚(εp) (4.61)

čďě áőąáâćěŋŋő { íŋěàčěâĺçěáłăï çăáâì ňőęěâ ąëâì ŕàěďáâăćńěŋă čàăäĺłőň Řĺá. 4-9 (a) ĺ ć ăŋăńĺâĺçěáłőň ćĺďě ĺňěěâ ćĺď:

˚(εp) = ∫ d^3q (2π)^3

`(p, p − q, q)G(εp − q)W^2(q) (4.62)

Ğďěáì `(p, p − q, q) { âőçŋăï ćěàèĺŋŋăï çăáâì, őŕàěďěńïěňăï ďĺăčàăňňăňĺ, ŕőłăğăŋŋëňĺ ŋă Řĺá. 4-9 (b)^{14}. Ś ãçěâőň âőčő, çâő ć àăááňăâàĺćăěňőľ ğăďăçě W^2(q) = (2π)^3W^2δ(q), ãàăćŋěŋĺï (4.61), (4.62) áćőďïâáï ł: ε − p^2 2m − G^{−1}(εp) = W^2G(εp)`(p, p, 0) (4.63)

Ćěàèĺŋă `(p, p, 0) ãďőćńěâćőàïěâ âőęďěáâćã Şőàďă ćĺďă:

`(p, p, 0) =^{dG−1}(^εp)_{dε} (4.64)

łőâőàőě ńěčłő ćëćőďĺâáï ŕàïňëň ďĺääěàěŋæĺàőćăŋĺěň ďĺăčàăňňŋőčő àïďă ďńï áőąáâćěŋŋő { íŋěàčěâĺçěáłőľ çăáâĺ ˚(εp). Šőčďă ĺğ (4.63) ćőğŋĺłăěâ ďĺääěàěŋæĺăńìŋőě ãàăćŋěŋĺě ďńï äãŋłæĺĺ Čàĺŋă:

W^2 dG dx + Gx − 1 = 0 (4.65)

čďě ććěńĺ x = ε −^{p2}_{2m} + iδ. Ŕàïňőě àěèěŋĺě (4.65) á čàăŋĺçŋëň ãáńőćĺěň G(x) =^1_x ŕàĺ x → ∞ ŋěňěďńěŋŋő ďăěâ (4.60).

Řěğãńìâăâ (4.60), ŕőńãçěŋŋëľ âőçŋëň áãňňĺàőćăŋĺěň ćáěčő äěľŋňăŋőćáłőčő àïďă (4.47) ďőćőńìŋő ŕőłăğăâěńěŋ. Ŋăŕàĺňěà, áŕěłâàăńìŋăï ŕńőâŋőáâì, áőőâćěâáâćãîéăï (4.60), ĺňěěâ ćĺď:

A(εp) = 1_π 1√ 2πW ∫_∞ −∞ dV e^{− V 2}2W^2 δ ( ε − p^2 2m − V ) = 1 π √ 2πW exp ( − (ε −^{p2}_{2m} )^2 2W^2 )

(4.66) ĺ ŕàěďáâăćńïěâ áőąőľ àăğňëâëľ čăãááőć ŕĺł. Ćőőąéě, ŋãęŋő ğăňěâĺâì, çâő ćëàăęěŋĺě (4.60), á őçěćĺďŋőáâìî, ŋě áćőďĺâáï ł çěňã { âő âĺŕă (4.30), â.ě. ł äãŋłæĺĺ Čàĺŋă á àăğňëâëň \łćăğĺçăáâĺçŋëň" ŕőńîáőň, őŋă ćőőąéě ŋě ĺňěěâ ŕőńîáőć.

Ĺğ (4.60) ĺ (4.66) ŋěâàãďŋő àăááçĺâăâì ŕńőâŋőáâì íńěłâàőŋŋëå áőáâőïŋĺľ: N (ε) = − 2 π ∫ d^3p (2π)^3

ImG^R(εp) = 2 ∫ d^3p (2π)^3

A(εp) = = 2√ 2πW ∫_∞ −∞ dV e^{− V 22W 2} ∫ d^3p (2π)^3 δ ( ε − p^2 2m − V ) (4.67)

14Ğăňěâĺň, çâő őąă íńěłâàőŋŋëå \łőŋæă" íâőľ ćěàèĺŋë áőőâćěâáâćãîâ ğăŕăğďëćăîéěľ (őŕěàěęăîéěľ) äãŋłæĺĺ Čàĺŋă G^{R(A)}, ć áőőâćěâáâćĺĺ á âěň, łőâőàăï ĺğ íâĺå äãŋłæĺľ őŕàěďěńïěâáï ĺğ (4.61). Ĺňěŋŋő íâő őąáâőïâěńìáâćő ŕőğćőńïěâ ćőáŕőńìğőćăâìáï ďńï ćëçĺáńěŋĺï ćěàèĺŋë `(p, p, 0) ŕàőáâëň ďĺääěàěŋæĺăńìŋëň âőęďěáâćőň Şőàďă (4.64)

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 111

Řĺá. 4-9 Ďĺăčàăňňë ďńï âőçŋőľ áőąáâćěŋŋő { íŋěàčěâĺçěáłőľ çăáâĺ íńěłâàőŋă ć čăãááőćőň áńãçăľŋőň ŕőńě (a) ĺ őŕàěďěńïîéěľ ěě ćěàèĺŋŋőľ çăáâĺ (b).

112 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

Řĺá. 4-10 Ťãŋłæĺï G(x), őŕàěďěńïîéăï ŕńőâŋőáâì áőáâőïŋĺľ ć ňőďěńĺ Łěńďëèă.

čďě ňŋőęĺâěńì 2 ŕàőĺáåőďĺâ őâ áãňňĺàőćăŋĺï ŕő áŕĺŋã. Śőőâćěâáâćěŋŋő:

N (ε) =

2^{3/4}m^{3/2}W^{1/2} π^2~^3

G_0 ( ε √ 2W ) (4.68)

čďě ąěğàăğňěàŋăï äãŋłæĺï G_0(x) őŕàěďěńěŋă łăł:

G_0(x) = 1√ π ∫_x −∞ dye^{−y2} (x − y)^{1/2} (4.69)

ă ćĺď ěě ŕőłăğăŋ ŋă Řĺá. 4-10. Ŕàĺ ε > 0 ĺ ε ≫ W , ĺňěěň:

N (ε) = N_0(ε) −

(2m)^{3/2}W^2 16π^2~^3ε^{3/2}

(4.70)

čďě ćâőàőě áńăčăěňőě ŕàěďáâăćńïěâ áőąőľ ňăńãî ŕőŕàăćłã ł ŕńőâŋőáâĺ áőáâőïŋĺľ áćőąőďŋëå íńěłâàőŋőć (ŕãŋłâĺà ŋă Řĺá. 4-10):

N_0(ε) =

(2m)^{3/2} 2π^2~^3 √ ε (4.71)

Ŋăĺąőńěě áãéěáâćěŋŋőľ őáőąěŋŋőáâìî ŕőńãçěŋŋőčő âőçŋőčő àěèěŋĺï ïćńïěâáï ŕőïćńěŋĺě \åćőáâă" ŕńőâŋőáâĺ áőáâőïŋĺľ ć őąńăáâĺ ε < 0. Ŕàĺ ε < 0 ĺ |ε| ≫ W ďńï

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 113

\åćőáâă" ŕőńãçăěň čăãááőćã ăáĺňŕâőâĺłã:

N (ε) =

2^{1/4}m^{3/2} √ W 4π^2~^3 ( √ 2W ε )_{3/2} exp ( − ε^2 2W^2 ) (4.72)

Őąàăğőćăŋĺě \åćőáâă" ŕńőâŋőáâĺ áőáâőïŋĺľ ć ğăŕàěéěŋŋőľ ğőŋě ïćńïěâáï őąéĺň àěğãńìâăâőň íńěłâàőŋŋőľ âěőàĺĺ ŋěãŕőàïďőçěŋŋëå áĺáâěň [15]. Řăğãňěěâáï, łőŋłàěâŋëľ ćĺď ŕńőâŋőáâĺ áőáâőïŋĺľ ć íâőľ őąńăáâĺ íŋěàčĺľ ŋě ïćńïěâáï ãŋĺćěàáăńìŋëň ĺ ğăćĺáĺâ őâ ňőďěńĺ áńãçăľŋőčő ŕőńï (\ąěáŕőàïďłă").

Ć çăáâŋőáâĺ, \åćőáâ" ŕńőâŋőáâĺ áőáâőïŋĺľ ã łàăï ğőŋë ŕàőćőďĺňőáâĺ ćőğŋĺłăěâ ĺ ć àăááňőâàěŋŋőľ ćëèě ňőďěńĺ \ąěńőčő èãňă". Şďăěâáï ŕőłăğăâì, çâő ć íâőľ ňőďěńĺ (ďńï d = 3) ŕàĺ ε < 0 [15]:

N(ε) ∼ exp { −const |ε|^{1/2}~^3 m^{3/2}ρv^2 } (4.73)

ŕàĺ |ε| ≫ Esc ∼ m^3(ρv^2)/~^6, çâő áőőâćěâáâćãěâ ãáńőćĺî |ε| ≫ γ(ε), čďě γ(ε) = πρv^2N_0(ε) ∼ ρv^{2 m3/2}~_3 √ ε. Ďńï ňőďěńĺ čăãááőćă áńãçăľŋőčő ŕőńï á łőààěńïâőàőň, åăàăłâěàĺğãîéĺňáï łőŋěçŋőľ łőààěńïæĺőŋŋőľ ďńĺŋőľ ξ, ćőğŋĺłăîâ åăàăłâěàŋëě őąńăáâĺ íŋěàčĺĺ, ŕőłăğăŋŋëě ŋă Řĺá. 4-11, čďě ďńï ŕàőáâàăŋáâćă àăğňěàŋőáâĺ d < 4 íŋěàčĺï Esc, őŕàěďěńïîéăï àăğňěàë őąńăáâĺ \áĺńìŋőľ áćïğĺ" (ĺğ ãáńőćĺï γ(ε) = ε) őŕàěďěńïěâáï łăł (Ň.Ć.Śăďőćáłĺľ, 1977): Esc = m^{d4−d} ~^{2d} (^{ρv2}) 2 4−d (4.74)

Łàőňě âőčő, ć íâőľ ğăďăçě ćőğŋĺłăěâ ěéě őďŋă åăàăłâěàŋăï íŋěàčĺï:

E_0 ∼ ~^2 mξ^2 (4.75)

Ŕàĺ íâőň äőàňă \åćőáâă" ŕńőâŋőáâĺ áőáâőïŋĺľ ć őąńăáâĺ Esc ≪ |ε| ≪ E_0 őŕàěďěńïěâáï ćëàăęěŋĺěň, őąőąéăîéĺň (4.73) (Ň.Ć.Śăďőćáłĺľ, 1979):

N(ε) ∼ exp { −A_d |ε|^{2− d}2 ~^d ρv^2 } = exp { −A_d ( |ε| Esc )_{2−} d_2 } (4.76)

čďě A_d = const, ğăćĺáïéăï âőńìłő őâ d. Ć őąńăáâĺ |ε| ≫ E_0 ăáĺňŕâőâĺłă \åćőáâă" áâăŋőćĺâáï čăãááőćőľ:

N(ε) ∼ exp { − ξ^d ρV^2 E^2 } (4.77)

çâő ăŋăńőčĺçŋő ŕőńãçěŋŋőňã ćëèě àěğãńìâăâã (4.72).

Ŕàőćőďĺňőáâì ĺ ďćãåçăáâĺçŋăï äãŋłæĺï Čàĺŋă.

Ŕàőďőńęĺň àăááňőâàěŋĺě ğăďăçĺ őą íńěłâàőŋě ć ŕőńě áńãçăľŋëå ŕàĺňěáěľ (čăãááőćőň áńãçăľŋőň ŕőńě á łőààěńïâőàőň âĺŕă \ąěńőčő èãňă"). Ćăęŋěľèĺľ ćőŕàőá { őąéĺľ ňěâőď àăáçěâă ŕàőćőďĺňőáâĺ âăłőľ áĺáâěňë. Ćëèě ňë ãęě ćĺďěńĺ, çâő ďńï ćëçĺáńěŋĺï ŕàőćőďĺňőáâĺ ŋãęŋő ğŋăâì äãŋłæĺî őâłńĺłă âĺŕă ŕńőâŋőáâì { ŕńőâŋőáâì χ(qω), âőčďă ňőęŋő ĺáŕőńìğőćăâì (2.110) ĺ (2.115). Ŕàĺ íâőň ňë ãąěďĺńĺáì, çâő íâă äãŋłæĺï őâłńĺłă (á âőçŋőáâìî ďő ğŋăłă) ňőęěâ ąëâì ŕőńãçěŋă ăŋăńĺâĺçěáłĺň ŕàőďőńęěŋĺěň (iω_m → ω + iδ) ňăæãąăàőćáłőčő ŕőńïàĺğăæĺőŋŋőčő őŕěàăâőàă

114 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

Řĺá. 4-11 Ţăàăłâěàŋëě őąńăáâĺ íŋěàčĺľ ć ğăďăçě őą íńěłâàőŋě ć áńãçăľŋőň ŕőńě.

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 115

˝(iω_mq) íńěłâàőŋŋőčő čăğă:

σ(ω) = − lim_{q→0} ie^2 q^2

ωχ(qω) = lim_{q→0}^{ie2}_{q2} ω˝(qiωm → ω + iδ) (4.78)

Ňë àăááňăâàĺćăěň áćőąőďŋëě (ŋěćğăĺňőďěľáâćãîéĺě ňěęďã áőąőľ) íńěłâàőŋë ć ŕőńě áńãçăľŋëå ŕàĺňěáěľ^{15}. Ś âőçłĺ ğàěŋĺï łćăŋâőćőľ ňěåăŋĺłĺ ğăďăçă ïćńïěâáï őďŋőçăáâĺçŋőľ, ďńï âăłőčő íńěłâàőŋă ćáěčďă áãéěáâćãîâ ŋěłőâőàëě (ŋěĺğćěáâŋëě ŋăň!) âőçŋëě áőąáâćěŋŋëě äãŋłæĺĺ ĺ íŋěàčĺĺ ć ŕőńě, ğăďăćăěňőň ğăďăŋŋőľ (äĺłáĺàőćăŋŋőľ) łőŋäĺčãàăæĺěľ ŕàĺňěáěľ^{16}:

Hφ_n(r) = ε_nφ_n(r) (4.79) čďě H = ∫ drψ^+(r) { − ∇^2 2m + ∑ i v(r − Ri) } ψ(r) (4.80)

Śőőâćěâáâćěŋŋő, ňőęŋő ććěáâĺ (ŋěãáàěďŋěŋŋëě!) ğăŕăğďëćăîéĺě ĺ őŕěàěęăîéĺě äãŋłæĺĺ Čàĺŋă ãàăćŋěŋĺï Ÿàěďĺŋčěàă (4.79) łăł:

G^{R,A}(rr^′, ε) = ∑ n φ_n(r)φ^∗_n(r^′) ε − ε_n ± iδ (4.81)

ĺńĺ, ŕőáńě äãàìě { ŕàěőąàăğőćăŋĺï ŕő łăęďőľ ĺğ łőőàďĺŋăâ őâďěńìŋő:

G^{R,A}(pp^′, ε) = ∑ n φ_n(p)φ^∗_n(p^′) ε − ε_n ± iδ (4.82)

Řăğńăčăï íńěłâàőŋŋëě őŕěàăâőàë ć ŕàěďáâăćńěŋĺĺ âőçŋëå áőąáâćěŋŋëå äãŋłæĺľ:

ψ(r) =^∑_n anφn(r) ψ^+(r) =^∑_n a^+_n φ^∗_n(r) (4.83)

őŕàěďěńĺň őŕěàăâőà ŕńőâŋőáâĺ íńěłâàőŋőć łăł:

ρ(r) = ψ^+(r)ψ(r) =^∑_{mn} φ^∗_n(r)φm(r)a^+_n am (4.84)

Šőčďă áőőâćěâáâćãîéãî äãŋłæĺî őâłńĺłă ŕńőâŋőáâì { ŕńőâŋőáâì ňőęŋő ćëçĺáńĺâì ŕő őąéěľ áåěňě, őŕĺáăŋŋőľ ćëèě ć (2.81) { (2.87), âăł çâő ŕàĺ T = 0 ŕőńãçăěň:

χ(rr^′, ω) = i ∫_∞ 0 dte^{i(ω+iδ)t} < 0|[ρ(r, t), ρ(r^′, 0)]|0 >= = 2 ∑ mn φ^∗_n(r)φ_m(r)φ^∗_m(r^′)φ_n(r^′) n(ε_m) − n(ε_n) ω + ε_n − ε_m + iδ (4.85)

čďě ãáàěďŋěŋĺě ćěďěâáï ŕő őáŋőćŋőňã áőáâőïŋĺî, ă ňŋőęĺâěńì 2 ãçĺâëćăěâ őąă ŋăŕàăćńěŋĺï áŕĺŋă íńěłâàőŋă. Ćëàăęěŋĺě (4.85) ďăěâ łőŋłàěâŋëľ ćĺď (2.81) ďńï

15Őąéěě őąáãęďěŋĺě ĺğńăčăěňőčő ŋĺęě ŕőďåőďă ňőęŋő ŋăľâĺ ć [16, 17].

16Ĺňěŋŋő őąáãęďăćèăïáï ćëèě ŕàőæěďãàă ãáàěďŋěŋĺï ŕàĺďăěâ ğăďăçě äőàňăńìŋő \ňŋőčőçăáâĺçŋëľ" ćĺď, ŋő ãáàěďŋěŋŋëě äãŋłæĺĺ Čàĺŋă ãęě ŋě ïćńïîâáï äãŋłæĺïňĺ Čàĺŋă łćăŋâőćőňěåăŋĺçěáłőľ ğăďăçĺ! Őŋĺ őŕĺáëćăîâ łăàâĺŋã, ãáàěďŋěŋŋãî ŕő áâăâĺáâĺçěáłőňã ăŋáăňąńî \őąàăğæőć" áő ćáěćőğňőęŋëňĺ łőŋäĺčãàăæĺïňĺ àăááěĺćăâěńěľ.

116 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

àăááňăâàĺćăěňőľ ğăďăçĺ. Ťăłâĺçěáłĺ, ŋăá ĺŋâěàěáãěâ ãáàěďŋěŋŋăï (ŕő ŕàĺňěáŋëň łőŋäĺčãàăæĺïň) äãŋłæĺï őâłńĺłă χ(r − r^′, ω) =< χ(rr^′, ω) >, ŕàőáâàăŋáâćěŋŋëľ äãàìě { őąàăğ łőâőàőľ ňőęěâ ąëâì ğăŕĺáăŋ łăł:

χ(qω) = 2^∑

pp^′ ∑ nm ⟨ φ_m(p_+)φ^∗_m(p^′_+)φ_n(p^′_−)φ^∗_n(p_−) n(ε_m) − n(ε_n) ω + ε_n − ε_m + iδ ⟩ = = 2 ∑ pp^′ 1 2πi ∫_∞ −∞ dε { [n(ε + ω) − n(ε)] < G^R(p_+p^′_−, ε + ω)G^A(p^′_−p_−, ε) > +

+n(ε) < G^R(p_+p^′_−, ε + ω)G^R(p^′_−p_−, ε) > − −n(ε + ω) < G^A(p_+p^′_−, ε + ω)G^A(p^′_−p_−, ε) > } (4.86)

čďě ćâőàőě ćëàăęěŋĺě ŕàőćěàïěâáï ŋěŕőáàěďáâćěŋŋő á ĺáŕőńìğőćăŋĺěň (4.82), ĺ ňë ććěńĺ p_± = p ±^1_2 q. Ćëàăęěŋĺě (4.86) ňőęŋő ŕěàěŕĺáăâì łăł: χ(qω) = − ∫_∞ −∞ dε{[n(ε + ω) − n(ε)]˘^{RA}(εωq) + n(ε)˘^{RR}(εωq) − n(ε + ω)˘^{AA}(εωq)} (4.87) čďě ććěńĺ őąőğŋăçěŋĺě:

˘^{RA}(εωq) = − 1 2πi 2 ∑ pp^{′ < G} R(p+p^′_−, ε + ω)G^A(p^′_−p−, ε) > (4.88)

ĺ ăŋăńőčĺçŋëě ćëàăęěŋĺï ďńï ˘^{RR} ĺ ˘^{AA}. Ğăňěâĺň, çâő ňë ćłńîçĺńĺ ć íâĺ őŕàěďěńěŋĺï áŕĺŋőćãî \ďćőľłã".

Ŕàěďëďãéěě àăááňőâàěŋĺě őâŋőáĺńőáì ł T = 0. Şąěďĺňáï, çâő ăŋăńőčĺçŋëě ďńï T ≠ 0 ćëàăęěŋĺï ŕőńãçăîâáï ĺ ăŋăńĺâĺçěáłĺň ŕàőďőńęěŋĺěň áőőâćěâáâćãîéĺå ňăæãąăàőćáłĺå äãŋłæĺľ.

Ŕőńìğãïáì ŕàăćĺńăňĺ \ŕàĺňěáŋőľ" ďĺăčàăňňŋőľ âěåŋĺłĺ, ňë ňőęěň ŕàěďáâăćĺâì ňăæãąăàőćáłĺľ ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà ć ćĺďě, ŕőłăğăŋŋőň ŋă Řĺá. 4-12 (a). Ć ăŋăńĺâĺçěáłőň ćĺďě ĺňěěň:

˝(qωm) = 2T^∑_n^∑ p^G

(pεn)G(p + qεn + ωm)T (p, p + q, εn, εn + ωm) (4.89)

ă ãàăćŋěŋĺï ďńï ćěàèĺŋ ` ĺ T , ŕàěďáâăćńěŋë čàăäĺçěáłĺ ŋă Řĺá. 4-12 (b),(c). Śãňňã ŕő çăáâőâăň ć (4.89) ňőęŋő àăááçĺâăâì, ŕőńìğãïáì őąéĺň ňěâőďőň, őŕĺáăŋŋëň ćëèě ć áćïğĺ á (3.40) { (3.44). Ŋăńĺçĺě ć (4.89) ďćãå äãŋłæĺľ Čàĺŋă (á çăáâőâăňĺ, őâńĺçăîéĺňĺáï ŋă iω_m) ŕàĺćőďĺâ ł ŕőïćńěŋĺî ć ĺå ŕàőĺğćěďěŋĺĺ ďćãå àăğàěğőć^{17} ć łőňŕńěłáŋőľ ŕńőáłőáâĺ çăáâőâë | őďŋőčő ćďőńì z = ε, ă ďàãčőčő { ćďőńì z = ε−iω_m. Šőčďă, ŕőńìğãïáì äőàňãńőľ (3.38) ňőęŋő ğăŕĺáăâì ćåőďïéãî ć (4.89) áãňňã ć ćĺďě: S(iω_m ) = T ∑ n f(iε_n , iε_n + iω_m) = − ∫ C dz 2πi n(z)f(z, z + iω_m) (4.90)

čďě f(z, z+iω_m ) = G(z)G(z+iω_m )T (z, z+iω_m ) (ĺňŕãńìáë ďńï łàăâłőáâĺ őŕãáłăěň!), ă n(z) { äãŋłæĺï Ťěàňĺ. Ŕàĺ íâőň łőŋâãà ĺŋâěčàĺàőćăŋĺï C ŕőłăğăŋ ŋă Řĺá. 4-13. Śőőâćěâáâćěŋŋő, àăáŕĺáëćăï (4.90) ć ćĺďě ĺŋâěčàăńőć ŕő çěâëàěň ŕàïňëň ãçăáâłăň

17Ŋăŕőňŋĺň, çâő äãŋłæĺï Čàĺŋă G(pz) ĺňěěâ àăğàěğ ć łőňŕńěłáŋőľ ŕńőáłőáâĺ z ćďőńì ŕàïňőľ, őŕàěďěńïěňőľ ãáńőćĺěň Imz = 0.

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 117

Řĺá. 4-12 Ďĺăčàăňňŋőě àăğńőęěŋĺě ŕőńïàĺğăæĺőŋŋőčő őŕěàăâőàă ć ŕàĺňěáŋőľ áĺáâěňě (a) ĺ őŕàěďěńïîéĺå ěčő ćěàèĺŋ ` (b) ĺ T (c).

118 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

Řĺá. 4-13 Łőŋâãà ĺŋâěčàĺàőćăŋĺï, ĺáŕőńìğãěňëľ ŕàĺ ćëçĺáńěŋĺĺ áãňňë ŕő ňăæãąăàőćáłĺň çăáâőâăň.

łőŋâãàă C (ĺŋâěčàăńë ŕő ąěáłőŋěçŋő ãďăńěŋŋëň ďãčăň őłàãęŋőáâĺ ĺáçěğăîâ!), ŕőńãçăěň: S(iω_m ) = − ∫_∞ −∞ dε 2πi n(ε)[f(ε + iδ, ε + iω_m) − f(ε − iδ, ε + iω_m)] − − ∫_∞ −∞ dε 2πi n(ε − iω_m)[f(ε − iω_m, ε + iδ) − f(ε − iω_m, ε − iδ)] (4.91) Śďěńăć ğăňěŋã ω_m → ω + iδ, ŕőńãçĺň: S(ω) = − ∫_∞ −∞ dε 2πi n(ε)[f^{RR}(ε, ε+ω)−f^{RA} (ε, ε+ω)+f^{RA} (ε−ω, ε)−f^{AA} (ε−ω, ε)] (4.92) čďě őąőğŋăçěŋĺï âĺŕă f^{RA}(ε, ε^′) őğŋăçăîâ f(ε − iδ, ε + iδ) ĺ â. ď. Śďćĺč ŕěàěňěŋŋőľ ε → ε + ω ć ŕőáńěďŋĺå ďćãå çńěŋăå ďăěâ: S(ω) = ∫_∞ −∞ dε 2πi [n(ε) − n(ε + ω)]f^{RA}(ε, ε + ω) − − ∫_∞ −∞ dε 2πi [n(ε)f^{RR} (ε, ε + ω) − n(ε + ω)f^{AA}(ε, ε + ω)] (4.93)

Ă íâő, ŕő áãâĺ ďěńă, áőćŕăďăěâ á (4.87), ěáńĺ ććěáâĺ őąőğŋăçěŋĺě:

˘^{RA}(εωq) = 1 2πi f^{RA}(ε, ε + ω) = − 1 2πi 2 ∑ p^G

R(ε + ωp + q)G^A(εp)T (p, p + q, ε, ε + ω)

(4.94) çâő ěáâì ŕàőáâő ďàãčăï äőàňă ğăŕĺáĺ (4.88), čďě ćáě ãęě ćëàăęěŋő çěàěğ ãáàěďŋěŋŋëě äãŋłæĺĺ Čàĺŋă G^R(ε + ωp + q) ĺ G^A(εp), ă âăłęě ãáàěďŋěŋŋãî ćěàèĺŋã

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 119

T (p, p + q, ε, ε + ω). Łàőňě âőčő, ŕőáłőńìłã àăáçěâë ćěńĺáì ć ňăæãąăàőćáłőľ âěå-

ŋĺłě, äěàňĺěćáłĺě äãŋłæĺĺ ć (4.93) ćğïâë âěŕěàì ŕàĺ T > 0. Šăłĺň őąàăğőň, ŕàĺ T > 0 ĺňěěň: χ(qω) = −˝(qiωm → ω + iδ) = − ∫_∞ −∞ dε { [n(ε + ω) − n(ε)]˘^{RA}(εωq) + + n(ε)˘^{RR}(εωq) − n(ε + ω)˘^{AA}(εωq) } (4.95)

çâő ěáâì ŕőńŋëľ íłćĺćăńěŋâ (4.87), łăł ĺ áńěďőćăńő őęĺďăâì!

Ćěàŋěňáï ł ćëàăęěŋĺî (4.88). Ĺáŕőńìğãï G^A(pp^′, ε) = [G^R(p^′p, ε)]^∗, ŕőńãçĺň ˘^{RR}(ε00) = −[˘^{AA}(ε00)]^∗. Ďăńěě, ŋěâàãďŋő ćĺďěâì, çâő:

˘^{RR}(ε00) = 1 2πi 2 ∑ pp^′ ∂ ∂ε < G^R(pp^′, ε) > (4.96)

čďě < G^{R,A}(pp^′, ε) >≡ G^{R,A}(pε)δ(p − p^′) ĺ G^{R,A}(pε) = 1 ε −^{p2}_{2m} + μ − ˚^{R,A}(pε)

(4.97)

{ ğăŕăğďëćăîéăï (őŕěàěęăîéăï) äãŋłæĺï Čàĺŋă, őŕàěďěńïěňăï őŕĺáăŋŋőľ ćëèě \ŕàĺňěáŋőľ" ďĺăčàăňňŋőľ âěåŋĺłőľ^{18}. Ŋěâàãďŋő ãąěďĺâìáï, çâő ćëŕőńŋïěâáï áńěďãîéěě âőęďěáâćő: ∫_∞ −∞ dεn(ε)Im { −2πi˘^{RR}(ε00) } = πN (E_F ) (4.98)

çâő ŕőńãçăěâáï ŕàïňőľ ŕőďáâăŋőćłőľ (4.96) ć (4.98) ĺ ŕőáńěďãîéĺň ĺŋâěčàĺàőćăŋĺěň ŕő çăáâïň, á ãçěâőň őŕàěďěńěŋĺï ŕńőâŋőáâĺ áőáâőïŋĺľ: N (ε) = − 2 π ∑ p^{ImG} R(pε) (4.99)

Ŕàĺ T ≪ E_F ĺňěěň^{19}: ( − ∂n(ε) ∂ε ) ≈ δ(ε) (4.100)

ĺ áőőâćěâáâćěŋŋő:

n(ε + ω) − n(ε) = −ωδ(ε) (4.101) Šőčďă ĺğ (4.87) ĺńĺ (4.95), á ĺáŕőńìğőćăŋĺěň (4.98), ďńï ňăńëå q ≪ p_F ĺ ω ≪ E_F , ĺňěěň:

χ(qω) = ω˘^{RA}(qω) + N (EF ) (4.102)

čďě ććěńĺ őąőğŋăçěŋĺě ˘^{RA}(qω) = ˘^{RA}(qωε = 0) (4.103) Ŕàĺ q = 0 äãŋłæĺï őâłńĺłă ŕńőâŋőáâì { ŕńőâŋőáâì ďőńęŋă őąàăéăâìáï ć ŋãńì ŕàĺ ŕàőĺğćőńìŋëå ğŋăçěŋĺïå ω ĺğ őąéĺå áőőąàăęěŋĺľ [10]. İâő ïáŋő, ŋăŕàĺňěà, ĺğ áàăćŋěŋĺï (2.113) ĺ (2.114). Śőőâćěâáâćěŋŋő, ĺğ (4.102) ŕőńãçăěň:

˘^{RA}(0ω) = −

N (E_F ) ω (4.104)

18Ŕàĺ àăáçěâăå ć ňăæãąăàőćáłőľ âěåŋĺłě ŕőńãçăěň R ĺńĺ A äãŋłæĺĺ ŕőáńě ăŋăńĺâĺçěáłőčő ŕàőďőńęěŋĺï iεn → ε ± iδ 19Ŋăŕőňŋĺň, çâő ã ŋăá E_F ĺčàăěâ àőńì ŋăçăńă őâáçěâă íŋěàčĺĺ, âăł çâő, äăłâĺçěáłĺ, ćő ćáěå äőàňãńăå E_F = 0.

120 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

çâő ŕàěďáâăćńïěâ áőąőľ ŋěłőâőàëľ ćăàĺăŋâ âőęďěáâćă Şőàďă, áćïğăŋŋőčő á ğăłőŋőň áőåàăŋěŋĺï ğăàïďă. Šőčďă ňőęŋő ŕěàěŕĺáăâì (4.102) łăł:

χ(qω) = ω^{˘^{RA}(qω) − ˘^{RA}(0ω)^} (4.105)

ă őąéěě ćëàăęěŋĺě ďńï ŕàőćőďĺňőáâĺ áĺáâěňë (2.110) áćőďĺâáï ł:

σ(ω) = − lim_{q→0} ie^2 ω^2 q^2 { ˘^{RA}(qω) − ˘^{RA}(0ω) } (4.106)

İâő ćëàăęěŋĺě çàěğćëçăľŋő ãďőąŋő ŕàĺ łőŋłàěâŋëå ćëçĺáńěŋĺľ, ŕőáłőńìłã ďńï àăáçěâă ďćãåçăáâĺçŋőľ äãŋłæĺĺ Čàĺŋă (ŕěâńĺ) ˘^{RA}(qω) ňőęŋő ĺáŕőńìğőćăâì àăááňőâàěŋŋãî ćëèě \ŕàĺňěáŋãî" ďĺăčàăňňŋãî âěåŋĺłã.

Ůăáâő, ďńï àăáçěâă ŕàőćőďĺňőáâĺ áĺáâěňë ďĺăčàăňňŋëňĺ ňěâőďăňĺ ĺáŕőńìğãěâáï ŋěáłőńìłő ĺŋőľ ŕőďåőď, őáŋőćăŋŋëľ ŋă àăááňőâàěŋĺĺ őâłńĺłă ŋă ćŋěèŋĺľ ćěłâőà { ŕőâěŋæĺăń. Őąéěě ćëàăęěŋĺě ďńï âěŋğőàă ŕàőćőďĺňőáâĺ ĺňěěâ âőčďă ćĺď^{20}:

σ_{μν} (qω) = 1 iω {˘_{μν} (qω + iδ) − ˘_{μν}(q0 + iδ)} (4.107) čďě ˘_{μν} (qiω_m) = T ∫_β 0 dτ ∫_β 0 dτ^′e^{iωm (τ−τ ′ )} < T_τ J_μ(qτ )J_ν (−q, τ^′) > (4.108)

čďě J(p) { äãàìě-őąàăğ őŕěàăâőàă (â.ŋ. \ŕăàăňăčŋĺâŋőčő") âőłă:

J(q) = −^{ie}2_m ∫ dre^{−i}qr^[ψ^+(r)∇ψ(r) − ∇ψ^+(r)ψ(r)^] (4.109)

Śåěňăâĺçěáłĺ, ćëćőď íâĺå ćëàăęěŋĺľ ćëčńïďĺâ áńěďãîéĺň őąàăğőň. Řăááňőâàĺň őâłńĺł áĺáâěňë ŋă ćŋěèŋĺľ ćěłâőàŋëľ ŕőâěŋæĺăń, ćğăĺňőďěľáâćĺě á łőâőàëň őŕĺáëćăěâáï ďőąăćłőľ ł ŕńőâŋőáâĺ čăňĺńìâőŋĺăŋă áńěďãîéěčő ćĺďă: H_{ext} = −J(r)A(rt) (4.110) ŕàĺçěň ćőğìňěň A(rt) ć ćĺďě ŕńőáłőľ ćőńŋë:

A(rt) = A(qω)e^iqr^{−iωt} (4.111)

âăł çâő áőőâćěâáâćãîéěě íńěłâàĺçěáłőě ŕőńě ĺňěěâ ćĺď:

E(rt) = −^∂A(r^t)_{∂t} = iωA(qω)e^iqr^{−iωt} (4.112)

Šőčďă, ć áőőâćěâáâćĺĺ á őąéĺň äőàňăńĺğňőň Łãąő [11], ŕőńãçăěň (\ŕăàăňăčŋĺâŋëľ") őâłńĺł áĺáâěňë ć ćĺďě:

J_μ(qω) = χ^p_{μν}(qω)A^ν (qω) = χ^p_{μν} (qω) iω iωA^ν (qω) = χ^p_{μν} (qω) iω E^ν (qω) (4.113) čďě χ^p_{μν}(qω) = i ∫_∞ 0 dte^{iωt} < [J_μ(qt), J_ν(−q0)] > (4.114)

20Řăğãňěěâáï, ć ĺğőâàőŕŋőľ áĺáâěňě ĺ ć őâáãâáâćĺě ćŋěèŋěčő ňăčŋĺâŋőčő ŕőńï σμν = σδμν

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 121

Ĺğ ŕàőćěďěŋŋőčő ćëèě őąéěčő őąáãęďěŋĺï áćïğĺ ńĺŋěľŋőčő őâłńĺłă á ňăæãąăàőćáłĺň äőàňăńĺğňőň ïáŋő, çâő χ^p_{μν}(qω) = ˘_{μν} (qω + iδ), â.ě. ŕőńãçăěâáï ăŋăńĺâĺçěáłĺň ŕàőďőńęěŋĺěň (4.108).

Ŕőńŋëľ íńěłâàĺçěáłĺľ âőł ć áĺáâěňě, ć ŕàĺáãâáâćĺĺ ćŋěèŋěčő ćěłâőà { ŕőâěŋæĺăńă, àăćěŋ:

J^{tot} = J −^{ne2}_m A (4.115)

čďě ćâőàőě áńăčăěňőě ŕàěďáâăćńïěâ áőąőľ \ďĺăňăčŋĺâŋëľ" âőł, áćïğăŋŋëľ á âěň, çâő áłőàőáâì íńěłâàőŋă ć íâőň áńãçăě ĺňěěâ ćĺď v =^1_m (p − eA). Ś ďàãčőľ áâőàőŋë, ŕàĺ ω = 0 (áâăâĺçěáłĺľ ćěłâőà { ŕőâěŋæĺăń (ňăčŋĺâŋőě ŕőńě)) íńěłâàĺçěáłĺľ âőł ć áĺáâěňě (ŋőàňăńìŋőň ňěâăńńě) őâáãâáâćãěâ, âăł çâő \ďĺăňăčŋĺâŋăï" áőáâăćńïîéăï ć (4.115) ŕőńŋőáâìî łőňŕěŋáĺàãěâ \ŕăàăňăčŋĺâŋãî"^{21}. Šőčďă ĺňěěň:

χ_{μν} (q0) = ˘_{μν} (q0) = ne^2 m δ_{μν} (4.116)

őâłãďă ŋěňěďńěŋŋő áńěďãěâ őąéăï äőàňãńă (4.107) ďńï ŕàőćőďĺňőáâĺ. Ťăłâĺçěáłĺ (4.116), ŕőďőąŋő (4.104), âăłęě ěáâì ŋěłőâőàëľ ćăàĺăŋâ âőęďěáâćă Şőàďă.

Šěŕěàì ïáŋő, çâő ďĺăčőŋăńìŋëľ íńěňěŋâ âěŋğőàă ŕàőćőďĺňőáâĺ ŕàĺ q = 0 ňőęŋő ğăŕĺáăâì ć ćĺďě: σ_{xx}(ω) = 1 iω {˘_{xx}(ω + iδ) − ˘_{xx}(0 + iδ)} (4.117) čďě, ăŋăńőčĺçŋő (4.89), ňőęŋő ŋăŕĺáăâì: ˘_{xx}(iω_m) = −2eT ∑ n ∑ p p_x m J_x(p, p,ε_n, ε_n + ω_m)G(ε_np)G(ε_n + ω_mp) (4.118)

Ŕàĺ íâőň ňë ććěńĺ \âőłőćãî" ćěàèĺŋã:

J_μ(p, p, ε_n, ε_n + ω_m) ≡ e m p_μ¨(p, ε_n, ε_n + ω_m) (4.119)

àăğńőęěŋĺě łőâőàőľ, őŕàěďěńïěâáï čàăäĺłăňĺ Řĺá. 4-12 (c), ć łőâőàëå \ğăâàăćőçŋőľ" ćěàèĺŋě áőŕőáâăćńïěâáï ňŋőęĺâěńì^e_m p_μ.

Śőőâćěâáâćěŋŋő, ŕěàěŕĺáăć (4.118) ć ćĺďě:

˘_{xx}(iω_m) = −2e^2T ∑ n ∑ p p^2_x m^2 ¨(p, εn, εn + ωm)G(εnp)G(εn + ωmp) (4.120) ĺ ćëŕőńŋĺć áãňňĺàőćăŋĺě ŕő n ĺ ăŋăńĺâĺçěáłőě ŕàőďőńęěŋĺě iω_m → ω +iδ ć âőçŋőáâĺ âăłęě, łăł íâő ďěńăńőáì ćëèě, ŕőńãçĺň ďńï áâăâĺçěáłőľ ŕàőćőďĺňőáâĺ (ω → 0): σ_{xx} = e^2 2π ∑ p p^2_x m^2

¨(p)G^R(p, 0)G^A(p, 0) (4.121)

čďě ććěďěŋ áâăâĺçěáłĺľ ŕàěďěń ¨(p) = ¨(p, 0 − iδ, 0 + iδ).

Ŕàĺćěďěň ďńï áŕàăćőł ĺ ąěğ ćëćőďă ăŋăńőčĺçŋőě őąéěě ćëàăęěŋĺě ďńï ŋěďĺăčőŋăńìŋőľ (åőńńőćáłőľ) ŕàőćőďĺňőáâĺ ć ŕàĺáãâáâćĺě (áńăąőčő) ćŋěèŋěčő ňăčŋĺâŋőčő ŕőńï H (H.Fukuyama, H.Ebisawa, Y.Wada, 1969): σxy = eH m e^2 4πi ∑ p px m ¨^2(p) { G^R(p, 0) ∂ ∂px G^A(p0) − ∂ ∂px G^R(p, 0)G^A(p, 0) } (4.122)

çâő ďăěâ ďĺăčàăňňŋëľ ňěâőď àăáçěâă íääěłâă Ţőńńă.

21Ś âőçŋőáâìî ďő ňăńőčő ćłńăďă ďĺăňăčŋěâĺğňă Ńăŋďăã! Ąőńěě ŕőďàőąŋőě őąáãęďěŋĺě íâőľ áĺâãăæĺĺ ąãďěâ ŕàőćěďěŋő ŋĺęě ć čńăćě, ŕőáćïéěŋŋőľ áćěàåŕàőćőďĺňőáâĺ.

122 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

Şàăćŋěŋĺě Ąěâě { Śőńŕĺâěàă, \ďĺääãğőŋ" ĺ \łãŕěàőŋ".

Ĺâăł, áőčńăáŋő (4.105), ďńï àăáçěâă äãŋłæĺĺ őâłńĺłă ŕńőâŋőáâì { ŕńőâŋőáâì χ(qω), ă á ŋěľ ĺ ŕàőćőďĺňőáâĺ áĺáâěňë (4.106), ŋăň ŋěőąåőďĺňő ŋăãçĺâìáï ćëçĺáńïâì ćěńĺçĺŋã^{22}:

˘^{RA}(ωq) = − 1 2πi 2 ∑ pp^{′ < G} R(p+p^′_−, E + ω)G^A(p^′_−p−, E) > (4.123)

łőâőàăï, ć áćőî őçěàěďì, őŕàěďěńïěâáï ďćãåçăáâĺçŋőľ äãŋłæĺěľ Čàĺŋă ćĺďă:

˘^{RA}pp′ (Eωq) = − 1 2πi < G^R(p_+p^′_−, E + ω)G^A(p^′_−p_−, E) > (4.124)

ĺ łőâőàăï őŕàěďěńïěâáï čàăäĺłăňĺ, ŕőłăğăŋŋëňĺ ŋă Řĺá. 4-14 (a). Şďőąŋő ććěáâĺ ćěàèĺŋŋãî äãŋłæĺî `pp′ (qω), őŕàěďěńïěňãî àăćěŋáâćőň^{23}:

˘^{RA}pp′ (Eωq) = − 1 2πi G^R(p_+E+ω)G^A(p_−E) { δpp^′ + `pp^′ (qω)G^R(p^′+E + ω)G^A(p^′−E)^}

(4.125) ĺ čàăäĺłăňĺ, ŕőłăğăŋŋëňĺ ŋă Řĺá. 4-14 (b).

Ďăńěě ãďőąŋő ŕàőćěáâĺ łńăááĺäĺłăæĺî čàăäĺłőć ďńï ćěàèĺŋë ŋă ŕàĺćőďĺňëě (àăğàěğăěňëě ŕő ďćãň íńěłâàőŋŋëň R ĺ A ńĺŋĺïň) ĺ ŋěŕàĺćőďĺňëě ć \R − A { łăŋăńě" (łăŋăńě \çăáâĺæă { ďëàłă"). Ŋăŕàĺňěà, ŋă Řĺá. 4-14 ćâőàőľ ĺ ŕïâëľ čàăäĺłĺ ć ŕàăćőľ çăáâĺ ŕàĺćőďĺňë, ă őáâăńìŋëě ïćńïîâáï ŋěŕàĺćőďĺňëňĺ. Šőčďă ïáŋő, çâő ŕőńŋăï ćěàèĺŋă `pp′ (qω) őŕĺáëćăěâáï ĺŋâěčàăńìŋëň ãàăćŋěŋĺěň Ąěâě { Śőńŕĺâěàă, ŕőłăğăŋŋëň čàăäĺçěáłĺ ŋă Řĺá. 4-15 ĺ ĺňěîéĺň ăŋăńĺâĺçěáłĺľ ćĺď:

`pp^′ (qω) = Upp^′ (qω) +^∑ p^{′′ U} pp^{′′} (qω)G^R(E + ωp^{′′}+)G^A(Ep^{′′}−)`p^{′′}p^′ (qω) (4.126)

čďě ąńőł Upp′ (qω) őąőğŋăçăěâ áãňňã ćáěå ďĺăčàăňň, ŋěàăğàěğăěňëå (ŋěŕàĺćőďĺňëå) ć R − A { łăŋăńě, âĺŕă ŕőłăğăŋŋëå ŋă Řĺá. 4-15 (b).

Ć ŕàőáâěľèěň ŕàĺąńĺęěŋĺĺ, ďńï Upp′ (qω) ňőęŋő ćğïâì âőńìłő ŕěàćãî ďĺăčàăňňã ĺğ ŕàăćőľ çăáâĺ Řĺá. 4-15 (b) ĺńĺ:

U_0(p − p^′) = ρ|v(p − p^′)|^2 ĺńĺ U_0 = ρv^2 (4.127)

čďě ćâőàőě àăćěŋáâćő áŕàăćěďńĺćő ďńï âőçěçŋëå ŕàĺňěáěľ. Šőčďă (4.126) ŕàĺőąàěâăěâ ćĺď, ŕőłăğăŋŋëľ čàăäĺçěáłĺ ŋă Řĺá. 4-16 (a), àěèěŋĺě łőâőàőčő ĺňěěâ ćĺď:

`^0pp′ (qω) =

U_0 1 − U_0 ∑ p^{GR}(^E +^ωp^+)^{GA}(^Ep^−)

(4.128)

ĺ őŕàěďěńïěâ ćěàèĺŋã `pp′ (qω) ć ćĺďě áãňňë \ńěáâŋĺçŋëå" ďĺăčàăňň, ŕőłăğăŋŋëå ŋă Řĺá. 4-16 (b).

22Ć ďăńìŋěľèěň, ďńï łàăâłőáâĺ, ćáîďã ŕőďàăğãňěćăěâáï μ = E_F ≡ E, T = 0 23Ć ďăńìŋěľèěň ĺğńőęěŋĺĺ ć íâőň ĺ áńěďãîéĺå àăğďěńăå ďăŋŋőľ čńăćë ňë, ć őáŋőćŋőň, áńěďãěň [16] ĺ [17].

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 123

Řĺá. 4-14 Ďĺăčàăňňë ďńï ďćãåçăáâĺçŋőľ äãŋłæĺĺ Čàĺŋă (a) ĺ ćěàèĺŋŋőľ çăáâĺ

`pp^′ (qω) (b). Ćěàåŋïï íńěłâàőŋŋăï ńĺŋĺï áőőâćěâáâćãěâ ğăŕăğďëćăîéěľ äãŋłæĺĺ

Čàĺŋă G^R(p_+E + ω) (\çăáâĺæă"), ă ŋĺęŋïï | őŕěàěęăîéěľ G^A(p_−E) (\ďëàłă").

124 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

Řĺá. 4-15 Şàăćŋěŋĺě Ąěâě { Śőńŕĺâěàă ďńï ćěàèĺŋŋőľ çăáâĺ `pp′ (qω) (a) ĺ čàăäĺłĺ ŋĺğèěčő ŕőàïďłă ďńï ŋěŕàĺćőďĺňőľ ć R − A { łăŋăńě ćěàèĺŋë Upp′ (qω) (b).

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 125

Řĺá. 4-16 Şàăćŋěŋĺě Ąěâě { Śőńŕĺâěàă ďńï ćěàèĺŋŋőľ çăáâĺ `pp′ (qω) ć \ńěáâŋĺçŋőň" ŕàĺąńĺęěŋĺĺ (a) ĺ áőőâćěâáâćãîéĺě čàăäĺłĺ ŋĺğèĺå ŕőàïďłőć (b).

126 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

Ŕěàěľďěň ł ïćŋëň ćëçĺáńěŋĺïň, ŕàĺçěň ŕàőćěďěň ĺå ďńï ŕàőáâàăŋáâćă ŕàőĺğćőńìŋőľ àăğňěàŋőáâĺ d. \Őáŋőćŋőľ" íńěňěŋâ, őŕàěďěńïîéĺľ (4.128), ňőęěâ ąëâì ğăŕĺáăŋ łăł:

I_d(qω) = ∑ p^G

R(E + ωp_+)G^A(Ep_−) = = ∫ d^dp (2π)^d G^R ( E + ωp + q 2 ) G^A ( Ep − q2^) = ∫ d^dp (2π)^d

G^R(E + ωp − q)G^A(Ep) = = ∫ d^dp (2π)^d 1 E + ω − ξ(p) + v_F q cos θ + iγ 1 E − ξ(p) − iγ (4.129)

čďě ćğïńĺ ãáàěďŋěŋŋëě äãŋłæĺĺ Čàĺŋă ć ŕàőáâěľèěň ŕàĺąńĺęěŋĺĺ (4.29), (4.30). Ğďěáì áłőàőáâì ŋă ãàőćŋě Ťěàňĺ v_F = √_{2E} m , ă ğăâãåăŋĺě ć ňőďěńĺ âőçěçŋëå àăááěĺćăâěńěľ γ = πρv^2ν(E) = πU_0ν(E), čďě ν(E) { ŕńőâŋőáâì áőáâőïŋĺľ íńěłâàőŋőć ŋă ãàőćŋě Ťěàňĺ E ć d { ňěàŋőň ŕàőáâàăŋáâćě ďńï őďŋőčő ŋăŕàăćńěŋĺï áŕĺŋă.

Ćáâàěçăîéĺěáï ŋĺęě ĺŋâěčàăńë ŕő ŕőńïàŋőňã ãčńã θ ć d { ňěàŋőň ŕàőáâàăŋáâćě, ćëçĺáńïîâáï á ŕőňőéìî áńěďãîéěčő ŕàőáâőčő ŕàăćĺńă: ∫ d^dp (2π)^d f(p,θ) = 1 (2π)^d ∫_∞ 0 dpp^{d−1}˙_{d−1} ∫_π 0 dθ sin^{d−2} θf(p, θ) = = ˙^d

(2π)^d ∫_∞ 0 dpp^{d−1} ˙^{d−1} ˙_d ∫_π 0 dθ sin^{d−2} θf(p, θ) ≈ ν(E) ∫_∞ −∞ dξ ˙^{d−1} ˙_d ∫_π 0 dθ sin^{d−2} θf(ξ, θ) (4.130)

čďě ˙_d =^{2πd/2}_{Γ(d/2)} { ŕőćěàåŋőáâì áäěàë ěďĺŋĺçŋőčő àăďĺãáă ć d { ňěàŋőň ŕàőáâàăŋáâćě.

Ďńï ňăńëå ω ĺ q ňőęŋő ŋăŕĺáăâì^{24}: 1 E + ω − ξ(p) ± v_F q cos θ + iγ ≈ ≈ 1 E − ξ(p) + iγ − ω ± v_F q cos θ (E − ξ(p) + iγ)^2 + (ω ± v_F q cos θ)^2 (E − ξ(p) + iγ)^3 + · · · (4.131)

âăł çâő: I_d(qω) ≈ ν(E) ∫_∞ −∞ dξ ˙_{d−1} ˙_d ∫_π 0 dθ sin^{d−2} θ 1 E − ξ − iγ × × { 1 E − ξ + iγ − ω + v_F q cos θ (E − ξ + iγ)^2 + (ω + v_F q cos θ)^2 (E − ξ + iγ)^3 + · · · } (4.132)

Ĺŋâěčàăńë ŕő ξ íńěňěŋâăàŋő ćëçĺáńïîâáï ňěâőďőň ćëçěâőć, âăł çâő ŕőńãçăěň: I_d(qω) ≈ ν(E) ˙_{d−1} ˙_d 2πi ∫_π 0 dθ sin^{d−2} θ { 1 2iγ − ω + v_F q cos θ (2iγ)^2 + (ω + v_F q cos θ)^2 (2iγ)^3 + · · · } = = π γ ν(E) ˙_{d−1} ˙_d ∫_π 0 dθ sin^{d−2} θ {[ 1 + iω 2γ − ω^2 4γ^2 ] + [ iv_F q 2γ − v_F qω 2γ^2 ] cos θ − v^2_F q^2 4γ^2 cos^2 θ } (4.133)

24Ĺğ ŕőáńěďãîéěčő àăááňőâàěŋĺï ïáŋő, çâő àěçì ĺďěâ ő ω ≪ γ ĺ v_F q ≪ γ

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 127

Ĺŋâěčàăńë ŕő θ íńěňěŋâăàŋë: ˙_{d−1} ˙_d ∫_π 0 dθ sin^{d−2} θ = 1 (4.134) ˙_{d−1} ˙_d ∫_π 0 dθ sin^{d−2} θ cos θ = 0 (4.135) ˙_{d−1} ˙_d ∫_π 0 dθ sin^{d−2} θ cos^2 θ = 1 d (4.136)

Šőčďă, á ãçěâőň^π_γ ν(E) = U_0 ĺ γ =^1_{2τ} , őłőŋçăâěńìŋő ŕőńãçăěň ďńï ğŋăňěŋăâěńï ć (4.128):

1 − U_0I_d(qω) = − iω 2γ + ω^2 4γ^2

+ D_0 q^2 2γ ≈ −iωτ + D_0τ q^2 (4.137)

1 − U_0I^∗_d (qω) ≈ iωτ + D_0τ q^2 (4.138) čďě D_0 = 1 d v^2_F τ = 1 d 2E m τ = 1 d E mγ (4.139)

{ őąëçŋëľ \ďàãďěćáłĺľ" łőíääĺæĺěŋâ ďĺääãğĺĺ ć d { ňěàŋőň ŕàőáâàăŋáâćě. Śőőâćěâáâćěŋŋő ĺğ (4.128), ŕőńãçăěň áńěďãîéěě âĺŕĺçŋőě ĺ ćěáìňă ćăęŋőě ćëàăęěŋĺě ďńï ćěàèĺŋë á ďĺääãğĺőŋŋëň ŕőńîáőň:

`^0pp′ (qω) =

U_0τ^{−1} −iω + D_0q^2 = 2U_0γ −iω + D_0q^2

(4.140)

ĺńĺ, âăł ŋăğëćăěňëľ ďĺääãğőŋ^{25}.

Ĺŋâěàěáŋő ĺ ćěáìňă ćăęŋő ğăňěâĺâì, çâő ŕàĺ ŋăńĺçĺĺ ć áĺáâěňě ĺŋćăàĺăŋâŋőáâĺ ŕő őâŋőèěŋĺî ł őąàăéěŋĺî ćàěňěŋĺ, ŕőńŋăï ćěàèĺŋŋăï çăáâì `p_,p′ (q, ω) őąńăďăěâ áńěďãîéĺň őąéĺň áćőľáâćőň:

`p,p^′ (q, ω) = `^1_2 (p−p′+q),^1_2 (p′−p+q)(p + p^′, ω) (4.141)

Ć áăňőň ďěńě, àăááňőâàĺň ćěàèĺŋã őąéěčő ćĺďă, ŕőłăğăŋŋãî ŋă Řĺá. 4-17 (a). Ğďěáì ŕàőćěďěŋő \ãŕőàïďőçěŋĺě" ŋãňěàăæĺĺ ĺňŕãńìáőć: ŋă ŋĺęŋěľ ńĺŋĺĺ ŋőňěàă ĺňŕãńìáőć çěâŋëě, ă ŋă ćěàåŋěľ { ŋěçěâŋëě. Ŕàĺ íâőň ňěŋìèĺľ ŋőňěà áőőâćěâáâćãěâ ćåőďïéěľ ńĺŋĺĺ, ă ąőńìèĺľ { ćëåőďïéěľ. Ĺňěěň őąéĺľ ğăłőŋ áőåàăŋěŋĺï:

p1 + p2 = p3 + p4 = p + p^′ (4.142)

âăł çâő

q = p1 − p4 = p3 − p2 p = 12(p1 + p4) p^′ = 12(p2 + p3) (4.143)

Ŋő ŕàĺ ŋăńĺçĺĺ ĺŋćăàĺăŋâŋőáâĺ őâŋőáĺâěńìŋő őąàăéěŋĺï ćàěňěŋĺ őďŋőçăáâĺçŋëě áőáâőïŋĺï p ĺ −p ŕàőáâő íłćĺćăńěŋâŋë! Šőčďă ňë ňőęěň őąàăâĺâì ŋăŕàăćńěŋĺě, áłăęěň, ŋĺęŋěľ (\ďëàőçŋőľ") ńĺŋĺĺ, ŕőňěŋïć ğŋăł ěě ĺňŕãńìáă. Šőčďă ďĺăčàăňňă

25Őâňěâĺň, çâő áőłàăéěŋĺě ćłńăďă ŋě ğăćĺáïéěčő őâ ω ĺ q ć ğŋăňěŋăâěńě (4.128), ŕàĺćőďïéěě ł áãéěáâćőćăŋĺî ďĺääãğĺőŋŋőčő ŕőńîáă ć (4.140), äăłâĺçěáłĺ, ïćńïěâáï áńěďáâćĺěň ğăłőŋă áőåàăŋěŋĺï çĺáńă çăáâĺæ (âőęďěáâćă Şőàďă) (Ś.Ć.Ňăńěěć, Ą.Ŕ.Šőŕěàćěàč, 1975).

128 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

Řĺá. 4-17 Ćěàèĺŋŋăï çăáâì őąéěčő ćĺďă (a) ĺ ćěàèĺŋă, ŕőńãçăîéăïáï ĺğ ŋěě őąàăéěŋĺěň ŋăŕàăćńěŋĺï őďŋőľ ĺğ íńěłâàőŋŋëå ńĺŋĺľ (b). Ŕěàćëľ čàăäĺł (b) ŕőńãçěŋ ŕàőáâëň \àăğćőàőâőň" čàăäĺłă (a), őçěćĺďŋő, çâő őŋ ŕàőáâő áőćŕăďăěâ á (a). Ćâőàőľ čàăäĺł (b) ŕőńãçăěâáï ĺğ ŕěàćőčő őąàăéěŋĺěň ŋăŕàăćńěŋĺï ŋĺęŋěľ ńĺŋĺĺ, çâő ćőğňőęŋő ŕàĺ ŋăńĺçĺĺ ĺŋćăàĺăŋâŋőáâĺ őâŋőáĺâěńìŋő őąàăéěŋĺï ćàěňěŋĺ.

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 129

Řĺá. 4-17 (a) ŕěàěľďěâ ćő ćâőàãî ďĺăčàăňňã ŋă Řĺá. 4-17 (b). Ŕàĺ íâőň, áőőâŋőèěŋĺï (4.142) ĺ (4.143) ŕěàěľďãâ ć:

p1 + p2 = p3 + p4 = q (4.144) ĺ p+p^′ = p1 −p4 = p3 −p2 12(p1 +p4) = 12(p−p^′ +q) 12(p2 +p3) = 12(p^′ −p+q)

(4.145) Šăłĺň őąàăğőň, őąàăéěŋĺě ŋăŕàăćńěŋĺï ŋĺęŋěľ ńĺŋĺĺ ŋă čàăäĺłě Řĺá. 4-17 (a), ďőŕãáâĺňőě ŕàĺ ŋăńĺçĺĺ áĺňňěâàĺĺ t → −t, íłćĺćăńěŋâŋő áńěďãîéěľ ğăňěŋě ć ăàčãňěŋâăå íâőľ ćěàèĺŋë:

q → p + p^′ p → 12(p − p^′ + q) p^′ → 12(p^′ − p + q) (4.146)

çâő ĺ ďăěâ áőőâŋőèěŋĺě (4.141).

Ŕàĺňěŋĺň àăááňőâàěŋŋãî ŕàőæěďãàã ł ďĺääãğőŋã (4.140) ĺ čàăäĺłăň Řĺá. 4-16 (b). Ćĺďĺň, çâő őąàăéěŋĺě ŋăŕàăćńěŋĺï ŋĺęŋěľ ńĺŋĺĺ ŋă íâĺå ďĺăčàăňňăå ďăěâ \ńěáâŋĺæã" ć łăŋăńě \çăáâĺæă { çăáâĺæă", ĺńĺ, çâő âőęě áăňőě, ŕőáńěďőćăâěńìŋőáâì \ňăłáĺňăńìŋő ŕěàěłàěéĺćăîéĺåáï" čàăäĺłőć (čàăäĺłĺ Ńăŋčěàă { Ŋĺńă (J.S.Langer, T.Neal, 1966)), çâő ŕőłăğăŋő ŋă Řĺá. 4-18. Ăŋăńĺâĺçěáłőě ćëàăęěŋĺě ďńï áãňňë âăłĺå ďĺăčàăňň ńěčłő ŕőńãçăěâáï ğăňěŋőľ ŕěàěňěŋŋëå (4.146) ć ćëàăęěŋĺĺ ďńï ďĺääãğőŋă (4.140)^{26}:

U^Cpp′ (qω) = 2γU_0 −iω + D_0(p + p^′)^2

; p ≈ −p^′ (4.147)

Ŕő ŕàĺçĺŋăň őçěćĺďŋőľ ăŋăńőčĺĺ á čàăäĺłăňĺ, ćőğŋĺłăîéĺňĺ ŕàĺ àăáçěâě łãŕěàőćáłőľ ŋěãáâőľçĺćőáâĺ ć âěőàĺĺ áćěàåŕàőćőďĺňőáâĺ, íâă áãňňă ĺ àěğãńìâăâ (4.147) ŋăğëćăîâ \łãŕěàőŋőň" (Ń.Ŕ.Čőàìłőć, Ă.Ĺ.Ńăàłĺŋ, Ď.Ě.Ţňěńìŋĺæłĺľ, 1979). Şáńő-

ćĺě p ≈ −p^′ á őçěćĺďŋőáâìî áńěďãěâ ĺğ łàĺâěàĺěć ŕàĺňěŋĺňőáâĺ ďĺääãğĺőŋŋőčő

ŕàĺąńĺęěŋĺï (ňăńőáâì q ĺ ω ć (4.140)) ĺ áőőâćěâáâćãěâ ć łãŕěàőŋě àăááňőâàěŋĺî çăáâĺæ á ŕőçâĺ ŕàőâĺćőŕőńőęŋëňĺ ĺňŕãńìáăňĺ (àăááěïŋĺě \ŕőçâĺ ŋăğăď").

Ğăňěâĺň âěŕěàì, çâő ŕőáńěďőćăâěńìŋőáâì ďĺăčàăňň Řĺá. 4-18 ŋěŕàĺćőďĺňă ć RA { łăŋăńě (\çăáâĺæă { ďëàłă"). Šăłĺň őąàăğőň, ćëàăęěŋĺě (4.147) ňőęŋő ĺáŕőńìğőćăâì ć łăçěáâćě ŋěŕàĺćőďĺňőľ ćěàèĺŋë Upp′ (qω) ć ãàăćŋěŋĺĺ Ąěâě { Śőńŕĺâěàă (4.126), ŕőłăğăŋŋőň čàăäĺçěáłĺ ŋă Řĺá. 4-15. Ŕàĺ íâőň ňë, łőŋěçŋő, ŕőńãçăěň čőàăğďő ąőńěě \àăäĺŋĺàőćăŋŋőě" ŕàĺąńĺęěŋĺě, ŋěęěńĺ (4.127), łőâőàőě ãçĺâëćăěâ, łăł ąãďěâ ŕőłăğăŋő ŋĺęě, łćăŋâőćëě (ńőłăńĺğăæĺőŋŋëě) ŕőŕàăćłĺ ł àăáŕàőáâàăŋěŋĺî íńěłâàőŋă ć áĺáâěňě áńãçăľŋő àăáŕőńőęěŋŋëå ć ŕàőáâàăŋáâćě ŕàĺňěáěľ (ĺ, áőőâćěâáâćěŋŋő, ł ŕàőćőďĺňőáâĺ áĺáâěňë).

Ćőğćàăéăïáì ł őąéěňã ăŋăńĺğã, ćőáŕőńìğãěňáï (4.126) ć (4.125) ĺ ğăŕĺèěň ãàăćŋěŋĺě Ąěâě { Śőńŕĺâěàă ďńï ďćãåçăáâĺçŋőľ äãŋłæĺĺ Čàĺŋă ć ćĺďě:

˘^{RA}pp′ (qω) = G^R(E + ωp_+)G^A(Ep_−) − 1 2πi δ(p − p^′) +^∑ p^{′ U} pp^{′′} (qω)˘^{RA}p′′ p′ (qω)

(4.148) ŕőłăğăŋŋőň čàăäĺçěáłĺ ŋă Řĺá. 4-19. Ćåőďïéěě áîďă ŕàőĺğćěďěŋĺě ďćãå čàĺŋőćáłĺå

26Řăğãňěěâáï, áãňňĺàőćăŋĺě âăłőľ ŕőáńěďőćăâěńìŋőáâĺ čàăäĺłőć ňőęŋő ŕàőćěáâĺ ĺ ŕàïňő \ć ńőą"!

130 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

Řĺá. 4-18 \Łãŕěàőŋ" | őąàăéěŋĺě ŋăŕàăćńěŋĺï íńěłâàőŋŋőľ ńĺŋĺĺ ć ďĺääãğőŋě ďăěâ \ńěáâŋĺæã" ć łăŋăńě \çăáâĺæă { çăáâĺæă" ĺńĺ ŕőáńěďőćăâěńìŋőáâì \ňăłáĺňăńìŋő ŕěàěłàěéĺćăîéĺåáï" čàăäĺłőć ć łăŋăńě \çăáâĺæă { ďëàłă".

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 131

Řĺá. 4-19 Şàăćŋěŋĺě Ąěâě { Śőńŕĺâěàă ďńï ďćãåçăáâĺçŋőľ äãŋłæĺĺ Čàĺŋă.

132 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

äãŋłæĺľ ňőęŋő ŕěàěŕĺáăâì áńěďãîéĺň őąàăğőň: G^R ( E + ωp + q 2 ) G^A ( Ep − q2^) = = 1 (E + ω − ξ(p_+) − ˚^R(E + ω, p_+)) (E + ξ(p_−) − ˚^A(E, p_−)) = = { 1 E − ξ(p_−) − ˚^A(E, p_−) − 1 E + ω − ξ(p_+) − ˚^R(E + ω, p_+) } × × 1 ω + (ξ(p_−) − ξ(p_+)) − ˚^R + ˚^A = = − ´Gp ω + (ξ(p_−) − ξ(p_+)) − ˚^R + ˚^A ≡ − G^R − G^A (G^R)^{−1} − (G^A)^{−1}

(4.149)

čďě ´Gp = G^R(Ep_−) − G^A(E + ωp_+). Šőčďă, á ãçěâőň (4.149) ĺ ξ(p_−) − ξ(p_+) ≈ −^1_m pq, ŕěàěŕĺáëćăěň (4.148) ć ćĺďě: { ω − 1 m pq − ˚^R(E + ωp+) + ˚^A(Ep−) } ˘^{RA}pp′ (qω) =

= ´Gp 1 2πi δ(p − p^′) −^∑ p^{′′ U} pp^{′′} ˘^{RA}p′′p′ (qω)

(4.150)

Ĺŋőčďă (4.150) ŋăğëćăîâ őąőąéěŋŋëň łĺŋěâĺçěáłĺň ãàăćŋěŋĺěň.

Ŕàĺćěďěň ąěğ ďőłăğăâěńìáâćă âăłęě âőçŋőě âőęďěáâćő Şőàďă, łőâőàőě áćïğëćăěâ áőąáâćěŋŋő { íŋěàčěâĺçěáłĺě çăáâĺ ĺ ŋěŕàĺćőďĺňãî ćěàèĺŋŋãî çăáâì ć àăááňăâàĺćăěňőľ ŋăňĺ ŕàĺňěáŋőľ áĺáâěňě (D.Vollhardt, P.W-ol‚e, 1980):

˚^R(E + ωp_+) − ˚^A(Ep_−) = ∑ p^{′ U} pp^′ (qω)´Gp^′ (4.151)

İâő âőęďěáâćő ĺčàăěâ ćăęŋãî àőńì ŕàĺ ŕàőćěàłě áăňőáőčńăáőćăŋŋőáâĺ ĺáŕőńìğãěňëå ďĺăčàăňňŋëå ŕàĺąńĺęěŋĺľ. Ŕőńěğŋő őŋő ĺ ŕàĺ ćëćőďě őąéĺå ãàăćŋěŋĺľ, ĺáŕőńìğãěňëå ŋĺęě ŕàĺ ŕőáâàőěŋĺĺ áăňőáőčńăáőćăŋŋőľ âěőàĺĺ ńőłăńĺğăæĺĺ.

Ŕàĺćěďěň âőńìłő őáŋőćŋãî ĺďěî ďőłăğăâěńìáâćă âőęďěáâćă Şőàďă (4.151). Ťăłâĺçěáłĺ, íâő âőęďěáâćő őâàăęăěâ âőâ äăłâ, çâő ćáě ďĺăčàăňňë ďńï ŋěŕàĺćőďĺňőľ ćěàèĺŋë Upp′ (qω) ňőčãâ ąëâì ŕőńãçěŋë ĺğ \áłěńěâŋëå" čàăäĺłőć ďńï áőąáâćěŋŋő { íŋěàčěâĺçěáłőľ çăáâĺ ŕãâěň \àăğàěğăŋĺï" íńěłâàőŋŋőľ ńĺŋĺĺ ćáěňĺ ćőğňőęŋëňĺ áŕőáőąăňĺ. Řăááňőâàĺň ć łăçěáâćě ŕàĺňěàă čàăäĺł ćâőàőčő ŕőàïďłă ďńï áőąáâćěŋŋő { íŋěàčěâĺçěáłőľ çăáâĺ ˚^{(2)}p , ŕőłăğăŋŋëľ ŋă Řĺá. 4-20 (a). Šőčďă, ŕàïňëňĺ ćëçĺáńěŋĺïňĺ, ňőęŋő ŕőńãçĺâì: ´˚^{(2)}p = ˚^{R(2)}p_+ − ˚^{A(2)}p_− = = ∑ p1p2

U(p1)U(p2) { G^Rp_{+−}p_1 G^Rp_{+−}p_{1−}p_2 G^Rp_{+−}p_2 − G^Ap_{−−}p_1 G^Ap_{− −}p_{1−}p_2G^Ap_{− −}p_2 } = = ∑ p1p2

U(p1)U(p2) { G^Rp_{+−}p_1 G^Rp_{+−}p_{1−}p_2 ´Gp−p_2 + G^Rp_{+−}p_1 ´G^Rp_−p_{1−}p_2 G^Ap_{−−}p_2 +

+ ´Gp−p_1 G^Ap_{− −}p_{1−}p_2G^Ap_{− −}p_2 } = = ∑ p1p2 { U(p1)U(p − p^′)G^Rp_{+−}p_1 G^Rp′_{+−}p_1 − U(p1)U(p − p^′ − p_1)G^Rp_{+−}p_1 G^Ap′_{−+}p_1 +

+ U(p − p^′)U(p_2)G^Ap′_{− −}p_2 G^Ap_{−−}p_2 } ´Gp′ = ∑ p^′

U^{(2)}pp_′ (qω)´Gp′ (4.152)

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 133

Šěŕěàì ňőęŋő ŋěŕőáàěďáâćěŋŋő ãąěďĺâìáï, çâő ŕőńãçěŋŋőě ğďěáì ćëàăęěŋĺě ďńï U^{(2)}pp_′ (qω) (őŕàěďěńïěňőě ćëàăęěŋĺěň ć äĺčãàŋëå áłőąłăå ć ŕàěďŕőáńěďŋěň ćëàăęěŋĺĺ) ďăěâáï ďĺăčàăňňăňĺ, ŕőłăğăŋŋëňĺ ŋă Řĺá. 4-20 (b), łőâőàëě ŕőńãçăîâáï ćáěňĺ ćőğňőęŋëňĺ \àăğàěğăŋĺïňĺ" ćŋãâàěŋŋĺå íńěłâàőŋŋëå ńĺŋĺľ ć ˚^{(2)}(p) (ĺ őąàăéěŋĺěň ŋăŕàăćńěŋĺï őďŋőľ ĺğ őáâăîéĺåáï ŋěàăğàěğăŋŋëňĺ). Őąőąéěŋĺě âăłĺå àăááãęďěŋĺľ ŋă ŕàőĺğćőńìŋëľ ŕőàïďőł âěőàĺĺ ćőğňãéěŋĺľ ĺ ďăěâ ďőłăğăâěńìáâćő âőęďěáâćă Şőàďă (4.151).

Łćăŋâőćëě ŕőŕàăćłĺ, áăňőáőčńăáőćăŋŋăï âěőàĺï ĺ ŕěàěåőď Ăŋďěàáőŋă.

Łćăŋâőćëě ŕőŕàăćłĺ ł ŕàőćőďĺňőáâĺ.

Ĺŋäőàňăæĺï, áőďěàęăéăïáï ć ďćãåçăáâĺçŋőľ äãŋłæĺĺ Čàĺŋă (4.124), ïćńïěâáï, ć ŋěłőâőàőň áňëáńě, ĺğńĺèŋěľ. Ňë ćĺďěńĺ, çâő ďńï àăáçěâă ŕàőćőďĺňőáâĺ áĺáâěňë ŋăň ďőáâăâőçŋő ğŋăâì (4.123), â.ě. ďćãåçăáâĺçŋãî äãŋłæĺî Čàĺŋă, ŕàőáãňňĺàőćăŋŋãî ŕő ĺňŕãńìáăň p ĺ p^′. Ďńï ŋěě ĺğ (4.150) ňőęŋő ŕőńãçĺâì (ŕàĺąńĺęěŋŋő!) ğăňłŋãâãî áĺáâěňã ãàăćŋěŋĺľ. Ďńï íâőčő ŕàőáãňňĺàãěň ŕő p ĺ p^′ őąě çăáâĺ ãàăćŋěŋĺï (4.150), ćőáŕőńìğőćăćèĺáì ŕàĺ íâőň âőęďěáâćőň Şőàďă (4.151). Šőčďă áàăğã ęě ŕőńãçăěň:

ω˘^{RA}(ωq) − v_F q˘^{RA}_1 (ωq) = −N (E) (4.153)

čďě ććěńĺ ˘^{RA}_1 (ωq) = 2 ∑ pp^′

(^p^q)˘^{RA}pp′ (ωq) (4.154)

Ğďěáì ^p ĺ ^q { ěďĺŋĺçŋëě ćěłâőàă ć ŋăŕàăćńěŋĺïå p ĺ q, |p| ≈ |p^′| ≈ p_F , v_F = p_F m = √_{2E} m , ă N (E) { ŕńőâŋőáâì áőáâőïŋĺľ ŋă ãàőćŋě Ťěàňĺ ďńï őąěĺå ŕàőěłæĺľ íńěłâàőŋŋőčő áŕĺŋă:

N (E) = 2ν(E) = − 2 π ∑ p^{ImG} R(Ep) = − lim_{ω→0,q→0} 22_{πi}^∑ p ´Gp (4.155)

čďě ŕőïćńěŋĺě áŕĺŋőćőľ \ďćőľłĺ" áćïğăŋő á ěě ŋăńĺçĺěň ć őŕàěďěńěŋĺïå (4.88), (4.154). Ňë ňőęěň őčàăŋĺçĺâìáï ć ŕàăćőľ çăáâĺ (4.153) ŕàěďěńőň, ãłăğăŋŋëň ć (4.155), ŕőáłőńìłã N (E) ŕàăłâĺçěáłĺ ŕőáâőïŋŋă ŋă ĺŋâěàćăńě íŋěàčĺľ ω ≪ E, v_F q ≪ E. Ŋő âěŕěàì ã ŋăá ŕőïćĺńăáì ŋőćăï äãŋłæĺï ˘^{RA}_1 (ωq), őŕàěďěńěŋŋăï ć (4.154). Ďńï ŋěě âőęě ŋãęŋő ŋăŕĺáăâì ãàăćŋěŋĺě, łőâőàőě ňőęěâ ąëâì ćëćěďěŋő ĺğ (4.150). Ďńï íâőčő ãňŋőęĺň (4.150) ŋă (^p^q) ĺ őŕïâì ŕàőáãňňĺàãěň őąě çăáâĺ ãàăćŋěŋĺï ŕő p ĺ

p^′ á ĺáŕőńìğőćăŋĺěň âőęďěáâćă Şőàďă (4.151), ă âăłęě áńěďãîéěčő ŕàĺąńĺęěŋŋőčő

ŕàěďáâăćńěŋĺï^{27}: ∑ p^′

˘^{RA}pp′ (ωq) ≈ − ´Gp 2πiν(E) ∑ p^′p^{′′ {}

1 + d(^p^q)(^p^{′′}^q)} ˘^{RA}p′′p′ (ωq) (4.161)

27Ğăňěâĺň, çâő ŕàěďáâăćńěŋĺě (4.161), äăłâĺçěáłĺ ŕàěďáâăćńïěâ áőąőľ ãçěâ ŕěàćëå ďćãå çńěŋőć áńěďãîéěčő àăğńőęěŋĺï ć àïď ŕő ŕőńĺŋőňăň Ńěęăŋďàă: ∑ p^′

˘^{RA}pp′ = ∞∑ l=0 P_l(cos θpq)˘^l_p ≈ ˘^0p + cos θpq˘^1p + · (4.156)

134 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

Řĺá. 4-20 Šĺŕĺçŋëľ čàăäĺł ćâőàőčő ŕőàïďłă ďńï áőąáâćěŋŋő { íŋěàčěâĺçěáłőľ çăáâĺ (a) ĺ áőőâćěâáâćãîéĺě ěňã čàăäĺłĺ ďńï ŋěŕàĺćőďĺňőľ ćěàèĺŋë Upp′ (qω) ć âőęďěáâćě Şőàďă (b).

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 135 ŕőńãçăěň ãàăćŋěŋĺě: [ω + M (qω)] ˘^{RA}_1 (ωq) − 1 d v_F q˘^{RA}(ωq) = 0 (4.162) čďě ććěńĺ âăł ŋăğëćăěňőě àěńăłáăæĺőŋŋőě ïďàő:

M (qω) = 2iγ +^{id}2_{πν}(_E)^∑ pp^′

(^p^q)´GpUpp′ (qω)´Gp′ (^p^′^q) (4.163)

čďě γ = πρv^2ν(E) { őŕàěďěńěŋŋăï ćëèě ąőàŋőćáłăï çăáâőâă àăááěïŋĺï ŋă ŕàĺňěáïå. Şàăćŋěŋĺï (4.153) ĺ (4.162) őąàăğãîâ ğăňłŋãâãî áĺáâěňã, ŕőğćőńïîéãî ćëàăğĺâì ĺŋâěàěáãîéãî ŋăá ďćãåçăáâĺçŋãî äãŋłæĺî ˘^{RA}(qω) çěàěğ M (qω), łőâőàăï, ć áćőî őçěàěďì, őŕàěďěńïěâáï áőčńăáŋő (4.163) çěàěğ ŋěŕàĺćőďĺňãî ćěàèĺŋã Upp′ (qω).

Šěåŋĺçěáłĺě ďěâăńĺ ćëćőďă:

Ŕěàěľďěň âěŕěàì ł ŕőďàőąŋőňã ćëćőďã (4.162) ĺ (4.163). Şňŋőęěŋĺě őąěĺå çăáâěľ (4.150) ŋă p^q_m ĺ ŕőáńěďãîéěě áãňňĺàőćăŋĺě ŕő p ĺ p^′ ďăěâ: ∑ pp^′ p^q m ω − pq m − ˚^R(E + ω, p+) + ˚^A(Ep−) − ∑ p^{′′ U}pp^{′′ (}q^{ω)ΔG}p^{′′}

˘^{RA}pp^′ (qω) =

= ∑ pp^′ p^q m ´Gp 1 2πi δ(p − p^′) − ∑ pp^′ p^q m ´Gp ∑ p^{′′} Upp^{′′} ˘^{RA}p′′p′ (qω) (4.164) čďě àăğŋőáâì áőąáâćěŋŋő { íŋěàčěâĺçěáłĺå çăáâěľ ć ńěćőľ çăáâĺ ŕěàěŕĺáăŋă á ŕőňőéìî âőęďěáâćă Şőàďă (4.151). Šőčďă ĺňěěň: ω ∑ pp^′ p^q m ˘^{RA}pp′ (qω) − ∑ pp^′

(p^q)^2 m^2 1_d p2_m 2 = 2E_{dm} ˘^{RA}pp′ (qω) − ∑ pp^′

(p^q) m ∑ p^{′′} Upp^{′′} ´Gp^{′′} ˘^{RA}pp′ (qω) =

= ∑ p p^q m ´Gp 2πi Ğăŋãńïěâáï ŕàĺ ĺŋâěčàĺàőćăŋĺĺ ŕő ãčńã! − ∑ pp^′ p^q m´ Gp ∑ p^{′′} Upp^{′′} ˘^{RA}p′′p′ (qω) (4.165)

čďě θpq { ãčőń ňěęďã ćěłâőàăňĺ p ĺ q. Ŕőńăčăï ˘^0p ∼ ˘^1p ∼ ´Gp, ňőęěň ŋăŕĺáăâì: ˘^0p = −[2πiν(E)]^{−1}´Gp ∑ p^′p^{′′}

˘^{RA}p_{′′} p_′ (ωq) (4.157)

˘^1p = −[2πiν(E)]^{−1}´Gp ∑ p^′p^{′′}

(p^{′′}^q) p_F ˘p′′ p′ (ωq) (4.158) çâő ĺ ąëńő áďěńăŋő ć (4.161). Ŕàĺ ω → 0, q → 0, á ãçěâőň (4.155) ĺ |p| ≈ |p^′| ≈ p_F , ĺňěěň: ∑ pp^′

˘^{RA}pp_′ = − 1 2πiν(E) ∑ p ´Gp ∑ p^′p^{′′}

˘^{RA}p_{′′} p_′ = ∑ p^′p^{′′}

˘^{RA}p_{′′}p_′ (4.159) ∑ pp^′

(p^q)˘^{RA}pp_′ = − d 2πiν(E) ∑ p ´Gp (p^q)^2 p^2_F ∑ p^′p^{′′}

(p^{′′}^q)˘^{RA}p_{′′}p_′ (4.160) čďě d { àăğňěàŋőáâì ŕàőáâàăŋáâćă.

136 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

çâő ďăěâ: ω ∑ pp^′ p^q m ˘^{RA}pp^′ (qω) + ∑ pp^′ p^q m´ Gp ∑ p^{′′} Upp^{′′} ˘^{RA}p′′p′ (qω) (I) =

= ∑ pp^′ p^q m ∑ p^{′′} Upp^{′′} ´Gp^{′′} ˘^{RA}pp′ (qω) (II) +q 2E dm ∑ pp^′

˘^{RA}pp_′ (qω) (4.166)

Řăááňőâàĺň ŕő őâďěńìŋőáâĺ ćłńăďë (I) ĺ (II). Ś ĺáŕőńìğőćăŋĺěň (4.161) ĺňěěň: (I) = ∑ pp^{′′} p^q m ´GpUpp′′ ∑ p^′

˘^{RA}pp′ =

= − ∑ pp^{′′} p^q m ´GpUpp′′ ´Gp′′ 2πiν(E) ∑ p^′p^{′′′} [ 1 + d(p^{′′}^q)(p^{′′′}^q)/p^2_F ] ˘^{RA}p_{′′′}p_′ = = i 2πν(E) ∑ pp^{′′} p^q m ´GpUpp′′ ´Gp′′ ∑ p^′p^{′′′} ˘^{RA}p_{′′′}p (III) +

+ id 2πν(E)p^2_F ∑ pp^{′′} (p^q)´GpUpp′′ ´Gp′′ (p^{′′}^q) ∑ p^′p^{′′′} p^{′′′}^q m ˘^{RA}p_{′′′}p_′ (4.167) Ăŋăńőčĺçŋëň őąàăğőň: (II) = ∑ p p^q m ∑ p^{′′} Upp^{′′} ´Gp^{′′} ∑ p^′

˘^{RA}pp_′ = = − ∑ p p^q m ∑ p^{′′} Upp^{′′} ´Gp^{′′} ´Gp 2πiν(E) ∑ p^′p^{′′′} { 1 + d(p^q)(p^{′′′}^q)/p^2_F } ˘^{RA}p_{′′′}p_′ =

= (III) + id 2πν(E) ∑ p (p^q)^2 p^2_F 1_{/d} ´Gp ∑ p^{′′} Upp^{′′} ´Gp^{′′} ∑ p^′p^{′′′} p^{′′′}^q m ˘^{RA}p′′′p′ =

= (III) + ∑ p^{′′} Upp^{′′} ´Gp^{′′} ∑ p^′p^{′′′} p^{′′′}^q m ˘^{RA}p_{′′′}p_′ = (III) − 2iγ ∑ pp^′ pq m ˘^{RA}pp_′ (4.168) čďě ŕàĺ ŕěàěåőďě ł ŕőáńěďŋěňã àăćěŋáâćã áŋőćă ĺáŕőńìğőćăńĺ âőęďěáâćő Şőàďă (4.151) ĺ ŕěàěŕĺáăńĺ àăğŋőáâì áőąáâćěŋŋő { íŋěàčěâĺçěáłĺå çăáâěľ, ćőáŕőńìğőćăćèĺáì ŕàőáâěľèĺň ŕàĺąńĺęěŋĺěň (4.25) łăł ˚^A − ˚^R = 2iIm˚^A = 2iγ. Šőčďă ĺğ (4.167) ĺ (4.168) ŕőńãçăěň: (I) − (II) = 2iγ ∑ pp^′ p^q m ˘^{RA}pp′ + id 2πν(E)p^2_F ∑ pp^{′′} (p^q)´GpUpp′′ ´Gp′′ (p^{′′}^q) ∑ pp^′ p^q m ˘^{RA}pp′ =

= M(qω) ∑ pp^′ p^q m ˘^{RA}pp′ (4.169) čďě M(qω) őŕàěďěńěŋő ć (4.163). Ć àěğãńìâăâě (4.166) áćőďĺâáï ł (4.162), çâő ĺ âàěąőćăńőáì!

Ć ŕàĺŋæĺŕě, ćáě íâĺ ňăŋĺŕãńïæĺĺ \ŕőçâĺ âőçŋëě". Ŋăĺąőńěě áěàìěğŋőě ãŕàőéěŋĺě, łőâőàőě ąëńő áďěńăŋő, áćïğăŋő á ĺáŕőńìğőćăŋĺěň ŕàőáâěľèěčő ŕàĺąńĺęěŋĺï ďńï áőąáâćěŋŋő { íŋěàčěâĺçěáłőľ çăáâĺ (4.25) ŕàĺ ŕàěőąàăğőćăŋĺĺ (4.168). Ěáńĺ ĺň ŋě ŕőńìğőćăâìáï, ćőğŋĺłŋěâ ŕàőáâő ąőńěě őąéěě (ŕő áàăćŋěŋĺî á (4.163)) ćëàăęěŋĺě ďńï àěńăłáăæĺőŋŋőčő ïďàă: M(qω) = 12πiν(E) ∑ p ´Gp [ ˚^R(E + ωp+) − ˚^A(Ep−) ] + id 2πν(E)p^2_F ∑ pp^′

(p^q)´GpUpp′ ´Gp′ (p^′^q) (4.170)

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 137

Ďăńìèě ćáě ğăćĺáĺâ őâ âőčő, łăłőě ŕàĺąńĺęěŋĺě ňë ąãďěň ĺáŕőńìğőćăâì ďńï ŋěŕàĺćőďĺňőľ ćěàèĺŋë Upp′ , ŋő łőŋłàěâŋëě àěğãńìâăâë ňőęŋő ŕőńãçĺâì âőńìłő ĺáŕőńìğãï ŕőńãçěŋŋëě ćëèě ŕàĺąńĺęěŋŋëě ćëàăęěŋĺï, łőâőàëě, áâàőčő čőćőàï, őŕàăćďăŋë ńĺèì ć ŕàěďěńě ďőáâăâőçŋő áńăąőčő ąěáŕőàïďłă: γ ≪ E. Šěň ŋě ňěŋěě, ňë ãćĺďĺň, çâő ććěďěŋĺě ŋěłőâőàőľ ŕàőæěďãàë áăňőáőčńăáőćăŋĺï ŕőğćőńĺâ ćëľâĺ ğă ŕàěďěńë íâĺå ŕàőáâěľèĺå ŕàĺąńĺęěŋĺľ.

Řěèăï âěŕěàì áĺáâěňã ãàăćŋěŋĺľ (4.153) ĺ (4.162), ŋăåőďĺň:

˘^{RA}(qω) = −N (E) ω + M (qω) ω^2 + ωM (qω) −^1_d v^2_F q^2

(4.171)

Ĺáŕőńìğãï ćëàăęěŋĺě (4.102), ŋěňěďńěŋŋő ŕőńãçăěň äãŋłæĺî őâłńĺłă ŕńőâŋőáâì { ŕńőâŋőáâì ć áńěďãîéěň ćĺďě:

χ(qω) = ω˘^{RA}(qω) + N (EF ) = vF q˘^{RA}_1 (qω) = −N (E)^{1d v2F q2}_{ω2} +_{ωM} (q_ω)_{− 1d v2F q2}

(4.172) Ŕàĺ ňăńëå ω, ŕàěŋěąàěčăï ω^2 ć ğŋăňěŋăâěńě (4.171) ĺńĺ (4.172), ňőęěň ŋăŕĺáăâì:

˘^{RA}(qω) = −N (E) 1 ω + iD_E (qω)q^2

(4.173)

χ(qω) = N (E)^{iDE} (q^ω)^{q2}

ω + iD_E (qω)q^2

(4.174)

čďě ććěńĺ, ŕő őŕàěďěńěŋĺî, őąőąéěŋŋëľ łőíääĺæĺěŋâ ďĺääãğĺĺ:

D_E (qω) = i 2E dm 1 M (qω) =

v^2_F d i M (qω) (4.175)

ŋěŕőáàěďáâćěŋŋő ćëàăęăîéĺľáï çěàěğ àěńăłáăæĺőŋŋőě ïďàő.

Ĺáŕőńìğãï őąéěě ćëàăęěŋĺě (4.106) ďńï ŕàőćőďĺňőáâĺ, ŕőńãçăěň: σ(ω) = ne^2 m i ω + M (0ω)

→ e^2D_E (00)N (E) ŕàĺ ω → 0 (4.176)

čďě ãçńĺ, çâő^n_{N(E)} =^{2E}_d (n { ŕńőâŋőáâì íńěłâàőŋőć).

Šăłĺň őąàăğőň, ćáě ĺŋâěàěáŋëě åăàăłâěàĺáâĺłĺ àăááňăâàĺćăěňőľ áĺáâěňë ćëàăęăîâáï çěàěğ àěńăłáăæĺőŋŋőě ïďàő (4.163). Ćěáì ćőŕàőá ć âőň, ć łăłőň ŕàĺąńĺęěŋĺĺ ěčő ňőęŋő ŕőáçĺâăâì! Ěáńĺ ďńï Upp′ (qω) ć (4.163) ćğïâì ŕàőáâěľèěě ŕàĺąńĺęěŋĺě (4.127), âő ĺğ (4.163), ć ŕàěďěńě áńăąőčő ąěáŕőàïďłă (łőčďă íâő ŕàĺąńĺęěŋĺě łăł àăğ ĺ áŕàăćěďńĺćő!) ĺňěěň^{28}:

M (00) = i τ_{tr} = 2πiρ ∑ p^{′ δ} ( E − p^{′2} 2m ) |v(p − p^′)|^2(1 − ^p^p^′) (4.177)

{ őąëçŋőě ćëàăęěŋĺě ďńï âàăŋáŕőàâŋőčő ćàěňěŋĺ àěńăłáăæĺĺ τ_{tr} ğă áçěâ àăááěïŋĺï ŋă ŕàĺňěáïå ć ňěâăńńě, őŕàěďěńïîéěě ćěńĺçĺŋã őáâăâőçŋőčő áőŕàőâĺćńěŋĺï (ŋăŕőňŋĺň, çâő ã ŋăá E = E_F ĺ ^p^p^′ = cos θpp′ ), ă (4.176) áćőďĺâáï ł áâăŋďăàâŋőľ äőàňãńě Ďàãďě: σ = ne^2 m τ_{tr} (4.178)

28Ć ´Gp âãâ ŕàőáâő ćğïâ ŕàěďěń γ → 0.

138 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

ŕàĺ ω = 0, ĺńĺ σ(ω) = ne^2 m τ_{tr} 1 − iωτ_{tr} (4.179)

ďńï łőŋěçŋőľ çăáâőâë ćŋěèŋěčő ŕőńï.

Ćőğìňěň âěŕěàì ć łăçěáâćě Upp′ (qω) łãŕěàőŋ (4.147). Šőčďă ŕőŋïâŋő, çâő ŋăńĺçĺě ďĺääãğĺőŋŋőčő ŕőńîáă ňőęěâ, ćőőąéě čőćőàï, ŕàĺćěáâĺ ł àăáåőďĺňőáâĺ àěńăłáăæĺőŋŋőčő ïďàă M (0ω) ŕàĺ ω → 0, ŕőáłőńìłã ŕàĺ ω → 0: ∫ dk k^{d−1} ω + iD_0k^2 ∼ {_{1√} ω d = 1 ln ω d = 2

(4.180)

İâă (\ĺŋäàăłàăáŋăï") àăáåőďĺňőáâì ćőğŋĺłăěâ ŕàĺ d ≤ 2^{29}. Ŕőíâőňã, ŋăàïďã á őąëçŋëň ďàãďěćáłĺň (łőŋěçŋëň ŕàĺ ω → 0) ćłńăďőň, ňőęěâ ćőğŋĺłŋãâì áĺŋčãńïàŋëľ (ć \ĺŋäàăłàăáŋőň" ŕàěďěńě ω → 0) ćłńăď ć M (0ω), łőâőàëľ ŕàĺćőďĺâ ł áěàìěğŋëň ŕőáńěďáâćĺïň (ńőłăńĺğăæĺï Ăŋďěàáőŋă). Ŋăèă ďăńìŋěľèăï ğăďăçă áőáâőĺâ ć ăłłãàăâŋőň ćëďěńěŋĺĺ âăłőčő ćłńăďă.

Ŕőďáâăćńïï (4.147) ć (4.163) ĺňěěň (q → 0, ω → 0): M (0ω) = 2iγ − 2id πν(E)p^2_F ∑ pp^′

(p^q)ImG^R(Ep)Upp′ (0ω)ImG^R(Ep^′)(p^′^q) =

= 2iγ + 4dU_0γ πν(E)p^2_F ∑ pp^′

(p^q)ImG^R(Ep) 1

ω + iD_0(p + p^′)^2

ImG^R(Ep^′)(p^′^q) (4.181)

Śďěńăěň ğďěáì ğăňěŋã ŕěàěňěŋŋőľ: k = p + p^′; p^′ = k − p. Šőčďă (4.181) ŕěàěŕĺèěâáï łăł:

M (0ω) = 2iγ + 4dU_0γ πν(E)p^2_F ∑ pk (p^q)ImG^R(Ep) 1_ω +_{iD0}k_2 ImG^R(Ep − k)(k^q) − − 4dU_0γ πν(E)p^2_F ∑ pk (p^q)^2 1_d p2_F ImG^R(Ep) 1 ω + iD_0k^2 ImG^R(Ep − k) (4.182)

Ğăňěâĺň âěŕěàì, çâő ćâőàőě áńăčăěňőě ğďěáì łőŋěçŋő ŕàĺ ω → 0 (ňőęŋő áłăğăâì, çâő őŋő ŕàőáâő \ŕěàěŋőàňĺàãěâ" çńěŋ 2iγ), ă ć âàěâìěň áĺŋčãńïàŋëľ ŕàĺ ω → 0 ćłńăď ćőğŋĺłăěâ ĺğ çńěŋă àăğńőęěŋĺï ŕőďĺŋâěčàăńìŋőčő ćëàăęěŋĺï ŋãńěćőčő ŕőàïďłă ŕő k → 0 (âőčďă ŕőïćńïěâáï ĺŋâěčàăń âĺŕă (4.180)). Ć ĺâőčě ğăŕĺèěň:

M (0ω) ≈ 2iγ − 4U^2_0 ∑ p (ImG^R(Ep))^2 ∑ k 1 ω + iD_0k^2

(4.183)

Šěŕěàì ãçâěň, çâő ć ĺáŕőńìğãěňëå ŋăňĺ ŕàĺąńĺęěŋĺïå: ∑ p (ImG^R(Ep))^2 ≈ ν(E) ∫_∞ −∞ dξ γ^2 [(E − ξ)^2 + γ^2]^2 = π 2γ ν(E) (4.184)

29Ďńï d ≥ 2 ć (4.180) ŋãęŋő ěéě ććěáâĺ őąàěğăŋĺě ŋă ćěàåŋěň ŕàěďěńě ŕàĺ k ∼ l^{−1} ∼ v^{−1}_F γ (çâő áćïğăŋő á łàĺâěàĺěň ŕàĺňěŋĺňőáâĺ ďĺääãğĺőŋŋőčő ŕàĺąńĺęěŋĺï (áň. áŋőáłã ć áćïğĺ á (4.131)).

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 139

âăł çâő: 2U_0 ∑ p (ImG^R(Ep))^2 = πU_0ν(E)γ^{−1} = 1 (4.185)

Śőőâćěâáâćěŋŋő, (4.183) áćőďĺâáï ł:

M (0ω) = 2iγ − 2U_0 ∑ k 1 ω + iD_0k^2

(4.186)

Řăááňőâàĺň âěŕěàì ŕőďàőąŋő áńãçăľ ďćãňěàŋőľ áĺáâěňë (d = 2).

Ŋăň ŋãęŋő ŕőáçĺâăâì ĺŋâěčàăń: I = ∑ k 1 ω + iD_0k^2

= ˙^2

(2π)^2

∫_Λ 0 dkk 1 ω + iD_0k^2 = 1 2π ∫_Λ 0 dkk 1 ω + iD_0k^2 =

= 14π

∫_Λ2 0 dx 1 ω + iD_0x = 1 4πiD_0 ∫_Λ2 0 1 x +^ω_{iD0} = 1 4πiD_0 ∫_Λ2 0 dx x + i^ω_{D0}

x^2 +^{ω2}_{D20}

(4.187)

Ćĺďĺň, çâő: ReI = 1 4πD_0 ω D_0

∫_Λ2 0 dx 1 x^2 +^{ω2}_{D20}

→ 0 ŕàĺ ω → 0 (4.188)

ć áĺńã áåőďĺňőáâĺ ĺŋâěčàăńă. Ś ďàãčőľ áâőàőŋë: ImI = − 1 4πD_0 ∫_Λ2 0 dx x x^2 +^{ω2}_{D20}

(4.189)

{ ńőčăàĺäňĺçěáłĺ àăáåőďĺâáï ŕàĺ ω → 0: ImI = − 1 8πD_0 ∫_Λ4 0 dz 1 z +^{ω2}_{D20}

= − 1 8πD_0 ln ( 1 + D^2_0~^4 ω^2 ) (4.190)

Śőőâćěâáâćěŋŋő, ŕàĺ ω → 0 ĺňěěň: ImI ≈ − 1 8πD_0 ln D^2_0~^4 ω^2

= − 1 4πD_0 ln D^0~^2 ω = = − 1 4πD_0 ln 1 ωτ = − m 2 1 2πEτ ln 1 ωτ (4.191)

čďě ňë ćëąàăńĺ ŕăàăňěâà őąàěğăŋĺï ~ ĺğ ãáńőćĺï^{30}:

D_0~^2 ∼ 1 τ = 2 γ (4.192)

çâő ďăěâ: ~ ∼ √ 2m E 1 τ = 2 √ 2m E γ ∼ l^{−1} (4.193)

čďě l = v_F τ { ďńĺŋă áćőąőďŋőčő ŕàőąěčă, ĺńĺ

v_F ~ ∼ 1 τ = 2γ (4.194)

á ãçěâőň v_F = √_{2E} m ĺ D_0 =^{Eτ}_m ďńï d = 2. Śőőâćěâáâćěŋŋő, ŕőńãçăěň

− 2U_0I ≈ imU_0 1 2πEτ ln 1 ωτ (4.195)

Şçâěň ěéě, çâő ďńï d = 2 ν(E) =^m_{2π} , âăł çâő mU_0 =^m_{2πν(E)τ} =^1_τ .

30Ŋĺęě ňë ěéě őąáãďĺň íâőâ ćëąőà ŕőďàőąŋěě!

140 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

Ć ĺâőčě, (4.186) áćőďĺâáï ł:

M (0ω) = i τ + i τ 1 2πEτ ln 1 ωτ (4.196)

Ĺáŕőńìğãï íâő ćëàăęěŋĺě ć (4.175), ŋăåőďĺň őąőąéěŋŋëľ łőíääĺæĺěŋâ ďĺääãğĺĺ ďćãňěàŋőľ áĺáâěňë ć ćĺďě:

D(ω) = D_0 i τ 1 M (ω) = D_0 1 +^1_{2πEτ} ln^1_{ωτ} ≈ ≈ D_0 { 1 − 1 2πEτ ln 1 ωτ } (4.197)

čďě ć ŕőáńěďŋěň àăćěŋáâćě ãçńĺ, çâő ćáě ŋăèĺ ŕàőæěďãàë ïćńïîâáï őąőáŋőćăŋŋëňĺ ńĺèì ć ãáńőćĺïå áńăąőčő ąěáŕőàïďłă, łőčďă ćëŕőńŋïěâáï ŋěàăćěŋáâćő 2πEτ ≫ 1. Ćâőàőě áńăčăěňőě ć (4.197) őŕĺáëćăěâ łćăŋâőćëě ŕőŕàăćłĺ ł ŕàőæěááã ďĺääãğĺĺ (ŕàőćőďĺňőáâĺ) ć ďćãňěàŋőľ áĺáâěňě íńěłâàőŋőć á ŕàĺňěáïňĺ (Ń.Ŕ.Čőàìłőć, Ă.Ĺ.Ńăàłĺŋ, Ď.Ě.Ţňěńìŋĺæłĺľ, 1979). Ŕőáłőńìłã ğŋăł íâĺå ŕőŕàăćőł (ć ďăŋŋőň ŕàőáâěľèěň áńãçăě ŕőâěŋæĺăńìŋőčő àăááěïŋĺï) őâàĺæăâěńìŋëľ (őŋĺ ãňěŋìèăîâ łőíääĺæĺěŋâ ďĺääãğĺĺ ŕő áàăćŋěŋĺî á ěčő łńăááĺçěáłĺň \ďàãďěćáłĺň" ğŋăçěŋĺěň D_0), âő çăáâő čőćőàïâ âăłęě ő ïćńěŋĺĺ \áńăąőľ ńőłăńĺğăæĺĺ"^{31}.

Ćáě àăááňőâàěŋĺě ŕàőćőďĺńőáì ŕőłă ďńï T = 0. Ŕàĺ łőŋěçŋëå âěňŕěàăâãàăå áãéěáâćěŋŋë ŕàőæěááë ŋěãŕàãčőčő àăááěïŋĺï íńěłâàőŋőć, ŕàĺćőďïéĺě ł ŕàőæěááăň \áąőï äăğë" (ďěłőčěàěŋæĺĺ) ćőńŋőćëå äãŋłæĺľ, á åăàăłâěàŋëň ćàěňěŋěň τ_ϕ = AT^{−p} (áâěŕěŋì p ğăćĺáĺâ őâ âĺŕă ŋěãŕàãčőčő ŕàőæěááă). Ŕőíâőňã, ćëàăęěŋĺě (4.197) ğăňěŋïěâáï ŋă:

D(ω) = D_0 1 − 1 2πEτ ln 1 M ax [ ω,^1_{τϕ} ] τ (4.198)

Ć çăáâŋőáâĺ, ďńï ω = 0, ŕőńãçăěň áâăâĺçěáłãî ŕàőćőďĺňőáâì ć ćĺďě:

σ = σ_0 { 1 − 1 2πEτ ln τ_ϕ τ } = σ_0 { 1 − p 2πEτ ln T_0 T } (4.199)

čďě T_0 { ŋěłőâőàëľ ňăáèâăą âěňŕěàăâãàë (íŋěàčĺĺ). Ĺáŕőńìğãï^n_{N(E)} = 2π^n_m = E (çâő áŕàăćěďńĺćő ďńï d = 2), ŕőńãçăěň σ_0 =^{ne2}_m τ =^{e2}_{2π} Eτ , âăł çâő (4.199) ŕěàěŕĺáëćăěâáï âăłęě łăł: σ = e^2 2π~ Eτ { 1 − 1 2πEτ ln τ_ϕ τ } (4.200)

Ğăňěâĺň, çâő^{e2}_{2π} =^{e2}_{2π~} =^{e2}_h őŕàěďěńïěâ łćăŋâőćëľ ňăáèâăą ŕàőćőďĺňőáâĺ:^{e2}_~ = 2.5 · 10^{−4}őň^{−1}.

Ńőčăàĺäňĺçěáłăï âěňŕěàăâãàŋăï ğăćĺáĺňőáâì ŕàőćőďĺňőáâĺ âĺŕă (4.199), (4.200) ďěľáâćĺâěńìŋő ŋăąńîďăěâáï íłáŕěàĺňěŋâăńìŋő ŕàĺ ďőáâăâőçŋő ŋĺğłĺå âěňŕěàăâãàăå ŕàăłâĺçěáłĺ ďńï ńîąëå ďćãňěàŋëå ňěâăńńĺçěáłĺå áĺáâěň (âőŋłĺě ŕńěŋłĺ, ďćãňěàŋëľ íńěłâàőŋŋëľ čăğ ć ŇŐŔ { áâàãłâãàăå ĺ â.ŕ.) [18, 19].

31Ěáńĺ äőàňăńìŋő ãáâàěňĺâì ć (4.197) ω → 0, âő, ć áĺńã ńőčăàĺäňĺçěáłőľ àăáåőďĺňőáâĺ, łćăŋâőćăï ŕőŕàăćłă áàăćŋĺćăěâáï ĺ ŕàěćőáåőďĺâ łńăááĺçěáłĺľ ćłńăď, ãłăğëćăï ŋă ćőğňőęŋőáâì őąàăéěŋĺï áâăâĺçěáłőľ ŕàőćőďĺňőáâĺ áĺáâěňë ŕàĺ T = 0 ć ŋãńì (ŕěàěåőď ňěâăńń { ďĺíńěłâàĺł ĺńĺ ŕěàěåőď Ăŋďěàáőŋă). Řăğãňěěâáï, ŕàĺ íâőň ňë ćëåőďĺň ğă őąńăáâì ŕàĺňěŋĺňőáâĺ àăááňăâàĺćăěňëå ćëàăęěŋĺľ ĺ âãâ âàěąãěâáï áŕěæĺăńìŋőě àăááňőâàěŋĺě, łőâőàőě ąãďěâ ŕàőćěďěŋő ŋĺęě.

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 141

Řĺá. 4-21 Ťěľŋňăŋőćáłĺě âàăěłâőàĺĺ çăáâĺæë, àăáŕàőáâàăŋïîéěľáï ĺğ âőçłĺ A ć âőçłã B (a) ĺ ŕàĺňěà âàăěłâőàĺĺ á áăňőŕěàěáěçěŋĺěň (b).

Ŋăčńïďŋăï ĺŋâěàŕàěâăæĺï łćăŋâőćëå ŕőŕàăćőł.

Řăááňőâàĺň äĺğĺçěáłĺľ áňëáń ŋăľďěŋŋëå ŋăňĺ łćăŋâőćëå ŕőŕàăćőł ł ŕàőćőďĺňőáâĺ(Ă.Ĺ.Ńăàłĺŋ, Ď.Ě.Ţňěńìŋĺæłĺľ, 1980). Ňë (ŕőłă!) àăááňăâàĺćăěň áńãçăľ áńăąőčő ąěáŕőàïďłă, ďńĺŋă áćőąőďŋőčő ŕàőąěčă l ≫~_{pF} ĺńĺ (ć áĺáâěňě ~ = 1) p_F l ≫ 1, Eτ ≫ 1. Śâăàâãï á őąëçŋőčő \ňěâăńńĺçěáłőčő" àěęĺňă ŕàőćőďĺňőáâĺ, ĺéěň ŕőŕàăćłĺ őâ \áńăąőľ ńőłăńĺğăæĺĺ":

σ = σ_0 + δσ; |δσ| ≪ σ_0 (4.201)

Őąëçŋăï ďàãďěćáłăï ŕàőćőďĺňőáâì (àěğãńìâăâ áâăŋďăàâŋőľ łĺŋěâĺçěáłőľ âěőàĺĺ), łăł ňë âőńìłő çâő ćĺďěńĺ, σ_0 ∼^{e2}~_2 Eτ. Ć íâőľ âěőàĺĺ, ŕőáńěďãîéĺě ăłâë àăááěïŋĺï àăááňăâàĺćăîâáï łăł ŋěğăćĺáĺňëě (ŋěłőààěńĺàőćăŋŋëě). Ŕàĺ íâőň íńěłâàőŋë áőćěàèăîâ őąëçŋãî (łńăááĺçěáłãî) ďĺääãğĺî, âăł çâő ďńï çăáâĺæë, ŋăåőďïéěľáï ć ňőňěŋâ ćàěňěŋĺ t = 0 ć âőçłě r_0, ćěàőïâŋőáâì őłăğăâìáï ć ňőňěŋâ t > 0 ć âőçłě r ďăěâáï àěèěŋĺěň ãàăćŋěŋĺï ďĺääãğĺĺ ĺ ć d { ňěàŋőň ŕàőáâàăŋáâćě àăćŋă:

P (rt) = e

−^|r^−r0^| 2 4D0t (4πD_0t)^{d/2}

(4.202)

čďě łńăááĺçěáłĺľ łőíääĺæĺěŋâ ďĺääãğĺĺ D_0 = v^2_F τ/d. İâă ćěàőïâŋőáâì áãéěáâćěŋŋő őâńĺçŋă őâ ŋãńï ć ŕàěďěńăå őąêěňă V_{diff} , őŕàěďěńïěňőčő ãáńőćĺěň |r − r_0|^2 ≪ 4D_0t, čďě: P (rt) ∼ 1V_{diff} = 1 (D_0t)^{d/2}

(4.203)

Ćáě íâő çĺáâő łńăááĺçěáłăï łăàâĺŋă. Řăááňőâàĺň âěŕěàì łćăŋâőćãî łăàâĺŋã ŋă ïğëłě äěľŋňăŋőćáłĺå âàăěłâőàĺľ çăáâĺæë [20], àăáŕàőáâàăŋïîéěľáï ĺğ âőçłĺ A ć âőçłã B, łăł íâő ŕőłăğăŋő ŋă Řĺá. 4-21 (a). Łăęďãî âàăěłâőàĺî ňőęŋő àăááňăâàĺćăâì łăł \âàãąłã" á łőŋěçŋőľ âőńéĺŋőľ ŕőàïďłă (áőőâŋőèěŋĺě ŋěőŕàěďěńěŋŋőáâěľ!):

λ_F =~ mv_F (4.204)

Ŕàĺ íâőň ŕőŕěàěçŋőě áěçěŋĺě \âàãąłĺ" ŕőàïďłă λ^{d−1}_F . Ć łńăááĺçěáłőň ŕàěďěńě ~ → 0 ĺ λ_F = 0. Ŕàĺ áńăąőň ąěáŕőàïďłě λ_F /l =~_{pF l} ≪ 1, â.ě. \âàãąłĺ" ďőáâăâőçŋő âőŋłĺě. Ŕãáâì âěňŕěàăâãàă âőęě

142 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

ďőáâăâőçŋő ňăńă, âăł çâő ŋěãŕàãčĺě ŕàőæěááë, åăàăłâěàĺğãěňëě ćàěňěŋěň τ_ϕ, ďőáâăâőçŋő àěďłĺ: τ_ϕ ≫ τ. Ćěàőïâŋőáâì ŕěàěåőďă A → B ŕő Ťěľŋňăŋã ěáâì: W = | | | | | ∑ i A_i | | | | | 2 = ∑ i |A_i|^2 + ∑ i≠j A_iA^∗_j (4.205)

čďě A_i { ăňŕńĺâãďă ćěàőïâŋőáâĺ ŕěàěåőďă A → B ŕő i-ľ âàăěłâőàĺĺ. Ć ąőńìæňăŋőćáłőľ łĺŋěâĺçěłőľ âěőàĺĺ, ěáâěáâćěŋŋő, ŕàěŋěąàěčăěâáï ĺŋâěàäěàěŋæĺőŋŋëň (łćăŋâőćëň!) ćłńăďőň ć (4.205). Ć ąőńìèĺŋáâćě áńãçăěć íâő őŕàăćďăŋő | ŕãâĺ (âàăěłâőàĺĺ) ĺňěîâ àăğŋëě ďńĺŋë ĺ ăňŕńĺâãďë A_i ĺňěîâ àăğŋëě (áńãçăľŋëě!) äăğë. Őďŋăłő ěáâì őďŋő ĺáłńîçěŋĺě, ă ĺňěŋŋő, áńãçăľ łőčďă A ĺ B áőćŕăďăîâ, â.ě. ŕãâĺ á áăňőŕěàěáěçěŋĺěň, âĺŕă ŕőłăğăŋŋőčő ŋă Řĺá. 4-21 (b)^{32}. Šăłőľ ğăňłŋãâëľ ŕãâì ňőęěâ ŕàőåőďĺâìáï ć ďćãå ŕàőâĺćőŕőńőęŋëå ŋăŕàăćńěŋĺïå 1 ĺ 2, ŋő ŕőáłőńìłã ŕãâĺ 1 ĺ 2 áőćŕăďăîâ, äăğë ăňŕńĺâãď A_1 ĺ A_2 łőčěàěŋâŋë ĺ ćâőàőě áńăčăěňőě ć (4.205) ďăěâ łőŋěçŋëľ ćłńăď! Śőőâćěâáâćãîéăï łńăááĺçěáłăï ćěàőïâŋőáâì ŕěàěåőďă ć áńãçăě A_1 = A_2 = A ěáâì W_{cl} = 2|A|^2 (ŕěàćëľ çńěŋ ć (4.205)), ŋő ć łćăŋâőćőň áńãçăě ćőğŋĺłăěâ ěéě ĺ ŋěŋãńěćőľ ĺŋâěàäěàěŋæĺőŋŋëľ ćłńăď (ćâőàőľ çńěŋ ć (4.205)), âăł çâő:

Wqm = 2|A|^2 + A^∗_1 A_2 + A_1A^∗_2 = 4|A|^2 (4.206)

âăł çâő Wqm = 2W_{cl} (4.207) Šăłĺň őąàăğőň, ćěàőïâŋőáâì ćőğćàăâă łćăŋâőćőľ çăáâĺæë ć ďćă àăğă ąőńìèě, çěň ã łńăááĺçěáłőľ | łćăŋâőćăï ďĺääãğĺï \ňěďńěŋŋěě" łńăááĺçěáłőľ^{33}. İâő ĺ ŕàĺćőďĺâ ł áŋĺęěŋĺî ŕàőćőďĺňőáâĺ σ { âěŋďěŋæĺĺ ł ńőłăńĺğăæĺĺ!.

Őæěŋĺň âěŕěàì ćěńĺçĺŋã δσ/σ_0. Ĺğ ŋăèĺå àăááãęďěŋĺľ áńěďãěâ, çâő ğŋăł δσ/σ_0 őâàĺæăâěńìŋëľ, ă áăňő ĺğňěŋěŋĺě ŕàőćőďĺňőáâĺ ŕàőŕőàæĺőŋăńìŋő ćěàőïâŋőáâĺ ćőğŋĺłŋőćěŋĺï (ć åőďě ďĺääãğĺĺ!) ŕãâĺ á áăňőŕěàěáěçěŋĺěň. Řăááňőâàĺň ŕãâì (\âàãąłã" á áěçěŋĺěň λ^{d−1}_F ) ć d { ňěàŋőň ŕàőáâàăŋáâćě. Ğă ĺŋâěàćăń ćàěňěŋĺ dt íńěłâàőŋ ŕàőåőďĺâ àăááâőïŋĺě dl = v_F dt, áőőâćěâáâćãîéĺľ őąêěňçĺł \âàãąłĺ" ěáâì dV = v_F dtλ^{d−1}_F . Ś ďàãčőľ áâőàőŋë, ňăłáĺňăńìŋő ďőáâãŕŋëľ őąêěň ďńï ďĺääãŋďĺàãîéěľ çăáâĺæë ěáâì, łăł ňë ćĺďěńĺ, V_{diff} (4.203). Šőčďă ćěàőïâŋőáâì íńěłâàőŋã őłăğăâìáï ć ğăňłŋãâőľ âàãąłě ňőęŋő čàãąő őæěŋĺâì, łăł ĺŋâěčàăń őâ őâŋőèěŋĺï íâĺå ďćãå őąêěňőć: W = ∫_{τin} τ dV V_{diff} = v_F λ^{d−1}_F ∫_{τϕ} τ dt (D_0t)^{d/2}

(4.208)

Ŋĺęŋĺľ ŕàěďěń ĺŋâěčàĺàőćăŋĺï őŕàěďěńïěâáï ğďěáì łàĺâěàĺěň ŕàĺňěŋĺňőáâĺ ďĺääãğĺőŋŋőčő ŕàĺąńĺęěŋĺï, ă ćěàåŋĺľ { ŕàěďěńőň ŕàĺňěŋĺňőáâĺ łćăŋâőćőľ łăàâĺŋë łőčěàěŋâŋőčő àăáŕàőáâàăŋěŋĺï çăáâĺæë. Ćáŕőňĺŋăï, çâő σ_0 ∼^{e2}~_2 Eτ, ŕőńãçăěň ŕàőáâãî őæěŋłã: δσ σ_0 ∼~ Eτ (_{τϕ} τ )_{1/2} d = 1

~ ln (_{τϕ} τ ) d = 2

~^2 (_{τϕ} τ )_{−1/2} d = 3

(4.209)

Ěáńĺ^1_{τϕ} ∼ T^p, âő (4.209) ďăěâ: δσ σ_0 ∼~ Eτ { T^{−p/2} d = 1

~p ln^{T0}_T d = 2 ~^2T^{p/2} d = 3

(4.210)

Ĺáŕőńìğőćăŋŋőě ćëèě ãáńőćĺě A_1 = A_2 ŕàěďŕőńăčăěâ íłćĺćăńěŋâŋőáâì áőáâőïŋĺľ íńěłâàőŋă á ĺňŕãńìáăňĺ p ĺ −p, â.ě. ŋăńĺçĺě áĺňňěâàĺĺ őâŋőáĺâěńìŋő őąàăéěŋĺï ćàěňěŋĺ t → −t. İâő ćěàŋő ć őâáãâáâćĺě ćŋěèŋěčő ňăčŋĺâŋőčő ŕőńï ĺ ňăčŋĺâŋëå ŕàĺňěáěľ^{34}. Ć ŕàĺáãâáâćĺĺ ŕőńï H íâĺ ďćě ăňŕńĺâãďë ŕěàěåőďă ŕàĺőąàěâăîâ äăğë ŕàőâĺćőŕőńőęŋőčő ğŋăłă:

A_1 → A_1e^{iφ} A_2 → A_2e^{−iφ} (4.211)

32Řěçì, âăłĺň őąàăğőň, ĺďěâ ő ŕàőæěááăå àăááěïŋĺï á ćőğćàăâőň (backscattering). 33İâő ěáâì áńěďáâćĺě ćőńŋőćőľ ŕàĺàőďë çăáâĺæ ć łćăŋâőćőľ ňěåăŋĺłě. Ćáě ŋăèĺ àăááãęďěŋĺï áŕàăćěďńĺćë âăłęě ĺ ďńï łńăááĺçěáłĺå ćőńŋ. Ŕàĺňěà | ãáĺńěŋĺě íåă ć ńěáã!

34Őçěŋì ïáŋőě őąáãęďěŋĺě ŕàőąńěň, áćïğăŋŋëå á őŕĺáăŋĺěň ĺŋćăàĺăŋâŋőáâĺ őâŋőáĺâěńìŋő őąàăéěŋĺï ćàěňěŋĺ ĺ ěě őâáãâáâćĺï ć áĺáâěňăå, ŋăåőďïéĺåáï ćő ćŋěèŋěň ňăčŋĺâŋőň ŕőńě ĺńĺ áőďěàęăéĺå ňăčŋĺâŋëě ŕàĺňěáĺ, ňőęŋő ŋăľâĺ ć Čń. VIII łŋĺčĺ [21].

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 143 čďě φ = e ~c ∮ dlA = 2πϕhc/e (4.212) čďě ϕ = HS { ŕőâőł ňăčŋĺâŋőčő ŕőńï çěàěğ áěçěŋĺě S ğăňłŋãâőčő ŕãâĺ (âàăěłâőàĺĺ). Ŕőáłőńìłã íńěłâàőŋ áőćěàèăěâ ďĺääãğĺőŋŋőě ďćĺęěŋĺě, ĺňěěň S ∼ D_0t, âăł çâő ϕ ∼ HD_0t. Ć àěğãńìâăâě, ćňěáâő (4.206), ďńï ćěàőïâŋőáâĺ ćőğćàăâă ňë ĺňěěň:

W_H = 2|A|^2 { 1 + cos ( 2π ϕ ϕ_0 )} (4.213)

čďě ϕ_0 =^{ch}_{2e} { łćăŋâ ŕőâőłă âěőàĺĺ áćěàåŕàőćőďĺňőáâĺ [11], áőőâćěâáâćãîéĺľ ğăàïďã 2e! Şďćőěŋŋëľ ğăàïď ćőğŋĺłăěâ ğďěáì ŕőâőňã, çâő ã ŋăá ĺŋâěàäěàĺàãîâ ćłńăďë ďćãå íńěłâàőŋőć á p ĺ −p (ăŋăńőčĺçŋő âőňã, łăł ć âěőàĺĺ áćěàåŕàőćőďĺňőáâĺ áŕăàĺćăîâáï ďćă íńěłâàőŋă á ŕàőâĺćőŕőńőęŋëňĺ ĺňŕãńìáăňĺ). Ŕàĺ H = 0 áŋőćă ĺňěěň W_{H=0} = 4|A|^2. Śőőâćěâáâćěŋŋő, ŕàĺ ŋăńĺçĺĺ ćŋěèŋěčő ňăčŋĺâŋőčő ŕőńï ćőğŋĺłăěâ őâàĺæăâěńìŋőě ňăčŋĺâőáőŕàőâĺćńěŋĺě, ćěńĺçĺŋă łőâőàőčő őŕàěďěńïěâáï àăğŋőáâìî łćăŋâőćëå ŕőŕàăćőł: ´σ(H) = δσ(H) − δσ(0) ∼ W_H − W_{H=0} ∼ ∼ v_F λ^{d−1}_F ∫_{τϕ} τ dt (D_0t)^{d/2} { 1 − cos ( 2π ϕ ϕ_0 )} > 0 (4.214)

ĺ áćïğăŋă á ŕőďăćńěŋĺěň łćăŋâőćëå (ńőłăńĺğăæĺőŋŋëå) ŕőŕàăćőł ćŋěèŋĺň ňăčŋĺâŋëň ŕőńěň. §áŋő, çâő ´σ(H) ïćńïěâáï äãŋłæĺěľ^{HDoτϕ}_{ϕ0} . \Łàĺâĺçěáłőě" ŕőńě, ŕàĺćőďïéěě ł ŕàăłâĺçěáłĺ

ŕőńŋőňã ŕőďăćńěŋĺî ńőłăńĺğăæĺőŋŋëå ŕőŕàăćőł, őŕàěďěńïěâáï ãáńőćĺěň^{Hc D0τϕ}_{ϕ0} ∼ 1, çâő ďńï âĺŕĺçŋëå D_0 ĺ τ_ϕ ďăěâ Hc ∼ 100÷500čá. İääěłâ őâàĺæăâěńìŋőčő ňăčŋĺâőáőŕàőâĺćńěŋĺï ć áńăąëå ŕőńïå ć ŋěãŕőàïďőçěŋŋëå ňěâăńńăå ďěľáâćĺâěńìŋő ŋăąńîďăěâáï ĺ ďăěâ ňěâőď ĺğãçěŋĺï łćăŋâőćëå ŕőŕàăćőł ł ŕàőćőďĺňőáâĺ ĺ åăàăłâěàŋëå ćàěňěŋ âĺŕă τ_ϕ [18, 19]^{35}.

Śăňőáőčńăáőćăŋŋăï âěőàĺï ńőłăńĺğăæĺĺ.

Ćěàŋěňáï ł őąéěľ ďĺáłãááĺĺ. Őłăğëćăěâáï ćőğňőęŋëň ŕàěďńőęĺâì ŋěłőâőàãî áåěňã áăňőáőčńăáőćăŋĺï, ŕőğćőńïîéãî àăááňőâàěâì ĺ őąńăáâì ďőáâăâőçŋő áĺńìŋőčő ąěáŕőàïďłă. Ďńï íâőčő ćěàŋěňáï ł ćëàăęěŋĺî (4.186). Őáŋőćŋăï ĺďěï áăňőáőčńăáőćăŋŋőľ âěőàĺĺ ńőłăńĺğăæĺĺ (W.G-otze, 1979, D.Vollhardt, P.W-ol‚e, 1980) áőáâőĺâ ć ğăňěŋě łńăááĺçěáłőčő łőíääĺæĺěŋâă ďĺääãğĺĺ D_0 ć ğŋăňěŋăâěńě (4.186) ŋă őąőąéěŋŋëľ łőíääĺæĺěŋâ ďĺääãğĺĺ (4.175), łőâőàëľ áăň ćëàăęăěâáï çěàěğ àěńăłáăæĺőŋŋőě ïďàő, őŕàěďěńïěňőě (4.186). Ć àěğãńìâăâě ŕőńãçăěň áńěďãîéěě ãàăćŋěŋĺě áăňőáőčńăáőćăŋĺï ďńï őŕàěďěńěŋĺï ïďàă M (0ω)^{36}:

M (ω) = 2iγ 1 + 1 πν(E) ∑ |k|<k0 i ω −^{2E}_{dm}^{k2}_{M(ω)} (4.215)

ĺńĺ íłćĺćăńěŋâŋőě (ć áĺńã (4.175)) ãàăćŋěŋĺě ďńï őąőąéěŋŋőčő łőíääĺæĺěŋâă ďĺääãğĺĺ: D_0 D_E (ω)

= 1 + 1 πν(E) ∑ |k|<k0 1 −iω + D_E (ω)k^2 (4.216)

35Ŋãęŋő çěâłő őâńĺçăâì àăááňőâàěŋŋëľ íääěłâ őâ łńăááĺçěáłőčő ňăčŋěâőáőŕàőâĺćńěŋĺï Δσ(H) σ0 ∼ −(ω_H τ)^2, čďě ω_H =^{eH}_{mc} . Ćěńĺçĺŋă łńăááĺçěáłőčő ňăčŋěâőáőŕàőâĺćńěŋĺï, ć áőőâćěâáâćãîéĺå ŕőńïå, ŋă ňŋőčő ŕőàïďłőć ňěŋìèě (4.214) ĺ ĺňěěâ ďàãčőľ ğŋăł!

36Ğăňěâĺň, çâő ŕàĺ íâőň ňë ŕàěŋěąàěčăěň ćőğňőęŋőľ ŕàőáâàăŋáâćěŋŋőľ ďĺáŕěàáĺěľ: M(qω) → M(0ω), D_E(qω) → D_E (0ω).

144 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

Ćëąőà ćěńĺçĺŋë ĺňŕãńìáă őąàěğăŋĺï k_0 ąãďěâ őąáãęďăâìáï ŋĺęě^{37}.

Ŕàěęďě çěň ğăŋĺňăâìáï ďěâăńìŋëň ăŋăńĺğőň àěèěŋĺľ (4.215) ĺ (4.216), ŕőáňőâàĺň, çâő ňőęŋő áłăğăâì \ĺğ őąéĺå áőőąàăęěŋĺľ". Ďńï íâőčő ćěàŋěňáï ł ćëàăęěŋĺî (4.173) ďńï ˘^{RA}(qω). Ňë őęĺďăěň, çâő M (ω) ňőęěâ őłăğăâìáï áĺŋčãńïàŋëň ŕàĺ ω → 0. Ć ãáńőćĺïå áãéěáâćőćăŋĺï ŕàěďěńă: R^2_{loc}(E) = − 2E dm lim_{ω→0} 1 ωM (ω) (4.217)

őŕàěďěńïîéěčő åăàăłâěàŋãî ďńĺŋã R_{loc}, ĺğ (4.173) ćëďěńïěâáï áĺŋčãńïàŋëľ ćłńăď ćĺďă^{38} (ďńï ŕàőáâőâë ŕőďàăğãňěćăěâáï âăłęě ŕàěďěń q → 0):

˘^{RA}(qω) = − N (E) ω 1 1 + R^2_{loc}q^2

(4.218)

Ć íâĺå ęě ãáńőćĺïå ãďőąŋő ććěáâĺ åăàăłâěàŋãî çăáâőâã ω_0(E):

ω^2_0(E) = − lim_{ω→0} ωM (ω) = 2E dm 1 R^2_{loc}(E) > 0 (4.219)

âăł çâő R_{loc}(E) = √ 2E dm 1 ω_0(E)

(4.220)

Ďńĺŋă R_{loc} ĺňěěâ áňëáń àăďĺãáă ńőłăńĺğăæĺĺ íńěłâàőŋŋëå áőáâőïŋĺľ ć ŕőńě áńãçăľŋőčő ŕőâěŋæĺăńă ŕàĺňěáěľ [16]. Ć ãáńőćĺïå áãéěáâćőćăŋĺï ãłăğăŋŋëå ŕàěďěńőć íńěłâàőŋŋëě áőáâőïŋĺï ŋă ãàőćŋě Ťěàňĺ E őłăğëćăîâáï ńőłăńĺğőćăŋŋëňĺ ĺ áĺáâěňă őłăğëćăěâáï ć áőáâőïŋĺĺ ăŋďěàáőŋőćáłőčő ďĺíńěłâàĺłă. Ŕěàěåőď Ăŋďěàáőŋă ĺńĺ ïćńěŋĺě ńőłăńĺğăæĺĺ íńěłâàőŋőć ć ŋěãŕőàïďőçěŋŋëå áĺáâěňăå őâŋőáĺâáï ł çĺáńã őáŋőćŋëå ŕőŋïâĺľ áőćàěňěŋŋőľ âěőàĺĺ ŋěãŕőàïďőçěŋŋëå áĺáâěň [22]. Ŋĺęě ňë ãćĺďĺň, çâő àăááňăâàĺćăěňăï âěőàĺï ďőáâăâőçŋő ãáŕěèŋő őŕĺáëćăěâ íâőâ ŕěàěåőď.

Ŋăńĺçĺě ńőłăńĺğăæĺĺ (ćőğŋĺłŋőćěŋĺě ďĺíńěłâàĺłă Ăŋďěàáőŋă) áćïğëćăěâáï ć ďăŋŋőň ŕőďåőďě á áãéěáâćőćăŋĺěň ŕàěďěńă (4.217), â.ě. á łőŋěçŋőáâìî åăàăłâěàŋőľ çăáâőâë ω_0(E), őŕàěďěńïěňőľ (4.219). Ĺŋëňĺ áńőćăňĺ, íâő áőőâćěâáâćãěâ ćőğŋĺłŋőćěŋĺî àăáåőďĺňőáâĺ àěńăłáăæĺőŋŋőčő ïďàă: ReM (0ω) = −^{ω20 (E)}_ω ŕàĺ ω → 0. İâő őğŋăçăěâ, çâő àěńăłáăæĺőŋŋőě ïďàő ŕàĺ q → 0 ĺ ω → 0 ŕàěďáâăćńïěâáï ć áńěďãîéěň ćĺďě:

M (0ω) = {_i τ_E (ňěâăńń) i τ_E − ω20(E) ω (ďĺíńěłâàĺł Ăŋďěàáőŋă)

(4.221)

Ćőŕàőá âőńìłő ć âőň, ňőęŋő { ńĺ ŋăľâĺ âăłĺě àěèěŋĺï ãàăćŋěŋĺï (4.215)?

Ŕàĺ őąáãęďěŋĺĺ ćëąőàă ŕăàăňěâàă őąàěğăŋĺï ć (4.215) ĺ (4.216) ğăňěâĺň, çâő ĺğ ćëàăęěŋĺï (4.163) ĺ ŕàőáâěľèěľ őæěŋłĺ (ďńï áńãçăï áńăąőčő ąěáŕőàïďłă!)

´Gp ∼ ImG^R(Ep) ∼ δ^(E − p^2_{2m}^) ïáŋő, çâő áãňňăàŋëľ ĺňŕãńìá k = p + p^′ ć

37Řăğãňěěâáï, ŕàěďńőęěŋŋăï áåěňă áăňőáőčńăáőćăŋĺï ćŋőáĺâ ć âěőàĺî íńěňěŋâ \ŋěłőŋâàőńĺàãěňőáâĺ", çâő åăàăłâěàŋő ĺ ďńï àïďă ďàãčĺå \áăňőáőčńăáőćăŋŋëå" âěőàĺľ. Ćőőąéě čőćőàï, ňőęŋő ŕàőćěáâĺ ĺ ąőńěě áâàőčĺľ ćëćőď ãàăćŋěŋĺľ (4.215), (4.216) (D.Vollhardt, P.W-ol‚e, 1982), őáŋőćăŋŋëľ ŋă őąéěň ďĺăčàăňňŋőň ăŋăńĺğě á őâąàăáëćăŋĺěň ňěŋěě áĺŋčãńïàŋëå (ŕàĺ ω → 0) ćłńăďőć, ŋő ňë ŋě ąãďěň ŋă íâőň őáâăŋăćńĺćăâìáï. Őŕàăćďăŋĺěň ŕńőďőâćőàŋőáâĺ âăłőčő ŕőďåőďă ïćńïîâáï, ć łőŋěçŋőň áçěâě, ŕőńãçăěňëě ć ěčő àăňłăå äĺğĺçěáłĺě àěğãńìâăâë.

38Ŋăńĺçĺě âăłőčő ćłńăďă ć ˘^{RA}(qω) áőőâćěâáâćãěâ őąéěňã łàĺâěàĺî ńőłăńĺğăæĺĺ íńěłâàőŋőć ć ŕőńě áńãçăľŋőčő ŕőâěŋæĺăńă ŕàĺňěáěľ, â.ě. ŕěàěåőďã áĺáâěňë ć ďĺíńěłâàĺçěáłőě áőáâőïŋĺě [16].

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 145

Upp^′ (qω) ňőęěâ ňěŋïâìáï (ŕő ňőďãńî) őâ 0 ďő 2pF . Ś ďàãčőľ áâőàőŋë, áăňő ćë-

àăęěŋĺě ďńï Upp′ (qω) (4.147) (\łãŕěàőŋ"), ĺáŕőńìğãěňőě ŋăňĺ, áŕàăćěďńĺćő ńĺèì ďńï |p + p^′| ≤ l^{−1} (łàĺâěàĺľ ŕàĺňěŋĺňőáâĺ ďĺääãğĺőŋŋőčő ŕàĺąńĺęěŋĺï). Őâáîďă ïáŋő, çâő ĺňŕãńìá őąàěğăŋĺï ć (4.215) ĺ (4.216), ŕő ŕőàïďłã ćěńĺçĺŋë, ňőęŋő őæěŋĺâì łăł:

k_0 ∼ M in{p_F , l^{−1}} (4.222) Ťăłâĺçěáłĺ, ŕěàěåőď Ăŋďěàáőŋă ŕàőĺáåőďĺâ ŕàĺ p_F l ∼ 1 (âăł ŋăğëćăěňëľ łàĺâěàĺľ Ĺőääě { Řěčěńï) [22], âăł çâő ďńï ěčő ĺááńěďőćăŋĺï ďőáâăâőçŋő ŕőńőęĺâì:

k_0 = x_0p_F = x_0 √ 2mE (4.223)

čďě x_0 = const ∼ 1 ÷ 2.

Ŕěàěľďěň âěŕěàì ł àěèěŋĺî ãàăćŋěŋĺï áăňőáőčńăáőćăŋĺï (4.215) (Ă.Ć.Ňïáŋĺłőć, Ň.Ć.Śăďőćáłĺľ, 1982). Ććěďěň ąěğàăğňěàŋãî ŕěàěňěŋŋãî ĺŋâěčàĺàőćăŋĺï y = k x0 √ 2mE ĺ ŕěàěŕĺèěň (4.215) ć ćĺďě: M (ω) = 2iγ + dλx^{d−2}_0 M (ω) ∫_1 0 dyd^{d−1} 1 y^2 −^{dω}_{4x20E2} M (ω)

(4.224)

čďě λ | ŕăàăňěâà ŋăèěľ âěőàĺĺ ćőğňãéěŋĺľ (ŕő ąěáŕőàïďłã): λ = 1 2πEτ = γ πE = ( m 2π )_{d/2} E^d_2 −2 ` (_d 2 ) ρv^2 (4.225)

čďě ãçńĺ, çâő γ = πρv^2ν(E) ĺ ćĺď ŕńőâŋőáâĺ áőáâőïŋĺľ áćőąőďŋëå íńěłâàőŋőć ć ŕàőáâàăŋáâćě àăğňěàŋőáâĺ d: ν(E) = ( m 2π )_{d/2} E^d_2 −1 ` (_d 2 ) (4.226)

Ňěâăńńĺçěáłăï äăğă.

Ŕőńăčăï ć (4.224) ω = 0 ĺ àăááňăâàĺćăï ňěâăńńĺçěáłĺľ àěęĺň ĺğ (4.221), łőčďă ReM (ω = 0) = 0 ĺ ImM (ω = 0) = 1/τ_E , áàăğã ŕőńãçăěň ĺğ (4.224):

τ_E = 1 2γ { 1 − d d − 2 λx^{d−2}_0 } (4.227)

Šőčďă ĺğ (4.176) ŋěňěďńěŋŋő ŕőńãçăěň áâăâĺçěáłãî ŕàőćőďĺňőáâì áĺáâěňë ć ćĺďě: σ = ne^2 m 1 2γ { 1 − ( E_c E ) 4−d_2 } ; 2 < d < 4 (4.228) čďě E_c = { d d − 2 x^{d−2}_0 ` (_d 2 ) (2π)^{− d2} } 2_{4−d} E_{sc} (4.229)

čďě ććěďěŋă åăàăłâěàŋăï íŋěàčĺï:

E_{sc} = m^{d4−d} (ρv^2)^{24−d} (4.230)

146 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

ãęě ćáâàěçăćèăïáï ŋăň ć (4.74) ĺ őŕàěďěńïîéăï őąńăáâì \áĺńìŋőľ áćïğĺ" (áĺńìŋőčő àăááěïŋĺï) ŋă őáĺ íŋěàčĺľ ďńï íńěłâàőŋă ć áńãçăľŋőň ŕőńě ŕàĺňěáěľ, ĺ ćőğŋĺłăîéăï ĺğ ŕàőáâěľèěľ őæěŋłĺ γ ∼ ρv^2ν(E) ∼ E (á ãçěâőň (4.226)), áőőâćěâáâćãîéěľ łàĺâěàĺî Ĺőääě { Řěčěńï (ĺ ŕàěďěńã ŕàĺňěŋĺňőáâĺ ĺáŕőńìğãěňőľ ŋăňĺ âěőàĺĺ ćőğňãéěŋĺľ!)^{39}. Ńěčłő ćĺďěâì, çâő íŋěàčĺï E_c ∼ E_{sc} (4.229) ĺčàăěâ àőńì ŕőàőčă ŕőďćĺęŋőáâĺ [22]. Ďěľáâćĺâěńìŋő, ŕàĺ E > E_c ĺğ (4.228) ŕőńãçăěň: σ ≈ ne^2 m 1 2γ(E_c) ( 4 − d 2 ) ( E − E_c E_c ) ∼ E − E_c E_c (4.231)

âăł çâő áâăâĺçěáłăï ŕàőćőďĺňőáâì áĺáâěňë ŕàĺ T = 0 őąàăéăěâáï ć ŋãńì, łőčďă íŋěàčĺï Ťěàňĺ E → E_c. İâő ĺ őğŋăçăěâ, çâő ć áĺáâěňě ŕàőĺáåőďĺâ ăŋďěàáőŋőćáłĺľ ŕěàěåőď ňěâăńń { ďĺíńěłâàĺł (ńőłăńĺğăæĺï Ăŋďěàáőŋă).

Ŕàĺćěďěň ïćŋëě ćëàăęěŋĺï ďńï d = 3. Ŕàĺŋĺňăï, ďńï őŕàěďěńěŋŋőáâĺ, x_0 = 1, ĺňěěň: E_c = 9 2π^4 m^3(ρv^2)^2 (4.232)

Ŋěâàãďŋő ćĺďěâì, çâő ć âěàňĺŋăå ąěğàăğňěàŋőčő ŕăàăňěâàă âěőàĺĺ ćőğňãéěŋĺľ λ ĺğ (4.225) íâő áőőâćěâáâćãěâ łàĺâĺçěáłőňã ğŋăçěŋĺî λ_c =^{d−2}_d x^{2−d}_0 = 1/3 ĺńĺ E γ(E) | | |_{E=Ec} = 3 π ĺńĺ p_F l = 3 π (4.233)

čďě l =^{vF}_{2γ} { \ąőàŋőćáłăï" ďńĺŋă áćőąőďŋőčő ŕàőąěčă, łőâőàãî ňőęŋő àăááňăâàĺćăâì ć łăçěáâćě ňěàë ąěáŕőàïďłă ć áĺáâěňě. Šőčďă (4.233) ŕőńŋőáâìî áőőâćěâáâćãěâ őąëçŋőľ äőàňãńĺàőćłě łàĺâěàĺï Ĺőääě { Řěčěńï: ďńĺŋă áćőąőďŋőčő ŕàőąěčă ć ňěâăńńě ŋě ňőęěâ ąëâì ňěŋìèě åăàăłâěàŋőľ ćěńĺçĺŋë ŕőàïďłă ňěęăâőňŋőčő àăááâőïŋĺï [22], á ďăńìŋěľèĺň àőáâőň ąěáŕőàïďłă áĺáâěňă ŕěàěåőďĺâ ć áőáâőïŋĺě ăŋďěàáőŋőćáłőčő ďĺíńěłâàĺłă. \Łàĺâĺçěáłőľ" ďńĺŋě áćőąőďŋőčő ŕàőąěčă ĺğ (4.233) áőőâćěâáâćőćăńă { ąë \ďàãďěćáłăï" ŕàőćőďĺňőáâì:

σ_c = ne^2 m 1 2γ(E_c) = e^2p_F 3π^2~^2 ( p_F l ~ )| | |_{E=Ec} = e^2p_F π^3~^2

(4.234)

čďě ãçńĺ, çâő n =^{p3F}_{3π2~3} ĺ ćěğďě \ćőááâăŋőćĺńĺ" ~. Ććĺďã p_F ∼^~_a , čďě a { ňěęăâőňŋőě àăááâőïŋĺě, ćěńĺçĺŋă σ_c (4.234) ŕő ŕőàïďłã áőćŕăďăěâ á ňőââőćáłőľ őæěŋłőľ \ňĺŋĺňăńìŋőľ ňěâăńńĺçěáłőľ ŕàőćőďĺňőáâĺ": σ_{mm} ≈ 1 π^3 e^2 ~a (4.235)

çâő ŕàĺ a ∼ 3A ďăěâ σ_{mm} ∼ 2 · 10^2őň^{−1}áň^{−1}.

Ğăŕĺáëćăï (4.227) łăł

τ_E = 1 2γ { 1 − 3 πE γ } = 1 2γ { 1 − γ(E) γ(E_c) } (4.236)

ňőęŋő ŕěàěŕĺáăâì (4.228) ć ćĺďě:

σ = σ_0 { 1 − σ_c σ_0 } = σ_0 − σ_c (4.237)

39Şęě ĺğ íâĺå ŕàőáâëå äőàňãń ćĺďŋă ćëďěńěŋŋăï àőńì àăğňěàŋőáâěľ ŕàőáâàăŋáâćă d = 2 ĺ d = 4, ĺčàăîéĺå àőńì ŋĺęŋěľ ĺ ćěàåŋěľ łàĺâĺçěáłőľ àăğňěàŋőáâĺ ďńï ŕěàěåőďă Ăŋďěàáőŋă.

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 147

čďě \ďàãďěćáłăï" ŕàőćőďĺňőáâì σ_0 =^{ne2}_m^1_{2γ} ćëáâãŕăěâ ć łăçěáâćě ňěàë ąěáŕőàïďłă. Ŕàĺ áńăąőň ąěáŕőàïďłě (ąőńìèőľ ďńĺŋě áćőąőďŋőčő ŕàőąěčă) σ_0 ≫ σ_c ĺ ĺğ (4.237) áńěďãěâ őąëçŋëľ àěğãńìâăâ σ ≈ σ_0. Ŕàĺ àőáâě ąěáŕőàïďłă (ãňěŋìèěŋĺĺ ďńĺŋë ŕàőąěčă) σ → 0 ŕàĺ σ_0 → σ_c ≈ σ_{mm}. Őâáîďă ćĺďŋő, çâő σ_{mm} őŕàěďěńïěâ åăàăłâěàŋëľ ňăáèâăą ŕàőćőďĺňőáâĺ, ŋă łőâőàőň ŕàőĺáåőďĺâ ŋěŕàěàëćŋëľ (ćőŕàěłĺ àăŋŋĺň ĺďěïň Ňőââă [22]) ŕěàěåőď ňěâăńń { ďĺíńěłâàĺł, ĺŋďãæĺàőćăŋŋëľ ąěáŕőàïďłőň. Şďĺćĺâěńìŋő, çâő íâĺ ŕàőáâëě äőàňãńë ŕőďâćěàęďăîâáï íłáŕěàĺňěŋâăńìŋő ďńï ňŋőčĺå àěăńìŋëå áĺáâěň [16].

Ĺğ ŋăèĺå őæěŋőł ćĺďŋő, çâő ďńï d = 3 ŕőàőč ŕőďćĺęŋőáâĺ Ec ŕőŕăďăěâ ć őąńăáâì \áĺńìŋőľ áćïğĺ" Esc = m^3(ρv^2)^2 (Ň.Ć.Śăďőćáłĺľ, 1977), čďě ąěğàăğňěàŋëľ ŕăàăňěâà âěőàĺĺ ćőğňãéěŋĺľ λ ∼ 1 ĺ, áâàőčő čőćőàï, ŋãęěŋ ãçěâ ćáěå ďĺăčàăňň âěőàĺĺ ćőğňãéěŋĺľ. Ś ďàãčőľ áâőàőŋë, ŕàĺ d → 2 ĺğ (4.229) ćĺďŋő, çâő Ec → ∞, ć áőőâćěâáâćĺĺ á łăàâĺŋőľ ŕőńŋőľ ńőłăńĺğăæĺĺ ŕàĺ áłőńì { ãčőďŋő áńăąőň ąěáŕőàïďłě ďńï d = 2 (P.W.Anderson, E.Abrahams, D.C.Licciardello, D.J.Thouless, 1979).

Šő őąáâőïâěńìáâćő, çâő ŕőàőč ŕőďćĺęŋőáâĺ ŕőŕăďăěâ ć őąńăáâì \áĺńìŋőľ áćïğĺ" ïćńïěâáï őďŋőľ ĺğ őáŋőćŋëå ŕàĺçĺŋ ŋěğăćěàèěŋŋőáâĺ âěőàĺĺ ńőłăńĺğăæĺĺ ĺ âàěąãěâ àăğćĺâĺï ŋőćëå, áãéěáâćěŋŋő ŋěŕěàâãàąăâĺćŋëå, ňěâőďőć àăááňőâàěŋĺï^{40}.

Ďĺíńěłâàĺł Ăŋďěàáőŋă.

Ŕěàěľďěň ł àăááňőâàěŋĺî őąńăáâĺ ńőłăńĺğőćăŋŋëå áőáâőïŋĺľ E < E_c (ďĺíńěłâàĺłă Ăŋďěàáőŋă). Ĺéěň àěèěŋĺě (4.215) ć ćĺďě ćâőàőčő ćëàăęěŋĺï ć (4.221). Ćëďěńïï ďěľáâćĺâěńìŋãî çăáâì (4.215), ŕàĺ ω → 0, ŋăåőďĺň ãàăćŋěŋĺě, őŕàěďěńïîéěě ω^2_0(E): 1 = dλx^{d−2}_0 ∫_1 0 dyy^{d−1} 1 y^2 +^{dω20(E)} 4x20E2 (4.238)

Ăŋăńőčĺçŋëň őąàăğőň, ĺğ ňŋĺňőľ çăáâĺ (4.215), ŕàĺ ω → 0, ŋăåőďĺň ãàăćŋěŋĺě ďńï τ_E ć őąńăáâĺ ńőłăńĺğăæĺĺ: 1 − 2γτ_E = dλx^{d−2}_0 ∫_1 0 dyy^{d+1} 1 [ y^2 +^{dω20 (E)} 4x20E2 ]_2 (4.239)

Ĺáŕőńìğãï (ŕàĺ ω^2_0 → 0) ŕàőáâěľèãî őæěŋłã ĺŋâěčàăńă^{41} ć (4.238), ĺňěěň: 1 ≈ dλx^{d−2}_0 1∫ (_{dω20(E)} 4x20E2 )_{1/2} dyy^{d−3} =

= dλx^{d−2}_0^1_{d−2} { 1 − (_{dω20(E)} 4x20E2 )^{d−2}_2 }

(2 < d < 4)

λ ln^{2x20E2}_{ω20(E)} (d = 2)

(4.240)

őâłãďă, ĺáŕőńìğãï őŕàěďěńěŋĺě (4.229), ŕőńãçăěň:

ω^2_0(E) = 4 d x^2_0E^2 { 1 − (_E E_c ) 4−d_2 }^2d−2 (2 < d < 4)

2x^2_0E^2 exp ( −^1_λ ) (d = 2)

(4.241)

40Ąőńěě ŕőďàőąŋő á íâĺňĺ ćőŕàőáăňĺ ňőęŋő ŕőğŋăłőňĺâìáï ŕő őąğőàăň: Ň.Ć.Śăďőćáłĺľ. ŞŤŊ 133, 223 (1981), Ĺ.Ň.Śãáńőć. ŞŤŊ 168, 503 (1998).

41Ĺŋâěčàăń ğďěáì ňőęŋő ćëçĺáńĺâì ĺ âőçŋő, íâő ŕàĺćěďěâ ńĺèì ł ŋěáãéěáâćěŋŋőňã ĺğňěŋěŋĺî ŋěłőâőàëå łőŋáâăŋâ ć őłőŋçăâěńìŋëå őâćěâăå.

148 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

Ŕőńőęěŋĺě ŕőàőčă ŕőďćĺęŋőáâĺ ŋă őáĺ íŋěàčĺľ, ěáâěáâćěŋŋő, őŕàěďěńïěâáï ãáńőćĺěň ω^2_0(E_c) = 0. Ďńï d = 2 ćěńĺçĺŋă ω^2_0(E) > 0 ďńï ńîąëå E, çâő áőőâćěâáâćãěâ łăàâĺŋě ŕőńŋőľ ńőłăńĺğăæĺĺ ć ďćãňěàŋëå áĺáâěňăå, ďăęě ŕàĺ áłőńì ãčőďŋő áńăąőň ąěáŕőàïďłě (P.W.Anderson, E.Abrahams, D.C.Licciardello, D.J.Thouless, 1979). Ğăňěâĺň, őďŋăłő, çâő ŕàĺ áńăąőň ąěáŕőàïďłě (λ ≪ 1) ω^2_0(E), ć íâőň áńãçăě, íłáŕőŋěŋæĺăńìŋő ňăńă, çâő ďěľáâćĺâěńìŋő áőőâćěâáâćãěâ áńăąőľ ńőłăńĺğăæĺĺ.

Ĺáŕőńìğãï \ŕàěďáâăćńěŋĺě ěďĺŋĺæë" ć ćĺďě (4.238) ć (4.239), ŕőńãçăěň áćïğì τ_E á ω^2_0(E) ć ćĺďě: 2γτ_E = dλx^{d−2}_0 dω^2_0(E) 4x^2_0E^2

∫_1 0 dy y^{d−1} [ y^2 +^{dω20 (E)} 4x20E2 ]_2 ≈

≈ dλx^{d−2}_0 1 d − 4 { dω^2_0(E) 4x^2_0E^2 − ( dω^2_0(E) 4x^2_0E^2

)^{d−2}_2 } (d < 4) (4.242)

âăł çâő ŕàĺ ω^2_0(E) → 0 (ćąńĺğĺ ŕőàőčă ŕőďćĺęŋőáâĺ) ĺňěěň:

2γτ_E = d 4−d λx^{d−2}_0 (_{dω20(E)} 4x20E2 )^{d−2}_2

(2 < d < 4) λ [ 1 −^{ω20(E)}_{2x}2_{0E2} ] (d = 2)

(4.243)

Ĺğ (4.220) ĺ (4.241) ŋăåőďĺň àăďĺãá ńőłăńĺğăæĺĺ^{42}: R_{loc}(E) = 1 x_0 √ 2mE { 1 − ( E E_c ) 4−d_2 }^{− 1}d−2 ∼ 1 p_F | | | E − E_c E_c | | | −ν ; E ≤ E_c (4.245)

čďě łàĺâĺçěáłĺľ ĺŋďěłá ν: ν = 1 d − 2 (4.246)

Ććěďěň âěŕěàì åăàăłâěàŋãî ńőłăńĺğăæĺőŋŋãî łőààěńïæĺőŋŋãî ďńĺŋã (áőćŕăďăîéãî á R_{loc} ŕàĺ E ≤ E_c, â.ě. ć ďĺíńěłâàĺçěáłőľ äăğě) á ŕőňőéìî áőőâŋőèěŋĺï:

ξ_{loc}(E) = 1 x_0 √ 2mE = [ 1 − (_E E_c )^{4−d}_2 ]^{− 1}d−2 ; E ≤ E_c [ 1 − (_{Ec} E )^{4−d}_2

]_− 1_{d−2} ; E > E_c âăł çâő (4.247)

ξ_{loc}(E) ∼ 1 p_F | | | E − E^c E_c | | |^{−ν} ; E ∼ E_c (4.248)

İâă ćěńĺçĺŋă őŕàěďěńěŋă âăłęě ĺ ŕàĺ E > E_c, â.ě. ĺ ć ňěâăńńĺçěáłőľ äăğě. Šőčďă ňőęŋő ŕěàěŕĺáăâì ćëàăęěŋĺě (4.228) ďńï ŕàőćőďĺňőáâĺ ć ňěâăńńĺçěáłőľ äăğě ć ćĺďě: σ = ne^2 m 1 2γ (x_0p_F ξ_{loc})^{2−d} = σ_0 (x_0p_F ξ_{loc})^{d−2}

∼ (E − E_c)^{(d−2)ν} (4.249)

42Ďńï d = 2 ăŋăńőčĺçŋő ŕőńãçăěň R_{loc}(E) = 1 x_0 √ 2mE exp { πE mρv^2 } (4.244)

âăł çâő ć íâőň áńãçăě àăďĺãá ńőłăńĺğăæĺĺ íłáŕőŋěŋæĺăńìŋő ćěńĺł ć áńãçăě áńăąőčő àăááěïŋĺï.

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 149

{ âăł ŋăğëćăěňëľ ğăłőŋ Ćěčŋěàă (F.Wegner, 1976) á łàĺâĺçěáłĺň ĺŋďěłáőň ŕàőćőďĺňőáâĺ:

s = (d − 2)ν (4.250)

Ć çăáâŋőáâĺ, ďńï d = 3 (ŕőńăčăï x_0 = 1) ĺňěěň: σ = σ_0 p_F ξ_{loc}(E) ∼ (E − E_c); E > E_c (4.251)

ĺ łàĺâĺçěáłĺľ ĺŋďěłá ŕàőćőďĺňőáâĺ s = 1. Ĺňěŋŋő âăłőě ŕőćěďěŋĺě ŕàőćőďĺňőáâĺ íłáŕěàĺňěŋâăńìŋő ŋăąńîďăěâáï ć őłàěáâŋőáâĺ ŕěàěåőďă ňěâăńń { ďĺíńěłâàĺł, ćëğćăŋŋőčő àăğãŕőàïďőçěŋĺěň, ďńï æěńőčő àïďă áĺáâěň [16]. Őďŋăłő, ć æěńőň àïďě áńãçăěć ŋăąńîďăěâáï ŕőćěďěŋĺě ŕàőćőďĺňőáâĺ, áőőâćěâáâćãîéěě łàĺâĺçěáłőňã ĺŋďěłáã s ≈ 1/2. Őąëçŋő íâő ŋěáőőâćěâáâćĺě ŕàĺŕĺáëćăěâáï àőńĺ ňěęíńěłâàőŋŋőčő ćğăĺňőďěľáâćĺï, łőâőàőě ŋě ãçĺâëćăńőáì ć ŕàőćěďěŋŋőň ćëèě ăŋăńĺğě. Őďŋăłő ŕőńŋăï ïáŋőáâì ć íâőň ćőŕàőáě ć ŋăáâőïéěě ćàěňï őâáãâáâćãěâ^{43}.

Őâňěâĺň, çâő ćáě íâĺ áőőâŋőèěŋĺï ğăŕĺáăŋë ĺáåőďï ĺğ ăŋăńőčĺľ áő áłíľńĺŋčőćëň őŕĺáăŋĺěň łàĺâĺçěáłĺå ïćńěŋĺľ ŕàĺ äăğőćëå ŕěàěåőďăå II àőďă [11] ĺ áőőâćěâáâćãîâ łăàâĺŋě áłíľńĺŋčă ŋă ŕőàőčě ŕőďćĺęŋőáâĺ (P.W.Anderson, E.Abrahams, D.C.Licciardello, D.J.Thouless, 1979). Ć âőęě ćàěňï ğăňěâĺň, ćő ĺğąěęăŋĺě ŋěďőàăğãňěŋĺľ, çâő ŕěàěåőď Ăŋďěàáőŋă ŋě ïćńïěâáï äăğőćëň ŕěàěåőďőň II àőďă ć őąëçŋőň âěàňőďĺŋăňĺçěáłőň áňëáńě, ěčő őŕĺáăŋĺě ğăćěďőňő ïćńïěâáï ąőńěě áńőęŋëň. Ć çăáâŋőáâĺ, ďńï ŋěčő ďő áĺå ŕőà őâáãâáâćãěâ őąéěŕàĺŋïâőě őŕàěďěńěŋĺě ŕăàăňěâàă ŕőàïďłă. Šàãďŋőáâĺ ć ŕőáâàőěŋĺĺ ŕőáńěďőćăâěńìŋőľ âěőàĺĺ ŕěàěåőďă Ăŋďěàáőŋă (ďăęě ć őďŋőçăáâĺçŋőň ŕàĺąńĺęěŋĺĺ), ć ğŋăçĺâěńìŋőľ ňěàě, áćïğăŋë á âěň, çâő ŕőàőč ŕőďćĺęŋőáâĺ ŕőŕăďăěâ ć ŋě àăğ ãęě ãŕőňĺŋăćèãîáï őąńăáâì \áĺńìŋőľ áćïğĺ" ŋă őáĺ íŋěàčĺľ (ïćńïîéãîáï ŕàïňëň ăŋăńőčőň čĺŋğąãàčőćáłőľ łàĺâĺçěáłőľ őąńăáâĺ âěőàĺĺ łàĺâĺçěáłĺå ïćńěŋĺľ (Ň.Ć.Śăďőćáłĺľ, 1977)), čďě ŋěőąåőďĺňő ãçĺâëćăâì ćáě ďĺăčàăňňë äěľŋňăŋőćáłőčő àïďă âěőàĺĺ ćőğňãéěŋĺľ ĺńĺ ĺáŕőńìğőćăâì áãéěáâćěŋŋő ŋěŕěàâãàąăâĺćŋëě ňěâőďë^{44}. Őâńĺçĺě őâ őąëçŋőľ âěőàĺĺ łàĺâĺçěáłĺå ïćńěŋĺľ ğďěáì ć âőň, çâő ć ŋěľ ćğăĺňőďěľáâćĺě äńãłâãăæĺľ ć łàĺâĺçěáłőľ őąńăáâĺ áâăŋőćĺâáï łăł àăğ áńăąëň, ŕő łàăľŋěľ ňěàě ć ŕàőáâàăŋáâćě á d = 4 − ε.

Ć łăçěáâćě ěéě őďŋőčő ŕàĺňěàă ŕőćěďěŋĺï äĺğĺçěáłĺå ćěńĺçĺŋ ŕàĺ ŕěàěåőďě Ăŋďěàáőŋă àăááňőâàĺň ďĺíńěłâàĺçěáłãî ŕàőŋĺæăěňőáâì (ć äăğě ăŋďěàáőŋőćáłőčő ďĺíńěłâàĺłă). Ĺğ őąéěčő őŕàěďěńěŋĺï (2.109) ĺňěěň:

ϵ(qω) = 1 + 4^{πe2}_{q2} χ(qω) (4.252)

čďě χ(qω) { ğăŕăğďëćăîéăï äãŋłæĺï őâłńĺłă ŕńőâŋőáâì { ŕńőâŋőáâì. Šőčďă ĺáŕőńìğãï (4.173), (4.174) ĺ (4.221), (4.245), ŋěňěďńěŋŋő ŕőńãçăěň:

ϵ(0ω → 0) = 1 + ω^2_p

ω^2_0(E)

= 1 + κ^2_DR^2_{loc}(E) ∼ | | | | E − E_c E_c | | | | −2ν (4.253)

čďě ω^2_p =^{4πne2}_m { łćăďàăâ ŕńăğňěŋŋőľ çăáâőâë, κ^2_D = 4πe^2N (E) { őąàăâŋëľ łćăďàăâ àăďĺãáă ďěąăěćáłőčő íłàăŋĺàőćăŋĺï ć ňěâăńńě. Ĺğ ćëàăęěŋĺï (4.253) ćĺďŋő, çâő áâăâĺçěáłăï ďĺíńěłâàĺçěáłăï ŕàőŋĺæăěňőáâì àăáåőďĺâáï ŋă ŕőàőčě ŕőďćĺęŋőáâĺ, łőčďă áĺáâěňă ŕàĺąńĺęăěâáï ł ŕěàěåőďã ć ňěâăńńĺçěáłőě áőáâőïŋĺě (ĺğ ďĺíńěłâàĺłă Ăŋďěàáőŋă). Ć ŕàĺŋæĺŕě, íâő âőęě ŋăąńîďăěňëľ íääěłâ, ŕőğćőńïîéĺľ ŋăľâĺ łàĺâĺçěáłĺľ ĺŋďěłá ν àăďĺãáă ńőłăńĺğăæĺĺ.

43Ŕàőąńěňă ãáãčãąńïěâáï âěň őąáâőïâěńìáâćőň, çâő ďőćőńìŋő ňŋőčőçĺáńěŋŋëě àăąőâë ŕő çĺáńěŋŋőňã ňőďěńĺàőćăŋĺî ŕěàěåőďă Ăŋďěàáőŋă ć áĺáâěňě ŋěćğăĺňőďěľáâćãîéĺå íńěłâàőŋőć, ŕàőćěďěŋŋëě ć ŕőáńěďŋĺě čőďë, ďăîâ ćěńĺçĺŋã ĺŋďěłáă ŕàőćőďĺňőáâĺ s ∼ 1.5.

44Ć áćïğĺ á íâĺň, ćàïď-ńĺ ĺňěěâ áňëáń áěàìěğŋő őâŋőáĺâìáï ł ŕőńãçěŋŋëň ğďěáì âěőàěâĺçěáłĺň ćëàăęěŋĺïň ďńï łàĺâĺçěáłĺå ĺŋďěłáőć ŕěàěåőďă Ăŋďěàáőŋă. Ć âőęě ćàěňï, ŋěŕàěàëćŋëľ åăàăłâěà íâőčő ŕěàěåőďă ďńï d = 3 ňőęŋő áçĺâăâì âćěàďő ãáâăŋőćńěŋŋëň (ćőŕàěłĺ ĺğŋăçăńìŋőľ âőçłě ğàěŋĺï Ňőââă [22]).

150 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

Ůăáâőâŋăï ďĺáŕěàáĺï őąőąéěŋŋőčő łőíääĺæĺěŋâă ďĺääãğĺĺ.

Ŕőńãçěŋŋëě ćëèě àěğãńìâăâë áŕàăćěďńĺćë ć ŕàěďěńě ω → 0. Ňőęŋő ŕàőćěáâĺ ĺ ŕőńŋőě ĺááńěďőćăŋĺě çăáâőâŋőľ ğăćĺáĺňőáâĺ őąőąéěŋŋőčő łőíääĺæĺěŋâă ďĺääãğĺĺ (D.Vollhardt, P.W-ol‚e, 1982). Ňë ŕàĺćěďěň âőńìłő áćőďłã áőőâćěâáâćãîéĺå àěğãńìâăâőć. Şàăćŋěŋĺě (4.216) ďńï őąőąéěŋŋőčő łőíääĺæĺěŋâă ďĺääãğĺĺ ňőęěâ ąëâì ŕěàěŕĺáăŋő ć ćĺďě, ăŋăńőčĺçŋőň (4.224): D_E(ω) D_0 = 1 − dλ d − 2 x^{d−2}_0 + dλx^{d−2}_0 [ − iωD_0 2γD_E(ω) ] ∫ 1 0 dy y^{d−3} y^3 −^{iωD0} 2γD_E (ω) (4.254)

Ŕàĺ ćëŕőńŋěŋĺĺ ãáńőćĺï | |^ω_{2γ}^D0_{DE (ω)} | | ≪ 1, ćěàåŋĺľ ŕàěďěń ĺŋâěčàĺàőćăŋĺï ć (4.254) ňőęŋő ãáâàěňĺâì ł ąěáłőŋěçŋőáâĺ ĺ ŕőńãçĺâì ăńčěąàăĺçěáłőě ãàăćŋěŋĺě ďńï D_E (ω):

D_E (ω) D_0

= 1 − λ λc + p_d λ λc { − iω 2γ D_0 D_E (ω) } d−2_2 (4.255)

čďě λc =^{d−2}_d x^{2−d}_0 { \łàĺâĺçěáłőě" ğŋăçěŋĺě ąěğàăğňěàŋőčő ŕăàăňěâàă λ ć âőçłě ŕěàěåőďă, p_d =` (_d 2 ) ` ( 2 −^d_2 ) . Ĺğ (4.255) áńěďãěâ, çâő D_E (ω) (ĺ ŕàőćőďĺňőáâì σ(ω)) ãďőćńěâćőàïîâ áłíľńĺŋčőćőňã áőőâŋőèěŋĺî ćĺďă: D_E (ω) D_0 = σ(ω) σ_0 = ( − iω 2γ ) d−2_d F_d ( ω ωc ) (4.256)

čďě ŕàĺ ω ≪ ωc ĺňěěň: F_d ( ω ωc ) ∼ ( − iω ωc ) 2_d ; λ > λc (ďĺíńěłâàĺł) (4.257) F_d ( ω ωc ) ∼ ( − iω ωc ) 2−d_d ; λ < λc (ňěâăńń) (4.258) ă ŕàĺ ω ≫ ωc: F_d ( ω ωc ) ∼ const (4.259) Ŕàĺ íâőň åăàăłâěàŋăï çăáâőâă ωc őŕàěďěńïěâáï łăł: ωc ≈ 2γ | |1 − λ λc | |^{dd−2} ∼ 2γ[p_F ξ_{loc}(E)]_{−d} (4.260)

Ŋěàăćěŋáâćő, ĺáŕőńìğőćăŋŋőě ŕàĺ áćěďěŋĺĺ (4.254) ł ćĺďã (4.255) ćëŕőńŋěŋő ŕàĺ ωc ≪ 2γ, çâő ğăćěďőňő ćěàŋő ćąńĺğĺ ŕőàőčă ŕőďćĺęŋőáâĺ.

Ďńï d = 3 ãàăćŋěŋĺě (4.255) ŕàĺŋĺňăěâ ćĺď: D_E (ω) D_0

= 1 − λ λc + π 2 λ λc { − iω 2γ D_0 D_E(ω) }_{1/2} ; λc = 1

3x_0

(4.261)

ĺ ňőęěâ ąëâì àěèěŋő ć ïćŋőň ćĺďě. Ś ďőáâăâőçŋőľ ďńï ňŋőčĺå ŕàĺňěŋěŋĺľ âőçŋőáâìî, őąőąéěŋŋëľ łőíääĺæĺěŋâ ďĺääãğĺĺ ğăŕĺáëćăěâáï ć ćĺďě [16]^{45}:

D_E (ω) =

D_E ; (ω ≪ ωc, E ≥ Ec) (ňěâăńń) D_0 ( −^{iω}_{2γ} )_{1/3} ; (ω ≫ ωc) (ňěâăńń ĺ ďĺíńěłâàĺł) D_E^{−iω} −iω+ 3^{DE}_v2 F ω20 (E) ; (

ω ≪ ωc, E < Ec) (ďĺíńěłâàĺł)

(4.262)

čďě D_E =^{D0}_{pF ξloc (E)} . Ŋă áăňőň ŕőàőčě ŕőďćĺęŋőáâĺ ĺňěěň ξ_{loc}(E = Ec) = ∞, âăł çâő ωc = 0, ĺ ňë ŕőńãçăěň âăł ŋăğëćăěňëľ ğăłőŋ ω^{1/3} (W.G-otze, 1981):

D_E (ω) = D_0 ( − iω 2γ )_{1/3} (4.263)

Ůăáâőâă ωc, äăłâĺçěáłĺ, őŕàěďěńïěâáï ãáńőćĺěň D_E(ωc) ∼ D_E ∼ D_0 (_{ωc} 2γ )_{1/3} . Ŋěőďŋőłàăâŋő ĺáŕőńìğőćăćèěěáï ćëèě ãáńőćĺě ω → 0 ŋãęŋő ŕőŋĺňăâì ć áňëáńě ω ≪ ωc. Őâňěâĺň, ŋăłőŋěæ, çâő ŕàĺ ω ≫ 2γ ĺğ ãàăćŋěŋĺľ áăňőáőčńăáőćăŋŋőľ âěőàĺĺ ńőłăńĺğăæĺĺ ŋěâàãďŋő ŕőńãçĺâì ŕěàěåőď ł őąëçŋőňã \ďàãďěćáłőňã" ŕőćěďěŋĺî: D_E (ω) ≈ D_0 [ 1 −^{iω}_{2γ} ]_{−1} . 45Ďńï d = 2 ĺ ŕàěďěńìŋő ňăńëå çăáâőâ ω ≪ λ^{−1}e^{− 1}λ γ (λ ≪ 1), áăňőáőčńăáőćăŋŋăï âěőàĺï ńőłăńĺğăæĺĺ ďăěâ σ(ω) =^{ne2}_m^γ_λ e^2λ^{ω2}_{2(x0E)4} → 0, ŕàĺ ω → 0. Ŕàĺ λ^{−2}e^{− 1}λ γ ≪ ω ≪ λ^2γ ďńï D(ω) ćőáŕàőĺğćőďĺâáï ğăćĺáĺňőáâì âĺŕă (4.197).

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 151

\Šàěãčőńìŋăï" ćěàèĺŋă.

Śãéěáâćőćăŋĺě ďĺääãğĺőŋŋőčő ŕőńîáă (4.140) ć \çěâëàěååćőáâłě" `pp′ (qω) ĺ ćőőąéě ć ďćãåçăáâĺçŋëå äãŋłæĺïå Čàĺŋă (ŋăŕàĺňěà âĺŕă (4.173)) ŕàĺćőďĺâ ł ŕőïćńěŋĺî ăŋăńőčĺçŋëå ćłńăďőć ć ďàãčĺå \ąńőłăå"ŋăèěľ âěőàĺĺ ćőğňãéěŋĺľ^{46}. Ć çăáâŋőáâĺ, ŕőńěğŋő àăááňőâàěâì ãęě ćáâàěçăćèãîáï ŋăň \âàěãčőńìŋãî" ćěàèĺŋã, őŕàěďěńïěňãî čàăäĺłăňĺ, ŕőłăğăŋŋëňĺ ŋă Řĺá. 4-12 (c). Ć őąéěň áńãçăě, őŋă őŕàěďěńïěâáï ĺŋâěčàăńìŋëň ãàăćŋěŋĺěň, ŕőłăğăŋŋëň čàăäĺçěáłĺ ŋă Řĺá. 4-22 (a). Ţőâï ć ďăńìŋěľèěň ňë ąãďěň àăááňăâàĺćăâì âőńìłő áńãçăľ áńăąőčő ąěáŕőàïďłă, łőčďă ďőáâăâőçŋő őčàăŋĺçĺâìáï U_0(p − p^′) = ρv^2 (\ńěáâŋĺæă"), ďńï ŋăçăńă ŕàőćěďěň ďőáâăâőçŋő őąéěě àăááňőâàěŋĺě, ďőŕãáłăîéěě ŕőďåőď ć ďãåě áăňőáőčńăáőćăŋŋőľ âěőàĺĺ ńőłăńĺğăæĺĺ. Ćáŕőňĺŋăï őąéěě őŕàěďěńěŋĺě ďćãåçăáâĺçŋőľ äãŋłæĺĺ Čàĺŋă, ŕàĺćěďěŋŋőě ć čàăäĺçěáłőň ćĺďě ŋă Řĺá. 4-14 (a), ĺńĺ ăŋăńĺâĺçěáłĺ ć (4.125), áàăğã ęě ŕĺèěň ďńï \âàěãčőńìŋőľ" ćěàèĺŋë T^{RA}p_+p_− (qω) áńěďãîéěě ćëàăęěŋĺě çěàěğ ˘^{RA}pp′ (qω)^{47}:

T^{RA}p_+p_− (qω)G^R(E + ωp_+)G^A(Ep_−) = −2πi ∫ d^dp^′ (2π)^d

˘^{RA}pp′ (qω) (4.264)

ĺńĺ ęě

T^{RA}p_+p_− (qω) = − 2πi G^R(E + ωp_+)G^A(Ep_−) ∫ d^dp^′ (2π)^d

˘^{RA}pp′ (qω) (4.265)

Ćőáŕőńìğãěňáï âěŕěàì ŕàěďáâăćńěŋĺěň (4.161), âőčďă (4.265) ŕěàěŕĺèěâáï ć ćĺďě:

T^{RA}p_+p_− (qω) = = 1 ν(E) ´Gp G^R(E + ωp_+)G^A(Ep_−) ∫ d^dp^′ (2π)^d ∫ d^dp^{′′} (2π)^d { 1 + d p^2_F

(p^q)(p^{′′}^q) } ˘^{RA}p′′p′ (qω) = = 1 ν(E) ´Gp G^R(E + ωp_+)G^A(Ep_−) { ˘^{RA}(qω) + d(^p^q)˘^{RA}_1 (qω) } (4.266)

čďě ĺáŕőńìğőćăńĺ âăłęě őŕàěďěńěŋĺï (4.88) ĺ (4.154). Ŕőńìğãïáì áĺáâěňőľ ãàăćŋěŋĺľ (4.153) ĺ (4.162) ďńï ˘^{RA}(qω) ĺ ˘^{RA}_1 (qω) ňë ŕőńãçĺńĺ (4.171) ĺ (4.172), őâłãďă, ć çăáâŋőáâĺ, ćĺďŋő çâő: ˘^{RA}_1 (qω) = 1 v_F q χ(qω) (4.267)

Šőčďă:

d(^p^q)˘^{RA}_1 (qω) = (pq)^d_{pF vF q2} χ(qω) (4.268)

ă á ĺáŕőńìğőćăŋĺěň (4.149): ´Gp G^R(E + ωp_+)G^A(Ep_−) = − { ω − 1 m (pq) − ˚^R(p+E + ω) + ˚^A(p−E) } (4.269)

46İâő ęě ãâćěàęďěŋĺě áŕàăćěďńĺćő ĺ ďńï ćőğŋĺłŋőćěŋĺï ćłńăďőć \łãŕěàőŋŋőčő" âĺŕă őâ (4.147). 47Ďńï őŕàěďěńěŋŋőáâĺ áçĺâăěň ćěàåŋîî íńěłâàőŋŋãî ńĺŋĺî ŋă Řĺá. 4-22 (a) ğăŕăğďëćăîéěľ.

152 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

Řĺá. 4-22 Ĺŋâěčàăńìŋőě ãàăćŋěŋĺě ďńï \âàěãčőńìŋőľ" ćěàèĺŋë (a) ĺ àăğńĺçŋëě ćăàĺăŋâë àăááâăŋőćłĺ âĺŕőć (R ĺńĺ A) íńěłâàőŋŋëå ńĺŋĺľ (b), (c), (d).

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 153

ĺ (4.266) ŕěàěŕĺáëćăěâáï łăł:

T^{RA}p_+p_− (qω) = 1 ν(E) { −ω + 1 m (pq) + ˚^R(p+E + ω) − ˚^A(p−E) } × × { ˘^{RA}(qω) + (pq) d v_F q^2 χ(qω) } = = − { −ω + 1 m (pq) + ˚^R(p+E + ω) − ˚^A(p−E) } ω + M (qω) +^1_m (pq) ω^2 + ωM (qω) −^1_d v^2_F q^2 = = { ω − 1 m (pq) + 2iγ } ω + M (qω) +^1_m (pq) ω^2 + ωM (qω) −^1_d v^2_F q^2 (4.270)

čďě ňë ěéě ĺáŕőńìğőćăńĺ (4.171) ĺ (4.172), ă âăłęě, ć áăňőň łőŋæě, ĺ ŕàőáâěľèěě ŕàĺąńĺęěŋĺě ďńï áőąáâćěŋŋő { íŋěàčěâĺçěáłĺå çăáâěľ. Ć àěğãńìâăâě, ć ŕàěďěńě ω → 0 ĺ q → 0, ććőďï őŕïâì őąőąéěŋŋëľ łőíääĺæĺěŋâ ďĺääãğĺĺ (4.175), ŕőńãçăěň áńěďãîéĺľ ŕàőáâőľ ćĺď \âàěãčőńìŋőľ" ćěàèĺŋë ć RA { łăŋăńě, ŕőłăğăŋŋőľ ŋă Řĺá. 4-22 (b): T^{RA}(qω) ≈ 2γ −iω + D_E (qω)q^2 (4.271)

Řăğãňěěâáï, ć \ńěáâŋĺçŋőň" ŕàĺąńĺęěŋĺĺ (áńăąëľ ąěáŕőàïďőł!), łőčďă ĺáŕőńìğãěâáï (4.127), ćëàăęěŋĺě âĺŕă (4.271) á ğăňěŋőľ D_E (qω) → D_0 ŕőńãçăěâáï áàăğã ęě ĺğ ãàăćŋěŋĺï Řĺá. 4-22 (a) ŕãâěň íńěňěŋâăàŋëå ćëçĺáńěŋĺľ. Ŕàőďěńăŋŋëľ ŋăňĺ ąőńěě čàőňőğďłĺľ ćëćőď ďőŕãáłăěâ, őďŋăłő, őąőąéěŋĺě ŋă áńãçăľ áĺńìŋőčő ąěáŕőàïďłă p_F l ∼ 1, łőčďă ďńï D_E (qω) ĺáŕőńìğãîâáï ćëàăęěŋĺï, ŕőńãçěŋŋëě ćëèě ć àăňłăå áăňőáőčńăáőćăŋŋőľ âěőàĺĺ ńőłăńĺğăæĺĺ.

Ăŋăńőčĺçŋëň őąàăğőň, ňőęŋő ŕőłăğăâì, çâő ďńï \âàěãčőńìŋőľ" ćěàèĺŋë ć AR { łăŋăńě, ŕőłăğăŋŋőľ ŋă Řĺá. 4-22 (á): T^{AR}(qω) ≈ 2γ iω + D_E (qω)q^2

(4.272)

ă ďńï ćěàèĺŋ ć RR ĺ AA łăŋăńăå, ŕőłăğăŋŋëå ŋă Řĺá. 4-22 (d):

T^{RR}(qω) = T^{AA}(qω) = 1 (4.273)

ĺ ć ŋĺå ďĺääãğĺőŋŋëľ ŕőńîá ŋě ćőğŋĺłăěâ.

Ć ňăæãąăàőćáłőľ âěåŋĺłě őąéĺľ ćĺď \âàěãčőńìŋőľ" âěŕěàì âăłęě ćŕőńŋě őçěćĺďěŋ^{48}: T (qωmεn) = θ(εn)θ(εn + ωm) + θ(−εn)θ(−εn − ωm) + +2γ { θ(ε_n)θ(−ε_n − ω_m) −ω_m + D_0q^2 + θ(−ε_n)θ(ε_n + ω_m) ω_m + D_0q^2 } (4.274)

čďě ňë áàăğã ŋăŕĺáăńĺ ćëàăęěŋĺï á D_0 =^1_d v_F τ =^{v2F}_{2dγ} , ŕőáłőńìłã ć őáâăćèěľáï çăáâĺ íâőľ čńăćë ňë ąãďěň ĺŋâěàěáőćăâìáï âőńìłő ŕàěďěńőň áńăąőčő ąěáŕőàïďłă p_F l ≫ 1.

48Ňë ãçńĺ, G(εn > 0p) ŕàőďőńęăěâáï ŋă G^R(Ep), ă G(εn < 0p) ŋă G^A(Ep), iωm → ω ± iδ ďńï m > 0 ĺ m < 0 ĺ â. ď.

154 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

Řőńì íńěłâàőŋ { íńěłâàőŋŋőčő ćğăĺňőďěľáâćĺï.

Ć àěăńìŋőň ŋěãŕőàïďőçěŋŋőň ňěâăńńă íńěłâàőŋë, łőŋěçŋő ęě, ćğăĺňőďěľáâćãîâ ňěęďã áőąőľ ğă áçěâ łãńőŋőćáłőčő ćğăĺňőďěľáâćĺï. Śőćňěáâŋëľ ãçěâ íääěłâőć ćğăĺňőďěľáâćĺï ĺ ŕàĺňěáŋőčő àăááěïŋĺï ŕàěďáâăćńïěâ áőąőľ ćěáìňă áńőęŋãî ğăďăçã [17, 19]. Ŋĺęě ňë őčàăŋĺçĺňáï ńĺèì àăááňőâàěŋĺěň ŕàőáâěľèěčő ŕàĺňěàă ćńĺïŋĺï íâĺå íääěłâőć ŋă ŕńőâŋőáâì íńěłâàőŋŋëå áőáâőïŋĺľ ćąńĺğĺ ãàőćŋï Ťěàňĺ.

Řăááňőâàĺň ŕàőáâěľèãî ŕőŕàăćłã ł őďŋőíńěłâàőŋŋőľ äãŋłæĺĺ Čàĺŋă ŕő ćğăĺňőďěľáâćĺî, ĺğőąàăęăěňãî (ć ňăæãąăàőćáłőľ âěåŋĺłě) ďĺăčàăňňőľ Řĺá. 4-23 (a). Ğďěáì ćőńŋĺáâăï ńĺŋĺï áőőâćěâáâćãěâ ňěęíńěłâàőŋŋőňã ćğăĺňőďěľáâćĺî, ă \âàěãčőńìŋëě" ćěàèĺŋë őŕĺáëćăîâ ŕěàěŋőàňĺàőćłã íâőčő ćğăĺňőďěľáâćĺï ğă áçěâ ňŋőčőłàăâŋőčő àăááěïŋĺï íńěłâàőŋőć ŕàĺňěáïňĺ.

Śŋăçăńă, őďŋăłő, ňë ŕàőćěďěň àăáçěâ ć âěåŋĺłě T = 0. Śőőâćěâáâćãîéěě ăŋăńĺâĺçěáłőě ćëàăęěŋĺě ďńï ŕőŕàăćłĺ ł äãŋłæĺĺ Čàĺŋă ĺňěěâ ćĺď^{49}:

δG(Ep) = iG^2(Ep) ∫ d^dq (2π)^d ∫_∞ −∞ dω 2π V (q)T^2(qω)G(E + ωp + q) (4.275)

čďě V (q) { äãàìě - őąàăğ ŕőâěŋæĺăńă ćğăĺňőďěľáâćĺï. Śőőâćěâáâćãîéăï ŕőŕàăćłă ł ŕńőâŋőáâĺ áőáâőïŋĺľ őŕàěďěńïěâáï âőčďă łăł: δN (E) = − N (E_F ) π Im ∫_∞ −∞ dξ ∫ d^dq (2π)^d ∫ dω 2π V (q)T^2(qω) × × i E − ω − ξ(p + q) + iγsign(E − ω) ( 1 E − ξ + iγsignE )_2

(4.276)

Ŕàĺ E > 0 ĺŋâěčàăń ŕő ξ őâńĺçěŋ őâ ŋãńï, ěáńĺ sign(E − ω) < 0, â.ě. ŕàĺ ω > E. Śőőâćěâáâćěŋŋő ĺňěěň: δN (E) N (E_F ) ≈ − 1 π Im i ∫_∞ −∞ dξ(p) ∫ d^dq (2π)^d ∫_∞ E dω 2π V (q)[T^{RA}(qω)]^2G^A(E−ωp + q)[G^R(Ep)]^2

(4.277) çâő áőőâćěâáâćãěâ čàăäĺłã Řĺá. 4-23 (b). Ťăłâĺçěáłĺ ğďěáì ãęě ňőęŋő ŕàïňő ćőáŕőńìğőćăâìáï ćëàăęěŋĺěň ďńï ćěàèĺŋë ĺğ (4.271). Ŕőďáâăćńïï ć (4.277) ïćŋëě ćëàăęěŋĺï ďńï G^A(Ep) ĺ G^R(Ep) (ŋěáãéěáâćěŋŋőľ ğăćĺáĺňőáâìî G^A őâ ω ĺ q ć ŕàěďěńě ω ≪ γ ĺ v_F q ≪ γ ňőęŋő ŕàőáâő ŕàěŋěąàěçì), ŕőńãçăěň: δN (E) N (E_F ) = − 1 π Im i ∫ d^dq (2π)^d ∫_∞ E dω 2π V (q)[T^{RA}(qω)]^2 ∫_∞ −∞ dξ 1 E − ξ − iγ 1 (E − ξ + iγ)^2 = = − 1 2γ^2 Im ∫ d^dq (2π)^d ∫_∞ E dω 2π [T^{RA}(qω)]^2V (q)

(4.278)

çâő ŕőáńě ŕőďáâăŋőćłĺ (4.271) ďăěâ őłőŋçăâěńìŋő ďńï T = 0: δN (E) N (E_F ) = − 1 π Im ∫ d^dq (2π)^d ∫_∞ E dω 1 (−iω + D_0q^2)^2

V (q) (4.279)

49Ğăňěâĺň, çâő ğďěáì ĺ ďăńěě ć íâőľ čńăćě ăàčãňěŋâ E őąőğŋăçăěâ ãęě ŋě íŋěàčĺî Ťěàňĺ, ă íŋěàčĺî őâáçĺâăŋŋãî őâ íŋěàčĺĺ Ťěàňĺ. İŋěàčĺï Ťěàňĺ őąőğŋăçăěâáï ďăńěě łăł E_F .

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 155

Řĺá. 4-23 Ŕàőáâěľèăï ŕőŕàăćłă ł őďŋőíńěłâàőŋŋőľ äãŋłæĺĺ Čàĺŋă őâ ćğăĺňőďěľáâćĺï ć ŋěãŕőàïďőçěŋŋőň ňěâăńńě.

156 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

Śâàőčő čőćőàï âãâ ŋăďő ąëńő - ąë ěéě ććěáâĺ őąàěğăŋĺě ĺŋâěčàăńă ŕő ω ŋă ω ∼ 1/τ , çâőąë ãďőćńěâćőàĺâì łàĺâěàĺľ ŕàĺňěŋĺňőáâĺ ďĺääãğĺőŋŋőčő ŕàĺąńĺęěŋĺï, ŋő íâő ŋě őąïğăâěńìŋő, ňőęŋő őáâăćĺâì ĺ ąěáłőŋěçŋëľ ŕàěďěń, ĺŋâěčàăń ćáě àăćŋő áåőďĺâáï.

Řăğãňěěâáï, âőçŋő âăłőľ ęě àěğãńìâăâ ňőęŋő ŕőńãçĺâì ĺ ĺğ ňăæãąăàőćáłőľ âěåŋĺłĺ ć ŕàěďěńě T → 0. Ŕőáňőâàĺň, łăł íâő ďěńăěâáï. Ĺňěï ć ćĺďã, çâő ŋăň, ć łőŋæě łőŋæőć, ŋãęŋă ŕőŕàăćłă ł ŕńőâŋőáâĺ áőáâőïŋĺľ, őŕàěďěńĺň: δN (ε_n) = − 2 π ∫ d^dp (2π)^d δG(ε_np) (4.280)

çâő, ć áőőâćěâáâćĺĺ á Řĺá. 4-23 (a), áćőďĺâáï ł:

δN (ε_n) = 2 π ∫ d^dq (2π)^d T ∑ n V (q)T^2(qωm) ∫ d^dp (2π)^d

G^2(ε_np)G(ε_n + ω_mp + q) (4.281)

Ćëçĺáńĺň áŋăçăńă ĺŋâěčàăń ŕő p, ć łőâőàőň ŕàĺ v_F q ≪ γ ňőęŋő ćőőąéě ŕàěŋěąàěçì ğăćĺáĺňőáâìî őâ q: ∫ d^dp (2π)^d

G^2(ε_np)G(ε_n + ω_mp + q) ≈ ∫ d^dp (2π)^d

G^2(ε_np)G(ε_n + ω_mp) ≈ ≈ ν(E_F ) ∫_∞ −∞ dξ 1 (iε_n − ξ + iγsignε_n )^2 1 iε_n + iω_m − ξ + iγsign(ε_n + ω_m) = = 2πiν(E_F ) { θ(ε_n)θ(−ε_n − ω_m) (2iγ − iω_m)^2 − θ(ε_n + ω_m)θ(−ε_n ) (2iγ + iω_m)^2 } ≈ ≈ −iν(E_F )2πτ^2{θ(ε_n)θ(−ε_n − ω_m) − θ(ε_n + ω_m)θ(−ε_n)} (4.282)

čďě ĺŋâěčàăń ŕő ξ ćëçĺáńïěâáï őąëçŋëň łőŋâãàŋëň ĺŋâěčàĺàőćăŋĺěň (őŋ őâńĺçěŋ őâ ŋãńï âőńìłő ŕàĺ ŕàőâĺćőŕőńőęŋëå ğŋăłăå ε_n ĺ ε_n + ω_m), ă ŕàĺ ŕěàěåőďě ł ŕőáńěďŋěňã àăćěŋáâćã ĺáŕőńìğőćăńĺ |ω_mτ | ≪ 1.

Ŕãáâì âěŕěàì, ďńï őŕàěďěńěŋŋőáâĺ, ε_n > 0. Šőčďă \àăąőâăěâ" ŕěàćăï ŕăàă θ { äãŋłæĺľ ć (4.282): ε_n > 0, ε_n + ω_m < 0, çâő ďăěâ ω_m < −ε_n. Ć àěğãńìâăâě (4.281) áćőďĺâáï ł:

δN (ε_n) = −2iT N (E_F )τ^2 −ε_n∑

ω_m=−∞ ∫ d^dq (2π)^d

V (q)T^2(qω_m) =

= −2iT N (E_F ) −ε_n∑

ω_m =−∞ ∫ d^dq (2π)^d V (q) (−ω_m + D_0q^2)^2

(4.283)

Ŕàĺ T → 0 ğďěáì iω_m → ω + iδ, â.ě. ω_m → −i(ω + iδ), iε_n → E + iδ ĺ, áőőâćěâáâćěŋŋő, iT ∑ m · · · → ∫_{dω} 2π · · ·, âăł çâő ć íâőň ŕàěďěńě ŕőńãçăěň: δN (E) N (E_F ) = −2Im ∫_{−E} −∞ dω 2π ∫ d^dq (2π)^d V (q) 1 (iω + D_0q^2)^2 = = −2Im ∫_∞ E dω 2π ∫ d^dq (2π)^d V (q) 1 (−iω + D_0q^2)^2

(4.284)

çâő, ěáâěáâćěŋŋő, áőćŕăďăěâ á (4.279), ŕőńãçěŋŋëň ć âěåŋĺłě T = 0.

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 157

Ďăńìŋěľèĺě àăáçěâë ćŕőńŋě íńěňěŋâăàŋë. Ĺňěěň: δN (E) N (E_F ) = −2Im ∫_∞ E dω 2π ∫ d^dq (2π)^d V (q) (iω + D_0q^2)^2 [ω^2 + (D_0q^2)^2]^2 = = −2 ∫_∞ E dω 2π ∫ d^dq (2π)^d V (q) 2D_0q^2ω [ω^2 + (D_0q^2)^2]^2 = = 2 ∫_∞ E dω 2π ∫ d^dq (2π)^d V (q) d dω D_oq^2 ω^2 + (D_0q^2)^2

(4.285)

âăł çâő őłőŋçăâěńìŋő ŕőńãçăěň: δN (E) N (E_F ) = − 1 π ∫ d^dq (2π)^d V (q) D_0q^2 E^2 + (D_0q^2)^2

(4.286)

Őæěŋĺň íâã ŕőŕàăćłã ł ŕńőâŋőáâĺ áőáâőïŋĺľ ďńï áńãçăï âőçěçŋőčő ňěęíńěłâàőŋŋőčő ćğăĺňőďěľáâćĺï V (q) = V_0. Šőčďă ĺňěěň: δN (E) N (E_F ) = − V_0 π S_d ∫_{p0} 0 dqq^{d−1} D_0q^2 E^2 + (D_0q^2)^2 = = − V_0 π S_d 1 D^{d/2}_0 ∫~_E1/2 0 dx x^{d+1} E^2 + x^4 ≈ − V_0 π S_d 1 D^{d/2}_0 ∫~_E1/2

E1^/2

dxx^{d−3} (4.287)

čďě ććěńĺ őąàěğăŋĺě ŋă ćěàåŋěň ŕàěďěńě p_0 ∼ l^{−1}, çâő áőőâćěâáâćãěâ ~E = D_0p^2_0, ĺ S_d = ˙_d/(2π)^d = 2^{−(d−1)}π^{− d2} /` (_d 2 ) . Ŕőáńěďŋěě àăćěŋáâćő ďăěâ ŕàőáâěľèãî őæěŋłã áâőïéěčő ğďěáì ĺŋâěčàăńă. Řăğãňěěâáï ěčő ňőęŋő ŕőáçĺâăâì ĺ âőçŋő, ŋő íâă őæěŋłă ďăěâ ŕàăćĺńìŋëľ őâćěâ, á âőçŋőáâìî ďő ŋěáãéěáâćěŋŋëå łőŋáâăŋâ ŕőàïďłă ěďĺŋĺæë. Ć àěğãńìâăâě ňë ŕőńãçăěň áńěďãîéãî ŕőŕàăćłã ł ŕńőâŋőáâĺ áőáâőïŋĺľ ćąńĺğĺ ãàőćŋï Ťěàňĺ (Ă.Č.Ăàőŋőć, Ą.Ń.Ăńìâèãńěà, 1979): δN (E) N (E_F ) = V_0 π 1 D^{d/}20 Sd 1 d−2 { |E|^{d−2}2 − ~E^{d−2}2 } (d > 2) 1 D0 S_2 ln^{|E|}_Ẽ (d = 2) 1 D1^/20

{_1 Ẽ1/2 − 1 |E|1^/2 } (d = 1)

(4.288)

Ć çăáâŋőáâĺ, ďńï d = 3 őâáîďă ćőğŋĺłăěâ ğŋăňěŋĺâăï \ŕâĺçłă" Ăàőŋőćă { Ăńìâèãńěàă ć íŋěàčěâĺçěáłőľ ğăćĺáĺňőáâĺ ŕńőâŋőáâĺ áőáâőïŋĺľ ćąńĺğĺ ãàőćŋï Ťěàňĺ: δN (E) N (E_F ) ∼ √ |E| D^{3/2}_0

(4.289)

ŕőłăğăŋŋăï ŋă Řĺá. 4-24. Ğăňěçăâěńìŋő, çâő ĺňěŋŋő âăłăï őáőąěŋŋőáâì ŋăąńîďăěâáï ć âãŋŋěńìŋëå íłáŕěàĺňěŋâăå ćő ňŋőčĺå ŋěãŕőàïďőçěŋŋëå ňěâăńńăå [17]. Ś àőáâőň ąěáŕőàïďłă ŕàőĺáåőďĺâ ãňěŋìèěŋĺě łőíääĺæĺěŋâă ďĺääãğĺĺ D_0, âăł çâő ăŋőňăńĺï ć ŕńőâŋőáâĺ áőáâőïŋĺľ ãćěńĺçĺćăěâáï. Ůâő ŕàőĺáåőďĺâ ćąńĺğĺ ŕěàěåőďă ňěâăńń { ďĺíńěłâàĺł (ŕàĺ p_F l ∼ 1), ć ŋăáâőïéěě ćàěňï, ŋě ćŕőńŋě ïáŋő, ŕőáńěďőćăâěńìŋăï âěőàĺï íâőčő ŕěàěåőďă á ãçěâőň ňěęíńěłâàőŋŋőčő ćğăĺňőďěľáâćĺï ŋě ğăćěàèěŋă [17, 19]. Ŕő ňŋěŋĺî ąőńìèĺŋáâćă ĺááńěďőćăâěńěľ őáőąěŋŋőáâì Ăàőŋőćă { Ăńìâèãńěàă ŕńăćŋő ŕěàěåőďĺâ ć íâőľ őąńăáâĺ ć âăł ŋăğëćăěňãî \łãńőŋőćáłãî" éěńì İäàőáă { Ÿłńőćáłőčő ć ŕńőâŋőáâĺ áőáâőïŋĺľ, łőâőàăï ćőğŋĺłăěâ ć őąńăáâĺ ńőłăńĺğőćăŋŋëå áőáâőïŋĺľ [23]. Ć ŕàĺŋæĺŕě, ŕőćěďěŋĺě âăłőčő âĺŕă ŕőńãçăěâáï

158 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

Řĺá. 4-24 Ţăàăłâěàŋëľ ćĺď ŕőŕàăćłĺ őâ ćğăĺňőďěľáâćĺï ł ŕńőâŋőáâĺ áőáâőïŋĺľ ćąńĺğĺ ãàőćŋï Ťěàňĺ ć ŋěãŕőàïďőçěŋŋőň ňěâăńńě.

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 159

ŕàĺ ŕàőáâëå őąőąéěŋĺïå àăááňăâàĺćăěňőľ âěőàĺĺ ć ďãåě áăňőáőčńăáőćăŋŋőľ âěőàĺĺ ńőłăńĺğăæĺĺ [16], ŋő ňë ŋě ąãďěň őáâăŋăćńĺćăâìáï ŋă őąáãęďěŋĺĺ íâĺå áńőęŋëå (ŋěàěèěŋŋëå) ŕàőąńěň.

Ćňěáâő íâőčő, ŕőáňőâàĺň łăł ňőęŋő ŕàőćěáâĺ ŋăèě àăááňőâàěŋĺě ďńï ąőńěě àěăńĺáâĺçěáłőčő áńãçăï łãńőŋőćáłőčő (ďăńìŋőďěľáâćãîéěčő) ćğăĺňőďěľáâćĺï ňěęďã íńěłâàőŋăňĺ, łőčďă ŋãęŋő ãçĺâëćăâì íääěłâë ďĺŋăňĺçěáłőčő íłàăŋĺàőćăŋĺï. Ğăőďŋő ãçâěň ĺ íääěłâë łőŋěçŋőľ âěňŕěàăâãàë, ŕàőćěďï àăáçěâë ć ňăæãąăàőćáłőľ âěåŋĺłě. Šěŕěàì ćőńŋĺáâăï ńĺŋĺï ŋă čàăäĺłě Řĺá. 4-23 (a) őąőğŋăçăěâ ĺňěŋŋő íâő ćğăĺňőďěľáâćĺě. Ćőğćàăéăïáì ł (4.281), ŕěàěŕĺèěň íâő ćëàăęěŋĺě ŕàĺňěŋĺâěńìŋő ł àăááňăâàĺćăěňőľ ğăďăçě ăŋăńőčĺçŋő (4.283):

δN (ε_n) =

= −2iN (E_F )τ^2T ∑ m d^dq (2π)^d V(qω_m)T^2(qω_m){θ(ε_n)θ(−ε_n − ω_m) − θ(−ε_n)θ(ε_n + ω_m)} = = −2iN (E_F )T ∑ m d^dq (2π)^d V(qω_m ) { θ(ε_n)θ(−ε_n − ω_m) [−ω_m + D_0q^2]^2 − θ(−ε_n)θ(ε_n + ω_m) [ω_m + D_0q^2]^2 }

(4.290)

çâő ďńï ε_n > 0 áćőďĺâáï ł ćëàăęěŋĺî, ăŋăńőčĺçŋőňã (4.283): δN (ε_n) = −2iT N (E_F ) −ε_n∑

ω_m =−∞ ∫ d^dq (2π)^d V(qω_m) (−ω_m + D_0q^2)^2

(4.291)

Ğďěáì (áà. (2.7), (2.8)):

V(qω_m ) = 4πe^2 q^2ϵ(qω_m)

(4.292)

ϵ(qω_m) = 1 − 4πe^2 q^2

˝(qω_m) (4.293)

čďě ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà, ãçĺâëćăîéĺľ àăááěïŋĺě ŋă ŕàĺňěáïå, őŕàěďěńïěâáï čàăäĺłăňĺ Řĺá. 4-12 (a) ĺ ćëàăęěŋĺěň (4.89):

˝(qωm) = 2T^∑_n ∫ d^dp (2π)^d

G(pεn)G(p + qεn + ωm)T (qωm) (4.294)

Ŕőńìğãïáì őŕïâì (4.282) ĺ (4.274) ĺ ŕőńăčăï, ďńï ŕàĺňěàă, ω_m < 0, ŕőńãçăěň:

˝^{RA}(qω_m) = T ∑ 0<ε_n<−ω_m 2πN (E_F ) −ω_m + D_0q^2

= N (E_F ) −ω_m −ω_m + D_0q^2

(4.295)

Śńãçăľ ω_m > 0 áçĺâăěâáï ăŋăńőčĺçŋő, ĺ ňë ĺňěěň:

˝^{RA}(qω_m) = N (E_F ) { ω_mθ(ω_m) ω_m + D_0q^2 + −ω_mθ(−ω_m) −ω_m + D_0q^2 } (4.296)

Šěŕěàì ŋãęŋő ŋăľâĺ ěéě ćłńăď őâ RR ĺ AA { łăŋăńőć, łőčďă, áőčńăáŋő (4.274): T (qωmεn) = θ(εn)θ(εn + ωm) + θ(−εn )θ(−εn − ωm) (4.297)

160 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

Ććĺďã őâáãâáâćĺï ğďěáì áĺŋčãńïàŋőáâĺ (ďĺääãğĺőŋŋőčő ŕőńîáă) ňőęěň ŕàőáâő ŕőńőęĺâì ω_m = 0, q = 0 ĺ ŋăŕĺáăâì:

˝^{RR}(00) + ˝^{AA}(00) = 2T ∑ n ∑ p^G

2(ε_n) = −N (E_F ) (4.298)

Ůãâì ŕőďàőąŋěě:

˝^{RR}(00) + ˝^{AA}(00) = 2T ∑ n ∫ d^dp (2π)^d 1 (iεn − ξ(p) + iγsignεn)^2 = = T ∑ n N(E_F ) ∫_∞ −∞ dξ ∂ ∂ξ 1 iεn − ξ + iγsignεn ≈

≈ N(E_F ) ∑ n ∫_∞ −∞ dξ ∂ ∂ξ 1 iεn − ξ = N(E_F ) ∫_∞ −∞ dξ ( − ∂n(ξ) ∂ξ ) = −N(E_F ) (4.299)

čďě n(ξ) { äãŋłæĺï àăáŕàěďěńěŋĺï Ťěàňĺ.

Ć àěğãńìâăâě, ł (4.296) ŋãęŋő ěéě ďőąăćĺâì −N (E_F ){θ(ω_m) + θ(−ω_m )} ĺ ňë ŕőńãçăěň őłőŋçăâěńìŋő ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà ňěâăńńă á ŕàĺňěáïňĺ ć ćĺďě:

˝(qω_m) = −N (E_F )D_0q^2 { θ(ω_m) ω_m + D_0q^2 + θ(−ω_m) −ω_m + D_0q^2‘ } (4.300)

Őâáîďă, ĺáŕőńìğãï (4.293), áàăğã ęě ŕőńãçăěň:

ϵ(qω_m) = 1 +

D_0κ^2_D ω_m + D_0q^2 θ(ω_m ) +

D_0κ^2_D −ω_m + D_0q^2 θ(−ω_m) (4.301)

čďě κ^2_D = 4πe^2N (E_F ) { őąàăâŋëľ łćăďàăâ àăďĺãáă ďěąăěćáłőčő íłàăŋĺàőćăŋĺï. Ŕàĺ ω_m = 0 ĺğ (4.301) ŕőńãçăěň őąëçŋëľ àěğãńìâăâ^{50}:

ϵ(q0) = 1 + κ^2_D q^2

(4.302)

{ áâăâĺçěáłőě íłàăŋĺàőćăŋĺě łãńőŋőćáłőčő ćğăĺňőďěľáâćĺï. Ć őąéěň áńãçăě, ćëàăęěŋĺě (4.301) őŕàěďěńïěâ ďĺíńěłâàĺçěáłãî ŕàőŋĺæăěňőáâì ňěâăńńă á ŕàĺňěáïňĺ ć ŕěàěďěńě |ω_mτ | ≪ 1 ĺ ql ≪ 1.

Ć àěğãńìâăâě, ŕàĺ ňăńëå (ć ãłăğăŋŋőň áňëáńě!) ω_m ĺ q ŕőńãçăěň íääěłâĺćŋőě ňěęíńěłâàőŋŋőě ćğăĺňőďěľáâćĺě (4.292) ć ćĺďě: V(qω_m) = 4πe^2 q^2 − 4πe^2˝(qω_m) ≈ ≈ 4πe^2(−ω_m + D_0q^2) 4πe^2N (E_F )D_0q^2 = −ω_m + D_0q^2 N (E_F )D_0q^2

(4.303)

čďě, ďńï őŕàěďěńěŋŋőáâĺ, ćëŕĺáăŋ áńãçăľ ω_m < 0. Ĺŋâěàěáŋő ğăňěâĺâì, çâő ć íâőň ŕàĺąńĺęěŋĺĺ ğăćĺáĺňőáâì őâ íńěłâàĺçěáłőčő ğăàïďă e^2 ćőőąéě áőłàăéăěâáï!

Ć àěğãńìâăâě, ďńï ďĺŋăňĺçěáłĺ íłàăŋĺàőćăŋŋőčő łãńőŋőćáłőčő ćğăĺňőďěľáâćĺï (4.291) áćőďĺâáï ł: δN (ε_n > 0) ≈ −2iT −ε_n∑

ω_m=−∞ 1 D_0 ∫ d^dq (2π)^d q^{−2} −ω_m + D_0q^2

(4.304)

50Ś ãçěâőň ďőőŕàěďěńěŋĺï: θ(ωm) = { 1 m ≥ 0 0 m < 0 .

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 161

Ďńï âőçěçŋőčő ćğăĺňőďěľáâćĺï ăŋăńőčĺçŋőě ćëàăęěŋĺě, áńěďãîéěě ĺğ (4.283), ĺňěěâ ćĺď: δN (ε_n > 0) ≈ −2iN (E_F )T −ε_n∑

ω_m =−∞ ∫ d^dq (2π)^d

V_0 [−ω_m + D_0q^2]^2

(4.305)

Łőŋłàěâŋëě àăáçěâë ŕàőćěďěň ďńï d = 3. Ĺňěěň:

δN (ε_n > 0) = − iT π^2 −ε_n∑

ω_m =−∞ 1 D_0 ∫_{p0} 0 dq D_0q^2 − ω_m

(Łãńőŋ) (4.306)

δN (ε_n > 0) = − iT π^2 g −ε_n∑

ω_m =−∞ ∫_{p0} 0 dqq^2 [D_0q^2 − ω_m]^2

(łőàőâłőďěľáâćĺě) (4.307)

čďě g = N (E_F )V_0 { ąěğàăğňěàŋăï łőŋáâăŋâă ćğăĺňőďěľáâćĺï ďńï áńãçăï âőçěçŋőčő ŕőâěŋæĺăńă. Ŕőáńě ğăňěŋë ŕěàěňěŋŋőľ x^2 = D_0q^2, íâĺ ćëàăęěŋĺï ŕěàěŕĺáëćăîâáï ć ćĺďě:

δN (ε_n > 0) = − iT π^2D^{3/2}_0 −ε_n∑

ω_m =−∞ ˘(ω_m) (4.308) čďě ˘(ω_m) = { ∫_{x0} 0 dx x2−ω_m (Łãńőŋ) g ∫_{x0} 0 x2dx (x2−ω_m )2 (łőàőâłőďěľáâćĺě)

(4.309)

Šěŕěàì ŋăň ŋăďő ŋăãçĺâìáï áçĺâăâì ćåőďïéãî áîďă áãňňã ŕő ąőğěćáłĺň ňăæãąăàőćáłĺň çăáâőâăň ∑_{−εn} ω_m=−∞ ˘(ωm) = ∑_{−n} m=−∞ ˘(ωm). Ŕőńìğãïáì ωm = 2πmT ĺ

ε_n = (2n +1)πT , ğăŕĺèěň ěě ć ćĺďě áńěďãîéěčő ĺŋâěčàăńă ŕő łőŋâãàã, ŕőłăğăŋŋőňã ŋă Řĺá. 4-25: T −n∑ m=−∞ ˘(iω_m) = ∮ dz 2πi n_B(z)˘(z) = ∫_{−iεn−∞} −iε_n+∞ dz 2πi n_B(z)˘(z) = = − ∫_∞ −∞ dz 2πi n_B(z − iε_n)˘(z − iε_n) = ∫_∞ −∞ dz 2πi n(z)˘(z − iε_n) (4.310)

čďě n_B (z) =^1_e z_{T −1} { ąőğěćáłăï, ă n(z) =^1_e z_{T +1} { äěàňĺěćáłăï äãŋłæĺï àăáŕàěďěńěŋĺï, Ćáě íâő \àăąőâăěâ", ěáńĺ ˘(z) ŋě ĺňěěâ őáőąěŋŋőáâěľ ŕàĺ Im z < −ε_n ĺ ďőáâăâőçŋő ąëáâàő áŕăďăěâ ŕàĺ |z| → ∞. Šőčďă, ďńï łãńőŋőćáłőčő áńãçăï ğăŕĺèěň:

˘(z) = ∫_∞ 0 dx x^2 + iz

(4.311)

ă ďńï áńãçăï łőàőâłőďěľáâćĺï:

˘(z) = g ∫_∞ 0 dxx^2 (x^2 + iz)^2

(4.312)

Şąëćăŋĺě ŕàĺ |z| → ∞ ğďěáì ŋěďőáâăâőçŋő ąëáâàőě, ŋő íâő ďăěâ, łăł ąãďěâ ćĺďŋő ŋĺęě, ŋěáãéěáâćěŋŋãî ďńï ŋăèĺå æěńěľ ąěáłőŋěçŋãî łőŋáâăŋâã (ć őâńĺçĺě őâ (4.309) ğďěáì ŋăŕĺáăŋë ĺŋâěčàăńë ąěğ őąàěğăŋĺï ŋă ćěàåŋěň ŕàěďěńě!). Ďěńăï ć

162 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

Řĺá. 4-25 Łőŋâãà ĺŋâěčàĺàőćăŋĺï, ĺáŕőńìğãěňëľ ŕàĺ ćëçĺáńěŋĺĺ áãňňë ŕő ňăæãąăàőćáłĺň çăáâőâăň.

(4.310) ğăňěŋã iε_n → E + iδ (ŕàĺ ε_n > 0) ĺ ćëçĺáńïï ňŋĺňãî çăáâì á ãçěâőň Im˘(z) = −Im˘(−z), ŕőńãçăěň: ∫_∞ −∞ dzn(z)Im˘(z) = 1 2 ∫_∞ −∞ dz[n(z + E) − n(−z + E)]Im˘(z) = = ∫_∞ 0 dz[n(z + E) − n(−z + E)]Im˘(z) (4.313) Šőčďă ŕőŕàăćłă ł ŕńőâŋőáâĺ áőáâőïŋĺľ ŕàěďáâăćńïěâáï ć ćĺďě: δN (E) = − 1 2π^3D^{3/2}_0 ∫_∞ 0 dz[n(z + E) + n(z − E) − 1]Im˘(z) (4.314)

čďě ãçńĺ, çâő −n(−z) = 1 + n(z), çâő ŕőğćőńĺńő ćëďěńĺâì ŕőáńěďŋĺľ çńěŋ ć łćăďàăâŋëå áłőąłăå, łőâőàëľ ĺ ďăěâ (ŕőďńěęăéĺľ őąàěğăŋĺî!) àăáåőďïéĺľáï ćłńăď, ŋěğăćĺáïéĺľ őâ E, ĺ ŕőâőňã ďăńěě ŋě àăááňăâàĺćăěňëľ.

Ďńï łãńőŋőćáłőčő áńãçăï ĺňěěň: Im˘(z) = −Im ∫_∞ 0 dx x^2 − iz (x^2 + iz)(x^2 − iz) = z ∫_∞ 0 dx x^4 + z^2 = = 1√ z ∫_∞ 0 dx x^4 + 1 = π 2 √ 2z (4.315)

Šőčďă, ĺáŕőńìğãï (4.315) ć (4.314) (őŕãáłăï ŋěáãéěáâćěŋŋëľ áěľçăá ďńï ŋăá ćłńăď ŕőáńěďŋěčő áńăčăěňőčő, ğăćĺáïéĺľ őâ ŕăàăňěâàă őąàěğăŋĺï), ŕőńãçăěň: δN (E) = − 1 2^{5/2}π^2D^{3/2}_0 ∫_∞ 0 dω 1√ ω [n(ω + E) + n(ω − E)] (4.316)

İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ 163

ĺńĺ ĺŋâěčàĺàãï ŕő çăáâïň: δN (E) = T^{1/2} 2^{3/2}π^2D^{3/2}_0 φ ( E 2T ) (4.317) čďě φ(x) = 1√ 2 ∫_∞ 0 dyy^{1/2} { 1 ch^2(x − y) + 1 ch^2(x + y) } (4.318)

İâĺ ćëàăęěŋĺï őŕĺáëćăîâ ŕőćěďěŋĺě \ŕâĺçłĺ" ć ŕńőâŋőáâĺ áőáâőïŋĺľ ŕàĺ łőŋěçŋëå âěňŕěàăâãàăå. Őâňěâĺň ăáĺňŕâőâĺłĺ: φ(x) = { √ π(1 − √ 2)ζ(1/2) ≈ 1.07 ŕàĺ x → 0 √ 2x ŕàĺ x ≫ 1 (4.319)

Šăłĺň őąàăğőň, ĺ ďńï łãńőŋőćáłőčő áńãçăï (ŕàĺ T → 0) ŕőńãçăěň: δN (E) ∼ √ |E| D^{3/2}_0

(4.320)

çâő ćŕőńŋě ăŋăńőčĺçŋő ŕőńãçěŋŋőňã ćëèě àěğãńìâăâã (4.289) ďńï áńãçăï łőàőâłőďěľáâćĺï.

Ŋăľďěŋŋëě ćëèě ŕőŕàăćłĺ ł ŕńőâŋőáâĺ áőáâőïŋĺľ ňőęŋő ŋăčńïďŋő ĺŋâěàŕàěâĺàőćăâì ĺğ áńěďãîéĺå íćàĺáâĺçěáłĺå áőőąàăęěŋĺľ. Řăááňőâàĺň ćğăĺňőďěľáâćĺě íńěłâàőŋă, ŋăåőďïéěčőáï ć ŋěłőâőàőň łćăŋâőćőň áőáâőïŋĺĺ n á íŋěàčĺěľ E á ďàãčĺň íńěłâàőŋőň, ŋăåőďïéĺňáï ŋă ŕőćěàåŋőáâĺ Ťěàňĺ. Őâŋőáĺâěńìŋăï ŕőŕàăćłă ł ěčő ćőńŋőćőľ äãŋłæĺĺ ć ŕěàćőň ŕőàïďłě âěőàĺĺ ćőğňãéěŋĺľ: δφn φn ∼ ∫_∞ 0 dtH_{int}(t) (4.321) čďě t = 0 { ňőňěŋâ ćłńîçěŋĺï ćğăĺňőďěľáâćĺï, ă H_{int}(t) { čăňĺńìâőŋĺăŋ ćğăĺňőďěľáâćĺï (ćğïâëľ ć ŕàěďáâăćńěŋĺĺ ćğăĺňőďěľáâćĺï). Ğă ćàěňï t íńěłâàőŋ ć ŋěãŕőàïďőçěŋŋőň ňěâăńńě ďĺääãŋďĺàãěâ ć ŕàěďěńăå őąêěňă ∼ (D_0t)^{d/2}. Šőčďă ćěńĺçĺŋã ňăâàĺçŋőčő íńěňěŋâă ćğăĺňőďěľáâćĺï ŕàĺ ŋăńĺçĺĺ łőàőâłőďěľáâćãîéěčő őââăńłĺćăŋĺï ňőęŋő őæěŋĺâì łăł V_0(D_0t)^{−d/2}. Śőőâćěâáâćěŋŋő ĺňěěň: δφn φn ∼ V_0 ∫_{tmax} t_{min} dt(D_0t)^{−d/2} ∼ V_0 D^{d/2}_0 { t^{1− d2}_{min} − t^{1− d2}_{max} } (4.322)

Ğďěáì t_{min} ěáâěáâćěŋŋő őŕàěďěńĺâì ĺğ ãáńőćĺľ ŕàĺňěŋĺňőáâĺ ďĺääãğĺőŋŋőčő ŕàĺąńĺęěŋĺï: (D_0t_{min})^{1/2} ∼ l, çâő ĺ ďăěâ t_{min} ∼ (D_0l^{−2})^{−1} ∼ ~E^{−1}. Ćàěňï tmax őŕàěďěńïěâáï âěň, çâő ŋă ćàěňěŋăå t > |E|^{−1} ĺğ-ğă (ćàěňěŋŋëå) őáæĺńńïæĺľ ćőńŋőćëå äãŋłæĺľ ňăâàĺçŋëľ íńěňěŋâ ćğăĺňőďěľáâćĺï íääěłâĺćŋő ğăŋãńïěâáï. Šőčďă, ŕőńăčăï^{δN(E)}_{N(EF )} ∼^{δφn}_{φn} ĺğ (4.322) ŕőńãçăěň (4.288).

Ćáě íâő ŋě łőŋěæ, ă ńĺèì ŋăçăńő ŋěőłőŋçěŋŋőľ ĺáâőàĺĺ ő àőńĺ ňěęíńěłâàőŋŋőčő ćğăĺňőďěľáâćĺï ć ŋěãŕőàïďőçěŋŋëå áĺáâěňăå. Ćëèě ňë őčàăŋĺçĺńĺáì àăááňőâàěŋĺěň ńĺèì őďŋőčő (âăł ŋăğëćăěňőčő \äőłőćáłőčő") čàăäĺłă Řĺá. 4-23, ãçĺâëćăîéěčő ŕőŕàăćłã ŋĺğèěčő ŕőàïďłă. Śãéěáâćãîâ ĺ ňŋőčĺě ďàãčĺě čàăäĺłĺ, àőńì łőâőàëå ďőńęŋă ąëâì ŕàőăŋăńĺğĺàőćăŋă ďăęě ć ŕàěďěńě áńăąőčő ąěáŕőàïďłă p_F l ≫ 1. Ćăęŋëě ŕőŕàăćłĺ (ăŋăńőčĺçŋëě ŕő äőàňě àăááňőâàěŋŋëň ćëèě łćăŋâőćëň ŕőŕàăćłăň) ćőğŋĺłăîâ ŋě âőńìłő ć ŕńőâŋőáâĺ áőáâőïŋĺľ, ŋő ĺ ć ŕàőćőďĺňőáâĺ. Ğăĺŋâěàěáőćăŋŋëľ çĺâăâěńì ňőęěâ ŋăľâĺ ŕőďàőąŋőě őąáãęďěŋĺě ćáěå íâĺå ŕàőąńěň ć őàĺčĺŋăńìŋëå őąğőàăå [17, 18, 19].

164 İŃĚŁŠŘŐŊŻ Ć ŊĚŞŔŐŘ§ĎŐŮĚŊŊŻŢ ŚĹŚŠĚŇĂŢ

Čńăćă 5

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

Ťěŋőňěŋ Łãŕěàă.

Řăááňőâàĺň ŕàőáâěľèĺľ ŕàőæěáá àăááěïŋĺï ďćãå íńěłâàőŋőć ďàãč ŋă ďàãčě ğă áçěâ őąňěŋă äőŋőŋőň, ŕőłăğăŋŋëľ ďĺăčàăňňőľ ŋă Řĺá. 5-1. Ŕãŋłâĺàŋőľ ńĺŋĺĺ ŋă íâőň čàăäĺłě, ŕő őąéĺň ŕàăćĺńăň, áőőâćěâáâćãěâ ćëàăęěŋĺě:

g^2D(ε_3 − ε_1; p_3 − p_1) = g^2 ω^2p_{3−}p_1 (ε_3 − ε_1)^2 − ω^2p_{3−}p_1

(5.1)

Ěáńĺ ćğăĺňőďěľáâćãîâ íńěłâàőŋë á ňăńëň áãňňăàŋëň ĺňŕãńìáőň, âăł çâő p_3 +

p1 ∼ 0 (ŕőçâĺ ŕàőâĺćőŕőńőęŋëě ĺňŕãńìáë!), âő ŕěàěďăćăěňëľ ĺňŕãńìá p3 − p1

ŋě ňăń ĺ (ŕő ňőďãńî) ∼ 2p_F . Ć âőęě ćàěňï ďńï íńěłâàőŋőć, ŋăåőďïéĺåáï ćąńĺğĺ ŕőćěàåŋőáâĺ Ťěàňĺ, ĺňěěň ε_3 ∼ ε_1 ∼ 0. Ŕőíâőňã, äăłâĺçěáłĺ, ćëàăęěŋĺě (5.1) áćőďĺâáï ł:

g^2D(ε_3 − ε_1; p_3 − p_1) = −g^2 < 0 (5.2)

çâő őğŋăçăěâ ŋăńĺçĺě íääěłâĺćŋőčő ŕàĺâïęěŋĺï âăłĺå íńěłâàőŋőć ďàãč ł ďàãčã. Šăłĺň őąàăğőň ćőğŋĺłăěâ ĺďěï ŕàĺâïęěŋĺï íńěłâàőŋőć á ŕàőâĺćőŕőńőęŋëňĺ ĺňŕãńìáăňĺ (ĺ, ć áĺńã ŕàĺŋæĺŕă Ŕăãńĺ, ŕàőâĺćőŕőńőęŋëňĺ áŕĺŋăňĺ), ńěęăéăï ć őáŋőćě âěőàĺĺ ĄŁŸ [1, 21]. Ć ŕàőáâěľèěň ćăàĺăŋâě ňőďěńìŋőčő čăňĺńìâőŋĺăŋă ĄŁŸ [1, 11] àěăńìŋőě ćğăĺňőďěľáâćĺě ğă áçěâ őąňěŋă äőŋőŋăňĺ ğăňěŋïěâáï íääěłâĺćŋëň âőçěçŋëň ŕàĺâïęěŋĺěň, łőâőàőě őâńĺçŋő őâ ŋãńï ć áńőě èĺàĺŋőľ ∼ 2ω_D ćąńĺğĺ ŕőćěàåŋőáâĺ Ťěàňĺ.

Łãŕěàőćáłãî ŋěãáâőľçĺćőáâì, ćőğŋĺłăîéãî ğă áçěâ âăłőčő ŕàĺâïęěŋĺï, ňőęŋő àăááçĺâăâì àăááňăâàĺćăï \ńěáâŋĺçŋëě" ďĺăčàăňňë, őŕĺáëćăîéĺě ćğăĺňőďěľáâćĺě

166 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

Řĺá. 5-1 İńěňěŋâăàŋëľ ŕàőæěáá ćğăĺňőďěľáâćĺï ďćãå íńěłâàőŋőć ŕőáàěďáâćőň őąňěŋă äőŋőŋőň.

ďćãå łćăğĺçăáâĺæ ćąńĺğĺ ŕőćěàåŋőáâĺ Ťěàňĺ, ŕőłăğăŋŋëě ŋă Řĺá. 5-2 (a), čďě ćőńŋĺáâăï ńĺŋĺï áőŕőáâăćńïěâáï íâőňã ŕàĺâïčĺćăîéěňã ćğăĺňőďěľáâćĺî^1. Śãňňă íâőčő àïďă (ąěğ ćŋěèŋĺå \åćőáâőć") ďăěâáï ćěàèĺŋőľ `, łőâőàăï őŕàěďěńïěâáï ĺŋâěčàăńìŋëň ãàăćŋěŋĺěň, ŕőłăğăŋŋëň ŋă Řĺá. 5-2 (b), ĺňěîéĺň áńěďãîéĺľ ăŋăńĺâĺçěáłĺľ ćĺď:

`(p_3p_4; p_1p_2) =< p_3p_4|`|p_1p_2 >=< p^′ + q, −p^′|`|p + q, −p >=

= V (p − p^′) + i ∫ d^4p^{′′} (2π)^4 V (p^′ − p^{′′})G_0(p^{′′} + q)G_0(−p^{′′}) < p^{′′} + q, −p^{′′}|`|p + q, −p > (5.3) Ć áŕàăćěďńĺćőáâĺ ãàăćŋěŋĺï (5.3) ńěčłő ãąěďĺâìáï ĺâěàăæĺïňĺ | ćőğŋĺłăěâ, łăł àăğ, \ńěáâŋĺçŋëľ" àïď. Ć ňőďěńĺ ĄŁŸ ćğăĺňőďěľáâćĺě V (p − p^′) ňőďěńĺàãěâáï áńěďãîéĺň őąàăğőň: V (p − p^′) → V (p, p^′) = λwpwp′ (5.4) čďě wp = { 1 |ξp| < ω_D 0 |ξp| > ω_D (5.5)

Ć àăááňőâàěŋŋőľ ćëèě ŕàőáâěľèěľ ňőďěńĺ íńěłâàőŋ { äőŋőŋŋőčő őąňěŋă λ = −g^2. Šěŕěàì ãàăćŋěŋĺě (5.3) ńěčłő àěèăěâáï:

`(p_3p_4; p_1p_2) =< p^′ + q, −p^′|`|p + q, −p >=

λwp^′+qwp+q 1 − iλ ∫_{d4p} (2π)4 w 2 p+qG_0(p + q)G_0(−p)

(5.6)

1Ŕőďàăğãňěćăěâáï áńěďãîéĺľ ćëąőà ćŋěèŋĺå 4-ĺňŕãńìáőć: p_1 = p+q; p_2 = −p; p_3 = p^′+q; p_4 = −p^′, âăł çâő q ěáâì ňăńëľ áãňňăàŋëľ 4-ĺňŕãńìá.

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 167

Řĺá. 5-2 \Ńěáâŋĺæă" ć łãŕěàőćáłőň łăŋăńě (a) ĺ ĺŋâěčàăńìŋőě ãàăćŋěŋĺě ďńï áőőâćěâáâćãîéěľ ćěàèĺŋë (b).

168 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

çâő ŕàőćěàïěâáï ŋěŕőáàěďáâćěŋŋőľ ŕőďáâăŋőćłőľ ć (5.3). Řăááňőâàĺň ćåőďïéĺľ áîďă ĺŋâěčàăń: iλ ∫ d^4p (2π)^4 w^2p_+qG_0(p + q)G_0(−p) = iλ ∫ d^4p (2π)^4 w^2pG_0(p)G_0(q − p) = = iλ ∫ d^3p (2π)^3 ∫ dε 2π w^2p 1 ε − ξ(p) + iδsignξ(p) 1 ω_0 − ε − ξ(q − p) + iδsignξ(q − p) (5.7)

čďě q = [ω_0, q] = [ε_1+ε_2; p_1+p_2]. Ćëŕőńŋïï íńěňěŋâăàŋőě łőŋâãàŋőě ĺŋâěčàĺàőćăŋĺě, ŕőńãçăěň: ∫ dε 2π 1 ε − ξ(p) + iδsignξ(p) 1 ω_0 − ε − ξ(q − p) + iδsignξ(q − p) = = { −i^1 ω0−ξ(p)−ξ(q−p)+iδ ŕàĺ ξ(p) > 0; ξ(q − p) > 0

i^1

ω0−ξ(p)−ξ(q−p)−iδ ŕàĺ ξ(p) < 0; ξ(q − p) < 0

(5.8)

Ŕőďáâăćńïï íâőâ àěğãńìâăâ ć (5.7) ĺ ŕěàěåőďï ł ĺŋâěčàĺàőćăŋĺî ŕő íŋěàčěâĺçěáłőľ ŕěàěňěŋŋőľ ξ = ξ(p), á ãçěâőň âőčő, çâő äăłâőà w^2_p őąàěğăěâ íâő ĺŋâěčàĺàőćăŋĺě ŋă ďěąăěćáłőľ çăáâőâě ω_D, ŕőńãçăěň: iλ ∫ d^4p (2π)^4 w^2pG_0(p)G_0(q − p) ≈ ≈ −λ mp_F 2π^2 ∫_{ωD} 0 dξ ∫_1 0 dx { 1 ω_0 + 2ξ + v_F qx − iδ + 1 2ξ + v_F qx − ω_0 − iδ } (5.9)

čďě ćőáŕőńìğőćăńĺáì ξ(q − p) ≈ ξ(p)− v_F q cos θ ĺ ććěńĺ ŕěàěňěŋŋãî x = cos θ. Ďăńìŋěľèĺě ĺŋâěčàĺàőćăŋĺï íńěňěŋâăàŋë, ĺ ňë ŕőńãçăěň: iλ ∫ d^4p (2π)^4 w^2pG_0(p)G_0(q − p) ≈ ≈ −λ mp_F 2π^2 { 1 + 1 2 ln 2ω_D − iδ ω_0 + v_F q − iδ + 1 2 ln 2ω_D − iδ −ω_0 + v_F q − iδ + + ω_0 2v_F q ( ln ω_0 − iδ ω_0 + v_F q − iδ

+ ln v_F q − ω_0 − iδ −ω_0 − iδ )} (5.10)

Čńăćŋëľ (ďőňĺŋĺàãîéĺľ) ćłńăď ć íâő ćëàăęěŋĺě ŕàĺ ňăńëå (ŕő áàăćŋěŋĺî á ω_D) ω_0 ĺ v_F q ĺňěěâ ćĺď: − λ mp_F 2π^2 ln ω_D M ax[2ω_0; v_F q]

(5.11)

čďě ćőğŋĺłăěâ ąőńìèőľ ńőčăàĺäň (ć ŕàěďěńě | ńőčăàĺäňĺçěáłăï àăáåőďĺňőáâì). Ć àěğãńìâăâě, ďńï ĺŋâěàěáãîéěľ ŋăá ćěàèĺŋë (5.6) ŕőńãçăěň:

`(p_3p_4; p_1p_2) =< p^′ + q, −p^′|`|p + q, −p >≡ `(q)wp′_+qwp_+q (5.12)

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 169

čďě (ŕàĺ ω_0 > v_F q)^2

`(q) = λ { 1 + λ mp_F 2π^2 [ ln e | | | 2ω_D ω_0 | | | + iπ 2 + 1 2 ln | | | ω^2_0 ω^2_0 − v_F q^2 | | | + ω_0 2v_F q ln | | | ω_0 − v_F q ω_0 + v_F q | | | ]}_{−1} (5.15) Ŕàőăŋăńĺğĺàãěň âěŕěàì áćőľáâćă ćěàèĺŋŋőľ çăáâĺ (5.15). Ďńï ŕàőáâőâë àăááňőâàĺň áŋăçăńă áńãçăľ q = 0. Ŕàĺ ćěéěáâćěŋŋëå ĺ ŕőńőęĺâěńìŋëå ω_0 ĺňěěň:

`(ω_0) = λ 1 + λ^{mpF}_{2π2} [ ln | | |^{2ωD}_{ω0} | | | +^{iπ}_2

] (5.16)

Ąãďěň àăááňăâàĺćăâì âěŕěàì `(ω_0) łăł äãŋłæĺî łőňŕńěłáŋőľ ŕěàěňěŋŋőľ ω_0, őŕàěďěńïï ěě łăł ăŋăńĺâĺçěáłőě ŕàőďőńęěŋĺě (5.16) ć ćěàåŋîî ŕőńãŕńőáłőáâì Imω_0 > 0. Šőčďă, ŕőńăčăï ć (5.16) ω_0 = |ω_0|e^{iφ}, ŕőńãçăěň:

`(ω_0) = λ 1 + λ^{mpF}_{2π2} [ ln | |^{2ωD}_{ω0} | | +^{iπ}_2 − iφ ] (5.17)

Ěáńĺ ćğăĺňőďěľáâćĺě íńěłâàőŋőć ŋőáĺâ åăàăłâěà ŕàĺâïęěŋĺï, âő λ < 0 ĺ (5.17) ĺňěěâ ŕőńîá, őŕàěďěńïěňëľ ãàăćŋěŋĺěň^3:

1 + λ mp_F 2π^2 [ ln | | | | 2ω_D ω_0 | | | | − i ( π 2 − φ )] = 0 (5.18)

â.ě. ŕàĺ φ =^π_2 ĺ 1 + λ^{mpF}_{2π2} [ ln | |_{2ωDω0} | |] = 0. Ĺŋăçě čőćőàï, ŕőńîá ĺňěěâáï ŋă ňŋĺňőľ

çăáâőâě, ω_0 = i~ω, čďě:

~ω = 2ω_D exp ( − 2π^2 mp_F |λ| ) (5.19)

Ć őłàěáâŋőáâĺ íâőčő ŕőńîáă `(ω_0) ĺňěěâ ćĺď:

`(ω_0) ≈ −

2π^2 mp_F i~ω ω_0 − i~ω (5.20)

İâő őğŋăçăěâ ćőğŋĺłŋőćěŋĺě łãŕěàőćáłőľ ŋěãáâőľçĺćőáâĺ | ŕőńîá ćěàèĺŋŋőľ çăáâĺ ć ćěàåŋěľ ŕőńãŕńőáłőáâĺ çăáâőâë őğŋăçăěâ ćőğŋĺłŋőćěŋĺě ć áĺáâěňě ŋěãáâőľçĺćőľ łőńńěłâĺćŋőľ ňőďë á íłáŕőŋěŋæĺăńìŋő àăáâãéěľ (áő ćàěňěŋěň) ăňŕńĺâãďőľ: e^{−iω0t} ∼ e^{−iiω̃t} ∼ e^{ω̃t}! İâő ćěďěâ ł ŋěãáâőľçĺćőáâĺ áĺáâěňë ĺ ŋěőąåőďĺňőáâĺ ŕěàěáâàőľłĺ ěě őáŋőćŋőčő áőáâőïŋĺï ĺ áŕěłâàă ćőğąãęďěŋĺľ.

2Ğďěáì ŋăďő ćőáŕőńìğőćăâìáï ĺğćěáâŋëň áőőâŋőèěŋĺěň:

ln z = ln |z| + i arg z (5.13) čďě arg z = arg(x + iy) = { arctg^y_x ŕàĺ x > 0 π + arctg^y_x ŕàĺ x < 0; y > 0 −π + arctg^y_x ŕàĺ x < 0; y < 0 (5.14)

3Ć áńãçăě őââăńłĺćăŋĺï (λ > 0) ŋĺçěčő őáőąěŋŋőčő ŋě ŕàőĺáåőďĺâ. Ćëàăęěŋĺě (5.17) ďăěâ ŕàĺ íâőň áãňňã ćáěå \ńěáâŋĺçŋëå" ŕőŕàăćőł ł \ğăâàăćőçŋőľ" λ. Ąőńìèőľ ńőčăàĺäň ćěďěâ âőčďă ŕàőáâő ł íääěłâĺćŋőňã ãňěŋìèěŋĺî ćğăĺňőďěľáâćĺï. Ŋĺłăłőľ \ŕăâőńőčĺĺ" ć íâőň áńãçăě ŋě ćőğŋĺłăěâ.

170 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

Ŕàĺ őâńĺçŋëå őâ ŋãńï v_F q ćëàăęěŋĺě (5.15) ňőęŋő ŕěàěŕĺáăâì ć áńěďãîéěň ćĺďě (ďńï ω_0 > v_F q):

`(q, ω0) = λ { 1 + λ mp_F 2π^2 [ ln e | | | 2ω_D ω_0 | | | + iπ 2 − iφ − 1 2 ln ( 1 − v^2_F q^2 ω^2_0 ) + ω_0 2v_F q ln ( ω_0 − v_F q ω_0 + v_F q )]}_{−1} (5.21) âăł çâő ŕőáńě ŕàőďőńęěŋĺï ć ŕőńãŕńőáłőáâì Imω_0 > 0 ĺ ĺáŕőńìğőćăŋĺï őŕàěďěńěŋĺï ~ω ĺğ (5.19), ŋăåőďĺň:

`(q, ω0) = − 2^{π2}_{mpF} { ln ω_0 i~ω − 1 + 1 2 ln ( 1 − v^2_F q^2 ω^2_0 ) − ω_0 2v_F q ln ( ω_0 − v_F q ω_0 + v_F q )}_{−1} (5.22)

Ŕàĺ ňăńëå v_F q ≪ ~ω ĺňěěň:

`(q, ω0) ≈ − 2^{π2}_{mpF}^i~^ω

ω_0 − i~ω + i^{v2F q2}_{6ω̃}

(5.23)

Őâáîďă ŋăåőďĺň ŕőńőęěŋĺě ŕőńîáă łăł äãŋłæĺî q:

ω_0 = i~ω ( 1 − v^2_F q^2 6~ω^2 ) (5.24)

âăł çâő ăąáőńîâŋăï ćěńĺçĺŋă ω_0 ãňěŋìèăěâáï á àőáâőň q. Ŕàĺ ŋěłőâőàőň v_F q_{max} âőçłă ŕőńîáă ω_0 áâăŋőćĺâáï àăćŋőľ ŋãńî, ŕőáńě çěčő, ŕàĺ ąőńìèĺå v_F q ŕőńîá ć ` őâáãâáâćãěâ. Ŕőáłőńìłã ćěńĺçĺŋă q ŕàěďáâăćńïěâ áőąőľ ĺňŕãńìá áĺáâěňë ďćãå íńěłâàőŋőć łăł æěńőčő, íâőâ àěğãńìâăâ őğŋăçăěâ, çâő âěŋďěŋæĺî ł őąàăğőćăŋĺî ŕăà ŕàőïćńïîâ íńěłâàőŋë, ďćĺęãéĺěáï ŕőçâĺ ŋăćáâàěçã ďàãč ďàãčã.

Łãŕěàőćáłăï \ńěáâŋĺæă" ďăěâ ćłńăď ć áőąáâćěŋŋő { íŋěàčěâĺçěáłãî çăáâì íńěłâàőŋă, ŕőłăğăŋŋëľ čàăäĺçěáłĺ ŋă Řĺá. 5-3 (a). Ěáâěáâćěŋŋő, çâő áãéěáâćőćăŋĺě ŕőńîáŋőľ őáőąěŋŋőáâĺ ć \ńěáâŋĺæě" ŕàĺćőďĺâ ĺ ł áőőâćěâáâćãîéěľ áĺŋčãńïàŋőáâĺ ć ˚(p) ĺ ć őŕàěďěńïîéěľ ěě ćěàèĺŋě, ŕőłăğăŋŋőľ ŋă Řĺá. 5-3 (b).

Ŕőďçěàłŋěň ěéě àăğ, çâő ĺğńőęěŋŋëě áőőąàăęěŋĺï áćĺďěâěńìáâćãîâ ő ŋěãáâőľçĺćőáâĺ őąëçŋőčő őáŋőćŋőčő áőáâőïŋĺï äěàňĺ { čăğă á ŕàĺâïęěŋĺěň ŕàĺ T = 0. İâă ŋěãáâőľçĺćőáâì áőáâőĺâ ć áŕőáőąŋőáâĺ çăáâĺæ, æěŋâà ĺŋěàæĺĺ łőâőàëå ŕőçâĺ ŕőłőĺâáï, őąàăğőćëćăâì áćïğăŋŋëě ŕăàë, â.ě. áćőěčő àőďă ąőğě { çăáâĺæë, łőâőàëě ňőčãâ \łőŋďěŋáĺàőćăâìáï" ŋă őáŋőćŋőľ ãàőćěŋì. Šěňŕěàăâãàă, ŕàĺ łőâőàőľ ćŕěàćëě ćőğŋĺłăěâ âăłăï ŋěãáâőľçĺćőáâì ĺ ïćńïěâáï âěňŕěàăâãàőľ ŕěàěåőďă ć áćěàåŕàőćőďïéěě áőáâőïŋĺě. Ŕőáňőâàĺň, ŕőíâőňã, âã ęě ğăďăçã ć âěňŕěàăâãàŋőľ (ňăæãąăàőćáłőľ) âěåŋĺłě.

Ć ŕàĺąńĺęěŋĺĺ, ć łőâőàőň ňë ŕàěŋěąàěčăěň àăááěïŋĺěň áćïğăŋŋëå ŕăà ďàãč ŋă ďàãčě, őŋĺ őąàăğãîâ ĺďěăńìŋëľ ąőğě { čăğ, ĺ âěňŕěàăâãàŋăï äãŋłæĺï Čàĺŋă ďńï ŋěčő ĺňěěâ ćĺď: G(q, ωm) = 1 iω_m −^{q2}_{2m∗} + μ

(5.25)

čďě ω_m = 2πmT , q { ĺňŕãńìá áćïğăŋŋőľ ŕăàë, ă m^∗ { ěě ňăááă, àăćŋăï ãďćőěŋŋőľ ňăááě íńěłâàőŋă. Ŕàĺ ω_m = 0 (5.25) áćőďĺâáï ł [μ−q^2/2m^∗]^{−1}. Ŕàĺ ŋěłőâőàőľ âěňŕěàăâãàě T = T_0, ŋăğëćăěňőľ âěňŕěàăâãàőľ ąőğě { łőŋďěŋáăæĺĺ, íâă ćěńĺçĺŋă ćŕěàćëě őąàăéăěâáï ć ąěáłőŋěçŋőáâì ŕàĺ q = 0. İâă âěňŕěàăâãàă, őçěćĺďŋő, áőőâćěâáâćãěâ μ = 0, ć áőčńăáĺĺ áő áâăŋďăàâŋëň àăááňőâàěŋĺěň ąőğě { łőŋďěŋáăæĺĺ [11].

Ŕàĺ ãçěâě ćŋãâàěŋŋěľ áâàãłâãàë łãŕěàőćáłőľ ŕăàë, ăŋăńőčőň (5.25) ïćńïěâáï ďćãåçăáâĺçŋăï äěàňĺőŋŋăï äãŋłæĺï Čàĺŋă. Ć âőçłě ŕěàěåőďă őŋă ďőńęŋă

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 171

Řĺá. 5-3 Ŕőŕàăćłĺ ł áőąáâćěŋŋő { íŋěàčěâĺçěáłőľ çăáâĺ íńěłâàőŋă ğă áçěâ àăááěïŋĺï ć łãŕěàőćáłőň łăŋăńě (a) ĺ čàăäĺłĺ ďńï áőőâćěâáâćãîéěľ ćěàèĺŋë (b).

172 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

őąńăďăâì ăŋăńőčĺçŋëňĺ áćőľáâćăňĺ ć áňëáńě áćőěľ ğăćĺáĺňőáâĺ őâ ŕěàěňěŋŋëå ω_{0m} = (ε_1 + ε_2)_n ĺ q = p_1 + p_2, áőőâćěâáâćãîéĺå æěŋâàã ĺŋěàæĺĺ ŕăàë. Ťěàňĺőŋŋëě äãŋłæĺĺ Čàĺŋă őáőąěŋŋőáâïňĺ ŕő íâĺň ŕěàěňěŋŋëň ŋě őąńăďăîâ | ŋãęŋő àăááňőâàěâì áőőâćěâáâćãîéãî ćěàèĺŋŋãî çăáâì `(qω_0), łőâőàăï ďăěâáï âěňĺ ęě ńěáâŋĺçŋëňĺ ďĺăčàăňňăňĺ, çâő ĺ ćëèě, ŋő ć ňăæãąăàőćáłőľ âěåŋĺłě. Ćáï àăğŋĺæă ć âőň, çâő ćňěáâő (5.7) ŋãęŋő âěŕěàì àăááňőâàěâì: I = −λT ∑ n ∫ d^3p (2π)^3

wp^2 1 iε_n − ξ(p) 1 iω_{0m} − iε_n − ξ(q − p) (5.26)

čďě ω_{0m} = 2πm_0T (m_0 { æěńőě çĺáńő). Ňë ŋě ąãďěň ćëçĺáńïâì (5.26) ŕàĺ ŕàőĺğćőńìŋëå ğŋăçěŋĺïå ω_{0m} ĺ q, â.ł. ĺğ őąéĺå áőőąàăęěŋĺľ ïáŋő, çâő łăł ĺ ć ąőğě { čăğě, ŕőńîá ć `(qω_0) ćŕěàćëě ŕőïćńïěâáï ďńï ğŋăçěŋĺľ ω_0 = q = 0. Ŕőíâőňã ŋăň ďőáâăâőçŋő àăááňőâàěâì âőńìłő íâőâ áńãçăľ. Šőčďă ŋăň ŋăďő ŕőáçĺâăâì âőńìłő: I = λ (2π)^3 T ∑ n ∫ d^3pw^2_p 1 iε_n − ξ(p) 1 iε_n + ξ(p) ≈ ≈ −λ mp_F 2π^2 ∫_{ωD} −ω_D dξT ∗ ∑ n 1 ε^2_n + ξ^2 = −λ mp_F 2π^2 ∫_{ωD} 0 dξ ξ th ξ 2T (5.27)

čďě áãňňă ŕő çăáâőâăň ćëçĺáńïńăáì á ŕőňőéìî (2.99). Ĺŋâěčàĺàãï ğďěáì ŕő çăáâïň, ŕőńãçăěň: I = −λ mp_F 2π^2 ( ln ω_D 2T − ∫_∞ 0 dx ln x ch^2x ) (5.28)

čďě ć őáâăćèěňáï ĺŋâěčàăńě ğăňěŋĺńĺ ćěàåŋĺľ ŕàěďěń x =^{ωD}_{2T} ŋă ąěáłőŋěçŋőáâì, á ãçěâőň ěčő ąëáâàőľ áåőďĺňőáâĺ ĺ ĺŋâěàěáãîéĺå ŋăá T ≪ ω_D. İâőâ ĺŋâěčàăń àăćěŋ ln^π_{4γ} , čďě ln γ = C = 0.577... (ŕőáâőïŋŋăï İľńěàă), âăł çâő γ ≈ 1.78, ă^{2γ}_π ≈ 1.14. Ć ĺâőčě ŕőńãçăěň: `(0, 0) = λ 1 + λ^{mpF}_{2π2} ln^{2γωD}_{πT}

(5.29)

Ŕàĺ λ < 0 ğďěáì őŕïâì ćőğŋĺłăěâ ŕőńîá, ćąńĺğĺ łőâőàőčő:

`(0, 0) = −

2π^2 mp_F T_c T − T_c (5.30)

čďě âěňŕěàăâãàă áćěàåŕàőćőďïéěčő ŕěàěåőďă T_c őŕàěďěńïěâáï äőàňãńőľ ĄŁŸ (J.Bardeen, L.Cooper, J.Schrie¸er, 1957):

T_c = 2γ π ω_D exp ( − 2π^2 |λ|mp_F ) = 2γ π ω_D exp ( − 1 |λ|ν_F ) (5.31)

Őąàăâĺâě ćŋĺňăŋĺě, çâő ğďěáì ćåőďĺâ ŕńőâŋőáâì áőáâőïŋĺľ ŋă ãàőćŋě Ťěàňĺ ν_F ć àăáçěâě ŋă őďŋã ŕàőěłæĺî áŕĺŋă. Ćěńĺçĺŋă |λ|ν_F ĺčàăěâ àőńì ąěğàăğňěàŋőľ łőŋáâăŋâë áŕăàĺćăâěńìŋőčő ćğăĺňőďěľáâćĺï. Ćăęŋő ŕőďçěàłŋãâì, çâő ğăćĺáĺňőáâì őâ íâőľ łőŋáâăŋâë ć (5.31) ŋěăŋăńĺâĺçěáłăï | íâő ćëàăęěŋĺě ŋěńìğï àăğńőęĺâì ć àïď ŕő áâěŕěŋïň λ ŕàĺ λ → 0!

Ććěďěŋŋăï ćëèě ć (5.19) çăáâőâă ~ω, åăàăłâěàĺğãîéăï ŋěãáâőľçĺćőáâì áĺáâěňë ŕàĺ T = 0, àăćŋă ~ω = π γ T_c (5.32)

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 173

Şàăćŋěŋĺï Čőàìłőćă.

Ĺğ ŕàěďëďãéěčő ïáŋő, çâő ć őąńăáâĺ âěňŕěàăâãà T < T_c âàěąãěâáï áŕěæĺăńìŋőě àăááňőâàěŋĺě [1, 2]. Ĺáåőďĺň ĺğ ãŕàőéěŋŋőľ ňőďěńĺ äěàňĺ { čăğă á âőçěçŋëň ŕàĺâïęěŋĺěň, čăňĺńìâőŋĺăŋ łőâőàőľ ĺňěěâ ćĺď:

H = H_0 + H_{int} = = ∑ α ∫ drψ^+_α (r) [ − 1 2m ∇^2 − μ ] ψ_α(r) + λ 2 ∑ αβ ∫ drψ^+_α (r)ψ^+_β (r)ψβ(r)ψα(r) (5.33)

Ťőàňăńìŋő íâő áőőâćěâáâćãěâ ŕőâěŋæĺăńã ćğăĺňőďěľáâćĺï V (r − r^′) = λδ(r − r^′), ŋő ć ďăńìŋěľèěň ŕàĺ ćëçĺáńěŋĺĺ ĺŋâěčàăńőć ĺ áãňň ňë ąãďěň ŕőďàăğãňěćăâì őčàăŋĺçěŋĺě âĺŕă (5.4), (5.5), çâőąë ãçěáâì àěăńìŋãî ŕàĺàőďã ŕàĺâïęěŋĺï ć áćěàåŕàőćőďŋĺłăå.

Ć čěľğěŋąěàčőćáłőň ŕàěďáâăćńěŋĺĺ ňőęŋő ćëŕĺáăâì áâăŋďăàâŋëě ãàăćŋěŋĺï ďćĺęěŋĺï ďńï íńěłâàőŋŋëå őŕěàăâőàőć: i ∂ ∂t ψ_α(x) = [ψ_α, H] (5.34)

Łőňňãâăâőà ć ŕàăćőľ çăáâĺ ćëçĺáńïěâáï ŋěŕőáàěďáâćěŋŋő, á ĺáŕőńìğőćăŋĺěň őáŋőćŋëå łőňňãâăæĺőŋŋëå áőőâŋőèěŋĺľ ďńï őŕěàăâőàőć ψ_α(x):

ψ_α(r, t)ψ^+_β (r^′, t) + ψ^+_β (r^′, t)ψ_α(r, t) = δ_{αβ}δ(r − r^′) (5.35)

ψ_α(r, t)ψ_β(r^′, t) + ψ_β(r^′, t)ψ_α(r, t) = 0 ψ^+_α (r, t)ψ^+_β (r^′, t) + ψ^+_β (r^′, t)ψ^+_α (r, t) = 0 (5.36)

Ŕàïňëě ćëçĺáńěŋĺï, áćïğăŋŋëě á ŕőáńěďőćăâěńìŋőľ łőňňãâăæĺěľ őŕěàăâőàőć á őâďěńìŋëňĺ áńăčăěňëňĺ ć čăňĺńìâőŋĺăŋě (5.33), ďăîâ:

[ψ_α(x), H_0] = − ( ∇^2 2m + μ ) ψ_α(x) (5.37) [ψ_α(x), H_{int}] = −λ ∑ β ψ^+_β (x)ψ_β (x)ψ_α(x) (5.38)

[ψ^+_α (x), H_0] = ( ∇^2 2m + μ ) ψ^+_α (x) (5.39)

[ψ^+_α (x), H_{int}] = λ ∑ β ψ^+_α (x)ψ^+_β (x)ψ_β (x) (5.40)

âăł çâő ć ïćŋőň ćĺďě ãàăćŋěŋĺï ďćĺęěŋĺï ćëčńïďïâ áńěďãîéĺň őąàăğőň: i ∂ψ_α ∂t = − ( ∇^2 2m + μ ) ψ_α − λψ^+_γ ψ_γ ψ_α (5.41)

i ∂ψ^+_α ∂t = ( ∇^2 2m + μ ) ψ^+_α + λψ^+_α ψ^+_γ ψ_γ (5.42)

174 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

čďě ŕő ŕőćâőàïîéĺňáï čàěçěáłĺň (áŕĺŋőćëň) ĺŋďěłáăň ŕőďàăğãňěćăěâáï áãňňĺàőćăŋĺě.

Śőčńăáŋő ŕàěďŕőńăčăěňőľ ŋăňĺ łăçěáâćěŋŋőľ łăàâĺŋě őáŋőćŋőčő áőáâőïŋĺï áćěàåŕàőćőďŋĺłă, ŕàĺ T = 0 ć áĺáâěňě ĺňěěâáï łőŋďěŋáăâ łãŕěàőćáłĺå ŕăà, áőďěàęăéĺľ őčàőňŋőě (ňăłàőáłőŕĺçěáłőě) çĺáńő çăáâĺæ. Őçěćĺďŋő, çâő áőáâőïŋĺě âăłőľ áĺáâěňë, äăłâĺçěáłĺ, ŋě ňěŋïěâáï ŕàĺ ĺğňěŋěŋĺĺ ŋă ěďĺŋĺæã çĺáńă ŕăà ć łőŋďěŋáăâě^4. Ňăâěňăâĺçěáłĺ íâő ćëàăęăěâáï ŋăńĺçĺěň őâńĺçŋëå őâ ŋãńï (ć ŕàěďěńě çĺáńă çăáâĺæ N → ∞) ğŋăçěŋĺľ ňăâàĺçŋëå íńěňěŋâőć:

lim_{N→∞} < m, N |ψ_β(x_2)ψ_α(x_1)|m, N + 2 >= lim_{N→∞} < m, N + 2|ψ^+_α (x_1)ψ^+_β (x_2)|m, N >^∗≠ 0 (5.43) Ğďěáì ψ_β(x_2)ψ_α(x_1) ŕàěďáâăćńïěâ áőąőľ őŕěàăâőà ãŋĺçâőęěŋĺï ďćãå íńěłâàőŋőć, ă ψ^+_α (x_1)ψ^+_β (x_2) { ăŋăńőčĺçŋëľ őŕěàăâőà àőęďěŋĺï ŕăàë. Ć ďăńìŋěľèěň ňë ąãďěň, ďńï łàăâłőáâĺ, őŕãáłăâì ğŋăł ćğïâĺï ŕàěďěńă, ă âăłęě őŕãáâĺň ĺ ďĺăčőŋăńìŋëľ ňăâàĺçŋëľ ĺŋďěłá, ŋãňěàãîéĺľ \őďĺŋăłőćëě" áőáâőïŋĺï áĺáâěň á àăğńĺçŋëň çĺáńőň çăáâĺæ.

Šăłĺň őąàăğőň, ŕàĺ ŕěàěåőďě áĺáâěňë ć áćěàåŕàőćőďïéěě áőáâőïŋĺě ŕàőĺáåőďĺâ áŕőŋâăŋŋőě ŋăàãèěŋĺě łăńĺąàőćőçŋőľ áĺňňěâàĺĺ^5, áőőâćěâáâćãîéěľ ğăłőŋã áőåàăŋěŋĺï çĺáńă çăáâĺæ | íńěłâàőŋë ňőčãâ ŕőŕăàŋő \ãåőďĺâì" ć łőŋďěŋáăâ ĺńĺ, ŋăőąőàőâ, \ćőğŋĺłăâì" ĺğ łőŋďěŋáăâă. Ňăłàőáőáâőïŋĺě áĺáâěňë ŕàĺ íâőň ŋě ĺğňěŋïěâáï (ŕàĺ N → ∞!).

Ŕőíâőňã, ŋăàïďã á őąëçŋőľ (ŋőàňăńìŋőľ) äãŋłæĺěľ Čàĺŋă:

iG_{αβ}(x_1, x_2) =< N |T ψ_α(x_1)ψ^+_β (x_2)|N > (5.44)

ŋěőąåőďĺňő ććěáâĺ âăłęě ĺ âăł ŋăğëćăěňëě ăŋőňăńìŋëě äãŋłæĺĺ Čàĺŋă^6:

iF_{αβ}(x_1, x_2) =< N |T ψ_α(x_1)ψ_β(x_2)|N + 2 > (5.45)

iF^+_{αβ}(x_1, x_2) =< N + 2|T ψ^+_α (x_1)ψ^+_β (x_2)|N > (5.46)

Ăŋőňăńìŋëě äãŋłæĺĺ Čàĺŋă F_{αβ} ĺ F^+_{αβ} ãďőćńěâćőàïîâ áńěďãîéĺň őąéĺň áćőľáâćăň áĺňňěâàĺĺ, áńěďãîéĺň ĺğ łőňňãâăæĺőŋŋëå áćőľáâć ćåőďïéĺå ć ŋĺå őŕěàăâőàőć:

F_{αβ}(x_1, x_2) = −F_{βα}(x_2, x_1) F^+_{αβ}(x_1, x_2) = −F^+_{βα}(x_2, x_1) (5.47)

Ć ďăńìŋěľèěň ňë ćáîďã àăááňăâàĺćăěň âőńìłő áĺŋčńěâŋőě (ŕő áŕĺŋã) łãŕěàőćáłőě áŕăàĺćăŋĺě, àěăńĺğãîéěěáï ć ŕőďăćńïîéěň ąőńìèĺŋáâćě ňěâăńńĺçěáłĺå áćěàåŕàőćőďŋĺłőć^7. Őâďěńĺň áŕĺŋőćãî ğăćĺáĺňőáâì ğăŕĺáăć:

F_{αβ} = A_{αβ} F F^+_{αβ} = B_{αβ} F^+ (5.48)

Ŋő, ć áőőâćěâáâćĺĺ á ŕàĺŋæĺŕőň Ŕăãńĺ, ĺňěěň < ψα(x)ψα(x) >= 0, âăł çâő Fαα = F^+_{αα} = 0. Śőőâćěâáâćěŋŋő Aαα = Bαα = 0, ĺ ňăâàĺæë A ĺ B ňőčãâ ąëâì ŕàěďáâăćńěŋë ć ćĺďě: A = ( 0 a_1

a_2 0 ) B = ( 0 b_1

b_2 0 ) (5.49)

4Őâňěâĺň őçěćĺďŋãî ăŋăńőčĺî íâőčő ŕàěďŕőńőęěŋĺï á ăŋăńőčĺçŋőľ čĺŕőâěğőľ, ŕàĺŋĺňăěňőľ ć âěőàĺĺ ąőğě { čăğă áő áńăąëň ćğăĺňőďěľáâćĺěň ŕő Ąőčőńîąőćã [11].

5Łőŋæěŕæĺï áŕőŋâăŋŋőčő ŋăàãèěŋĺï áĺňňěâàĺĺ ĺčàăěâ æěŋâàăńìŋãî àőńì ć áőćàěňěŋŋőľ âěőàĺĺ äăğőćëå ŕěàěåőďőć II àőďă [24]. Őáŋőćŋőě áőáâőïŋĺě \łőŋďěŋáĺàőćăŋŋőľ" äăğë, ćőğŋĺłăîéěľ ŕàĺ âěňŕěàăâãàăå ŋĺęě âőçłĺ ŕěàěåőďă Tc, ćáěčďă ĺňěěâ áĺňňěâàĺî ŋĺęě áĺňňěâàĺĺ čăňĺńìâőŋĺăŋă, őŕĺáëćăîéěčő ďăŋŋëľ äăğőćëľ ŕěàěåőď [11]

6Őâňěâĺň âěáŋãî áćïğì ŕőïćńěŋĺï ć âěőàĺĺ ăŋőňăńìŋëå äãŋłæĺľ Čàĺŋă á ĺďěőńőčĺěľ łćăğĺáàěďŋĺå Ąőčőńîąőćă [11, 24, 25]

7Šàĺŕńěâŋőě áŕăàĺćăŋĺě ĺňěěâ ňěáâő ć áćěàåâěłãçĺå äăğăå He^3 ĺ ć ŋěłőâőàëå ňěâăńńĺçěáłĺå áőěďĺŋěŋĺïå, ŋăŕàĺňěà ć Sr_2RuO_4.

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 175

Ďńï áĺŋčńěâŋőčő áŕăàĺćăŋĺï F (r − r^′) = F (r^′ − r), âőčďă ĺğ (5.47) áńěďãěâ A_{αβ} = −A_{βα} ĺ B_{αβ} = −B_{βα}, âăł çâő^8: A = ( 0 a −a 0 ) B = ( 0 b −b 0 ) (5.50)

ĺ ĺğ (F^+_{αβ} )^∗ = −F_{αβ} ŕőńãçăěň B^∗ = −A, âăł çâő ĺ b^∗ = −a. Śőőâćěâáâćěŋŋő: A = a ( 0 1

−1 0 ) B = −a^∗ ( 0 1

−1 0 ) (5.51)

Šőčďă áŕĺŋőćăï ğăćĺáĺňőáâì ăŋőňăńìŋëå äãŋłæĺľ Čàĺŋă áćőďĺâáï ł ěďĺŋĺçŋőňã ăŋâĺáĺňňěâàĺçŋőňã áŕĺŋőàã 2 { àăŋčă: g_{αβ} = ( 0 1 −1 0 ) = iσ^y_{αβ} (^g^2)_{αβ} = −δ_{αβ} (5.52)

čďě σ^y = ( 0 −i i 0 ) . Ŕőíâőňã ňë ňőęěň ğăŕĺáăâì ăŋőňăńìŋëě äãŋłæĺĺ ć ćĺďě:

F_{αβ}(x_1, x_2) = g_{αβ}F (x_1, x_2) F^+_{αβ}(x_1, x_2) = g_{αβ}F^+(x_1, x_2) (5.53)

čďě áŕàăćă áâőïâ äãŋłæĺĺ áĺňňěâàĺçŋëě ŕő x_1 ĺ x_2. Śŕĺŋőćăï ğăćĺáĺňőáâì ŋőàňăńìŋőľ äãŋłæĺĺ Čàĺŋă G_{αβ} (ďńï ŋěňăčŋĺâŋőľ áĺáâěňë) áćőďĺâáï ł G_{αβ} = δ_{αβ} G. Łàőňě âőčő, ć őďŋőàőďŋőľ áĺáâěňě čàĺŋőćáłĺě äãŋłæĺĺ G, F , F^+ ğăćĺáïâ âőńìłő őâ àăğŋőáâěľ łőőàďĺŋăâ âőçěł ĺ àăğŋőáâĺ ňőňěŋâőć ćàěňěŋĺ.

Ććěďěň ăŋőňăńìŋëě äãŋłæĺĺ ć áőćŕăďăîéĺå âőçłăå:

¨(x) = iF (x, x) ¨^∗(x) = −iF^+(x, x) (5.54)

łőâőàëě ĺŋőčďă ŋăğëćăîâ ćőńŋőćëňĺ äãŋłæĺïňĺ łãŕěàőćáłĺå ŕăà, ŋăåőďïéĺåáï ć łőŋďěŋáăâě. Ć áâăæĺőŋăàŋőľ ňăłàőáłőŕĺçěáłĺ őďŋőàőďŋőľ áĺáâěňě ¨(x) áćőďĺâáï ł ŕőáâőïŋŋőľ, ŕàĺçěň ŋăďńěęăéĺň ćëąőàőň äăğ ψ { őŕěàăâőàőć ňőęŋő áďěńăâì íâã ŕőáâőïŋŋãî ďěľáâćĺâěńìŋőľ.

Ğăľňěňáï âěŕěàì ğăďăçěľ ćëçĺáńěŋĺï àăááňăâàĺćăěňëå äãŋłæĺľ Čàĺŋă ć ňőďěńĺ äěàňĺ { čăğă á ŕàĺâïęěŋĺěň, őŕàěďěńïěňőľ čăňĺńìâőŋĺăŋőň (5.33). Şàăćŋěŋĺï ďćĺęěŋĺï ďńï őŕěàăâőàőć ψ ĺ ψ^+ ćëŕĺáăŋë ćëèě ć (5.41) ĺ (5.42). Ĺňěěň^9: ∂ ∂t_1 G_{αβ} = −i ⟨ T ∂ψ_α(x_1) ∂t_1 ψ^+_β (x_2) ⟩ − iδ_{αβ} δ(r_1 − r_2)δ(t_1 − t_2) (5.56)

âăł çâő ŕőďáâăćńïï áîďă (5.41), ŕőńãçăěň ãàăćŋěŋĺě ďćĺęěŋĺï ďńï ŋőàňăńìŋőľ äãŋłæĺĺ Čàĺŋă ć ćĺďě: ( i ∂ ∂t + ∇^2 2m + μ ) G_{αβ}(x − x^′) − iλ < N |T ψ^+_γ (x)ψ_γ (x)ψ_α(x)ψ^+_β (x^′)|N >= δ_{αβ}δ(x − x^′) (5.57)

8Ďńï âàĺŕńěâŋőčő áŕăàĺćăŋĺï łőőàďĺŋăâŋăï çăáâì ăŋőňăńìŋőľ äãŋłæĺĺ Čàĺŋă ăŋâĺáĺňňěâàĺçŋă, ă áŕĺŋőćăï, ŋăőąőàőâ, áĺňňěâàĺçŋă.

9Ďńï ŕőńãçěŋĺï ćâőàőčő áńăčăěňőčő ć (5.56) ŋãęŋő ćáŕőňŋĺâì ŕàő àăğàëćŋőáâì G_{αβ} ŕàĺ t_1 = t_2:

G_{αβ} |_{t1=t2+0} − G_{αβ} |_{t1=t2−0} = −i < ψα(t_1, r_1)ψ^+(t_1, r_2) + ψ^+_β (t_1, r_2)ψα(t_1, r_1) >= −iδ_{αβ} δ(r_1 − r_2) (5.55)

176 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

Ťĺčãàĺàãîéĺľ ğďěáì ďĺăčőŋăńìŋëľ ňăâàĺçŋëľ íńěňěŋâ ŕàőĺğćěďěŋĺï çěâëàěå ψ { őŕěàăâőàőć ňőęŋő àăáŕĺáăâì (\ŕő Ćĺłã"), ćëŕĺáăć ćáě ćőğňőęŋëě áŕăàĺćăŋĺï (áãňňë ŕàőĺğćěďěŋĺľ ňăâàĺçŋëå íńěňěŋâőć ŕăà őŕěàăâőàőć):

< N |T ψ^+_γ (x)ψ_γ (x)ψ_α(x)ψ^+_β (x^′)|N >≈ G_{γγ} (0)G_{αβ}(x − x^′) − G_{αγ}(0)G_{γβ} (x − x^′) + + < N |T ψ_γ (x)ψ_α(x)|N + 2 >< N + 2|T ψ^+_γ (x)ψ^+_β (x^′)|N > (5.58)

Ůńěŋë âĺŕă GG ďńï ŋăá áěľçăá ŋěáãéěáâćěŋŋë, ŕőáłőńìłã őŋĺ ŕàĺćěďãâ âőńìłő ł ŋěłőâőàőľ ŕěàěŋőàňĺàőćłě íŋěàčĺĺ ćőğąãęďěŋĺľ ć ŋőàňăńìŋőň áőáâőïŋĺĺ. Ŕőíâőňã ć ďăńìŋěľèěň ňë áőåàăŋĺň âőńìłő ćłńăď ŕőáńěďŋěľ áâàőłĺ ć (5.58), čďě áőďěàęăâáï ňăâàĺçŋëě íńěňěŋâë ďńï ŕěàěåőďőć á ĺğňěŋěŋĺěň çĺáńă çăáâĺæ N ↔ N + 2, âăł çâő^{10}: < N |T ψ^+_γ (x)ψ_γ (x)ψ_α(x)ψ^+_β (x^′)|N >→ →< N |T ψ_γ (x)ψ_α(x)|N + 2 >< N + 2|T ψ^+_γ (x)ψ^+_β (x^′)|N >= = −F_{γα}(x, x)F^+_{γβ}(x, x^′) = −δ_{αβ} F (0)F^+(x − x^′) (5.59)

čďě ãçńĺ (5.45), (5.46) ĺ (5.52), (5.53). Ś ãçěâőň (5.59) ãàăćŋěŋĺě (5.57) áćőďĺâáï ł: ( i ∂ ∂t + ∇^2 2m + μ ) G(x) + λ¨F^+(x) = δ(x) (5.60)

čďě ğăňěŋĺńĺ ăàčãňěŋâ x − x^′ ŋă x, ă ŕőáâőïŋŋãî iF (0) őąőğŋăçĺńĺ łăł ¨.

Ŋő ňë ďőńęŋë âěŕěàì ŋăŕĺáăâì ěéě ĺ ãàăćŋěŋĺě ďćĺęěŋĺï ďńï ăŋőňăńìŋőľ äãŋłæĺĺ Čàĺŋă F^+(x)! Ďńï íâőčő ćëçĺáńĺň ŕàőĺğćőďŋãî: i ∂ ∂t_1 F^+_{αβ}(x − x^′) = ⟨ N + 2 | | | |T ∂ψ^+_α (x) ∂t_1 ψ^+_β (x^′) | | | | N ⟩ (5.61)

Ğăňěâĺň, çâő çńěŋ á δ { äãŋłæĺěľ, âĺŕă ćâőàőčő áńăčăěňőčő ć (5.56), ğďěáì ŋě ćőğŋĺłăěâ, ŕőáłőńìłã F_{αβ}(x − x^′) (ć őâńĺçĺě őâ G_{αβ}(x − x^′)) ŋěŕàěàëćŋă ŕàĺ t = t^′ (ć áĺńã ăŋâĺłőňňãâăâĺćŋőáâĺ ψ^+_α (t, r) ĺ ψ^+_β (t, r^′)). Ŕőďáâăćńïï (5.41) ć (5.61) ĺ áŋőćă ŕàőćőďï ćëďěńěŋĺě łőŋďěŋáăâŋőčő ćłńăďă, ăŋăńőčĺçŋő âőňã, łăł íâő ďěńăńőáì ć (5.59), ŕőńãçăěň ãàăćŋěŋĺě: ( i ∂ ∂t − ∇^2 2m − μ ) F^+(x) + λ¨^∗G(x) = 0 (5.62)

Šăłĺň őąàăğőň ňë ŕőńãçăěň ğăňłŋãâãî áĺáâěňã ãàăćŋěŋĺľ (5.60) ĺ (5.62), őŕàěďěńïîéãî äãŋłæĺĺ Čàĺŋă áćěàåŕàőćőďŋĺłă (Ń.Ŕ.Čőàìłőć, 1958).

Ŕěàěåőďï ł ĺňŕãńìáŋőňã ŕàěďáâăćńěŋĺî, ãàăćŋěŋĺï Čőàìłőćă ňőęŋő ğăŕĺáăâì ć ćĺďě ( p = (ε, p), ξ(p) = p^2_{2m} − μ ) : (ε − ξ(p))G(p) + λ¨F^+(p) = 1 (5.63)

(ε + ξ(p))F^+(p) + λ¨^∗G(p) = 0 (5.64)

10Ć ŋőàňăńìŋőľ äěàňĺ { áĺáâěňě (ąěğ łőŋďěŋáăâă) őŋĺ, ěáâěáâćěŋŋő, àăćŋë ŋãńî. Ŋő ğďěáì íâĺ ăŋőňăńìŋëě ćłńăďë ćěďãâ ł łăçěáâćěŋŋő ŋőćëň ćëćőďăň.

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 177

Ĺáłńîçăï ĺğ íâőľ áĺáâěňë F^+ íâőľ áĺáâěňë ãàăćŋěŋĺľ áàăğã ęě ŋăåőďĺň:

(ε^2 − ξ^2(p) − |´|^2)G(p) = ε + ξ(p) (5.65)

čďě ććěńĺ őąőğŋăçěŋĺě:

´ = λ¨ (5.66) İâă ćěńĺçĺŋă, łăł ňë ãćĺďĺň ŋĺęě, ąãďěâ ĺčàăâì àőńì íŋěàčěâĺçěáłőľ éěńĺ ć áŕěłâàě ćőğąãęďěŋĺľ áćěàåŕàőćőďŋĺłă ĺ, őďŋőćàěňěŋŋő, ŕăàăňěâàă ŕőàïďłă áćěàåŕàőćőďïéěčő ŕěàěåőďă.

Ťőàňăńìŋőě àěèěŋĺě (5.65) ĺňěěâ ćĺď: G(p) = ε + ξ(p) ε^2 − ε^2(p) = u^2_p ε − ε(p) + v^2_p ε + ε(p)

(5.67) čďě ε(p) =^√ξ^2(p) + |´|^2 (5.68)

áŕěłâà íńěňěŋâăàŋëå ćőğąãęďěŋĺľ âěőàĺĺ ĄŁŸ (á éěńìî 2|´|), ă u_p ĺ v_p ěáâì ĺğćěáâŋëě łőíääĺæĺěŋâë Ąőčőńîąőćă [11]:

u^2_p v^2_p } = 1 2 ( 1 ± ξ(p) √ ξ^2(p) + |´|^2 ) (5.69)

Ćëàăęěŋĺě (5.67) ěéě ŋěďőőŕàěďěńěŋő | ŋãęŋő ěéě ğăďăâì áŕőáőą őąåőďă ŕőńîáőć, ĺŋăçě őáâăěâáï ŋěőŕàěďěńěŋŋőľ ňŋĺňăï çăáâì äãŋłæĺĺ G. Ďěńő ć âőň, çâő őŋă, őçěćĺďŋő, áőďěàęĺâ δ(ε ± ε(p)) ĺ ŕőâőňã ćëŕăďăěâ ŕàĺ ãňŋőęěŋĺĺ ŋă (ε^2 − ε^2(p)) ć (5.65). Ŕő őąéĺň ăŋăńĺâĺçěáłĺň áćőľáâćăň [1] ğŋăł ňŋĺňőľ çăáâĺ äãŋłæĺĺ Čàĺŋă ŕàőâĺćőŕőńőęěŋ ğŋăłã ŕěàěňěŋŋőľ ε, ŕőíâőňã ć çńěŋăå á ŕőńőęĺâěńìŋëňĺ ĺ őâàĺæăâěńìŋëňĺ ŕőńîáăňĺ íâã ŕěàěňěŋŋãî ŋãęŋő ğăňěŋĺâì ŋă ε ± iδ, âőčďă

G(εp) =^{u2p} ε − ε(p) + iδ + v^2_p ε + ε(p) − iδ = ε + ξ(p) (ε − ε(p) + iδ)(ε + ε(p) − iδ) (5.70)

Šěŕěàì ŋăåőďĺň ĺ F^+ ĺğ ãàăćŋěŋĺï (5.64):

F^+(εp) = − λ¨^∗ (ε − ε(p) + iδ)(ε + ε(p) − iδ) = − ´^∗ (ε − ε(p) + iδ)(ε + ε(p) − iδ) (5.71)

Ć âőęě ćàěňï ĺňěěň, ŕő őŕàěďěńěŋĺî:

i¨^∗ = F^+(x = 0) = ∫_∞ −∞ dε 2π ∫ d^3p (2π)^3

F^+(εp) (5.72)

Ŕőďáâăćńïï áîďă (5.71), ćëŕőńŋïěň ĺŋâěčàĺàőćăŋĺě ŕő ε ŕãâěň ğăňëłăŋĺï łőŋâãàă ć ćěàåŋěľ ŕőńãŕńőáłőáâĺ, âăł çâő ĺŋâěčàăń ćëàăęăěâáï çěàěğ ćëçěâ ć ŕőńîáě ε =

ε(p). Ć àěğãńìâăâě, ŕőáńě áőłàăéěŋĺï ŋă ¨^∗ ŕőńãçăěň:

1 = − λ 2(2π)^3 ∫ d^3p 1 √ ξ^2(p) + ´^2

(5.73)

| ãàăćŋěŋĺě ďńï éěńĺ âěőàĺĺ ĄŁŸ. Ŋăŕőňŋĺň, çâő ã ŋăá λ < 0, łàőňě âőčő ňë ŕĺèěň ´ ãęě ąěğ ğŋăłă ňőďãńï, ŕőáłőńìłã, łăł őâňěçěŋő ćëèě, ć ďăŋŋőň áńãçăě ňë ňőęěň áçĺâăâì éěńì ćěéěáâćěŋŋőľ. Řăáåőďĺňőáâì ĺŋâěčàăńă ć (5.73), łăł

178 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

ĺğćěáâŋő, őąàěğăěâáï ĺáåőďï ĺğ ãáńőćĺï, çâő ć ňőďěńĺ ĄŁŸ ćğăĺňőďěľáâćãîâ (ŕàĺâïčĺćăîâáï) âőńìłő íńěłâàőŋë á íŋěàčĺïňĺ, ńěęăéĺňĺ ć áńőě âőńéĺŋőľ 2ω_D őłőńő ŕőćěàåŋőáâĺ Ťěàňĺ (áà. (5.4), (5.5)). Šőčďă ĺňěěň: |λ| 2(2π)^3 ∫ dp 4πp^2 √ ξ^2(p) + ´^2 → |λ|p^2_F 4π^2v_F ∫_{ωD} −ω_D dξ √ ξ^2 + ´^2 = |λ|mp_F 2π^2 ln 2ω_D ´ (5.74)

âăł çâő (5.73) áćőďĺâáï ł: 1 = |λ| mp_F 2π^2 ln 2ω_D ´ (5.75)

çâő ďăěâ áâăŋďăàâŋëľ àěğãńìâăâ ĄŁŸ:

´_0 = 2ω_De^{− 2π2|λ|mp}F = 2ω_De^{− 1|λ|ν}F (5.76)

Śàăćŋĺćăï á (5.31), ĺňěěň: ´_0 = π γ T_c (5.77)

Ŕőńěğŋő àăááçĺâăâì ŕńőâŋőáâì áőáâőïŋĺľ íńěłâàőŋőć ć ňőďěńĺ ĄŁŸ. Ĺáåőďï ĺğ őąéěčő őŕàěďěńěŋĺï (4.99) ĺ (5.67), (5.70), ĺňěěň: N (ε) = − 2 π ν_F ∫_∞ −∞ dξImG^R(ε, ξ) = = − 2 π ν_F signεIm ∫_∞ −∞ dξ ε + ξ ε^2 − ξ^2 − ´^2 = 2 π |ε|Im ∫_∞ −∞ dξ 1 ξ^2 + ´^2 − ε^2 = = 2ν_F |ε|Im 1 √ ´^2 − ε^2

(5.78)

čďě ãçńĺ, çâő ŕàĺ T = 0 ćëŕőńŋïěâáï áőőâŋőèěŋĺě ImG^R(εp) = signεImG(εp) [1]. Šőčďă, ććőďï ŕńőâŋőáâì áőáâőïŋĺľ áćőąőďŋëå íńěłâàőŋőć ŋă ãàőćŋě Ťěàňĺ ďńï őąěĺå ŕàőěłæĺľ áŕĺŋă N (E_F ) = 2ν_F , ĺňěěň: N (ε) N (E_F ) = {_{|ε|√} ε2−Δ2 ŕàĺ |ε| >´ 0 ŕàĺ |ε| <´ (5.79)

İâő { ğŋăňěŋĺâëľ àěğãńìâăâ âěőàĺĺ ĄŁŸ. Ŕńőâŋőáâì áőáâőïŋĺľ àăćŋă ŋãńî ćŋãâàĺ éěńĺ, â.ě. ć őąńăáâĺ íŋěàčĺľ èĺàĺŋőľ 2´ ćőłàãč ãàőćŋï Ťěàňĺ. Ŕàĺ ε = ±´ ć ŋěľ ĺňěîâáï łőàŋěćëě őáőąěŋŋőáâĺ, ă ŕàĺ |ε| → ∞, ğŋăçěŋĺě ŕńőâŋőáâĺ áőáâőïŋĺľ ćëåőďĺâ ŋă ăáĺňŕâőâĺłã ňőďěńĺ áćőąőďŋëå íńěłâàőŋőć N (E_F ).

Şàăćŋěŋĺï Čőàìłőćă ňőęŋő ŕàěďáâăćĺâì ć ďĺăčàăňňŋőň ćĺďě, łăł íâő ŕőłăğăŋő ŋă Řĺá. 5-4, čďě ğĺčğăčőőąàăğŋăï ńĺŋĺï őąőğŋăçăěâ \łőčěàěŋâŋőě" (łőŋďěŋáăâ!) ŕőńě ŕăàăňěâàă ŕőàïďłă ´, ă ďńï ăŋőňăńìŋőľ äãŋłæĺĺ Čàĺŋă ĺáŕőńìğãěâáï áâăŋďăàâŋőě őąőğŋăçěŋĺě á ŕàőâĺćőŕőńőęŋő ŋăŕàăćńěŋŋëňĺ áâàěńłăňĺ^{11}. Ć ăŋăńĺâĺçěáłőň ćĺďě íâĺň čàăäĺłăň áőőâćěâáâćãěâ áĺáâěňă ãàăćŋěŋĺľ^{12}: G(p) = 1 ε − ξ(p) − 1 ε − ξ(p) ´F^+(p) (5.80)

11Ĺğőąàăęěŋŋëě ŋă íâĺå čàăäĺłăå ŕàőæěááë ćğăĺňőďěľáâćĺï á ´ ňőęŋő ĺŋâěàŕàěâĺàőćăâì łăł \ãåőď" íńěłâàőŋőć ć łőŋďěŋáăâ ŕăà ĺńĺ ĺå \ćőğŋĺłŋőćěŋĺě" ĺğ łőŋďěŋáăâă.

12Ďńï łàăâłőáâĺ ňë őŕãáłăěň ğďěáì ąěáłőŋěçŋő ňăńëě ňŋĺňőáâĺ ć äãŋłæĺïå Čàĺŋă áćőąőďŋëå çăáâĺæ.

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 179

Řĺá. 5-4 Ďĺăčàăňňŋőě ŕàěďáâăćńěŋĺě ãàăćŋěŋĺľ Čőàìłőćă.

180 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

F^+(p) = − 1 ε + ξ(p)

´^∗G(p) (5.81)

íłćĺćăńěŋâŋăï (5.63), (5.64).

Ĺáŕőńìğãï (5.66) ĺ ãàăćŋěŋĺě, áőŕàïęěŋŋőě (5.72), ŋăŕĺèěň:

´ = λ¨ = iλ ∫_∞ −∞ dε 2π ∫ d^3p (2π)^3

F (εp) (5.82)

çâő ňőęŋő ĺğőąàăğĺâì ďĺăčàăňňőľ Řĺá. 5-5 (a), ŕőáńě çěčő ĺğ čàăäĺłőć Řĺá. 5-4 ćőğŋĺłăěâ čàăäĺçěáłăï ğăŕĺáì ãàăćŋěŋĺľ Čőàìłőćă, ŕőłăğăŋŋăï ŋă Řĺá. 5-5 (b)^{13}.

Ůăáâő ĺáŕőńìğãěâáï ňăâàĺçŋăï ğăŕĺáì ãàăćŋěŋĺľ Čőàìłőćă, ŕàěďńőęěŋŋăï ćŕěàćëě Ŋăňąã. Ŕàĺ íâőň, ŋăàïďã á G, F^+ ĺ F (â.ě. (5.44), (5.45) ĺ áőŕàïęěŋŋőľ ł (5.45)) ććőďïâ ěéě: i ~G_{αβ} (x_1, x_2) =< N|T ψ^+_α (x_1)ψ_β (x_2)|N > (5.83) łőâőàăï ćåőďĺâ ć áĺáâěňã ãàăćŋěŋĺľ âĺŕă (5.80), (5.81):

~G(p) = 1 ε + ξ(p) − 1 ε + ξ(p)

´^∗F (p) (5.84)

F (p) = − 1 ε − ξ(p)´ ~G(p) (5.85)

Šőčďă ňőęŋő ććěáâĺ ňăâàĺçŋãî äãŋłæĺî Čàĺŋă ćĺďă:

^G(p) = ( G(p) F (p) F^+(p) ~G(p) ) (5.86)

ĺ ğăŕĺáăâì őąě ŕăàë ãàăćŋěŋĺľ Čőàìłőćă ((5.80), (5.81) ĺ (5.84), (5.85)) ěďĺŋëň őąàăğőň łăł: { ε^1 − ^σzξ(p) + 1 2 ( ´^σ^+ + ´^∗ ^σ^− )} ^ G(p) = ^1 (5.87)

čďě ććěďěŋë áâăŋďăàâŋëě ňăâàĺæë Ŕăãńĺ ^σx, ^σy, ^σz ĺ ĺå ńĺŋěľŋëě łőňąĺŋăæĺĺ ^σ^± = ^σx ± i^σy.

Ńěčłő ŕàőćěàĺâì, çâő i ^G(x_1, x_2) =< T ^ψ(x_1) ^ψ^+(x_2) > (5.88) čďě ^ψ(x_1) = ( ψα(x_1) ψ^+_β (x_1) ) ^ψ^+(x_2) = (ψ^+_α (x_2), ψ_β (x_2)) (5.89)

| áŕĺŋőàë Ŋăňąã.

Ěáńĺ áćěàåŕàőćőďŋĺł ŋăåőďĺâáï ćő ćŋěèŋěň íńěłâàőňăčŋĺâŋőň ŕőńě, âő äãŋłæĺĺ Čàĺŋă ãęě ŋě ąãďãâ ğăćĺáěâì âőńìłő őâ àăğŋőáâĺ łőőàďĺŋăâ. Ććěďěŋĺě íńěłâàőňăčŋĺâŋőčő ŕőńï ńěčłő ŕàőćěáâĺ ć ãàăćŋěŋĺïå Čőàìłőćă ć äőàňě (5.60), (5.62). İâő ďěńăěâáï őąëçŋőľ ğăňěŋőľ:

∇ψ → (∇ − ieA)ψ ∇ψ^+ → (∇ + ieA)ψ^+ (5.90)

čďě A | ćŋěèŋĺľ ćěłâőà { ŕőâěŋæĺăń^{14}. Šőčďă ãàăćŋěŋĺï ďńï G ĺ F^+ ŕàĺŋĺňăîâ

ćĺď: { i ∂ ∂t + 1 2m (∇ − ieA)^2 + μ } G(x, x^′) + iλF (x, x)F^+(x, x^′) = δ(x − x^′) (5.91) { i ∂ ∂t − 1 2m (∇ + ieA)^2 − μ } F^+(x, x^′) + iλF^−(x, x)G(x, x^′) = 0 (5.92)

13Ğăňěâĺň, çâő ğďěáì, łăł ĺ ćëèě, ňë ŕàőáâő ŕàěŋěąàěčăěň ćłńăďőň áŕăàĺćăâěńìŋőčő ćğăĺňőďěľáâćĺï ć áőąáâćěŋŋő { íŋěàčěâĺçěáłãî çăáâì ŋőàňăńìŋőľ äãŋłæĺĺ Čàĺŋă.

14Ŕőďàăğãňěćăěâáï ćëąőà łăńĺąàőćłĺ, ć łőâőàőľ áłăńïàŋëľ ŕőâěŋæĺăń ϕ = 0.

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 181

Řĺá. 5-5 Śőąáâćěŋŋő { íŋěàčěâĺçěáłăï çăáâì őâ áŕăàĺćăâěńìŋőčő ćğăĺňőďěľáâćĺï ŋă ăŋőňăńìŋőľ äãŋłæĺĺ Čàĺŋă (a) ĺ ěéě őďŋă äőàňă čàăäĺçěáłőčő ŕàěďáâăćńěŋĺï ãàăćŋěŋĺľ Čőàìłőćă (b).

182 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

Ŕàĺ čàăďĺěŋâŋőň ŕàěőąàăğőćăŋĺĺ:

A → A + ∇φ (5.93)

äãŋłæĺĺ Čàĺŋă G, F ĺ F^+ ŕàěőąàăğãîâáï łăł: G(x, x^′) → G(x, x^′)e^{ie[φ(}r^{)−φ(}r^{′)]} (5.94)

F (x, x^′) → F (x, x^′)e^{+ie[φ(}r^{)+φ(}r^{′)]} (5.95) F^+(x, x^′) → F^+(x, x^′)e^{−ie[φ(}r^{)+φ(}r^{′)]} (5.96) ŕőáłőńìłã ğăàïęěŋŋëě ŕőńï íńěłâàőŋőć ŕàěőąàăğãîâáï, ŕàĺ íâőň, łăł: ψ(x) → ψe^{ieφ(}r^) ψ^+(x) → ψ^+e^{−ieφ(}r^) (5.97) Šőčďă \éěńĺ" ´(x) ∼ |λ|F (x, x) ĺńĺ ´^∗(x) ∼ |λ|F^+(x, x), łőâőàëě ćő ćŋěèŋěň ŕőńě ïćńïîâáï, ćőőąéě čőćőàï, äãŋłæĺïňĺ x, ŕàěőąàăğãîâáï ŕő ğăłőŋã: F (x, x) → F (x, x)e^{2ieφ(}r^) F^+(x, x) → F^+(x, x)e^{−2ieφ(}r^) (5.98) çâő, ć áőőâćěâáâćĺĺ á őąéěľ ĺďěőńőčĺěľ âěőàĺĺ łăńĺąàőćőçŋëå ŕőńěľ [20], őğŋăçăěâ, çâő ŕăàăňěâà ŕőàïďłă âěőàĺĺ áćěàåŕàőćőďĺňőáâĺ (\éěńì") ´ ïćńïěâáï ğăàïęěŋŋëň ŕőńěň á ğăàïďőň 2e, àăćŋëň ãďćőěŋŋőňã ğăàïďã íńěłâàőŋă (łőŋďěŋáăâ łãŕěàőćáłĺå ŕăà)!

Ŕěàěľďěň ł àăááňőâàěŋĺî áńãçăï łőŋěçŋëå âěňŕěàăâãà. Ć ňăæãąăàőćáłőľ âěåŋĺłě, ŋăàïďã, á \ŋőàňăńìŋőľ" äãŋłæĺěľ Čàĺŋă íńěłâàőŋă, ďńï áćěàåŕàőćőďŋĺłă ŋãęŋő ććěáâĺ ĺ \ăŋőňăńìŋãî":

F_{αβ}(τ_1, r_1; τ_2, r_2) = Sp { e^{Ω+μN−HT} T_τ (ψ_α(τ_1r_1)ψ_β (τ_2r_2)) } (5.99)

F^+_{αβ}(τ_1, r_1; τ_2, r_2) = Sp { e^{Ω+μN−HT} T_τ ( —ψ_α(τ_1r_1) —ψ_β (τ_2r_2)) } (5.100) čďě ψ_α(τ r) = e^{τ(H−μN)} ψ_α(r)e^{−τ(H−μN)} —ψ_β(τ r) = e^{τ(H−μN)} ψ^+_β (r)e^{−τ(H−μN)} (5.101) ĺ ãáàěďŋěŋĺě ć (5.99) ĺ (5.100) ćěďěâáï ŕő ąőńìèőňã łăŋőŋĺçěáłőňã ăŋáăňąńî Čĺąąáă (˙ { áőőâćěâáâćãîéĺľ âěàňőďĺŋăňĺçěáłĺľ ŕőâěŋæĺăń), T_τ { őŕěàăæĺï ãŕőàïďőçěŋĺï ŕő ňŋĺňőňã (ňăæãąăàőćáłőňã) ćàěňěŋĺ^{15}.

Śŕĺŋőćăï ğăćĺáĺňőáâì íâĺå äãŋłæĺľ őâďěńïěâáï ć ćĺďě (ăŋăńőčĺçŋő (5.53))^{16}: F_{αβ} = g_{αβ}F F^+_{αβ} = −g_{αβ}F^+ (5.103)

Łăł ĺ G, äãŋłæĺĺ F ĺ F^+ ğăćĺáïâ őâ àăğŋőáâĺ τ = τ_1−τ_2 ĺ ãďőćńěâćőàïîâ ãáńőćĺïň \ăŋâĺŕěàĺőďĺçŋőáâĺ": F (τ ) = −F ( τ + 1 T ) F^+(τ ) = −F^+ ( τ + 1 T ) (5.104)

15Ďńï ŋőàňăńìŋőľ äãŋłæĺĺ Čàĺŋă ŕőďàăğãňěćăěâáï áâăŋďăàâŋőě őŕàěďěńěŋĺě [1]:

G_{αβ} (τ_1, r_1; τ_2, r_2) = −Sp { e^{Ω+μN−H}T Tτ (ψα(τ_1r_1) —ψ_β (τ_2r_2)) } (5.102)

16Őâńĺçĺě ć ğŋăłě, ŕő áàăćŋěŋĺî á (5.53), áćïğăŋő ğďěáì őâáãâáâćĺěň ć őŕàěďěńěŋĺïå (5.99), (5.100) ňŋőęĺâěńï i, łőâőàëľ ąëń ć âěåŋĺłě T = 0.

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 183

âăł çâő àïďë Ťãàìě ŕő τ ďńï íâĺå äãŋłæĺľ áőďěàęăâ âőńìłő ŋěçěâŋëě çăáâőâë ε_n = πT (2n+1). Ňăæãąăàőćáłĺě ψ { őŕěàăâőàë ŕàĺ τ = 0 áőćŕăďăîâ á čěľğěŋąěàčőćáłĺňĺ ŕàĺ t = 0, ŕőíâőňã ĺğ áàăćŋěŋĺï őŕàěďěńěŋĺľ (5.99), (5.100) á (5.45), (5.46) ĺ (5.54), ŋăåőďĺň:

F (0, r; 0, r) = ¨(r) F^+(0, r; 0, r) = ¨^∗(r) (5.105) ĺ âăł őŕàěďěńěŋŋăï ¨ ňőęěâ àăááňăâàĺćăâìáï łăł łőŋďěŋáăâŋăï ćőńŋőćăï äãŋłæĺï, ãáàěďŋěŋŋăï ŕő Čĺąąáã.

Şàăćŋěŋĺï \ďćĺęěŋĺï" ďńï ňăæãąăàőćáłĺå äãŋłæĺľ Čàĺŋă áćěàåŕàőćőďŋĺłă G, F , F^+ ćëćőďïâáï ćŕőńŋě ăŋăńőčĺçŋő ćëćőďã (5.60), (5.62), ŕàĺçěň ćňěáâő ďĺääěàěŋæĺàőćăŋĺï ŕő t ďĺääěàěŋæĺàãěň ŕő τ ĺ ćňěáâő (5.34) ŕőńìğãěňáï ĺňĺ ęě, ŋő á ğăňěŋőľ it → τ . Ć àěğãńìâăâě ŕőńãçăěň ãàăćŋěŋĺï: ( − ∂ ∂τ + ∇^2 2m + μ ) G(τ, r; τ^′, r^′) + λ¨F^+(τ, r; τ^′, r^′) = δ(τ − τ^′)δ(r − r^′) (5.106) ( ∂ ∂τ + ∇^2 2m + μ ) F^+(τ, r; τ^′, r^′) − λ¨^∗G(τ, r; τ^′, r^′) = 0 (5.107)

Ŕőáńě ŕěàěåőďă ł äãàìě { łőňŕőŋěŋâăň íâĺ ãàăćŋěŋĺï ŕàĺŋĺňăîâ ćĺď:

(iε_n − ξ(p))G(ε_np) + ´F^+(ε_np) = 1 (5.108)

− (iε_n + ξ(p))F^+(ε_np) − ´^∗G(ε_np) = 0 (5.109) čďě ććěńĺ:

´ = λ¨ = λF (0r; 0r) ´^∗ = λ¨^∗ = λF^+(0r; 0r) (5.110) Řěèěŋĺě áĺáâěňë ãàăćŋěŋĺľ (5.108) ĺ (5.109) ĺňěěâ ćĺď:

G(ε_np) = − iε_n + ξ(p) ε^2_n + ξ^2(p) + |´|^2 = − iε_n + ξ(p) ε^2_n + ε^2(p)

(5.111)

F^+(ε_np) =

´^∗ ε^2_n + ξ^2(p) + |´|^2 = ´^∗ ε^2_n + ε^2(p)

(5.112)

čďě ε(p) ďăěâáï áŋőćă ćëàăęěŋĺěň (5.68):

ε(p) =^√ξ^2(p) + |´|^2 (5.113)

Ć őâńĺçĺě őâ áńãçăï T = 0 ğďěáì ćáě őďŋőğŋăçŋő ĺ ŋĺłăłőčő ďőőŕàěďěńěŋĺï íâĺå äãŋłæĺľ Čàĺŋă ŋě âàěąãěâáï.

Şàăćŋěŋĺě, őŕàěďěńïîéěě íŋěàčěâĺçěáłãî éěńì, ŋăåőďĺň ĺğ:

¨^∗ = F^+(τ = 0, r = 0) = T ∞∑ n=−∞ ∫ d^3p (2π)^3

F^+(ε_np) (5.114)

çâő ŕőáńě ŕőďáâăŋőćłĺ (5.112) ďăěâ: 1 = |λ|T (2π)^3 ∞∑ n=−∞ ∫ d^3p ε^2_n + ξ^2(p) + |´|^2 = |λ|T (2π)^3 ∞∑ n=−∞ ∫ d^3p ε^2_n + ε^2(p)

(5.115)

184 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

Śãňňĺàőćăŋĺě ŕő çăáâőâăň őŕïâì ňőęŋő ćëŕőńŋĺâì á ŕőňőéìî (2.99), çâő ďăěâ ãàăćŋěŋĺě ďńï éěńĺ âěőàĺĺ ĄŁŸ ďńï áńãçăï łőŋěçŋëå âěňŕěàăâãà: 1 = |λ| 2 ∫ d^3p (2π)^3 1 √ ξ^2(p) + ´^2(T ) th √ ξ^2(p) + ´^2(T ) 2T (5.116)

Śćőľáâćă íâőčő ãàăćŋěŋĺï åőàőèő ĺğćěáâŋë [2, 5, 11, 21], ŕőíâőňã ňë ŋě ąãďěň ğăŋĺňăâìáï ŕőďàőąŋëň àěèěŋĺěň (5.116), ă ŕàőáâő őâňěâĺň, çâő őŋő ďăěâ ĺğćěáâŋãî âěňŕěàăâãàŋãî ğăćĺáĺňőáâì éěńĺ ´(T ) âěőàĺĺ ĄŁŸ. Ć çăáâŋőáâĺ, éěńì őąàăéăěâáï ć ŋãńì ŕàĺ T = T_c, őŕàěďěńïěňőľ (5.31). İâő áńěďãěâ ĺğ âőčő, çâő ŕàĺ ´ = 0 ãàăćŋěŋĺě (5.116) áćőďĺâáï ł: 1 = |λ|mp_F 2π^2 ∫_{ωD} 0 dξ ξ th ξ 2T (5.117)

łőâőàőě, äăłâĺçěáłĺ, áőćŕăďăěâ á ãàăćŋěŋĺěň, őŕàěďěńïîéĺň ŕőńőęěŋĺě ŕőńîáă ć łãŕěàőćáłőľ \ńěáâŋĺæě" (5.30). Ŕàĺ T = 0 (5.116) áćőďĺâáï ł (5.73), âăł çâő áŋőćă ŕőńãçăěň (5.76), (5.77) ´_0 =^π_γ T_c.

Şàăćŋěŋĺï Čőàìłőćă (5.108) ĺ (5.109) ňőęŋő ŕěàěŕĺáăâì ć ćĺďě:

G(ε_np) = 1 iε_n − ξ(p) − 1 iε_n − ξ(p) ´F^+(ε_np) (5.118)

F^+(ε_np) = 1 −iε_n − ξ(−p) ´^∗G(ε_np) = − 1 iε_n + ξ(p)

´^∗G(ε_np) (5.119)

ăŋăńőčĺçŋőň (5.80), (5.81) ĺ ŕàěďáâăćńěŋŋőň ć ďĺăčàăňňŋőň ćĺďě ŋă Řĺá. 5-4, čďě âěŕěàì áńěďãěâ ŕőŋĺňăâì p = (ε_n, p). Ĺâěàĺàãï (ŕőďáâăćńïï ňŋőčőłàăâŋő (5.119) ć (5.118)) ŕőńãçăěň ďńï ŋőàňăńìŋőľ äãŋłæĺĺ Čàĺŋă àăğńőęěŋĺě ć àïď âěőàĺĺ ćőğňãéěŋĺľ ŕő ´:

G(ε_np) = 1 iε_n − ξ(p) + 1 iε_n − ξ(p) |´|^2 (iε + ξ(p))(iε − ξ(p)) + + 1 iε_n − ξ(p) |´|^4 (iε_n + ξ(p))^2(iε_n − ξ(p))^2 + · · · = = iε_n + ξ(p) (iε_n)^2 − ξ^2(p) − |´|^2

(5.120)

ŕőłăğăŋŋőě čàăäĺçěáłĺ ŋă Řĺá. 5-6 (a). Řěğãńìâăâ áãňňĺàőćăŋĺï, íâőčő àïďă, ěáâěáâćěŋŋő, áőćŕăďăěâ á (5.111). Ăŋăńőčĺçŋëň őąàăğőň, ňőęŋő ãàăćŋěŋĺě (5.118) ŕőďáâăćńïâì ć (5.119) \čěŋěàĺàőćăâì" ďĺăčàăňňŋëľ àïď ďńï F^+(ε_np), ŕőłăğăŋŋëľ ŋă Řĺá. 5-6 (b), ć łăęďőň çńěŋě łőâőàőčő äĺčãàĺàãěâ ŋěçěâŋőě çĺáńő ńĺŋĺľ ćğăĺňőďěľáâćĺï á \ŕőńěň" ´, ĺ łőâőàëľ áãňňĺàãěâáï ć (5.112). Őąàăâĺň ćŋĺňăŋĺě, çâő ć àăğńőęěŋĺĺ ăŋőňăńìŋőľ äãŋłæĺĺ Čàĺŋă őâáãâáâćãěâ çńěŋ ŋãńěćőčő ŕőàïďłă ŕő ćğăĺňőďěľáâćĺî | \áćőąőďŋőľ" ăŋőňăńìŋőľ äãŋłæĺĺ ŋě áãéěáâćãěâ^{17}. Ğăňěâĺň âăłęě, çâő ăŋőňăńìŋăï äãŋłæĺï Čàĺŋă F^+ ïćŋő ğăćĺáĺâ őâ äăğë \ŕőńï" (ŕăàăňěâàă ŕőàïďłă) ´.

Ăŋăńőčĺçŋő (5.82) ćëàăęěŋĺï ďńï éěńĺ (5.110) ĺ (5.114) ňőęŋő ğăŕĺáăâì łăł:

´ = λ¨ = λT ∞∑ n=−∞ ∫ d^3p (2π)^3

F (ε_np) (5.121)

17Őŋă ćőğŋĺłăěâ ŕàĺ ććěďěŋĺĺ ąěáłőŋěçŋő ňăńőčő \ąőčőńîąőćáłőčő" ĺáâőçŋĺłă łãŕěàőćáłĺå ŕăà ć àăňłăå ĺďěőńőčĺĺ łćăğĺáàěďŋĺå [11, 25], łőâőàëľ ďěľáâćãěâ łăł ąěáłőŋěçŋő áńăąőě \ŕőńě" ´.

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 185

Řĺá. 5-6 Ďĺăčàăňňŋőě àăğńőęěŋĺě ŋőàňăńìŋőľ äãŋłæĺĺ Čàĺŋă ć àïď ŕő áâěŕěŋïň ´.

186 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

ĺ ĺğőąàăğĺâì čàăäĺłőň, ŕőłăğăŋŋëň ŋă Řĺá. 5-5 (a), âăł çâő ãàăćŋěŋĺï Čőàìłőćă ŕàĺňãâ ćĺď, ŕőłăğăŋŋëľ čàăäĺçěáłĺ ŋă Řĺá. 5-5 (b).

Ňőęŋő, àăğãňěěâáï ŕőáâàőĺâì ĺ ąőńěě áőćěàèěŋŋãî âěőàĺî áćěàåŕàőćőďĺňőáâĺ, őáŋőćăŋŋãî ŋě ŋă ŕàĺňěŋěŋĺĺ ňőďěńìŋőčő áŕăàĺćăâěńìŋőčő ćğăĺňőďěľáâćĺï ĄŁŸ { Čőàìłőćă (5.33), ă ŋă ąőńěě \àěăńĺáâĺçěáłőľ" ňőďěńĺ íńěłâàőŋ { äőŋőŋŋőčő ćğăĺňőďěľáâćĺï (čăňĺńìâőŋĺăŋ Ťàěńĺåă). İâă âěőàĺï áâàőĺâáï ŋă őáŋőćě áĺáâěňë ãàăćŋěŋĺľ ďńï ŋőàňăńìŋőľ ĺ ăŋőňăńìŋőľ äãŋłæĺľ Čàĺŋă áćěàåŕàőćőďŋĺłă, ŕőłăğăŋŋőľ čàăäĺçěáłĺ ŋă Řĺá. 5-7. Śâàãłâãàă íâĺå ãàăćŋěŋĺľ (Č.Ň.İńĺăèąěàč, 1960) ïáŋă ąěğ ďăńìŋěľèĺå ŕőïáŋěŋĺľ. Řăğãňěěâáï, àěèěŋĺě íâĺå ĺŋâěčàăńìŋëå ãàăćŋěŋĺľ, á ãçěâőň őáőąěŋŋőáâěľ àěăńìŋőčő áŕěłâàă äőŋőŋőć, ŕàěďáâăćńïěâ áőąőľ ćěáìňă âàãďŋãî ğăďăçã. Šěň ŋě ňěŋěě, ğďěáì ąëń ďőáâĺčŋãâ áãéěáâćěŋŋëľ ŕàőčàěáá (W.L.McMillan, 1968) ĺ âěőàĺï âàăďĺæĺőŋŋëå áćěàåŕàőćőďŋĺłőć, őáŋőćăŋŋăï ŋă łăàâĺŋě áŕăàĺćăŋĺï ğă áçěâ íńěłâàőŋ { äőŋőŋŋőčő ćğăĺňőďěľáâćĺï ïćńïěâáï ŕàĺňěàőň ćěáìňă ãáŕěèŋőčő ŕàĺňěŋěŋĺï ňěâőďă äãŋłæĺľ Čàĺŋă. Ŕàěłàăáŋőě ĺğńőęěŋĺě ňěâőďőć ăŋăńĺğă ãàăćŋěŋĺľ İńĺăèąěàčă ĺ àěğãńìâăâőć ĺå ŕàĺňěŋěŋĺï ňőęŋő ŋăľâĺ ć [26].

Ć âěňŕěàăâãàŋőľ âěåŋĺłě âăłęě ãďőąŋő ĺáŕőńìğőćăâì ňăâàĺçŋëľ äőàňăńĺğň Ŋăňąã, łőčďă ć ďőŕőńŋěŋĺě ł (5.99), (5.100) ĺ (5.102) ććőďĺâáï ěéě:

~G_{αβ} (τ_1, r_1; τ_2, r_2) = −Sp { e^{Ω+μN−H}T Tτ ( —ψα(τ_1r_1)ψ_β (τ_2r_2)) } (5.122)

ĺ ňăâàĺæă äãŋłæĺľ Čàĺŋă:

^G(ε_np) =

( G(ε_np) −F (ε_np) −F^+(εnp) ~G(εnp) ) (5.123)

łőâőàăï ãďőćńěâćőàïěâ ěďĺŋőňã ňăâàĺçŋőňã ãàăćŋěŋĺî ćĺďă: { iεn^1 − ^σzξ(p) − 1 2 ( ´^σ^+ + ´^∗ ^σ^− )} ^ G(p) = ^1 (5.124)

łőâőàőě áőďěàęĺâ ć áěąě (5.108) ĺ (5.109) ĺ ăŋăńőčĺçŋëě ãàăćŋěŋĺï ďńï ~G ĺ F

(iεn − ξ(p))F (εnp) + ´ ~G(εnp) = 0 (5.125)

(iεn + ξ(p)) ~G(εnp) + ´^∗F (εnp) = 1 (5.126) Ňăâàĺçŋăï äãŋłæĺï Čàĺŋă (5.123) ňőęěâ ąëâì ğăŕĺáăŋă łăł (x = (τ, r)):

^G(x_1, x_2) =

( − < T ψ_α(x_1) —ψ_β (x_2) > − < T ψ_α(x_1)ψ_β (x_2) >

− < T —ψα(x_1) —ψ_β (x_2) > − < T —ψα(x_1)ψ_β (x_2) > ) = − < T ^ψ(x_1) ^ψ^+(x_2) > (5.127)

čďě ãčńőćëě áłőąłĺ őąőğŋăçăîâ ãáàěďŋěŋĺě ŕő Čĺąąáã, ă áŕĺŋőàë Ŋăňąã ĺňěîâ ćĺď:

^ψ(x_1) =

( ψ_α(x_1) —ψ_β (x_1) ) ^ψ^+(x_2) = ( —ψ_α(x_2), ψ_β(x_2)) (5.128)

Ćőğŋĺłŋőćěŋĺě ňăâàĺçŋëå äãŋłæĺľ Čàĺŋă âĺŕă Ŋăňąã, ćłńîçăîéĺå ć áěąï \ăŋőňăńìŋëě" äãŋłæĺĺ, ïćńïěâáï âĺŕĺçŋëň ć áĺáâěňăå áő áŕőŋâăŋŋëň ŋăàãèěŋĺěň áĺňňěâàĺĺ (ŕàěâěàŕěćăîéĺå äăğőćëě ŕěàěåőďë II àőďă) [24]. Şďőąáâćőň âăłőčő ŕàěďáâăćńěŋĺï ïćńïěâáï âő őąáâőïâěńìáâćő, çâő ćáě ďĺăčàăňňë ňőęŋő ĺğőąàăęăâì łăł ć âěőàĺĺ \ŋőàňăńìŋőčő" áőáâőïŋĺï, ŋő ŕàĺ íâőň čàăäĺçěáłĺň íńěňěŋâăň áńěďãěâ áőŕőáâăćńïâì ňăâàĺçŋëě äãŋłæĺĺ Čàĺŋă, âăł çâő àěăńìŋő ćőğŋĺłăîâ áĺáâěňë áćïğăŋŋëå ãàăćŋěŋĺľ ďńï \ŋőàňăńìŋëå" ĺ \ăŋőňăńìŋëå" äãŋłæĺľ.

Śćěàåŕàőćőďĺňőáâì ć ŋěãŕőàïďőçěŋŋőň ňěâăńńě.

Řăááňőâàĺň áćěàåŕàőćőďŋĺł, ć łőâőàőň ĺňěîâáï áńãçăľŋő àăáŕàěďěńěŋŋëě ć ŕàőáâàăŋáâćě (á łőŋæěŋâàăæĺěľ ρ) ŕàĺňěáĺ, ŕőâěŋæĺăń łőâőàëå (âőçŋěě ěčő äãàìě { őąàăğ) ěáâì v(p). Ć ŕàĺŋæĺŕě, íâã ğăďăçã áńěďãěâ àăááňăâàĺćăâì âăłęě, łăł ćëèě àăááňăâàĺćăńĺáì ŕàĺňěáĺ ć ŋőàňăńìŋőň ňěâăńńě. Őâńĺçĺě áćěàåŕàőćőďŋĺłă ć âőň, çâő ć ŋěň ĺňěěâáï \ŋőàňăńìŋăï" ĺ \ăŋőňăńìŋăï" äãŋłæĺĺ Čàĺŋă. Śőőâćěâáâćěŋŋő,

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 187

Řĺá. 5-7 Ďĺăčàăňňŋőě ŕàěďáâăćńěŋĺě ãàăćŋěŋĺľ İńĺăèąěàčă. Ŕãŋłâĺàŋăï ńĺŋĺï őąőğŋăçăěâ äãŋłæĺî Čàĺŋă äőŋőŋă.

188 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

ŋãęŋő ŕĺáăâì áĺáâěňã ãàăćŋěŋĺľ ďńï őąěĺå íâĺå äãŋłæĺľ, ãáàěďŋěŋŋëå ŕő åăőâĺçěáłĺň łőŋäĺčãàăæĺïň ŕàĺňěáěľ. \Ŕàĺňěáŋăï" ďĺăčàăňňŋăï âěåŋĺłă ĺňěěâ őąëçŋëľ ćĺď, âőńìłő âěŕěàì ć čàăäĺłăå äĺčãàĺàãîâ \ŋãńěćëě" (ć áňëáńě âěőàĺĺ ćőğňãéěŋĺľ ŕő ŕàĺňěáŋőňã àăááěïŋĺî) äãŋłæĺĺ Čàĺŋă G ĺ F^+. Šãâ, ŕàăćďă, ěáâì őďŋă âőŋłőáâì | ććěďěŋĺě ŕàĺňěáěľ, ćőőąéě čőćőàï, ŕàĺćőďĺâ ł ĺğňěŋěŋĺî (â.ě. ŕàĺňěáŋőľ ğăćĺáĺňőáâĺ) íŋěàčěâĺçěáłőľ éěńĺ (ŕăàăňěâàă ŕőàïďłă) ´(r), ´^∗(r). İâő őąáâőïâěńìáâćő ňőęěâ áĺńìŋő ãáńőęŋĺâì ďĺăčàăňňŋãî âěåŋĺłã, ŕőáłőńìłã áőőâćěâáâćãîéĺě ŕőŕàăćłĺ ł ´ ąãďãâ őŕàěďěńïâìáï ĺğ ĺŋâěčàăńìŋőčő ãàăćŋěŋĺï, ććĺďã âőčő, çâő ´(r) = λF (x, x). Ŕőíâőňã őąëçŋő ŕàěďŕőńăčăěâáï áăňőãáàěďŋïěňőáâì (ŋěáńãçăľŋőáâì) áćěàåŕàőćőďïéěčő ŕăàăňěâàă ŕőàïďłă: < ´(r) >= ´^{(0)} (čďě ãčńőćëě áłőąłĺ őąőğŋăçăîâ ãáàěďŋěŋĺě ŕő ŕàĺňěáïň), < ´^2(r) > − < ´(r) >^2= 0, âăł çâő ćáě ŕőŕàăćłĺ őâ ŕàĺňěáŋőčő àăááěïŋĺï ğăŋãńïîâáï. İâő ŕàěďŕőńőęěŋĺě^{18} ć ďăńìŋěľèěň ŕőďâćěàďĺâáï ŋăèĺň łőŋěçŋëň àěğãńìâăâőň, ĺğ łőâőàőčő ąãďěâ ćĺďŋő, çâő ćáě ćěńĺçĺŋë âĺŕă F (x, x) ŋě ňěŋïîâáï ŕàĺ ďőąăćńěŋĺĺ (ŋěňăčŋĺâŋëå) ŕàĺňěáěľ. Ŕőíâőňã ďĺăčàăňňŋăï âěåŋĺłă ďńï àăááěïŋĺï ŋă ŕàĺňěáïå áőåàăŋïěâ ĺğćěáâŋëľ ŋăň ćĺď | ŕãŋłâĺàŋőľ ńĺŋĺĺ á łàěáâĺłőň, ŕő { ŕàěęŋěňã, áőŕőáâăćńïěâáï ňŋőęĺâěńì ρv^2(q), ă çăáâőâă íńěłâàőŋŋőľ ńĺŋĺĺ ć ŕàĺňěáŋőľ ćěàèĺŋě ŋě ňěŋïěâáï. Ćáě őæěŋłĺ, ŕőğćőńïîéĺě ŕàěŋěąàěčăâì ŕěàěáěçěŋĺěň ŕãŋłâĺàŋëå ńĺŋĺľ őáâăîâáï ć áĺńě. Şàăćŋěŋĺï ďńï ãáàěďŋěŋŋëå G(p) ĺ F^+(p) ĺňěîâ čàăäĺçěáłĺľ ćĺď, ŕőłăğăŋŋëľ ŋă Řĺá. 5-8 ĺ ŕőŋïâŋëľ ąěğ ďăńìŋěľèĺå ŕőïáŋěŋĺľ. İâã áĺáâěňã ãàăćŋěŋĺľ, ŕőńìğãïáì ïćŋëň ćĺďőň äãŋłæĺľ Čàĺŋă \çĺáâőčő" áćěàåŕàőćőďŋĺłă G^{(0)} ĺ F^{+(0)}, łőâőàëľ ňë ŋăèńĺ ćëèě, ŋěâàãďŋő ŕàĺćěáâĺ ł áńěďãîéěňã (őâŋőáĺâěńìŋő) ŕàőáâőňã ćĺďã [1]^{19}:

(iε_n − ξ(p) − —G_ε)G(p) − (´ + —F_ε)F^+(p) = 1 (5.130)

− (iε_n + ξ(p) − —G_{−ε})F^+(p) + (´^∗ + —F^+_ε )G(p) = 0 (5.131)

čďě:

—G_ε = ρ ∫ d^3p^′ (2π)^3

|v(p − p^′)|^2G(p^′) (5.132)

—F^+_ε = ρ ∫ d^3p^′ (2π)^3

|v(p − p^′)|^2F^+(p^′) (5.133)

čďě áŋőćă ŕőďàăğãňěćăěâáï őąőğŋăçěŋĺě p = (p, ε_n).

Řěèěŋĺě íâőľ áĺáâěňë ãàăćŋěŋĺľ ĺňěěâ ćĺď (ŋĺęě ňë ãćĺďĺň, çâő —G_ε = − —G_{−ε}): G(p) = − iε_n − —G_ε + ξ(p) −(iε_n − —G_ε)^2 + ξ^2(p) + |´ + F^+ε |^2

(5.134)

F^+(p) = −

´ + —F^+_ε −(iε_n − —G_ε)^2 + ξ^2(p) + |´ + F^+ε |^2

(5.135)

Ŕőďáâăŋőćłă íâĺå ćëàăęěŋĺľ ć (5.132) ĺ (5.133) ďăěâ ďćă ãàăćŋěŋĺï ďńï őŕàěďěńěŋĺï —G_ε ĺ —F^+_ε . Łăł ĺ àăŋìèě (ŕàĺ àăááňőâàěŋĺĺ ŕàĺňěáěľ ć ŋőàňăńìŋőň ňěâăńńě), áőąáâćěŋŋő { íŋěàčěâĺçěáłăï çăáâì —G_ε áőďěàęĺâ ŋěłőâőàãî łőŋáâăŋâã, łőâőàãî ňőęŋő àăááňăâàĺćăâì ć łăçěáâćě ăďďĺâĺćŋőľ ďőąăćłĺ ł åĺňŕőâěŋæĺăńã. İâőâ ćłńăď

18Ťăłâĺçěáłĺ, őŋő ňőęěâ ąëâì őŕàăćďăŋő ć ŕàěďěńě áńăąőčő ąěáŕőàïďłă p_F l ≫ 1, E_F τ ≫ 1. 19Ŕàĺ ρv(p)^2 → 0 ãàăćŋěŋĺï (5.130), (5.131), ěáâěáâćěŋŋő, ŕěàěåőďïâ ć (5.108) ĺ (5.109). Ŋãęŋő âőńìłő ãçěáâì, çâő ć áőőâćěâáâćĺĺ á őąőğŋăçěŋĺïňĺ [1], ćňěáâő (5.110) ĺ (5.121) ňë őŕàěďěńïěň ğďěáì:

´ = |λ|F (x,x) ´^∗ = |λ|F^+(x, x) (5.129) çâő ŕàĺćőďĺâ ł ŋěłőâőàőňã àăğńĺçĺî ć ğŋăłăå (ŕő áàăćŋěŋĺî á (5.108) ĺ (5.109)).

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 189

Řĺá. 5-8 Şàăćŋěŋĺï Čőàìłőćă ďńï áćěàåŕàőćőďŋĺłă á ŕàĺňěáïňĺ.

190 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

ŋě ğăćĺáĺâ őâ âěňŕěàăâãàë ĺ ŕàőĺáåőďĺâ, ć őáŋőćŋőň, ĺğ { ğă ĺŋâěčàĺàőćăŋĺï ŕő d^3p^′ ćďăńĺ őâ ŕőćěàåŋőáâĺ Ťěàňĺ. Ŕőíâőňã íâőâ çńěŋ, äăłâĺçěáłĺ, âőâ ęě áăňëľ, çâő ĺ ć ŋőàňăńìŋőň ňěâăńńě: δμ ≈ ρ ∫ d^3p^′ (2π)^3

|v(p − p^′)|^2 1_ξ(p_′) (5.136)

Ŕőíâőňã, äăłâĺçěáłĺ, ć (5.132) ĺ (5.133) ďőáâăâőçŋő ŕàőĺŋâěčàĺàőćăâì ŕő ńĺŋěăàĺğőćăŋŋőňã áŕěłâàã (ćąńĺğĺ ŕőćěàåŋőáâĺ Ťěàňĺ), âăł çâő (5.130) ĺ (5.131) ŕěàěŕĺèãâáï łăł:

(i~ε_n − ξ(p))G(p) − ~´F^+(p) = 1 (5.137) (i~ε_n + ξ(p))F^+(p) − ~´^∗G(p) = 0 (5.138) čďě i~ε_n = iε_n − —G_ε = iε_n + ρv^2ν_F ∫_∞ −∞ dξ i~ε_n + ξ −(i~ε_n)^2 + ξ^2 + ~´^2

(5.139)

~´ = ´ + —F_ε = ´ + ρv^2ν_F ∫_∞ −∞ dξ ~´ −(i~ε_n)^2 + ξ^2 + ~´^2

(5.140)

čďě ňë ãęě ŕěàěèńĺ ł ňőďěńĺ âőçěçŋëå ŕàĺňěáěľ. Ğăňěâĺň, çâő ćłńăď ćâőàőčő áńăčăěňőčő ŕőď ĺŋâěčàăńőň ć (5.139) àăćěŋ ŋãńî (ĺğ { ğă ŋěçěâŋőáâĺ), âăł çâő: − —G_ε iε_n = —F_ε ´ (5.141)

Šěŕěàì ňőęŋő ŋăŕĺáăâì:

~´ = ´ + —F_ε = ´η_ε (5.142) i~ε_n = iε_n − —G_ε = iε_nη_ε (5.143) čďě η_ε őŕàěďěńïěâáï (áà. (5.139) ĺ (5.140)) ãàăćŋěŋĺěň:

η_ε = 1 + η_ε 2πτ ∫_∞ −∞ dξ ξ^2 + (ε^2_n + ´^2)η^2_ε

= 1 + η_ε 2πτ π η_ε √ ε^2_n + ´^2

(5.144)

čďě ãçńĺ, çâő ρv^2ν_F =^1_{2πτ} . Őłőŋçăâěńìŋő, ĺňěěň:

η_ε = 1 + 1 2τ √ ε^2_n + ´^2

(5.145)

Šăłĺň őąàăğőň, ãáàěďŋěŋŋëě ŕő ŕőńőęěŋĺïň ŕàĺňěáěľ äãŋłæĺĺ Čàĺŋă áćěàåŕàőćőďŋĺłă G(p) ĺ F^+(p) ŕőńãçăîâáï ĺğ áőőâćěâáâćãîéĺå čőàìłőćáłĺå äãŋłæĺľ \çĺáâőčő" áćěàåŕàőćőďŋĺłă (5.111) ĺ (5.112) ŕàőáâőľ ğăňěŋőľ: {ε_n, ´} → {ε_nη_ε, ´η_ε} (5.146) Šőčďă ŕőćâőàïï ćëçĺáńěŋĺï, ćěďãéĺě ł (5.114), (5.115) ĺ (5.116), ňőęŋő ãąěďĺâìáï, çâő ćěńĺçĺŋă η_ε ŕàőáâő ćëŕăďăěâ ĺğ ãàăćŋěŋĺï ďńï áćěàåŕàőćőďïéěľ éěńĺ ´(T ), ŕőáłőńìłã ŕőáńě ŕěàěåőďă ł ŕěàěňěŋŋőľ ĺŋâěčàĺàőćăŋĺï ξ ňőęŋő áďěńăâì ğăňěŋã ŕěàěňěŋŋőľ ξ → ξ/η, łőâőàăï ŋĺ ŋă çěň ŋě áłăğëćăěâáï. Ŕőáňőâàĺň łăł íâő ŕőńãçăěâáï ŕőďàőąŋěě. Ğăňěŋă (5.146) ć (5.114) ĺ (5.115) ďăěâ ãàăćŋěŋĺě ďńï éěńĺ áńěďãîéěčő ćĺďă: 1 = |λ|T (2π)^3 ∞∑ n=−∞ ∫ d^3p η_ε ε^2_nη^2_ε + ξ^2(p) + |´|^2η^2_ε ≈ |λ|ν_F T ∞∑ n=−∞ ∫_{ωD} −ω_D dξ η_ε ε^2_nη^2_ε + ξ^2 + |´|^2η^2_ε (5.147)

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 191

Şàăćŋěŋĺě ďńï T_c ŕőńãçăěň, ŕőńăčăï ć (5.147) ´ = 0: 1 = |λ|T (2π)^3 ∞∑ n=−∞ ∫ d^3p η_ε ε^2_nη^2_ε + ξ^2 ≈ |λ|ν_F T ∞∑ n=−∞ ∫_{ωD} −ω_D dξ η_ε ε^2_nη^2_ε + ξ^2

(5.148) čďě η_ε = 1 + 1 2|ε_n|τ (5.149)

Šěŕěàì ďőąăćĺň ĺ ćëçâěň ć ŕőďĺŋâěčàăńìŋőň ćëàăęěŋĺĺ^1_{ε2n+ξ2} , âőčďă, ĺáŕőńìğãï áŋőćă (2.99), ŕěàěŕĺáëćăěň ãàăćŋěŋĺě ďńï T_c łăł: 1 = |λ|ν_F ∫_{ωD} −ω_D dξ 2ξ th ξ 2T_c + +|λ|ν_F ∞∑ n=−∞ ∫_{ωD} −ω_D dξ { η_ε ε^2_nη^2_ε + ξ^2 − 1 ε^2_n + ξ^2 } (5.150)

Ćő ćâőàőň ĺŋâěčàăńě (ććĺďã ěčő ąëáâàőľ áåőďĺňőáâĺ) ňőęŋő ãáâàěňĺâì ω_D → ∞. Šőčďă, ŕőáńě ğăňěŋë ŕěàěňěŋŋőľ ĺŋâěčàĺàőćăŋĺï ξ → ξ/η_ε ć ŕěàćőň áńăčăěňőň, őŋő őłăğëćăěâáï àăćŋëň ćâőàőňã, âăł çâő őŋĺ ć âőçŋőáâĺ łőňŕěŋáĺàãîâ ďàãč ďàãčă! Ć àěğãńìâăâě (5.150) áćőďĺâáï ł ãàăćŋěŋĺî (5.117), őŕàěďěńïîéěňã T_c \çĺáâőčő" áćěàåŕàőćőďŋĺłă (5.31).

Ăŋăńőčĺçŋëň őąàăğőň ňőęŋő àăááňőâàěâì ĺ \ŕőńŋőě" ãàăćŋěŋĺě (5.147), őŕàěďěńïîéěě ´(T ) ć ŕàĺňěáŋőň áćěàåŕàőćőďŋĺłě. Ć àěğãńìâăâě őŋő áćěďěâáï ł (5.116) ďńï \çĺáâőčő" áńãçăï.

Šăłĺň őąàăğőň T_c ĺ ´(T ) áćěàåŕàőćőďŋĺłă á \ŋőàňăńìŋëňĺ" (ŋěňăčŋĺâŋëňĺ) ŕàĺňěáïňĺ ćőőąéě ŋě ğăćĺáïâ őâ ŋăńĺçĺï íâĺå ŕàĺňěáěľ ć ňěâăńńě (Ă.Ă.Ăąàĺłőáőć, Ń.Ŕ.Čőàìłőć, 1959)^{20}. Ňë ŕőńãçĺńĺ íâőâ àěğãńìâăâ ć ŕàěďěńě áńăąőčő ąěáŕőàïďłă p_F l ≫ 1, E_F τ ≫ 1, łőčďă ňőęŋő ŕàěŋěąàěçì \ŕěàěłàěáâŋëňĺ" čàăäĺłăňĺ ŕàĺňěáŋőčő àăááěïŋĺï. Ťăłâĺçěáłĺ, íâő ãâćěàęďěŋĺě ĺňěěâ ďăęě ąőńěě èĺàőłãî őąńăáâì ŕàĺňěŋĺňőáâĺ [16], ŕőłă ňë ŕàěďŕőńăčăěň áăňőãáàěďŋïěňőáâì áćěàåŕàőćőďïéěčő ŕăàăňěâàă ŕőàïďłă (éěńĺ). Ćáě íâő ďőáâăâőçŋő åőàőèő áőőâćěâáâćãěâ íłáŕěàĺňěŋâăńìŋő ĺğćěáâŋőľ őâŋőáĺâěńìŋőľ ãáâőľçĺćőáâĺ áćěàåŕàőćőďïéěčő áőáâőïŋĺï ć ąőńìèĺŋáâćě ňěâăńńőć ł ććěďěŋĺî ŋě áńĺèłőň ąőńìèőčő łőńĺçěáâćă ŋěňăčŋĺâŋëå ŕàĺňěáěľ (àăğãŕőàïďőçěŋĺï).

Řăğãňěěâáï, ććĺďã çàěğćëçăľŋőľ ãŕàőéěŋŋőáâĺ ňőďěńĺ ĄŁŸ, ŕőńãçěŋŋëľ ćëćőď ïćńïěâáï ďőáâăâőçŋő őčàăŋĺçěŋŋëň. Ŋăŕàĺňěà, àăğãŕőàïďőçěŋĺě ćěďěâ ł àőáâã íääěłâĺćŋőčő őââăńłĺćăŋĺï (ğă áçěâ àőáâă łãńőŋőćáłőčő ŕáěćďőŕőâěŋæĺăńă [11, 21]) íńěłâàőŋőć, áőáâăćńïîéĺå łãŕěàőćáłãî ŕăàã, ĺ áőőâćěâáâćãîéěňã áŋĺęěŋĺî Tc [16]. İâő ćëćőď ŋěáŕàăćěďńĺć ĺ ć àăňłăå ňőďěńĺ ĄŁŸ, łőčďă àěçì ĺďěâ ő áćěàåŕàőćőďŋĺłăå á ăŋĺğőâàőŕĺěľ íŋěàčěâĺçěáłőľ éěńĺ ŋă ŕőćěàåŋőáâĺ Ťěàňĺ (ŋăŕàĺňěà ďńï áĺáâěň, ć łőâőàëå őąàăğãîâáï łãŕěàőćáłĺě ŕăàë ć áőáâőïŋĺïå á ćëáèĺňĺ őàąĺâăńìŋëňĺ ňőňěŋâăňĺ, âĺŕă áńãçăï d { áŕăàĺćăŋĺï ć ćëáőłőâěňŕěàăâãàŋëå áćěàåŕàőćőďŋĺłăå ŋă őáŋőćě őłáĺďőć ňěďĺ). Ć íâőň áńãçăě, ććěďěŋĺě ŕàĺňěáěľ, łăł ŕàăćĺńő, áĺńìŋő ŕőďăćńïěâ áćěàåŕàőćőďĺňőáâì [16]. Őáőąěŋŋő ïàłĺň ŕàĺňěàőň âăłőčő àőďă ïćńïěâáï ŕőďăćńěŋĺě áćěàåŕàőćőďĺňőáâĺ ňăčŋĺâŋëňĺ (ŕăàăňăčŋĺâŋëňĺ) ŕàĺňěáïňĺ (â.ě. ŕàĺňěáïňĺ, őąńăďăîéĺňĺ áćőąőďŋëň ŋěáłőňŕěŋáĺàőćăŋŋëň áŕĺŋőň S) (Ă.Ă.Ăąàĺłőáőć, Ń.Ŕ.Čőàìłőć, 1960). Řăááňőâàĺň łàăâłő áãâì ďěńă.

Ěáńĺ ć áćěàåŕàőćőďŋĺłě ĺňěîâáï ŕăàăňăčŋĺâŋëě ŕàĺňěáĺ, âő ć ŕőâěŋæĺăńě ćğăĺňőďěľáâćĺï íńěłâàőŋă á ŕàĺňěáŋëň ăâőňőň ěáâì çńěŋ őąňěŋŋőčő ćğăĺňőďěľáâćĺï: V (r) = v(r) + J(r)(S · s) (5.151) čďě J(r) { áőőâćěâáâćãîéĺľ őąňěŋŋëľ ĺŋâěčàăń, S { áŕĺŋ ŕàĺňěáĺ, s =^1_2 σ { áŕĺŋ íńěłâàőŋă. Ć íâőň áńãçăě, ŕàĺ àăááňőâàěŋĺĺ ďĺăčàăňň ŕàĺňěáŋőčő àăááěïŋĺï ć ãàăćŋěŋĺïå Čőàìłőćă, ŕőłăğăŋŋëå ŋă

20Ĺŋőčďă íâő ãâćěàęďěŋĺě ŋăğëćăîâ âěőàěňőľ Ăŋďěàáőŋă, łőâőàëľ ŋěğăćĺáĺňő ŕőńãçĺń âăłőľ ęě àěğãńìâăâ ŋěáłőńìłő ĺŋëň ňěâőďőň [21]

192 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

Řĺá. 5-8, ŋãęŋő ăłłãàăâŋő ãçěáâì áŕĺŋőćãî áâàãłâãàã G ĺ F^+. Ćëèě ňë ćĺďěńĺ, çâő G_{αβ} = Gδ_{αβ} , F_{αβ} = g_{αβ} F , F^+_{αβ} = −g_{αβ} F^+, čďě g_{αβ} = iσ^y_{αβ} (áň. (5.52)). Ć àěğãńìâăâě őłăğëćăěâáï, çâő ćłńăďë őâ ćâőàőčő áńăčăěňőčő ć (5.151) ć ŕàĺňěáŋëě áőąáâćěŋŋő { íŋěàčěâĺçěáłĺě çăáâĺ ć ãàăćŋěŋĺïå Řĺá. 5-8, ŕőáâàőěŋŋëě ŋă ŋőàňăńìŋëå ĺ ăŋőňăńìŋëå äãŋłæĺïå Čőàìłőćă, őâńĺçăîâáï ğŋăłőň^{21}. Šőčďă ćňěáâő őďĺŋăłőćőľ ŕěàěŋőàňĺàőćłĺ iεn ĺ ´ âĺŕă (5.142), (5.143) ĺ (5.145) ćőğŋĺłăîâ ãàăćŋěŋĺï: i~εn = iεn + i~εn 2τ_1 √ ~ε^2_n + ~´^2

(5.152)

~´ = ´ + ~´ 2τ_2 √ ~ε^2_n + ~´^2

(5.153) čďě 1 τ_1 = 2πρν_F ( v^2 + 1 4 S(S + 1)J^2 ) (5.154) 1 τ_2 = 2πρν_F ( v^2 − 1 4 S(S + 1)J^2 ) (5.155)

čďě ňë ŕàĺŋïńĺ ňőďěńì âőçěçŋőčő ŕőâěŋæĺăńìŋőčő ĺ őąňěŋŋőčő àăááěïŋĺï, ă âăłęě ãáàěďŋĺńĺ ŕő őàĺěŋâăæĺïň ŕàĺňěáŋëå áŕĺŋőć, ğăŕĺáăć < S^2 >=^1_3 S(S + 1). Łàőňě âőčő, ňë ãçńĺ, çâő ďńï íńěłâàőŋŋőčő áŕĺŋă s^2 =^1_4 σ^2 =^3_4 . Řăğŋőáâì ćëàăęěŋĺľ, áâőïéĺå ć (5.154) ĺ (5.155): 1 τ_1 − 1 τ_2 = 2 τs â.ě. 1 τs = π 2 πρJ^2ν_F S(S + 1) (5.156)

őŕàěďěńïěâ őąàăâŋőě ćàěňï àăááěïŋĺï (ć âőň çĺáńě, á ŕěàěćőàőâőň áŕĺŋă) ŋă őąňěŋŋőň ŕőâěŋæĺăńě. Ţőâï, äăłâĺçěáłĺ, ćáěčďă ćëŕőńŋïěâáï ŋěàăćěŋáâćő^1_{τs} ≪^1_τ , čďě τ { ćàěňï ŕőâěŋæĺăńìŋőčő àăááěïŋĺï, ĺňěŋŋő τs ïćńïěâáï áãéěáâćěŋŋëň ŕăàăňěâàőň ďńï áćěàåŕàőćőďĺňőáâĺ. Ŕőáńěďőćăâěńìŋëľ ăŋăńĺğ^{22} ãàăćŋěŋĺï ďńï áćěàåŕàőćőďïéěľ éěńĺ, ćőğŋĺłăîéěčő ĺğ (5.134), (5.135) ĺńĺ (5.137), (5.138), á ĺáŕőńìğőćăŋĺěň (5.152), (5.153), ŕàĺćőďĺâ ł áńěďãîéĺň ćëćőďăň. Řăááěïŋĺě ŋă ňăčŋĺâŋëå ŕàĺňěáïå ŕàĺćőďĺâ ł áĺńìŋőňã ŕőďăćńěŋĺî âěňŕěàăâãàë áćěàåŕàőćőďïéěčő ŕěàěåőďă, łőâőàőě őŕĺáëćăěâáï ãàăćŋěŋĺěň Ăąàĺłőáőćă { Čőàìłőćă:

ln T^{c0} Tc = ψ (1 2 + 1 2πTcτs ) − ψ ( 1 2 ) (5.157)

čďě T_{c0} { âěňŕěàăâãàă áćěàåŕàőćőďïéěčő ŕěàěåőďă ć őâáãâáâćĺě ŕàĺňěáěľ,

ψ(z) = `^′( z) `(z)

= − ln γ − 1 z + ∞∑ n=1 ( 1 n − 1 n + z ) (5.158)

{ ńőčăàĺäňĺçěáłăï ŕàőĺğćőďŋăï ` { äãŋłæĺĺ (ďĺčăňňă äãŋłæĺï), ln γ = C = 0.577... { ŕőáâőïŋŋăï İľńěàă. Ţăàăłâěàŋëľ ćĺď ćőğŋĺłăîéěľ ğăćĺáĺňőáâĺ âěňŕěàăâãàë ŕěàěåőďă Tc őâ çăáâőâë őąňěŋŋőčő àăááěïŋĺï ŕőłăğăŋ ŋă Řĺá. 5-9. Śãéěáâćãěâ łàĺâĺçěáłőě ğŋăçěŋĺï çăáâőâë àăááěïŋĺï (őŕàěďěńïîéěě łàĺâĺçěáłãî łőŋæěŋâàăæĺî ňăčŋĺâŋëå ŕàĺňěáěľ): 1 τ^c_s = πT^{c0} 2γ = ´^0 2 čďě ´_0 = π γ T_{c0} (5.159)

ŕàĺ ďőáâĺęěŋĺĺ łőâőàőčő (á àőáâőň łőŋæěŋâàăæĺĺ ňăčŋĺâŋëå ŕàĺňěáěľ) áćěàåŕàőćőďĺňőáâì ĺáçěğăěâ (Tc őąàăéăěâáï ć ŋãńì). Ŕàĺ áńăąőň àăááěïŋĺĺ (ňăńőľ łőŋæěŋâàăæĺĺ ŕàĺňěáěľ) τs → ∞ ĺ ĺğ (5.157) ĺňěěň: Tc ≈ T_{c0} − π 4τs (5.160)

âăł çâő ŕàőĺáåőďĺâ ŋěąőńìèőě áŋĺęěŋĺě Tc. Őâňěâĺň, çâő ğăćĺáĺňőáâì Tc őâ łőŋæěŋâàăæĺĺ ňăčŋĺâŋëå ŕàĺňěáěľ, őŕàěďěńïěňăï (5.157), ŋěŕőáàěďáâćěŋŋő ŕőďâćěàęďăěâáï ŋă íłáŕěàĺňěŋâě.

Ďàãčőľ ğăňěçăâěńìŋőľ őáőąěŋŋőáâìî ňőďěńĺ á ňăčŋĺâŋëňĺ ŕàĺňěáïňĺ ïćńïěâáï áãéěáâćőćăŋĺě ŋă \äăğőćőľ ďĺăčàăňňě" Řĺá. 5-9 ãğłőľ őąńăáâĺ čďě, łăł ŕőłăğëćăîâ ďěâăńìŋëě àăáçěâë ŋă őáŋőćě ãàăćŋěŋĺľ (5.137), (5.138) ĺ (5.152), (5.153), áãéěáâćãěâ âăł ŋăğëćăěňăï ąěáéěńěćăï áćěàåŕàőćőďĺňőáâì. Ć íâőň áőáâőïŋĺĺ Tc ĺ ŕăàăňěâà ŕőàïďłă ´ őáâăîâáï łőŋěçŋëňĺ (´ őąàăéăěâáï ć ŋãńì ŕàĺ T = Tc), âőčďă łăł íŋěàčěâĺçěáłăï éěńì ć áŕěłâàě íńěňěŋâăàŋëå ćőğąãęďěŋĺľ (âőçŋěě ć ŕńőâŋőáâĺ íńěłâàőŋŋëå áőáâőïŋĺľ) őâáãâáâćãěâ. Ďěńő ğďěáì ć âőň, çâő ŕàĺ ŋăńĺçĺĺ ŕàĺňěáěľ ŕăàăňěâà ŕőàïďłă ´ ãęě ŋě ĺčàăěâ, ćőőąéě čőćőàï, àőńì éěńĺ ć áŕěłâàě, ă àăááěïŋĺě ŋă ňăčŋĺâŋëå ŕàĺňěáïå íâã éěńì \ğăňëćăěâ", çâő ŕàĺćőďĺâ ł åăàăłâěàŋőňã ćĺďã ŕńőâŋőáâĺ áőáâőïŋĺľ á

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 193

Řĺá. 5-9 Ğăćĺáĺňőáâì âěňŕěàăâãàë áćěàåŕàőćőďïéěčő ŕěàěåőďă őâ çăáâőâë àăááěïŋĺï ŋă ňăčŋĺâŋëå ŕàĺňěáïå ĺ őąńăáâì áãéěáâćőćăŋĺï \ąěáéěńěćőľ" áćěàåŕàőćőďĺňőáâĺ.

Řĺá. 5-10 Ŕńőâŋőáâì íńěłâàőŋŋëå áőáâőïŋĺľ ć ąěáéěńěćőň áćěàåŕàőćőďŋĺłě.

194 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

\ŕáěćďőéěńìî", łăçěáâćěŋŋő őâńĺçŋőňã őâ àěğãńìâăâă ĄŁŸ (5.79) ĺ ŕőłăğăŋŋőňã ŋă Řĺá. 5-10. Śćěàåŕàőćőďïéĺľ őâłńĺł áĺáâěňë ŕàĺ íâőň áőåàăŋïěâáï.

Ŕőçěňã áćěàåŕàőćőďïéěě áőáâőïŋĺě ãáâőľçĺćő ł ććěďěŋĺî ŋőàňăńìŋëå ŕàĺňěáěľ, ŋő ŋěãáâőľçĺćő ŕő őâŋőèěŋĺî ł ŕàĺňěáïň ňăčŋĺâŋëň? Ďěńő ğďěáì ć âőň, çâő őąëçŋőě ŕőâěŋæĺăńìŋőě àăááěïŋĺě ďěľáâćãěâ ŋă őąă íńěłâàőŋă, áőáâăćńïîéĺě łãŕěàőćáłãî ŕăàã őďĺŋăłőćő, ŕőâőňã ŕăàă ĺ \ćëęĺćăěâ". Ć âőęě ćàěňï, ňăčŋĺâŋőě àăááěïŋĺě ŕő àăğŋőňã ďěľáâćãěâ ŋă íńěłâàőŋë ŕăàë, ŕőáłőńìłã (ďńï àăááňăâàĺćăěňőčő ŋăňĺ áĺŋčńěâŋőčő áŕăàĺćăŋĺï) ĺå áŕĺŋë ŋăŕàăćńěŋë ŕàőâĺćőŕőńőęŋő | ŕàőĺáåőďĺâ \àăáŕăàĺćăŋĺě", â.ě. àăğàãèěŋĺě łãŕěàőćáłĺå ŕăà.

Řăğńőęěŋĺě Čĺŋğąãàčă { Ńăŋďăã.

Ţőàőèő ĺğćěáâŋő ğŋăçěŋĺě, łőâőàőě ĺňěěâ ć âěőàĺĺ áćěàåŕàőćőďĺňőáâĺ ĺňěěâ äěŋőňěŋőńőčĺçěáłĺľ ŕőďåőď, ŕàěďńőęěŋŋëľ Čĺŋğąãàčőň ĺ Ńăŋďăã (1950) ĺ őáŋőćăŋŋëľ ŋă àăğńőęěŋĺĺ áćőąőďŋőľ íŋěàčĺĺ ŕő áâěŕěŋïň ŕăàăňěâàă ŕőàïďłă, ĺ ŕőğćőńïîéĺľ őŕĺáăâì őáŋőćŋëě áćőľáâćă áćěàåŕàőćőďŋĺłőć ćąńĺğĺ âěňŕěàăâãàë áćěàåŕàőćőďïéěčő ŕěàěåőďă [2, 11, 21]. Ŕőłăęěň, łăł íâő àăğńőęěŋĺě ňőęěâ ąëâì ćëćěďěŋő ĺğ ňĺłàőáłőŕĺçěáłőľ âěőàĺĺ ĄŁŸ. Ćŕěàćëě íâő ąëńő áďěńăŋő Čőàìłőćëň (1959), ŋő ŋĺęě ňë ĺáŕőńìğãěň ŋěáłőńìłő ĺŋőľ ňěâőď [16].

Ťăłâĺçěáłĺ ŋăň ďőáâăâőçŋő àăááňőâàěâì íńěłâàőŋë ć ŋőàňăńìŋőň ňěâăńńě (T > T_c), àăáŕàőáâàăŋïîéĺěáï ć áńãçăľŋőň \ŕőńě" âěàňőďĺŋăňĺçěáłĺå äńãłâãăæĺľ^{23} áćěàåŕàőćőďïéěčő ŕăàăňěâàă ŕőàïďłă ´q, åăàăłâěàĺğãěňëå äĺłáĺàőćăŋŋëň (ňăńëň) ćőńŋőćëň ćěłâőàőň q. Šőčďă ňőęŋő ğăŕĺáăâì áńěďãîéĺľ čăňĺńìâőŋĺăŋ ćğăĺňőďěľáâćĺï íńěłâàőŋőć á íâĺňĺ äńãłâãăæĺïňĺ^{24}: H_{int} = ∑ p { ´qa^+p_+ a^+−p_− + ´^∗qa−p− ap+^} (5.161)

čďě, łăł őąëçŋő, ĺáŕőńìğãěâáï őąőğŋăçěŋĺě p_+ = p ±^1_2 q.

Řăááçĺâăěň âěŕěàì ŕőŕàăćłã ł âěàňőďĺŋăňĺçěáłőňã ŕőâěŋæĺăńã (áćőąőďŋőľ íŋěàčĺĺ) áĺáâěňë, áćïğăŋŋãî á (5.161). Śőčńăáŋő [1] ŕőŕàăćłă ł âěàňőďĺŋăňĺçěáłőňã ŕőâěŋæĺăńã őâ ńîąőčő ćğăĺňőďěľáâćĺï ćëàăęăěâáï çěàěğ áàěďŋěě ğŋăçěŋĺě ňăæãąăàőćáłőľ S - ňăâàĺæë:

´F = −T ln < S > (5.162)

čďě ãčńőćëě áłőąłĺ őąőğŋăçăîâ čĺąąáőćáłőě áàěďŋěě, ă

S = T_τ exp { − ∫ 1_T 0 dτ H_{int}(τ ) } (5.163)

ĺ őŕàěďěńïěâáï ŕěâńěćëň àăğńőęěŋĺěň ŕő áćïğŋëň ďĺăčàăňňăň:

´F = −T {< S >_c −1} (5.164)

21İâő áńěďãěâ ĺğ σαγ δ_{γδ}σ_{δβ} = σ_{αδ}σ_{δβ} = σ^2δ_{αβ} ĺ σαγ g_{γδ}σ_{δβ} = −σ^2g_{αβ} , čďě σ^2 = 3. 22Ŕőďàőąŋőáâĺ àăáçěâőć ďńï ăŋăńőčĺçŋőľ ğăďăçĺ ąãďãâ ŕàĺćěďěŋë ć áńěďãîéěľ Čńăćě. 23İâĺ äńãłâãăæĺĺ áçĺâăěň áâăâĺçěáłĺňĺ ĺ ďőáâăâőçŋő \ŕńăćŋëňĺ" ć ŕàőáâàăŋáâćě. 24İâőâ čăňĺńìâőŋĺăŋ ňőęŋő àăááňăâàĺćăâì âăłęě łăł őŕĺáëćăîéĺľ ćğăĺňőďěľáâćĺě á áńãçăľŋëň \ĺáâőçŋĺłőň" łãŕěàőćáłĺå ŕăà.

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 195

Ďĺăčàăňňë ďńï < S >_c −1 ĺňěîâ ćĺď ğăňłŋãâëå ŕěâěńì ĺ áâàőïâáï ŕő őąëçŋëň ŕàăćĺńăň ďĺăčàăňňŋőľ âěåŋĺłĺ (ďńï ďăŋŋőčő ćĺďă ćğăĺňőďěľáâćĺï), á âěň őâńĺçĺěň, çâő ć n-ň ŕőàïďłě âěőàĺĺ ćőğňãéěŋĺľ ŕěàěď łăęďőľ ďĺăčàăňňőľ (ěáńĺ áçĺâăâì őâńĺçŋëňĺ âőńìłő âőŕőńőčĺçěáłĺ ŋěíłćĺćăńěŋâŋëě ďĺăčàăňňë) ŕőïćńïěâáï ňŋőęĺâěńì^1_n [1].

Ć őâáãâáâćĺě ćŋěèŋěčő ňăčŋĺâŋőčő ŕőńï^{25} àăğńőęěŋĺě Čĺŋğąãàčă { Ńăŋďăã (ČŃ) ďńï àăğŋőáâĺ áćőąőďŋëå íŋěàčĺľ áćěàåŕàőćőďïéěčő ĺ ŋőàňăńìŋőčő áőáâőïŋĺï őąëçŋő ğăŕĺáëćăěâáï łăł [21]:

F_s − F_n = A|´(r)|^2 + B 2 |´(r)|^4 + C|∇´(r)|^2 (5.166)

Ěáńĺ ŋăŕĺáăâì äãàìě { àăğńőęěŋĺě:

´(r) =^∑ q ´qe^iqr (5.167)

ĺ őáâăćĺâì âőńìłő őďŋã äãàìě { łőňŕőŋěŋâã, âő (5.166) áćěďěâáï ł:

F_s − F_n = A|´q|^2 + B 2 |´q|^4 + Cq^2|´q|^2 (5.168)

ĺ ğăďăçă ňĺłàőáłőŕĺçěáłőľ âěőàĺĺ áćőďĺâáï ł ćëçĺáńěŋĺî łőíääĺæĺěŋâőć A, B ĺ C. Ĺğ őąéĺå áőőąàăęěŋĺľ ĺğćěáâŋő âőńìłő, çâő A ∼ T − T_c [2, 11, 21].

Ğŋăŋĺě łőíääĺæĺěŋâőć àăğńőęěŋĺï ČŃ ŕőğćőńïěâ, łăł ĺğćěáâŋő, ŋăľâĺ őáŋőćŋëě åăàăłâěàĺáâĺłĺ áćěàåŕàőćőďŋĺłă ćąńĺğĺ T_c [2, 11, 21]. Ć çăáâŋőáâĺ, ďńĺŋă łőčěàěŋâŋőáâĺ ξ(T ) őŕàěďěńïěâ åăàăłâěàŋëľ ňăáèâăą ŋěőďŋőàőďŋőáâěľ ŕăàăňěâàă ŕőàïďłă ´, â.ě. äăłâĺçěáłĺ ğăďăěâ \àăğňěà" łãŕěàőćáłőľ ŕăàë:

ξ^2(T ) = − C A (5.169)

Čńãąĺŋă ŕàőŋĺłŋőćěŋĺï ňăčŋĺâŋőčő ŕőńï ćëàăęăěâáï çěàěğ łőíääĺæĺěŋâë ČŃ łăł:

λ^2_L(T ) = − c^2 32πe^2 B AC (5.170)

čďě ňë \ćőááâăŋőćĺńĺ" áłőàőáâì áćěâă c. Šăł ŋăğëćăěňëľ ŕăàăňěâà Čĺŋğąãàčă { Ńăŋďăã àăćěŋ: κ = λ_L(T ) ξ(T ) = c 4eC √ B 2π (5.171)

Ćąńĺğĺ T_c ćěàåŋěě łàĺâĺçěáłőě ňăčŋĺâŋőě ŕőńě H_{c2} őŕàěďěńïěâáï łăł:

H_{c2} = ϕ_0 2πξ^2(T ) = − ϕ_0 2π A C (5.172)

čďě ϕ_0 = π~c/|e| { łćăŋâ ňăčŋĺâŋőčő ŕőâőłă [2, 11]. Ŋăłőŋěæ, áłăçőł âěŕńőěňłőáâĺ ć âőçłě áćěàåŕàőćőďïéěčő ŕěàěåőďă ć àăáçěâě ŋă ěďĺŋĺæã őąêěňă ěáâì:

c_s − c_n = T_c B ( A T − T_c )_2 (5.173)

25Ś ãçěâőň âőčő, çâő \ŕőńě" ´ ïćńïěâáï ğăàïęěŋŋëň ĺ ğăàïď ěčő àăćěŋ 2e (5.98), ćğăĺňőďěľáâćĺě á ćŋěèŋĺň ňăčŋĺâŋëň ŕőńěň ňőęěâ ąëâì ććěďěŋő á ŕőňőéìî áâăŋďăàâŋőľ ğăňěŋë: ∇ → ∇ ∓ 2ieA (5.165) áőőâćěâáâćěŋŋő ďńï ´ ĺ ´^∗, čďě A | ćěłâőà { ŕőâěŋæĺăń ćŋěèŋěčő ŕőńï.

196 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

Ś âőçŋőáâìî ďő çńěŋőć çěâćěàâőčő ŕőàïďłă ĺňěěň: < S >_c −1 = 1 2! ∫_{1/T} 0 dτ_1 ∫_{1/T} 0 dτ_2 < T_τ (H_{int}(τ_1)H_{int}(τ_2)) >_c + + 1 4! ∫_{1/T} 0 dτ_1... ∫_{1/T} 0 dτ_4 < T_τ (H_{int}(τ_1)...H_{int}(τ_4)) >_c (5.174)

Řăááňőâàĺň ŕőŕàăćłã ćâőàőčő ŕőàïďłă ł áćőąőďŋőľ íŋěàčĺĺ (5.164):

´F_2 = − T 2 ∫_{1/T} 0 dτ_1 ∫_{1/T} 0 dτ_2 < T_τ (H_{int}(τ_1)H_{int}(τ_2)) >_c (5.175)

Ŕàĺ ćëçĺáńěŋĺĺ íâőľ ŕőŕàăćłĺ áńěďãěâ ĺáŕőńìğőćăâì âěőàěňã Ćĺłă, ŕőğćőńïîéãî áćěáâĺ áàěďŋěě őâ ćåőďïéĺå ć ŋěě ŕàőĺğćěďěŋĺľ äěàňĺěćáłĺå őŕěàăâőàőć ł ŕàőĺğćěďěŋĺïň áàěďŋĺå őâ ŕăàŋëå ŕàőĺğćěďěŋĺľ, áőďěàęăéĺå^{26} őďĺŋ őŕěàăâőà a ĺ őďĺŋ őŕěàăâőà a^+. Šőčďă ĺğ (5.175), ŕőáńě áőőâćěâáâćãîéĺå ćëłńăďőł, ŕőńãçăěň:

´F_2 = − T 2 ∫_{1/T} 0 dτ_1 ∫_{1/T} 0 dτ_2´^∗q´q ∑ p^G (p+, τ1 − τ2)G(−p−, τ1 − τ2)+ + ∑ p^G (p+, τ2 − τ1)G(−p−, τ2 − τ1) = = −T ∫_{1/T} 0 dτ_1 ∫_{1/T} 0 dτ_2|´q|^2 ∑ p^G

(p+, τ1 − τ2)G(−p−, τ1 − τ2) (5.176) čďě G(p, τ1 − τ2) = − < Tτ ap(τ1)a^+p(τ2) > (5.177)

{ äãŋłæĺï Čàĺŋă áćőąőďŋőčő íńěłâàőŋă ć (p, τ ) { ŕàěďáâăćńěŋĺĺ. Řăğńăčăï íâã äãŋłæĺî Čàĺŋă ć àïď Ťãàìě ŕő τ ĺ ćëçĺáńïï ĺŋâěčàăńë, ŕőńãçăěň:

´F_2 = −|´q|^2T ∑ p ∑ n G(p+, εn)G(−p−, −εn) (5.178) čďě G(pεn) = 1_{iεn − ξ}(p) , εn = (2n + 1)πT (5.179)

{ áâăŋďăàâŋëľ ćĺď áćőąőďŋőľ ňăæãąăàőćáłőľ äãŋłæĺĺ Čàĺŋă íńěłâàőŋă.

Ăŋăńőčĺçŋëň őąàăğőň, ďńï ŕőŕàăćłĺ çěâćěàâőčő ŕőàïďłă, ĺňěěň:

´F_4 = −T 1 4! 12|´q|^4 ∫_{1/T} 0 dτ_1... ∫_{1/T} 0 dτ_4G(p, τ_1 − τ_3)G(−p, τ_1 − τ_4) × ×G(p, τ2 − τ4)G(−p, τ2 − τ3) (5.180) čďě ć äãŋłæĺïå Čàĺŋă ŕőńőęĺńĺ q = 0, çâő áőőâćěâáâćãěâ ŕàěŋěąàěęěŋĺî ŕàőáâàăŋáâćěŋŋëňĺ ŋěőďŋőàőďŋőáâïňĺ ŕàĺ ćëçĺáńěŋĺĺ łőíääĺæĺěŋâă ŕàĺ çńěŋě çěâćěàâőčő

26Ŋĺłăłĺå ăŋőňăńìŋëå áŕăàĺćăŋĺľ ğďěáì àăááňăâàĺćăâì ŋě ŋăďő { ňë àăááňăâàĺćăěň ŋőàňăńìŋëľ ňěâăńń, ŋăåőďïéĺľáï ŕàĺ T > Tc, ć łőâőàőň \àăąőâăěâ" äńãłâãăæĺőŋŋëľ ĺáâőçŋĺł łãŕěàőćáłĺå ŕăà (5.161).

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 197

ŕőàïďłă ć àăğńőęěŋĺĺ ČŃ. Śőőâćěâáâćěŋŋő, ŕőáńě âěå ęě ŕàőæěďãà, çâő ĺ ćëèě, ŕőńãçăěň:

´F_4 = T 2 |´q|^{4 ∑} p ∑ n G(p, εn)G(−p, −εn)G(p, εn)G(−p, −εn) (5.181) Ć ĺâőčě, á âőçŋőáâìî ďő çńěŋőć çěâćěàâőčő ŕőàïďłă ŕő ´q, ŕőŕàăćłă ł áćőąőďŋőľ íŋěàčĺĺ íńěłâàőŋőć, ŋăåőďïéĺåáï ć ŕőńě äńãłâãĺàãîéĺå łãŕěàőćáłĺå ŕăà, ĺňěěâ ćĺď: ´F ≈ −|´q|^2T ∑ p ∑ n G(p+, εn)G(−p−, −εn) +^T2 |´q|^{4 ∑} p ∑ n G(p, εn)^2G(−p, −εn)^2 (5.182) Řăğńőęěŋĺě ČŃ ďńï àăğŋőáâĺ áćőąőďŋëå íŋěàčĺľ áćěàåŕàőćőďŋĺłă ĺ ŋőàňăńìŋőčő ňěâăńńă ŕőńãçĺâáï ĺğ (5.182), ěáńĺ ňë ŕěàěŕĺèěň ěčő âăł, çâőąë łőíääĺæĺěŋâ ŕěàěď |´q|^2 ŕàĺ q = 0 őąàăéăńáï ć ŋãńì ŕàĺ T = T_c ĺ ąëń őâàĺæăâěńěŋ ďńï T < T_c. Šăłőě ŕőćěďěŋĺě ńěčłő őąěáŕěçĺâì, ěáńĺ ćëçěáâì ĺğ ŕàăćőľ çăáâĺ (5.182) ćëàăęěŋĺě, àăćŋőě ŕőŕàăćłě ´F_2 (5.178), ćğïâőľ á łőíääĺæĺěŋâőň ŕàĺ |´q|^2 ćëçĺáńěŋŋëň ďńï T = T_c ĺ q = 0. Ć àěğãńìâăâě, àăğńőęěŋĺě ČŃ ğăŕĺáëćăěâáï ć ćĺďě:

F_s − F_n = −|´q|^2T ∑ p ∑ n G(p+, εn)G(−p−, −εn) + +|´q|^2Tc^∑ p ∑ n G(p+, εn)G(−p−, −εn)|T =T_c + + T_c 2 |´q|^{4 ∑} p ∑ n G(p, εn)^2G(−p, −εn)^2|T =T_c (5.183)

čďě ňë ěéě ãçńĺ, çâő łőíääĺæĺěŋâ B ŕàĺ |´q|^4 łőŋěçěŋ ŕàĺ T = T_c, âăł çâő ć ŋěň (ŕőňĺňő ŕàěŋěąàěęěŋĺï q { ğăćĺáĺňőáâìî) ňőęŋő áàăğã ŕőńőęĺâì T = T_c. Ś ãçěâőň ãàăćŋěŋĺï ĄŁŸ ďńï T_c, ćğïâőčő ć ćĺďě (5.115) á ´ = 0, ćĺďĺň, çâő ćâőàőľ çńěŋ ć (5.183) áćőďĺâáï ŕàőáâő ł^1_{|λ|} |´q|^2, âăł çâő íâő àăğńőęěŋĺě ňőęŋő ŕěàěŕĺáăâì ć áńěďãîéěň ąőńěě łőňŕăłâŋőň ćĺďě:

F_s − F_n = 1 |λ| |´q|^2 − |´q|^2T^∑ p ∑ n G(p+, εn)G(−p−, −εn) + + T_c 2 |´q|^{4 ∑} p ∑ n G(p, εn)^2G(−p, −εn)^2|T =T_c (5.184)

Čàăäĺçěáłĺ (5.183), (5.184) ňőęŋő ŕàěďáâăćĺâì ďĺăčàăňňăňĺ, ŕőłăğăŋŋëňĺ ŋă Řĺá. 5-11. Ćëçĺâăŋĺě ćâőàőľ ďĺăčàăňňë ŋă íâőň àĺáãŋłě łăł àăğ ĺ őąěáŕěçĺćăěâ ŕàăćĺńìŋőě ŕőćěďěŋĺě łőíääĺæĺěŋâă àăğńőęěŋĺï A, â.ě. őąàăéěŋĺě ěčő ć ŋãńì ĺ áňěŋã ğŋăłă ŕàĺ T = T_c.

Ŕěàěľďěň âěŕěàì ŋěŕőáàěďáâćěŋŋő ł àăáçěâăň łőíääĺæĺěŋâőć àăğńőęěŋĺï ČŃ. Ĺğ (5.183) ĺňěěň ďńï łőíääĺæĺěŋâă A: A = −T ∑ p ∑ n G(pεn)G(−p, −εn) + Tc^∑ p ∑ n G(pεn)G(−p, −εn)|T =T_c = = −T ν_F ∫_∞ −∞ dξ ∑ n 1 ε^2_n + ξ^2 + T_cν_F ∫_∞ −∞ dξ ∑ n 1 ε^2_n + ξ^2 | | | | |_{T =Tc} =

198 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

Řĺá. 5-11 Ďĺăčàăňňŋőě ŕàěďáâăćńěŋĺě àăğńőęěŋĺï Čĺŋğąãàčă { Ńăŋďăã.

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 199 = −ν_F ∫_∞ −∞ dξ ξ [ th ξ 2T − th ξ 2T_c ] (5.185)

Ŕàĺ T ≈ T_c ĺňěěň^1_ξ th^ξ_{2T} ≈^1_ξ th^ξ_{2Tc} +^{Tc −T}_{2T 2c}^1_{ch2 ξ2Tc} , âăł çâő: A = −ν_F T_c − T 4T^2_c ∫_∞ −∞ dξ 1 ch^{2 ξ}_{2Tc} = ν_F T − T_c T_c (5.186)

Ŕàĺ àăáçěâě łőíääĺæĺěŋâă C ŋãęŋő àăğńőęĺâì ŕàőĺğćěďěŋĺě äãŋłæĺľ Čàĺŋă ć ŕěàćőň áńăčăěňőň (5.183) ć àïď ŕő áâěŕěŋïň q:

G(p+, εn)G(−p−, −εn) ≈ 1_{ε2n} +_{ξ2}(p) − (qp)^24_{m2}(_{ε2n} +_{ξ2}(p))_2 −^{iεn}(qp)_m(_{ε2n} +_{ξ2}(p))_2 − − ξ(p)q^2

4m^2(ε^2_n + ξ^2(p))^2 − ε^2_n − ξ^2(p) 2m^2(ε^2_n + ξ^2(p))^3

(qp)^2

(5.187) âăł çâő −T_c ∑ p ∑ n G(p+εn)G(−p−, −εn) ≈ −Tc^∑ p ∑ n { 1 ε^2_n + ξ^2(p)

− (qp)^2 3^{ε2n − ξ2}(p)

4m^2(ε^2_n + ξ^2(p))^3 }

(5.188) ĺ ňë ŕőńãçăěň ćëàăęěŋĺě ďńï łőíääĺæĺěŋâă C ć ćĺďě: C = T_cν_F 1 d ∑ n ∫_∞ −∞ dξ ( p 2m )_2 3ε_n − ξ2

(ε^2_n + ξ^2(p))^3

(5.189)

čďě d { àăğňěàŋőáâì ŕàőáâàăŋáâćă. Ććĺďã ąëáâàőľ áåőďĺňőáâĺ ĺŋâěčàăńă ć (5.189) őáŋőćŋőľ ćłńăď ďăěâ ŋěŕőáàěďáâćěŋŋăï őłàěáâŋőáâì ãàőćŋï Ťěàňĺ ĺ ňë ňőęěň ŕőńőęĺâì p ≈ p_F = mv_F . Šőčďă őłőŋçăâěńìŋő: C = T_cν_F v^2_F 4d ∑ n π |ε_n|^3 = ν_F 7ζ(3) 16π^2d v^2_F T^2_c

≡ ν_F ξ^2_0 (5.190)

čďě ňë őŕàěďěńĺńĺ ďńĺŋã łőčěàěŋâŋőáâĺ áćěàåŕàőćőďŋĺłă ξ_0 [21] łăł:

ξ^2_0 =

7ζ(3) 16π^2d v^2_F T^2_c

(5.191)

čďě ζ(3) ≈ 1.202... (ζ(x) { ζ - äãŋłæĺï Řĺňăŋă). Ć íâĺå äőàňãńăå, łăł ĺ ćëèě, ććěďěŋă: ν_F = {_{mpF} 2π2 ďńï d = 3 m 2π ďńï d = 2 (5.192) { ŕńőâŋőáâì áőáâőïŋĺľ áćőąőďŋëå íńěłâàőŋőć ŋă ŕőćěàåŋőáâĺ Ťěàňĺ ďńï őďŋőčő ŋăŕàăćńěŋĺï áŕĺŋă.

Ŋăłőŋěæ, ğŋăçěŋĺě łőíääĺæĺěŋâă B áàăğã ęě ŕőńãçăěâáï ĺğ ďĺăčàăňňë á çěâëàìňï \åćőáâăňĺ" ´, ŕőłăğăŋŋőľ ŋă Řĺá. 5-11: B = T_c ∑ p ∑ n G^2(ε_np)G^2(−ε_n, −p) = ν_F T_c ∑ n ∫_∞ −∞ dξ 1 (ε^2_n + ξ^2(p))^2 = = ν_F T_c ∑ n π 2|ε_n|^3 = ν_F 7ζ(3) 8π^2T^2_c

(5.193)

200 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

Řěğãńìâăâë (5.186), (5.190) ĺ (5.193) ďăîâ áâăŋďăàâŋëě ćëàăęěŋĺï ďńï łőíääĺæĺěŋâőć àăğńőęěŋĺï ČŃ, ŕőńãçěŋŋëě Čőàìłőćëň (1959) ďńï \çĺáâëå" áćěàåŕàőćőďŋĺłőć. Ĺå ĺáŕőńìğőćăŋĺě ć (5.169) | (5.173) ďăěâ ĺğćěáâŋëě ćëàăęěŋĺï ďńï íâĺå ćěńĺçĺŋ, ŕőńãçăîéĺěáï ćąńĺğĺ T_c ĺğ âěőàĺĺ ĄŁŸ. Šăłĺň őąàăğőň, ňőęŋő áłăğăâì, çâő âěőàĺï Čĺŋğąãàčă { Ńăŋďăã ŕőńãçăěâ ŕőńŋőě ňĺłàőáłőŕĺçěáłőě őąőáŋőćăŋĺě ć àăňłăå ňőďěńĺ ĄŁŸ. Ć âőęě ćàěňï, íâă âěőàĺï čőàăğďő ãďőąŋěě ĺ ŕàőéě ŕàĺ ăŋăńĺğě èĺàőłőčő ŋăąőàă áćőľáâć áćěàåŕàőćőďŋĺłőć, ŋěęěńĺ ŕőńŋăï ňĺłàőáłőŕĺçěáłăï âěőàĺï.

Ŕőńãçěŋŋëě àěğãńìâăâë ďőŕãáłăîâ ďăńìŋěľèĺě őąőąéěŋĺï. Řăááňőâàĺň, ŋăŕàĺňěà, âăł ŋăğëćăěňëě \čàïğŋëě" áćěàåŕàőćőďŋĺłĺ á ŋěňăčŋĺâŋëňĺ ŕàĺňěáïňĺ. Řăğńőęěŋĺě ČŃ ďńï íâőčő áńãçăï ŕőńãçăěâáï ŕàïňëň őąőąéěŋĺěň ŕàőćěďěŋŋëå ćëèě àăááãęďěŋĺľ. Ŋãęŋő âőńìłő ãçěáâì ć ďĺăčàăňňăå ŕàőæěááë àăááěïŋĺï ŋă ŕàĺňěáïå, çâő ŋăňĺ ãęě ŋě àăğ ďěńăńőáì. Ŋěâàãďŋő ŕőŋïâì, çâő áőőâćěâáâćãîéěě őąőąéěŋĺě àăğńőęěŋĺï ČŃ őŕĺáëćăěâáï čàăäĺłăňĺ, ŕőłăğăŋŋëňĺ ŋă Řĺá. 5-12, čďě ććěďěŋë (àăááňőâàěŋŋëě ć ŕàěďëďãéěľ čńăćě) \âàěãčőńìŋëě" ćěàèĺŋë, ãçĺâëćăîéĺě ŕàĺňěáŋőě àăááěïŋĺě ĺ ĺňěěâáï ć ćĺďã, çâő ńĺŋĺĺ čàĺŋőćáłĺå äãŋłæĺľ \őďěâë" ŕàĺňěáïňĺ^{27}:

G(ε_np) = 1 iε_n − ξ(p) + iγ^{εn}_{|εn|} , γ = 1 2τ = πρv^2ν_F (5.194)

ĺ ĺňěěâáï ć ćĺďã ŕàőáâěľèăï ňőďěńì âőçěçŋëå ŕàĺňěáěľ.

Ŋěłőâőàőě őâńĺçĺě őâ àăááňőâàěŋĺï, ŕàőćőďĺćèěčőáï ć ŕàěďëďãéěľ čńăćě, áőáâőĺâ ć âőň, çâő ğďěáì àăááňăâàĺćăěâáï \łãŕěàőćáłĺľ" łăŋăń ĺ ŕěâńĺ ŋă Řĺá. 5-12 (a) őŕàěďěńïîâáï (ć őąőğŋăçěŋĺïå, ăŋăńőčĺçŋëå ĺáŕőńìğőćăŋŋëň ć ŕàěďëďãéěľ čńăćě, ĺ ć ňăæãąăàőćáłőľ âěåŋĺłě) łăł: ¯(qωmεn) = − 12_{πi}^∑ pp^{′ < G} (p+p^′_+, −εn + ωm)G(−p^′_−, −p−, −εn) > (5.195) çâő ŕőłăğăŋő ŋă Řĺá. 5-13 (ďńï ĺŋâěàěáãîéěčő ŋăá áńãçăï ω_m = 2ε_n). Šőčďă ĺğ àăğńőęěŋĺï, ŕőłăğăŋŋőčő ŋă Řĺá. 5-12 ŋěâàãďŋő ŕőńãçĺâì ďńï łőíääĺæĺěŋâőć ČŃ A ĺ C áńěďãîéĺě ďőćőńìŋő őąéĺě ćëàăęěŋĺï^{28}: A = 1 |λ| + 2πiT ∑ n ¯(q = 0, ωm = 2εn) (5.196) C = iπT ∑ n ∂^2 ∂q^2 ¯(q, ωm = 2εn)|q=0,T =T_c (5.197)

Ďěńő ŋěáłőńìłő ãŕàőéăěâáï ć âőň őâŋőèěŋĺĺ, çâő ŕàĺ ŋăńĺçĺĺ ĺŋćăàĺăŋâŋőáâĺ ŕő őâŋőèěŋĺî ł őąàăéěŋĺî ćàěňěŋĺ (â.ě. ć őâáãâáâćĺě ćŋěèŋěčő ňăčŋĺâŋőčő ŕőńï ĺńĺ ňăčŋĺâŋëå ŕàĺňěáěľ) ňë ňőęěň (łăł íâő őąáãęďăńőáì ć ŕàěďëďãéěľ čńăćě) \őąàăâĺâì" őďŋã ĺğ ńĺŋĺľ ć ŕěâńïå ŋă Řĺá. 5-12, 5-13 ĺ ãąěďĺâìáï, çâő

¯(qωmεn) = ˘(qωmεn) (5.198)

27Ć ĺáŕőńìğőćăćèěňáï ŋăňĺ ŕàĺąńĺęěŋĺĺ \ŋěŕěàěłàěéĺćăîéĺåáï" ďĺăčàăňň, áŕàăćěďńĺćőň ć ŕàěďěńě ďőáâăâőçŋő áńăąőčő ąěáŕőàïďłă, łőčďă p_F l ≫ 1, E_F τ ≫ 1.

28Ŋě őáâăŋăćńĺćăïáì ŋă ŕőďàőąŋőáâïå ćëçĺáńěŋĺľ, ãłăęěň, çâő ďńï łőíääĺæĺěŋâă B ĺ ďńï áćěàåŕàőćőďŋĺłă á ŕàĺňěáïňĺ, ĺğ čàăäĺłă Řĺá. 5-12 (b) ŕő ŕàěęŋěňã áńěďãěâ ćëàăęěŋĺě (5.193), ŕőńãçěŋŋőě ćëèě ďńï \çĺáâőčő" áńãçăï [16]. Ŕőíâőňã ŋĺęě ňë őčàăŋĺçĺňáï àăááňőâàěŋĺěň łőíääĺæĺěŋâőć A ĺ C.

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 201

Řĺá. 5-12 Ďĺăčàăňňŋőě ŕàěďáâăćńěŋĺě àăğńőęěŋĺï Čĺŋğąãàčă { Ńăŋďăã ďńï áćěàåŕàőćőďŋĺłă á ŕàĺňěáïňĺ.

202 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

Řĺá. 5-13 Ďĺăčàăňňŋőě ŕàěďáâăćńěŋĺě ďńï ¯(qω_m = 2ε_n) ć áĺáâěňě á ŕàĺňěáïňĺ.

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 203

čďě ˘(qω_mε_n) { őçěćĺďŋőě ňăæãąăàőćáłőě őąőąéěŋĺě ďćãåçăáâĺçŋőľ äãŋłæĺĺ Čàĺŋă (ŕěâńĺ), áâőńì ŕőďàőąŋő àăááňăâàĺćăćèěľáï ŋăňĺ ć ŕàěďëďãéěľ čńăćě (áà. (4.88), (4.274)). Ŕőíâőňã àăáçěâë ŋăň áěľçăá, ŕàăłâĺçěáłĺ, ŋĺłăłĺě ĺ ŋě ŋãęŋë. Łőíääĺæĺěŋâë ČŃ őŕàěďěńïîâáï ĺğ ˘(qω_m = 2ε_n), ćĺď łőâőàőľ ńěčłő \ãčăďăâì", ćáŕőňĺŋăï áőőâćěâáâćãîéĺě àěğãńìâăâë ŕàěďëďãéěľ čńăćë:

˘(qωm) = − 1_{i|ωm|} +_{iD0q2} (5.199)

čďě D_0 =^1_d v^2_F τ =^1_d^{EF}_{mγ} { ďàãďěćáłĺľ łőíääĺæĺěŋâ ďĺääãğĺĺ, łőńì áłőàő àěçì ĺďěâ ő áĺáâěňě á ŋěąőńìèĺň ąěáŕőàïďłőň (p_F l ≫ 1, E_F τ ≫ 1) ĺ ňőęŋő ŕőńìğőćăâìáï \ńěáâŋĺçŋëň" ŕàĺąńĺęěŋĺěň ďńï ćěàèĺŋë ` ŕàĺňěáŋőčő àăááěïŋĺï^{29}.

Ĺáŕőńìğãï (5.199) ĺ (5.198) ć (5.196), ŋăåőďĺň: A = 1 |λ| − 2ν_F n^∗∑

n≥0 1 2n + 1 = 1 |λ| − ν_F ln 2γ π ω_D T = = ν_F ln T T_c ≈ ν_F T − T_c T_c (5.200)

čďě ććěńĺ őąàěğăŋĺě (ńőčăàĺäňĺçěáłĺ àăáåőďïéěľáï) áãňňë ŕő n ŋă n^∗ =^{ωD}_{2πT} . Ŕàĺ íâőň ã ŋăá ćőğŋĺłńő áâăŋďăàâŋőě ćëàăęěŋĺě T_c =^{2γ}_π ω_D exp ( −^1_{|λ|νF} ) âěőàĺĺ ĄŁŸ, âăł çâő âěňŕěàăâãàă ŕěàěåőďă őłăğëćăěâáï ŋě ğăćĺáïéěľ őâ ŋăńĺçĺï ŕàĺňěáěľ, ć ŕőńŋőň áőőâćěâáâćĺĺ á àăááňőâàěŋĺěň, ŕàőćěďěŋŋëň ć ŕàěďëďãéěň àăğďěńě (\âěőàěňă" Ăŋďěàáőŋă). Ťőàňăńìŋő, ćłńăď ŕàĺňěáěľ \ćëŕăń" ćňěáâě á D_0 ĺğ-ğă âőčő, çâő ć (5.196) ŋãęŋő ŕőńőęĺâì q = 0.

Ďńï łőíääĺæĺěŋâă C, ŋăŕàőâĺć, ĺňěěň ĺğ (5.197): C = −iπT ν_F ∑ n ∂^2 ∂q^2 1 2i|ε_n| + iD_0q^2 | | | |_{q=0} =

= πT ν_F D_0 ∑ n 1 2ε^2_n = ν_F D_0 πT ∑ n≥0 1 (2n + 1)^2 = π 8T ν_F D_0 (5.201)

Ěáńĺ ğăŕĺáăâì (5.201) łăł:

C ≡ ν_F ξ^2 = π 8T_c D_0 = π 8T_c 1 3 v^2_F τ = π 24 v_F T_c v_F τ = π 24 v_F T_c l = 0.13 v_F T_c l (5.202)

čďě l = v_F τ { ďńĺŋă áćőąőďŋőčő ŕàőąěčă, âő, á ãçěâőň áńěďãîéěčő ĺğ (5.191) (ďńï d = 3) àěğãńìâăâă ĄŁŸ ξ_0 = 0.18^{vF}_{Tc} , ŋěňěďńěŋŋő ŕőńãçăěň őáŋőćŋőľ àěğãńìâăâ âěőàĺĺ \čàïğŋëå" áćěàåŕàőćőďŋĺłőć ďńï ďńĺŋë łőčěàěŋâŋőáâĺ (Ń.Ŕ.Čőàìłőć, 1959):

ξ^2 ≈ ξ_0l ĺńĺ ξ ≈ √ ξ_0l (5.203)

Šăłĺň őąàăğőň íääěłâĺćŋëľ àăğňěà łãŕěàőćáłĺå ŕăà ć \čàïğŋőň ŕàěďěńě", łőčďă l ≪ ξ_0, ãňěŋìèăěâáï ŕő áàăćŋěŋĺî á \çĺáâëň" áńãçăěň. Śőčńăáŋő (5.172) íâő, ŋăŕàĺňěà, őğŋăçăěâ, çâő àăğãŕőàïďőçěŋĺě (ććěďěŋĺě ŕàĺňěáěľ), ŕàĺ ŋěĺğňěŋŋőň ğŋăçěŋĺĺ

29Ŋă áăňőň ďěńě, ćëàăęěŋĺě (5.199) \àăąőâăěâ" ĺ ć àăňłăå áăňőáőčńăáőćăŋŋőľ âěőàĺĺ ńőłăńĺğăæĺĺ [16], âőńìłő D_0 → D(|ωm|), â.ě. ğăňěŋïěâáï ŋă áőőâćěâáâćãîéĺľ őąőąéěŋŋëľ łőíääĺæĺěŋâ ďĺääãğĺĺ.

204 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

T_c, ňőęěâ ŕàĺćěáâĺ ł ğăňěâŋőňã àőáâã ćěàåŋěčő łàĺâĺçěáłőčő ŕőńï H_{c2}, âăł çâő áćěàåŕàőćőďŋĺłĺ (ĺŋőčďă^{30}) ŕőńěğŋő àăğãŕőàïďőçĺćăâì!

Ĺáŕőńìğőćăŋĺě (5.202), (5.203) ć (5.172) ŕőğćőńïěâ ŕőńãçĺâì ğăňěçăâěńìŋőě áőőâŋőèěŋĺě Čőàìłőćă, áćïğëćăîéěě ŕàőĺğćőďŋãî (ŋăłńőŋ łàĺćőľ âěňŕěàăâãàŋőľ ğăćĺáĺňőáâĺ) ćěàåŋěčő łàĺâĺçěáłőčő ŕőńï H_{c2} (ćąńĺğĺ T_c) á ŕàőćőďĺňőáâìî áĺáâěňë σ =^{ne2}_m τ = 2e^2ν_F D_0 ĺ ŕńőâŋőáâìî áőáâőïŋĺľ ν_F : − σ ν_F ( dH_{c2} dT ) T_c = 8e^2 π^2~ ϕ_0 (5.204)

čďě ϕ_0 =^{πc~}_e { łćăŋâ ŕőâőłă. Śŕàăćă ć (5.204) áâőïâ äãŋďăňěŋâăńìŋëě łőŋáâăŋâë, ă áńěćă | ŋăąńîďăěňëě ćěńĺçĺŋë. Ć çăáâŋőáâĺ, àőáâ ąěáŕőàïďłă (łőŋæěŋâàăæĺĺ ŕàĺňěáěľ), ć ŕěàćőň ŕàĺąńĺęěŋĺĺ, ŋě őçěŋì áĺńìŋő ňěŋïěâ ν_F , âőčďă łăł ŕàőćőďĺňőáâì ńĺŋěľŋő ŕăďăěâ á àőáâőň łőŋæěŋâàăæĺĺ ŕàĺňěáěľ (ă áőŕàőâĺćńěŋĺě àăáâěâ!)^{31}. Šőčďă ĺğ (5.204) áńěďãěâ ńĺŋěľŋëľ àőáâ ŋăłńőŋă łàĺćőľ âěňŕěàăâãàŋőľ ğăćĺáĺňőáâĺ H_{c2} (ćąńĺğĺ T_c) á àőáâőň ąěáŕőàïďłă. İâő ďőćőńìŋő åőàőèő áőőâćěâáâćãěâ íłáŕěàĺňěŋâã ŋă âàăďĺæĺőŋŋëå áćěàåŕàőćőďŋĺłăå.

Ŕàőćěďěŋŋőě ćëèě àăááňőâàěŋĺě \čàïğŋëå" áćěàåŕàőćőďŋĺłőć őâŋőáĺâáï ł ŋě őçěŋì áĺńìŋő àăğãŕőàïďőçěŋŋëň áĺáâěňăň. Ć áĺńã âőčő, çâő âĺŕĺçŋëě ğŋăçěŋĺï ďńĺŋë łőčěàěŋâŋőáâĺ ξ_0 ∼^{vF}_{Tc} ć őąëçŋëå áćěàåŕàőćőďŋĺłăå ŋă ŋěáłőńìłő ŕőàïďłőć ŕàěćëèăîâ ňěęăâőňŋőě àăááâőïŋĺě a, ć ŋĺå ŋě áőáâăćńïěâ âàãďă ãďőćńěâćőàĺâì ãáńőćĺě \čàïğŋőčő" ŕàěďěńă l ≪ ξ_0 ŕàĺ őâŋőáĺâěńìŋő ąőńìèĺå ďńĺŋăå ŕàőąěčă l ≫ a (áőőâćěâáâćãîéĺå áńăąőňã ąěáŕőàïďłã ć áňëáńě ĺáŕőńìğőćăćèěčőáï ćëèě łàĺâěàĺï p_F l ≫ 1). Ćőğŋĺłăěâ ĺŋâěàěáŋëľ ćőŕàőá ő âőň, łăł ĺğňěŋïâáï íâĺ àěğãńìâăâë ŕàĺ ďăńìŋěľèěň ãňěŋìèěŋĺĺ ďńĺŋë áćőąőďŋőčő ŕàőąěčă (àőáâě ąěáŕőàïďłă), ćŕńőâì ďő l ∼ a, łőčďă, łăł ňë ćĺďěńĺ ć ŕàěďëďãéěľ čńăćě, ć áĺáâěňě ňőęěâ ŕàőĺğőľâĺ ăŋďěàáőŋőćáłĺľ ŕěàěåőď ňěâăńń { ďĺíńěłâàĺł [16]. Ťăłâĺçěáłĺ, ňë ŕőŋĺňăěň, çâő ćëàăęěŋĺě ďńï ďćãåçăáâĺçŋőľ äãŋłæĺĺ Čàĺŋă âĺŕă (5.199) áőåàăŋïěâ áćőľ ćĺď, âőńìłő ďàãďěćáłĺľ łőíääĺæĺěŋâ ďĺääãğĺĺ ğăňěŋïěâáï ŋă őąőąéěŋŋëľ D_0 → D(|ωm|), łőâőàëľ őŕàěďěńïěâáï őąőąéěŋŋëň (ďńï áńãçăï ňăæãąăàőćáłĺå çăáâőâ) ãàăćŋěŋĺěň áăňőáőčńăáőćăŋŋőľ âěőàĺĺ ńőłăńĺğăæĺĺ âĺŕă (4.255), łőâőàőě (ďńï d = 3) ĺňěěâ ćĺď [16]: D_E (ωm) D_0

= 1 − λ λc + π 2 λ λc [ D_0 D_E(ωm) ωm 2γ ]_{1/2} (5.205)

čďě ćáě őąőğŋăçěŋĺï âě ęě, çâő ĺ ŕàĺ ŋăèěň őąáãęďěŋĺĺ íâőľ âěőàĺĺ ć ŕàěďëďãéěľ čńăćě^{32}. Ăŋăńőčĺçŋő (4.262) ĺ á ďőáâăâőçŋőľ ďńï ŋăèĺå æěńěľ âőçŋőáâìî, àěèěŋĺě (5.205) ňőęŋő ğăŕĺáăâì ć ćĺďě: D_E(ωm) ≈ Max { D_E ωm ωm + 3D_E ω^2_0(E)/v^2_F

; D_0 (ω_m 2γ )_{1/3}} (5.206)

čďě D_E =^{D0}_{pF ξloc(E)} { ŕěàěŋőàňĺàőćăŋŋëľ łőíääĺæĺěŋâ ďĺääãğĺĺ (őąàăéăîéĺľáï ć ŋãńì ŋă ŕőàőčě ŕőďćĺęŋőáâĺ), ă ω_0 { åăàăłâěàŋăï çăáâőâă, őŕàěďěńěŋŋăï ć (4.219).

Šőčďă őłăğëćăěâáï, çâő łőíääĺæĺěŋâë àăğńőęěŋĺï ČŃ A ĺ B, ŕő ŕàěęŋěňã, áőåàăŋïîâ ćĺď (5.200) ĺ (5.193), ă łőíääĺæĺěŋâ C áãéěáâćěŋŋő ňěŋïěâáï. Ŕàĺ ěčő ćëçĺáńěŋĺĺ ć őłàěáâŋőáâĺ ăŋďěàáőŋőćáłőčő ŕěàěåőďă àěèăîéãî àőńì ŕàĺőąàěâăěâ çăáâőâŋăï ďĺáŕěàáĺï őąőąéěŋŋőčő łőíääĺæĺěŋâă ďĺääãğĺĺ (4.263), őŕàěďěńïěňăï (ć ňăæãąăàőćáłőň äőàňăńĺğňě) ćâőàëň ćëàăęěŋĺěň ć äĺčãàŋëå áłőąłăå (5.206).

Ć ňěâăńńĺçěáłőľ őąńăáâĺ, ŋě áńĺèłőň ąńĺğłő ł ŕőàőčã ŕőďćĺęŋőáâĺ D_E (ωm) = D_E , ĺ łőíääĺæĺěŋâ C őŕàěďěńïěâáï łăł: C = −iπT ν_F ∑ ε_n ∂^2 ∂q^2 1 2i|εn| + iD_E q^2 | | |_{q=0} =

30Łőŋěçŋő, ňë áĺńìŋő ãŕàőéăěň àěăńìŋãî áĺâãăæĺî. Ŋăŕàĺňěà, łăł ãęě őâňěçăńőáì ćëèě, Tc ňőęěâ áãéěáâćěŋŋő ğăćĺáěâì őâ ąěáŕőàïďłă [16].

31Ŕàĺ ĺŋâěàěáãîéĺå ŋăá ďőáâăâőçŋő ŋĺğłĺå âěňŕěàăâãàăå, ňőęŋő őčàăŋĺçĺâìáï àăááňőâàěŋĺěň âőńìłő őáâăâőçŋőčő áőŕàőâĺćńěŋĺï.

32Ć çăáâŋőáâĺ, ďńï łàăâłőáâĺ, ćňěáâő E_F ĺáŕőńìğãěň őąőğŋăçěŋĺě E.

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 205 = πT ν_F D_E ∑ ε_n 1 2ε^2_n

= ν^F D^E πT ∑ n≥0 1 (2n + 1)^2 = π 8T ν_F D_E (5.207)

Ć ďĺíńěłâàĺçěáłőľ őąńăáâĺ, ŋő âőęě ŋě áńĺèłőň ąńĺğłő ł ŕőàőčã ŕőďćĺęŋőáâĺ, áőčńăáŋő (5.206)): D_E (ωm) = D_E ωm ωm + 3D_Eω^2_0 /v^2_F

(5.208)

ĺ ňë ŕőńãçăěň (R_{loc} { àăďĺãá ńőłăńĺğăæĺĺ, őŕàěďěńïěňëľ ĺğ (4.219)): C = π 2 T ν_F ∑ ε_n 1 ε^2_n D_E (2|εn|) = ν^F D^E 2πT ∑ n 1 (2n + 1)^2 + (2n + 1)3D_Eω^2_0/2πT v^2_F = ν_F v^2_F 3ω^2_0 [ ψ ( 1 2 + 3D_E ω^2_0 4πT v^2_F ) − ψ ( 1 2 )]

= ν_F R^2_{loc} [ ψ ( 1 2 + D^E 4πT R^2_{loc} ) − ψ ( 1 2 )]

≈ ν_F R^2_{loc} ln 1 .78D_E πT R^2_{loc} (5.209)

čďě ŕàĺąńĺęěŋŋőě àăćěŋáâćő áŕàăćěďńĺćő, ŕőłãďă D_E R^{−2}_{loc} ≫ 4πT .

Ć ŋěŕőáàěďáâćěŋŋőľ őłàěáâŋőáâĺ ŕőàőčă ŕőďćĺęŋőáâĺ, łăł ć ňěâăńńĺçěáłőľ, âăł ĺ ć ďĺíńěłâàĺçěáłőľ őąńăáâĺ, ňőęěň ŋăŕĺáăâì (áà. (5.206)):

D_E (ωm) ≈ D_0(ωmτ)^{1/3} ≈ (D_0l)^{2/3}ω^{1/3}_m (5.210)

âăł çâő C = π 2 T ν_F ∑ ε_n 1 ε^2_n D_E (2|εn|) ∼ (D_0l)^{2/3}T ν_F ∑ ε_n 1 |εn|^{5/3} ∼

∼ (D_0l T )_{2/3} ν_F ∑ n≥0 1 (2n + 1)^{5/3} ∼

∼ ζ ( 5 3 ) ν_F (D_0l T )_{2/3} (5.211)

Ćëàăęěŋĺě (5.211) ďőňĺŋĺàãěâ, ŕő áàăćŋěŋĺî á (5.207), ć őąńăáâĺ ŕăàăňěâàőć, łőčďă ćëŕőńŋïěâáï ŋěàăćěŋáâćő: D_E /Tc ≈ D_0l/ξ_{loc}Tc ≤ D^{2/3}_0 (l/Tc)^{2/3} (5.212) Ć àěğãńìâăâě ŕőńãçăěň áńěďãîéěě ŕőćěďěŋĺě łőíääĺæĺěŋâă C ćő ćáěľ őąńăáâĺ ĺğňěŋěŋĺï ŕăàăňěâàőć őâ ňěâăńńă ł ăŋďěàáőŋőćáłőňã ďĺíńěłâàĺłã (Ń.Ŋ.Ąãńăěćáłĺľ, Ň.Ć.Śăďőćáłĺľ, 1984):

C ≡ ν_F ξ^2 ≈ ν_F π 8T_c DE ďńï ξloc(E) < (ξ0l 2)^{1/3} ŕàĺ E > Ec (_{D0l} T_c )_{2/3} ≈ (ξ_0l^2)^{2/3} ďńï ξ_{loc}(E) > (ξ_0l^2)^{1/3} ŕàĺ E ∼ Ec R^2_{loc}(E)ln^{1.78DE} πT_c R2_{loc}(E) ďńï Rloc(E) < (ξ0l 2)^{1/3} ŕàĺ E < Ec

(5.213)

čďě, łăł ĺ ćëèě, ξ_0 = 0.18v_F /Tc, l { ďàãďěćáłăï ďńĺŋă ŕàőąěčă.

Ć ňěâăńńĺçěáłőľ äăğě, ŕő ňěàě âőčő, łăł íŋěàčĺï Ťěàňĺ ŕàĺąńĺęăěâáï ł ŕőàőčã ŕőďćĺęŋőáâĺ Ec, łőààěńïæĺőŋŋăï ďńĺŋă âěőàĺĺ ńőłăńĺğăæĺĺ (4.248) ξ_{loc} ãćěńĺçĺćăěâáï ĺ łőíääĺæĺěŋâ C áŋăçăńă ãňěŋìèăěâáï ćňěáâě á őąőąéěŋŋëň łőíääĺæĺěŋâőň ďĺääãğĺĺ D_E , â.ě. á ãňěŋìèěŋĺěň ŕàőćőďĺňőáâĺ áĺáâěňë ć ŋőàňăńìŋőň áőáâőïŋĺĺ. Őďŋăłő, ć őłàěáâŋőáâĺ ŕěàěåőďă Ăŋďěàáőŋă, ć âő ćàěňï łăł σ → 0, ŕăďěŋĺě łőíääĺæĺěŋâă C ŕàěłàăéăěâáï ĺ őŋ őáâăěâáï łőŋěçŋëň ďăęě ć őąńăáâĺ E < Ec, â.ě. ć ăŋďěàáőŋőćáłőň ďĺíńěłâàĺłě. Ś ďăńìŋěľèĺň ŕőŋĺęěŋĺěň E ć őąńăáâì ńőłăńĺğőćăŋŋëå áőáâőïŋĺľ (ĺńĺ àőáâőň Ec á àőáâőň ąěáŕőàïďłă) łőíääĺæĺěŋâ C őŕàěďěńïěâáï àăďĺãáőň ńőłăńĺğăæĺĺ R_{loc}, łőâőàëľ ãňěŋìèăěâáï á ďăńìŋěľèĺň ďćĺęěŋĺěň E ćčńãąì őąńăáâĺ ńőłăńĺğăæĺĺ.

206 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

Łőŋěçŋőáâì ČŃ łőíääĺæĺěŋâă C ć őłàěáâŋőáâĺ ŕěàěåőďă Ăŋďěàáőŋă őğŋăçăěâ, çâő ć íâőľ őąńăáâĺ áőåàăŋïěâáï áćěàåŕàőćőďïéĺľ (ňěľááŋěàőćáłĺľ) őâłńĺł áĺáâěňë. Śőőâćěâáâćěŋŋő, ć ŕàĺŋæĺŕě, ŕàĺ T < Tc áĺáâěňă ňőęěâ ŕěàěľâĺ ĺğ áőáâőïŋĺï ăŋďěàáőŋőćáłőčő ďĺíńěłâàĺłă ć áćěàåŕàőćőďïéěě áőáâőïŋĺě (Ń.Ŋ.Ąãńăěćáłĺľ, Ň.Ć.Śăďőćáłĺľ, 1984). Řăğãňěěâáï, àăááňőâàěŋĺï ŋă őáŋőćě àăğńőęěŋĺï ČŃ ĺ ŕàőáâěľèěľ ňőďěńĺ áŕăàĺćăâěńìŋőčő ćğăĺňőďěľáâćĺï âĺŕă ĄŁŸ ŋěďőáâăâőçŋő ďńï âőčő, çâőąë ãąěďĺâìáï ďăęě ć ŕàĺŋæĺŕĺăńìŋőľ ćőğňőęŋőáâĺ áâőńì íłğőâĺçěáłőčő ŕőćěďěŋĺï áĺáâěňë ć ãáńőćĺïå áĺńìŋőčő àăğãŕőàïďőçěŋĺï. Ć çăáâŋőáâĺ, ćáě àăááňőâàěŋĺě őáŋőćëćăńőáì ŋă łăàâĺŋě ŋěğăćĺáĺňőáâĺ Tc őâ áâěŕěŋĺ àăğãŕőàïďőçěŋĺï (\âěőàěňă" Ăŋďěàáőŋă). Ćëèě ãęě őâňěçăńőáì, çâő âăłőě ãâćěàęďěŋĺě áőåàăŋïěâ áĺńã ĺ ďńï ďőáâăâőçŋő áĺńìŋő àăğãŕőàïďőçěŋŋőľ áĺáâěňë, ćŕńőâì ďő ŕěàěåőďă Ăŋďěàáőŋă, ć ŕàěŋěąàěęěŋĺĺ ćńĺïŋĺï àăğãŕőàïďőçěŋĺï ŋă áăňő áŕăàĺćăâěńìŋőě ćğăĺňőďěľáâćĺě. Ć ďěľáâćĺâěńìŋőáâĺ, ŕàĺ àőáâě ąěáŕőàïďłă ŋěĺğąěęŋő ŕàőĺáåőďĺâ àőáâ íääěłâĺćŋőčő łãńőŋőćáłőčő őââăńłĺćăŋĺï íńěłâàőŋőć, őąàăğãîéĺå łãŕěàőćáłãî ŕăàã [16]. Ŕőíâőňã, ŕàĺ ąőńěě ĺńĺ ňěŋěě âĺŕĺçŋëå ŕăàăňěâàăå áćěàåŕàőćőďŋĺłőć, âěňŕěàăâãàă ŕěàěåőďă Tc ŕőďăćńïěâáï ąěáŕőàïďłőň ğăďőńčő ďő ŕěàěåőďă Ăŋďěàáőŋă. Šěň ŋě ňěŋěě, ŕàĺ áőąńîďěŋĺĺ ďőáâăâőçŋő ęěáâłĺå ãáńőćĺľ (ŋăŕàĺňěà ďőáâăâőçŋő ćëáőłőľ ĺáåőďŋőľ Tc ć áĺáâěňě ąěğ ąěáŕőàïďłă) ňőęŋő ŋăďěïâìáï ŋă áőåàăŋěŋĺě łőŋěçŋëå Tc ćŕńőâì ďő ŋěŕőáàěďáâćěŋŋőľ őłàěáâŋőáâĺ ăŋďěàáőŋőćáłőčő ŕěàěåőďă (ĺńĺ ďăęě ć ďĺíńěłâàĺçěáłőľ äăğě) [16]. Ĺňěŋŋő ďńï âăłĺå áĺáâěň ĺ ŕàěďáâăćńïîâ ĺŋâěàěá ŕàĺćěďěŋŋëě ćëèě äőàňãńë ĺ őæěŋłĺ. Ł áőęăńěŋĺî, ć àăňłăå ďăŋŋëå ńěłæĺľ ã ŋăá ŋěâ ćàěňěŋĺ ĺ ňěáâă ďńï ąőńěě ŕőďàőąŋőčő őąáãęďěŋĺï íâĺå ĺŋâěàěáŋëå ćőğňőęŋőáâěľ. Ďăńìŋěľèĺě ŕőďàőąŋőáâĺ, âăłęě łăł ĺ őąáãęďěŋĺě àïďă íłáŕěàĺňěŋâăńìŋő ĺğãçăćèĺåáï áĺáâěň âăłőčő âĺŕă ňőęŋő ŋăľâĺ ć [16].

Şďőąŋő ŕěàěŕĺáăâì (5.213), ĺáŕőńìğãï áćïğì ňěęďã ŕàőćőďĺňőáâìî ĺ őąőąéěŋŋëň łőíääĺæĺěŋâă ďĺääãğĺĺ (âĺŕă (4.176)) ĺ ŕőńãçěŋŋëě ćëèě äőàňãńë (4.234) ĺ (4.237). Šőčďă ŕőńìğãïáì őŕàěďěńěŋĺěň åăàăłâěàŋőľ ďńĺŋë ξ ĺğ (5.213) ňőęŋő ńěčłő ŕőńãçĺâì áńěďãîéěě ćëàăęěŋĺě ďńï âěňŕěàăâãàŋő ğăćĺáïéěľ ďńĺŋë łőčěàěŋâŋőáâĺ ξ(T ) [21] ŋěãŕőàïďőçěŋŋőčő áćěàåŕàőćőďŋĺłă:

ξ^2(T ) = Tc Tc − T { ξ_0l^σ_{σ+σc} σ > σ^⋆ (E > Ec) (ξ_0l^2)^{2/3} σ < σ^⋆ (E ∼ Ec) (5.214)

čďě, ć áőőâćěâáâćĺĺ á (4.234) σc = e^2p_F /(π^3~^2), ă åăàăłâěàŋëľ ňăáèâăą ŕàőćőďĺňőáâĺ σ^⋆ őŕàěďěńïěâáï łăł: σ^⋆ ≈ σc(p_F ξ_0)^{−1/3} ≈ σc ( T_c E )_{1/3} (5.215)

Šăłĺň őąàăğőň, ć őąńăáâĺ őçěŋì ňăńëå ŕàőćőďĺňőáâěľ σ < σ^⋆ ňăáèâăą ďńĺŋë łőčěàěŋâŋőáâĺ ξ(T ) őŕàěďěńïěâáï ŋě ξ ∼ √ ξ_0l, łăł ć őąëçŋőľ âěőàĺĺ \čàïğŋëå" áćěàåŕàőćőďŋĺłőć, àăááňőâàěŋŋőľ ćëèě, ă ŋőćőľ åăàăłâěàŋőľ ďńĺŋőľ ξ ∼ (ξ_0l^2)^{1/3} ∼ (ξ_0/p^2_F )^{1/3}, łőâőàăï őŕàěďěńïěâ åăàăłâěàŋëľ àăğňěà łãŕěàőćáłĺå ŕăà ć áćěàåŕàőćőďŋĺłě, ŋăåőďïéěňáï ć őłàěáâŋőáâĺ ŕěàěåőďă Ăŋďěàáőŋă (Ń.Ŋ.Ąãńăěćáłĺľ, Ň.Ć.Śăďőćáłĺľ, 1984).

Ŕńőâŋőáâì áćěàåŕàőćőďïéĺå íńěłâàőŋőć ns ć âěőàĺĺ ČŃ ňőęěâ ąëâì őŕàěďěńěŋă łăł [21]:

ns(T ) = 8mC´^2 (T ) = 8mC(−A)/B (5.216)

Ćąńĺğĺ ŕěàěåőďă Ăŋďěàáőŋă íâã ćěńĺçĺŋã ňőęŋő őæěŋĺâì łăł:

ns ∼ mN(E)ξ^2´^2 ∼ mp_F (ξ_0/p^2_F )^{2/3}´^2 ∼ n(T^{1/2}_c /E^2_F )^{2/3}(Tc − T ) (5.217)

čďě n ∼ p^3_F { ŕőńŋăï ŕńőâŋőáâì íńěłâàőŋőć. Ěáńĺ ćğïâì ğďěáì T ∼ 0.5 Tc, âő ŕőńãçĺň ŕàőáâãî őæěŋłã: ns ∼ n ( T_c E )_{4/3} (5.218)

çâő, ŕő ŕőàïďłã ćěńĺçĺŋë, áŕàăćěďńĺćő ćŕńőâì ďő T = 0. Őâáîďă ćĺďŋő, çâő âőńìłő ŋěąőńìèăï çăáâì íńěłâàőŋőć ć áĺńìŋő ŋěãŕőàïďőçěŋŋőň áćěàåŕàőćőďŋĺłě őáâăěâáï áćěàåŕàőćőďïéěľ. Šěň ŋě ňěŋěě, íâő ŕőďâćěàęďăěâ áăňã ćőğňőęŋőáâì áćěàåŕàőćőďĺňőáâĺ ć őłàěáâŋőáâĺ ăŋďěàáőŋőćáłőčő ŕěàěåőďă ňěâăńń { ďĺíńěłâàĺł.

Ćěńĺçĺŋă ŕàőćőďĺňőáâĺ σ^⋆, őŕàěďěńěŋŋăï ć (5.215), ğăďăěâ åăàăłâěàŋëľ ňăáèâăą ŕàőćőďĺňőáâĺ, ŋăçĺŋăï á łőâőàőčő ŕàőïćńïîâáï íääěłâë ćńĺïŋĺï ńőłăńĺğăæĺĺ ŋă áćěàåŕàőćőďïéĺě áćőľáâćă. Ěáńĺ σc ŕőàïďłă \ňĺŋĺňăńìŋőľ ňěâăńńĺçěáłőľ ŕàőćőďĺňőáâĺ" ŕő Ňőââã [22], âő ćěńĺçĺŋă σ^⋆ ěéě ňěŋìèě. Őďŋăłő, ďńï áćěàåŕàőćőďŋĺłă á ďőáâăâőçŋő ŋěąőńìèĺňĺ łãŕěàőćáłĺňĺ ŕăàăňĺ (çâő åăàăłâěàŋő ďńï áćěàåŕàőćőďŋĺłőć á áĺńìŋőľ áćïğìî ĺ ćëáőłőâěňŕěàăâãàŋëå áćěàåŕàőćőďŋĺłőć) σ^⋆ ąőńěě ĺńĺ ňěŋěě ŕőàïďłă σc. İłáŕěàĺňěŋâăńìŋő íâã ŕàőćőďĺňőáâì ňőęŋő őŕàěďěńĺâì łăł âőâ ňăáèâăą ŕàőćőďĺňőáâĺ, ŕàĺ łőâőàőň (á ďăńìŋěľèĺň àőáâőň ąěáŕőàïďłă) ŋăçĺŋăîâ ŕàőïćńïâìáï áãéěáâćěŋŋëě őâłńőŋěŋĺï őâ ŕàěďáłăğăŋĺľ áâăŋďăàâŋőľ âěőàĺĺ \čàïğŋëå" áćěàåŕàőćőďŋĺłőć.

Ŕàïňãî ĺŋäőàňăæĺî ő ćěńĺçĺŋě ďńĺŋë łőčěàěŋâŋőáâĺ ξ^2(T ) ňőęŋő ŕőńãçĺâì ĺğ ĺğňěàěŋĺľ ćěàåŋěčő łàĺâĺçěáłőčő ŕőńï (5.172). Ć çăáâŋőáâĺ, ŋěâàãďŋő ãąěďĺâìáï, çâő ĺáŕőńìğőćăŋĺě (5.213)

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 207

ĺ (5.214) ŕàĺćőďĺâ ł áńěďãîéěňã őąőąéěŋĺî áőőâŋőèěŋĺï Čőàìłőćă (5.204) (Ń.Ŋ.Ąãńăěćáłĺľ, Ň.Ć.Śăďőćáłĺľ, 1984): − σ ν_F ( dH_{c2} dT ) T_c ≈ {_{8e2}

π2~ ϕ^0 σ > σ^⋆ ϕ_0^σ

ν_F (ξ0l2)2^/3T_c ≈ ϕ0 σ [ν_F T_c ]1^/3 σ < σ

⋆ (5.219)

Ćĺďĺň, çâő ďńï σ < σ^⋆, â.ě. ćąńĺğĺ ăŋďěàáőŋőćáłőčő ŕěàěåőďă ňěâăńń { ďĺíńěłâàĺł, áâăŋďăàâŋőě áőőâŋőèěŋĺě (5.204) áâăŋőćĺâáï ŋěáŕàăćěďńĺćëň ĺ (ć ŕàěďŕőńőęěŋĺĺ ďőáâăâőçŋő áńăąőčő ĺğňěŋěŋĺï ν_F ĺ Tc á àőáâőň ąěáŕőàïďłă) őąëçŋëľ àőáâ ŕàőĺğćőďŋőľ (dH_{c2}/dT )_{Tc} (ŋăłńőŋă łàĺćőľ H_{c2}(T )) á àőáâőň ąěáŕőàïďłă ćëåőďĺâ ŋă \ŋăáëéěŋĺě", âăł çâő íâőâ ŋăłńőŋ áâăŋőćĺâáï ŋě ğăćĺáïéĺň őâ ćěńĺçĺŋë íńěłâàőáőŕàőâĺćńěŋĺï áĺáâěňë ć ŋőàňăńìŋőň áőáâőïŋĺĺ. Łăçěáâćěŋŋő, âăłőě ŕőćěďěŋĺě ŋăłńőŋă ćěàåŋěčő łàĺâĺçěáłőčő ŕőńï ŋăąńîďăěâáï ć æěńőň àïďě áĺńìŋő àăğãŕőàïďőçěŋŋëå áćěàåŕàőćőďŋĺłőć [16].

İńěłâàőňăčŋĺâŋëě áćőľáâćă áćěàåŕàőćőďŋĺłőć.

Ć íâőň àăğďěńě ňë àăááňőâàĺň ňĺłàőáłőŕĺçěáłãî âěőàĺî őâłńĺłă áćěàåŕàőćőďŋĺłőć ŋă ćŋěèŋěě íńěłâàőňăčŋĺâŋőě ŕőńě, á æěńìî ŕőŋïâì ĺå ŕàĺŋæĺŕĺăńìŋőě őâńĺçĺě őâ ŋőàňăńìŋëå ňěâăńńőć.

Ŋăçŋěň á őąéěľ ŕőáâăŋőćłĺ ğăďăçĺ [5]. Řăááňőâàĺ őďŋőáćïğŋëľ ňăááĺćŋëľ áćěàåŕàőćőďŋĺł ěďĺŋĺçŋőčő őąêěňă ć áńăąőň ćŋěèŋěň íńěłâàőňăčŋĺâŋőň ŕőńě, őŕĺáëćăěňőň ćěłâőàŋëň ĺ áłăńïàŋëň ŕőâěŋæĺăńăňĺ A(rt) ĺ φ(rt), ćňěáâě őąàăğãîéĺňĺ 4-ćěłâőà (x = (r, t)):

A_μ(x) = { A_i(x) ďńï μ = i = 1, 2, 3 cφ(x) ďńï μ = 0 (5.220)

čďě ňë áŋőćă \ćőááâăŋőćĺńĺ" áłőàőáâì áćěâă c. Ć ŕěàćőň ŕőàïďłě ŕő A_μ ćğăĺňőďěľáâćĺě íńěłâàőŋőć á íńěłâàőňăčŋĺâŋëň ŕőńěň ďăěâáï áńěďãîéĺň ćëàăęěŋĺěň:

H^p = − 1 c ∫ d^3rj^p_μ(x)A_μ(x) = − 1 c ∫ d^3r[j^p(x)A(x) − ρ_e(x)cφ(x)] (5.221)

İâő čăňĺńìâőŋĺăŋ ćğăĺňőďěľáâćĺï á \ŕăàăňăčŋĺâŋëň" 4-ćěłâőàőň (ŕńőâŋőáâĺ) âőłă, ĺňěîéĺň ćĺď:

j^p_μ(x) = { j^p(x) =^e_{2m} i{ψ^+ (x)∇ψ(x) − [∇ψ^+(x)]ψ(x)}, μ = i = 1, 2, 3

ρ_e(x) = −eψ^+ (x)ψ(x) = −ρ(x), μ = 0 (5.222)

Ŕőńŋăï ŕńőâŋőáâì âőłă j_μ(x) ć ŕàĺáãâáâćĺĺ ćěłâőà { ŕőâěŋæĺăńă A íńěłâàőňăčŋĺâŋőčő ŕőńï ïćńïěâáï, łăł ňë ãęě őâňěçăńĺ ćëèě, áãňňőľ ŕăàăňăčŋĺâŋőľ ĺ \ďĺăňăčŋĺâŋőľ" çăáâěľ:

j_μ(x) = j^p_μ(x) + j^d_μ(x) (5.223)

čďě ŕńőâŋőáâì ďĺăňăčŋĺâŋőčő âőłă ďăěâáï ćëàăęěŋĺěň:

j^d_μ(x) = {_e mc ρ_e(x)A(x) ďńï μ = i = 1, 2, 3 0 ďńï μ = 0 (5.224)

Śőőâćěâáâćěŋŋő, ŕőńŋőě ćğăĺňőďěľáâćĺě íńěłâàőŋőć á ćŋěèŋĺň íńěłâàőňăčŋĺâŋëň ŕőńěň ĺňěěâ ćĺď:

H_{int} = H^p + H^d (5.225)

208 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

čďě ďĺăňăčŋĺâŋăï çăáâì ćğăĺňőďěľáâćĺï őŕàěďěńïěâáï ćëàăęěŋĺěň:

H^d = − e 2mc^2 ∫ d^3rρ_e(x)A^2(x) (5.226)

Šěŕěàì ňë ňőęěň ćőáŕőńìğőćăâìáï ŕàěďáâăćńěŋĺěň ćğăĺňőďěľáâćĺï ŕő H_{int} (ŕàěďŕőńăčăï, çâő A_μ → 0 ŕàĺ t → −∞), çâő őŕàěďěńĺâ áńěďãîéěě ĺğňěŋěŋĺě őáŋőćŋőčő áőáâőïŋĺï áĺáâěňë áő ćàěňěŋěň [1]:

|˘(t) >= T exp { −i ∫_t −∞ dt^′H_{int}(t^′) } |0 >≡ U (t, −∞)|0 > (5.227) Šőčďă ćěńĺçĺŋă ŕńőâŋőáâĺ âőłă ć áőáâőïŋĺĺ |˘(t) > ďăěâáï ćëàăęěŋĺěň: J_μ(x) =< ˘(t)|j_μ(rt)|˘(t) >=< 0|U^+(t, −∞)j_μ(rt)U (t, −∞)|0 > (5.228) Ŋăá ĺŋâěàěáãîâ ć J_μ(x) çńěŋë ŕěàćőčő ŕőàïďłă ŕő A_μ, ĺ ŕőáńě ŕàïňëå ćëçĺáńěŋĺľ ňë ŕőńãçăěň:

J_μ(x) = e mc < 0|ρ_e(x)|0 > A_μ(x)[1 − δ_{μ0}] − i < 0|[j^p_μ(rt), ∫_∞ −∞ dt^′H_{int}(t^′)]|0 > (5.229)

Ćáě çńěŋë ŋãńěćőčő ŕőàïďłă ć J_μ(x) àăćŋë ŋãńî, łàőňě < j_0(x) > { áàěďŋěľ ŕńőâŋőáâĺ ğăàïďă, ŋő őŋă ŋăá ŋě ĺŋâěàěáãěâ ĺ ŕőâőňã őŕãéěŋă. Ĺáŕőńìğãï (5.221) | (5.226), ŋăåőďĺň, çâő ńĺŋěľŋëľ őâłńĺł áĺáâěňë J_μ ĺ ćŋěèŋĺľ ŕőâěŋæĺăń A_μ áćïğăŋë áńěďãîéĺň ŋěńőłăńìŋëň áőőâŋőèěŋĺěň á ŕőňőéìî ĺŋâěčàăńìŋőčő ïďàă K_{μν} :

J_μ(x) = − c 4π ∫ K_{μν} (rt; r^′t^′)A_ν (r^′t^′)d^3r^′dt^′ (5.230)

čďě ĺŋâěčàăń ŕő ćàěňěŋĺ ąěàěâáï ć ąěáłőŋěçŋëå ŕàěďěńăå, ă ïďàő: K_{μν} (x, x^′) = − 4πi c^2 < 0|[j^p_μ(x), j^p_ν (x^′)]|0 > θ(t−t^′)− 4πe mc^2 < 0|ρ_e(x)|0 > δ(x−x^′)δ_{μν} [1−δ_{ν0}] (5.231) Ěáńĺ áĺáâěňă âàăŋáńïæĺőŋŋő ĺŋćăàĺăŋâŋă, âő K_{μν} ğăćĺáĺâ ńĺèì őâ àăğŋőáâĺ łőőàďĺŋăâ ĺ ãďőąŋő ŕěàěľâĺ ł äãàìě { ŕàěďáâăćńěŋĺî:

K_{μν} (q, t − t^′) = ∫ K_{μν} (x, x^′)e^{−i}q^(r^−r^{′)}d^3rd^3r^′ = = − 4πi c^2

< 0|[j^p_μ(qt), j^p_ν (−qt^′)]|0 > θ(t − t^′) + 4πne^2 mc^2 δ(t − t^′)δ_{μν} (1 − δ_{ν0}) (5.232)

čďě n { ŕőńŋăï ŕńőâŋőáâì íńěłâàőŋőć. Ŕőáłőńìłã ćâőàőľ çńěŋ ć (5.232) (ďĺăňăčŋĺâŋëľ őâłńĺł) ĺğćěáâěŋ âőçŋő, âő äăłâĺçěáłĺ ŋãęŋő ćëçĺáńĺâì âőńìłő ŕăàăňăčŋĺâŋëľ ćłńăď (ŕěàćőě áńăčăěňőě):

R_{μν}(qt) = −i < 0|[j^p_μ(qt), j^p_ν (−q0)]|0 > θ(t) (5.233)

İâã ćěńĺçĺŋã ňőęŋő ŋăľâĺ á ŕőňőéìî T { ãŕőàïďőçěŋŋőľ äãŋłæĺĺ Čàĺŋă ćĺďă^{33}:

P_{μν}(qt) = −i < 0|T j^p_μ(qt)j^p_ν (−q0)|0 > (5.234)

33Ăŋăńőčĺçŋăï äãŋłæĺï Čàĺŋă àăááňăâàĺćăńăáì ŋăňĺ (ć ňăæãąăàőćáłőľ) âěåŋĺłě ć (4.108).

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 209

Śàăćŋĺćăï áŕěłâàăńìŋëě ŕàěďáâăćńěŋĺï ďńï ćàěňěŋŋëå äãàìě { őąàăğőć (5.233) ĺ (5.234) [1], ŋěâàãďŋő ãąěďĺâìáï, çâő ďěľáâćĺâěńìŋëě çăáâĺ R_{μν} ĺ P_{μν} áőćŕăďăîâ, ă ňŋĺňëě çăáâĺ őâńĺçăîâáï ğŋăłőň ŕàĺ ω < 0:

ReP_{μν} (qω) = ReR_{μν} (qω) (5.235) ImP_{μν} (qω) = signωImR_{μν} (qω) (5.236) çâő ĺ ďăěâ ŋãęŋőě ŋăň ćëàăęěŋĺě R_{μν} çěàěğ P_{μν}. Ŕőáłőńìłã ïďàő K_{μν} ćłńîçăěâ âőńìłő åăàăłâěàĺáâĺłĺ áĺáâěňë ć őâáãâáâćĺě ćěłâőà { ŕőâěŋæĺăńă A_μ, őŕěàăâőàë j_μ ĺ j^p_μ áőćŕăďăîâ, ĺ ňë őŕãáłăěň ďăńěě ĺŋďěłá p.

Ć ĺâőčě, őâłńĺł áĺáâěňë ŋă ŕàĺńőęěŋŋëľ áńăąëľ ćŋěèŋĺľ ćěłâőà { ŕőâěŋæĺăń A_μ(q) = [A(q), cφ(q)] (čďě q = [q, ω]) ĺňěěâ ćĺď:

J_μ(q) = − c 4π K_{μν} (q)A_ν (q) = − c 4π [_3 ∑ i=1 K_{μi}(q)A_i(q) − K_{μ0}(q)cφ(q) ] (5.237)

čďě:

K_{μν} (q) = 4π c^2 R_{μν}(q) + 1 λ^2_L δ_{μν} [1 − δ_{ν0}] (5.238)

ŕàĺçěň ğďěáì λ^2_L =^{mc2}_{4πne2} { łćăďàăâ ńőŋďőŋőćáłőľ čńãąĺŋë ŕàőŋĺłŋőćěŋĺï ŕàĺ âěňŕěàăâãàě T = 0. Ďćă áńăčăěňëå ć (5.238) őâàăęăîâ ćłńăď ŕăàăňăčŋĺâŋőčő ĺ ďĺăňăčŋĺâŋőčő âőłőć.

Ć ďăńìŋěľèěň ňë ąãďěň ĺáŕőńìğőćăâì áńěďãîéěě áőłàăéěŋŋőě őąőğŋăçěŋĺě: Q_{αβ}(q) = − c 4π K_{αβ} (q) (5.239)

Řăááňőâàĺň áŋăçăńă ĺďěăńìŋëľ äěàňĺ { čăğ (ŋőàňăńìŋëľ ňěâăńń) [3]. Ŋăľďěň őâłńĺł (âőł j), ćőğŋĺłăîéĺľ ć àěğãńìâăâě ďěľáâćĺï ŕàőáâàăŋáâćěŋŋő { ŋěőďŋőàőďŋőčő, ŋő áâăâĺçěáłőčő, ćěłâőà { ŕőâěŋæĺăńă^{34} A. Ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ, ńĺŋěľŋőě áőőâŋőèěŋĺě ňěęďã j ĺ A ğăŕĺáëćăěâáï łăł:

jq = ^Q(q)Aq (5.240)

Ć ŕàěďëďãéěľ čńăćě ňë ãęě őâňěçăńĺ, çâő áâăâĺçěáłĺľ ćěłâőà { ŕőâěŋæĺăń ŋě ŕàĺćőďĺâ ł ćőğŋĺłŋőćěŋĺî íńěłâàĺçěáłőčő âőłă ć ŋőàňăńìŋőň ňěâăńńě (ĺńĺ ĺďěăńìŋőň äěàňĺ { čăğě) ć ďńĺŋŋőćőńŋőćőň ŕàěďěńě. İâő őğŋăçăěâ, çâő ^Q(q = 0) = 0, âăł çâő

ŕàĺ q = 0 ŕàőĺáåőďĺâ ŕőńŋőě áőłàăéěŋĺě ďĺăňăčŋĺâŋőľ ĺ ŕăàăňăčŋĺâŋőľ áőáâă-

ćńïîéĺå ć (5.238). Ć âőęě ćàěňï, ŕàĺ q ≠ 0, ŋő ω = 0, ć őâłńĺłě ćáě ęě őáâăěâáï ňăńëľ ćłńăď, őŕĺáëćăîéĺľ áńăąëľ ďĺăňăčŋěâĺğň Ńăŋďăã. Řăááňőâàĺň íâã áĺâãăæĺî ŕőďàőąŋěě. Ćëçĺáńěŋĺï ŕàőćěďěň áàăğã ďńï áńãçăï łőŋěçŋëå âěňŕěàăâãà, ŕőńìğãïáì ňăæãąăàőćáłőľ âěåŋĺłőľ. Ĺğ àăááňőâàěŋĺï, ŕàőćěďěŋŋőčő ć ŕàěďëďãéěľ čńăćě, ć áćïğĺ á (4.108) | (4.120), á őçěćĺďŋëňĺ ŕěàěőąőğŋăçěŋĺïňĺ ïáŋő, çâő ďńï ĺďěăńìŋőčő äěàňĺ { čăğă ŕăàăňăčŋĺâŋőě ïďàő^{35}:

Q^p_{αβ}(q = 0) = − lim_{τ→0} 2 e^2 m^2c T ∑ n e^{iεnτ} ∫ p_αp_β (iε_n − ξ(p))(iε_n − ξ(p)) d^3p (2π)^3

(5.241)

34Ŕőďàăğãňěćăěâáï łăńĺąàőćłă: divA = 0, φ = 0 35Ďńï ňěâăńńă á ŕàĺňěáïňĺ ćáě ďěńăěâáï âőçŋő âăł ęě, âőńìłő ŋãęŋő ãçĺâëćăâì łőŋěçŋőě ğăâãåăŋĺě ć ğŋăňěŋăâěńïå äãŋłæĺľ Čàĺŋă ğă áçěâ àăááěïŋĺï ŋă ŕàĺňěáïå. Ćěàèĺŋŋëě ŕőŕàăćłĺ őâ ŕàĺňěáŋőčő àăááěïŋĺï ł âőłőćëň ćěàèĺŋăň ć ňőďěńĺ âőçěçŋëå ŕàĺňěáěľ őąàăéăîâáï ć ŋãńì ŕàĺ ĺŋâěčàĺàőćăŋĺĺ ŕő ãčńăň.

210 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

Ćőáŕőńìğãěňáï őçěćĺďŋëň áőőâŋőèěŋĺěň, áŕàăćěďńĺćëň ďńï áćőąőďŋőľ äãŋłæĺĺ Čàĺŋă:

pG^2_0(εnp) = m∇pG0(εnp) (5.242)

ĺ ŕàěďáâăćĺň (5.241) ć ćĺďě:

Q^p_{αβ}(0) = − e^2 mc 2T ∑ n ∫ p_α∇_{pβ} G_0(ε_np) d^3p (2π^3)

(5.243)

Ĺŋâěčàăń ŕő d^3p ňőęŋő ŕőáçĺâăâì ŕő çăáâïň, ŕěàěŋőáï ďěľáâćĺě ∇_{pβ} ŋă p_α, âăł çâő:

Q^p_{αβ}(0) = e^2 mc δ_{αβ} 2T ∑ n ∫ G_0(ε_np) d^3p (2π)^3 = ne^2 mc δ_{αβ} (5.244)

çâő ŕőńŋőáâìî áőłàăéăěâ ďĺăňăčŋĺâŋãî çăáâì (5.238).

Ŕőáňőâàĺň âěŕěàì áńãçăľ q ≠ 0. Řăğńőęěŋĺě ^Q(q) ć àïď ŕő q ŋăçĺŋăěâáï á çńěŋă ćâőàőľ áâěŕěŋĺ: Q(q) = aq^2 + O(q^4), ć çěň ňőęŋő ãąěďĺâìáï ŋěŕőáàěďáâćěŋŋő, ŕàőćőďï âăłőě àăğńőęěŋĺě ć ďĺăčàăňňě, ŕőłăğăŋŋőľ ŋă Řĺá. 5-14. Šőčďă ĺňěěň:

j = ^QA = −a∇^2A (5.245)

Ś ďàãčőľ áâőàőŋë, łăł ĺğćěáâŋő ĺğ íńěłâàőďĺŋăňĺłĺ, âőł ňőęěâ ąëâì áćïğăŋ á ŋăňăčŋĺçěŋŋőáâìî áĺáâěňë áőőâŋőèěŋĺěň: j = c rotM = c rotχ0B = χ0c rot rotA (5.246) âăł çâő, ŕőńìğãïáì rot rotA = grad divA − ∇^2A ĺ łăńĺąàőćőçŋëň ãáńőćĺěň divA = 0, ňőęŋő ŋăŕĺáăâì:

j = −χ0c∇^2A (5.247)

čďě χ_0 { ňăčŋĺâŋăï ćőáŕàĺĺňçĺćőáâì íńěłâàőŋŋőčő čăğă. Šőčďă, áàăćŋĺćăï (5.245) ĺ (5.247), ŋăåőďĺň: χ_0 =^a_c , ă ćěńĺçĺŋã a ňőęŋő àăááçĺâăâì ĺğ ďĺăčàăňňë Řĺá. 5-14.

Ć áăňőň ďěńě, ĺğ íâőľ ďĺăčàăňňë ĺňěěň:

Q_{xx} = − lim_{τ→0} 2 e^2 c T ∑ n e^{iεnτ} ∫ v_x(p + q)v_x(p) (iε_n − ξ(p + q))(iε_n − ξ(p)) d^3p (2π)^3

(5.248)

čďě v_x(p + q) = ∂ξ(p + q)/∂p_x ĺ v_x(p) = ∂ξ(p)/∂p_x { áőőâćěâáâćãîéĺě ŕàőěłæĺĺ áłőàőáâĺ íńěłâàőŋă. Ŕàěďŕőńőęĺň ďăńěě, ďńï łőŋłàěâŋőáâĺ, çâő ćőńŋőćőľ ćěłâőà

q ŋăŕàăćńěŋ ŕő őáĺ z. Ć őâńĺçĺě őâ áŕĺŋőćőľ ćőáŕàĺĺňçĺćőáâĺ, őàąĺâăńìŋăï ćőá-

ŕàĺĺňçĺćőáâì őŕàěďěńïěâáï ŋě âőńìłő őłàěáâŋőáâìî ŕőćěàåŋőáâĺ Ťěàňĺ, ŋő ĺ ćáěňĺ áőáâőïŋĺïňĺ ŕőď ŋěľ, ŕőáłőńìłã łćăŋâőćăŋĺě Ńăŋďăã ğăâàăčĺćăěâ ćáě áőáâőïŋĺï á E < E_F , âăł çâő łőŋěçŋőě ğŋăçěŋĺě ćőáŕàĺĺňçĺćőáâĺ χ_0 ćőğŋĺłăěâ ĺğ { ğă őâńĺçĺï áãňňë łćăŋâőćăŋŋëå íŋěàčĺľ őâ őąëçŋőčő ĺŋâěčàăńă ŕő ŋěŕàěàëćŋőňã áŕěłâàã. Őčàăŋĺçĺňáï áńãçăěň áćőąőďŋëå íńěłâàőŋőć, łőčďă ξ(p) =^{p2}_{2m} − E_F . Řăğńőęĺň Q_{xx} ć àïď ŕő q = q_z ĺ, á ãçěâőň v_x(p + q) = v_x(p) = p_x/m, ğăŕĺèěň:

Q_{xx} = − lim_{τ→0} e^2q^2 c T ∑ n e^{iεnτ} ∫ v^2_x iε_n − ξ(p) ∂^2 ∂p^2_z 1 iε_n − ξ(p) d^3p (2π)^3

(5.249)

Ĺňěěň âěŕěàì:

∂^2 ∂p^2_z 1 iε_n − ξ(p) = 1 m 1 (iε_n − ξ(p))^2 + 2 p^2_z m^2 1 (iε_n − ξ(p))^3

(5.250)

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 211

ĺ ŋěňěďńěŋŋő ŕőńãçăěň:

χ_0 = − lim_{τ→0} e^2 c^2 T ∑ n e^{iεnτ} ∫ { 1 m v^2_x (iε_n − ξ(p))^3 + 2 v^2_xv^2_z (iε_n − ξ(p))^4 } d^3p (2π)^3

(5.251)

Šěŕěàì ŋãęŋő ŕàőćěáâĺ ãáàěďŋěŋĺě ŕő ãčńăň, áćőďïéěěáï ł < v^2_x >= v^2/3 ĺ < v^2_xv^2_z >= v^4/15, ă ğăâěň ćëçĺáńĺâì ďćãłàăâŋëň ĺŋâěčàĺàőćăŋĺěň ŕő çăáâïň ĺŋâěčàăń, ćőğŋĺłăîéĺľ ć ŕěàćőň áńăčăěňőň (5.251): ∫_∞ 0 p^4 (iε_n + E_F − p^2/2m)^3 dp = 3m^2 2 ∫_∞ 0 dp iε_n + E_F − p^2/2m

(5.252)

ĺ âàőěłàăâŋëň ĺŋâěčàĺàőćăŋĺěň ŕő çăáâïň ĺŋâěčàăń ĺğ ćâőàőčő áńăčăěňőčő, ∫_∞ 0 dp p^6 (iε_n + E_F − p^2/2m)^4 = − 5m^3 2 ∫_∞ 0 dp iε_n + E_F − p^2/2m

(5.253)

Šőčďă áãňňĺàőćăŋĺě ŕő n ć (5.251) ďăěâ ŕàőáâő äãŋłæĺî àăáŕàěďěńěŋĺï Ťěàňĺ [1], ĺ ňë ŕőńãçăěň −^{e2pF}_{4π2mc2} őâ ŕěàćőčő áńăčăěňőčő ć (5.251) ĺ +^{e2pF}_{6π2mc2} őâ ćâőàőčő áńăčăěňőčő, çâő ć áãňňě ďăěâ őłőŋçăâěńìŋëľ őâćěâ:

χ_0 = − e^2 12π^2mc^2 ∫_∞ 0 dpn(ξ(p)) = − e^2p_F 12π^2mc^2

(5.254)

| őąëçŋëľ àěğãńìâăâ ďńï ďĺăňăčŋĺâŋőľ ćőáŕàĺĺňçĺćőáâĺ čăğă íńěłâàőŋőć [11]. Ěáńĺ ćáŕőňŋĺâì ăŋăńőčĺçŋëľ àěğãńìâăâ ďńï ŕăãńĺěćáłőľ (áŕĺŋőćőľ) ćőáŕàĺĺňçĺćőáâĺ:

χ_p = 2μ^2_B ν_F = e^2 4m^2c^2 mp_F π^2

(5.255)

âő ŕőńãçăěň åőàőèő ĺğćěáâŋëľ àěğãńìâăâ ďńï ŕőńŋőľ ćőáŕàĺĺňçĺćőáâĺ [11]:

χ_0 = − 1 3 χ_p (5.256)

Ćěàŋěňáï âěŕěàì ł àăááňőâàěŋĺî áćěàåŕàőćőďŋĺłőć. Řăááçĺâăěň őâłńĺł ŋă áâăâĺçěáłĺľ ćěłâőà { ŕőâěŋæĺăń ďńï íâőčő áńãçăï. Ć őâńĺçĺě őâ ŋőàňăńìŋőčő ňěâăńńă (áćőąőďŋőčő äěàňĺ { čăğă), łăł ňë ãćĺďĺň, ğďěáì őâáãâáâćãěâ ŕőńŋőě áőłàăéěŋĺě ŕăàăňăčŋĺâŋőčő ĺ ďĺăňăčŋĺâŋőčő ćłńăďőć ć äãŋłæĺĺ őâłńĺłă. Ŕőíâőňã, ďăęě ŕőńăčăï

q = 0 ć áőőâŋőèěŋĺĺ (5.240), ňë ŕőńãçĺň łőŋěçŋëľ őâłńĺł ćĺďă:

j(r) = −^{nse2}_{mc} A(r) (5.257)

â.ě. ãàăćŋěŋĺě Ńőŋďőŋőć | őáŋőćŋőě ãàăćŋěŋĺě íńěłâàőďĺŋăňĺłĺ áćěàåŕàőćőďŋĺłőć. Ćěńĺçĺŋă n_s ŋăğëćăěâáï (ŕő őŕàěďěńěŋĺî) ŕńőâŋőáâìî áćěàåŕàőćőďïéĺå (áćěàåâěłãçĺå) íńěłâàőŋőć. Şàăćŋěŋĺě (5.257), á őçěćĺďŋőáâìî, ŋăàãèăěâ łăńĺąàőćőçŋãî ĺŋćăàĺăŋâŋőáâì âěőàĺĺ. Ďěńő ć âőň, çâő äĺğĺçěáłăï ŕàĺçĺŋă őâáãâáâćĺï áőłàăéěŋĺï ďĺăňăčŋĺâŋőčő ĺ ŕăàăňăčŋĺâŋőčő ćłńăďőć ć ïďàě Q(0) łăł àăğ ĺ ğăłńîçăěâáï ć âőň, çâő łăńĺąàőćőçŋăï ĺŋćăàĺăŋâŋőáâì (ĺ ğăłőŋ áőåàăŋěŋĺï ğăàïďă), łăł ãęě őâňěçăńőáì ćëèě, ć áćěàåŕàőćőďŋĺłăå áŕőŋâăŋŋő ŋăàãèěŋă. Ĺňěŋŋő ć íâőň ŕàőïćńïěâáï ŕőŋĺęěŋĺě áĺňňěâàĺĺ áĺáâěňë, ŕàĺ ŕěàěåőďě őâ ŋőàňăńìŋőčő ł áćěàåŕàőćőďïéěňã őáŋőćŋőňã áőáâőïŋĺî. Ć ŋőàňăńìŋőň ňěâăńńě, ğăŋãńěŋĺě Q(0)

212 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

Řĺá. 5-14 Ďĺăčàăňňă, őŕàěďěńïîéăï őâłńĺł ĺďěăńìŋőčő äěàňĺ { čăğă ŋă ćŋěèŋĺľ ćěłâőà { ŕőâěŋæĺăń.

őąěáŕěçĺćăěâáï, äăłâĺçěáłĺ, âőęďěáâćőň Şőàďă, áćïğăŋŋëň ŋěŕőáàěďáâćěŋŋő á ğăłőŋőň áőåàăŋěŋĺï ğăàïďă ĺ łăńĺąàőćőçŋőľ ĺŋćăàĺăŋâŋőáâìî íńěłâàőďĺŋăňĺłĺ [20]. Ć áćěàåŕàőćőďŋĺłăå íâő ŋě âăł!

Ŕěàěľďěň ł ŋěŕőáàěďáâćěŋŋőňã àăáçěâã Q(0) ďńï áćěàåŕàőćőďŋĺłă. Ďĺăňăčŋĺâŋëľ ćłńăď, á őçěćĺďŋőáâìî, áőåàăŋïěâ ŕàěęŋĺľ ćĺď ĺ ňőęěâ ąëâì ğăŕĺáăŋ łăł:

Q^{(2)}_{αβ}(0) = − ne^2 mc δ_{αβ} (5.258)

Ă ćőâ ŕàĺ àăáçěâě ŕăàăňăčŋĺâŋőčő ćłńăďă, ć őâńĺçĺě őâ ŋőàňăńìŋőčő ňěâăńńă, ŋãęŋő ãçěáâì ćłńăď ć Q(0) łăł őâ ŋőàňăńìŋëå, âăł ĺ őâ ăŋőňăńìŋëå äãŋłæĺľ Čàĺŋă. Ć áăňőň ďěńě, ŕăàăňăčŋĺâŋëľ ćłńăď Q^{(1)}_{αβ}(ω, q), ăŋăńőčĺçŋő ŕàőćěďěŋŋőňã ćëèě àăááňőâàěŋĺî, ŕőńãçăěâáï (ďńï łőŋěçŋëå âěňŕěàăâãà, ňăæãąăàőćáłăï âěåŋĺłă) ãáàěďŋěŋĺěň ŕàőĺğćěďěŋĺï ďćãå âőłőć ĺ ďăěâáï áńěďãîéĺň ćëàăęěŋĺěň (σ, σ^′ { áŕĺŋőćëě ĺŋďěłáë):

Q^{(1)}_{αβ}(ω_m, q) = 1 2c ∑ σσ^′ ∫_β −β e^{iωm τ} ∫ d^3re^iqr < T_τ ψ^+_σ (rτ )^j_αψ_σ(rτ )ψ^+_σ′ (00)^j_βψ_σ′ (00) >

(5.259) čďě ^j = −i^e_m ∇r. Šěŕěàì ŋãęŋő ćëŕőńŋĺâì ćáě áŕăàĺćăŋĺï ψ { őŕěàăâőàőć, ãçĺâëćăï łăł ŋőàňăńìŋëě, âăł ĺ ăŋőňăńìŋëě áàěďŋĺě. Šăłĺň őąàăğőň, ŕőńãçăěň:

< T_τ ψ^+_σ (rτ )^j_αψ_σ(rτ )ψ^+_σ′ (00)^j_βψ_σ′ (00) >= −^j_αG_{σσ}′ (rτ )^j_βG_σ′_σ(−r, −τ ) − −^j_αF^+_{σσ}′ (rτ )^j_β F_σ′_σ(−r, −τ ) (5.260) Šőčďă Q_{αβ}(ω_mq) ŕàĺŋĺňăěâ ćĺď:

Q^{(1)}_{αβ}(ω_m, q) = 1 2c ∑ σσ^′ ∫_β −β e^{iωmτ} ∫ d^3re^iqr{2^j_αG(rτ )^j_βG(−r, −τ ) +

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 213

+2^j_αF (rτ )^j_βF^∗(−r, −τ )} (5.261)

Ğăňěâĺň, çâő ğŋăłĺ ŕěâěńì, áőďěàęăéĺå äãŋłæĺĺ G ĺ F , őłăğăńĺáì őďĺŋăłőćëňĺ^{36}. Ŕěàěŕĺáëćăï (5.261) ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ, ĺňěěň:

Q_{αβ}(ω_m, q) = −2 e^2 c T ∑ n ∫ d^3p (2π)^3 v_α ( p − q2^) vβ^(p + q2^) × × { G ( ε_np − q 2 ) G ( ε_n + ω_mp + q 2 ) + F ( ε_np − q 2 ) F^∗ ( ε_n + ω_mp + q 2 )} (5.262)

Šőčďă ŕàĺ ω_m = 0, q = 0 ĺňěěň:

Q^{(1)}_{αα}(0) = −

2e^2 3m^2c T ∑ n ∫ d^3p (2π)^3 p^2{G^2(ε_np) + |F (ε_np)|^2} (5.263)

Őąêěďĺŋïï ćňěáâě (5.258) ĺ (5.263), ãçĺâëćăï őŕàěďěńěŋĺě n_s, áńěďãîéěě ĺğ (5.257), ă âăłęě ïćŋëľ ćĺď äãŋłæĺľ Čőàìłőćă (5.111), (5.112), ŕőńãçăěň: n − n_s = − 2ν_F p^2_F 3m T ∑ n ∫_∞ −∞ dξ ´^2 + ξ^2 − ε^2_n (ε^2_n + ξ^2 + ´^2)^2

(5.264)

İâő ćëàăęěŋĺě ŋě ćŕőńŋě łőààěłâŋő, ŕőáłőńìłã ŕőńŋăï ŕńőâŋőáâì íńěłâàőŋőć őŕàěďěńïěâáï, ć âőň çĺáńě, ĺ áőáâőïŋĺïňĺ ďăńěłĺňĺ őâ ŕőćěàåŋőáâĺ Ťěàňĺ. Ŕőíâőňã ŕěàěåőď ł ĺŋâěčàĺàőćăŋĺî ŕő ńĺŋěăàĺğőćăŋŋőňã áŕěłâàã ξ, łőâőàëľ áďěńăŋ ć (5.264), ŋě ïćńïěâáï, ćőőąéě čőćőàï, őŕàăćďăŋŋëň. Ć âőęě ćàěňï ŕńőâŋőáâì áćěàåâěłãçĺå íńěłâàőŋőć n_s, ŋěáőňŋěŋŋő, őŕàěďěńïěâáï őłàěáâŋőáâìî ŕőćěàåŋőáâĺ Ťěàňĺ, ŕőáłőńìłã âőńìłő âăň ĺ ŕàőĺáåőďĺâ ŕěàěáâàőľłă íńěłâàőŋŋőčő áŕěłâàă, áćïğăŋŋăï á ćőğŋĺłŋőćěŋĺěň áćěàåŕàőćőďïéěčő áőáâőïŋĺï. Ć čńãąĺŋě ęě áäěàë Ťěàňĺ (â.ě. ŕàĺ ξ ∼ E_F ) ŋĺçěčő ŋě ŕàőĺáåőďĺâ. Ŕőíâőňã, łőààěłâŋëľ áŕőáőą ďěľáâćĺľ áőáâőĺâ ć áńěďãîéěň. Ćëçâěň ĺğ (5.264) íâő ęě ćëàăęěŋĺě ďńï ŋőàňăńìŋőčő ňěâăńńă, â.ě. á ´ = 0. Šőčďă ćłńăď čńãąőłĺå áőáâőïŋĺľ ŕàőáâő ćëŕăďěâ. Ŕàĺ íâőň ąãďěâ őąěáŕěçěŋő ĺ őçěćĺďŋőě âàěąőćăŋĺě n_s = 0 ŕàĺ ´ → 0. Ć àěğãńìâăâě, ŕőńãçăěň:

n_s = −

2ν_F p^2_F 3m T ∑ n ∫_∞ −∞ dξ [ ξ^2 − ε^2_n (ξ^2 + ε^2_n)^2 − ´^2 + ξ^2 − ε^2_n (ε^2_n + ξ^2 + ´^2)^2 ] (5.265)

Ćëŕőńŋĺň ĺŋâěčàĺàőćăŋĺě ŕő ξ, ŕőńìğãïáì áâăŋďăàâŋëňĺ ĺŋâěčàăńăňĺ: ∫_∞ −∞ dx (x^2 + a^2)^2 = π 2a^3 , ∫_∞ −∞ dxx^2 (x^2 + a^2)^2 = π 2a (5.266)

Šőčďă ŕőńãçăěň: n_s =

2ν_F p^2_F 3m T ∑ n π´^2 (ε^2_n + ´^2)^{3/2}

(5.267)

Šěŕěàì ňőęŋő ŕàőăŋăńĺğĺàőćăâì àăğńĺçŋëě ŕàěďěńìŋëě áńãçăĺ.

• Śńãçăľ T → 0. Ğăňěŋïěň áãňňã ĺŋâěčàăńőň ĺ ŕőńãçăěň:

n_s =

2ν_F p^2_F 3m π´^2 2π ∫_∞ −∞ dε (ε^2 + ´^2)^{3/2} = 2ν_F p^2_F 3m = p^2_F 3π^2

= n (5.268)

Ćĺďĺň, çâő ŕàĺ T = 0 áćěàåâěłãçăï ŕńőâŋőáâì àăćŋő ŕőńŋőľ ŕńőâŋőáâĺ íńěłâàőŋőć, łăł ĺ ďőńęŋő ąëâì ć âàăŋáńïæĺőŋŋő ĺŋćăàĺăŋâŋőľ áĺáâěňě.

36Ć áńěďãîéěľ čńăćě ňë ãćĺďĺň, çâő íâő ŋě âăł ďńï ŕěâěńì áő áłăńïàŋëňĺ, ă ŋě \âőłőćëňĺ" ćěàèĺŋăňĺ.

214 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

• Śńãçăľ T → T_c. Ć íâőň áńãçăě ňőęŋő ŕàěŋěąàěçì ´^2 ć ğŋăňěŋăâěńě (5.267).

Őáâăîéăïáï áãňňă ŕő çăáâőâăň, äăłâĺçěáłĺ, ŋăň ãęě ćáâàěçăńăáì, őŋă ćëàăęăěâáï çěàěğ ζ { äãŋłæĺî, çâő ďăěâ: n_s n = 7ζ(3)´^2 4π^2T^2_c = 2 ( 1 − T T_c ) (5.269)

âăł çâő ŕàĺ T → T_c áćěàåâěłãçăï ŕńőâŋőáâì áâàěňĺâáï ł ŋãńî.

Řăááěïŋĺě ŋă ŕàĺňěáïå ãňěŋìèăěâ áćěàåâěłãçãî ŕńőâŋőáâì n_s, őďŋăłő őŋă őáâăěâáï łőŋěçŋőľ. Ůâőąë ŕőŋïâì, çâő ŕàĺ íâőň ŕàőĺáåőďĺâ, ŕàőćěďěň àăáçěâ Q(0) á ãçěâőň ŕàĺňěáěľ. Ŕàĺ íâőň ďőáâăâőçŋő ćëçĺáńĺâì őâłńĺł ŕàőáâő àăááňőâàěć ŕěâńěćëě čàăäĺłĺ, ŕőáâàőěŋŋëě ŋă àăááňőâàěŋŋëå ćëèě ãáàěďŋěŋŋëå ŕő ŕàĺňěáïň äãŋłæĺïå Čőàìłőćă, łőâőàëě ŕőńãçăîâáï ĺğ áőőâćěâáâćãîéĺå äãŋłæĺľ \çĺáâőčő" áćěàåŕàőćőďŋĺłă (5.111) ĺ (5.112) á ŕőňőéìî ğăňěŋë (5.146). Ćěàèĺŋŋëě ŕőŕàăćłĺ (ďĺăčàăňňë á ŕàĺňěáŋőľ ńĺŋĺěľ, áőěďĺŋïîéěľ àăğŋëě äãŋłæĺĺ Čàĺŋă ć ŕěâńě) ňőęŋő ŋě ãçĺâëćăâì, ŕőáłőńìłã őŋĺ őąàăéăîâáï ć ŋãńì ĺğ { ğă ĺŋâěčàĺàőćăŋĺï ŕő ãčńăň (ćěłâőàŋőčő åăàăłâěàă ćěàèĺŋ ćğăĺňőďěľáâćĺï á ćŋěèŋĺň íńěłâàőňăčŋĺâŋëň ŕőńěň). Ŕőíâőňã, äőàňãńã ďńï n_s ňőęŋő áàăğã ğăŕĺáăâì ć ćĺďě (áà. (5.264)): n − n_s n = −T ∫_∞ −∞ ξ^2 + ~´^2 − ~ε^2_n (ξ^2 + ~´^2 + ~ε^2_n)^2

(5.270)

čďě ~ε_n ĺ ~´ ąëńĺ őŕàěďěńěŋë ć (5.145), (5.146). Śŋőćă ćëçâěň ĺğ íâőčő ćëàăęěŋĺï ěčő ğŋăçěŋĺě ŕàĺ ´ = 0 ĺ ć őâáãâáâćĺě ŕàĺňěáěľ, çâőąë ĺáłńîçĺâì ćłńăď čńãąőłĺå ãàőćŋěľ ćŋãâàĺ áäěàë Ťěàňĺ. Šőčďă, ŕőáńě ĺŋâěčàĺàőćăŋĺï ŕő ξ, ŕőńãçăěň őąőąéěŋĺě (5.267): n_s n = πT ∑ n ~´2 (~ε^2_n + ~´^2)^{3/2}

(5.271)

ĺńĺ, á ãçěâőň (5.145), (5.146): n_s n = πT ∑ n ´^2

(ε^2_n + ´^2)^{3/2} ( 1 +^1_{2τ}√_{ε2n+Δ2}

) (5.272)

Ŕàĺ ňăńőľ łőŋæěŋâàăæĺĺ ŕàĺňěáěľ, ć áňëáńě ŋěàăćěŋáâćă ´_0τ ≫ 1, íâő ćëàăęěŋĺě áćőďĺâáï ł (5.267), ă ć \čàïğŋőň" ŕàěďěńě ´_0τ ≪ 1 őŋő ďăěâ: n_s n = 2πτ T ∑ n ´^2 (ε^2_n + ´^2)^2 = πτ ´th ´ 2T (5.273)

Šăłĺň őąàăğőň, ć \čàïğŋőň" áćěàåŕàőćőďŋĺłě ãęě ŕàĺ T → 0 ĺňěěň:

n_s(T → 0) n = πτ ´_0 ≪ 1 (5.274)

â.ě. áćěàåŕàőćőďïéěľ ïćńïěâáï ŋěğŋăçĺâěńìŋăï çăáâì őâ ŕőńŋőčő çĺáńă íńěłâàőŋőć.

Ŕàőďőńęĺň őąéãî ďĺáłãááĺî, ćěàŋãćèĺáì ł ĺáåőďŋëň őąőğŋăçěŋĺïň (5.230) | (5.238) ĺ ŕőńăčăï ďăńěě c = 1. Ć ĺğőâàőŕŋőľ áĺáâěňě, łàőňě âőčő, ďńï ïďàă, őŕĺáëćăîéěčő íńěłâàőňăčŋĺâŋëľ őâłńĺł, ĺňěěň K_{μν} = Kδ_{μν} . Ĺâőč ŕàěďëďãéěčő àăááňőâàěŋĺï, äăłâĺçěáłĺ, áćőďĺâáï ł âőňã, çâő ŋěőąåőďĺňëň ĺ ďőáâăâőçŋëň ãáńőćĺěň

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 215

ŋăńĺçĺï áćěàåŕàőćőďïéěčő őâłńĺłă áĺáâěňë ïćńïěâáï ćëŕőńŋěŋĺě âàěąőćăŋĺï^{37}:

lim_{q→0} lim_{ω→0} K(qω) = lim_{ω→0} lim_{q→0} K(qω) = K(0, 0) ≠ 0 (5.277)

ŕàĺçěň, áőčńăáŋő (5.267), ĺňěěň:

K(0, 0) = 1 λ^2_L n_s n = 4πn_se^2 m = 1 λ^2_L 2πT ∑ n ´^2 (ε^2_n + ´^2)^{3/2}

(5.278)

čďě, łăł ĺ ćëèě, λ^2_L =^{mc2}_{4πne2} { łćăďàăâ ńőŋďőŋőćáłőľ čńãąĺŋë ŕàőŋĺłŋőćěŋĺï ŕàĺ âěňŕěàăâãàě T = 0.

Ĺğ (5.230) ĺňěěň: J_μ(qω) = − 1 4π K_{μν} (qω)A^νq_ω (5.279)

âăł çâő, á ãçěâőň őŕàěďěńěŋĺï íńěłâàĺçěáłőčő ŕőńï:

E = −^∂A_{∂t} ĺńĺ Eqω = iωAqω (5.280)

ňőęŋő ććěáâĺ ŕàőćőďĺňőáâì áĺáâěňë łăł:

σ_{μν} (qω) = − 1 4πiω K_{μν} (qω) ĺńĺ σ(qω) = − 1 4πiω K(qω) (5.281)

čďě ćâőàőě àăćěŋáâćő áŕàăćěďńĺćő ďńï ĺğőâàőŕŋőčő áńãçăï. Ć ąőńìèĺŋáâćě áńãçăěć ĺŋâěàěá ŕàěďáâăćńïěâ ŕàěďěń íâĺå ćëàăęěŋĺľ ŕàĺ q → 0 (őâłńĺł ŋă őďŋőàőďŋőě ŕőńě), ŕőíâőňã ďăńěě ćěğďě ĺňěěâáï ć ćĺďã âőńìłő íâőâ ŕàěďěń.

Şďőąŋő ććěáâĺ áńěďãîéãî ğăŕĺáì:

σ(ω) = σ_s(ω) + σ_{exc}(ω) (5.282) čďě σ_s(ω) = −

K(0) 4πiω (5.283)

{ ŕàőćőďĺňőáâì áćěàåŕàőćőďïéěčő łőŋďěŋáăâă, ă σ_{exc}(ω) = − 1 4π K(ω) − K(0) iω (5.284)

37Ĺňěěâáï ďćă ćłńăďă ć Kμν(qω): ŕăàăňăčŋĺâŋëľ K^p_{μν} ĺ ďĺăňăčŋĺâŋëľ K^d_{μν} . Ďĺăňăčŋĺâŋëľ ćłńăď ŕàőŕőàæĺőŋăńěŋ ŕőńŋőľ ŕńőâŋőáâĺ íńěłâàőŋőć ĺ ŋě őâńĺçăěâáï őâ âăłőćőčő ć ŋőàňăńìŋőň áőáâőïŋĺĺ. Ć ŋőàňăńìŋőň áőáâőïŋĺĺ, ŕőńŋëľ âőł, ćëğëćăěňëľ áâăâĺçěáłĺň ćěłâőà { ŕőâěŋæĺăńőň ŕàěŋěąàěęĺňő ňăń (ĺ őŕàěďěńïěâ âőńìłő ďĺăňăčŋěâĺğň Ńăŋďăã). Ŕőíâőňã, á ćëáőłőľ âőçŋőáâìî ĺňěěň: K^n_{μν} (q0) = K^{np}_{μν} (q0) + K^d_{μν} ≈ 0, âăł çâő K^{np}_{μν} (q0) ≈ −K^d_{μν} (âőçŋőě àăćěŋáâćő ćëŕőńŋïěâáï ğďěáì ŕàĺ q → 0). Ŕńőâŋőáâì âőłă ć áćěàåŕàőćőďŋĺłě âőčďă àăćŋă:

Jμ(qω) = − 14π {K^{sp}_{μν} (qω) − K^{np}_{μν} (q0)}A^νq_ω (5.275)

Ŕőíâőňã, łăł ãęě őâňěçăńőáì ćëèě, áçĺâăâì àěăńìŋő ŋăďő âőńìłő ŕăàăňăčŋĺâŋëľ őâłńĺł. Řăğŋőáâì âőłőć ć áćěàåŕàőćőďŋĺłě ĺ ŋőàňăńìŋőň ňěâăńńě ňőęŋő ğăŕĺáăâì ć áńěďãîéěň ćĺďě:

J^s_μ(qω) − J^n_μ (qω) = {K^s_{μν} (qω) − K^n_{μν} (q0)}A^νq_ω = = {K^{sp}_{μν} (qω) − K^{np}_{μν} (qω)}A^νq_ω (5.276)

216 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

{ ŕàőćőďĺňőáâì őďŋőçăáâĺçŋëå ćőğąãęďěŋĺľ. Ćĺďĺň, çâő (5.283), á ãçěâőň (5.278), áćőďĺâáï ł:

σ_s(ω) = n_se^2 m i ω + iδ , δ → +0 (5.285)

âăł çâő: Reσ_s(ω) = n_se^2 m πδ(ω) (5.286)

çâő áőőâćěâáâćãěâ ąěğďĺááĺŕăâĺćŋőňã ćłńăďã łőŋďěŋáăâă ć ŕàőćőďĺňőáâì (â.ě. áőąáâćěŋŋő áćěàåŕàőćőďĺňőáâĺ).

Ŕěàěľďěň âěŕěàì ł ŕőďàőąŋőňã àăááňőâàěŋĺî σ_{exc}(ω) { ŕàőćőďĺňőáâĺ őâ őďŋőçăáâĺçŋëå ćőğąãęďěŋĺľ áćěàåŕàőćőďŋĺłă, łőâőàăï őŕàěďěńïěâ, ć çăáâŋőáâĺ, ŕőčńőéěŋĺě íńěłâàőňăčŋĺâŋőľ íŋěàčĺĺ ć áćěàåŕàőćőďŋĺłě ŋă łőŋěçŋëå çăáâőâăå (őŕâĺçěáłĺě áćőľáâćă áćěàåŕàőćőďŋĺłă). Ťăłâĺçěáłĺ, ňë ďőńęŋë ćěàŋãâìáï ł (5.261), (5.262) ĺ ŕàőćěáâĺ ćáě àăáçěâë ďńï łőŋěçŋőľ çăáâőâë ćŋěèŋěčő ŕőńï iω_m → ω + iδ

ĺ q → 0. Ĺňěěň:

Q_{αα}(ω_m, q) = −2 e^2 3m^2 T ∑ n ∫ d^3p (2π)^3 ( p + q2^{)2} × × { G ( ε_np − q 2 ) G ( ε_n + ω_mp + q 2 ) + F ( ε_np − q 2 ) F^∗ ( ε_n + ω_mp + q 2 )} (5.287)

Śîďă ŋăďő ŕőďáâăćĺâì ïćŋëě ćëàăęěŋĺï ďńï čőàìłőćáłĺå äãŋłæĺľ, ćëçĺáńĺâì áãňňë ŕő çăáâőâăň ĺ ŕěàěľâĺ ł ĺŋâěčàĺàőćăŋĺî ŕő ńĺŋěăàĺğőćăŋŋőňã áŕěłâàã ξ_p ≡ ξ(p) ć őłàěáâŋőáâĺ ŕőćěàåŋőáâĺ Ťěàňĺ, čďě p ≈ p_F ĺ ěčő ňőęŋő ćëŋěáâĺ ĺğ ŕőď ğŋăłă ĺŋâěčàăńă. İâĺ ćëçĺáńěŋĺï ďőćőńìŋő čàőňőğďłĺ, ĺ ňë őŕãáłăěň áőőâćěâáâćãîéĺě ďěâăńĺ^{38}. Ć ĺâőčě, ŕőáńě őąëçŋőčő ŕàőďőńęěŋĺï iω_m → ω + iδ, ňë ŕőńãçĺň:

Q_{αα}(ω_m, q) = −

2e^2 3m^2 ν_F p^2_F ∫_∞ −∞ dξ_p { ε_pε_{p+q} + ξ_pξ_{p+q} + ´^2 ε_pε_{p+q} } {n(ε_p) − n(ε_{p+q} )} × × { 1 ε_p − ε_{p+q} + ω + iδ + 1 ε_p − ε_{p+q} − ω − iδ } + + 2e^2 3m^2 ν_F p^2_F ∫_∞ −∞ dξ_p { ε_pε_{p+q} − ξ_pξ_{p+q} − ´^2 ε_pε_{p+q} } {1 − n(ε_p) − n(ε_{p+q} )} × × { 1 ε_p + ε_{p+q} + ω + iδ + 1 ε_p + ε_{p+q} − ω − iδ } (5.288)

čďě ććěďěŋő őąőğŋăçěŋĺě ε_p = √ ξ^2_p + ´^2 { ďńï áŕěłâàă íńěłâàőŋă ć ňőďěńĺ ĄŁŸ (5.68), n(ε_p) { äãŋłæĺï Ťěàňĺ á íâĺň áŕěłâàőň. Ć ŕàěďěńě T → 0 ğďěáì őáâăěâáï âőńìłő ćłńăď ćâőàőčő áńăčăěňőčő, ŕőáłőńìłã n(ε_p) → 0 ŕàĺ T → 0 ĺğ { ğă ŋăńĺçĺï éěńĺ ć áŕěłâàě ĄŁŸ. Ć âőęě ćàěňï, ŋăá ĺŋâěàěáãěâ ŕàěďěń q → 0, ă âőčďă, łăł ńěčłő ãąěďĺâìáï, őąàăéăěâáï ć ŋãńì äăłâőà (â.ŋ. äăłâőà łőčěàěŋâŋőáâĺ), áâőïéĺľ ć çĺáńĺâěńě ć ŕěàćëå äĺčãàŋëå áłőąłăå íâőčő áńăčăěňőčő. Šăłĺň őąàăğőň, ňë ŕőńãçăěň ŋãńì, ĺ ćáï ŕàőćőďĺňőáâì ĺáçěàŕëćăěâáï ćłńăďőň (5.283), (5.285). Ć çăáâŋőáâĺ, ďěľáâćĺâěńìŋăï çăáâì ŕàőćőďĺňőáâĺ áőáàěďőâőçěŋă ć δ { äãŋłæĺĺ ŋă ŋãńěćőľ çăáâőâě (5.286), ŕàĺçěň n_s = n, â.ě. ć ŋěě ďăîâ ćłńăď ćáě íńěłâàőŋë.

38Ć áńěďãîéěľ čńăćě ăŋăńőčĺçŋëě ćëçĺáńěŋĺï ąãďãâ ŕàőćěďěŋë (ďńï ďàãčőľ ğăďăçĺ) ćő ćáěå ďěâăńïå.

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 217

Ůâőąë àăğőąàăâìáï, çâő ŕàőĺğőèńő, ćáŕőňŋĺň, çâő ňë àăááňăâàĺćăěň őâłńĺł ŋă łőŋěçŋëå çăáâőâăå ć áćěàåŕàőćőďŋĺłě ąěğ ŕàĺňěáŋőčő (ĺ łăłőčő { ńĺąő ďàãčőčő) ďĺááĺŕăâĺćŋőčő àăááěïŋĺï. Śłőàőáâì i-čő íńěłâàőŋă ćő ćŋěèŋěň ŕőńě őŕàěďěńïěâáï ĺğ: mv_i = p_i −^e_c A(r_i). Šőčďă ŕőńŋëľ âőł ć áĺáâěňě àăćěŋ: J = e ∑ i < vi >= em ∑ i < pi > − e^2mc ∑ i A(ri) (5.289)

Ŕěàćőě áńăčăěňőě ğďěáì ŕàőŕőàæĺőŋăńìŋő ŕàĺńőęěŋŋőňã íńěłâàĺçěáłőňã ŕőńî E(rt) = Ee^iqr^{−iωt}, âăł çâő:

J(rt) = σ(ω)E(rt) − e^2mc nA(rt) (5.290) čďě ŕàĺ ğăŕĺáĺ ćâőàőčő áńăčăěňőčő ňë ŕàěďŕőńőęĺńĺ őďŋőàőďŋőáâì áĺáâěňë. Ś ãçěâőň E = −^1_c^∂A^(r^{t)}_{∂t} , ĺňěěň A =^{ic}_ω E. Šőčďă ãàăćŋěŋĺě Ńőŋďőŋőć (5.257) á ns = n (ŕàĺ T = 0) ŕőńãçăěâáï ĺğ (5.290), ěáńĺ σ(ω) = 0. Ĺňěŋŋő íâő ňë ĺ ŕőńãçĺńĺ ĺğ (5.288).

Ŕőíâőňã, ŕőáńěďőćăâěńìŋőě àăááňőâàěŋĺě ŕàőćőďĺňőáâĺ ć áćěàåŕàőćőďŋĺłě ŋãęŋő ŕàőćőďĺâì á ãçěâőň, ŋăŕàĺňěà, ŕàĺňěáŋőčő àăááěïŋĺï (S.B.Nam, 1967). Śőőâćěâáâćãîéĺě àăáçěâë âăłęě ćěáìňă čàőňőğďłĺ. Ňë ćőáŕőńìğãěňáï ãŕàőéěŋŋëňĺ àăááãęďěŋĺïňĺ, łőâőàëě ďăîâ ŕàăćĺńìŋëľ őâćěâ ć \čàïğŋőň" ŕàěďěńě [4]. Ćőáŕőńìğãěňáï (áà. (5.281), (5.239)) őŕàěďěńěŋĺěň ŕàőćőďĺňőáâĺ ć ćĺďě:

σ(ω) = lim_{q→0} Q(qω) iω , Reσ(ω) = 1 ω ImQ(0ω) (5.291)

ĺ ćëďěńĺň ňŋĺňãî çăáâì (5.288) ďńï áńãçăï ω > 0. Łàőňě âőčő, ãçâěň, çâő ć \čàïğŋőň" áćěàåŕàőćőďŋĺłě ĺňŕãńìáë p ĺ p + q ŋě ïćńïîâáï \åőàőèĺňĺ" łćăŋâőćëňĺ çĺáńăňĺ íńěłâàőŋă. Šőčďă ňőęŋő ŕàěďŕőńőęĺâì, çâő ć íâőň ŕàěďěńě ξp ĺ ξp_+q ć (5.288) áńěďãěâ áçĺâăâì ŋěğăćĺáĺňëňĺ ŕěàěňěŋŋëňĺ ĺ ğăŕĺáăâì: Reσ(ω) = C_0 ω ∫_∞ −∞ dξ_p ∫_∞ −∞ dξ^′_pδ(ω − ε_p − ε_p′ ) ε_pε_p′ − ξ_pξ_p′ − ´^2 ε_pε_p′ = = C_0 ω ∫_∞ Δ dε ∫_∞ Δ dε^′N (ε)N (ε^′)δ(ω − ε − ε^′) ( 1 − ´^2 εε^′ ) (5.292)

čďě ć ŕőáńěďŋěľ áâàőłě ŕěàěèńĺ őâ ĺŋâěčàĺàőćăŋĺï ŕő ξ ł ĺŋâěčàĺàőćăŋĺî ŕő áŕěłâàã (5.68) ε ĺ, áőőâćěâáâćěŋŋő, ććěńĺ ŕńőâŋőáâì áőáâőïŋĺľ ĄŁŸ, őŕàěďěńěŋŋãî ć (5.79). Ć (5.292 ććěďěŋă âăłęě łőŋáâăŋâă C_0, łőâőàãî ąãďěň őŕàěďěńïâì ĺğ ãáńőćĺï \áèĺćłĺ" á ŕàőćőďĺňőáâìî ć ŋőàňăńìŋőň ňěâăńńě (ŕàĺ ´ → 0). Ĺğ (5.292), áŋĺňăï őďŋő ĺŋâěčàĺàőćăŋĺě á ŕőňőéìî δ { äãŋłæĺĺ, ŕőńãçăěň: Reσ(ω) = C_0 ω θ(ω − 2´) ∫_{ω−Δ} Δ dεN (ε)N (ω − ε) { 1 − ´^2 ε(ω − ε) } = = C_0 ω θ(ω − 2´) ∫_{ω−Δ} Δ dε ε(ω − ε) − ´^2 (ε^2 − ´^2)^{1/2}[(ω − ε)^2 − ´^2]^{1/2}

(5.293)

Ŕěàěåőďï ł ŕěàěňěŋŋőľ ĺŋâěčàĺàőćăŋĺï x á ŕőňőéìî áőőâŋőèěŋĺï 2ε = ω + x(ω − 2´), ĺňěěň: Reσ(ω) = 1 2 C_0 ω θ(ω − 2´)(ω − 2´)

∫_1 −1 dx 1 − αx^2 [(1 − x^2)(1 − α^2x^2)]^{1/2}

(5.294)

čďě α =^{ω−2Δ}_{ω+2Δ} . Ĺŋâěčàăń ć (5.294) ćëàăęăěâáï çěàěğ íńńĺŕâĺçěáłĺě äãŋłæĺĺ łăł: Reσ(ω) = C_0 ω [(ω + 2´)E(α) − 4´K(α)]θ(ω − 2´) (5.295)

218 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

Ć ŋőàňăńìŋőň ňěâăńńě (´ = 0) ŕőčńőéěŋĺě őŕàěďěńïěâáï ćěńĺçĺŋőľ C_0 (çâő ćĺďŋő ĺğ (5.292), ćëçĺáńěŋŋőľ ŕàĺ ´ = 0). Śőőâćěâáâćěŋŋő, őâŋőèěŋĺě őŕâĺçěáłĺå ŕàőćőďĺňőáâěľ ć áćěàåŕàőćőďŋĺłě ĺ ŋőàňăńìŋőň ňěâăńńě őŕàěďěńïěâáï ćëàăęěŋĺěň: Reσ_s(ω) Reσ_n(ω) ≡ σ_{1s}(ω) σ_{1n}(ω) = 1 ω [(ω + 2´)E(α) − 4´K(α)]θ(ω − 2´) (5.296)

İâő âăł ŋăğëćăěňăï äőàňãńă Ňăââĺáă { Ąăàďĺŋă (D.Mattis, J.Bardeen, 1958), łőâőàăï ďăěâ ŕàěłàăáŋőě áőčńăáĺě á íłáŕěàĺňěŋâőň, ć çěň ňőęŋő ãąěďĺâìáï, ŕőáňőâàěć ŋă Řĺá. 5-15.

Ć èĺàőłőň ĺŋâěàćăńě çăáâőâ ćŋěèŋěčő íńěłâàőňăčŋĺâŋőčő ŕőńï łăçěáâćěŋŋőě ŕőćěďěŋĺě ďěľáâćĺâěńìŋőľ çăáâĺ ŕàőćőďĺňőáâĺ (őŕâĺçěáłőčő ŕőčńőéěŋĺï) ć áćěàåŕàőćőďŋĺłăå ćëčńïďĺâ łăł ŕőłăğăŋő ŋă Řĺá. 5-16, čďě ŕàĺćěďěŋë àěğãńìâăâë ąőńěě ŕőďàőąŋëå àăáçěâőć őŕâĺçěáłőľ ŕàőćőďĺňőáâĺ ć ňőďěńĺ ĄŁŸ, á ãçěâőň ŕàĺňěáŋőčő àăááěïŋĺï á łőŋłàěâŋëň ğŋăçěŋĺěň γ =^1_{2τ} = ´. Ć ŋőàňăńìŋőľ äăğě (ŕàĺ T ≥ Tc) ŕàőćőďĺňőáâì, ğăćĺáïéăï őâ çăáâőâë, őŕàěďěńïěâáï őąëçŋőľ äőàňãńőľ Ďàãďě (4.179), á ćàěňěŋěň áćőąőďŋőčő ŕàőąěčă, őŕàěďěńïěňëň, ŋăŕàĺňěà ďńï ďőáâăâőçŋő ŋĺğłĺå âěňŕěàăâãà, àăááěïŋĺěň ŋă ŕàĺňěáïå. İâő ďăěâ åăàăłâěàŋőě ŕőćěďěŋĺě ďěľáâćĺâěńìŋőľ çăáâĺ ŕàőćőďĺňőáâĺ, ŕőłăğăŋŋőě ŋă Řĺá. 5-16 áŕńőèŋőľ łàĺćőľ. Ŕőáńě ŕěàěåőďă ć áćěàåŕàőćőďïéěě áőáâőïŋĺě, ć ŕàőćőďĺňőáâĺ ćőğŋĺłăěâ δ(ω) { ćłńăď (5.286), áćïğăŋŋëľ áő áćěàåâěłãçĺň őâłńĺłőň łőŋďěŋáăâă łãŕěàőćáłĺå ŕăà, ă łőŋěçŋőě ŕőčńőéěŋĺě ćőğŋĺłăěâ ć őąńăáâĺ ω > 2´, çâő áőőâćěâáâćãěâ ćőğąãęďěŋĺî őďĺŋőçŋëå íńěłâàőŋőć çěàěğ éěńì ĄŁŸ. Ŕàĺ T = 0 íâĺ íńěłâàőŋë ćőğŋĺłăîâ ć àěğãńìâăâě \àăğàëćă" łãŕěàőćáłĺå ŕăà ćŋěèŋĺň ŕőńěň (çâő áőőâćěâáâćãěâ äĺğĺçěáłőňã áňëáńã ćěńĺçĺŋë ´, łăł íŋěàčĺĺ áćïğĺ íńěłâàőŋă ć ŕăàě). Ŕàőćőďĺňőáâì ńîąőľ áĺáâěňë ãďőćńěâćőàïěâ áńěďãîéěňã âőçŋőňã ŕàăćĺńã áãňň [10]: ∫_∞ 0 dωReσ(ω) = πne^2 2m = ω^2_p 8 (5.297)

čďě ω^2_p =^{4πe2}_m { łćăďàăâ ŕńăğňěŋŋőľ çăáâőâë. Ďńï áćěàåŕàőćőďŋĺłőć íâő ŕàăćĺńő áãňň őğŋăçăěâ, çâő ĺŋâěčàăń őâ ćáěľ őąńăáâĺ, ğăèâàĺåőćăŋŋőľ ŋă Řĺá. 5-16, â.ě. ğăèâàĺåőćăŋŋăï ŕńőéăďì ŕőď łàĺćőľ, őŕĺáëćăîéěľ ďàãďěćáłőě ŕőćěďěŋĺě ć ŋőàňăńìŋőň ňěâăńńě, ŕőáńě ŕěàěåőďă ć áćěàåŕàőćőďïéěě áőáâőïŋĺě \ãåőďĺâ" ć ăňŕńĺâãďã δ { äãŋłæĺőŋŋőčő ćłńăďă (5.286), ă őáâăîéăïáï ŋěğăèâàĺåőćăŋŋőľ őąńăáâì ŕőď łàĺćőľ ŕőčńőéěŋĺï ć őąńăáâĺ ω > 2´ őąěáŕěçĺćăěâ ćëŕőńŋěŋĺě (5.297) ćňěáâě á íâĺň ćłńăďőň áćěàåâěłãçěčő łőŋďěŋáăâă.

Őâŋőáĺâěńìŋő ŕàőáâőě àăááňőâàěŋĺě, ŕàőćěďěŋŋőě ćëèě ĺ őáŋőćăŋŋőě ŋă ňőďěńĺ ĄŁŸ, ďăěâ ŕàăćĺńìŋëľ őâćěâ ďńï őâłńĺłă áĺáâěňë ŋă ćŋěèŋĺě ŕőŕěàěçŋëě íńěłâàőňăčŋĺâŋëě ŕőńï, ŋő ć őąéěň áńãçăě, őŋő ŋě ďăěâ ŕàăćĺńìŋőčő àěğãńìâăâă ďńï őâłńĺłă ŋă ŕàőďőńìŋőě ŕőńě^{39}. Ťĺğĺçěáłăï ŕàĺàőďă íâőľ âàãďŋőáâĺ őąãáńőćńěŋă âěň, çâő ŕàőďőńìŋëľ čàăďĺěŋâŋëľ ŕőâěŋæĺăń áćïğăŋ ŋěŕőáàěďáâćěŋŋő á łőńńěłâĺćŋëňĺ ćőğąãęďěŋĺïňĺ (äńãłâãăæĺïňĺ) íńěłâàőŋŋőľ ŕńőâŋőáâĺ. Ć ňőďěńĺ ąěğ ďăńìŋőďěľáâćãîéěčő łãńőŋőćáłőčő ćğăĺňőďěľáâćĺï âăłĺě ćőğąãęďěŋĺï ć áćěàåŕàőćőďŋĺłăå áőőâćěâáâćãîâ âăł ŋăğëćăěňőňã ąőčőńîąőćáłőňã ğćãłã, ŕàěďáâăćńïîéěňã áőąőľ čőńďáâőãŋőćáłãî ňőďã, áćïğăŋŋãî áő áŕőŋâăŋŋëň ŋăàãèěŋĺěň łăńĺąàőćőçŋőľ ĺŋćăàĺăŋâŋőáâĺ. Şçěâ ďăńìŋőďěľáâćãîéĺå łãńőŋőćáłĺå áĺń ŕàĺćőďĺâ ł âőňã, çâő ąőčőńîąőćáłĺľ ğćãł ŕěàěåőďĺâ ć őąëçŋëě ŕńăğňőŋë ć ňěâăńńě. Čàăďĺěŋâŋő ĺŋćăàĺăŋâŋăï âěőàĺï ďńï íńěłâàőňăčŋĺâŋőčő őâłńĺłă áćěàåŕàőćőďŋĺłőć ňőęěâ ąëâì ŕőńãçěŋă, ěáńĺ őąőąéĺâì áåěňã ĄŁŸ âăłĺň őąàăğőň, çâőąë ćłńîçĺâì ć ŋěě ŕőďőąŋëě ćőğąãęďěŋĺï [5].

39Ňë ćáěčďă ŕőďàăğãňěćăńĺ ćëąőà łăńĺąàőćłĺ divA = 0, ϕ = 0.

ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ 219

Řĺá. 5-15 Ďěľáâćĺâěńìŋăï çăáâì őŕâĺçěáłőľ ŕàőćőďĺňőáâĺ áćĺŋæă ć áćěàåŕàőćőďïéěň áőáâőïŋĺĺ ŕàĺ T = 2K (L.Palmer, M.Tinkham, 1968).

220 ŚĆĚŘŢŔŘŐĆŐĎĹŇŐŚŠĲ

Řĺá. 5-16 Ďěľáâćĺâěńìŋăï çăáâì őŕâĺçěáłőľ ŕàőćőďĺňőáâĺ ňěâăńńă ć ŋőàňăńìŋőň ĺ áćěàåŕàőćőďïéěň áőáâőïŋĺĺ, á ãçěâőň łőŋěçŋőľ çăáâőâë àăááěïŋĺï ŋă ŕàĺňěáïå ` =^1_τ = 2´.

Čńăćă 6

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹ- ĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

Ŋěãáâőľçĺćőáâì äőŋőŋŋőčő áŕěłâàă.

Ŕàőćěďěň àăáçěâ ŕěàěŋőàňĺàőćłĺ äőŋőŋŋőčő áŕěłâàă ğă áçěâ íńěłâàőŋ { äőŋőŋŋőčő ćğăĺňőďěľáâćĺï ć őďŋőňěàŋőň ňěâăńńě. Ŕàĺ íâőň ňë ąãďěň ĺáåőďĺâì ĺğ őąéěľ äőàňãńĺàőćłĺ ğăďăçĺ, őŕĺáëćăěňőľ ãàăćŋěŋĺïňĺ (3.16), (3.18) ĺ (3.74). Łăł ňë ãćĺďĺň, íâă ŕěàěŋőàňĺàőćłă ćěďěâ ł ŋěãáâőľçĺćőáâĺ äőŋőŋŋőčő áŕěłâàă, łàăâłő ãęě ãŕőňĺŋăćèěľáï ćëèě ć čńăćě őą íńěłâàőŋ { äőŋőŋŋőň ćğăĺňőďěľáâćĺĺ. Šěŕěàì ŋăèă ğăďăçă áőáâőĺâ ć âőň, çâőąë ŕőďàőąŋěě àăğőąàăâìáï ć íâőň ćőŕàőáě.

Ďńï d = 1 ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà čăğă áćőąőďŋëå íńěłâàőŋőć ŕàĺ T = 0 őŕàěďěńïěâáï áńěďãîéĺň ćëàăęěŋĺěň: ˝(kω) = −2i ∫ dp 2π ∫ dε 2π G_0(εp)G_0(ε + ωp + k) (6.1)

čďě ňŋőęĺâěńì 2 ãçĺâëćăěâ áŕĺŋ. Ćëçĺáńïï, łăł íâő ďěńăńőáì àăŋìèě, ĺŋâěčàăń ŕő ε, ŕőńãçăěň:

˝(kω) = 1 π ∫ dp n(ξ_p) − n(ξ_{p+k}) ω − ξ_{p+k} + ξ_p + iδ(signξ_{p+k} − signξ_p ) (6.2)

čďě ććěńĺ őąőğŋăçěŋĺě ξ_p ≡ ξ(p) =^{p2}_{2m} − μ ďńï íŋěàčĺĺ íńěłâàőŋőć, őâáçĺâăŋŋőľ őâ ãàőćŋï Ťěàňĺ. Őâńĺçŋëľ őâ ŋãńï ćłńăď ć ĺŋâěčàăń ć (6.2) ďăîâ ďćě őąńăáâĺ:

1. ξ_p > 0, ξ_{p+k} < 0

2. ξ_p < 0, ξ_{p+k} > 0

222 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

ĺŋăçě n(ξ_p) − n(ξ_{p+k}) = 0. Ďńï łőŋłàěâŋőáâĺ, ŕãáâì k > 0. Šőčďă íâĺ őąńăáâĺ áőőâćěâáâćãîâ: 1. −p_F − k < p < −p_F 2. p_F − k < p < p_F Śőőâćěâáâćěŋŋő íâĺň ŋěàăćěŋáâćăň őŕàěďěńïěâáï ĺ ğŋăł ±iδ ć ğŋăňěŋăâěńě (6.2). Ŕőíâőňã (6.2) ňőęŋő ŕěàěŕĺáăâì łăł: ˝(kω) = − 1 π ∫_{−pF} −p_F −k dp ω −^{k2}_{2m} −^{pk}_m − iδ + 1 π ∫_{pF} p_F −k dp ω −^{k2}_{2m} −^{pk}_m + iδ =

= m πk ln (_{k2} 2m −^{kpF}_m − ω + iδ ) (_{k2} 2m +^{kpF}_m + ω − iδ ) (_{k2} 2m −^{kpF}_m + ω + iδ ) (_{k2} 2m +^{kpF}_m − ω − iδ ) (6.3)

Řăááňőâàĺň ŕőćěďěŋĺě ˝(kω) ŕàĺ ω = 0 ĺ ćąńĺğĺ k = 2p_F , ŕőńăčăï k = 2p_F + q (â.ě. q = k − 2p_F , |q| ≪ 2p_F ). Šőčďă:

˝(k = 2p_F + q, ω = 0) = − m πp_F ln 4p_F |q| = − m πp_F ln 4p_F |k − 2p_F | (6.4)

Ťăłâĺçěáłĺ íâőâ àěğãńìâăâ ãęě ãŕőňĺŋăńáï ŋăňĺ ćëèě ć (3.72), ć áćïğĺ á ŕàěďćăàĺâěńìŋëň őąáãęďěŋĺěň \čĺčăŋâáłőľ" łőŋőćáłőľ ăŋőňăńĺĺ.

Šěŕěàì ŕěàěľďěň ŋěŕőáàěďáâćěŋŋő ł őąáãęďěŋĺî ŕěàěŋőàňĺàőćłĺ äőŋőŋŋőčő áŕěłâàă. Ğăŕĺèěň äőŋőŋŋãî äãŋłæĺî Čàĺŋă ć ćĺďě (áà. (3.18) ĺ (3.74)):

D^{−1}(kω) = D^{−1}_0 (ωk) − g^2˝(kω) (6.5)

ćąńĺğĺ k = 2p_F , ĺáŕőńìğãï (6.4)^1, ĺňěěň:

ω^2 − ω^2_{pF} ω^2_{pF} + mg^2 πp_F ln 4p_F |k − 2p_F | = 0 (6.6) ĺńĺ ω^2 = ω^2_{pF} { 1 − mg^2 πp_F ln 4p_F |k − 2p_F | } (6.7)

Őâáîďă ćĺďŋő, çâő ďńï k, ďőáâăâőçŋő ąńĺğłĺå ł 2p_F , ćâőàőľ çńěŋ ŕàěćőáåőďĺâ ŕěàćëľ, âăł çâő çăáâőâă äőŋőŋă áâăŋőćĺâáï ňŋĺňőľ (ω^2 < 0). Şňěŋìèěŋĺě çăáâőâ äőŋőŋőć á k ∼ 2p_F ŋăğëćăîâ ćőğŋĺłŋőćěŋĺěň \ňïčłőľ" ňőďë (\áňïčçěŋĺěň" àěèěâłĺ), çâő ŕőłăğăŋő ŋă Řĺá. 6-1, ă ćőğŋĺłŋőćěŋĺě áőőâćěâáâćãîéěľ ŋěãáâőľçĺćőáâĺ äőŋőŋŋőčő áŕěłâàă ŕàĺćőďĺâ ł âőňã, çâő àěèěâłă áâàěňĺâáï áŕőŋâăŋŋő ďěäőàňĺàőćăâìáï. Őłăğëćăěâáï (łăł ňë ãćĺďĺň ŋĺęě) âěàňőďĺŋăňĺçěáłĺ ćëčőďŋëň ćőğŋĺłŋőćěŋĺě ňőďãńïæĺĺ ŕńőâŋőáâĺ ăâőňőć àěèěâłĺ á ŕěàĺőďőň^{2π}_{2pF} =^π_{pF} , â.ě. ćőğŋĺłŋőćěŋĺě áâăâĺçěáłőľ ďěäőàňăæĺĺ ∼ Ree^{i2pF x} ∼ cos(2p_F x + ϕ). Ć áĺáâěňě ŕàőĺáåőďĺâ âăł ŋăğëćăěňëľ ŕăľěàńáőćáłĺľ áâàãłâãàŋëľ ŕěàěåőď. Śőőâćěâáâćěŋŋő âăłĺň áňěéěŋĺïň ăâőňőć ćőğŋĺłăěâ ĺ ňőďãńïæĺï ŕńőâŋőáâĺ íńěłâàőŋŋőčő ğăàïďă: ρ(x) = ρ_0 +ρ_1 cos(2p_F x+ϕ), ĺńĺ, łăł čőćőàïâ, ćőğŋĺłăěâ ćőńŋă ğăàïďőćőľ ŕńőâŋőáâĺ (CDW). Ćáě íâő ĺńńîáâàĺàãěâáï Řĺá. 6-2.

1Śâàőčő čőćőàï ğďěáì áńěďőćăńő ąë ĺáŕőńìğőćăâì ˝(ω, k ≈ 2p_F ) ŕàĺ ω ≠ 0, ŋő ŕàěŋěąàěęěŋĺě íâőľ çăáâőâŋőľ ğăćĺáĺňőáâìî ŋě ňěŋïěâ łăçěáâćěŋŋëå ćëćőďőć.

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 223

Řĺá. 6-1 Ćőğŋĺłŋőćěŋĺě ŋěãáâőľçĺćőľ (\ňïčłőľ") äőŋőŋŋőľ ňőďë ğă áçěâ čĺčăŋâáłőľ łőŋőćáłőľ ăŋőňăńĺĺ.

Řĺá. 6-2 Śňěéěŋĺě ăâőňőć æěŕőçłĺ ŕàĺ ĺğňěŋěŋĺĺ ŕěàĺőďă ĺ őąàăğőćăŋĺě ćőńŋë ğăàïďőćőľ ŕńőâŋőáâĺ (CDW) ŕàĺ ŕăľěàńáőćáłőň ŕěàěåőďě. Ŕőłăğăŋ áńãçăľ ãďćőěŋĺï ŕěàĺőďă ĺáåőďŋőľ àěèěâłĺ.

224 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

Řĺá. 6-3 Ńĺŋěăàĺğőćăŋŋëľ (ćąńĺğĺ ãàőćŋï Ťěàňĺ) áŕěłâà íńěłâàőŋőć ć őďŋőňěàŋőň ňěâăńńě. \Ŕőćěàåŋőáâì" Ťěàňĺ ŕàěďáâăćńïěâ áőąőľ ŕàïňãî ńĺŋĺî, ğăŕőńŋěŋë íńěłâàőŋŋëě áőáâőïŋĺï ć őąńăáâĺ (−p_F , p_F ), łőâőàăï ğăèâàĺåőćăŋă.

Řěăńìŋő, àăááňăâàĺćăěňăï ŋěãáâőľçĺćőáâì áŕěłâàă ćőğŋĺłăěâ ŕàĺ ŋěłőâőàőľ łőŋěçŋőľ âěňŕěàăâãàě T = T_{p0}, łőčďă łćăďàăâ çăáâőâë ω^2(k = 2p_F ) ćŕěàćëě őąàăéăěâáï ć ŋãńì. Ůâőąë ŕőŋïâì łăł íâő ŕàőĺáåőďĺâ, àăááňőâàĺň ŕőďàőąŋěě áĺâãăæĺî ŕàĺ T ≠ 0. Řăąőâăěň, łăł ćáěčďă, ć ňăæãąăàőćáłőľ âěåŋĺłě. Ďńï äãŋłæĺĺ Čàĺŋă äőŋőŋőć őŕïâì ŕĺèěň ãàăćŋěŋĺě Ďăľáőŋă:

D^{−1}(kω_m) = D^{−1}_0 (ω_mk) − g^2˝(ω_mk) (6.8) čďě D_0(kω_m) = ω^2_k (iω_m)^2 − ω^2_k

, ω_m = 2πmT (6.9)

Ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà:

˝(kω_m) = 2T ∑ n ∫ dp 2π G_0(ε_np)G_0(ε_n − ω_m, p − k) (6.10)

Ŋăá ĺŋâěàěáãěâ őąńăáâì k ∼ 2p_F , âăł çâő ğăŕĺèěň: k = 2p_F + q, |q| ≪ 2p_F (6.11) Ŕőáłőńìłã ĺŋâěàěáãîéĺě ŋăá íääěłâë őŕàěďěńïîâáï íńěłâàőŋăňĺ ĺğ áàăćŋĺâěńìŋő ãğłőľ őłàěáâŋőáâĺ ãàőćŋï Ťěàňĺ, ć ďăńìŋěľèěň ĺáŕőńìğãěň ňőďěńì ńĺŋěăàĺğőćăŋŋőčő áŕěłâàă, ŕőłăğăŋŋãî ŋă Řĺá. 6-3. Šőčďă ĺňěěň: ξ_{p−k} = −ξ_p + v_F q ŕàĺ p ∼ +p_F ξ_{p+k} = −ξ_p − v_F q ŕàĺ p ∼ −p_F (6.12)

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 225

Ťăłâĺçěáłĺ, íâő áŕàăćěďńĺćő ďńï ńîąőčő ćĺďă íńěłâàőŋŋőčő áŕěłâàă ć őďŋőňěàŋőň ňěâăńńě ćąńĺğĺ ďćãå \łőŋæőć" ńĺŋĺĺ Ťěàňĺ (\âőçěł" Ťěàňĺ). Śőőâćěâáâćěŋŋő, ğăŕĺáëćăěň ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà (ĺňěï ć ćĺďã őŕïâì k > 0) ć ćĺďě:

˝(qω_m) = T N (E_F ) ∑ n ∫_∞ −∞ dξ_p 2πi 2πi 1 iε_n − ξ_p 1 i(ε_n − ω_m) + ξ_p − v_F q = = −2πT N (E_F ) ∑ n θ[ε_n(ε_n − ω_m)] signε_n 2ε_n − ω_m + iv_F q

(6.13)

čďě áŕĺŋőćăï \ďćőľłă" ćłńîçěŋă ć N (E_F ). Ğďěáì äăłâőà θ[ε_n(ε_n − ω_m)] őąěáŕěçĺćăěâ signε_n = sign(ε_n − ω_m), çâő, ć áćőî őçěàěďì, ŕőňěéăěâ ŕőńîáă ŕő ξ_p ć àăğŋëě ŕőńãŕńőáłőáâĺ áőőâćěâáâćãîéěľ łőňŕńěłáŋőľ ŕěàěňěŋŋőľ, çâő ĺ őąěáŕěçĺćăěâ őâńĺçĺě őâ ŋãńï ĺŋâěčàăńă ŕő ξ_p, łőâőàëľ âàĺćĺăńìŋő áçĺâăěâáï ŕő âěőàěňě Łőèĺ.

Şňŋőęăï çĺáńĺâěńì ĺ ğŋăňěŋăâěńì ŋă signε_n = sign(ε_n − ω_m), ŕőńãçĺň:

˝(qω_m) = −2πT N (E_F ) ∑ n θ[ε_n(ε_n − ω_m)] |ε_n| + |ε_n − ω_m| + iv_F q signε_n = = −2πT N (E_F ) ∑ n θ[ε_n(ε_n − ω_m)] |2ε_n − ω_m| + iv_F q signε_n (6.14)

čďě ãçńĺ |ε_n| = ε_nsignε_n; |ε_n − ω_m| = (ε_n − ω_m)signε_n; |2ε_n − ω_m| > 0. Šőčďă:

˝(qω_m) = −2πT N (E_F ) ∑ n≥0 1 2ε_n + ω_m + iv_F q − −2πT N (E_F ) ∑ n≥0 1 2ε_n + ω_m − iv_F q

(6.15)

Ćåőďïéĺě áîďă áãňňë àăáåőďïâáï, ěáńĺ ŋě ãçĺâëćăâì, çâő áăňő ŕő áěąě, íńěłâàőŋ { äőŋőŋŋőě ćğăĺňőďěľáâćĺě (\łőŋáâăŋâă" ćğăĺňőďěľáâćĺï g) íääěłâĺćŋő őąàěğăěâáï ŋă çăáâőâăå ∼ E_F , â.ě. ŕőàïďłă èĺàĺŋë ğőŋë ŕàőćőďĺňőáâĺ^2. Ŕőíâőňã áãňňĺàőćăâì ğďěáì ŋăďő ďő ε_n ∼ E_F ! Šőčďă, ďőąăćńïï ĺ ćëçĺâăï ć áãňňăå (6.15) 2πT N (E_F ) ∑_N ∗ n≥0 1 2ε_n , čďě N ∗ = [_{EF} 2πT ] , ňőęěň ğăŕĺáăâì:

˝(ω_mq) = −4πT N (E_F ) N^∗∑

n≥0 1 2ε_n −2πT N (E_F ) ∞∑ n=0 [ 1 2ε_n + ω_m + iv_F q − 1 2ε_n ] −

−2πT N (E_F ) ∞∑ n=0 [ 1 2ε_n + ω_m − iv_F q − 1 2ε_n ] (6.16)

čďě ć áåőďïéĺåáï áãňňăå ćěàåŋĺľ ŕàěďěń ãęě ňőęŋő ćğïâì àăćŋëň ąěáłőŋěçŋőáâĺ. Ŕőńìğãïáì âěŕěàì âěň, çâő^3: 4πT N (E_F ) N^∗∑

n≥0 1 2ε_n = N (E_F ) ln 2γE_F πT , (6.17)

2Ŋě ŕãâăâì áő áŕăàĺćăâěńìŋëň ćğăĺňőďěľáâćĺěň ć áćěàåŕàőćőďŋĺłăå, łőâőàőě, łăł ňë ćĺďěńĺ őąàěğăěâáï ŋă çăáâőâăå ∼ ω_D.

3Ğďěáì ĺáŕőńìğőćăŋ ĺğćěáâŋëľ àěğãńìâăâ: 2 ∑_N n=0 1 2n+1 = ln(4γN).

226 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

ŕőńãçăěň:

˝(qω_m) = −N (E_F ) ln 2γE_F πT − − 1 2 N (E_F ) ∞∑ n=0 [ 1 n +^1_2 +^{ωm}_{4πT} +^{ivF q}_{4πT} − 1 n +^1_2 ] −

− 1 2 N (E_F ) ∞∑ n=0 [ 1 n +^1_2 +^{ωm}_{4πT} −^{ivF q}_{4πT} − 1 n +^1_2 ] (6.18)

Ŕőńìğãïáì âěŕěàì őŕàěďěńěŋĺěň ψ(x) { äãŋłæĺĺ ć ćĺďě: ψ(x) = −C − ∞∑ n=0 [ 1 n + x − 1 n + 1 ] (6.19)

čďě C = ln γ = 0.577..., ğăŕĺèěň ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà őďŋőňěàŋőčő íńěłâàőŋŋőčő čăğă ć áńěďãîéěň őłőŋçăâěńìŋőň ćĺďě:

˝(qω_m) = −N (E_F ) ln 2γE_F πT + 1 2 N (E_F ) [ ψ ( 1 2 + ω_m 4πT + iv_F q 4πT ) + + ψ ( 1 2 + ω_m 4πT − iv_F q 4πT ) − 2ψ ( 1 2 )] = = −N (E_F ) ln E_F 2πT + 1 2 N (E_F ) [ ψ ( 1 2 + ω_m 4πT + iv_F q 4πT ) + + ψ ( 1 2 + ω_m 4πT − iv_F q 4πT )] (6.20)

čďě ãçńĺ, çâő ψ

(_1 2 ) = − ln 4γ.

Őŕàěďěńĺň ąěğàăğňěàŋãî łőŋáâăŋâã íńěłâàőŋ { äőŋőŋŋőčő ćğăĺňőďěľáâćĺï łăł^4:

λ = g^2N (E_F ) (6.21) Šőčďă ĺŋâěàěáãîéěě ŋăá ãàăćŋěŋĺě ďńï äőŋőŋŋőľ äãŋłæĺĺ Čàĺŋă (6.8) ŕěàěŕĺáëćăěâáï ć ćĺďě:

ω^2_{pF} D^{−1}(qω_m) = (iω_m)^2 − ω^2_{pF} { 1 − λ ln E_F 2πT + + λ 2 [ ψ ( 1 2 + ω_m 4πT + iv_F q 4πT ) + ψ ( 1 2 + ω_m 4πT − iv_F q 4πT )]} = = (iω_m)^2 − ω^2_{pF} { 1 − λ ln 2γE_F πT + + λ 2 [ ψ ( 1 2 + ω_m 4πT + iv_F q 4πT ) + ψ ( 1 2 + ω_m 4πT − iv_F q 4πT ) − 2ψ ( 1 2 )]} (6.22)

Őâáîďă ńěčłő őŕàěďěńĺâì âěňŕěàăâãàã ŕěàěåőďă T_{p0}, łăł âěňŕěàăâãàã, ŕàĺ łőâőàőľ őąàăéăěâáï ć ŋãńì çăáâőâă äőŋőŋőć á k = 2p_F (â.ě. q = 0). Ŕőńăčăï ć (6.22) q = 0 ĺ ω_m = 0, ŕőńãçăěň ãáńőćĺě:

D^{−1}(0, 0) = 1 − λ ln 2γE_F πT_{p0} = 0 (6.23)

4Ŋě ŕãâăâì á àăğňěàŋőľ łőŋáâăŋâőľ λ áŕăàĺćăâěńìŋőčő ćğăĺňőďěľáâćĺï, ĺáŕőńìğőćăćèěľáï ć ŕàěďëďãéěľ čńăćě!

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 227

çâő ďăěâ äőàňãńã âĺŕă ĄŁŸ ďńï âěňŕěàăâãàë ŕěàěåőďă (ŋěãáâőľçĺćőáâĺ àěèěâłĺ):

T_{p0} = 2γ π E_F e^{− 1λ} (6.24)

Ğăŕĺáëćăï (6.23) łăł: 1 − λ ln E_F 2πT_{p0} + λψ ( 1 2 ) = 0 (6.25)

ĺ ćëçĺâăï íâő ćëàăęěŋĺě ĺğ ŕàăćőľ çăáâĺ (6.22), ŕőńãçĺň:

ω^2_{pF} D^{−1}(ω_mq) = (iω_m)^2 − ω^2_{pF} λ { ln T T_{p0} + + 1 2 [ ψ ( 1 2 + ω_m 4πT + iv_F q 4πT ) + ψ ( 1 2 + ω_m 4πT − iv_F q 4πT ) − 2ψ ( 1 2 )]} (6.26)

Ďńï ŋăåőęďěŋĺï ďĺáŕěàáĺőŋŋőčő ãàăćŋěŋĺï ňïčłőľ ňőďë ŋãęŋő áďěńăâì ğďěáì őąëçŋőě ŕàőďőńęěŋĺě iωm → ω ĺ ćőáŕőńìğőćăâìáï àăğńőęěŋĺěň ψ { äãŋłæĺĺ (łőâőàőě ŋěáńőęŋő ŕőńãçĺâì ĺğ (6.19)): ψ ( 1 2 − iω 4πT ± iv_F q 4πT ) ≈ −C − ∞∑ n=0 [ 1 n + 1/2 − 1 n + 1 ] +

+ ∞∑ n=0 1 (n + 1/2)^2 [ − iω 4πT ± i v_F q 4πT ] −

− ∞∑ n=0 1 (n + 1/2)^3 [ − iω 4πT ± i v_F q 4πT ]_2 =

= ψ(1/2) + π 8 ( − iω T ± iv_F q ) + 7ζ(3) [ ω^2 16π^2T^2 + v^2_F q^2 16π^2T ∓ ωv_F q 8π^2T^2 ] (6.27)

Šőčďă ŕőńãçăěň ãàăćŋěŋĺě, őŕàěďěńïîéěě áŕěłâà ňïčłőľ ňőďë ć ćĺďě:

ω^2_{pF} D^{−1}(qω) = ω^2 − ω^2_{pF} λ { ln T T_{p0} − iπ 8T ω + 7ζ(3) 16π^2 v^2_F T^2 q^2 +

7ζ(3) 16π^2T^2 ω^2 } = 0 (6.28)

Řăááňăâàĺćăï T ∼ T_{p0} ĺ ććőďï åăàăłâěàŋãî ďńĺŋã \łőčěàěŋâŋőáâĺ" ξ_0(T ) łăł:

ξ^2_0(T ) =

7ζ(3) 16π^2 v^2_F T^2

(6.29)

ŕěàěŕĺèěň (6.28) ć ćĺďě (D.Allender, J.Bray, J.Bardeen, 1974; B.Patton, L.Sham, 1974):

ω^2 − ω^2_{pF} λ { T − T_{p0} T_{p0} − iπ 8T ω + ξ^2_0(T )q^2 +

7ζ(3)ω^2 16π^2T^2 } = 0 (6.30)

Ŕàěŋěąàěčăï, ć ŕěàćőň ŕàĺąńĺęěŋĺĺ, ğăâãåăŋĺěň, ŕőńãçăěň áŕěłâà ňïčłőľ ňőďë ć ćĺďě: ω^2 ≈ λω^2_{pF} { T − T_{p0} T_{p0} + ξ^2_0 (T )q^2 } (6.31)

Őâáîďă ĺ áńěďãěâ őŕĺáăŋŋăï ćëèě łăçěáâćěŋŋăï łăàâĺŋă: ŕàĺ T → T_{p0} (ć őąńăáâĺ T > T_{p0}) ŕàőĺáåőďĺâ ãňěŋìèěŋĺě çăáâőâë äőŋőŋőć á k ∼ 2p_F , âăł çâő ŕàĺ T = T_{p0} łćăďàăâ çăáâőâë łőńěąăŋĺï á k = 2p_F őąàăéăěâáï ć ŋãńì, áâăŋőćïáì őâàĺæăâěńìŋëň ć őąńăáâĺ T < T_{p0} (çâő ĺ áőőâćěâáâćãěâ ŋěãáâőľçĺćőáâĺ àěèěâłĺ).

228 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

Ćőğćàăéăïáì ł (6.26), ğăŕĺèěň âěŕěàì:

D(qω_m = 0) = − 1 λ 1 T −T_p0 T_p0 +

7ζ(3) 16π2 v2_F T 2_p0 q 2 = − 1 λ 1 T −T_p0 T_p0 + ξ 2 0 (T_{p0})q^2

(6.32)

Łăł őâňěçăńőáì ćëèě, ć áćïğĺ á (3.101), (3.102), łőààěńïæĺőŋŋăï äãŋłæĺï ăâőňŋëå áňěéěŋĺľ őâńĺçăěâáï őâ äãŋłæĺĺ Čàĺŋă äőŋőŋă âőńìłő ğŋăłőň ĺ ňŋőęĺâěńěň (ρω^2_{pF} )^{−1} (čďě ρ { ŕńőâŋőáâì áàěďë), âăł çâő: C(q) = ∫ dxe^{iqx} < u(x)u(0) >= T_{p0} λρω^2_{pF} 1 T −T_p0 T_p0 + ξ 2 0 (T_{p0})q^2

(6.33)

čďě ňŋőęĺâěńì T = T_{p0} ćőğŋĺł őâ \áãňňĺàőćăŋĺï" ŕő ňăæãąăàőćáłĺň çăáâőâăň (áà. (3.102)), ć łőâőàőň ňë őáâăćĺńĺ âőńìłő çńěŋ á ω_m = 0, çâő áőőâćěâáâćãěâ ćëáőłĺň âěňŕěàăâãàăň (ŋăĺąőńěě áĺńìŋő äńãłâãĺàãîéĺľ ćłńăď, áőőâćěâáâćãîéĺľ ŕěàěåőďã ł łńăááĺçěáłőľ âěàňőďĺŋăňĺłě). Łőàőçě čőćőàï, ğăŕĺèěň: C(q) = A (T − T_{p0}) + Bq^2 čďě A =

T^2_{p0} λρω^2_{pF} , B = T_{p0}ξ^2_0 (T_{p0}) (6.34)

Šőčďă ć łőőàďĺŋăâŋőň ŕàěďáâăćńěŋĺĺ ĺňěěň: C(x) = ∫_∞ −∞ dq 2π C(q)e^{−iqx} = A π ∫_∞ 0 dq cos qx T − T_{p0} + Bq^2 = = A 2 √ B(T − T_{p0}) exp { − |x| ξ(T ) } (6.35) čďě ξ^2(T ) = ξ^2_0 (T_{p0}) T_{p0} T − T_{p0} (6.36)

Ŋěâàãďŋő áőőąàăğĺâì, çâő ňë ŕőńãçĺńĺ, âăłĺň őąàăğőň, őąëçŋőě \áàěďŋěŕőńěćőě" őŕĺáăŋĺě äăğőćőčő ŕěàěåőďă II àőďă ŕàĺ T = T_{p0}, ă (6.34), (6.35) ĺ (6.36) áőőâćěâáâćãîâ łăàâĺŋě ŋěćğăĺňőďěľáâćãîéĺå äńãłâãăæĺľ áňěéěŋĺľ ŕàĺ T ∼ T_{p0}, á łőààěńïâőàőň Őàŋèâěľŋă { Űěàŋĺłě [11].

Ćáě çâő ňë áěľçăá ŕàőďěńăńĺ ĺńńîáâàĺàãěâ őąéĺľ ňĺłàőáłőŕĺçěáłĺľ ňěâőď ĺááńěďőćăŋĺï äăğőćëå ŕěàěåőďőć II àőďă á ŕőňőéìî ďĺăčàăňň. Śŋăçăńă ŋãęŋő ĺááńěďőćăâì äńãłâãăæĺĺ ŕăàăňěâàă ŕőàïďłă ć łćăďàăâĺçŋőň (\čăãááőćőň") ŕàĺąńĺęěŋĺĺ. Ć ďăŋŋőň áńãçăě, ŕăàăňěâàőň ŕőàïďłă, äăłâĺçěáłĺ, ïćńïěâáï äãàìě { łőňŕőŋěŋâă áňěéěŋĺï ăâőňőć àěèěâłĺ á ćőńŋőćëň ćěłâőàőň k = 2p_F . Ěáńĺ äăğőćëľ ŕěàěåőď ďěľáâćĺâěńìŋő ĺňěěâ ňěáâő, âő ďőńęŋă áãéěáâćőćăâì âěňŕěàăâãàă, ŕàĺ łőâőàőľ áĺáâěňă \áňïčçăěâáï" ŋăáâőńìłő, çâő áâăâĺçěáłăï (ωm = 0) łőààěńïæĺőŋŋăï äãŋłæĺï (ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ) őąàăéăěâáï ć ąěáłőŋěçŋőáâì. İâő ãáńőćĺě ĺ őŕàěďěńïěâ âěňŕěàăâãàã ŕěàěåőďă ć łăàâĺŋě \áàěďŋěčő ŕőńï". Ďăńěě ŋãęŋő ĺğãçĺâì ďńĺŋŋőćőńŋőćëě äńãłâãăæĺĺ ŕăàăňěâàă ŕőàïďłă ĺ ĺå ćğăĺňőďěľáâćĺě ć őłàěáâŋőáâĺ âőçłĺ äăğőćőčő ŕěàěåőďă. Ďńï íâőčő ŋãęŋő ćëľâĺ ğă ŕàěďěńë łćăďàăâĺçŋőčő (čăãááőćă) ŕàĺąńĺęěŋĺï. Ć àăááňőâàěŋŋőľ ňőďěńĺ ŋãęŋő ãçěáâì \ăŋčăàňőŋĺğňë", őąãáńőćńěŋŋëě íńěłâàőŋ { äőŋőŋŋëň ćğăĺňőďěľáâćĺěň (ŋăŕàĺňěà ďĺăčàăňňë ďńï áćőąőďŋőľ íŋěàčĺĺ á çěâëàìňï ćŋěèŋĺňĺ \åćőáâăňĺ" őâ äńãłâãăæĺľ ŕăàăňěâàă ŕőàïďłă, łőâőàëě ąãďãâ àăááňőâàěŋë ŋăňĺ ć ďăńìŋěľèěň). Ć àěğãńìâăâě, äăłâĺçěáłĺ, ŕőńãçăěâáï áőőâćěâáâćãîéěě àăğńőęěŋĺě âĺŕă Čĺŋğąãàčă { Ńăŋďăã, á ŕőňőéìî łőâőàőčő ĺ ŕàőćőďĺâáï ĺááńěďőćăŋĺě âěàňőďĺŋăňĺłĺ áĺáâěňë ć őłàěáâŋőáâĺ âěňŕěàăâãàë ŕěàěåőďă. Šăłăï áåěňă àăááňőâàěŋĺï ãęě ąëńă àěăńĺğőćăŋă ćëèě ŕàĺ àăááňőâàěŋĺĺ áćěàåŕàőćőďĺňőáâĺ.

Ťăłâĺçěáłĺ, ďńï őďŋőňěàŋëå áĺáâěň ŕàőćěďěŋŋőě ćëèě àăááňőâàěŋĺě ïćńïěâáï çàěğňěàŋő ãŕàőéěŋŋëň. Ňë ãęě ćĺďěńĺ (cp. àăááãęďěŋĺï ć áćïğĺ á (3.111) ĺ (3.115)), çâő ďńï d = 1 äăğőćëľ ŕěàěåőď \áàěďŋěŕőńěćőčő" âĺŕă ćőőąéě ŋěćőğňőęěŋ. Ć ďăńìŋěľèěň ňë ěéě ćěàŋěňáï ł őąáãęďěŋĺî íâőčő ćőŕàőáă ĺ ãćĺďĺň, çâő ć őąńăáâĺ âěňŕěàăâãà T ∼ T_{p0} ć áĺáâěňě ćőğŋĺłăîâ

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 229

àăğćĺâëě äńãłâãăæĺĺ ąńĺęŋěčő ŕőàïďłă, ă áâăąĺńĺğăæĺï ĺáâĺŋŋőčő ďăńìŋěčő ŕőàïďłă ćőğŋĺłăěâ âőńìłő ŕàĺ ãçěâě âàěåňěàŋëå ćğăĺňőďěľáâćĺľ ć áĺáâěňě őďŋőňěàŋëå æěŕőçěł ăâőňőć (â.ě. ć âàěåňěàŋőň ăŋĺğőâàőŕŋőň łàĺáâăńńě).

Ŕãáâì âěŕěàì ć áĺáâěňě ěáâì ěéě ĺ åăőâĺçěáłĺ àăáŕàěďěńěŋŋëě ŕàĺňěáĺ. Ć íâőň áńãçăě ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà őŕàěďěńïěâáï čàăäĺłăňĺ, ŕőłăğăŋŋëňĺ ŋă Řĺá. 6-4 ĺ ğăŕĺáëćăěâáï łăł:

˝(ω_mk) = 2T ∑ n ∫ dp 2π G(ε_np)G(ε_n − ω_mp − k)T (ε_n, ω_m, k) (6.37) čďě G(ε_nξ_p) = 1 i~ε_n − ξ_p , ~ε_n = ε_n [ 1 + 1 2τ |ε_n| ] , 1 2τ = πρv^2ν_F (6.38)

ă \âàěãčőńìŋăï" ćěàèĺŋă ć \ńěáâŋĺçŋőň" ŕàĺąńĺęěŋĺĺ Řĺá. 6-4 (b) őŕàěďěńïěâáï ãàăćŋěŋĺěň: T (ε_n, ε_{n−m}, q) = 1 − 1 2πτ ∫_∞ −∞ dξ_p T (ε_n, ε_{n−m}, q) (ξ_p − i~ε_n)(ξ_p − v_F q + i~ε_{n−m}) (6.39)

čďě ŕěàěèńĺ, łăł őąëçŋő, őâ ĺŋâěčàĺàőćăŋĺï ŕő dp ł ĺŋâěčàĺàőćăŋĺî ŕő dξ_p, ććěńĺ őąőğŋăçěŋĺě ε_{n−m} = ε_n − ω_m ĺ ãçńĺ, çâő ρv^2ν_F =^1_{2πτ} . Őâáîďă áàăğã ęě ŕőńãçăěň:

T^{−1}(ε_n, ε_{n−m}, q) = 1 + 1 τ θ(ε_nε_{n−m}) ε_n |ε_n| 1 ~ε_n + ~ε_{n−m} + iv_F q

(6.40)

Ďńï ãŕàőéěŋĺï àăáçěâőć, ňë ŕàěďŕőńăčăěň, çâő ŕàĺňěáŋëě ńĺŋĺĺ ć \ńěáâŋĺæě" ŋă Řĺá. 6-4 (b) ŋě ŕěàěąàăáëćăîâ íńěłâàőŋ á őďŋőčő łőŋæă ńĺŋĺĺ Ťěàňĺ ŋă ďàãčőľ. Ć ŕàőâĺćŋőň áńãçăě ć (6.40) ćőğŋĺłăěâ áĺňňěâàĺğőćăŋŋăï áãňňă çńěŋőć á ±q.

Ć àěğãńìâăâě, ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà ğăŕĺáëćăěâáï łăł^5:

˝(qω_m) = T N (E_F ) ∑ n ∫ dξ_p T (ε_n, ε_{n−m}, q) (i~ε_n − ξ_p)(i~ε_{n−m} + ξ_p − v_F q) = = −2πT N (E_F ) ∑ n θ(ε_nε_{n−m}) ε_n |ε_n| 1 ~ε_n + ~ε_{n−m} + iv_F q ×

× { 1 + 1 τ θ(ε_nε_{n−m}) ε_n |ε_n| 1 ~ε_n + ~ε_{n−m} + iv_F q }_{−1} (6.41)

çâő áćőďĺâáï ł:

˝(qω_m) = −2πT N (E_F ) ∑ n θ[ε_n(ε_n − ω_m)] signε_n 2ε_n − ω_m + iv_F q +^2_τ signε_n (6.42)

Ďăńěě ćáě ŕàěőąàăğőćăŋĺï ňőęŋő ŕàőćěáâĺ ăŋăńőčĺçŋő âěň, łőâőàëě ďěńăńĺáì ćëèě ŕàĺ ŕěàěåőďě őâ (6.13) ł (6.22), âăł çâő ŕőńãçĺň:

˝(qω_m) = −2πT N (E_F ) ∑ n 1 |2ε_n − ω_m| +^2_τ − iv_F qsignε_n = = −2πT N (E_F ) ∑ n>0 1 2ε_n + ω_m +^2_τ − iv_F q − 5Ć őâńĺçĺě őâ ăŋăńőčĺçŋëå àăáçěâőć, ŕàőćőďĺćèĺåáï ć ŕàěďëďãéĺå čńăćăå, ğďěáì ŋăň ãďőąŋěě áŋăçăńă ćëçĺáńĺâì ĺŋâěčàăń ŕő ξp.

230 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

Řĺá. 6-4 Ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà ďńï áĺáâěňë á ŕàĺňěáïňĺ (a) ĺ áőőâćěâáâćãîéăï \âàěãčőńìŋăï" ćěàèĺŋă (b).

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 231 −2πT N (E_F ) ∑ n>0 1 2ε_n + ω_m +^2_τ + iv_F q = = N (E_F ) ln 2γE_F πT + 1 2 N (E_F ) { ψ ( 1 2 + ω_m 4πT + 1 2πT τ + iv_F q 4πT ) + + ψ ( 1 2 + ω_m 4πT + 1 2πT τ − iv_F q 4πT ) − 2ψ ( 1 2 )} (6.43)

Őâáîďă ĺňěěň ãàăćŋěŋĺě ďńï äőŋőŋŋőľ äãŋłæĺĺ Čàĺŋă:

ω^2_{pF} D^{−1}(qω_m) = (iω_m)^2 − ω^2_{pF} { 1 − λ ln 2γE_F πT + + λ 2 [ ψ ( 1 2 + ω_m 4πT + 1 2πT τ + iv_F q 4πT ) + + ψ ( 1 2 + ω_m 4πT + 1 2πT τ − iv_F q 4πT ) − 2ψ ( 1 2 )]} = = (iω_m)^2 − ω^2_{pF} λ { ln T T_{p0} + + 1 2 [ ψ ( 1 2 + ω_m 4πT + 1 2πT τ + iv_F q 4πT ) + + ψ ( 1 2 + ω_m 4πT + 1 2πT τ − iv_F q 4πT ) − 2ψ ( 1 2 )]} (6.44)

Őâáîďă, ăŋăńőčĺçŋő (6.23), â.ě. ĺğ ãáńőćĺï D^{−1}(0, 0) = 0, ŋăåőďĺň ãàăćŋěŋĺě, őŕàěďěńïîéěě âěňŕěàăâãàã T_p ŕăľěàńáőćáłőčő ŕěàěåőďă ć áĺáâěňě á ŕàĺňěáïňĺ (Ń.Ŋ.Ąãńăěćáłĺľ, Ň.Ć.Śăďőćáłĺľ, 1974): ln T_p T_{p0} + ψ ( 1 2 + 1 2πT_pτ ) − ψ ( 1 2 ) = 0 (6.45)

łőâőàőě ŕő äőàňě ĺďěŋâĺçŋő á őąáãęďăćèĺňáï ćëèě ãàăćŋěŋĺěň (5.157), őŕàěďěńïîéĺň łàĺâĺçěáłãî âěňŕěàăâãàã áćěàåŕàőćőďïéěčő ŕěàěåőďă ć áĺáâěňě á ňăčŋĺâŋëňĺ ŕàĺňěáïňĺ. Šăłĺň őąàăğőň, őąëçŋëě (ŋěňăčŋĺâŋëě) ŕàĺňěáĺ (àăğãŕőàïďőçěŋĺě) áĺńìŋő ŕőďăćńïîâ âěňŕěàăâãàã ŕăľěàńáőćáłőčő áâàãłâãàŋőčő ŕěàěåőďă.

Ŕăľěàńáőćáłĺľ ďĺíńěłâàĺł.

Łăł ãęě őâňěçăńőáì ćëèě, ŕăľěàńáőćáłăï ŋěãáâőľçĺćőáâì äőŋőŋŋőčő áŕěłâàă ŕàĺćőďĺâ ł ćőğŋĺłŋőćěŋĺî áŕőŋâăŋŋőľ ďěäőàňăæĺĺ àěèěâłĺ (æěŕőçłĺ) á ćőńŋőćëň ćěłâőàőň Q = 2p_F . Ŕőáňőâàĺň, łăł őŕĺáëćăěâáï \łőŋďěŋáĺàőćăŋŋăï" äăğă, áãéěáâćãîéăï ŕàĺ âěňŕěàăâãàăå T < T_{p0}. Ğăŕĺèěň čăňĺńìâőŋĺăŋ áĺáâěňë ć ćĺďě: H = ∑ p ξ_pa^+_p a_p + ∑ l ω_kb^+_k b_k + ∑ pk g_ka^+_{p+k}a_p(b_k + b^+_{−k}) (6.46)

čďě őŕàěďěńĺńĺ łőŋáâăŋâã áćïğĺ łăł:

g_k = g √ ω_k 2 (6.47)

232 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

ŕőáłőńìłã ňë ğďěáì ĺáŕőńìğãěň őąőğŋăçěŋĺï [1].

Ćőğŋĺłŋőćěŋĺě ŕăľěàńáőćáłőľ áćěàåáâàãłâãàë őŕĺáëćăěâáï ććěďěŋĺěň áńěďãîéěčő ăŋőňăńìŋőčő áàěďŋěčő [25], ŋăàãèăîéěčő âàăŋáńïæĺőŋŋãî áĺňňěâàĺî ĺáåőďŋőľ àěèěâłĺ:

´ = g_{2pF} < b_{2pF} + b^+_{−2pF} >≠ 0 (6.48)

čďě ãčńőćëě áłőąłĺ őąőğŋăçăîâ áâăâĺáâĺçěáłőě áàěďŋěě. Ćőğŋĺłŋőćěŋĺě âăłőčő ăŋőňăńìŋőčő áàěďŋěčő ňőęŋő âàăłâőćăâì łăł ąőğě { łőŋďěŋáăæĺî äőŋőŋőć ć áőáâőïŋĺĺ á łćăğĺĺňŕãńìáőň Q = 2p_F . Ć łőőàďĺŋăâŋőň ŕàěďáâăćńěŋĺĺ (6.48) őŕĺáëćăěâ ŕőâěŋæĺăńìŋőě ŕőńě ćőńŋë ŕăľěàńáőćáłőľ ďěäőàňăæĺĺ:

V (x) = ´e^{i2pF x} + ´^∗e^{−i2pF x} = 2|´| cos(2p_F x + ϕ) (6.49)

čďě |´| ŕàěďáâăćńïěâ áőąőľ ňőďãńì, ă ϕ { äăğã áőőâćěâáâćãîéěčő ŕăàăňěâàă ŕőàïďłă: ´ = |´|e^{iϕ}.

Ůâőąë ŋăľâĺ áŕěłâà íńěłâàőŋă, ďćĺęãéěčőáï ć ŕőńě (6.49) ŋãęŋő, äăłâĺçěáłĺ, àěèĺâì ğăďăçã ő ďćĺęěŋĺĺ íńěłâàőŋă ć őďŋőňěàŋőň ŕěàĺőďĺçěáłőň ŕőńě. Łăł íâő ďěńăěâáï åőàőèő ĺğćěáâŋő ĺğ ńîąőčő łãàáă âěőàĺĺ âćěàďőčő âěńă. Ŋő ŕőáňőâàĺň, łăł íâő ňőęŋő áďěńăâì ć àăňłăå ňěâőďă äãŋłæĺľ Čàĺŋă. Ďńï ŋěłőâőàőľ őąéŋőáâĺ àăááňőâàĺň ďćĺęěŋĺě íńěłâàőŋă ć ŕěàĺőďĺçěáłőň ŕőńě á ŕàőĺğćőńìŋëň ćőńŋőćëň ćěłâőàőň Q:

V (x) = ´e^{iQx} + ´^∗e^{−iQx} = 2|´| cos(Qx + ϕ) (6.50)

Šőčďă, őčàăŋĺçĺćăïáì ŕěàćëň ŕőàïďłőň ŕő V , ćáě ňőęŋő őŕĺáăâì áĺáâěňőľ ãàăćŋěŋĺľ ďńï äãŋłæĺľ Čàĺŋă âĺŕă ãàăćŋěŋĺľ Čőàìłőćă, ŕőłăğăŋŋőľ čàăäĺçěáłĺ ŋă Řĺá. 6-5. Ć çăáâŋőáâĺ, ć âěåŋĺłě T = 0 ňë ňőęěň ğăŕĺáăâì íâã áĺáâěňã ć áńěďãîéěň ćĺďě: iG(εp) = iG_0(εp) + iG_0(εp)i´iF (εp) (6.51) iF (εp) = iG_0(εp − Q)(i´)^∗iG(εp) (6.52) čďě ŋőàňăńìŋăï ĺ ăŋőňăńìŋăï äãŋłæĺĺ Čàĺŋă (ć ĺňŕãńìáŋő { ćàěňěŋŋőň ŕàěďáâăćńěŋĺĺ) őŕàěďěńïîâáï łăł:

G(tp) = −i < T a_p(t)a^+_p (0) > (6.53)

F (tp) = −i < T a_p(t)a^+_{p−Q}(0) > (6.54)

Ăŋőňăńìŋăï äãŋłæĺï Čàĺŋă F (6.54) őŕĺáëćăěâ ğďěáì íńěňěŋâăàŋëľ ŕàőæěáá ŕěàěąàőáă p−Q → p, łőâőàëľ ćőğŋĺłăěâ ć ŕěàĺőďĺçěáłőň ŕőńě (6.50). Śĺáâěňă ãàăćŋěŋĺľ (6.51), (6.52) ńěčłő ŕěàěŕĺáëćăěâáï ć ćĺďě:

(ε − ξ_p)G(εp) + ´F (εp) = 1 (6.55)

(ε − ξ_{p−Q})F (εp) − ´^∗G(εp) = 0 (6.56)

àěèěŋĺě łőâőàőľ ďăěâ: G(εp) = ε − ξ_{p−Q} (ε − ξ_p)(ε − ξ_{p−Q}) − |´|^2 (6.57)

F (εp) = ´^∗ (ε − ξ_p)(ε − ξ_{p−Q}) − |´|^2 (6.58)

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 233

Řĺá. 6-5 Ďĺăčàăňňŋőě ŕàěďáâăćńěŋĺě \ãàăćŋěŋĺľ Čőàìłőćă" ďńï íńěłâàőŋă, ďćĺęãéěčőáï ć ŕěàĺőďĺçěáłőň ŕőńě.

234 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

Řĺá. 6-6 Śŕěłâà íńěłâàőŋă, ďćĺęãéěčőáï ć ŕěàĺőďĺçěáłőň ŕőńě á ćőńŋőćëň ćěłâőàőň Q (\ďćãåćőńŋőćőě" ŕàĺąńĺęěŋĺě).

Ŋãńì ğŋăňěŋăâěńěľ (ŕőńîá) őŕàěďěńïěâáï ğďěáì ãàăćŋěŋĺěň:

(ε − ξ_p)(ε − ξ_{p−Q}) − |´|^2 = 0 (6.59)

łőâőàőě őŕàěďěńïěâ áâăŋďăàâŋëľ őâćěâ ďńï áŕěłâàă \ŋőćëå" łćăğĺçăáâĺæ:

ε_{1,2}(p) = 1 2 (ξ_p + ξ_{p−Q}) ± √ 1 4 (ξ_p − ξ_{p−Q})^2 + |´|^2, ξ_p = p^2 2m − μ (6.60)

â.ě. \ğőŋŋëľ" áŕěłâà ć \ďćãåćőńŋőćőň" ŕàĺąńĺęěŋĺĺ [27], łőâőàëľ ŕőłăğăŋ ŋă Řĺá. 6-6. Ěáâěáâćěŋŋő, çâő ćáě àăááňőâàěŋĺě áĺňňěâàĺçŋő őâŋőáĺâěńìŋő Q → −Q.

Ďńï Q = 2p_F ãàőćěŋì Ťěàňĺ μ őłăğëćăěâáï ć âőçŋőáâĺ ć æěŋâàě ğăŕàěéěŋŋőľ ğőŋë (éěńĺ) èĺàĺŋőľ 2´, âăł çâő áĺáâěňă áâăŋőćĺâáï ďĺíńěłâàĺłőň. Ŕàĺ íâőň ć őďŋőňěàŋëå áĺáâěňăå ďńï áŕěłâàă áćőąőďŋëå íńěłâàőŋőć ćáěčďă ćëŕőńŋïěâáï ãáńőćĺě \ŋěáâĺŋčă":

ξ_{p−Q} = ξ_{p−2pF} = −ξ_p (6.61)

ć çěň ńěčłő ãąěďĺâìáï, ćğčńïŋãć ŋă Řĺá. 6-7. Šőčďă áŕěłâà (6.60) áćőďĺâáï ł ćĺďã ĄŁŸ:

ε_{1,2}(p) = ± √ ξ^2_p + |´|^2 (6.62)

ă ŕőď ξ_p ňë ňőęěň, łăł őąëçŋő, ŕőŋĺňăâì áŕěłâà, ńĺŋěăàĺğőćăŋŋëľ ćąńĺğĺ ãàőćŋï Ťěàňĺ.

Ůăáâő ŕàěďáâăćńïěâ ĺŋâěàěá àăááňőâàěŋĺě íńěłâàőŋŋőčő áŕěłâàă ć ŕàĺąńĺęěŋĺĺ áĺńìŋőľ áćïğĺ [27]. Ŋăŕàĺňěà ć ňőďěńĺ á ĺŋâěčàăńőň ŕěàěŋőáă J, őâńĺçŋëň őâ ŋãńï âőńìłő ďńï ąńĺęăľèĺå áőáěďěľ (ć æěŕőçłě), ĺňěěň áŕěłâà ćĺďă: εp = −2J cos pa, ξp = εp − μ = −2J cos pa (6.63) čďě a { ŕőáâőïŋŋăï àěèěâłĺ (àăááâőïŋĺě ňěęďã ăâőňăňĺ ć æěŕőçłě), ă ćâőàőě àăćěŋáâćő áŕàăćěďńĺćő ďńï ŋăŕőńőćĺŋã ğăŕőńŋěŋŋőľ ğőŋë (őďĺŋ íńěłâàőŋ ŕàőćőďĺňőáâĺ ŋă ăâőň), łőčďă p_F =^π_{2a} ,

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 235

Řĺá. 6-7 Čàăäĺçěáłăï ĺńńîáâàăæĺï ćëŕőńŋěŋĺï ãáńőćĺï \ŋěáâĺŋčă" ďńï őďŋőňěàŋőčő áŕěłâàă áćőąőďŋëå íńěłâàőŋőć: K = Q = 2p_F .

ĺ ãàőćěŋì Ťěàňĺ ŕàőåőďĺâ ć âőçŋőáâĺ ć æěŋâàě ğőŋë (E_F = 2J, ěáńĺ őâáçĺâëćăâì íŋěàčĺĺ őâ ďŋă ğőŋë, ŋő E_F = μ = 0, ěáńĺ őâáçĺâëćăâì íŋěàčĺĺ őâ ãàőćŋï Ťěàňĺ). Ć íâőň áńãçăě Q = 2p_F =^π_a , çâő áőőâćěâáâćãěâ ŕăľěàńáőćáłőňã ŕěàěåőďã á ãďćőěŋĺěň ŕěàĺőďă ĺáåőďŋőľ æěŕőçłĺ. Ŕàĺ íâőň őŕïâì ćëŕőńŋïěâáï ãáńőćĺě \ŋěáâĺŋčă" ć ćĺďě: ξ_{p−Q} = −ξp, ε_{p−} π_a = −εp (6.64) Ćĺď áŕěłâàă ŕőáńě ŕăľěàńáőćáłőčő ŕěàěåőďă ďńï íâőčő áńãçăï ŕőłăğăŋ ŋă Řĺá. 6-8. Ďăŋŋëľ ŕàĺňěà âĺŕĺçěŋ ďńï áńãçăï áőĺğňěàĺňőčő ŕěàěåőďă Ŕăľěàńáă, łőčďă ŕěàĺőď ćőğŋĺłăîéěľ áćěàåáâàãłâãàë áőáâăćńïěâ àăæĺőŋăńìŋőě őâŋőèěŋĺě á ŕěàĺőďőň ĺáåőďŋőľ æěŕőçłĺ (ć çăáâŋőáâĺ, àăćěŋ æěńőňã çĺáńã ĺáåőďŋëå ŕěàĺőďőć). Śńãçăľ, łőčďă ĺáåőďŋëľ áŕěłâà íńěłâàőŋőć ć æěŕőçłě ąěàěâáï, łăł íâő ďěńăńőáì ćëèě, ć ŕàĺąńĺęěŋĺĺ áćőąőďŋëå íńěłâàőŋőć (Řĺá. 6-7), ïćńïěâáï åőàőèěľ ňőďěńìî ďńï ŋěáőĺğňěàĺňőčő ŕěàěåőďă Ŕăľěàńáă, łőčďă ŕěàĺőď ŋőćőľ áćěàåáâàãłâãàë ŋĺłăł ŋě áćïğăŋ á ŕěàĺőďőň ĺáåőďŋőľ æěŕőçłĺ (ŋěáőĺğňěàĺň á ŋĺň). Ć çăáâŋőáâĺ, íâő áćïğăŋő á âěň, çâő ć ňőďěńĺ áćőąőďŋëå íńěłâàőŋőć ãàőćěŋì Ťěàňĺ őŕàěďěńïěâáï âőńìłő łőŋæěŋâàăæĺěľ íńěłâàőŋőć ŕàőćőďĺňőáâĺ ĺ ŋĺłăł ŋě áćïğăŋ á ŕěàĺőďőň ĺáåőďŋőľ àěèěâłĺ. Ć ďăńìŋěľèěň ňë ćáěčďă ąãďěň àăááňăâàĺćăâì ĺňěŋŋő íâőâ ŕőáńěďŋĺľ áńãçăľ.

Ŕěàěŕĺèěň áĺáâěňã ãàăćŋěŋĺľ (6.51), (6.52) ć ňăæãąăàőćáłőľ âěåŋĺłě:

G(ε_np) = G_0(ε_np) + G_0(ε_np)´F (ε_np) (6.65)

F (ε_np) = G_0(ε_np − Q)´^∗G(ε_np) (6.66) ĺńĺ (ŕàĺ ćëŕőńŋěŋĺĺ ãáńőćĺï \ŋěáâĺŋčă"): G(ε_np) = 1 iε_n − ξ_p + 1 iε_n − ξ_p ´F (ε_np) (6.67)

F (ε_np) = 1 iε_n + ξ_p ´^∗G(ε_np) (6.68)

çâő ěéě ňőęŋő ŕěàěŕĺáăâì ĺ âăł:

(iε_n − ξ_p)G(ε_np) − ´F (ε_np) = 1 (6.69)

(iε_n + ξ_p)F (ε_n) − ´^∗G(ε_np) = 0 (6.70) çâő ŕő äőàňě (ŕőçâĺ!) áőćŕăďăěâ á (5.108) ĺ (5.109). Řěèěŋĺě íâőľ áĺáâěňë ďăěâ: G(ε_np) = iε_n + ξ_p (iε_n)^2 − ξ^2_p − |´|^2

(6.71)

F (ε_np) =

´^∗ (iε_n)^2 − ξ^2_p − |´|^2

(6.72)

236 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

Řĺá. 6-8 Śŕěłâà íńěłâàőŋőć ć ŕăľěàńáőćáłőň ďĺíńěłâàĺłě ć áńãçăě ĺáåőďŋőčő áŕěłâàă ňőďěńĺ áĺńìŋőľ áćïğĺ, ďńï áńãçăï ãďćőěŋĺï ŕěàĺőďă.

çâő, őŕïâì { âăłĺ, ŕőçâĺ áőćŕăďăěâ á (5.111) ĺ (5.112). Őâńĺçĺě âőńìłő ć ğŋăłăå (5.112) ĺ (6.72).

Łăł ĺ ć âěőàĺĺ áćěàåŕàőćőďĺňőáâĺ, ďńï ŕăľěàńáőćáłőčő ďĺíńěłâàĺłă ňőęŋő ććěáâĺ ňăâàĺçŋãî äãŋłæĺî Čàĺŋă ćĺďă: ^G^{−1}(ε_np) = ( iε_n + ξ_p −´_∗ −´ iεn − ξp ) (6.73)

ĺńĺ (F^− ≡ F ) ^G(ε_np) = ( G F_− F^+ ~G ) = ( G_{++} G_{+−} G−+ G−− ) (6.74)

čďě őąőğŋăçěŋĺï ± áőőâćěâáâćãîâ \łőŋæăň" ŕőćěàåŋőáâĺ (ńĺŋĺĺ) Ťěàňĺ (±p_F ) ĺ őçěćĺďŋëň ŕěàěåőďăň íńěłâàőŋă ć àăááňăâàĺćăěňőľ áĺáâěňě. Ůăáâő čőćőàïâ ő ± (\ŕàăćëå" ĺńĺ \ńěćëå") íńěłâàőŋăå. Ć ďőŕőńŋěŋĺě ł (6.69) ĺ (6.70) ğďěáì ěéě ćőğŋĺłăîâ őçěćĺďŋëě ãàăćŋěŋĺï: (iεn + ξp) ~G(εnp) − ´^∗F (εnp) = 1 (6.75) (iεn − ξp)F^+(εn) − ´ ~G(εnp) = 0 (6.76)

Ĺğ (6.71), ŕőáńě ăŋăńĺâĺçěáłőčő ŕàőďőńęěŋĺï iε_n → ε+iδ, ŋěâàãďŋő (ăŋăńőčĺçŋő (5.78)) ŕőáçĺâăâì ŕńőâŋőáâì íńěłâàőŋŋëå áőáâőïŋĺľ ćąńĺğĺ ãàőćŋï Ťěàňĺ, łőâőàăï ĺňěěâ âőâ ęě ćĺď, çâő ĺ (5.79) âěőàĺĺ ĄŁŸ: N (ε) N (E_F ) = {_{|ε|} √_{ε2−|Δ2|} ŕàĺ |ε| > |´| 0 ŕàĺ |ε| < |´| (6.77)

Ţăàăłâěàŋëľ ćĺď ŕńőâŋőáâĺ áőáâőïŋĺľ ŕőłăğăŋ ŋă Řĺá. 6-9. Ŋěáňőâàï ŋă ŕőçâĺ ŕőńŋőě áőćŕăďěŋĺě ŕőńãçěŋŋëå ğďěáì ćëàăęěŋĺľ á âěőàĺěľ ĄŁŸ, ĺğ ćáěčő ŕàěďëďãéěčő àăááňőâàěŋĺï ïáŋő, çâő ćőğŋĺłăîéăï ğďěáì íŋěàčěâĺçěáłăï éěńì |´| ĺňěěâ ďĺíńěłâàĺçěáłãî ŕàĺàőďã.

Ŕőłă ňë ěéě áďěńăńĺ \ŕőńďěńă" | ŋãęŋő ěéě ŋăŕĺáăâì ãàăćŋěŋĺï ďńï áăňőáőčńăáőćăŋŋőčő őŕàěďěńěŋĺï ćěńĺçĺŋë ´, łőâőàăï ŕőłă çâő ććěďěŋă \àãłăňĺ".

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 237

Řĺá. 6-9 Ŕńőâŋőáâì íńěłâàőŋŋëå áőáâőïŋĺľ ĄŁŸ { âĺŕă ć ŕăľěàńáőćáłőň ďĺíńěłâàĺłě.

Ŕőáłőńìłã ´ őŕàěďěńïěâáï ăŋőňăńìŋëň áàěďŋĺň (6.48), ňë ďőńęŋë ćëŕĺáăâì (ňăæãąăàőćáłĺě) ãàăćŋěŋĺï ďćĺęěŋĺï ďńï őŕěàăâőàőć b_Q ĺ b^+_Q ĺ ãáàěďŋĺâì ĺå ŕő Čĺąąáã. Ś ŕőňőéìî čăňĺńìâőŋĺăŋă (6.46), áâăŋďăàâŋëň őąàăğőň ŕőńãçăěň: ( − ∂ ∂τ − ω_Q ) < b_{±Q}(τ ) >= −g_Q ∑ p < a^+_{p∓Q}a_p >= −g_Q ∑ p F^∓(pτ = −0) (6.78) ( − ∂ ∂τ + ω_Q ) < b^+_{±Q}(τ ) >= g_Q ∑ p < a^+_{p±Q}a_p >= −g_Q ∑ p F^±(pτ = −0) (6.79)

Őâáîďă, łáâăâĺ, áàăğã ęě ćĺďŋő, çâő \äőŋőŋŋőě" ăŋőňăńìŋőě áàěďŋěě (6.48) ŕàőŕőàæĺőŋăńìŋő \íńěłâàőŋŋëň" ăŋőňăńìŋëň áàěďŋĺň âĺŕă < a^+_{p±Q}a_p >^6. Ć áćïğĺ á íâĺň ĺŋőčďă čőćőàïâ, çâő ğďěáì ňë ĺňěěň ďěńő á íńěłâàőŋ { ďëàőçŋëň áŕăàĺćăŋĺěň.

Ŕőáńě ŕěàěåőďă ł äãàìě { łőňŕőŋěŋâăň ŕő ňăæãąăàőćáłőňã \ćàěňěŋĺ", áĺáâěňă (6.78), (6.79) áćőďĺâáï ł: (iω_m − ω_Q) < b_{±Q} >_{ωm} = −g_Q ∑ p ∑ n F^∓(pε_n) (6.81)

(iω_m + ω_Q) < b^+_{±Q} >_{ωm} = g_Q ∑ p ∑ n F^±(pε_n) (6.82)

6Őâáîďă ęě ïáŋő, çâő ć áĺáâěňě ćőğŋĺłăěâ CDW | ěě ŕăàăňěâà ŕőàïďłă ěáâì < a^+_{p±Q}ap >. Ďńï äãàìě { łőňŕőŋěŋâë ŕńőâŋőáâĺ ğăàïďă ĺňěěň (Q = 2p_F ): < ρq >= ρ_0δ(q) + ρ_1δ(q ± Q), ρ_1 ∼ ∑ p < a^+_{p±Q}ap > (6.80) çâő ĺ ďăěâ < ρ(x) >= ρ_0 + ρ_1 cos(2p_F x + ϕ).

238 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

Őâáîďă ĺňěěň:

< b_Q + b^+_{−Q} >_{ωm} = − g_Q ω^2_m + ω^2_Q 2ω_QT ∑ p ∑ n F^−(ε_np) (6.83)

Ďńï ω_m = 0 (ąőğě { łőŋďěŋáăâ!) őâáîďă ĺňěěň:

< b_Q + b^+_{−Q} >_{ωm =0}= − λω_Q g_Q ∫ dξ_pT ∑ n F^−(ε_np) (6.84)

čďě ŕěàěèńĺ, łăł őąëçŋő, őâ áãňňĺàőćăŋĺï ŕő p ł ĺŋâěčàĺàőćăŋĺî ŕő ξ_p ĺ ãçńĺ őŕàěďěńěŋĺě (6.21). Šőčďă ĺğ (6.48) ĺ (6.84) ŕőńãçăěň:

´ = g_Q < b_Q + b^+_{−Q} >_{ωm =0}= − λ ω_Q ∫_{EF} −E_F dξ_pT ∑ n F^−(ε_np) (6.85)

čďě ěéě ććěńĺ őąàěğăŋĺě àăáåőďïéěčőáï ĺŋâěčàăńă ŋă íŋěàčĺïå ŕőàïďłă ±E_F , ăŋăńőčĺçŋőě őąáãęďăćèěňãáï ćëèě őąàěğăŋĺî ŕő çăáâőâăň. Ŕőďáâăćńïï áîďă (6.72) ĺ ŕàőćőďï őąëçŋëě ćëçĺáńěŋĺï, ăŋăńőčĺçŋëě ćëŕőńŋïćèĺňáï ćëèě ć âěőàĺĺ áćěàåŕàőćőďĺňőáâĺ, ŕőńãçăěň ãàăćŋěŋĺě ďńï éěńĺ ´ âĺŕă ĄŁŸ:

1 = λ ∫_{EF} 0 dξ 1 √ ξ^2 + ´^2(T ) th √ ξ^2 + ´^2(T ) 2T (6.86)

ĺğ łőâőàőčő ŋěňěďńěŋŋő áńěďãěâ, çâő âěňŕěàăâãàă ŕăľěàńáőćáłőčő ŕěàěåőďă ĺ ćěńĺçĺŋă éěńĺ ŕàĺ T = 0 őŕàěďěńïîâáï áâăŋďăàâŋëňĺ ćëàăęěŋĺïňĺ:

T_{p0} = 2γ π E_F e^{− 1λ} , ´_0 = π γ T_{p0} (6.87)

Ć çăáâŋőáâĺ, ćěńĺçĺŋă âěňŕěàăâãàë ŕěàěåőďă T_{p0}, ěáâěáâćěŋŋő, áőćŕăďăěâ á (6.24), ŕőńãçěŋŋőľ ĺğ àăááňőâàěŋĺï ŋěãáâőľçĺćőáâĺ \ŋőàňăńìŋőľ" äăğë.

Ŕőãçĺâěńìŋő àăááňőâàěâì łőŋďěŋáĺàőćăŋŋãî äăğã ŕăľěàńáőćáłőčő ďĺíńěłâàĺłă á ãçěâőň àăááěïŋĺï ŋă ŋěňăčŋĺâŋëå ŕàĺňěáïå^7. Ďěľáâćãěň áâăŋďăàâŋëň őąàăğőň ĺ ćëŕĺáëćăěň áĺáâěňã ãàăćŋěŋĺľ Čőàìłőćă á ãçěâőň ŕàĺňěáŋőčő àăááěïŋĺï (ďńï áńãçăï áńăąőčő ąěáŕőàïďłă p_F l ≫ 1), ŕőłăğăŋŋãî čàăäĺçěáłĺ ŋă Řĺá. 6-10 (áà. Řĺá. 5-8 ĺ ŕőáńěďãîéěě àăááňőâàěŋĺě ďńï áćěàåŕàőćőďŋĺłőć):

G(ε_np) = G_0(ε_np) + G_0(ε_np)˚(ε_npp)G(ε_np) + G_0(ε_np)´F (ε_np) + +G_0(ε_np)˚(ε_npp − Q)F (ε_np) (6.88)

F (ε_np) = G_0(ε_np − Q)˚(ε_np − Qp − Q)F (ε_np) + G_0(ε_np − Q)´^∗G(ε_np) + +G_0(ε_np − Q)˚(ε_np − Qp)G(ε_np) (6.89)

Ćáě őąőğŋăçěŋĺï ğďěáì áăňőőçěćĺďŋë. Řěèěŋĺě íâőľ áĺáâěňë ãàăćŋěŋĺľ, á ãçěâőň ãáńőćĺï \ŋěáâĺŋčă" ξ_{p−Q} = −ξ_p (ŕàĺ Q = 2p_F ) ĺňěěâ áńěďãîéĺľ ćĺď (áà. (5.137), (5.138), (5.139), (5.140)):

G(ε_np) = [i~ε_n + ξ_p]Det^{−1} (6.90)

7Ğăőďŋő ňë ďőáâăâőçŋő ŕőďàőąŋő ŕàőćěďěň ćáě ćëçĺáńěŋĺï, ŕàăłâĺçěáłĺ âőęďěáâćěŋŋëě âěň, łőâőàëě ąëńĺ őŕãéěŋë ćëèě ŕàĺ àăááňőâàěŋĺĺ áćěàåŕàőćőďŋĺłőć á ňăčŋĺâŋëňĺ ŕàĺňěáïňĺ.

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 239

Řĺá. 6-10 Şàăćŋěŋĺï Čőàìłőćă ďńï ŕăľěàńáőćáłőčő ďĺíńěłâàĺłă á ãçěâőň ŕàĺňěáŋőčő àăááěïŋĺï.

240 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

F (ε_np) = ~´^∗Det^{−1} (6.91) čďě i~ε_n = iε_n − ˚(ε_npp) ≡ iε_n − ˚_n(ε_n) (6.92) ~´_n = ´ + ˚(ε_np − Qp) ≡ ´ + ˚_a(ε_n) (6.93)

Det = (i~ε_n)^2 − ξ^2_p − | ~´_n|^2 (6.94)

ŕàĺçěň, ăŋăńőčĺçŋő âőňã, çâő ŕőńãçăńőáì ć ğăďăçě ő ŕàĺňěáïå ć áćěàåŕàőćőďŋĺłě, ĺ ğďěáì ĺňěěň:

˚_n(ε_n) = ρv^2ν_F ∫_∞ −∞ dξ_pG(ε_nξ_p) = − ` 2 i~ε_n √ ~ε^2_n + | ~´_n|^2

(6.95)

˚_a(ε_n) = ρv^2ν_F ∫_∞ −∞ dξ_pF (ε_nξ_p) = − ` 2 ~´_n √ ~ε^2_n + | ~´_n|^2

(6.96)

čďě ` =^1_τ = 2πρv^2ν_F . Šőčďă ĺğ (6.92) { (6.96) ĺňěěň:

i~ε_n = iε_n + ` 2 i~ε_n √ ~ε^2_n + | ~´_n|^2

(6.97)

~´_n = ´_n −` 2 ~´_n √ ~ε^2_n + | ~´_n|^2

(6.98)

Őąàăâĺâě ćŋĺňăŋĺě ŋă àăğŋëě ğŋăłĺ ć (6.97) ĺ (6.98), çâő őâńĺçăěâ íâőâ àěğãńìâăâ őâ (5.142), (5.143) ĺ (5.145) ĺ ďěńăěâ ěčő ăŋăńőčĺçŋëň (5.152), (5.153) (ňăčŋĺâŋëě ŕàĺňěáĺ ć áćěàåŕàőćőďŋĺłăå). İâő ěáâì ŕàïňőě áńěďáâćĺě őâňěçěŋŋőčő ćëèě őâńĺçĺï (6.71), (6.72) őâ (5.111), (5.112).

Ććőďï u_n = ~ε_n ~´_n (6.99)

ĺğ (6.97) ĺ (6.98) ŋăåőďĺň: ε_n ´ = u_n { 1 − ` ´ 1 √ u^2_n + 1 } (6.100)

İâő ãàăćŋěŋĺě őŕàěďěńïěâ u_n łăł äãŋłæĺî őâŋőèěŋĺľ ε_n/´ ĺ `/´. Ğŋăï u_n, ňőęŋő ŋăľâĺ:

~ε_n = ε_n + 1 2 ` u_n √ u^2_n + 1

(6.101)

~´_n = ´ + 1 2 ` 1 √ u^2_n + 1

(6.102)

Ăŋăńőčĺçŋő (6.85), ŕăàăňěâà ŕőàïďłă (éěńì) ´ őŕàěďěńïěâáï âěŕěàì ãàăćŋěŋĺěň: ´ = −λT ∑ n ∫ dξ_pF^+(ε_nξ_p) (6.103)

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 241 ĺńĺ 1 = −λT ∑ n ∫ dξ_p Δ̃_n Δ (iε_n)^2 − ξ^2_p − | ~´_n|^2

(6.104)

Ŕàěďěńë ĺŋâěčàĺàőćăŋĺï ŕőłă ŋě ŕĺèěň ãňëèńěŋŋő! Ćëçâěň âěŕěàì áŕàăćă ĺ áńěćă ćëàăęěŋĺě, áâőïéěě ć ŕàăćőľ çăáâĺ ŕàĺ ´ → 0 ĺ ć őâáãâáâćĺě ŕàĺňěáěľ. Šőčďă ŕőńãçĺň: 1 + λT ∑ n ∫_∞ −∞ dξ_p 1 (iε_n)^2 − ξ^2_p = = −λT ∑ n ∫_∞ −∞ dξ_p {_{Δ̃n} Δ (iε_n)^2 − ξ^2_p − | ~´_n|^2 − 1 (iε_n)^2 − ξ^2_p } (6.105)

Ŕàěďěńë âãâ ãęě ňőęŋő ćğïâì ąěáłőŋěçŋëňĺ ććĺďã ąëáâàőľ áåőďĺňőáâĺ ĺŋâěčàăńőć.

Ćëçĺáńïï íńěňěŋâăàŋëě ĺŋâěčàăńë, ŕőńãçăěň: 1 − λT ∑ n π |ε_n| = 1 − λ ln 2γE_F πT = λ ln T_{p0} T =

= −λT ∑ n

Δ̃_n Δ √ ~ε^2_n + | ~´_n|^2 − 1 |ε_n| (6.106)

čďě ŕàĺ ćëçĺáńěŋĺĺ áãňňë ŕő n ć ńěćőľ çăáâĺ ććěńĺ őąàěğăŋĺě ŋă |ε_n| ∼ E_F , łăł íâő ąëńő áďěńăŋő ćëèě ć (6.16), ă ć ŕàăćőľ çăáâĺ ňőęŋő ćěáâĺ áãňňĺàőćăŋĺě ŕő ćáěň n ďő ąěáłőŋěçŋőáâĺ. Ć àěğãńìâăâě, ĺáŕőńìğãï (6.99), áàăğã ęě ŕőńãçăěň: ln T_{p0} T = πT ∑ n { 1 |ε_n| − ´^{−1} √ 1 + u^2_n } (6.107)

čďě u_n őŕàěďěńïěâáï ãàăćŋěŋĺěň (6.100). Ŕàĺ ´ → 0 ĺğ (6.100) ĺňěěň:

u_n´ → ε_n +` ε_n |ε_n| (6.108)

âăł çâő u_n = ´^{−1}(ε_n + `signε_n) (6.109) Šőčďă √ 1 + u^2_n → |u_n| = 1 ´ [|ε_n| + `] (6.110)

ĺ ĺğ (6.107) ŕőńãçăěň áńěďãîéěě ãàăćŋěŋĺě ďńï âěňŕěàăâãàë ŕěàěåőďă: ln T_{p0} T_p = 2πT_p ∑ n≥0 { 1 ε_n − 1 ε_n +` } (6.111)

çâő, á ĺáŕőńìğőćăŋĺěň (6.19), áćőďĺâáï őŕïâì ł ãęě ğŋăłőňőňã ŋăň ãàăćŋěŋĺî (5.157), (6.45): ln T_{p0} T_p = ψ ( 1 2 + ` 2πT_p ) − ψ ( 1 2 ) (6.112)

242 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

Ŕàĺ ňăńëå ` őâáîďă, ăŋăńőčĺçŋő (5.160), ĺňěěň: T_p ≈ T_{p0} − π 4 ` = T_{p0} − π 4τ (6.113)

Ďńï łàĺâĺçěáłőčő ğŋăçěŋĺï `_c, ŕàĺ ďőáâĺęěŋĺĺ łőâőàőčő T_p őąàăéăěâáï ć ŋãńì, ŕőńãçăěň: `_c = 1 τ_c = π 2γ T_{p0} =

´_{00} 2 (6.114)

čďě ´_{00} őąőğŋăçăěâ ğďěáì éěńì ŕàĺ T = 0 ĺ ć őâáãâáâćĺě ŕàĺňěáěľ (6.87).

Řăááňőâàĺň âěŕěàì áńãçăľ T = 0. Ććěďěň őąőğŋăçěŋĺï:

´_0 = ´(T = 0; `), ´_{00} = ´(T = 0; ` = 0) (6.115)

Ć àăááňőâàěŋŋëå ćëèě ãàăćŋěŋĺïå, ŕàĺ T → 0, ŋãęŋő ŕàőćěáâĺ ğăňěŋã: T ∑ n ... → ∫_{dε} 2π .... Ć çăáâŋőáâĺ, (6.104) áćőďĺâáï ŕàĺ íâőň ł: 1 = −λ ∫ dε 2π ∫ dξ_p Δ̃_ε Δ ~ε^2_ε − ξ^2_p − | ~´_ε|^2

(6.116)

čďě ~ε_ε ĺ ~´_ε őŕàěďěńïîâáï ăŋăńĺâĺçěáłĺň ŕàőďőńęěŋĺěň (6.97) { (6.107):

~ε_ε = ε + ` 2 u √ 1 − u^2

(6.117)

~´_ε = ´_0 −` 2 1 √ 1 − u^2

(6.118) ε ´_0 = u { 1 − ` ´ 1 √ 1 − u^2 } (6.119)

Ćëçĺâăï ĺğ ŕàăćőľ ĺ ńěćőľ çăáâěľ (6.116) ćëàăęěŋĺě, áâőïéěě ć ŕàăćőľ çăáâĺ ěčő ęě, ćğïâőě ŕàĺ ~´_ε → ´_0 ĺ ~ε → ε, ŕőńãçĺň (ãáâàěňńïï ł ąěáłőŋěçŋőáâĺ ŕàěďěńë ĺŋâěčàĺàőćăŋĺï ć ąëáâàő áåőďïéĺåáï ĺŋâěčàăńăå):

1 + λ ∫_∞ 0 dξ_p √ ξ^2_p + ´^2_0

= 1 + λ ln 2E_F ´_0

= −λ ln

´_{00} ´_0 =

= −λ ∫_∞ −∞ dε 2π ∫_∞ −∞ {_{Δ̃ε} Δ0 ~ε^2 − ξ^2_p − ~´^2_ε − 1 ε^2 − ξ^2_p − ´^2_0 } =

= λ 2 ∫_∞ −∞ dε Δ̃_ε Δ0 √ ~´2_ε − ~ε2 − 1 √ ´^2_0 − ε^2

(6.120)

âăł çâő ďńï éěńĺ ŕàĺ T = 0 ĺňěěň áńěďãîéěě ãàăćŋěŋĺě: ln ´_0 ´_{00} = ∫_∞ 0 dε { ´^{−1}_0 √ 1 − u^2 − 1 √ ´^2_0 − ε^2 } = ∫_∞ 0 dx { 1 √ 1 − u^2(x) − 1 √ 1 − x^2 }

(6.121) Ć ŕěàćőň ĺŋâěčàăńě ć (6.121) ŕěàěåőďĺň őâ ĺŋâěčàĺàőćăŋĺï ŕő x ł ĺŋâěčàĺàőćăŋĺî ŕő u, őŕàěďěńïěňőňã ãàăćŋěŋĺěň (6.119), çâő, á ãçěâőň x = ∞ ↔ u_∞ = ∞, x =

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 243

0 ↔ u_0 = 0 ŕàĺ^Γ_{Δ0} ≤ 1, ĺ x = 0 ↔ u_0 =

√_{Γ2} Δ20 − 1 ŕàĺ^Γ_{Δ0} > 1, ŕàĺćőďĺâ (ŕőáńě ćëçĺáńěŋĺï íńěňěŋâăàŋëå ĺŋâěčàăńőć) ł: ln ´_0 ´_{00} = −^π_4^Γ_{Δ0} ŕàĺ^Γ_{Δ0} ≤ 1 −^1_2 arctg (_{Γ2} Δ20 )_{−1/2} +^{Δ0}_Γ

(_{Γ2} Δ20 )_{1/2} − ln [ Γ Δ0 +

(_{Γ2} Δ20 )_{1/2}] ŕàĺ^Γ_{Δ0} ≥ 1 (6.122) Őâáîďă, ŋăŕàĺňěà, áńěďãěâ, çâő ´ = 0 ďńï ` > `_c = ´_{00}/2 = πT_{p0}/2γ (áà. (6.114)).

Ŕńőâŋőáâì íńěłâàőŋŋëå áőáâőïŋĺľ őŕàěďěńïěâáï łăł: N (ε) N (E_F ) = − 1 π ∫_∞ −∞ dξ_pIm ~ε_ε + ξ_p ~ε^2_ε − ξ^2_p − ~´^2_ε = = Im ~ε_ε √ ~´2_ε − ~ε2_ε = Im u √ 1 − u^2

(6.123)

čďě u = u (_ε Δ0 ,^Γ_{Δ0} ) őŕàěďěńïěâáï ĺğ (6.119). §áŋő, çâő ćěńĺçĺŋă (6.123) ŋě àăćŋă ŋãńî ŕàĺ |u| > 1. Ćěńĺçĺŋă ęě éěńĺ ć áŕěłâàě őŕàěďěńïěâáï őąńăáâìî ε, ć łőâőàőľ (6.123) àăćŋă ŋãńî. Šőčďă ĺğ (6.123) ŋěâàãďŋő ćĺďěâì, çâő ŕőńãèĺàĺŋă éěńĺ őŕàěďěńïěâáï łăł M axε = ε_g, ŕàĺ łőâőàőň (6.119) ěéě ĺňěěâ ďěľáâćĺâěńìŋőě àěèěŋĺě ďńï u (_ε Δ0 ) , ŕàĺçěň âăłőě, çâő |u| < 1. Őçěćĺďŋő, çâő âăł őŕàěďěńěŋŋăï ćěńĺçĺŋă ε_g ğăćĺáĺâ őâ őâŋőèěŋĺï^Γ_{Δ0} . Ŕàĺ ` = 0, őçěćĺďŋő, ĺňěěň ε_g = ´_{00}. Ňăłáĺňĺğĺàãï ŕàăćãî çăáâì (6.119) ŋăåőďĺň u_g

(_Γ Δ0 ) = u (_Γ

Δ0 ,^{εg}_{Δ0} ) : M ax u [ 1 − ` ´_0 1 √ 1 − u^2 ] ≡ M axF(u) = M ax ε ´_0 = ε_g ´_0

(6.124)

Ĺğ ãáńőćĺï F^′(u_g ) = 0 ĺňěěň: 1 − ` ´_0 1 √ 1 − u^2_g − u^2_g (1 − u_g)^{3/2} ` ´_0

= 0 (6.125)

âăł çâő (1 − u^2_g)^{3/2} = ` ´_0

, u^2_g < 1 (6.126)

őâłãďă áńěďãěâ:

u_g = √ 1 − ( ` ´_0 )_{2/3} (6.127)

Ŕőďáâăćńïï (6.127) ć (6.119), ŕőńãçăěň őłőŋçăâěńìŋő:

ε_g = ´_0 { 1 − ( ` ´_0 )_{2/3}}3/2 (6.128)

Šăłĺň őąàăğőň, ĺňěěň ε_g = 0 ŕàĺ^Γ_{Δ0} ≥ 1, łőčďă ŕńőâŋőáâì áőáâőïŋĺľ áâăŋőćĺâáï \ąěáéěńěćőľ", ŋěáňőâàï ŋă âő, çâő (ŕăàăňěâà ŕőàïďłă) ´_0 ≠ 0. Śőőâćěâáâćãîéăï őąńăáâì őŕàěďěńïěâáï (ŕàĺ T = 0) ŋěàăćěŋáâćőň:

´_0 ≤ ` ≤

´_{00} 2 (6.129)

244 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

Ŕàĺ ` = ´_0 ĺğ (6.122) áńěďãěâ ´_0 = exp ( −^π_4 ) ´_{00}, âăł çâő áőőâćěâáâćãîéěě ` = 2 exp ( −^π_4 ) `_c ≈ 0.91`_c, çâő ĺ őŕàěďěńïěâ ãğőáâì ąěáéěńěćőľ őąńăáâĺ ŋă äăğőćőľ ďĺăčàăňňě^8.

Řăğńőęěŋĺě Čĺŋğąãàčă { Ńăŋďăã ďńï ŕăľěàńáőćáłőčő ŕěàěåőďă.

Ďńï őąńăáâĺ âěňŕěàăâãà T > T_{p0}, ăŋăńőčĺçŋő âőňã, łăł íâő ąëńő áďěńăŋő ďńï áćěàåŕàőćőďŋĺłőć, ňőęŋő ŕàőćěáâĺ àăğńőęěŋĺě áćőąőďŋőľ íŋěàčĺĺ áĺáâěňë, ĺáŕëâëćăîéěľ ŕăľěàńáőćáłĺľ áâàãłâãàŋëľ ŕěàěåőď, ć àïď ŕő áâěŕěŋïň ŕăàăňěâàă ŕőàïďłă:

´_Q = g_Q < b_Q + b^+_Q >, Q ∼ 2p_F (6.130)

Śàăğã ąãďěň àăąőâăâì ć áâăâĺçěáłőň ŕàĺąńĺęěŋĺĺ ω_m = 0.

Ŋăèěľ æěńìî ïćńïěâáï ŕőńãçěŋĺě ňĺłàőáłőŕĺçěáłĺå ğŋăçěŋĺľ łőíääĺæĺěŋâőć ć àăğńőęěŋĺĺ ďńï àăğŋőáâĺ áćőąőďŋëå íŋěàčĺľ \łőŋďěŋáĺàőćăŋŋőľ" ĺ \ŋőàňăńìŋőľ" äăğ áńěďãîéěčő ćĺďă:

F (´_Q; T ) − F (0; T ) = a(Q)|´_Q|^2 + b|´_Q|^4 + · · · (6.131)

Śăň ćĺď àăğńőęěŋĺï (6.131) áńěďãěâ ĺğ őąéěľ âěőàĺĺ Ńăŋďăã äăğőćëå ŕěàěåőďőć II àőďă [11].

Ćłńăďë őâ (6.130) ćőğŋĺłăîâ ĺğ äőŋőŋŋőľ çăáâĺ čăňĺńìâőŋĺăŋă (6.46): H_{ph} = ∑ Q ω_Qb^+_Qb_Q (6.132)

ĺ çăáâĺ íńěłâàőŋ { äőŋőŋŋőčő ćğăĺňőďěľáâćĺï: H_{int} = ∑ pQ ´_Qa^+_{p+Q}a_p (6.133)

Őáâăćńïï ćłńăď âőńìłő őâ őďŋőľ ňőďë á äĺłáĺàőćăŋŋëň Q, ĺňěěň:

< H_{ph} >= ω_Q < b^+_Qb_Q + b^+_{−Q}b_{−Q} >= ω_Q

|´_Q|^2 2g^2_Q = N (E_F ) λ |´_Q|^2 (6.134)

Šőčďă, ŕőńìğãïáì áâăŋďăàâŋëň ŕěâńěćëň àăğńőęěŋĺěň áćőąőďŋőľ íŋěàčĺĺ [1] ć àïď ŕő áâěŕěŋïň H_{int}, ŋěňěďńěŋŋő ŕőńãçĺň àăğńőęěŋĺě, ŕőłăğăŋŋőě ŋă Řĺá. 6-11. §áŋő, çâő ćłńăď Řĺá. 6-11 (a) őŕàěďěńïîâ ćłńăď a(Q)|´_Q|^2, ă čàăäĺł Řĺá. 6-11 (b) ďăěâ b|´_Q|^4. Ŕàĺ ćëçĺáńěŋĺïå áńěďãěâ ŕőňŋĺâì [1], çâő ćłńăď čàăäĺłă Řĺá. 6-11 (a) ŋãęŋő ãňŋőęĺâì ŋă ďőŕőńŋĺâěńìŋëľ äăłâőà 1/2, ćłńăď Řĺá. 6-11 (b) ŋă 1/4 áőőâćěâáâćěŋŋő. Łàőňě âőčő, ŕàĺ ćëçĺáńěŋĺĺ ŕěâěńì ŋãęŋő ãçěáâì ćłńăďë őâ őąőĺå \łőŋæőć" ŕőćěàåŋőáâĺ (ńĺŋĺĺ) Ťěàňĺ, çâő ďăěâ ďőŕőńŋĺâěńìŋëľ äăłâőà 2.

8Ćáě íâĺ àěğãńìâăâë ĺ ňěâőď ĺå ŕőńãçěŋĺï ŋěŕőáàěďáâćěŋŋő ŕěàěŋőáïâáï ŋă ğăďăçã ő ňăčŋĺâŋëå ŕàĺňěáïå ć áćěàåŕàőćőďŋĺłăå, őąáãęďăćèãîáï ć ŕàěďëďãéěľ čńăćě. Ťăłâĺçěáłĺ ćŕěàćëě őŋĺ ćőğŋĺłńĺ ŕàĺ àăááňőâàěŋĺĺ ĺňěŋŋő íâőľ ğăďăçĺ âěőàĺĺ áćěàåŕàőćőďĺňőáâĺ (Ă.Ă.Ăąàĺłőáőć, Ń.Ŕ.Čőàìłőć, 1960)

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 245

Řĺá. 6-11 Čàăäĺçěáłőě ŕàěďáâăćńěŋĺě àăğńőęěŋĺï Čĺŋğąãàčă { Ńăŋďăã ďńï ŕăľěàńáőćáłőčő ŕěàěåőďă.

246 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

Ťăłâĺçěáłĺ, ćáě àăáçěâë, áćïğăŋŋëě á ćëçĺáńěŋĺěň a(Q) ãęě ąëńĺ ŕàőćěďěŋë ć áćïğĺ á (6.10) { (6.32). Ŕőíâőňã áàăğã ňőęěň ŋăŕĺáăâì (á ãçěâőň Q = 2p_F + q, ω_m = 0 ĺ ξ_{p−2pF} = −ξ_p): 1 2 [Řĺá. 6-11 (a)] = −T ∑ n ∫ dp 2π G_0(ε_nξ_p)G_0(ε_n, −ξ_p + v_F q) =

= N (E_F ) { − ln 2γE_F πT + 1 2 [ ψ ( 1 2 + iv_F q 4πT ) + ψ ( 1 2 − iv_F q 4πT ) − 2ψ ( 1 2 )]} (6.135)

Šőčďă ĺňěěň:

a(q) = N (E_F ) { 1 λ − ln 2γE_F πT + 1 2 [ ψ ( 1 2 + iv_F q 4πT ) + ψ ( 1 2 − iv_F q 4πT ) − 2ψ ( 1 2 )]} (6.136) Ŕàĺ ćëçĺáńěŋĺĺ łőíääĺæĺěŋâă b áàăğã ŕàěŋěąàěčăěň ěčő ğăćĺáĺňőáâìî őâ q, âăł çâő ĺňěěň: b = 1 4 [Řĺá. 6-11 (b)] = 1 2 T ∑ n ∫ dp 2π G^2_0(ε_nξ_p)G^2_0(ε_n, −ξ_p) (6.137) ĺńĺ b = 1 2 T N (E_F ) ∫ dξ_p 2πi 2πi ∑ n 1 (iε_n − ξ_p)^2 1 (iε_n + ξ_p)^2 = −T N (E_F )2πi ∑ n signε_n (2iε_n)^3 = = N (E_F ) 16π^2T^2 ∞∑ n=0 1 (n + 1/2)^3 = 7ζ(3) 16π^2T^2

N (E_F )

(6.138)

Ćěàŋěňáï ł ăŋăńĺğã a(q), ğăďăćăěňőňã (6.136). Ŕàőćőďï àăğńőęěŋĺě ŕő áâěŕěŋïň q (łăł ŕàĺ ćëćőďě (6.28)), ŕőńãçăěň:

a(q) = N (E_F ) { ln T T_{p0} + 1 2 ψ ( 1 2 + iv_F q 4πT ) + 1 2 ψ ( 1 2 − iv_F q 4πT ) − ψ ( 1 2 )} ≈ ≈ N (E_F ) { T − T_{p0} T_{p0} + 7ζ(3) 16π^2T^2 v^2_F q^2 } = = N (E_F ) { T − T_{p0} T_{p0} + ξ^2_0 (T )q^2 } (6.139)

čďě ćőáŕőńìğőćăńĺáì âăłęě őąőğŋăçěŋĺěň (6.29) ďńï ďńĺŋë \łőčěàěŋâŋőáâĺ".

Ć ĺâőčě, àăğńőęěŋĺě Čĺŋğąãàčă { Ńăŋďăã ďńï ŕăľěàńáőćáłőčő ŕěàěåőďă ĺňěěâ ćĺď:

F (´_Q; T ) − F (0; T ) = N (E_F ) T − T_{p0} T_{p0} |´_Q|^2 + N (E_F )ξ^2_0 (T_{p0})|´_Q|^2(Q − 2p_F )^2 + + 7ζ(3) 16π^2T^2

N (E_F )|´_Q|^4 (6.140)

Őâáîďă, łáâăâĺ, ïáŋő, çâő ććěďěŋŋăï ćëèě łőààěńïæĺőŋŋăï ďńĺŋă (6.36), ďěľáâćĺâěńìŋő ïćńïěâáï łőààěńïæĺőŋŋőľ ďńĺŋőľ äńãłâãăæĺľ ŕăàăňěâàă ŕőàïďłă ŕàĺ T ∼ T_{p0} ć čăãááőćőň ŕàĺąńĺęěŋĺĺ.

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 247

Ŕàĺ ŋăńĺçĺĺ ŕàĺňěáěľ ćáě ćëçĺáńěŋĺï ďńï a(q) ćŕőńŋě ăŋăńőčĺçŋë ŕàőďěńăŋŋëň ćëèě ŕàĺ ćëćőďě (6.43) (ďőáâăâőçŋő ćğïâì çăáâŋëľ áńãçăľ ωm = 0). Ć àěğãńìâăâě ŕőńãçăěň:

a(q) = N(E_F ) { ln T T_{p0} + 1 2 ψ ( 1 2 + 1 2πT τ + iv^F q 4πT ) + 1 2 ψ ( 1 2 + 1 2πT τ − iv_F q 4πT ) − ψ ( 1 2 )} (6.141)

Śőőâćěâáâćěŋŋő, ŕàĺ v_F q ≪ 4πT ĺňěěň: a(q) ≈ N(E_F ) { T − Tp Tp + B 16π^2T^2 v^2_F q^2 } (6.142)

čďě Tp őŕàěďěńïěâáï ãęě åőàőèő ĺğćěáâŋëň ŋăň ãàăćŋěŋĺěň (6.45)

ln T^p T_{p0} + ψ ( 1 2 + 1 2πTpτ ) − ψ ( 1 2 ) = 0 (6.143)

Ŕàĺ íâőň łőŋáâăŋâă B ć (6.142) őŕàěďěńïěâáï łăł: B = ∞∑ n=0 1 ( n +^1_2 +^1_{2πT τ}

)_3 = − 1 2 ψ^{(2)} ( 1 2 + 1 2πT τ ) (6.144)

Śőőâćěâáâćěŋŋő, á ãçěâőň ŕàĺňěáěľ, ňőęŋő ŕőńãçĺâì áńěďãîéĺě ăáĺňŕâőâĺłĺ ďńï \ďńĺŋë łőčěàěŋâŋőáâĺ":

ξ^2_0(T ) = − v^2_F 32π^2T^2 ψ^{(2)} ( 1 2 + 1 2πT τ ) ≈ ≈ {_{7ζ(3)v2F} 16π2T 2 ŕàĺ 1 τ ≪ 4πT v^2_F τ^2 ŕàĺ^1_τ ≫ 4πT

(6.145)

Ěáâěáâćěŋŋő, çâő ćěğďě ŕàěďŕőńăčăěâáï, çâő τ > τc =^γ_{πTp0} = 2´^{−1}_{00} . Ůâő łăáăěâáï ČŃ łőíääĺæĺěŋâă b ć áĺáâěňě á ŕàĺňěáïňĺ, âő ěčő ćëçĺáńěŋĺě ïćńïěâáï ďőáâăâőçŋő čàőňőğďłĺň ĺ ňë ěčő őŕãáłăěň.

Ćőńŋë ğăàïďőćőľ ĺ áŕĺŋőćőľ ŕńőâŋőáâĺ ć ňŋőčőňěàŋëå áĺáâěňăå, íłáĺâőŋŋëľ ĺğőńïâőà.

Ňőęěâ ćőğŋĺłŋãâì ćőŕàőá | ğăçěň ňë áâőńì ŕőďàőąŋő àăááňăâàĺćăńĺ ğăďăçã ő ŕăľěàńáőćáłőň ŕěàěåőďě? Ğăďăçă àăááňăâàĺćăńăáì őďŋőňěàŋăï, ă ć őďŋőňěàŋëå áĺáâěňăå, łăł ňë ãąěďĺńĺáì ćëèě, äăğőćëľ ŕěàěåőď (ãŕőàïďőçěŋĺě), áâàőčő čőćőàï, ŋěćőğňőęěŋ. Ć íâőň áňëáńě, àăááňăâàĺćăćèĺľáï ćëèě ŕőďåőď, őáŋőćăŋŋëľ ŋă őŕĺáăŋĺĺ äăğőćőčő ŕěàěåőďă ć ŕàĺąńĺęěŋĺĺ áăňőáőčńăáőćăŋŋőčő ŕőńï (ć ŕàěŋěąàěęěŋĺĺ äńãłâãăæĺïňĺ ŕăàăňěâàă ŕőàïďłă), łăęěâáï áőćěàèěŋŋő ŋěőąőáŋőćăŋŋëň. Ďěńő, őďŋăłő, ć âőň, çâő ć \àěăńìŋőľ ęĺğŋĺ" ŕăľěàńáőćáłĺľ ŕěàěåőď íłáŕěàĺňěŋâăńìŋő ŋăąńîďăěâáï ć æěńőň àïďě łćăğĺőďŋőňěàŋëå áĺáâěň, čďě ďăęě áńăąőě ćğăĺňőďěľáâćĺě íńěłâàőŋőć (ĺńĺ ŕăàăňěâàă ŕőàïďłă) ŋă áőáěďŋĺå \æěŕőçłăå" ăâőňőć (íääěłâë âàěåňěàŋőáâĺ) ŕàĺćőďïâ ł áâăąĺńĺğăæĺĺ íâőčő ŕěàěåőďă^9.

Ąőńěě ćăęŋő áěľçăá ďńï ŋăá ďàãčőě | âěőàěâĺçěáłăï áåěňă, áâőńì ŕőďàőąŋő őŕĺáăŋŋăï ćëèě, ŕőçâĺ æěńĺłőň (ĺńĺ á ŋěąőńìèĺňĺ ĺğňěŋěŋĺïňĺ) ŕěàěŋőáĺâáï ŋă őŕĺáăŋĺě áâàãłâãàŋëå ĺ ňăčŋĺâŋëå äăğőćëå ŕěàěåőďőć ć ďćãňěàŋëå ĺ âàěåňěàŋëå

9Ś őáŋőćŋëňĺ àěğãńìâăâăňĺ àăŋŋĺå íłáŕěàĺňěŋâăńìŋëå ĺ âěőàěâĺçěáłĺå ĺááńěďőćăŋĺľ âăłĺå áĺáâěň ňőęŋő őğŋăłőňĺâìáï ŕő őąğőàã: Ń.Ŋ.Ąãńăěćáłĺľ. ŞŤŊ 115, 263 (1975).

248 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

áĺáâěňăå, őąńăďăîéĺå áćőľáâćőň \ŋěáâĺŋčă" ŕőćěàåŋőáâěľ Ťěàňĺ (ĺńĺ ĺå łőŋěçŋëå ãçăáâłőć) [6]. Ăŋăńőčĺçŋëň őąàăğőň őŕĺáëćăěâáï ĺ äăğőćëľ ŕěàěåőď ć ňőďěńĺ âăł ŋăğëćăěňőčő \íłáĺâőŋŋőčő ĺğőńïâőàă" | őďŋőľ ĺğ ąăğőćëå ňőďěńěľ ć âěőàĺĺ ŕěàěåőďőć ňěâăńń { ďĺíńěłâàĺł. Ďěńő ć âőň, çâő ć ãáńőćĺïå, łőčďă íńěłâàőŋŋëľ áŕěłâà ε(p) ãďőćńěâćőàïěâ ãáńőćĺî \ŋěáâĺŋčă" ćĺďă:

ε(p + Q) = −ε(p) (6.146) čďě Q { ŋěłőâőàëľ ćěłâőà (ŋěáâĺŋčă) ć őąàăâŋőň ŕàőáâàăŋáâćě, äãŋłæĺĺ őâłńĺłă ć

áőőâćěâáâćãîéěľ (ňŋőčőňěàŋőľ) áĺáâěňě (ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà, ŕěâńï ĺ.â.ŕ.) őŕĺáëćăîâáï ŕàăłâĺçěáłĺ âěňĺ ęě äőàňãńăňĺ, çâő ĺ ć őďŋőňěàŋőň áńãçăě. Śőőâćěâáâćěŋŋő, âăłĺě áĺáâěňë őłăğëćăîâáï ŋěãáâőľçĺćëňĺ ł őąàăğőćăŋĺî ćőńŋ ğăàïďőćőľ (CDW) ŕńőâŋőáâĺ (ďěäőàňăæĺĺ àěèěâłĺ) á ćőńŋőćëň ćěłâőàőň Q, ěáńĺ ďőňĺŋĺàãîéãî àőńì ĺčàăěâ íńěłâàőŋ { äőŋőŋŋőě ćğăĺňőďěľáâćĺě. Ěáńĺ ďőňĺŋĺàãěâ íńěłâàőŋ { íńěłâàőŋŋőě ćğăĺňőďěľáâćĺě (őââăńłĺćăŋĺě), âő, łăł ŕàăćĺńő, ć âăłĺå áĺáâěňăå ăŋăńőčĺçŋăï ŋěãáâőľçĺćőáâì, łăł ňë ãćĺďĺň ŋĺęě, ćőğŋĺłăěâ ć \áŕĺŋőćőň łăŋăńě" ĺ ć áĺáâěňě ćőğŋĺłăěâ ćőńŋă áŕĺŋőćőľ ŕńőâŋőáâĺ (SDW).

Şáńőćĺě (6.146) ćëŕőńŋïěâáï ŋă ćáěľ ŕőćěàåŋőáâĺ Ťěàňĺ, ŋăŕàĺňěà, ć ŕàőáâěľèěľ ňőďěńĺ íńěłâàőŋŋőčő áŕěłâàă ć ŕàĺąńĺęěŋĺĺ áĺńìŋőľ áćïğĺ á ĺŋâěčàăńőň ŕěàěŋőáă J, őâńĺçŋëň őâ ŋãńï, âőńìłő ďńï ąńĺęăľèĺå áőáěďěľ ć łćăďàăâŋőľ àěèěâłĺ:

ε(p) = −2J(cos pxa + cos pya) (6.147)

Şáńőćĺě (6.146) ć íâőň áńãçăě ćëŕőńŋïěâáï ďńï Q = (π/a, π/a) (a { ŕőáâőïŋŋăï àěèěâłĺ), ă ŕőćěàåŋőáâì Ťěàňĺ, ďńï áńãçăï ŕőńãğăŕőńŋěŋŋőľ ğőŋë (őďĺŋ íńěłâàőŋ ŕàőćőďĺňőáâĺ ŋă ăâőň), ŕàěďáâăćńïěâ áőąőľ łćăďàăâ, ŕőłăğăŋŋëľ ŋă Řĺá. 6-12 (a). Ćĺďĺň, çâő ŕàĺ \ŕěàěŋőáě" ŋă ćěłâőà Q ŕàőâĺćőŕőńőęŋëě ãçăáâłĺ ŕőćěàåŋőáâĺ Ťěàňĺ ŕőńŋőáâìî áőćňěéăîâáï, çâő ĺ ŕàĺćőďĺâ ł ŕőïćńěŋĺî ńőčăàĺäňĺçěáłĺå őáőąěŋŋőáâěľ \őďŋőňěàŋőčő" âĺŕă ć äãŋłæĺïå őâłńĺłă, ă ćáï ŕőćěàåŋőáâì Ťěàňĺ őłăğëćăěâáï \ğăłàëâőľ" ďĺíńěłâàĺçěáłőľ éěńìî.

Ňőęěâ ćáâàěâĺâìáï áĺâãăæĺï, łőčďă ŕàĺ ŕěàěŋőáě ŋă ćěłâőà Q áőćňěéăîâáï âőńìłő ŋěłőâőàëě ãçăáâłĺ ŕőćěàåŋőáâĺ Ťěàňĺ, łăł íâő ŕőłăğăŋő ŋă Řĺá. 6-12 (b). Šőčďă ŋěãáâőľçĺćőáâì áŕěłâàă ćáě àăćŋő ćőğŋĺłăěâ, ŋő íŋěàčěâĺçěáłăï éěńì ć áŕěłâàě \őâłàëćăěâáï" âőńìłő ŋă íâĺå ãçăáâłăå ŕőćěàåŋőáâĺ Ťěàňĺ, ă őáâăńìŋëě ěě çăáâĺ őłăğëćăîâáï ŋěğăâàőŋãâëňĺ. Ŕőďőąŋëě ïćńěŋĺï ŋăąńîďăîâáï ć ŋěłőâőàëå \áńőĺáâëå" áőěďĺŋěŋĺïå ŕěàěåőďŋëå ňěâăńńőć (N bSe_2, T aS_2 ĺ ďà.) [28]. Ć ŋěłőâőàëå ĺğ ŋĺå (ŋăŕàĺňěà ďńï T − T aS_2) ŕàőĺáåőďĺâ ŕàăłâĺçěáłĺ ŕőńŋëľ ŕěàěåőď ňěâăńń { ďĺíńěłâàĺł (ĺğ { ğă áĺńìŋőčő \ŋěáâĺŋčă"), âăł çâő éěńì \ğăłàëćăěâ" ŕőçâĺ ćáî ŕőćěàåŋőáâì Ťěàňĺ. Ć ďàãčĺå (H − N bSe_2) ŕőćěàåŋőáâì Ťěàňĺ \ğăłàëćăěâáï" âőńìłő çăáâĺçŋő, âăł çâő áĺáâěňă őáâăěâáï ňěâăńńőň ğă áçěâ \őâłàëâëå" ãçăáâłőć ŕőćěàåŋőáâĺ Ťěàňĺ. Őďŋăłő, ŕěàěåőď á őąàăğőćăŋĺěň CDW ŕàőïćńïěâáï ć őáőąěŋŋőáâïå âěňŕěàăâãàŋőčő ŕőćěďěŋĺï íńěłâàőáőŕàőâĺćńěŋĺï, âăłęě łăł ĺ ć âěàňőďĺŋăňĺçěáłĺå åăàăłâěàĺáâĺłăå (ŋăŕàĺňěà ć âěŕńőěňłőáâĺ).

Ăŋăńőčĺçŋëě ïćńěŋĺï ŕàőĺáåőďïâ ĺ ć ğăňěçăâěńìŋőľ ňőďěńĺ \íłáĺâőŋŋőčő ĺğőńïâőàă" (Ń.Ć.Łěńďëè, đ.Ć.Łőŕăěć, 1964). İâă ňőďěńì őáŋőćăŋă ŋă łăàâĺŋě íńěłâàőŋŋőčő áŕěłâàă, ŕőłăğăŋŋőľ ŋă Řĺá. 6-13. Śãâì ďěńă ğďěáì ć ŋăńĺçĺĺ ŕěàěłàëćăîéĺåáï ğőŋ íńěłâàőŋőć ĺ ďëàőł. Šăłăï ğőŋŋăï áâàãłâãàă (ŕàĺ ďőáâăâőçŋő ňăńőň ŕěàěłàëâĺĺ ğőŋ) åăàăłâěàŋă ďńï âăł ŋăğëćăěňëå ŕőńãňěâăńńőć. Ĺğ Řĺá. 6-13 ćĺďŋő, çâő ć őąőĺå áńãçăïå (a) ĺ (b) áãéěáâćãîâ íńěłâàőŋŋëě ĺ ďëàőçŋëě \łăàňăŋë" ŋă ŕőćěàåŋőáâĺ Ťěàňĺ ĺ ćëŕőńŋïěâáï ãáńőćĺě \ŋěáâĺŋčă" ćĺďă:

ε_1(p) = −ε_2(p) ďńï áŕěłâàă (a) (6.148)

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 249

Řĺá. 6-12 \Ŋěáâĺŋč" ŕőćěàåŋőáâěľ Ťěàňĺ ć ďćãňěàŋőľ áĺáâěňě: (a) { ŕőńãğăŕőńŋěŋŋăï ğőŋă ŕàĺąńĺęěŋĺï áĺńìŋőľ áćïğĺ c Q = (π/a, π/a), (b) { őąéĺľ áńãçăľ.

ε_1(p) = −ε_2(p + Q) ďńï áŕěłâàă (b) (6.149)

Šőčďă ć áĺáâěňě ćőğŋĺłăěâ ŋěãáâőľçĺćőáâì ŋă ŋãńěćőň ćőńŋőćőň ćěłâőàě ďńï áńãçăï (a) ĺńĺ ŋă łőŋěçŋőň ćěłâőàě Q ďńï áńãçăï (b), áćïğăŋŋăï á őąàăğőćăŋĺěň íńěłâàőŋ { ďëàőçŋëå ŕăà, ćőğŋĺłăîéĺå ğă áçěâ ćáěčďă áãéěáâćãîéěčő ŕàĺâïęěŋĺï ŕàőâĺćőŕőńőęŋő ğăàïęěŋŋëå íńěłâàőŋőć ĺ ďëàőł (łăł ďńï őąëçŋëå íłáĺâőŋőć Ćăŋìě { Ňőââă), á ŕőáńěďãîéěľ ĺå \ąőğě { łőŋďěŋáăæĺěľ"(ĺŋőčďă čőćőàïâ ő ąőğě { łőŋďěŋáăæĺĺ \íłáĺâőŋőć"). Łăçěáâćěŋŋő, áĺâãăæĺï őçěŋì ŕőåőęă ŋă őąàăğőćăŋĺě łãŕěàőćáłĺå ŕăà ć áćěàåŕàőćőďŋĺłăå, âőńìłő íńěłâàőŋ { ďëàőçŋëě ŕăàë, ěáâěáâćěŋŋő, íńěłâàőŋěľâàăńìŋë (ŋěğăàïęěŋë), ŋő ć áŕěłâàě őŕïâì őąàăğãěâáï íŋěàčěâĺçěáłăï éěńì ŋă ãàőćŋě Ťěàňĺ, áćïğăŋŋăï á âăłĺň äăğőćëň ŕěàěåőďőň, łăł íâő ŕőłăğăŋő (ďńï áńãçăï (a)) ŋă Řĺá. 6-14.Ć àěğãńìâăâě, áĺáâěňă áâăŋőćĺâáï íłáĺâőŋŋëň ďĺíńěłâàĺłőň. Ć áńãçăě ŋěãáâőľçĺćőáâĺ ŋă łőŋěçŋőň ćőńŋőćőň ćěłâőàě Q, őŕàěďěńïěňőň ğőŋŋőľ áâàãłâãàőľ âĺŕă Řĺá. 6-13 (b), ć áĺáâěňě őąàăğãěâáï ĺ ćőńŋă ğăàïďőćőľ (CDW) ĺńĺ áŕĺŋőćőľ ŕńőâŋőáâĺ (SDW).

Ňăâěňăâĺçěáłĺľ ăŋăńĺğ íâőľ ňőďěńĺ ćŕőńŋě ăŋăńőčĺçěŋ ğăďăçě ĄŁŸ ĺńĺ, ěéě ć ąőńìèěľ áâěŕěŋĺ, ŕàőćěďěŋŋőňã ćëèě àăááňőâàěŋĺî ŕăľěàńáőćáłőčő ŕěàěåőďă. Ŕőíâőňã ğďěáì ňë őčàăŋĺçĺňáï âőńìłő áåěňăâĺçěáłĺň àăááňőâàěŋĺěň^{10}. Ďńï łőŋłàěâŋőáâĺ őąáãďĺň áńãçăľ áŕěłâàă Řĺá. 6-13 (a), łőčďă áŕěłâà íńěłâàőŋőć ĺ ďëàőł ĺňěěâ ŕàőáâěľèĺľ ćĺď:

ε_{1,2}(p) = ± ( p^2 2m_{1,2} − p^2_F 2m_{1,2} ) (6.150)

İłáĺâőŋŋăï ŋěãáâőľçĺćőáâì őŕàěďěńïěâáï (ăŋăńőčĺçŋő łãŕěàőćáłőľ ŋěãáâőľçĺćőáâĺ) áãňňőľ ńěáâŋĺçŋëå ďĺăčàăňň ć łăŋăńě çăáâĺæă { ďëàłă, ŕőłăğăŋŋőľ ŋă Řĺá. 6-15 (a). Ćáě ćëçĺáńěŋĺï ćŕőńŋě ăŋăńőčĺçŋë ŕàőćěďěŋŋëň ćëèě ć áćïğĺ á ćëćőďőň

10Ďěâăńìŋőě àăááňőâàěŋĺě íłáĺâőŋŋőľ ŋěãáâőľçĺćőáâĺ ĺ àăğńĺçŋëå ěě áńěďáâćĺľ ňőęŋő ŋăľâĺ ć őąğőàě: đ.Ć.Łőŕăěć. Šàãďë ŤĹĂŊ 86, 3 (1975) ĺ ć łŋĺčě [14]

250 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

Řĺá. 6-13 İńěłâàőŋŋëľ áŕěłâà ĺáåőďŋőčő ŕőńãňěâăńńă ć ňőďěńĺ íłáĺâőŋŋőčő ĺğőńïâőàă: (a) { ŕàïňőě ŕěàěłàëâĺě ğőŋ, (b) { őąéĺľ áńãçăľ, íłáâàěňãňë ŕěàěłàëćăîéĺåáï ğőŋ àăğďćĺŋãâë ŋă ćěłâőà Q.

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 251

Řĺá. 6-14 İńěłâàőŋŋëľ áŕěłâà íłáĺâőŋŋőčő ĺğőńïâőàă ć ňőďěńĺ á ŕàïňëň ŕěàěłàëâĺěň íńěłâàőŋŋőľ ĺ ďëàőçŋőľ ğőŋ.

252 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

(5.15) { (5.17), ĺ ňë ŕőńãçăěň ďńï ćěàèĺŋë, őŕàěďěńïěňőľ ĺŋâěčàăńìŋëň ãàăćŋěŋĺěň Řĺá. 6-15 (b), ćëàăęěŋĺě âĺŕă (5.17):

`(q = 0, ω) = λ 1 + λ ( ln | |^{2ω}c_ω | | − i^π_2 ) (6.151)

Ğďěáì ω_c { çăáâőâă őąàěğăŋĺï ńőčăàĺäňĺçěáłőľ àăáåőďĺňőáâĺ ∼ E_F , q ĺ ω { áãňňăàŋëě ĺňŕãńìá ĺ íŋěàčĺï ć áĺáâěňě e − h. Ąěğàăğňěàŋăï łőŋáâăŋâă áćïğĺ λ < 0 (ŕàĺâïęěŋĺě!). Ďńï ňőďěńĺ íłàăŋĺàőćăŋŋőčő łãńőŋőćáłőčő e − h { ćğăĺňőďěľáâćĺï, ňőęŋő ŕőłăğăâì, çâő: λ = me^2 2πp_F ln κ^2_D 2p^2_F

(6.152)

Ŕàĺâïęěŋĺě ć łăŋăńě çăáâĺæă { ďëàłă ŕàĺćőďĺâ ł ćőğŋĺłŋőćěŋĺî ć (6.151) ŕőńîáă ŋă ňŋĺňőľ çăáâőâě ω = i˙, čďě (áà. (5.19)):

˙ = 2ω_ce^{− 1|λ|} (6.153)

çâő ĺ ãłăğëćăěâ ŋă ŋěãáâőľçĺćőáâì áĺáâěňë ł őąàăğőćăŋĺî e − h ŕăà (\íłáĺâőŋőć") ĺğ íńěłâàőŋőć ĺ ďëàőł àăğŋëå ğőŋ ćąńĺğĺ ĺå (ŋăłńăďëćăîéĺåáï ďàãč ŋă ďàãčă!) ŕőćěàåŋőáâěľ Ťěàňĺ.

Ůâőąë ŋăľâĺ áŕěłâà ćőğąãęďěŋĺľ áĺáâěňë ć \łőŋďěŋáĺàőćăŋŋőľ" äăğě, ŋãęŋő ďěľáâćőćăâì ăŋăńőčĺçŋő âěőàĺĺ ĄŁŸ ĺńĺ ŕăľěàńáőćáłőčő ďĺíńěłâàĺłă. Ğăŕĺèěň ćğăĺňőďěľáâćĺě çăáâĺæ ĺğ àăğŋëå ğőŋ łăł: H_{int} = ∑ ppq^{′ V}

(q)a^+_{1σ}(p + q)a^+_{2σ}′ (p^′ − q)a2σ′ (p^′)a1σ(p) (6.154)

čďě ïćŋő ćëŕĺáăŋë áŕĺŋőćëě ĺ ğőŋŋëě ĺŋďěłáë. Ćëďěńïï \ŋăĺąőńěě àăáåőďïéĺěáï" ćłńăďë ć ăňŕńĺâãďã àăááěïŋĺï (ćěàèĺŋŋãî çăáâì), áőőâćěâáâćãîéĺě àăááěïŋĺî íńěłâàőŋőć ĺğ ğőŋë 1 ŋă ďëàłăå ĺğ ğőŋë 2, ňőęŋő ŕàĺćěáâĺ íâőâ čăňĺńìâőŋĺăŋ ł łćăďàăâĺçŋőňã ćĺďã, ććőďï áőőâćěâáâćãîéĺě ăŋőňăńìŋëě áàěďŋĺě:

H_{int} ∼ a^+_{1σ}(p^′)a^+_{2σ}′ (p)a_{2σ}′ (p^′)a_{1σ}(p) →< a^+_{2σ}′ (p)a_{1σ}(p) > a^+_{1σ}(p^′)a_{2σ}′ (p^′) (6.155)

Šőčďă ěčő ňőęŋő ďĺăčőŋăńĺğőćăâì u − v ŕàěőąàăğőćăŋĺěň Ąőčőńîąőćă, ăŋăńőčĺçŋő âőňã, łăł íâő ďěńăěâáï ć âěőàĺĺ ĄŁŸ [11]. Ŋő ňőęŋő ŋăŕĺáăâì ĺ áőőâćěâáâćãîéĺě ãàăćŋěŋĺï Čőàìłőćă ďńï čàĺŋőćáłĺå äãŋłæĺľ őąěĺå ğőŋ G_1(εp) ĺ G_2(εp), ććőďï âăłęě ăŋőňăńìŋëě äãŋłæĺĺ Čàĺŋă F ĺ F^+, \ŕěàěňěèĺćăîéĺě" ğőŋë:

F (r1t1; r2t2) = −i < T ψ2(r2t2)ψ^+_1 (r1t1) > (6.156)

F^+(r_1t_1; r_2t_2) = −i < T ψ_1(r_1t_1)ψ^+_2 (r_2t_2) > (6.157)

Ďăńěě ňőęŋő ćëŕĺáăâì ãàăćŋěŋĺï ďćĺęěŋĺï, ŋăŕàĺňěà ďńï G_1, ĺ őáâăćĺâì ć \ŕàăćőľ çăáâĺ" âőńìłő ćłńăďë âĺŕă (6.155). Ăŋăńőčĺçŋő ŋãęŋő ŕőáâãŕĺâì ĺ á F . Ć ĺâőčě ćőğŋĺłăîâ ãàăćŋěŋĺï Čőàìłőćă ćĺďă:

(ε − ε_1(p))G_1(εp) − ´F (εp) = 1 (6.158)

(ε − ε_2(p))F (εp) − ´^∗G_1(εp) = 0 (6.159) čďě ´(p) = i ∫ dp^′dε (2π)^4

V (p − p^′)F (p^′ε) (6.160)

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 253

Řĺá. 6-15 Ćěàèĺŋŋăï çăáâì, őŕĺáëćăîéăï \íłáĺâőŋŋãî" ŋěãáâőľçĺćőáâì: (a) { ńěáâŋĺçŋőě ŕàĺąńĺęěŋĺě ďńï ćğăĺňőďěľáâćĺï çăáâĺæë ĺ ďëàłĺ, (b) { ĺŋâěčàăńìŋőě ãàăćŋěŋĺě ďńï ćěàèĺŋë.

254 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

Řěèěŋĺě áĺáâěňë ãàăćŋěŋĺľ (6.158) ĺ (6.159) ĺňěěâ ćĺď:

G_1(εp) = ε − ε_2(p) ε^2 − (ε_1(p) + ε_2(p))ε + ε_1(p)ε_2(p) − |´(p)|^2

(6.161)

F (εp) =

´(p)

ε^2 − (ε_1(p) + ε_2(p))ε + ε_1(p)ε_2(p) − |´(p)|^2

(6.162)

őâłãďă ćőğŋĺłăěâ áŕěłâà íńěňěŋâăàŋëå ćőğąãęďěŋĺľ:

E_{1,2}(p) = 1 2 [ε_1(p) + ε_2(p)] ± √ 1 4 [ε_1(p) − ε_2(p)]^2 + |´(p)|^2 (6.163)

Řěèěŋĺě ãàăćŋěŋĺï ďńï éěńĺ ďăěâ, łăł ĺ ćëèě ć âěőàĺĺ ĄŁŸ, ´ = ˙, čďě˙ őŕàěďěńěŋő ć (6.153).

Šăłĺň őąàăğőň ňë ŕőńãçăěň ďĺíńěłâàĺçěáłĺľ áŕěłâà, ŕőłăğăŋŋëľ ŋă Řĺá. 6-14, ă àăááňőâàěŋŋëľ ňěåăŋĺğň ěčő őąàăğőćăŋĺï, łăł ãęě őâňěçăńőáì ćëèě, àăááňăâàĺćăěâáï ć łăçěáâćě őďŋőčő ĺğ \ąăğőćëå" ć âěőàĺĺ ŕěàěåőďőć ňěâăńń { ďĺíńěłâàĺł. Łăłőćë őáŋőćŋëě äĺğĺçěáłĺě áćőľáâćă íłáĺâőŋŋőčő ĺğőńïâőàă? Ŋă ŕěàćëľ ćğčńïď ğďěáì áãéěáâćãěâ ŕàïňăï ăŋăńőčĺï á ĄŁŸ áćěàåŕàőćőďŋĺłőň | ć áĺáâěňě ćőğŋĺłăîâ ŋěľâàăńìŋëě íńěłâàőŋ { ďëàőçŋëě ŕăàë, łőâőàëě őąàăğãîâ ąőğě { łőŋďěŋáăâ. Ŕőíâőňã ĺğŋăçăńìŋő áçĺâăńőáì, çâő âăłőľ ďĺíńěłâàĺł ňőęěâ őąńăďăâì ăŋőňăńìŋëňĺ áćőľáâćăňĺ, áćïğăŋŋëňĺ á ćőğňőęŋőľ áćěàåâěłãçěáâìî e − h ŕăà (çâő ňőčńő { ąë ŕàőïćĺâìáï, ŋăŕàĺňěà, ć ïćńěŋĺĺ \áćěàåâěŕńőŕàőćőďŋőáâĺ"). Őďŋăłő, áŕěæĺăńìŋëě ĺááńěďőćăŋĺï ŕőłăğăńĺ, çâő ŋĺłăłĺå \áćěàåáćőľáâć" ć ďăŋŋőľ ňőďěńĺ ŋě ćőğŋĺłăěâ, ĺ ňë ĺňěěň ďěńő á ąőńěě ĺńĺ ňěŋěě őąëçŋëň ďĺíńěłâàĺłőň. Ł áőęăńěŋĺî, ć \çĺáâőň ćĺďě" áőáâőïŋĺě íłáĺâőŋŋőčő ďĺíńěłâàĺłă ŋăąńîďăěâáï ďőćőńìŋő àěďłő. Ŕőćĺďĺňőňã, íâő áćïğăŋő á âěň, çâő âőçŋëě áćőľáâćă \ŋěáâĺŋčă" âĺŕă (6.148), (6.149) á ŕőńŋëň \ŋăńőęěŋĺěň" íńěłâàőŋŋőľ ĺ ďëàőçŋőľ ŕőćěàåŋőáâěľ Ťěàňĺ, âàãďŋő ďőáâĺęĺňë, ă őâłńőŋěŋĺï őâ âőçŋőčő ćëŕőńŋěŋĺï íâĺå ãáńőćĺľ ŕàĺćőďïâ ł ŕőďăćńěŋĺî íłáĺâőŋŋőľ ŋěãáâőľçĺćőáâĺ. Łàőňě âőčő, ăŋăńőčĺçŋő áńãçăî ŕăľěàńáőćáłőčő ŕěàěåőďă, ŋőàňăńìŋëě ŕàĺňěáĺ (ąěáŕőàïďőł) âăłęě ŕàĺćőďïâ ł ŕőďăćńěŋĺî íâőľ ŋěãáâőľçĺćőáâĺ. Ć âőęě ćàěňï, á ŕěàěåőďăňĺ ć áőáâőïŋĺě âĺŕă íłáĺâőŋŋőčő ĺğőńïâőàă ć àïďě àăąőâ áćïğëćăěâáï ćőğŋĺłŋőćěŋĺě àăğńĺçŋëå âĺŕőć (ğăàïďőćőčő ĺ ňăčŋĺâŋőčő ãŕőàïďőçěŋĺï) ć ŋěłőâőàëå àěăńìŋëå áĺáâěňăå.

Ďő áĺå ŕőà àăááňăâàĺćăńőáì ćğăĺňőďěľáâćĺě âĺŕă ŕàĺâïęěŋĺï. Őłăğëćăěâáï, çâő ďăęě ć áńãçăě őââăńłĺćăâěńìŋőčő ćğăĺňőďěľáâćĺï, ć áĺáâěňăå á \ŋěáâĺŋčőň" ŕőćěàåŋőáâěľ Ťěàňĺ ćőğŋĺłăîâ ŋěãáâőľçĺćőáâĺ, ŋő ć \áŕĺŋőćőň łăŋăńě", ćěďãéĺě ŋě ł CDW, ŋő ł ŕěàěåőďã ć áőáâőïŋĺě á SDW (A.W.Overhauser, 1965). Ďńï âőčő, çâőąë ŕőŋïâì íâő ïćńěŋĺě, ćěàŋěňáï ł ŕőńãçěŋŋëň ćëèě äőàňãńăň (2.13), (2.14) ďńï ňăčŋĺâŋőľ ćőáŕàĺĺňçĺćőáâĺ ć áĺáâěňě á \åăąąăàďőćáłĺň" ćğăĺňőďěľáâćĺěň:

χ(qω) =^{χ0}(q^ω)

1 + U ˝_0(qω) = χ_0(qω) 1 −^{4U}_{g2μ2B} χ_0(qω)

(6.164)

Ŋăŕőňŋĺň, çâő ć áőőâćěâáâćĺĺ á ŕàĺŋïâëňĺ ŋăňĺ őŕàěďěńěŋĺïňĺ ˝_0(q0) < 0, ă á ãçěâőň g = 2, ňőęŋő ŋăŕĺáăâì χ_0 = −μ^2_B ˝_0.

Ć őďŋőňěàŋëå, ă âăłęě ć ďćãňěàŋëå ĺ âàěåňěàŋëå áĺáâěňăå á \ŋěáâĺŋčőň", ňăčŋĺâŋăï ćőáŕàĺĺňçĺćőáâì χ_0 ∼ ˝_0(q) ĺňěěâ ńőčăàĺäňĺçěáłãî őáőąěŋŋőáâì ŕàĺ

q = Q, čďě Q { ćěłâőà ŋěáâĺŋčă. Śőőâćěâáâćěŋŋő, ć áńãçăě őââăńłĺćăŋĺï (U > 0),

ŕőńŋăï ćőáŕàĺĺňçĺćőáâì (6.164) ĺňěěâ ŕőńîá (àăáåőďĺňőáâì), âőčő ęě âĺŕă, çâő

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 255

ĺňěěâáï ć ğăàïďőćőľ äãŋłæĺĺ őâłńĺłă (ďĺíńěłâàĺçěáłőľ ŕàőŋĺæăěňőáâĺ) ć áńãçăě ŕàĺâïęěŋĺï (íłáĺâőŋŋëľ ĺğőńïâőà). Ğďěáì íâă őáőąěŋŋőáâì ãłăğëćăěâ ŋă âěŋďěŋæĺî ł ňăčŋĺâŋőňã ãŕőàïďőçěŋĺî | őąàăğőćăŋĺî SDW á ćőńŋőćëň ćěłâőàőň Q. Ŋěãáâőľçĺćőáâì őŕïâì ćőğŋĺłăěâ ďăęě ďńï áłőńì ãčőďŋő áńăąőčő őââăńłĺćăŋĺï U . Łőŋěçŋő, ŕàĺ ŋěŕőńŋőň \ŋěáâĺŋčě" (ĺńĺ ďăęě ć ěčő őâáãâáâćĺě) ňőęěâ őłăğăâìáï, çâő ďńï ćőğŋĺłŋőćěŋĺï âăłőľ ŋěãáâőľçĺćőáâĺ âàěąãěâáï ďőáâăâőçŋő áĺńìŋőě ćğăĺňőďěľáâćĺě, âăł çâőąë ćëŕőńŋïńőáì ãáńőćĺě:

U |˝_0(Q, 0)| > 1 (6.165)

İâő ãáńőćĺě ŕàĺňěŋĺňő ĺ ć âěőàĺĺ łőńńěłâĺćĺğĺàőćăŋŋőčő äěààőňăčŋěâĺğňă, łőčďă

Q = 0. Šőčďă ĺňěěň ˝0(q → 0, 0) = −N (EF ), âăł çâő (6.165) áćőďĺâáï ł:

U N (E_F ) > 1 (6.166)

çâő ďăěâ ĺğćěáâŋëľ łàĺâěàĺľ Śâőŋěàă ďńï ćőğŋĺłŋőćěŋĺï äěààőňăčŋĺâŋőčő ãŕőàïďőçěŋĺï.

Ťőàňăńìŋăï áâőàőŋă ďěńă ğďěáì âăłęě ăŋăńőčĺçŋă àăááňőâàěŋŋőňã ćëèě áńãçăî ŕăľěàńáőćáłőčő ŕěàěåőďă. Ďńï ŕàőáâőâë àăááňőâàĺň őŕïâì őďŋőňěàŋëľ áńãçăľ ĺ åăąąăàďőćáłőě ćğăĺňőďěľáâćĺě U n_{i↑}n_{i↓}. Ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ čăňĺńìâőŋĺăŋ Ţăąąăàďă ňőęŋő ğăŕĺáăâì łăł (L { ďńĺŋă áĺáâěňë): H = ∑ kσ (ε_k − μ)a^+_{kσ}a_{kσ} + U L ∑ kk^′q a^+_{k↑}a_{k+q↑}a^+_k′_↓a_k′_{−q↓} (6.167)

Śŕĺŋőćăï ŕńőâŋőáâì ć âőçłě x őŕàěďěńïěâáï łăł:

S^z (x) = 1 2 [c^+_↑ (x)c_↑(x) − c^+_↓ (x)c_↓(x)] = = 1 2L ∑ kk^′ [c^+_{k↑}c_k′_↑ − c^+_{k↓}c_k′_↓]e^{−i(k−k′)x} (6.168)

Ŕőáłőńìłã ćőáŕàĺĺňçĺćőáâì (6.164) àăáåőďĺâáï, ć ďăŋŋőň áńãçăě, ŕàĺ q = 2p_F , őáâăćĺň ć (6.168) âőńìłő k − k^′ = ±2p_F . Šőčďă ĺňěěň^{11}:

S^z (x) = 1 2L ∑ k [< c^+_{k↑}c_{k+2pF ↑} > − < c^+_{k↓}c_{k+2pF ↓} >]e^{i2pF x} + c.c. (6.169) Ććěďěň őąőğŋăçěŋĺě: < S >= |S|e^{iϕ} = 1 L ∑ k [< c^+_{k↑}c_{k+2pF ↑} > − < c^+_{k↓}c_{k+2pF ↓} >] (6.170)

ĺ ćëďěńĺć áőőâćěâáâćãîéĺě ăŋőňăńìŋëě áàěďŋĺě ć čăňĺńìâőŋĺăŋě (6.167) (őáâăćńïï âőńìłő çńěŋë á q = ±2p_F ), ŕőńãçĺň: H = ∑ kσ {ε_ka^+_{kσ}a_{kσ} + (´a^+_{k+2pF σ}a_{kσ} + h.c.)} (6.171)

11Ůńěŋ á k^′ = k − 2p_F őłăğëćăěâáï łőňŕńěłáŋő áőŕàïęěŋŋëň ŕěàćőňã çńěŋã ć (6.169) ŕőáńě ğăňěŋë ĺŋďěłáă áãňňĺàőćăŋĺï k → k + 2p_F .

256 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

čďě (N { çĺáńő ăâőňőć ć æěŕőçłě) ´ = U N < S^z >= U N 1 2 Re(< S > e^{i2pF x}) = U N |S| cos(2p_F x + ϕ) (6.172)

Ćáě íâĺ áőőâŋőèěŋĺï ïćńïîâáï ŕàïňëň ăŋăńőčőň (6.46) { (6.50), âăł çâő ĺ áâàãłâãàă àěèěŋĺï áőćěàèěŋŋő ïáŋă. Ć çăáâŋőáâĺ áŕěłâà íńěłâàőŋőć ć âăłőľ áĺáâěňě ĺňěěâ ćĺď: E_k = μ ± √ (ε_k − μ)^2 + |´|^2 (6.173) ĺ ĺğőąàăęăěâáï âěň ęě Řĺá. 6-6.

Ćőğŋĺłăîéãî ğďěáì ňăčŋĺâŋãî áâàãłâãàã (SDW) ňőęŋő ŕàěďáâăćĺâì áěąě łăł őąàăğőćăŋŋãî ďćãňï ćőńŋăňĺ ŕńőâŋőáâĺ íńěłâàőŋőć áő áŕĺŋăňĺ ↑ ĺ ↓, ŋăåőďïéĺňĺáï ć ŕàőâĺćőäăğě, âăł çâő ŕńőâŋőáâì ğăàïďă őáâăěâáï őďŋőàőďŋőľ, ă áŕĺŋőćăï ŕńőâŋőáâì őáæĺńńĺàãěâ á ŕěàĺőďőň 2π/2p_F (ŕăàăňěâà ŕőàïďłă (6.172)). Šăłăï áĺâãăæĺï ŋăğëćăěâáï áĺŋãáőĺďăńìŋőľ SDW. Ć ŕàĺŋæĺŕě, ćőğňőęŋë ĺ ďàãčĺě àěèěŋĺï { ŋăŕàĺňěà, âăł ŋăğëćăěňăï čěńĺłőĺďăńìŋăï SDW, ć łőâőàőľ ćěńĺçĺŋă áŕĺŋă őáâăěâáï ŋěĺğňěŋŋőľ, ŋő ěčő ŋăŕàăćńěŋĺě ćàăéăěâáï ć ŕńőáłőáâĺ xy, łăł íâő ŕőłăğăŋő ŋă Řĺá. 6-16:

< S^x >= |S| cos(2p_F x + ϕ), < S^y >= |S| sin(2p_F x + ϕ) (6.174)

Őąëçŋő âăłăï áâàãłâãàă ŋěáłőńìłő ąőńěě ćëčőďŋă ŕő íŋěàčĺĺ.

Řăğãňěěâáï, áâăŋďăàâŋëň őąàăğőň ňőęŋő ĺááńěďőćăâì ĺ âěàňőďĺŋăňĺłã âăłĺå ŕěàěåőďőć. Ć ŕàĺąńĺęěŋĺĺ áăňőáőčńăáőćăŋŋőčő ŕőńï ćőğŋĺłăěâ łàĺâĺçěáłăï âěňŕěàăâãàă, ŕàĺ łőâőàőľ SDW ĺáçěğăěâ ĺ ŕàőŕăďăěâ éěńì ć íńěłâàőŋŋőň áŕěłâàě. Śőőâćěâáâćãîéĺě äőàňãńë őçěŋì ŕőåőęĺ ŋă ăŋăńőčĺçŋëě ćëàăęěŋĺï ć âěőàĺĺ ĄŁŸ ĺńĺ ŕăľěàńáőćáłőčő ŕěàěåőďă. Ć çăáâŋőáâĺ, ďńï âěňŕěàăâãàë ŕěàěåőďă ŕőńãçĺâáï ŋěçâő âĺŕă (6.24), á ąěğàăğňěàŋőľ łőŋáâăŋâőľ áćïğĺ λ = U N (E_F ).

Ăŋăńőčĺçŋőě àăááňőâàěŋĺě ňőęěâ ąëâì ŕàőćěďěŋő ĺ ďńï ňŋőčőňěàŋëå (ďćãňěàŋëå ĺńĺ âàěåňěàŋëå) áĺáâěň á \ŋěáâĺŋčőň". İłáŕěàĺňěŋâăńìŋő SDW âăłőčő âĺŕă ŋăąńîďăńĺáì ć àïďě łćăğĺőďŋőňěàŋëå őàčăŋĺçěáłĺå áőěďĺŋěŋĺľ. Őďŋăłő, ŋăĺąőńěě ĺğćěáâŋëň ŕàĺňěàőň âăłőľ ňăčŋĺâŋőľ áâàãłâãàë ïćńïěâáï SDW ć Cr. Ňăčŋěâĺğň Cr ŕőńãçăěâ áćőě őąêïáŋěŋĺě ć ŕőďőąŋőľ ňőďěńĺ (âőçŋěě ć ěě ďćãåğőŋŋőň ăŋăńőčě { âĺŕă ňőďěńĺ íłáĺâőŋŋőčő ĺğőńïâőàă), ŕőáłőńìłã ć Cr ĺňěěâáï ŕőćěàåŋőáâì Ťěàňĺ, áőáâőïéăï ĺğ íńěłâàőŋŋëå ĺ ďëàőçŋëå \łăàňăŋőć", őąńăďăîéĺå áćőľáâćőň ŕőçâĺ ŕőńŋőčő \ŋěáâĺŋčă".

Ć łăçěáâćě ďàãčőčő ŕőãçĺâěńìŋőčő ŕàĺňěàă ňőęŋő àăááňőâàěâì ďćãňěàŋãî áĺáâěňã á \ŋěáâĺŋčőň" | łćăďàăâŋãî àěèěâłã á íńěłâàőŋăňĺ, őŕĺáëćăěňëňĺ ŕàĺąńĺęěŋĺěň áĺńìŋőľ áćïğĺ (6.147). Ňë ãęě őâňěçăńĺ, çâő ć áńãçăě ŕőńãğăŕőńŋěŋŋőľ ğőŋë ŕőćěàåŋőáâì Ťěàňĺ ć âăłőľ áĺáâěňě ŕàěďáâăćńïěâ áőąőľ łćăďàăâ, ŕőłăğăŋŋëľ ŋă Řĺá. 6-12 (a), âăł çâő ĺňěěâáï ŕőńŋëľ \ŋěáâĺŋč" á ćěłâőàőň Q = (π/a, π/a). Śőőâćěâáâćěŋŋő, ć áńãçăě ňěęíńěłâàőŋŋőčő őââăńłĺćăŋĺï ğďěáì ŕőïćĺâáï SDW c Q = (π/a, π/a), łőâőàăï \ğăłàőěâ" ćáî ŕőćěàåŋőáâì Ťěàňĺ íŋěàčěâĺçěáłőľ éěńìî ´, ă áĺáâěňă áâăŋěâ ďĺíńěłâàĺłőň. Ć âőęě ćàěňï, ŋěâàãďŋő áőőąàăğĺâì, çâő SDW á âăłĺň ćőńŋőćëň ćěłâőàőň áőőâćěâáâćãěâ \őąëçŋőňã" ďćãåŕőďàěèěâőçŋőňã ăŋâĺäěààőňăčŋěâĺłã (á \èăåňăâŋëň" àăáŕőńőęěŋĺěň ŕàőâĺćőŕőńőęŋő ŋăŕàăćńěŋŋëå áŕĺŋőć ŋă łćăďàăâŋőľ àěèěâłě). Őďĺŋ ŕàĺňěà âăłőľ áĺáâěňë åőàőèő ĺğćěáâěŋ { íâő ďĺíńěłâàĺçěáłőě áőáâőïŋĺě La_2CuO_4, čďě ĺňěŋŋő âăłĺň őąàăğőň àăáŕőńőęěŋë áŕĺŋë ć ŕńőáłőáâĺ CuO_2. İâă áĺáâěňă őáőąěŋŋő ĺŋâěàěáŋă, ŕőáłőńìłã ŕàĺ ŋěğŋăçĺâěńìŋőň ďëàőçŋőň ńěčĺàőćăŋĺĺ őŋă ŕàěćàăéăěâáï ć âĺŕĺçŋëľ ćëáőłőâěňŕěàăâãàŋëľ áćěàåŕàőćőďŋĺł. Ŕőíâőňã ňőďěńĺ àăááňőâàěŋŋőčő âĺŕă ňőčãâ ĺčàăâì áãéěáâćěŋŋãî àőńì ć ŕőáâàőěŋĺĺ âěőàĺĺ âăłĺå áĺáâěň.

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 257

Řĺá. 6-16 \Čěńĺłőĺďăńìŋăï" ćőńŋă áŕĺŋőćőľ ŕńőâŋőáâĺ.

258 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

Ŕáěćďőéěńì.

Ťńãłâãăæĺĺ ŕăľěàńáőćáłőčő ąńĺęŋěčő ŕőàïďłă.

Ćěàŋěňáï ł àăááňőâàěŋĺî őďŋőňěàŋőľ áĺáâěňë á ŕăľěàńáőćáłőľ CDW. Şęě ŋě àăğ őâňěçăńőáì, çâő ć çĺáâő őďŋőňěàŋőň áńãçăě ãáâăŋőćńěŋĺě ďăńìŋěčő ŕőàïďłă ŋěćőğňőęŋő. Őąáãďĺň ŋă łăçěáâćěŋŋőň ãàőćŋě ćőŕàőá ő âőň, çâő ęě ŕàőĺáåőďĺâ ć őąńăáâĺ âěňŕěàăâãà T < T_{p0}, ŕàĺ ãçěâě äńãłâãăæĺľ, àăğàãèăîéĺå ďăńìŋĺľ ŕőàïďőł. Ğăŕĺèěň áŋőćă őďŋőňěàŋőě àăğńőęěŋĺě ČŃ (6.140) ć ćĺďě:

F (´_Q; T ) − F (0; T ) = a(T )|´_Q|^2 + c(T )(Q − 2p_F )^2|´_Q|^2 + b(T )|´_Q|^4 (6.175)

čďě łőíääĺæĺěŋâë a(T ), c(T ) ĺňěîâ ćĺď:

a(T ) = N (E_F ) T − T_{p0} T_{p0} , T_{p0} = 2γ π E_F e^{− 1λ} (6.176)

c(T ) = N (E_F )ξ^2_0 (T ), ξ^2_0 (T ) =

7ζ(3)v^2_F 16π^2T^2

(6.177)

ă ďńï łőíääĺæĺěŋâă b(T ) ŋăŕĺèěň áńěďãîéãî ĺŋâěàŕőńïæĺőŋŋãî äőàňãńã (P.A.Lee, T.M.Rice, P.W.Anderson, 1973):

b(T ) = { b_0 + (b_1 − b_0) T T_{p0} } N (E_F )

T^2_{p0}

, b_0 = γ^2 2π^2

, b_1 =

7ζ(3) 16π^2

(6.178)

Šőčďă àăğńőęěŋĺě ČŃ (6.175), äőàňăńìŋő ŕőńãçěŋŋőě ćëèě ďńï őąńăáâĺ T ∼ T_{p0}, ňőęŋő ŕàĺňěŋĺâì ďńï łăçěáâćěŋŋőčő ăŋăńĺğă ŕàĺ ńîąëå âěňŕěàăâãàăå. Ć çăáâŋőáâĺ, ďńï T → 0 ŕőńãçăěň:

F (´ ∼ ´_0) ≈ − 1 2 N (E_F )´^2_0 + 2N (E_F )(|´| − ´_0)^2 + · · · (6.179)

čďě ´_0 =^π_γ T_{p0} = 2E_F e^{− 1}λ | éěńì ŕàĺ T = 0, ŕőńãçěŋŋăï ć ŕàĺąńĺęěŋĺĺ áăňőáőčńăáőćăŋŋőčő ŕőńï. Ďńï âěňŕěàăâãàŋőľ ğăćĺáĺňőáâĺ ŕăàăňěâàă ŕőàïďłă, áâăŋďăàâŋëň őąàăğőň [11] ŕőńãçăěň:

´(T ) =

0 ŕàĺ T > T_{p0} ( −^a_{2b} )_{1/2} = (_{N(EF )} 2b )_{1/2} (_{Tp0−T} T_p0 )_{1/2} ŕàĺ T ≤ T_{p0} ´_0 =^π_γ T_{p0} ŕàĺ T ≪ T_{p0}

(6.180)

Šăłĺň őąàăğőň, àăğńőęěŋĺě (6.175) { (6.178) łăçěáâćěŋŋő ćőáŕàőĺğćőďĺâ àěğãńìâăâë ŕàĺąńĺęěŋĺï áăňőáőčńăáőćăŋŋőčő ŕőńï (ňĺłàőáłőŕĺçěáłőľ âěőàĺĺ) ćő ćáěň ĺŋâěàćăńě âěňŕěàăâãà. Ŋő íâő ŕàĺąńĺęěŋĺě, łăł ĺğćěáâŋő, ŋě ãçĺâëćăěâ äńãłâãăæĺľ, łőâőàëě ĺčàăîâ àěèăîéãî àőńì ć àăğàãèěŋĺĺ ďăńìŋěčő ŕőàïďłă ć őďŋőňěàŋëå áĺáâěňăå.

Ć ŕàĺŋæĺŕě, ć áĺáâěňě ňőčãâ ćőğŋĺłăâì ňŋőęěáâćő ŕàőĺğćőńìŋëå äńãłâãăæĺľ ŕăàăňěâàă {´_Q}. Ćěàőïâŋőáâì łőŋłàěâŋőľ äńãłâãăæĺĺ ´_Q őŕàěďěńïěâáï łăł [11]:

P(´_Q) ∼ exp { − 1 T [F (´_Q, T ) − F (0, T )] } (6.181)

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 259

Šőčďă áâăâáãňňă áĺáâěňë äńãłâãăæĺľ őŕĺáëćăěâáï äãŋłæĺőŋăńìŋëň ĺŋâěčàăńőň [20] ćĺďă: Z = ∫ {δ´_Q} exp { − 1 T [F (´_Q, T ) − F (0, T )] } (6.182)

Śőőâćěâáâćěŋŋő, ŕőńŋăï áćőąőďŋăï íŋěàčĺï áĺáâěňë ěáâì F = −T ln Z.

Ďńï őďŋőňěàŋőľ ňőďěńĺ ČŃ âĺŕă (6.175) ňőęŋő ŕàőćěáâĺ ŕàăłâĺçěáłĺ âőçŋőě àăááňőâàěŋĺě (D.J.Scalapino, M.Sears, R.A.Ferrell, 1972). Ňë íâĺň ğăŋĺňăâìáï ŋě ąãďěň, ă ŕàĺćěďěň âőńìłő ŋăĺąőńěě ĺŋâěàěáŋëě ďńï ŋăá łăçěáâćěŋŋëě àěğãńìâăâë. Őâáãâáâćĺě ďăńìŋěčő ŕőàïďłă őğŋăçăěâ àăćěŋáâćő ŋãńî âěàňőďĺŋăňĺçěáłőčő áàěďŋěčő:

< ´_Q >= 1 Z ∫ {δ´_Q}´_Q exp { − 1 T [F (´_Q, T ) − F (0, T )] } = 0 (6.183)

Ć âőęě ćàěňï áàěďŋěłćăďàăâĺçŋăï äńãłâãăæĺï ŕăàăňěâàă ŕőàïďłă, őçěćĺďŋő, ŋãńî ŋě àăćŋă: < |´_Q|^2 >≠ 0. Śőőâćěâáâćěŋŋő, łőààěńïæĺőŋŋăï äãŋłæĺï äńãłâãăæĺľ ŕăàăňěâàă ŕőàïďłă, ć àăááňăâàĺćăěňőľ ňőďěńĺ, àăćŋă:

< ´(x)´(x^′) >= 2 < |´|^2 > exp { − |x − x^′| ξ(T ) } cos 2p_F (x − x^′) (6.184)

Ŕőćěďěŋĺě ŕăàăňěâàőć, őŕàěďěńïîéĺå (6.184), ŕőłăğăŋő^{12} ŋă Řĺá. 6-17, 6-18, čďě t =^T_{Tp0} , ă ćěńĺçĺŋă ´t őŕàěďěńïěâ èĺàĺŋã \čĺŋğąãàčőćáłőľ" łàĺâĺçěáłőľ őąńăáâĺ [11], łőâőàăï ć ďăŋŋőľ ňőďěńĺ àăćŋă:

´t = ´T T_{p0} = 2 ( bT_{p0} a^{′2}ξ_0 )_{2/3} ∼ 2 ( N (E_F )

T^2_{p0} T_{p0} v_F 1 N (E_F ) )_{2/3} ∼ ( 1 N (E_F )v_F )_{2/3} ∼ 1 (6.185) čďě a^′ őŕàěďěńěŋő áőőâŋőèěŋĺěň a(T ) = a^′(t − 1), ă ć ŕőáńěďŋěľ őæěŋłě ãçâěŋő, çâő N (E_F ) =^1_{πvF} . Łáâăâĺ, âő őąáâőïâěńìáâćő, çâő èĺàĺŋă čĺŋğąãàčőćáłőľ őąńăáâĺ ŕőàïďłă ěďĺŋĺæë ĺ áőőâćěâáâćãěâ, äăłâĺçěáłĺ, őâáãâáâćĺî ć áĺáâěňě äăğőćőčő ŕěàěåőďă (ďăńìŋěčő ŕőàïďłă).

Őáŋőćŋëě łăçěáâćěŋŋëě ćëćőďë ĺğ łăàâĺŋë, ŕàěďáâăćńěŋŋőľ ŋă Řĺá. 6-17, 6-18 áńěďãîéĺě. Čàãąő ňőęŋő őæěŋĺâì, çâő < |´|^2 >∼ ´(T ) ∼ T_{p0} ć ćěáìňă èĺàőłőľ őąńăáâĺ âěňŕěàăâãà. Łőààěńïæĺőŋŋăï ďńĺŋă ξ(T ) ∼ ξ_0 √_{Tp0} T −T_p0 ŕàĺ T ≫ Tp0, ŋő

ξ(T ) → ∞ âőńìłő ŕàĺ T → 0. Ć âőęě ćàěňï, ŕàĺ âěňŕěàăâãàăå T < T_{p0}, łőààěńïæĺőŋŋăï ďńĺŋă áâăŋőćĺâáï ćěáìňă ąőńìèőľ | ć áĺáâěňě ćőğŋĺłăîâ ąőńìèĺě őąńăáâĺ ąńĺęŋěčő ŕőàïďłă, ć łőâőàëå ňőęŋő čőćőàĺâì ő áãéěáâćőćăŋĺĺ (äńãłâãăæĺőŋŋőľ) ŕăľěàńáőćáłőľ CDW á ćőńŋőćëň ćěłâőàőň Q ∼ 2p_F .

Řěăńìŋëě áĺáâěňë, ć łőâőàëå ŋăąńîďăîâ ŕăľěàńáőćáłĺľ ŕěàěåőď, ŕàăłâĺçěáłĺ ćáěčďă ïćńïîâáï łćăğĺőďŋőňěàŋëňĺ, ĺ őďŋőňěàŋëě æěŕőçłĺ ăâőňőć ć ŋĺå áćïğăŋë ďőáâăâőçŋő áńăąëňĺ ňěęæěŕőçěçŋëňĺ ćğăĺňőďěľáâćĺïňĺ, łőâőàëě ŕàĺćőďïâ ł áâăąĺńĺğăæĺĺ ŕăľěàńáőćáłőčő ďăńìŋěčő ŕőàïďłă ŕàĺ ŋěłőâőàőľ łőŋěçŋőľ âěňŕěàăâãàě ĺ ł ćŕőńŋě àěăńìŋőňã äăğőćőňã ŕěàěåőďã. Ňěęæěŕőçěçŋőě ćğăĺňőďěľáâćĺě ňőęěâ ąëâì őąãáńőćńěŋő âãŋŋěńĺàőćăŋĺěň íńěłâàőŋőć á æěŕőçłĺ ŋă æěŕőçłã, â.ě. âěň őąáâőïâěńìáâćőň, çâő íńěłâàőŋŋëľ áŕěłâà ćáě ęě âàěåňěàěŋ (åőâï ĺ áĺńìŋő ăŋĺğőâàőŕěŋ). Ňőęěâ ĺčàăâì àőńì ĺ \ŕàïňőě" ćğăĺňőďěľáâćĺě ŕăàăňěâàőć ŕőàïďłă ŋă

12Ŕăľěàńáőćáłőňã ŕěàěåőďã á CDW á ŕěàĺőďőň ŋěáőĺğňěàĺňëň á ŕěàĺőďőň ĺáåőďŋőľ æěŕőçłĺ áőőâćěâáâćãěâ łőňŕńěłáŋëľ ŕăàăňěâà ŕőàïďłă, áőĺğňěàĺňőňã áńãçăî { ďěľáâćĺâěńìŋëľ.

260 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

Řĺá. 6-17 Šěňŕěàăâãàŋőě ŕőćěďěŋĺě áàěďŋěłćăďàăâĺçŋőľ äńãłâãăæĺĺ ŕăàăňěâàă ŕőàïďłă ć őďŋőňěàŋőľ ňőďěńĺ ČŃ. Ŕőłăğăŋë áńãçăĺ ďěľáâćĺâěńìŋőčő ĺ łőňŕńěłáŋőčő ŕăàăňěâàőć ŕőàïďłă. Ŕãŋłâĺà | àěğãńìâăâ ŕàĺąńĺęěŋĺï áăňőáőčńăáőćăŋŋőčő ŕőńï ďńï łćăďàăâă ŕăàăňěâàă ŕőàïďłă.

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 261

Řĺá. 6-18 Šěňŕěàăâãàŋőě ŕőćěďěŋĺě őąàăâŋőľ łőààěńïæĺőŋŋőľ ďńĺŋë ć őďŋőňěàŋőľ ňőďěńĺ ČŃ. Ŕőłăğăŋë áńãçăĺ ďěľáâćĺâěńìŋőčő ĺ łőňŕńěłáŋőčő ŕăàăňěâàőć ŕőàïďłă. Ŕãŋłâĺà | àěğãńìâăâ ŕàĺąńĺęěŋĺï áăňőáőčńăáőćăŋŋőčő ŕőńï ďńï łćăďàăâă ŕăàăňěâàă ŕőàïďłă.

262 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

Řĺá. 6-19 Şŕőàïďőçěŋĺě CDW ŋă áőáěďŋĺå æěŕőçłăå ć ŕàőâĺćőäăğě, őąãáńőćńěŋŋőě ĺå íńěłâàőáâăâĺçěáłĺň ćğăĺňőďěľáâćĺěň.

áőáěďŋĺå æěŕőçłăå. Ŋăŕàĺňěà ãçâěň, çâő ŕăľěàńáőćáłăï CDW áőğďăěâ àěăńìŋãî ňőďãńïæĺî ŕńőâŋőáâĺ íńěłâàĺçěáłőčő ğăàïďă ćďőńì æěŕőçłĺ: ρ(x) = ne ´ λE_F cos(Qx + ϕ) (6.186)

łőâőàăï, ć áćőî őçěàěďì, áőğďăěâ ćőłàãč æěŕőçłĺ íńěłâàőáâăâĺçěáłĺľ ŕőâěŋæĺăń ćĺďă: φ(r_⊥, x) = 2ne ´ λE_F cos(Qx + ϕ)K_0(Qr_⊥) (6.187)

čďě K_0(r) { äãŋłæĺï Ąěááěńï őâ ňŋĺňőčő ăàčãňěŋâă (ć ăáĺňŕâőâĺłě áŕăďăîéăï ŕő íłáŕőŋěŋâě). Šăłĺň őąàăğőň, ćőğŋĺłăěâ íŋěàčĺï íńěłâàőáâăâĺçěáłőčő ćğăĺňőďěľáâćĺï CDW (ŋă ěďĺŋĺæã ďńĺŋë æěŕőçłĺ) áńěďãîéěčő ćĺďă:

U = U_0 ∑ n ∑ <m> cos(ϕ_n − ϕ_m) (6.188)

čďě ćâőàăï áãňňă ąěàěâáï ŕő ŋőňěàăň æěŕőçěł { ąńĺęăľèĺå áőáěďěľ æěŕőçłĺ n. Ćĺďĺň, çâő CDW áőáěďŋĺå æěŕőçěł íŋěàčěâĺçěáłĺ ćëčőďŋő ćëáâàőĺâìáï ć ŕàőâĺćőäăğě, łăł íâő ŕőłăğăŋő ŋă Řĺá. 6-19. Ć àěğãńìâăâě ćőğŋĺłăěâ âàěåňěàŋőě ãŕőàïďőçěŋĺě ĺ ć áĺáâěňě ŕàőĺáåőďĺâ àěăńìŋëľ äăğőćëľ ŕěàěåőď. Łăçěáâćěŋŋő, âěňŕěàăâãàă âăłőčő ŕěàěåőďă őŕàěďěńïěâáï őçěćĺďŋëň ãáńőćĺěň U_0ξ(T ) ∼ T , çâő ďăěâ ãàăćŋěŋĺě ďńï őŕàěďěńěŋĺï áőőâćěâáâćãîéěľ łàĺâĺçěáłőľ âěňŕěàăâãàë âĺŕă: 1 ∼ 1 T_c U_0ξ(T_c) (6.189)

Ś ŕőŋĺęěŋĺěň T ćěńĺçĺŋă ξ(T ), łăł ňë ćĺďěńĺ ć őďŋőňěàŋőľ ňőďěńĺ, àăáâěâ (ξ(T ) → ∞ ŕàĺ T → 0), âăł çâő àěèěŋĺě (6.189) áãéěáâćãěâ ďăęě ďńï áłőńì ãčőďŋő ňăńëå U_0. Ŋã ă ć àěăńìŋőáâĺ ćáě ğăćĺáĺâ őâ łőŋłàěâŋëå ğŋăçěŋĺľ ŕăàăňěâàőć. Ćŕőńŋě ňőęěâ ąëâì T_c ∼ T_{p0}, ă ňőęěâ ąëâì ĺ T_c ≪ T_{p0}. Ŕőíâőňã, ć

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 263

łćăğĺőďŋőňěàŋëå áĺáâěňăå ňőęěâ áãéěáâćőćăâì ďőáâăâőçŋő èĺàőłăï őąńăáâì âěňŕěàăâãà T_c ≪ T ≪ T_{p0}, ć łőâőàőľ ďăńìŋĺľ ŕőàïďőł őâáãâáâćãěâ, ŋő áãéěáâćãîâ àăğćĺâëě äńãłâãăæĺĺ ąńĺęŋěčő ŕőàïďłă, åăàăłâěàĺğãěňëě łőààěńïæĺőŋŋőľ äãŋłæĺěľ (6.184). Ŕàĺ ďőáâăâőçŋő ćëáőłĺå âěňŕěàăâãàăå T ∼ T_{p0} íâĺ äńãłâãăæĺĺ ňőęŋő àăááňăâàĺćăâì łăł čăãááőćë, ŕàĺ T ≪ T_{p0} íâő ğăćěďőňő ŋě âăł. Łőààěńïæĺőŋŋăï ďńĺŋă äńãłâãăæĺľ ąńĺęŋěčő ŕőàïďłă ξ(T ) ňőęěâ áãéěáâćěŋŋő ŕàěćëèăâì ňěęăâőňŋőě àăááâőïŋĺě.

Řăááňőâàĺň ćőŕàőá ő ćőğŋĺłŋőćěŋĺĺ âàěåňěàŋőčő ãŕőàïďőçěŋĺï ć áĺáâěňě áńăąő ćğăĺňőďěľáâćãîéĺå ŕăàăňěâàőć ŕőàïďłă áőáěďŋĺå æěŕőçěł ŋěáłőńìłő ŕőďàőąŋěě. Ďńï áĺáâěňë ćğăĺňőďěľáâćãîéĺå ŕăàăňěâàőć ŕőàïďłă ŋă æěŕőçłăå (ŋãňěàãěňëå ĺŋďěłáăňĺ i, j), ĺğ çĺáâő äěŋőňěŋőńőčĺçěáłĺå áőőąàăęěŋĺľ, ňőęŋő ŋăŕĺáăâì àăğńőęěŋĺě ČŃ áńěďãîéěčő ćĺďă: F {´_i} = ∫ dx ξ_0 { ∑ i [ a|´_i(x)|^2 + b|´_i(x)|^4 + c | | | d´_i dx | | |^2 ] + 1 2 ∑ <ij> λ_{ij}´_i(x)´_j(x) } (6.190)

čďě ŕőďàăğãňěćăěâáï ãçěâ ćğăĺňőďěľáâćĺï âőńìłő ąńĺęăľèĺå áőáěďěľ.

Ğăŕĺèěň áàěďŋěě ğŋăçěŋĺě ŕăàăňěâàă ŕőàïďłă ć ćĺďě:

< ´_i >= Z^{−1} ∫ {δ´}´_i(x) exp { − 1 T ∫ dx^′ ξ_0 [ ∑ i F_i(´_i(x^′)) + 1 2 ∑ ij λ_{ij}´_i(x^′)´_j (x^′) ]} →

→ Z^{−1} ∫ {δ´}´_i(x) exp { − 1 T ∫ dx^′ ξ_0 [ ∑ i F_i(´_i(x^′)) + ∑ ij λ_{ij}´_i(x^′) < ´_j > ]}

(6.191) čďě ćő ćâőàőľ áâàőłě áďěńăŋő ŕàĺąńĺęěŋĺě \ňőńěłãńïàŋőčő" (áăňőáőčńăáőćăŋŋőčő) ŕőńï ŕő ňěęæěŕőçěçŋőňã ćğăĺňőďěľáâćĺî. Ŕàĺ T → Tc ĺňěěň < ´_i >→ 0, âőčďă ňőęŋő ŋăŕĺáăâì: < ´_i >≈ Z^{−1} ∫ {δ´}´_i(x) exp { − 1 T ∫ dx^′ ξ_0 ∑ i F_i } { 1 + 1 T ∫ dx^′ ξ_0 ∑ ij ´_i(x^′) < ´_j > } =

= 1 T ∫ dx^′ ξ_0 ∑ j λ_{ij} < ´_i(x)´_i(x^′) >< ´_j >

(6.192) âăł çâő łàĺâĺçěáłăï âěňŕěàăâãàă Tc őŕàěďěńïěâáï ãàăćŋěŋĺěň:

1 = λ T ∫ dx^′ ξ_0

< ´_i(x)´_i(x^′) >, λ = ∑ <j> λ_{ij} (6.193)

ĺńĺ, ĺáŕőńìğãï < ´_i(x)´_i(x^′) >=< ´^2 > exp { −|x − x^′|ξ^{−1}(T ) } (6.194) ŕőńãçăěň ŕàïňőľ ăŋăńőč (6.189):

1 = λ T < ´^2 > ξ(T ) ξ_0

(6.195) á âěňĺ ęě ćëćőďăňĺ, çâő ĺ ćëèě.

İńěłâàőŋ ć áńãçăľŋőň ŕőńě äńãłâãăæĺľ.

Řăááňőâàĺň íńěłâàőŋ, àăáŕàőáâàăŋïîéĺľáï ć áńãçăľŋőň ŕőńě äńãłâãăæĺľ ´(x), łőâőàëě ąãďěň áçĺâăâì čăãááőćëňĺ. Šőčďă ğăďăçã ňőęŋő àěèăâì, ŕőńìğãïáì őąëçŋőľ \ŕàĺňěáŋőľ" ďĺăčàăňňŋőľ âěåŋĺłőľ, ŕàĺçěň ńĺŋĺĺ ćğăĺňőďěľáâćĺï (àăááěïŋĺï) áőŕőáâăćńïěâáï łőààěńïâőà (6.184). Ć ĺňŕãńìáŋőň ŕàěďáâăćńěŋĺĺ ńĺŋĺĺ ćğăĺňőďěľáâćĺï áńěďãěâ áőŕőáâăćĺâì äãàìě { őąàăğ (6.184):

S(Q) = 2´^2 { κ (Q − 2p_F )^2 + κ^2 + κ (Q + 2p_F )^2 + κ^2 } (6.196)

264 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

Řĺá. 6-20 Ŕàőáâěľèĺľ čàăäĺł ďńï áőąáâćěŋŋő { íŋěàčěâĺçěáłőľ çăáâĺ íńěłâàőŋă. Ćőńŋĺáâăï ńĺŋĺï ĺğőąàăęăěâ łőààěńïâőà S(Q).

čďě κ = ξ^{−1}(T ), ă < |´|^2 > ďńï łàăâłőáâĺ őąőğŋăçěŋő łăł ´^2. Ć ďăńìŋěľèěň ňë àăááňőâàĺň çàěğćëçăľŋő ãŕàőéěŋŋëľ, ŋő ćěáìňă ŕőãçĺâěńìŋëľ, ćăàĺăŋâ âăłőľ ňőďěńĺ, áőőâćěâáâćãîéĺľ ŕàěďěńã ξ → ∞ (κ → 0), â.ě. ć ăáĺňŕâőâĺłě őçěŋì ąőńìèĺå łőààěńïæĺőŋŋëå ďńĺŋ äńãłâãăæĺľ ąńĺęŋěčő ŕőàïďłă^{13}. Őłăğëćăěâáï, çâő âăłăï ğăďăçă ďőŕãáłăěâ âőçŋőě àěèěŋĺě, ňë ňőęěň ŕàőáãňňĺàőćăâì ćáě äěľŋňăŋőćáłĺě čàăäĺłĺ âěőàĺĺ ćőğňãéěŋĺľ c \ćğăĺňőďěľáâćĺěň" ćĺďă (6.196), łőâőàőě ŕěàěåőďĺâ ć àăááňăâàĺćăěňőň ŕàěďěńě ć^{14}:

S(Q) = 2π´^2{δ(Q − 2p_F ) + δ(Q + 2p_F )} (6.197)

Řăááňőâàĺň ŕàőáâěľèĺľ ćłńăď ć áőąáâćěŋŋő { íŋěàčěâĺçěáłãî çăáâì íńěłâàőŋă, ĺğőąàăęăěňëľ ďĺăčàăňňőľ Řĺá. 6-20, łőâőàëľ ŕĺèěň ć ňăæãąăàőćáłőľ âěåŋĺłě:

˚(ε_np) = ∫ dQ 2π S(Q) 1 iε_n − ξ_{p−Q} ≈ 2´^2 ∫_∞ −∞ dx 2π κ x^2 + κ^2 1 iε_n + ξ_p − v_F x = = 2´^2 ∫_∞ −∞ dx 2π κ (x − iκ)(x + iκ) 1 iε_n + ξ_p − v_F x = = ´^2 iε_n + ξ_p + iv_F κ

(6.198)

čďě, ďńï őŕàěďěńěŋŋőáâĺ, ŕőńăčăńĺ p ∼ +p_F , ε_n > 0 ĺ ĺ őŕàěďěńĺńĺ ŋőćãî ŕěàěňěŋŋãî ĺŋâěčàĺàőćăŋĺï x á ŕőňőéìî Q = 2p_F + x (ŕőńěğŋő ěéě àăğ ćğčńïŋãâì ŋă Řĺá. 6-3!).

13Ćő ĺğąěęăŋĺě ŋěďőàăğãňěŋĺľ, áàăğã ğăňěâĺň, çâő ć ďăŋŋőň áńãçăě, ŕěàěåőď ł âăłőňã ŕàěďěńã ŋě őğŋăçăěâ ćőğŋĺłŋőćěŋĺï ďăńìŋěčő ŕőàïďłă! İńěłâàőŋ ďćĺęěâáï ć čăãááőćőň áńãçăľŋőň ŕőńě áő áŕěæĺäĺçěáłĺň ŕăàŋëň łőààěńïâőàőň, ă ŋě ć ŕěàĺőďĺçěáłőľ áĺáâěňě. Ć ďěâăńïå íâő ąãďěâ ćĺďŋő ĺğ ŕőáńěďãîéěčő àăááňőâàěŋĺï.

14Őâňěâĺň őçěćĺďŋãî ăŋăńőčĺî íâőľ ňőďěńĺ á àăááňőâàěŋŋőľ ćëèě ňőďěńìî Łěńďëèă.

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 265

Ĺŋâěàěáãîéĺľ ŋăá ŕàěďěń ξ(T ) → ∞ (κ → 0) áńěďãěâ ŕőŋĺňăâì ć áňëáńě: v_F κ = v_F ξ^{−1} ≪ M ax{2πT, ξ_p} (6.199) ĺńĺ v_F κ = v_F ξ^{−1} ≪ 2πT, ξ(T ) ≫ |p − p_F |^{−1} (6.200)

Šőčďă (6.198) ŕěàěåőďĺâ ć: ˚(ε_np) ≈ ´^2 iε_n + ξ_p (6.201)

Šěŕěàì ďńï \ćğăĺňőďěľáâćĺï" (6.197) ŋěâ ŕàőąńěň ćëŕĺáăâì ćłńăď čàăäĺłă ńîąőčő ŕőàïďłă ďńï äãŋłæĺĺ Čàĺŋă, âĺŕă ŕőłăğăŋŋőčő ŋă Řĺá. 6-21. Ć âăłőň čàăäĺłě n { čő ŕőàïďłă ŕő S(Q) ĺňěěâáï ćáěčő 2n ćěàèĺŋ, áőěďĺŋěŋŋëå ňěęďã áőąőľ ńĺŋĺïňĺ ćğăĺňőďěľáâćĺï ćáěňĺ ćőğňőęŋëňĺ áŕőáőąăňĺ. Ŕàĺ íâőň íâĺ ńĺŋĺĺ ŕőőçěàěďŋő \ãŋőáïâ" ĺ \ŕàĺŋőáïâ" ĺňŕãńìáë Q = 2p_F^{15}. Ć àěğãńìâăâě, ć áőőâćěâáâćãîéěň ăŋăńĺâĺçěáłőň ćëàăęěŋĺĺ ďńï âăłőčő čàăäĺłă ćőğŋĺłăěâ ŕőáńěďőćăâěńìŋőáâì çěàěďãîéĺåáï äãŋłæĺľ Čàĺŋă ćĺďă^1_{iεn−ξp} (n èâãł) ĺ^1_{iεn+ξp} (âőęě n èâãł), ŕńîá ěéě őďŋă (ŋăçăńìŋăï)^1_{iεn−ξp}^{16}. Łàőňě âőčő, ěáâì ěéě ňŋőęĺâěńì ´^{2n}. Ć ĺâőčě, ćłńăďë ćáěå čàăäĺłőć ć ďăŋŋőň ŕőàïďłě ŕàőáâő áőćŕăďăîâ, ă ĺå áãňňăàŋëľ ćłńăď őŕàěďěńïěâáï ĺå ŕőńŋëň çĺáńőň, łőâőàőě ńěčłő ŕőďáçĺâăâì ĺğ łőňąĺŋăâőàŋëå áőőąàăęěŋĺľ { őŋő àăćŋő n!. Ć áăňőň ďěńě, ĺňěěâáï 2n âőçěł (ćěàèĺŋ), łãďă \ćåőďïâ" ĺńĺ \ćëåőďïâ" ńĺŋĺĺ ćğăĺňőďěľáâćĺï. Ĺğ ŋĺå n âőçěł ĺňěîâ \ćëåőďïéãî" ńĺŋĺî, łőâőàăï ńîąëň ĺğ n! áŕőáőąőć ňőęěâ \ćőľâĺ" ć őáâăćèĺěáï \áćőąőďŋëňĺ" n ćěàèĺŋ. Ĺáŕőńìğãěň âěŕěàì âőęďěáâćő^{17}:_∞ ∑ n=0 n!z^n = ∞∑ n=0 ∫_∞ 0 dζe^{−ζ} (ζz)^n = ∫_∞ 0 dζe^{−ζ} 1 1 − ζz (6.202)

Šőčďă ńěčłő áãňňĺàãěň ćěáì àïď ďńï äãŋłæĺĺ Čàĺŋă ĺ ŕőńãçăěň âőçŋőě àěèěŋĺě àăááňăâàĺćăěňőľ ğăďăçĺ (Ň.Ć.Śăďőćáłĺľ, 1974)^{18}: G(ε_lp) = ∞∑ n=0 ´^{2n}n!

(iε_l − ξ_p)^n(iε_l + ξ_p)^n(iε_l − ξ_p) ≡ ∞∑ n=0 n!z^n(ε_l, ξ_p)G_0(ε_lξ_p) = = ∫_∞ 0 dζe^{−ζ} iε_l + ξ_p (iε_l )^2 − ξ^2_p − ζ´^2

≡< G_{ζΔ}2 (ε_lξ_p) >, ε_l = (2l + 1)πT (6.203)

čďě ĺáŕőńìğőćăńĺ őąőğŋăçěŋĺě:

z(ε_l , ξ_p) = ´^2G_0(ε_l , ξ_p)G_0(ε_l, −ξ_p) (6.204)

15İâă ŕőőçěàěďŋőáâì ćăęŋă, çâőąë íńěłâàőŋ \ŋě ãåőďĺń" ďăńěłő őâ ãàőćŋï Ťěàňĺ (âőçěł ±p_F ) ŋă Řĺá. 6-3 ĺńĺ Řĺá. 6-7 (çâő ŕàĺćěńő { ąë ł ŕőïćńěŋĺî ąőńìèĺå íŋěàčĺľ ć ğŋăňěŋăâěńïå áőőâćěâáâćãîéĺå ćłńăďőć âěőàĺĺ ćőğňãéěŋĺľ). İâő ŋě âăł ďńï áńãçăï áőĺğňěàĺňëå äńãłâãăæĺľ, âĺŕă ãďćőěŋĺï ŕěàĺőďă, łőčďă àăąőâăěň áő áŕěłâàőň, ŕőłăğăŋŋëň ŋă Řĺá. 6-8 ĺ \ŕàĺåőď" ĺńĺ \ãåőď" ńîąőčő çĺáńă ĺňŕãńìáőć Q = (π/a, π/a) őáâăćńïěâ íńěłâàőŋ ćąńĺğĺ ãàőćŋï Ťěàňĺ. Śőőâćěâáâćěŋŋő, ďńï íâőčő çăáâŋőčő áńãçăï ćőğŋĺłăěâ ŋěáłőńìłő ĺŋăï łőňąĺŋăâőàĺłă ďĺăčàăňň, łőâőàãî ňë ŋě ąãďěň àăááňăâàĺćăâì ĺğ áőőąàăęěŋĺľ íłőŋőňĺĺ ćàěňěŋĺ ĺ ňěáâă.

16Řăğãňěěâáï âőçŋő âăłęě àěèăěâáï ğăďăçă ĺ á ŕàőĺğćőńìŋëň äĺłáĺàőćăŋŋëň ćěłâőàőň àăááěïŋĺï Q, łőčďă ŕàőáâő çěàěďãîâáï^1_{iεn−ξp} ĺ^1_{iεn−ξp−Q} . Ňë ąěàěň Q = 2p_F ďńï łőňŕăłâŋőáâĺ ğăŕĺáĺ ĺ ć áćïğĺ á äĺğĺłőľ ŕăľěàńáőćáłőčő ŕěàěåőďă.

17Łăł ãęě őâňěçăńőáì, ć ňăâěňăâĺłě íâő ŋăğëćăěâáï áãňňĺàőćăŋĺěň ŕő Ąőàěńî. 18Śńěďãěâ ŕőďçěàłŋãâì ŕàĺŋæĺŕĺăńìŋőě őâńĺçĺě ďăŋŋőľ ğăďăçĺ őâ ğăďăçĺ ő ďćĺęěŋĺĺ íńěłâàőŋă ć łőčěàěŋâŋőň ŕěàĺőďĺçěáłőň ŕőńě, łőâőàăï àăááňăâàĺćăńăáì ćëèě ć áćïğĺ á (6.57), (6.58).

266 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

Řĺá. 6-21 Čàăäĺł ŕàőĺğćőńìŋőčő ŕőàïďłă ďńï őďŋőíńěłâàőŋŋőľ äãŋłæĺĺ Čàĺŋă.

ĺ ã ŋăá ćőğŋĺłńă \ŋőàňăńìŋăï" äãŋłæĺï Čàĺŋă ŕăľěàńáőćáłőčő ďĺíńěłâàĺłă:

G_Δ2 (ε_lp) = iε_l + ξ_p (iε_l)^2 − ξ^2_p − ´^2

(6.205)

ŕőď ğŋăłőň \ãáàěďŋěŋĺï": < ... >_ζ = ∫_∞ 0 dζe^{−ζ} ... (6.206) Ŋěâàãďŋő áőőąàăğĺâì (äőàňăńìŋőě ďőłăğăâěńìáâćő ŕàĺćěďěŋő ć Ŕàĺńőęěŋĺĺ Ą), çâő (6.203) ŕàěďáâăćńïěâ áőąőľ äãŋłæĺî Čàĺŋă íńěłâàőŋă, ďćĺęãéěčőáï ćő ćŋěèŋěň ŕőńě ćĺďă 2W cos(2p_F x + ϕ), ăňŕńĺâãďă łőâőàőčő \äńãłâãĺàãěâ" á âăł ŋăğëćăěňëň àăáŕàěďěńěŋĺěň Říńěï^{19}: P(W ) = 2W ´^2 e^{− W 2}Δ^2 (6.207) ă äăğă ϕ àăáŕàěďěńěŋă őďŋőàőďŋő ŋă ĺŋâěàćăńě őâ 0 ďő 2π.

Ćëŕőńŋïï ăŋăńĺâĺçěáłőě ŕàőďőńęěŋĺě iε_l → ε ± iδ ĺğ (6.203) ŕőńãçăěň ďńï ε > 0: ImG^{R,A}(εξ_p) = ∓π(ε + ξ_p) ∫_∞ 0 dζe^{−ζ} δ(ε^2 − ξ^2_p − ζ´^2) = = ∓ π ´^2

(ε + ξ_p)θ(ε^2 − ξ^2_p )e^{− ε}

2_{−ξ}2_p

Δ2 (6.208) âăł çâő áŕěłâàăńìŋăï ŕńőâŋőáâì A(εξ_p) = − 1 π ImG^R(εξ_p) (6.209)

ĺňěěâ \ŋěäěàňĺęĺďłőáâŋëľ" ćĺď, ŕőłăğăŋŋëľ ŋă Řĺá. 6-22.

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 267

Řĺá. 6-22 Śŕěłâàăńìŋăï ŕńőâŋőáâì ć ňőďěńĺ ŕáěćďőéěńěćőčő áőáâőïŋĺï: (1)|ξ_p = 0; (2)|ξ_p = 0.1´; (3)|ξ_p = 0.5´.

Řĺá. 6-23 Ŕńőâŋőáâì áőáâőïŋĺľ á ŕáěćďőéěńìî.

268 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

Ŕàĺćěďěň ďńï ŕőńŋőâë âăłęě ĺ ăŋăńĺâĺçěáłĺě ćëàăęěŋĺï ďńï ReG^{R,A} (εξp):

ReG^{R,A}(εξp) = ε+ξ_p Δ2 e^− ε2_{−ξ}2_p Δ2 Ei (_{ε2−ξ2p} Δ2 ) ŕàĺ ε^2 − ξ^2_p ≥ 0 ε+ξ_p Δ2 e |ε2_{−ξ}2_{p |} Δ2 Ei ( −^{|ε2−ξ2p |}_{Δ2} ) ŕàĺ ε^2 − ξ^2_p < 0

(6.210)

čďě Ei(x) ĺ Ei(x) { ĺŋâěčàăńìŋëě ŕőłăğăâěńìŋëě äãŋłæĺĺ. Ŕőďçěàłŋěň, çâő ŕőńãçěŋŋăï ŋăňĺ äãŋłæĺï Čàĺŋă (6.203) ŋě őąńăďăěâ őáőąěŋŋőáâïňĺ ŕőńîáŋőčő âĺŕă ć őłàěáâŋőáâĺ ãàőćŋï Ťěàňĺ ĺ, ć íâőň áňëáńě, ŋě őŕĺáëćăěâ áŕěłâà \íńěňěŋâăàŋëå ćőğąãęďěŋĺľ" (łćăğĺçăáâĺæ), ďěňőŋáâàĺàãï, âăłĺň őąàăğőň, \ŋěäěàňĺęĺďłőáâŋőě" ŕőćěďěŋĺě.

Ŕńőâŋőáâì áőáâőïŋĺľ íńěłâàőŋőć ĺňěěâ ćĺď: N (ε) N_0(E_F ) = | | | ε ´ | | | ∫ ε^2_{Δ2} 0 dζ e^{−ζ} √_{ε2} Δ2 − ζ = 2 | | | ε ´ | | | exp ( − ε^2 ´^2 ) Erfi ( ε ´ ) =

= { 1 ŕàĺ |ε| → ∞ 2ε2 Δ2 ŕàĺ |ε| → 0

(6.211)

čďě N_0(E_F ) { ŕńőâŋőáâì áőáâőïŋĺľ áćőąőďŋëå íńěłâàőŋőć ŋă ãàőćŋě Ťěàňĺ, ă Erfi(x) = ∫_x 0 dxe^{x2} { ĺŋâěčàăń ćěàőïâŋőáâěľ őâ ňŋĺňőčő ăàčãňěŋâă. Ţăàăłâěàŋëľ ćĺď íâőľ ŕńőâŋőáâĺ áőáâőïŋĺľ ŕőłăğăŋ ŋă Řĺá. 6-23 ĺ ďěňőŋáâàĺàãěâ ŋăńĺçĺě àăğňëâőľ (\ňïčłőľ") ŕáěćďőéěńĺ ć őłàěáâŋőáâĺ ãàőćŋï Ťěàňĺ. Ŕő áãâĺ ďěńă, íâő ěáâì ŕńőâŋőáâì áőáâőïŋĺľ ŕăľěàńáőćáłőčő ďĺíńěłâàĺłă (6.77), ŕőłăğăŋŋăï ćëèě ŋă Řĺá. 6-9, ãáàěďŋěŋŋăï ŕő äńãłâãăæĺïň éěńĺ, őŕàěďěńïěňëň àăáŕàěďěńěŋĺěň (6.207)^{20}.

İńěłâàőňăčŋĺâŋëľ őâłńĺł.

Ğăňěçăâěńìŋőľ őáőąěŋŋőáâìî àăááňăâàĺćăěňőľ ňőďěńĺ ïćńïěâáï âăłęě ćőğňőęŋőáâì ŕőńãçĺâì âőçŋőě àěèěŋĺě (ŕàőáãňňĺàőćăâì ćáě ďĺăčàăňňë) ĺ ďńï äãŋłæĺĺ őâłńĺłă ŋă ćŋěèŋěě íńěłâàőňăčŋĺâŋőě ŕőńě (ŕőńïàĺğăæĺőŋŋőčő őŕěàăâőàă) (Ň.Ć.Śăďőćáłĺľ, 1974).

Ćëŕĺèěň áŋăçăńă ŋěłőâőàëě áőőâŋőèěŋĺï őąéěčő åăàăłâěàă ć âěåŋĺłě T = 0. Ŕőďćěàčŋěň áĺáâěňã ćőğďěľáâćĺî áńăąőčő ćŋěèŋěčő ćěłâőà { ŕőâěŋæĺăńă: δH_{int} = − e mc ∫ d^3rψ^+(r)p · δA(rt)ψ(r) (6.212)

čďě δA(rt) = δAq_ωe^iqr^{−iωt}. Śőőâćěâáâćãîéăï ćăàĺăæĺï őďŋőíńěłâàőŋŋőľ äãŋłæĺĺ Čàĺŋă ğăŕĺáëćăěâáï ć ćĺďě [1]: δG(εp) = −G(εp) e mc (p · δAqω)G(ε + ωp + q) +

+iG(εp)G(ε + ωp + q) ∫ d^3p^′ (2π)^3 ∫ dε^′ 2π `(εp, ε^′p^′; qω)G(ε^′p^′)^e_{mc} (p^′ · δAqω )G(ε^′ + ωp^′ + q)

(6.213)

19İâő àăáŕàěďěńěŋĺě èĺàőłő ĺáŕőńìğãěâáï ć áâăâĺáâĺçěáłőľ àăďĺőäĺğĺłě: Ś.Ň.Řëâőć. Ććěďěŋĺě ć áâăâĺáâĺçěáłãî àăďĺőäĺğĺłã. Ůăáâì I. \Ŋăãłă", Ň, 1976.

20Őâňěâĺň, çâő ňőęŋő ŕàőćěáâĺ őąőąéěŋĺě ŋăèěčő àăááňőâàěŋĺï ĺ ŋă čőàăğďő ąőńěě áńőęŋëľ áńãçăľ łőŋěçŋëå łőààěńïæĺőŋŋëå ďńĺŋ ξ(T ) (ĺńĺ κ), łőâőàőě ďěňőŋáâàĺàãěâ ŕőáâěŕěŋŋőě \ğăňëćăŋĺě" ŕáěćďőéěńĺ, ŕőłăğăŋŋőľ ŋă Řĺá. 6-23, ŕő ňěàě ãňěŋìèěŋĺï łőààěńïæĺőŋŋőľ ďńĺŋë ąńĺęŋěčő ŕőàïďłă ξ(T ). Ŕàĺ íâőň ŕńőâŋőáâì áőáâőïŋĺľ ć æěŋâàě ŕáěćďőéěńĺ áâăŋőćĺâáï łőŋěçŋőľ. Őąğőà áőőâćěâáâćãîéĺå àăąőâ ňőęŋő ŕőáňőâàěâì ć áâăâìě: Ň.Ć.Śăďőćáłĺľ. ŞŤŊ 171, 539 (2001)

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 269 ĺńĺ δG(εp) = G(εp)J(εp; ε + ωp + q)G(ε + ωp + q)δAq_ω (6.214) çâő ŕőłăğăŋő čàăäĺçěáłĺ ŋă Řĺá. 6-24. Őâáîďă, łáâăâĺ, ïáŋő çâő ďńï áćőąőďŋőľ äãŋłæĺĺ Čàĺŋă:

δG_0(εp) = −G_0(εp) e mc pG0(ε+ωp + q)δAqω ≡ G0(εp)J0(p; p + q)G0(ε+ωp + q)δAqω

(6.215) čďě J0(p; p + q) = −^e_{mc} p (6.216)

{ áćőąőďŋăï \âőłőćăï" ćěàèĺŋă. Ŕőńŋăï ćěàèĺŋă őŕàěďěńïěâáï ĺğ (6.214) łăł:

J(p; p + q) = −^{δG−1}(^εp)_δA qω (6.217)

Śőćěàèěŋŋő ăŋăńőčĺçŋëě äőàňãńë ćőğŋĺłăîâ ĺ ŕàĺ őŕĺáăŋĺĺ àěăłæĺĺ áĺáâěňë ŋă áłăńïàŋëľ ŕőâěŋæĺăń: δH_{int} = e ∫ d^3rψ^+(r)δφ(rt)ψ(r) (6.218)

čďě δφ(rt) = δφq_ωe^iqr^{−iωt}. Ć çăáâŋőáâĺ, ăŋăńőčĺçŋő (6.213) ĺňěěň:

δG(εp) = G(εp)eδφq_ωG(ε + ωp + q) + −iG(εp)G(ε + ωp + q) ∫ d^3p^′ (2π)^3 ∫ dε^′ 2π `(εp, ε^′p^′; qω)G(ε^′p^′)eδφqω G(ε^′ + ωp^′ + q)

(6.219) ĺńĺ δG(εp) = G(εp)J_0(εp; ε + ωp + q)G(ε + ωp + q)δφq_ω (6.220) čďě ććěďěŋă, ŕő őŕàěďěńěŋĺî, \áłăńïàŋăï" ćěàèĺŋă J_0(p; p + q):

J^0(p; p + q) = − δG^{−1}(εp) δφqω (6.221)

Čàăäĺçěáłĺ (6.220) ĺğőąàăęăěâáï őŕïâì Řĺá. 6-24. Ăŋăńőčĺçŋő (6.215):

δG_0(εp) = G_0(εp)G_0(ε + ωp + q)eδφq_ω ≡ G_0(εp)J^0_0 (p; p + q)G_0(ε + ωp + q)δφq_ω (6.222) čďě J^0_0 (p; p + q) = e { \áćőąőďŋăï" ćěàèĺŋă.

Ćőőąéě ãďőąŋő ććěáâĺ őąéěě őŕàěďěńěŋĺě ćěàèĺŋë:

J^μ(p; p + q) = − δG^{−1}(εp) δA_μ(qω) (6.223)

čďě A_μ(qω) = {φq_ω, Aq_ω}, âăł çâő \áćőąőďŋăï" ćěàèĺŋă àăćŋă:

J^μ_0 (p; p + q) = { −^e_{mc} p μ = 1, 2, 3 e μ = 0 (6.224)

270 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

Řĺá. 6-24 Ĺğňěŋěŋĺě äãŋłæĺĺ Čàĺŋă ćő ćŋěèŋěň íńěłâàőňăčŋĺâŋőň ŕőńě.

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 271

Řĺá. 6-25 Čàăäĺł ŕàőĺğćőńìŋőčő ŕőàïďłă ďńï ćěàèĺŋŋőľ çăáâĺ ćğăĺňőďěľáâćĺï á ćŋěèŋĺň íńěłâàőňăčŋĺâŋëň ŕőńěň. ĺńĺ δG_0(εp) δA_μ(qω) = G_0(εp)J^μ_0 (p; p + q)G_0(ε + ωp + q) (6.225)

âőčďă łăł ďńï \ŕőńŋőľ" äãŋłæĺĺ Čàĺŋă: δG(εp) δA_μ(qω) = G(εp)J^μ(p; p + q)G(ε + ωp + q) (6.226)

Šěŕěàì ŕőàă ŕěàěľâĺ ł ďěńã! Ĺğ ŕàěďëďãéěčő őąáãęďěŋĺï ïáŋő, çâő ŕàőĺğćőńìŋăï ďĺăčàăňňă, őŕĺáëćăîéăï őâłńĺł ŋă ćŋěèŋěě ŕőńě, ňőęěâ ąëâì ŕőńãçěŋă ĺğ ŕàőĺğćőńìŋőľ ďĺăčàăňňë ďńï äãŋłæĺĺ Čàĺŋă (âĺŕă Řĺá. 6-21) \ćáâăćłőľ" ć ńîąãî ĺğ íńěłâàőŋŋëå ńĺŋĺľ ńĺŋĺĺ ćŋěèŋěčő ŕőńï, łăł íâő ŕőłăğăŋő ŋă Řĺá. 6-25 (ŕàĺçěň ŋãęŋő ŕěàěąàăâì ćáě ćőğňőęŋëě \ćáâăćłĺ"). Ŕàőćőďï âăłĺň őąàăğőň \ďĺääěàěŋæĺàőćăŋĺě" àïďă (6.203)^{21}, ŕőńãçĺň (m { ŋőňěà \ąńőłă" z, ć łőâőàëľ ćáâăćńïěâáï ńĺŋĺï A^μ(qω)): δG(εp) δA_μ(qω) = ⟨_∞ ∑ n=1 n∑ m=1 (ζz(εp))^{m−1}ζ δz δA_μ(qω) (ζz(ε + ωp + q))^{n−m}G_0(ε + ωp + q)+ + ∞∑ n=0 (ζz(εp))^n δG_0(εp) δA_μ(qω) ⟩ ζ (6.227) Ğďěáì^{δG0(ε}p^)

δA_μ(qω) őŕàěďěńïěâáï ĺğ (6.225), ă ŕàőĺğćőďŋăï \ąńőłă" z(εp) őŕàěďěńïěâáï

Řĺá. 6-26 ĺ àăćŋă:

21Ŕő áãâĺ ďěńă ňë ğďěáì ć ïćŋőň ćĺďě ŕàőćőďĺň äãŋłæĺőŋăńìŋőě ďĺääěàěŋæĺàőćăŋĺě ŕőńŋőčő àïďă âěőàĺĺ ćőğňãéěŋĺľ ďńï őďŋőíńěłâàőŋŋőľ äãŋłæĺĺ Čàĺŋă ĺ \čěŋěàĺàãěň" ćáě čàăäĺłĺ ďńï áőőâćěâáâćãîéěľ ćěàèĺŋŋőľ çăáâĺ.

272 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

Řĺá. 6-26 Čàăäĺłĺ ďńï äãŋłæĺőŋăńìŋőľ ŕàőĺğćőďŋőľ \ąńőłă" z(εp). δz(εp) δAμ(qω) = ´^2G_0(εp)J^μ_0 (p; p + q)G_0(ε + ωp + q)G_0(ε + ωp − Q + q) +

+´^2 G_0(εp)G_0(εp − Q)J^μ_0 (p − Q; p − Q + q)G_0(ε + ωp − Q + q) = = G_0(εp)J^μ_0 (p; p + q)z(ε + ωp + q) + z(εp)J^μ_0 (p − q; p − Q + q)G_0(ε + ωp − Q + q) (6.228)

Ŕőďáâăćńïï (6.228) ć (6.227), ĺ ãçĺâëćăï (6.225), ŕőńãçĺň: δG(εp) δAμ(qω) = ⟨_∞ ∑ n=1 n∑ m=1 (ζz(εp))^{m−1}(ζz(ε + ωp + q))^{n−m+1}G_0(εp)J^μ_0 (p; p + q)G_0(ε + ωp + q) I +

+ ∞∑ n=1 n∑ m=1 (ζz(εp))^m(ζz(ε + ωp + q))^{n−m}G_0(ε + ωp − Q + q)J^μ_0 (p − Q; p − Q + q)G_0(ε + ωp + q) II + ∞∑ n=0 (ζz(εp))^nG_0(εp)J^μ_0 (p; p + q)G_0(ε + ωp + q) III

⟩

ζ (6.229)

Ŕěàćëľ ĺ âàěâĺľ ćłńăďë ć íâőň ćëàăęěŋĺĺ őąêěďĺŋïîâáï ĺ ďăîâ: < I + III >_ζ = ⟨ J^μ_0 (p; p + q)G_0(εp)G_0(ε + ωp + q) {_∞ ∑ n=0 ζ^nz(εp)+

+ ∞∑ n=1 n∑ m=1 ζ^{m−1}z^{m−1} (εp)ζ^{n−m+1}z^{n−m+1} (ε + ωp + q) }⟩ ζ = (m − 1 → m)

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 273

= J^μ_0 (p; p + q)G_0(εp)G_0(ε + ωp + q) ⟨_∞ ∑ n=0 n∑ m=0 ζ^mz^m(εp)ζ^{n−m}z^{n−m} (ε + ωp + q) ⟩ ζ =

= ⟨ J^μ_0 (p; p + q)G_0(εp)G_0(ε + ωp + q) ∞∑ n=0 ζ^nz^n(εp) ∞∑ m=0 ζ^mz^m(ε + ωp + q) ⟩ ζ (6.230)

čďě âăłęě ĺáŕőńìğőćăŋő ŕàăćĺńő ãňŋőęěŋĺï àïďőć: ( ∑_∞ n=0 a_n) ( ∑_∞ m=0 b_m) = ∑_∞ n=0 ∑_n m=0 a_nb_{n−m}. Šőčďă, ĺáŕőńìğãï (6.203), ŕőńãçăěň:

< I + III >_ζ = J^μ_0 (p; p + q) < G_{ζΔ}2 (εp)G_{ζΔ}2 (ε + ωp + q) >_ζ (6.231) čďě G_Δ2 (εp) = ε + ξ_p ε^2 − ξ^2_p − ´^2

(ε → ε ± iδ) (6.232)

{ ŋőàňăńìŋăï äãŋłæĺï Čàĺŋă ŕăľěàńáőćáłőčő ďĺíńěłâàĺłă.

Ăŋăńőčĺçŋëľ áçěâ ďńï ćâőàőčő áńăčăěňőčő ć (6.229) ďăěâ:

< II >_ζ = J^μ_0 (p − Q; p − Q + q)G_0(ε + ωp − Q + q)G_0(ε + ωp + q) × × ⟨_∞ ∑ n=1 n∑ m=1 ζ^mz^m(εp)ζ^{n−m}z^{n−m}(ε + ωp + q) ⟩ ζ =

= J^μ_0 (p − Q; p − Q + q) ⟨_∞ ∑ n=1 n∑ m=1 ζ^mz^m(εp)ζ^{n−m}z^{n−m+1} (ε + ωp + q) 1 ζ´^2 ⟩ ζ =

= J^μ_0 (p − Q; p − Q + q) ⟨ 1 ζ´^2 ∞∑ n=1 ζ^nz^n(εp) ∞∑ m=1 ζ^mz^m(ε + ωp + q) ⟩ ζ = = J^μ_0 (p − Q; p − Q + q) < F_{ζΔ}2 (εp)F^+_{ζΔ2} (ε + ωp + q) >_ζ

(6.233)

čďě ćőğŋĺłńő \ζ { áàěďŋěě" őâ ŕàőĺğćěďěŋĺï ďćãå ăŋőňăńìŋëå äãŋłæĺľ Čàĺŋă ŕăľěàńáőćáłőčő ďĺíńěłâàĺłă:

F^+_{Δ2} (ε) = ´ ε^2 − ξ^2_p − ´^2

(ε → ε ± iδ) (6.234)

ŋěáňőâàï ŋă őçěćĺďŋőě őâáãâáâćĺě ć áĺáâěňě ŕăľěàńáőćáłőčő ďăńìŋěčő ŕőàïďłă! Ŕàĺ íâőň ňë ĺáŕőńìğőćăńĺ ( ∑_∞ n=1 a_n) ( ∑_∞ m=0 b_m) = ∑_∞ n=1 ∑_n m=1 a_nb_{n−m+1} ĺ ŕàőáãňňĺàőćăńĺ ŕàőčàěááĺĺ ć ŕàěďŕőáńěďŋěň çńěŋě (6.233).

Šăłĺň őąàăğőň, őłőŋçăâěńìŋő ŕőńãçăěň: δG(εp) δA_μ(qω) = G(εp)J^μG(ε + ωp + q) = = ∫_∞ 0 dζe^{−ζ} { G_{ζΔ}2 (εp)J^μ_0 (p; p + q)G_{ζΔ}2 (ε + ωp + q) +

+F_{ζΔ}2 (εp)J^μ_0 (p − Q; p − Q + q)F^+_{ζΔ}2 (ε + ωp + q) } (6.235)

çâő ĺğőąàăęăěâáï čàăäĺłăňĺ, ŕőłăğăŋŋëňĺ ŋă Řĺá. 6-27. Ŕőďçěàłŋěň, çâő íâőâ

274 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

Řĺá. 6-27 Čàăäĺçěáłőě ŕàěďáâăćńěŋĺě äãŋłæĺőŋăńìŋőľ ŕàőĺğćőďŋőľ G(εp).

àěğãńìâăâ ŕőńãçăěâáï áãňňĺàőćăŋĺěň ćáěå ďĺăčàăňň âěőàĺĺ ćőğňãéěŋĺľ ďńï ćěàèĺŋŋőľ çăáâĺ. İâőâ őâćěâ \ŕőçâĺ őçěćĺďěŋ", ěáńĺ ćáŕőňŋĺâì åăàăłâěà áńãçăľŋőčő ŕőńï, ć łőâőàőň ďćĺęěâáï íńěłâàőŋ ć àăááňăâàĺćăěňőľ ňőďěńĺ (áà. ğăňěçăŋĺě ŕőáńě (6.206)) | ã ŋăá ĺ ďőńęěŋ ąëń ćőğŋĺłŋãâì \ďĺíńěłâàĺçěáłĺľ" őâłńĺł, ãáàěďŋěŋŋëľ ŕő äńãłâãăæĺïň éěńĺ.

Šěŕěàì ňőęŋő áàăğã ćëŕĺáăâì ĺ áőőâćěâáâćãîéĺľ ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà (łőâőàëľ ŕĺèěň ãęě ć ňăæãąăàőćáłőľ âěåŋĺłě):

˝(qωm) = ∫_∞ 0 dζe^{−ζ} 2T ∑ n ∫_∞ −∞ dp 2π { G_{ζΔ}2 (ε_np)G_{ζΔ}2 (ε_n + ω_mp + q) +

+F_{ζΔ}2 (ε_np)F^+_{ζΔ2}(ε_n + ω_mp + q) } =< ˝_{ζΔ}2 (qω_m) >_ζ (6.236)

çâő ŕàěďáâăćńïěâáï ďĺăčàăňňăňĺ, ŕőłăğăŋŋëňĺ ŋă Řĺá. 6-28. Ćĺďĺň, çâő ŕőď ğŋăłőň ãáàěďŋěŋĺï ŕő äńãłâãăæĺïň éěńĺ âãâ áâőĺâ ŕàőáâő ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà ŕăľěàńáőćáłőčő ďĺíńěłâàĺłă. Śőőâćěâáâćěŋŋő, áâàãłâãàă (âőçŋőčő!) àěèěŋĺï ďńï íńěłâàőňăčŋĺâŋőčő őâłńĺłă ć àăááňăâàĺćăěňőľ ňőďěńĺ áőćěàèěŋŋő ïáŋă | ŋãęŋő àăááçĺâăâì őâłńĺł ŕăľěàńáőćáłőčő ďĺíńěłâàĺłă (á äĺłáĺàőćăŋŋőľ éěńìî ć áŕěłâàě), ă ŕőâőň ãáàěďŋĺâì àěğãńìâăâ ŕő äńãłâãăæĺïň éěńĺ. Šăłĺň őąàăğőň, ć åőďě ďăńìŋěľèĺå ćëçĺáńěŋĺľ, ňë ăŋăńĺğĺàãěň áàăğã ďćě ğăďăçĺ | őâłńĺł ŕăľěàńáőćáłőčő ďĺíńěłâàĺłă ĺ őâłńĺł ć âőçŋő àěèăěňőľ ňőďěńĺ ŕáěćďőéěńěćőčő áőáâőïŋĺï.

Ŕàőćěďěň ŕőďàőąŋëľ àăáçěâ ˝_Δ2 (qω_m) | ŕőńïàĺğăæĺőŋŋőčő őŕěàăâőàă ŕăľěàńáőćáłőčő ďĺíńěłâàĺłă á äĺłáĺàőćăŋŋőľ éěńìî. Ŕőďáâăćńïï ć áőőâćěâáâćãîéěě ćëàăęěŋĺě, áńěďãîéěě ĺğ (6.236), ŋőàňăńìŋãî ĺ ăŋőňăńìŋãî äãŋłæĺĺ Čàĺŋă ŕăľěàńáőćáłőčő ďĺíńěłâàĺłă ć ćĺďě^{22}:

G_Δ2 (ε_np) = u^2_p iε_n − E_p + v^2_p iε_n + E_p (6.237)

22Ć ďăńìŋěľèěň ´ ňőęŋő áçĺâăâì ćěéěáâćěŋŋőľ.

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 275

Řĺá. 6-28 Ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà ć ňőďěńĺ ŕáěćďőéěńěćőčő áőáâőïŋĺï.

F^+_{Δ2} (ε_np) = ´ (iε_n − E_p)(iε_n + E_p)

(6.238) čďě u^2_p = 1 2 { 1 + ξ_p E_p } , v^2_p = 1 2 { 1 − ξ_p E_p } (6.239)

čďě E_p = √ ξ^2_p + ´^2, ğăŕĺáëćăěň áãňňã ŕő äěàňĺěćáłĺň çăáâőâăň ć ćĺďě łőŋâãàŋőčő ĺŋâěčàăńă (3.38) ĺ ŕőńãçăěň:

˝_Δ2 (qω_m) = −2 ∫_∞ −∞ dp 2πi ∫ C dε 2π n(ε) { u^2_pu^2_{p+q} (ε − E_p)(ε + iω_m − E_{p+q} ) + + v^2_pv^2_{p+q} (ε + E_p)(ε + iω_m + E_{p+q}) + u^2_pv^2_{p+q} (ε − E_p)(ε + iω_m + E_{p+q} ) + + v^2_p u^2_{p+q} (ε + E_p)(ε + iω_m − E_{p+q}) + ´^2 (ε + E_p)(ε − E_p)(ε + iω_m − E_{p+q} )(ε + iω_m + E_{p+q} ) }

(6.240)

čďě łőŋâãà ĺŋâěčàĺàőćăŋĺï C ŕőłăğăŋ ŋă Řĺá. 6-29 (a). İâőâ łőŋâãà ňőęŋő ďěäőàňĺàőćăâì, łăł ŕőłăğăŋő ŋă Řĺá. 6-29 (b), ă ğăâěň \àăáâïŋãâì" ŋă ąěáłőŋěçŋőáâì. Šőčďă ĺŋâěčàăń őŕàěďěńïěâáï ćłńăďőň çěâëàěå ŕőńîáőć ε = ±E_p ĺ ε = ±E_{p+q}. Ćëçĺáńïï áőőâćěâáâćãîéĺě ćëçěâë, ĺáŕőńìğãï áćőľáâćă äěàňĺěćáłőľ äãŋłæĺĺ: n(ε + iω_m) = n(ε), čďě ω_m = 2πmT , ĺ n(−ε) = 1 − n(ε), ŕàĺćőďï ŕőďőąŋëě çńěŋë ĺ ŕěàěåőďï őâ ĺŋâěčàĺàőćăŋĺï ŕő dp ł ĺŋâěčàĺàőćăŋĺî ŕő dξ_p (ãçĺâëćăï ŕàĺ íâőň ćłńăď őâ őąőĺå \łőŋæőć" ŕőćěàåŋőáâĺ Ťěàňĺ, çâő ďăěâ ďőŕőńŋĺâěńìŋëľ äăłâőà 2), ŕőńãçăěň:

˝_Δ2 (qωm) = 2N_0(E_F ) ∫_∞ −∞ dξp 1 Ep − Ep+q + iωm [ n(Ep) − n(Ep+q )] { u^2_pu^2_{p+q} + ´^24 EpEp+q } +

276 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

Řĺá. 6-29 Łőŋâãàă ĺŋâěčàĺàőćăŋĺï, ĺáŕőńìğãěňëě ŕàĺ ćëçĺáńěŋĺĺ áãňňë ŕő äěàňĺěćáłĺň çăáâőâăň ć ŕőńïàĺğăæĺőŋŋőň őŕěàăâőàě.

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 277

+2N_0(E_F ) ∫_∞ −∞ dξp 1 Ep − Ep+q − iωm [n(Ep) − n(Ep+q)] { v^2_pv^2_{p+q} + ´^2 4EpEp+q } + +2N_0(E_F ) ∫_∞ −∞ dξp 1 Ep + Ep+q + iωm [n(Ep) + n(Ep+q) − 1] { u^2_pv^2_{p+q} − ´^2 4EpEp+q } + +2N_0(E_F ) ∫_∞ −∞ dξp 1 Ep + Ep+q − iωm [n(Ep) + n(Ep+q) − 1] { v^2_pu^2_{p+q} − ´^2 4EpEp+q }

(6.241)

čďě N_0(E_F ) { ŕńőâŋőáâì áőáâőïŋĺľ áćőąőďŋëå íńěłâàőŋőć ŋă ãàőćŋě Ťěàňĺ ďńï őąěĺå ŕàőěłæĺľ áŕĺŋă. Ďăńěě, áîďă ŋăďő ŕőďáâăćĺâì:

u^2_pu^2_{p+q} = 1 4 { 1 + ξ^pξ^{p+q} EpEp+q + ξ^p Ep + ξ^{p+q} Ep+q } , v^2_pv^2_{p+q} = 1 4 { 1 + ξ^pξ^{p+q} EpEp+q − ξp Ep − ξp+q Ep+q }

u^2_pv^2_{p+q} = 1 4 { 1 − ξ^pξ^{p+q} EpEp+q + ξ^p Ep − ξp+q Ep+q } , v^2_pu^2_{p+q} = 1 4 { 1 − ξ^pξ^{p+q} EpEp+q − ξp Ep + ξ^{p+q} Ep+q } (6.242)

Ůńěŋë ńĺŋěľŋëě ŕő ξp ĺ ξp+q ćëŕăďăîâ ŕàĺ ĺŋâěčàĺàőćăŋĺĺ ĺğ-ğă ŋěçěâŋőáâĺ.

Ŕőáńě ăŋăńĺâĺçěáłőčő ŕàőďőńęěŋĺï iω_m → ω + iδ őłőŋçăâěńìŋő ŕőńãçăěň^{23}:

˝_Δ2 (qω) = 1 2 N_0(E_F ) ∫_∞ −∞ dξ_p { E_pE_{p+q} + ξ_pξ_{p+q} + ´^2 E_pE_{p+q} } [n(E_p) − n(E_{p+q} )] × × { 1 E_p − E_{p+q} + ω + iδ + 1 E_p − E_{p+q} − ω − iδ } − − 1 2 N_0(E_F ) ∫_∞ −∞ { E_pE_{p+q} − ξ_pξ_{p+q} − ´^2 E_pE_{p+q} } [1 − n(E_p) − n(E_{p+q} )] × × { 1 E_p + E_{p+q} + ω + iδ + 1 E_p + E_{p+q} − ω − iδ } (6.243)

İâő ĺ ěáâì őąéěě ćëàăęěŋĺě ďńï ŕőńïàĺğăæĺőŋŋőčő őŕěàăâőàă ŕăľěàńáőćáłőčő ďĺíńěłâàĺłă á äĺłáĺàőćăŋŋőľ éěńìî ´^2. Ŕàĺ ´^2 → 0 ćâőàőě áńăčăěňőě ć (6.243) áâàěňĺâáï ł ŋãńî, ă ŕěàćőě ďăěâ őąëçŋëľ (ğăŕăğďëćăîéĺľ) ŕőńïàĺğăæĺőŋŋëľ őŕěàăâőà íńěłâàőŋŋőčő čăğă. Ś ďàãčőľ áâőàőŋë, ŕàĺ T → 0, ŋő ´^2 ≠ 0, ŕěàćőě áńăčăěňőě ć (6.243) őąàăéăěâáï ć ŋãńì, âăł çâő ďńï ŕőńïàĺğăæĺőŋŋőčő őŕěàăâőàă ŕàĺ T = 0 ĺňěěň:

˝_Δ2 (qω) = − 1 2 N_0(E_F ) ∫_∞ −∞ dξ_p { E_pE_{p+q} − ξ_pξ_{p+q} − ´^2 E_pE_{p+q} } { 1 E_p + E_{p+q} + ω + iδ + + 1 E_p + E_{p+q} − ω − iδ } (6.244)

23Ăŋăńőčĺçŋëě ćëçĺáńěŋĺï ďńï áćěàåŕàőćőďŋĺłă ďăîâ àěğãńìâăâ, őâńĺçăîéĺľáï ğŋăłőň ŕěàěď ´^2 ć çĺáńĺâěńě ŕőďĺŋâěčàăńìŋőčő ćëàăęěŋĺï, çâő áćïğăŋő á ăŋâĺáĺňňěâàĺěľ čőàìłőćáłőľ äãŋłæĺĺ Čàĺŋă F_{αβ} ŕő áŕĺŋőćëň ĺŋďěłáăň (5.53). Śőőâćěâáâćěŋŋő, ć ćëàăęěŋĺĺ ďńï ŕőńïàĺğăæĺőŋŋőčő őŕěàăâőàă áćěàåŕàőćőďŋĺłă ˝_Δ2 (qω), ŕő áàăćŋěŋĺî á áőőâćěâáâćãîéĺň ćëàăęěŋĺěň ĺğ (6.236), ŕàőĺáåőďĺâ ğăňěŋă F F^+ → −F F^+. Šăłőě ćëàăęěŋĺě őŕàěďěńïěâ, ŋăŕàĺňěà, ŕőčńőéěŋĺě ãńìâàăğćãłă ć áćěàåŕàőćőďŋĺłě [4], őďŋăłő őŋő ŋěŕàĺčőďŋő ďńï ćëçĺáńěŋĺï ŕàőćőďĺňőáâĺ, ŕőáłőńìłã, łăł ãęě őâňěçăńőáì ćëèě, ć áćěàåŕàőćőďŋĺłě ŋěńìğï ŕőńìğőćăâìáï äőàňãńőľ ďńï σ(ω) âĺŕă (2.110), çâő áćïğăŋő á ŋăàãèěŋĺěň łăńĺąàőćőçŋőľ ĺŋćăàĺăŋâŋőáâĺ ć őáŋőćŋőň áőáâőïŋĺĺ ĄŁŸ. Ŕàĺ ćëçĺáńěŋĺĺ F F^+ ŕěâńĺ á \âőłőćëňĺ" ćěàèĺŋăňĺ ďńï áćěàåŕàőćőďŋĺłă őâňěçěŋŋőě ĺğňěŋěŋĺě ğŋăłă łőňŕěŋáĺàãěâáï áňěŋőľ őâŋőáĺâěńìŋőčő ğŋăłă íâĺå ćěàèĺŋ, ŕőáłőńìłã F { äãŋłæĺĺ Čőàìłőćă őŕĺáëćăîâ ŕěàěåőďë âĺŕă ±p → ±p. Ć àěğãńìâăâě ŕőńãçăěň łőňąĺŋăæĺî ğŋăłőć, ćëŕĺáăŋŋãî ćëèě ć (5.262).

278 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

Ŕàőćőďï ŕàőáâëě àăğńőęěŋĺï^{24} ć àïď ŕő áâěŕěŋïň q ć ŕàěďěńě v_F q ≪ ´ ŕőńãçăěň:

˝_Δ2 (qω) = − 1 2 N_0(E_F )v^2_F q^2 ∫_∞ 0 dξ_p { 1 2E_p + ω + iδ + 1 2E_p − ω − iδ } ´^2 E^4_p

(6.245)

Őâáîďă:

Re˝_Δ2 (qω) = − 1 2 N_0(E_F )v^2_F q^2 ∫_∞ 0 dξ_p { 1 2E_p + ω + 1 2E_p − ω } ´^2 E^4_p

(6.246)

Im˝_Δ2 (qω) = π 2 N_0(E_F )v^2_F q^2 ∫_∞ 0 dξ_p ´^2 E^4_p

{δ(2E_p + ω) − δ(2E_p − ω)} (6.247)

Ŕěàěľďěň âěŕěàì ł ćëçĺáńěŋĺî ďĺíńěłâàĺçěáłőľ ŕàőŋĺæăěňőáâĺ ĺ ŕàőćőďĺňőáâĺ. Ĺáŕőńìğãï áâăŋďăàâŋőě őŕàěďěńěŋĺě (2.8), ĺňěěň:

Reϵ_Δ2 (qω) = 1 − 4πe^2 q^2

Re˝_Δ2 (qω) (6.248)

Imϵ_Δ2 (qω) = − 4πe^2 q^2

Im˝_Δ2 (qω) (6.249)

Šőčďă ĺğ (6.246) ĺ (6.247) ŕőńãçĺň:

Reϵ_Δ2 (qω) = 1 + ω^2_p 4 ∫_∞ 0 dξ_p 1 E^2_p −^{ω2}_4

´^2 E^3_p

(6.250)

Imϵ_Δ2 (qω) = π 4 ω^2_p ∫_∞ 0 dξ_p ´^2 (ξ^2_p + ´^2)^2

{δ(2E_p − ω) − δ(2E_p + ω)} (6.251)

čďě ććěńĺ:

ω^2_p = v_F κ^2_D, κ^2_D = 8πe^2N_0(E_F ) (6.252) | łćăďàăâë ŕńăğňěŋŋőľ çăáâőâë ĺ őąàăâŋőčő àăďĺãáă íłàăŋĺàőćăŋĺï^{25}.

Ŕàĺ ω = 0 (6.244) áćőďĺâáï ł:

˝_Δ2 (q0) = −2N_0(E_F ) ∫_∞ 0 dξ_p E_pE_{p+q} − ξ_pξ_{p+q} − ´^2 E_pE_{p+q} 1 E_p + E_{p+q} (6.253)

24Ă ĺňěŋŋő, ďńï p ∼ +p_F ĺ q > 0, ĺňěěň: ξp+q ≈ ξp + v_F q, Ep+q = √ ξ^2_{p+q} + ´^2 ≈ Ep + v_F q^{ξp}_{Ep} +^1_2 v^2_F q^{2 Δ2}_{E3p} Śőőâćěâáâćěŋŋő: ξpξp+q ≈ ξ^2_p + v_F qξp EpEp+q ≈ E^2_p + v_F qξp +^1_2 v^2_F q^{2 Δ2}_{E2p} âăł çâő ćåőďïéăï ć ˝_Δ2 (qω) łőňąĺŋăæĺï: EpEp+q − ξpξp+q − ´^2 ≈^1_2 v^2_F q^{2 Δ2}_{ξ2p+Δ2} .

25Ś ãçěâőň âőčő, çâő ďńï d = 1 ĺňěěň n =^{2pF}_π , p_F =^π_2 n, ĺňěěň v^2_F κ^2_D = 8πe^2v^2_F^1_{πvF} = 4e^2v_F = 4e^{2 pF}_m =^{4πne2}_m , çâő áőćŕăďăěâ á őąëçŋëň őŕàěďěńěŋĺěň ŕńăğňěŋŋőľ çăáâőâë. Ěáńĺ ŕőďàăğãňěćăěâáï âàěåňěàŋăï áĺáâěňă, áőáâőïéăï ĺğ őďŋőňěàŋëå æěŕőçěł, âő ĺáŕőńìğãěňëě ğďěáì ćëàăęěŋĺï ďńï ŕőńïàĺğăæĺőŋŋëå őŕěàăâőàőć ŋãęŋő ěéě ãňŋőęĺâì ŋă çĺáńő æěŕőçěł, ŕàĺåőďïéĺåáï ŋă ěďĺŋĺæã ŕńőéăďĺ ŕőŕěàěçŋőčő áěçěŋĺï őąàăğæă, â.ě. ŋă 1/a^2, čďě a { ŕőáâőïŋŋăï ďćãňěàŋőľ (ďńï ŕàőáâőâë łćăďàăâŋőľ) àěèěâłĺ, őąàăğãěňőľ æěŕőçłăňĺ ć őàâőčőŋăńìŋőľ ŕńőáłőáâĺ. Šőčďă ćáě ćëŕĺáăŋŋëě äőàňãńë őáâăîâáï áŕàăćďńĺćëňĺ, âőńìłő ŕőď n ãęě áńěďãěâ ŕőŋĺňăâì âàěåňěàŋãî ŕńőâŋőáâì íńěłâàőŋőć.

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 279

Ŕàĺ v_F q ≪ ´ őâáîďă (ĺńĺ ĺğ (6.246)) ŕőńãçăěň:

˝_Δ2 (q0) = − 1 2 N_0(E_F )v^2_F q^2 ∫_∞ 0 dξ_p ´^2 E^5_p = − 1 3 N_0(E_F ) v^2_F q^2 ´^2

(6.254)

çâő ďăěâ (ŕőńìğãěňáï âăłęě (6.252)):

ϵ_Δ2 (q0) = 1 +

4πe^2N_0(E_F )v^2_F 3´^2

= 1 + ω^2_p 6´^2

(6.255)

| áâăâĺçěáłãî ďĺíńěłâàĺçěáłãî ŕàőŋĺæăěňőáâì ŕăľěàńáőćáłőčő ďĺíńěłâàĺłă.

Ŕàĺ v_F q ≫ ´ ĺğ (6.243) ŕőńãçăěň (ďěâăńĺ ćëçĺáńěŋĺľ őŕãáłăěň):

˝_Δ2 (q0) = 2N_0(E_F ) = κ^2_D 4πe^2 (6.256)

âăł çâő:

ϵ(q0) = 1 + κ^2_D q^2

(6.257)

čďě őŕïâì ãçńĺ (6.252). Ćëàăęěŋĺě (6.257) őçěćĺďŋő áőőâćěâáâćãěâ ďěąăěćáłőľ íłàăŋĺàőćłě ć ňěâăńńě | ŕàĺ v_F q ≫ ´ ŕăľěàńáőćáłăï éěńì áâăŋőćĺâáï ŋěáãéěáâćěŋŋőľ!

Ćőğćàăéăïáì ł áńãçăî ω ≠ 0 ĺ v_F q ≪ ´, ğăŕĺèěň (6.246) łăł:

Reϵ_Δ2 = 1 + ω^2_p 4 ∫_∞ 0 dξ_p ´^2 (ξ^2_p + ´^2)^{3/2} 1 ξ^2_p + ´^2 −^{ω2}_4

(6.258)

Ŕàĺ ω → 0 (ω ≪ 2´) őâáîďă ěáâěáâćěŋŋő áńěďãěâ (6.255), ă ŕàĺ ω ≫ 2´ ňë ŕőńãçăěň őąëçŋëľ ŕńăğňěŋŋëľ ŕàěďěń:

Reϵ_Δ2 (ω ≫ 2´) = 1 − ω^2_p ω^2

(6.259)

Ŕőńŋőě ćëàăęěŋĺě (6.258) őŕĺáëćăěâ ŕńăćŋëľ ŕěàěåőď őâ (6.255) ł (6.259), ŕàőĺáåőďïéĺľ ŕàĺ ω ∼ 2´. Ŕőďàőąŋěě ďěńő ćëčńïďĺâ áńěďãîéĺň őąàăğőň. Ĺáŕőńìğãï ć (6.258) ğăňěŋã ŕěàěňěŋŋőľ ξ_p = ´sh(z), ŕőáńě ŕàőáâëå ŕàěőąàăğőćăŋĺľ ĺ ćğïâĺï âăąńĺçŋëå ĺŋâěčàăńőć, ĺňěěň:

Reϵ_Δ2 (ω) = 1− ω^2_p ω^2 1 + 2´ ω 1 √ 1 −^{ω2}_{4Δ2} [ arctg (√ 4´^2 ω^2 − 1 ) − π 2 ] ŕàĺ ω^2 < 4´^2

(6.260)

Reϵ_Δ2 (ω) = 1 − ω^2_p ω^2 1 − 2´ ω 1 √_{ω2} 4Δ2 − 1 [ arcth (√ 1 − 4´^2 ω^2 ) − 1 ] ŕàĺ ω^2 > 4´^2

(6.261) őâłãďă ĺ áńěďãîâ ãłăğăŋŋëě ćëèě ŕàěďěńìŋëě áńãçăĺ.

Řăááňőâàĺň âěŕěàì ŕőďàőąŋěě Imϵ_Δ2 (ω). Ćëàăęěŋĺě (6.251) ğăŕĺáëćăěâáï łăł:

Imϵ_Δ2 (ω) = π 4 ω^2_p ∫_∞ 0 dξ_p ´^2 (ξ^2_p + ´^2)^2 { δ ( 2 √ ξ^2_p + ´^2 − ω ) − δ ( 2 √ ξ^2_p + ´^2 + ω )} (6.262)

280 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

Řĺá. 6-30 Ůăáâőâŋăï ğăćĺáĺňőáâì ďěľáâćĺâěńìŋőľ çăáâĺ ŕàőćőďĺňőáâĺ ć ŕăľěàńáőćáłőň ďĺíńěłâàĺłě.

Ćëçĺáńïï ĺŋâěčàăń ŕőńìğãïáì ĺğćěáâŋëňĺ äőàňãńăňĺ δ(ax) =^1_a δ(x) ĺ ∫_∞ y dxδ(x − a) = θ(a − y), ŕőńãçĺň:

Imϵ_Δ2 (ω) = π´ ω^2_p ω^3 θ(|ω| − 2´) √_{ω2} 4Δ2 − 1

(6.263)

Őâáîďă ďńï ďěľáâćĺâěńìŋőľ çăáâĺ ŕàőćőďĺňőáâĺ ĺňěěň:

Reσ_Δ2 (ω) = ω 4π Imϵ_Δ2 (ω) = {_{ne2} mω π √_{ω2} 4Δ2 −1 Δ ω ŕàĺ |ω| > 2´ 0 ŕàĺ |ω| < 2´

(6.264)

Śőőâćěâáâćãîéăï çăáâőâŋăï ğăćĺáĺňőáâì łăçěáâćěŋŋő ŕőłăğăŋă ŋă Řĺá. 6-30. Ćĺďĺň, çâő ŕőčńőéěŋĺě íńěłâàőňăčŋĺâŋőľ íŋěàčĺĺ ŕàőĺáåőďĺâ ŕãâěň ćőğąãęďěŋĺï łćăğĺçăáâĺæ çěàěğ ŕăľěàńáőćáłãî éěńì èĺàĺŋőľ 2´ ĺ őâńĺçŋő őâ ŋãńï ŕàĺ ω > 2´. İâő âĺŕĺçŋő ďĺíńěłâàĺçěáłőě ŕőćěďěŋĺě.

Ŕàĺ ω ≫ 2´ ĺňěěň: Imϵ_Δ2 (ω) ≈ 2π ( ´ ω )_2 ( ω_p ω )_2 , Reσ_Δ2 (ω) ≈ ne^2 mω 2π ( ´ ω )_2

(6.265)

Ć ŕáěćďőéěńěćőň áőáâőïŋĺĺ^{26} ćáě íâĺ ćëàăęěŋĺï ŋãęŋő ěéě ãáàěďŋĺâì ŕő äńãłâãăæĺïň ´, őŕĺáëćăěňëň àăáŕàěďěńěŋĺěň (6.206) ĺńĺ (6.207). Šăłĺň őąàăğőň ĺğ

26Řăğãňěěâáï àěçì ĺďěâ âőńìłő ő ŋăèěľ çàěğćëçăľŋő ãŕàőéěŋŋőľ ňőďěńĺ, áőőâćěâáâćãîéěľ łăàâĺŋě čăãááőćëå äńãłâãăæĺľ CDW { âĺŕă á łőààěńïæĺőŋŋőľ ďńĺŋőľ κ → ∞. Őąőąéěŋĺě ŋă áńãçăľ łőŋěçŋëå ξ áãéěáâćěŋŋő áńőęŋěě: Ň.Ć.Śăďőćáłĺľ. ŞŤŊ 171, 539 (2001)

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 281

Řĺá. 6-31 Ůăáâőâŋăï ğăćĺáĺňőáâì ňŋĺňőľ çăáâĺ ďĺíńěłâàĺçěáłőľ ŕàőŋĺæăěňőáâĺ ć ňőďěńĺ ŕáěćďőéěńěćőčő áőáâőïŋĺï. Ğŋăçěŋĺï Imϵ(ω) ďăŋë ć ěďĺŋĺæăå^{ω2p}_{Δ2} .

(6.263) ĺ (6.264) ŕőńãçăěň: Imϵ(ω) = π´ ω^2_p ω^3

∫ ω^2_{4Δ2} 0 dζe^{−ζ} ζ √_{ω2} 4Δ2 − ζ

(6.266)

Reσ(ω) = ω^2_p 4 ´ ω^2

∫ ω^2_{4Δ2} 0 dζe^{−ζ} ζ √_{ω2} 4Δ2 − ζ

(6.267)

Řěğãńìâăâë çĺáńěŋŋëå àăáçěâőć íâĺå ćëàăęěŋĺľ ŕőłăğăŋë ŋă Řĺá. 6-31, 6-32. Ăŋăńĺâĺçěáłĺ ĺğ (6.266) ĺ (6.267) ńěčłő ŕőłăğăâì, çâő ŕàĺ ω ≪ 2´ \àăąőâăîâ" áńěďãîéĺě ăáĺňŕâőâĺłĺ^{27}: Imϵ(ω) ≈ π 6 ω^2_p ´^2 , Reσ(ω) ≈ 1 24 ( ω_p ´ )_2

ω → 0 ŕàĺ ω → 0 (6.268)

Ŕàĺ àăáçěâě Reϵ(ω) ňőęŋő łőŋěçŋő ŕàőćěáâĺ çĺáńěŋŋëľ őąáçěâ äőàňãń, áńěďãîéĺå ĺğ (6.261), (6.260) á ŕőáńěďãîéĺň ãáàěďŋěŋĺěň (6.206):

Reϵ_Δ2 (ω) = 1 − ω^2_p ω^2 ∫_∞ 0 dζe^{−ζ} { 1 + 4ζ´^2 ω 1 √ 4ζ´^2 − ω^2 [ arctg (√ 4ζ´^2 ω^2 − 1 ) − π 2 ]}

(6.269) ŕàĺ ω^2 < 4´^2, ĺ

Reϵ_Δ2 (ω) = 1 − ω^2_p ω^2 ∫_∞ 0 dζe^{−ζ} { 1 − 4ζ´^2 ω 1 √ ω^2 − 4ζ´^2 [ arcth (√ 1 − 4ζ´^2 ω^2 ) − 1 ]}

(6.270)

27İâő áàăğã ŕőńãçăěâáï á ãçěâőň ăáĺňŕâőâĺçěáłőčő ŕőćěďěŋĺï ĺŋâěčàăńă ŕàĺ a → 0: ∫_a 0 dxe^{−x x}√_{a−x} → ∫_a 0 dx^x√_{a−x} =^4_3 a^{3/2}.

282 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

Řĺá. 6-32 Ůăáâőâŋăï ğăćĺáĺňőáâì ďěľáâćĺâěńìŋőľ çăáâĺ ŕàőćőďĺňőáâĺ ć ŕáěćďőéěńěćőň áőáâőïŋĺĺ. Ŕàőćőďĺňőáâì ďăŋă ć ěďĺŋĺæăå^{ω2p}_{4πΔ} .

ŕàĺ ω^2 > 4´^2. Čőàăğďő ŕàőéě, őďŋăłő, ćőáŕőńìğőćăâìáï ćňěáâő (6.261), (6.260) ŕàőáâěľèěľ ĺŋâěàŕőńïæĺőŋŋőľ äőàňãńőľ:

Reϵ_Δ2 (ω) = 1 − ω^2_p ω^2 − 6´^2

(6.271)

łőâőàăï ŕàăćĺńìŋő őŕĺáëćăěâ ŕàěďěńìŋőě ŕőćěďěŋĺě ŕàĺ ω ≪ 2´ ĺ ω ≫ 2´. Šőčďă ŕőńãçăěň: Reϵ(ω) = 1 − ω^2_p ∫_∞ 0 dζe^{−ζ} 1 ω^2 − 6ζ´^2

= 1 − ω^2_p 6´^2 e^{− ω2}6Δ^2 Ei ( ω^2 6´^2 ) (6.272)

Ŋěŕőáàěďáâćěŋŋëľ çĺáńěŋŋëľ áçěâ ŕőłăğëćăěâ, çâő (6.269), (6.270) ĺ (6.272) ďăîâ łőńĺçěáâćěŋŋő őçěŋì ąńĺğłĺě àěğãńìâăâë, łăł íâő ćĺďŋő ĺğ Řĺá. 6-33. Ĺáŕőńìğãï ĺğćěáâŋëě ăáĺňŕâőâĺłĺ: Ei(x) = {_{ex} x ŕàĺ x ≫ 1 C + ln x + ... ŕàĺ x → 0, C = ln γ (6.273) ňőęŋő ĺğ (6.272) ŋăľâĺ: Reϵ(ω) → 1 − ω^2_p ω^2 ŕàĺ ω ≫ 2´ (6.274) Reϵ(ω) ≈ 1 − ω^2_p 6´^2 ln γ ω^2 6´^2

(6.275) Ńőčăàĺäňĺçěáłăï àăáåőďĺňőáâì Reϵ(ω) ŋă ňăńëå çăáâőâăå ďěňőŋáâàĺàãěâ ŕàőňěęãâőçŋőě (ŋě ňěâăńńĺçěáłőě, ŋő ĺ ŋě ďĺíńěłâàĺçěáłőě) ŕőćěďěŋĺě àăááňăâàĺćăěňőľ ãŕàőéěŋŋőľ ňőďěńĺ ŕáěćďőéěńěćőčő áőáâőïŋĺï.

Ăŋăńőčĺçŋëň őąàăğőň ňőęŋő àăááňőâàěâì q { ğăćĺáĺňőáâì ďĺíńěłâàĺçěáłőľ ŕàőŋĺæăěňőáâĺ ć áâăâĺçěáłőň ŕàěďěńě ω = 0. Ŋăŕĺèěň ŕàőáâěľèãî ĺŋâěàŕőńïæĺőŋŋãî äőàňãńã, áćïğëćăîéãî ŕàěďěńìŋëě áńãçăĺ (6.254) ĺ (6.256):

˝_Δ2 (q0) = −2N_0(E_F ) v^2_F q^2 v^2_F q^2 + 6´^2

(6.276)

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 283

Řĺá. 6-33 Ďěľáâćĺâěńìŋăï çăáâì ďĺíńěłâàĺçěáłőľ ŕàőŋĺæăěňőáâĺ łăł äãŋłæĺï çăáâőâë ćŋěèŋěčő ŕőńï. (1) { ğăćĺáĺňőáâì, ŕőńãçěŋŋăï çĺáńěŋŋëň àăáçěâőň ŕő âőçŋëň äőàňãńăň, (2) { ğăćĺáĺňőáâì, ŕőńãçěŋŋăï ĺğ ĺŋâěàŕőńïæĺőŋŋőľ äőàňãńë. Ďĺíńěłâàĺçěáłăï ŕàőŋĺæăěňőáâì ďăŋă ć ěďĺŋĺæăå^{ω2p}_{Δ2} .

âăł çâő ϵ_Δ2 (q0) = 1 + κ^2_D q^2 +^{6Δ2}_{v2F}

(6.277)

çâő ĺŋâěàŕőńĺàãěâ ňěęďã (6.255) ĺ (6.257). Šőčďă ć ŋăèěľ ňőďěńĺ ŕáěćďőéěńěćőčő áőáâőïŋĺï:

ϵ(q0) = ∫_∞ 0 dζe^{−ζ} q^2 + κ^2_D + 6ζ^{Δ2}_{v2F} q^2 + 6ζ^{Δ2}_{v2F}

= 1 − v^2_F κ^2_D 6´^2 e v2_{F q}2 6Δ2 Ei ( − v^2_F q^2 6´^2 ) (6.278)

Śőőâćěâáâćãîéěě ŕőćěďěŋĺě ŕőłăğăŋő ŋă Řĺá. 6-34, ĺğ łőâőàőčő ćĺďŋő âăłęě ŕàěłàăáŋőě áőčńăáĺě ĺŋâěàŕőńïæĺőŋŋőľ äőàňãńë á àěğãńìâăâăňĺ àăáçěâőć ŕő âőçŋëň äőàňãńăň (łőâőàëě ňë őŕãáłăěň). Ŕàĺ v_F q ≫ ´ ĺáŕőńìğãěň ăáĺňŕâőâĺłã ŕàĺ x ≫ 1: Ei(−x) → −^{e−x}_x . Šőčďă, łăł ĺ áńěďãěâ őęĺďăâì, ŕőńãçăěň:

ϵ(q0) = 1 + κ^2_D q^2

(6.279)

â.ě. \ňěâăńńĺçěáłőě" (ďěąăěćáłőě) ŕőćěďěŋĺě. Őďŋăłő, ŕàĺ v_F q ≪ ´, ŕőńìğãïáì ăáĺňŕâőâĺłőľ Ei(−x) ≈ ln γx (x → 0), ĺňěěň: ϵ(q0) ≈ 1 − v^2_F κ^2_D 6´^2 ln γ v^2_F q^2 6´^2

(6.280)

Ŕàĺ âăłőň ŕőćěďěŋĺĺ ϵ(q0) ć ŕàěďěńě ňăńëå q, íääěłâĺćŋőě łãńőŋőćáłőě ćğăĺňőďěľáâćĺě ŕàĺŋĺňăěâ ćĺď: V(q) = 4π~e^2(q)

q^2

(6.281) čďě ~e^2(q) = e^2 1 −^{v2F κ2D}_{6Δ2} ln γ^{v2F q2}_{6Δ2}

→ 0 ŕàĺ q → 0 (6.282)

284 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

Řĺá. 6-34 Ďĺíńěłâàĺçěáłăï ŕàőŋĺæăěňőáâì łăł äãŋłæĺï ćőńŋőćőčő ćěłâőàă. (1) { ğăćĺáĺňőáâì, ŕőńãçěŋŋăï çĺáńěŋŋëň àăáçěâőň ŕő âőçŋëň äőàňãńăň, (2) { ğăćĺáĺňőáâì, ŕőńãçěŋŋăï ĺğ ĺŋâěàŕőńïæĺőŋŋőľ äőàňãńë. Ďĺíńěłâàĺçěáłăï ŕàőŋĺæăěňőáâì ďăŋă ć ěďĺŋĺæăå^{ω2p}_{Δ2} .

çâő ŋăŕőňĺŋăěâ ĺğćěáâŋãî áĺâãăæĺî \ŋãńì { ğăàïďă" ć łćăŋâőćőľ íńěłâàőďĺŋăňĺłě [20]. Šăłĺň őąàăğőň, äńãłâãăæĺĺ éěńĺ ć áŕěłâàě ŋăèěľ ňőďěńĺ ŕàĺćőďïâ ł ŕőńŋőľ íłàăŋĺàőćłě ğăàïďă, åőâï ĺ ćěáìňă áŕěæĺäĺçěáłőčő ćĺďă. Őŕïâì ňë ćĺďĺň ŕőćěďěŋĺě ŕàőňěęãâőçŋőě ňěęďã âĺŕĺçŋő \ňěâăńńĺçěáłĺň" ĺ \ďĺíńěłâàĺçěáłĺň"^{28}.

Őáŋőćŋőľ ćëćőď, łőâőàëľ ňőęŋő áďěńăâì ĺğ ŕàőćěďěŋŋőčő àăááňőâàěŋĺï íâőľ, çàěğćëçăľŋő ãŕàőéěŋŋőľ ĺ ĺáłãááâćěŋŋőľ ňőďěńĺ, ďőćőńìŋő ćăęěŋ. Řěğãńìâăâë âőçŋőčő àěèěŋĺï (ŕőńŋőčő áãňňĺàőćăŋĺï ďĺăčàăňňŋőčő àïďă) ňőčãâ őłăğăâìáï àăğĺâěńìŋő őâńĺçăîéĺňĺáï őâ àěğãńìâăâőć, ŕőńãçăěňëå ŕàĺąńĺęěŋŋëňĺ ňěâőďăňĺ (çăáâĺçŋëň áãňňĺàőćăŋĺěň ďĺăčàăňňŋőčő àïďă). Ł áőęăńěŋĺî, ŕőńŋőě áãňňĺàőćăŋĺě ãďăěâáï ŕàőćěáâĺ, łăł ŕàăćĺńő, ńĺèì ďńï ãŕàőéěŋŋëå ĺ ŋě őçěŋì àěăńĺáâĺçěáłĺå ğăďăç.

Ňőďěńì Šőňőŋăčă { Ńăââĺŋęěàă ĺ ŋěäěàňĺęĺďłőáâŋőě ŕőćěďěŋĺě.

Ŕàăłâĺçěáłĺ ćő ćáěå àăááňőâàěŋŋëå ćëèě ğăďăçăå ňë ĺáåőďĺńĺ ĺğ łăàâĺŋë äěàňĺ { ęĺďłőáâĺ Ńăŋďăã ĺ, ŕàěęďě ćáěčő, ĺğ ŕőńîáŋőčő åăàăłâěàă őďŋőçăáâĺçŋőľ äãŋłæĺĺ Čàĺŋă: G(p) = Z ε − v_F (p − p_F ) + iδ + · · · (6.283)

28Řăğãňěěâáï íâĺ ăŋőňăńĺĺ, ć ğŋăçĺâěńìŋőľ ňěàě, ïćńïîâáï áńěďáâćĺěň ďőáâăâőçŋő ĺáłãááâćěŋŋëå ŕàěďŕőńőęěŋĺľ, ĺáŕőńìğőćăŋŋëå ŕàĺ äőàňãńĺàőćłě ŋăèěľ ňőďěńĺ ŕáěćďőéěńěćőčő áőáâőïŋĺï, ĺ ĺáçěğăîâ, ŋăŕàĺňěà, ŕàĺ ãçěâě íääěłâőć łőŋěçŋőáâĺ łőààěńïæĺőŋŋőľ ďńĺŋë ąńĺęŋěčő ŕőàïďłă.

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 285

čďě 0 < Z < 1 { ŋěłőâőàăï ŕőáâőïŋŋăï, őŕàěďěńïîéăï, łăł ňë ćĺďěńĺ, áłăçőł äãŋłæĺĺ àăáŕàěďěńěŋĺï çăáâĺæ ŋă ŕőćěàåŋőáâĺ Ťěàňĺ p = p_F . Šăłęě ňë ŕőáâãŕăńĺ ĺ ŕàĺ àăááňőâàěŋĺĺ őďŋőňěàŋëå ğăďăç. Ć âőęě ćàěňï, ć ŕàěďëďãéěň àăğďěńě ňë ćĺďěńĺ, çâő âőçŋőě àěèěŋĺě őďŋőňěàŋőľ ğăďăçĺ ňőęěâ ŕàĺćěáâĺ ł áőćěàèěŋŋő ĺŋőňã ćĺďã äãŋłæĺĺ Čàĺŋă, ŋě áőďěàęăéěľ ŕőńîáőć ĺ ŋě áőćŕăďăîéěľ á ŕàěďáłăğăŋĺïňĺ âěőàĺĺ äěàňĺ { ęĺďłőáâĺ. Ŋă áăňőň ďěńě, íâő ïćńïěâáï őąéĺň áćőľáâćőň âěőàĺĺ ćğăĺňőďěľáâćãîéĺå íńěłâàőŋőć ć őďŋőň ĺğňěàěŋĺĺ | äěàňĺęĺďłőáâŋőě ŕőćěďěŋĺě őâáãâáâćãěâ ćáěčďă. Ć łăçěáâćě, ňőęěâ ąëâì, ŋăĺąőńěě ïàłőčő (ĺ őąéěčő) ŕàĺňěàă ć íâőň àăğďěńě ňë ąěčńő àăááňőâàĺň âăł ŋăğëćăěňãî ňőďěńì Šőňőŋăčă { Ńăââĺŋęěàă.

İâă ňőďěńì őŕĺáëćăěâ čăğ äěàňĺ { çăáâĺæ á ŕńőâŋőáâìî n (ĺňŕãńìá Ťěàňĺ p_F = πn/2), ňăááőľ m (áłőàőáâì Ťěàňĺ v_F = p_F /m) ĺ ŕőâěŋæĺăńőň ćğăĺňőďěľáâćĺï λ(|x|), äãàìě { łőňŕőŋěŋâë łőâőàőčő λ(k) őâńĺçŋë őâ ŋãńï ńĺèì ć ŕàěďěńìŋő ãğłőň ĺŋâěàćăńě ĺňŕãńìáőć |k| ≤ ~ ≪ p_F . Śőőâćěâáâćãîéĺľ čăňĺńìâőŋĺăŋ ĺňěěâ ćĺď: H = ∑ p p^2 2m a^+_p a_p + 1 2 ∑ pp^′ k λ(k)a^+_p a^+_p′ a_p′_{−k}a_{p+k} (6.284)

Šőňőŋăčă ŕőłăğăń, çâő ć áńãçăě ŕàěďěńìŋőčő ďăńìŋőďěľáâćĺï, â.ě. ć ŕàěŋěąàěęěŋĺĺ ćáěňĺ ćěńĺçĺŋăňĺ âĺŕă ~/p_F → 0, áŕěłâà čăňĺńìâőŋĺăŋă (6.284) áőćŕăďăěâ áő áŕěłâàőň áĺáâěňë ąőğőŋőć, őŕĺáëćăěňëå őŕěàăâőàăňĺ b_k, b^+_k^{29}: H = ∑ k v(k)kb^+_k b_k, v^2(k) = v^2_F + 2v_F π λ(k) (6.285)

Ŋĺęě ňë ŕőłăęěň íâő ďĺăčàăňňŋëňĺ ňěâőďăňĺ (Ĺ.Ě.Ďğïńőèĺŋáłĺľ, Ă.Ĺ.Ńăàłĺŋ, 1973), âăłęě łăł ĺ âő, çâő őďŋőíńěłâàőŋŋăï äãŋłæĺï Čàĺŋă áőåàăŋïěâ ćĺď (6.283) ć őąńăáâĺ |p − p_F | ≫ ~, ŋő ĺňěěâ áőćěàèěŋŋő ďàãčőľ ćĺď ćąńĺğĺ ŕőćěàåŋőáâĺ Ťěàňĺ, â.ě. ŕàĺ |p − p_F | ≪ ~.

Ĺňěï ć ćĺďã áŕěłâà őďŋőňěàŋőľ áĺáâěňë áćőąőďŋëå íńěłâàőŋőć, ŕőłăğăŋŋëľ ŋă Řĺá. 6-3, ąãďěň ćëçĺáńïâì äãŋłæĺĺ Čàĺŋă ćąńĺğĺ \ŕàăćőľ" ĺ \ńěćőľ" âőçěł Ťěàňĺ ±p_F , őąőğŋăçăï ĺå áőőâćěâáâćěŋŋő G_+(p) ĺ G_−(p) (± { äěàňĺőŋë). Ďńï čăğă áćőąőďŋëå çăáâĺæ:

G^{(0)}_+ = 1 ε − p + p_F + iδ , G^{(0)}_− = 1 ε + p + p_F + iδ

(6.286)

čďě, ďńï łàăâłőáâĺ, ŕěàěèńĺ ł áĺáâěňě ěďĺŋĺæ á v_F = 1.

Ůăáâĺæë ćąńĺğĺ ŕàăćőľ ĺ ńěćőľ äěàňĺ { âőçłĺ ňőęŋő, ŕő áãéěáâćã, áçĺâăâì àăğŋëňĺ äěàňĺőŋăňĺ ĺ ć áĺáâěňě á ćğăĺňőďěľáâćĺěň, ďăęě ć őąńăáâĺ |p − p_F | ≫ p_F , ŕőáłőńìłã ć ŕàěďěńě ~/p_F → 0 ćğăĺňőďěľáâćĺě ŋě ňőęěâ ŕěàěćőďĺâì ĺå ďàãč ć ďàãčă. İâő őğŋăçăěâ, ć çăáâŋőáâĺ, çâő á âőľ ęě âőçŋőáâìî ćěńĺçĺŋë p − p_F ďńï \+"{ çăáâĺæ ĺ p + p_F ďńï \−" { çăáâĺæ ňőčãâ ňěŋïâìáï ć ŕàěďěńăå őâ −∞ ďő +∞.

Ŕàěęďě ćáěčő ŋăň ŋãęŋő ćëçĺáńĺâì íääěłâĺćŋőě ćğăĺňőďěľáâćĺě, őąőğŋăçăěňőě ďăńěě D(k) ĺ ćőńŋĺáâőľ ńĺŋĺěľ, ă âăłęě \âàěãčőńìŋãî" ćěàèĺŋã `(p, k). Ć áĺńã ãáńőćĺï ~/p_F → 0, ćő ćáěå ćěàèĺŋăå áãéěáâćěŋŋë âőńìłő ĺňŕãńìáë k ≪ p_F , ŕőíâőňã őąě čàĺŋőćáłĺě äãŋłæĺĺ äěàňĺőŋőć, ćåőďïéĺě ć ` ďőńęŋë ńěęăâì ŋă őďŋőľ ĺ âőľ ęě äěàňĺ { âőçłě +p_F ĺńĺ −p_F , âăł çâő ňőęŋő ććěáâĺ `_+(p, k) ĺ `_−(p, k). Ŕàĺ íâőň ňë àăááňőâàĺň ŋěłőâőàőě őąőąéěŋĺě ňőďěńĺ Šőňőŋăčă, ă ĺňěŋŋő, ąãďěň

29Ĺŋëňĺ áńőćăňĺ, ć áĺáâěňě ćőőąéě ŋě őáâăěâáï äěàňĺőŋŋëå ćőğąãęďěŋĺľ, ă ěě áŕěłâà ĺáçěàŕëćăěâáï łőńńěłâĺćŋëňĺ łőńěąăŋĺïňĺ \ğćãłőćőčő" âĺŕă.

286 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

Řĺá. 6-35 Ćğăĺňőďěľáâćĺï çăáâĺæ ć ňőďěńĺ Šőňőŋăčă { Ńăââĺŋęěàă.

áçĺâăâì, çâő ćğăĺňőďěľáâćĺï çăáâĺæ őďŋőčő \ğŋăłă" (+ ĺńĺ -) ĺ àăğŋëå \ğŋăłőć" àăğńĺçŋë, łăł íâő ŕőłăğăŋő ŋă Řĺá. 6-35. Śőőâćěâáâćěŋŋő ććőďĺň őąőğŋăçěŋĺï:

λ_{++} = λ_{−−} = λ_1; λ_{+−} = λ_2; D_{++} = D_{−−}; D_{+−} = D_{−+} (6.287)

Şàăćŋěŋĺï Ďăľáőŋă ďńï D ĺňěîâ ćĺď:

D_{++} = λ_1 + λ_1˝_+D_{++} + λ_2˝_−D_{−+} (6.288)

D_{−+} = λ_2 + λ_2˝_+D_{++} + λ_1˝_−D_{−+} (6.289) Ćåőďïéĺě áîďă ŕőńïàĺğăæĺőŋŋëě őŕěàăâőàë ĺğőąàăęăîâáï čàăäĺłăňĺ, ŕőłăğăŋŋëňĺ ŋă Řĺá. 6-36. Şàăćŋěŋĺě Ďăľáőŋă ďńï äãŋłæĺĺ Čàĺŋă G ĺňěěâ áâăŋďăàâŋëľ ćĺď:

G^{−1}_± = ε ∓ p + p_F − ˚_± (6.290) čďě ˚_+ ĺ ˚_− ŕőłăğăŋë ŋă Řĺá. 6-37.

Őąëçŋő, łăł ňë ćĺďěńĺ ŋă àăğŋëå ŕàĺňěàăå ćëèě, ćěàèĺŋŋăï çăáâì ` őŕàěďěńïěâáï ąěáłőŋěçŋëň àïďőň ďĺăčàăňň, ć áĺńã çěčő âăłĺě ğăďăçĺ àěèăîâáï ńĺèì ŕàĺąńĺęěŋŋő. Őďŋăłő ć àăááňăâàĺćăěňőľ ňőďěńĺ ğăďăçã ňőęŋő àěèĺâì âőçŋő ć ŕàěďěńě ~/p_F → 0, ćőáŕőńìğőćăćèĺáì âőęďěáâćăňĺ Şőàďă, áćïğëćăîéĺňĺ ` ĺ G ĺ ĺňěîéĺňĺ áńěďãîéĺľ ŕàőáâőľ ćĺď:

`_+(p, k) =

G^{−1}_+ (p) − G^{−1}_+ (p − k) ω − k (6.291)

`_−(p, k) =

G^{−1}_− (p) − G^{−1}_− (p − k) ω + k (6.292)

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 287

Řĺá. 6-36 Ŕőńïàĺğăæĺőŋŋëě őŕěàăâőàë ć ňőďěńĺ Šőňőŋăčă { Ńăââĺŋęěàă.

Řĺá. 6-37 Śőąáâćěŋŋő { íŋěàčěâĺçěáłĺě çăáâĺ íńěłâàőŋă ć ňőďěńĺ Šőňőŋăčă { Ńăââĺŋęěàă.

288 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

Řĺá. 6-38 Ŕàĺňěàë łőŋłàěâŋëå čàăäĺłőć ďńï áőąáâćěŋŋő { íŋěàčěâĺçěáłőľ çăáâĺ íńěłâàőŋă ć ňőďěńĺ Šőňőŋăčă { Ńăââĺŋęěàă.

Ğďěáì, łăł ĺ ćëèě, k ć ăàčãňěŋâăå äãŋłæĺľ Čàĺŋă ĺ ćěàèĺŋ őąőğŋăçăěâ ŕăàã (k, ω). Śőőâŋőèěŋĺï (6.291) ĺ (6.292) ňőęŋő ćëćěáâĺ ŋěŕőáàěďáâćěŋŋő, àăááňăâàĺćăï ďĺăčàăňňë àăğŋëå ŕőàïďłőć ĺ ĺáŕőńìğãï áńěďãîéěě ĺğ (6.286) âőęďěáâćő:

G^{(0)}_± (p)G^{(0)}_± (p + k) = 1 ω ∓ k ( G^{(0)}_± (p) − G^{(0)}_± (p + k) ) (6.293)

Ďěńő ć âőň, çâő ćğăĺňőďěľáâćĺě (ćőńŋĺáâăï ńĺŋĺï) ŕěàěďăěâ ŕàăłâĺçěáłĺ ŋãńěćőľ ĺňŕãńìá (≤ ~) → 0. Šőčďă ćő ćáěå ďĺăčàăňňăå ďńï G ĺńĺ ˚ ĺňěěâáï ŋěŕàěàëćŋăï ńĺŋĺï çăáâĺæë \őďŋőčő ğŋăłă", ŕěàěŋőáïéăï \ćŋěèŋĺľ" ĺňŕãńìá p, łăł ňőęŋő ćĺďěâì, àăááňăâàĺćăï ŕàĺňěàë čàăäĺłőć, ŕőłăğăŋŋëě ŋă Řĺá. 6-38. Ŕőíâőňã ćáě ďĺăčàăňňë ďńï ` ňőęŋő ŕőńãçĺâì, ćáâăćńïï ŕàőĺğćőńìŋëň őąàăğőň ćŋěèŋîî ńĺŋĺî ćğăĺňőďěľáâćĺï ć čàăäĺłĺ ďńï áőąáâćěŋŋő íŋěàčěâĺçěáłőľ çăáâĺ. İâő ŕőłăğăŋő ŋă Řĺá. 6-39, čďě ŕàĺćěďěŋë čàăäĺłĺ ďńï ćěàèĺŋë, ŕőńãçěŋŋëě ĺğ ďĺăčàăňň ďńï áőąáâćěŋŋő { íŋěàčěâĺçěáłőľ çăáâĺ, ŕőłăğăŋŋëå ŋă Řĺá. 6-38. Ěáńĺ âěŕěàì ć ňěáâě łăęďőľ ćáâăćłĺ âăłőľ ńĺŋĺĺ ćğăĺňőďěľáâćĺï ćőáŕőńìğőćăâìáï (6.293), ňë ŋěňěďńěŋŋő ŕőńãçĺň âőęďěáâćă (6.291), (6.292). Ŕàĺ íâőň ćăęŋő őâňěâĺâì, çâő ć àăááňăâàĺćăěňőľ ğăďăçě á ďăńìŋőďěľáâćĺěň ĺ \ğăâàăćőçŋëňĺ" äãŋłæĺïňĺ Čàĺŋă (á ńĺŋěľŋëň áŕěłâàőň) ćĺďă (6.286) ňőęŋő ŕőłăğăâì, çâő ćáě ďĺăčàăňňë, áőďěàęăéĺě ğăňłŋãâëě ŕěâńĺ ĺğ ąőńěě, çěň ďćãå äěàňĺőŋŋëå ńĺŋĺľ, àăćŋë ŋãńî. Šőçŋěě, àăćŋă ŋãńî áőőâćěâáâćãîéĺň őąàăğőň áĺňňěâàĺğőćăŋŋăï ĺå áãňňă. Ŕőíâőňã, ŋăŕàĺňěà, ďĺăčàăňňë âĺŕă ŕőłăğăŋŋëå ŋă Řĺá. 6-40 ňőęŋő ŋě àăááňăâàĺćăâì, âăł çâő ćáě čàăäĺłĺ ďńï ćěàèĺŋë ćőğŋĺłăîâ âăł, łăł íâő ŕőłăğăŋő ŋă Řĺá. 6-39. Ďőłăğăâěńìáâćő íâőčő ãâćěàęďěŋĺï őáŋőćăŋő ŋă ğăłőŋě áőåàăŋěŋĺï çĺáńă ± { çăáâĺæ (ŕő őâďěńìŋőáâĺ) ĺ ïćńïěâáï ăŋăńőčőň ãáńőćĺï ŕőŕěàěçŋőáâĺ âőłă ć łćăŋâőćőľ íńěłâàőďĺŋăňĺłě [20] (čďě âăłĺě ďĺăčàăňňë âăłęě ćëŕăďăîâ ĺğ àăááňőâàěŋĺï âőęďěáâćă Şőàďă).

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 289

Řĺá. 6-39 Ŕàĺňěàë łőŋłàěâŋëå čàăäĺłőć ďńï ćěàèĺŋŋőľ çăáâĺ ć ňőďěńĺ Šőňőŋăčă { Ńăââĺŋęěàă.

Řĺá. 6-40 Ŕàĺňěàë łőŋłàěâŋëå čàăäĺłőć ďńï ćěàèĺŋŋőľ çăáâĺ ć ňőďěńĺ Šőňőŋăčă { Ńăââĺŋęěàă, łőâőàëě ňőęŋő ŋě àăááňăâàĺćăâì.

290 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

Ć áăňőň ďěńě, ğăŕĺèěň ãàăćŋěŋĺï ďćĺęěŋĺï ďńï áćőąőďŋëå őŕěàăâőàőć + { çăáâĺæ: i ∂ψ+ ∂t + i ∂ψ^+ ∂x = 0 (6.294)

őâłãďă áńěďãěâ ğăłőŋ áőåàăŋěŋĺï çĺáńă çăáâĺæ (ğăàïďă): ∂ρ+ ∂t + ∂j^+ ∂x = 0, ρ+ = j+ = ψ^+ ψ+ (6.295)

Ďńï − { çăáâĺæ ăŋăńőčĺçŋő: i ∂ψ− ∂t + i ∂ψ^− ∂x = 0 (6.296) ∂ρ− ∂t + ∂j− ∂x = 0 , ρ− = −j+ = ψ^+_−ψ− (6.297) Ŕőáłőńìłã ŕàőĺğćőńìŋăï ğăňłŋãâăï ŕěâńï ŕàěďáâăćńïěâ áőąőľ łőňŕőŋěŋâã Ťãàìě őâ áàěďŋěčő ŕő őáŋőćŋőňã áőáâőïŋĺî őâ ŕàőĺğćěďěŋĺï áőőâćěâáâćãîéěčő çĺáńă őŕěàăâőàőć ŕńőâŋőáâĺ < T ρ+(1)ρ+(2)...ρ+(n) > (ĺ ăŋăńőčĺçŋő ďńï − { çăáâĺæ), âő ĺğ ğăłőŋőć áőåàăŋěŋĺï (6.295), (6.297) áńěďãěâ:

(ω_1 − k_1)(ω_2 − k_2)...(ωn − kn) < ρ+(k_1)ρ+(k_2)...ρ+(kn) >= 0 (6.298) (ω_1 + k_1)(ω_2 + k_2)...(ωn + kn) < ρ−(k_1)ρ−(k_2)...ρ−(kn) >= 0 (6.299) Šőčďă áďěńăŋŋőě ćëèě ãâćěàęďěŋĺě ő ŕěâńïå áńěďãěâ ĺğ (6.298), (6.299), ěáńĺ ćáě ĺŋâěčàăńë ŕő ĺňŕãńìáăň äěàňĺőŋőć áåőďïâáï. Ńěčłő ćĺďěâì, çâő ďěńő âăł ĺ őąáâőĺâ ďńï ŕěâěńì, áőáâőïéĺå ĺğ âàěå ĺ ąőńěě ńĺŋĺľ.

Ŕěâńï, áőáâőïéăï ĺğ ďćãå ńĺŋĺľ ŕàőŕőàæĺőŋăńìŋă (ďńï + { çăáâĺæ) ĺŋâěčàăńã: ∫ d^2p 1 ε − p + p_F + iδ 1 ε − ω − p + k + p_F + iδ (6.300) łőâőàëľ äőàňăńìŋő àăáåőďĺâáï. Ŕő äĺğĺçěáłőňã áňëáńã łőŋěçŋőáâì íâőčő ĺŋâěčàăńă őąěáŕěçĺćăěâáï łćăďàăâĺçŋőľ ğăćĺáĺňőáâìî íŋěàčĺĺ çăáâĺæ őâ ĺňŕãńìáă ŋă ąőńìèĺå àăááâőïŋĺïå őâ ŕőćěàåŋőáâĺ Ťěàňĺ (łőâőàőľ ňë ğďěáì ŕàěŋěąàěčăěň). Šěåŋĺçěáłĺ íâő ňőęŋő őąěáŕěçĺâì, ćëŕőńŋïï áŋăçăńă ĺŋâěčàĺàőćăŋĺě ŕő ε, ă ãę ŕőâőň ŕő p. Řěğãńìâăâ âăłőčő ĺŋâěčàĺàőćăŋĺï őłăğëćăěâáï łőŋěçŋëň ĺ ďăěâ ćěńĺçĺŋã, ŕàőŕőàæĺőŋăńìŋãî^k_{ω−k} .

Šěŕěàì ňë ňőęěň ćëŕĺáăâì ğăňłŋãâãî áĺáâěňã ãàăćŋěŋĺľ ďńï G ĺ D, ćëàăęăï á ŕőňőéìî (6.291), (6.292) ćěàèĺŋë ` çěàěğ G ć ćëàăęěŋĺïå ďńï ˝ ĺ ˚, őŕàěďěńïěňëå Řĺá. 6-36, 6-37. Šăłĺň őąàăğőň ŕőńãçăěň:

˝_+(k) = − i 2π^2 1 ω − k ∫ d^2p [G_+(p − k) − G_+(p)] (6.301)

˝_−(k) = − i 2π^2 1 ω + k ∫ d^2p [G_−(p − k) − G_−(p)] (6.302)

ŕàĺçěň ãàăćŋěŋĺï ďńï G_± ĺňěîâ ćĺď:

(ε − p + p_F )G_+(p) = 1 + i 4π^2 ∫ d^2k

D_{++}(k) ω − k G_+(p − k) (6.303)

(ε + p + p_F )G_+(p) = 1 + i 4π^2 ∫ d^2k D_{−−}(k) ω + k G_−(p − k) (6.304)

Ćëçĺáńĺň âěŕěàì ˝_+ ĺ ˝_−. Ććěďěň őąàěğăŋĺě ŕő ĺňŕãńìáã |p−p_F | ≤ A ≪ p_F . Šőčďă ĺňěěň:

˝_+(k) = − i 2π^2 1 ω − k ∫_{pF +A} p_F −A dp ∫_∞ −∞ dε [G_+(p − k, ε − ω) − G_+(p, ε)] (6.305)

Ćłńăď őâ őąńăáâĺ |p − p_F | ≥ A ŋě ňőęěâ ąëâì ŋăľďěŋ ĺğ (6.301), (6.302) ŕőáłőńìłã âőęďěáâćă (6.291), (6.292) áŕàăćěďńĺćë âőńìłő ćąńĺğĺ ŕőćěàåŋőáâĺ Ťěàňĺ. Ňőęŋő

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 291

ãąěďĺâìáï, çâő íâőâ ćłńăď àăćěŋ ŋãńî, ěáńĺ ěčő ćëçĺáńĺâì á ŕőňőéìî \áćőąőďŋëå" äãŋłæĺľ Čàĺŋă (ĺ ćěàèĺŋ). Ćëçĺáńïï ć (6.305) ĺŋâěčàăń ŕő ε, ĺňěěň:

˝_+(k) = 1 π(ω − k) ∫_{pF +A} p_F −A dp [n_+(p − k) − n_+(p)] (6.306)

čďě ňë ćőáŕőńìğőćăńĺáì âăłęě őąéĺň ćëàăęěŋĺěň ďńï äãŋłæĺĺ àăáŕàěďěńěŋĺï:

n_+(p) = −i lim_{t→−0} ∫_∞ −∞ dε 2π e^{−iεt}G_+(εp) (6.307)

Ĺŋâěčàăń ŕő p ć (6.306) ňőęŋő ŕěàěŕĺáăâì âăł: ∫_{pF +A} p_F −A dp... = ∫_{pF −A} p_F −A−k dpn_+(p) − ∫_{pF +A} p_F +A−k dpn_+(p) (6.308)

čďě, á âőçŋőáâìî ~/A → 0, ňőęŋő áçĺâăâì, çâő n_+(p) = n_F (p), čďě n_F { áâãŕěŋìłă Ťěàňĺ ŕàĺ T = 0. Ŕőíâőňã ŕőńãçăěň:

˝_+(k) = k π(ω − k) (6.309)

Ăŋăńőčĺçŋëň őąàăğőň ŕőńãçăěň ĺ:

˝_−(k) = − k π(ω + k) (6.310)

Ĺáŕőńìğãï (6.309), (6.310) ć (6.288), (6.289) ĺ àěèăï íâĺ ãàăćŋěŋĺï, ŋăåőďĺň:

D_{++}(k) = (ω − k) λ_1(ω + k) + (λ^2_1 − λ^2)k/π ω^2 − u^2k^2 + iδ

(6.311) čďě u = ( 1 + 2λ_1 π + λ^2_1 − λ^2

π^2 )_{1/2} (6.312)

Šăłĺň őąàăğőň ć áĺáâěňě ćőğŋĺłăîâ łőńńěłâĺćŋëě (ąőğőŋŋëě) ćőğąãęďěŋĺï, áŕěłâà łőâőàëå őŕàěďěńïěâáï ŕőńîáőň (6.311). Ŕàĺ λ_1 = λ_2 = λ íâĺ äőàňãńë, äăłâĺçěáłĺ, ďăîâ àěğãńìâăâ Šőňőŋăčĺ (6.285) (ŋăŕőňŋĺň, çâő ã ŋăá áěľçăá v_F = 1).

Ďńï ŋăåőęďěŋĺï őďŋőíńěłâàőŋŋőľ äãŋłæĺĺ Čàĺŋă őáâăńőáì àěèĺâì ńĺŋěľŋëě ĺŋâěčàăńìŋőě ãàăćŋěŋĺě (6.303) á ĺğćěáâŋëň âěŕěàì D_{++} . Ňë ŋě ąãďěň íâĺň ğăŋĺňăâìáï ŕőďàőąŋő, ă àăááňőâàĺň âőńìłő ŕàőáâěľèĺě áńãçăĺ, ŕàĺćőďï ŕőâőň őąéĺě àěğãńìâăâë.

Ŕãáâì λ_2 = 0, âőčďă çăáâĺæë ŋă őďŋőľ áâőàőŋě ŕőćěàåŋőáâĺ Ťěàňĺ (+) ćőőąéě ŋě ćğăĺňőďěľáâćãîâ á çăáâĺæăňĺ ŋă ďàãčőľ áâőàőŋě (−), âăł çâő D_{−+} = 0, ă

D_{++} (k) = π(w − 1)(ω − k) ω − wk + iδ (6.313) čďě w = 1 + λ_1 π (6.314) Şàăćŋěŋĺě ďńï G_+ ĺňěěâ âőčďă ćĺď:

(ε − p)G(p) = 1 + i 4π ∫ d^2kG(p − k) w − 1 ω − wk + iδ (6.315)

292 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

Ğďěáì ĺ ďăńěě őŕãáłăěň ĺŋďěłá + ã G_+ ĺ őâáçĺâëćăěň p őâ +p_F . Ŋěŕőáàěďáâćěŋŋőľ ŕőďáâăŋőćłőľ ňőęŋő ãąěďĺâìáï, çâő ãàăćŋěŋĺî (6.313) ãďőćńěâćőàïěâ äãŋłæĺï: G(p) = {(ε − p + iδ)(ε − wp + iδ)}^{−1/2} (6.316) čďě àăğàěğ ŋă łőňŕńěłáŋőľ ŕńőáłőáâĺ ε ćëąàăŋ ć ćĺďě őâàěğłă, áőěďĺŋïîéěčő p−iδ ĺ wp−iδ (signδ = sign(p)). Šăłăï äãŋłæĺï Čàĺŋă ŋě ĺňěěâ ŕőńîáőć, áőőâćěâáâćãîéĺå őďŋőçăáâĺçŋëň ćőğąãęďěŋĺïň, ŋő àăáçěâ ŕő (6.307) ŕőłăğëćăěâ, çâő àăáŕàěďěńěŋĺě çăáâĺæ ŕő ĺňŕãńìáăň őáâăěâáï äěàňĺěćáłĺň:

n(p) = n_F (p) (6.317)

Ďăńěě ňőęŋő ŕàőăŋăńĺğĺàőćăâì áńãçăľ ňăńëå λ_1 ĺ λ_2, łőčďă u ĺğ (6.312) ąńĺğłő ł ěďĺŋĺæě (v_F !). Ĺááńěďőćăŋĺě (6.303), (6.311), (6.312) ŕőłăğëćăěâ, çâő ć íâőň áńãçăě őďŋőíńěłâàőŋŋăï äãŋłæĺï Čàĺŋă ŋăèěľ ňőďěńĺ ĺňěěâ ćĺď: G(p) = {(ε − p)(ε − up)}^{−1/2} exp { − λ^2 4π^2 ln ~ |p| } (6.318) čďě u = 1 + λ_1 π + λ^2_1 − λ^2 2π^2

(6.319)

Ćëçĺáńïï á ŕőňőéìî (6.307) ĺ (6.318) äãŋłæĺî àăáŕàěďěńěŋĺï çăáâĺæ n(p), ňőęŋő ãąěďĺâìáï, çâő ŕàĺ λ_2 ≠ 0 áłăçőł ŕàĺ p = 0 őâáãâáâćãěâ ĺ ŋă ěčő ňěáâě őáâăěâáï ńĺèì őáőąěŋŋőáâì ćĺďă (E.Lieb, D.Mattis, 1965): n(p) = 1 2 − 1 2 ( |p| ~ )^{λ2}_{4π2} sign(p) (6.320) Řăááňőâàĺň, ŋăłőŋěæ, äĺğĺçěáłĺ \àěăńĺáâĺçěáłĺľ" áńãçăľ λ_1 = λ_2 = λ. Ć íâőň áńãçăě ĺňěěň: D_{++}(k) = λ(ω^2 − k^2) ω^2 − v^2k^2 + iδ

(6.321) čďě v = ( 1 + 2λ π )_{1/2} (6.322)

ĺ ďńï G ĺňěěň ĺŋâěčàăńìŋőě ãàăćŋěŋĺě:

(ε − p)G(p) = 1 + i 4π^2 ∫ d^2kG(p − k) λ(ω + k) ω^2 − v^2k^2 + iδ

(6.323)

Ěčő âăłęě ňőęŋő àěèĺâì (ŕěàěåőďï ł łőőàďĺŋăâŋőňã ŕàěďáâăćńěŋĺî x, t). Ňë íâőčő ďěńăâì ŋě ąãďěň, ă âőńìłő ŕàĺćěďěň àěğãńìâăâ ďńï äãŋłæĺĺ àăáŕàěďěńěŋĺï çăáâĺæ ŕő ĺňŕãńìáăň n(p) ćąńĺğĺ äěàňĺ { âőçłĺ p = 0. Ŕàĺ áńăąőň ćğăĺňőďěľáâćĺĺ, łőčďă λ → 0, v → 1 ĺňěěň àěğãńìâăâ (6.320) á λ_1 = λ_2 = λ. İâă äőàňãńă áőåàăŋïěâáï ďő âěå ŕőà, ŕőłă ćğăĺňőďěľáâćĺě ŋě áńĺèłőň áĺńìŋő: n(p) = 1 2 − const|p|^{2α}sign(p) (6.324) čďě α = (v − 1)^2 8v , ŕàĺçěň α < 1/2 (6.325)

İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ 293

Őďŋăłő, łőčďă ćěńĺçĺŋă α ŕàěćëáĺâ 1/2, ćěďãéĺň çńěŋőň àăğńőęěŋĺï n(p) ćąńĺğĺ äěàňĺ { âőçłĺ áâăŋőćĺâáï ńĺŋěľŋëľ çńěŋ: n(p) = 1 2 − const · p (6.326) Ć ńîąőň áńãçăě áłăçłă äãŋłæĺĺ àăáŕàěďěńěŋĺï ć âőçłě Ťěàňĺ ŋěâ!

Ŕàĺćěďěň àěğãńìâăâë ĺááńěďőćăŋĺï ăáĺňŕâőâĺçěáłőčő ŕőćěďěŋĺï G(εp) ć őąńăáâĺ p ∼ ε ≪ ~. Ŕàĺ α < 1/2: G(ε ∼ p) ∼ 1 ε^{1−2α} (6.327)

Ŕàĺ α > 1/2:

G(ε ∼ p) ∼ A + Bε^{2α−1} (6.328) Ŕàĺ 3/2 > α > 1:

G(ε ∼ p) ∼ A + Bε + Cε^{2α−1}, ĺ â.ŕ. (6.329) Šăłĺň őąàăğőň, ć ňőďěńĺ Šőňőŋăčă { Ńăââĺŋęěàă ŋě ćëŕőńŋïîâáï őáŋőćŋëě ŕàěďŕőńőęěŋĺï âěőàĺĺ äěàňĺ { ęĺďłőáâĺ Ńăŋďăã. Şęě ŕàĺ áłőńì ãčőďŋő áńăąőň ćğăĺňőďěľáâćĺĺ őáőąěŋŋőáâì ćąńĺğĺ ŕőćěàåŋőáâĺ Ťěàňĺ áńăąěě ŕőńîáŋőľ (áà. (6.327)), ă ŕàĺ ćğăĺňőďěľáâćĺĺ ďőáâăâőçŋőľ áĺńë äãŋłæĺï Čàĺŋă ćőőąéě őáâăěâáï łőŋěçŋőľ ć âőçłě Ťěàňĺ (áà. (6.327), (6.329)). Śăňă âőçłă Ťěàňĺ ŕàőïćńïěâáï ŕàĺ íâőň ńĺèì łăł őáőąăï âőçłă ć ŕàőĺğćőďŋëå ďőáâăâőçŋő ćëáőłőčő ŕőàïďłă.

Řăááňőâàěŋŋëě ăŋőňăńĺĺ áćïğăŋë á âěň, çâő ć őďŋőňěàŋëå äěàňĺ { áĺáâěňăå ĺňěěâ ňěáâő áćőěőąàăğŋăï \ĺŋäàăłàăáŋăï łăâăáâàőäă". Ńîąăï çăáâĺæă, ńěęăéăï ćąńĺğĺ őďŋőľ ĺğ âőçěł Ťěàňĺ, ňőęěâ ĺáŕãáâĺâì, á áőąńîďěŋĺěň ćáěå ğăłőŋőć áőåàăŋěŋĺï, ńîąőě çĺáńő àěăńìŋëå ŕăà çăáâĺæă { ďëàłă, âăłęě ńěęăéĺå ćąńĺğĺ äěàňĺ { âőçěł. Ňăâěňăâĺçěáłĺ íâő ŕàőïćńïěâáï ć âőň, çâő ć àïďã âěőàĺĺ ćőğňãéěŋĺľ ďńï áőąáâćěŋŋő { íŋěàčěâĺçěáłőľ çăáâĺ ˚(p) ŕőïćńïîâáï ŕőńîáŋëě ćłńăďë ćëáőłĺå ŕőàïďłőć âĺŕă: λ^n (ε − p)^{n−1} (6.330)

Ć áăňőň ďěńě, àăááňőâàĺň ćëàăęěŋĺě ďńï ˚, áőőâćěâáâćãîéěě, ŋăŕàĺňěà, (6.316):

˚(p) = ε − p − [(ε − p)(ε − p − λp/π)]^{1/2} (6.331)

Řăğńăčăï ěčő ć àïď ŕő λ, ŕőńãçăěň:

˚(p) = λp 2π + λ^2p^2 8π^2(ε − p)

+ · · · (6.332)

Ćáě çńěŋë íâőčő àïďă (łàőňě ŕěàćőčő) ĺňěîâ áâàãłâãàã (6.330).

Ćëćőďë ĺğ ŕàőćěďěŋŋőčő àăááňőâàěŋĺï ňőďěńĺ Šőňőŋăčă { Ńăââĺŋęěàă őçěŋì ćăęŋë ĺ ŕőãçĺâěńìŋë. Ťăłâĺçěáłĺ, ąőńìèĺŋáâćő íâĺå ćëćőďőć áőåàăŋïěâáï ĺ ŕàĺ àăááňőâàěŋĺĺ ćğăĺňőďěľáâćãîéĺå íńěłâàőŋőć ć őďŋőňěàĺĺ ć àăňłăå ąőńěě őąéĺå ňőďěńěľ ćğăĺňőďěľáâćĺï. Ťěàňĺęĺďłőáâŋőě ŕőćěďěŋĺě őâáãâáâćãěâ ćáěčďă, ğăâő ćőğŋĺłăěâ ïćńěŋĺě ąőğőŋĺğăæĺĺ áŕěłâàă íńěňěŋâăàŋëå ćőğąãęďěŋĺľ. Ć íâőň áňëáńě, őďŋőňěàŋëě áĺáâěňë á ćğăĺňőďěľáâćĺěň őŕĺáëćăîâáï łăàâĺŋőľ, ăńìâěàŋăâĺćŋőľ őąëçŋőľ âěőàĺĺ äěàňĺ { ęĺďłőáâĺ. Ŕàĺŋïâő čőćőàĺâì, çâő ć ŋĺå àěăńĺğãěâáï łăàâĺŋă \ńăââĺŋęěàőćáłőľ" ęĺďłőáâĺ. Ć ŕőáńěďŋĺě čőďë őáőąëľ ĺŋâěàěá ćëğëćăěâ ăŋăńĺğ áĺâãăæĺĺ ć ŕőčàăŋĺçŋőň ďćãňěàŋőň áńãçăě, čďě ŕàĺ őŕĺáăŋĺĺ áĺáâěň á áĺńìŋëňĺ íńěłâàőŋŋëňĺ łőààěńïæĺïňĺ (âĺŕă ĆŠŚŔ { őłáĺďőć) ĺňěŋŋő \áæěŋăàĺľ" äőàňĺàőćăŋĺï ńăââĺŋęěàőćáłőľ ęĺďłőáâĺ łőŋłãàĺàãěâ á łăàâĺŋőľ őąëçŋőľ (ĺńĺ ãŕőňĺŋăćèěľáï ćëèě \ňăàčĺŋăńìŋőľ") äěàňĺ { ęĺďłőáâĺ [13].

294 İŃĚŁŠŘŐŊŊŻĚ ŊĚŞŚŠŐĽŮĹĆŐŚŠĹ Ĺ ŤĂĞŐĆŻĚ ŔĚŘĚŢŐĎŻ

Ŕàĺńőęěŋĺě Ă

Ŕőćěàåŋőáâì Ťěàňĺ, łăł âőŕőńőčĺçěáłĺľ őąêěłâ.

Ŕàĺ őąáãęďěŋĺĺ őáŋőć âěőàĺĺ äěàňĺ { ęĺďłőáâĺ ňë ĺáåőďĺńĺ ĺğ âőčő, çâő ŕőćěàåŋőáâì Ťěàňĺ áőåàăŋïěâáï ĺ ŕàĺ ăďĺăąăâĺçěáłőň \ćłńîçěŋĺĺ" ŕàőĺğćőńìŋőčő ćğăĺňőďěľáâćĺï ňěęďã äěàňĺőŋăňĺ. Ŕàĺćěďěň ĺğïéŋőě ďőłăğăâěńìáâćő íâőčő ãâćěàęďěŋĺï, őáŋőćăŋŋőě ŋă âőŕőńőčĺçěáłĺå áőőąàăęěŋĺïå (Č.Ě.Ćőńőćĺł, 1999).

Ć ĺďěăńìŋőň äěàňĺ { čăğě ŕőćěàåŋőáâì Ťěàňĺ ŕàěďáâăćńïěâ áőąőľ ěáâěáâćěŋŋãî čàăŋĺæã, àăğďěńïîéãî ć ĺňŕãńìáŋőň ŕàőáâàăŋáâćě őąńăáâĺ ğăŋïâëå (n(p) = 1) ĺ ŕãáâëå (n(p) = 0) áőáâőïŋĺľ [11]. §áŋő, çâő ć âăłőň čăğě ŕőćěàåŋőáâì Ťěàňĺ ŕàěďáâăćńïěâ áőąőľ ãáâőľçĺćëľ őąêěłâ { ňăńëě ĺğňěŋěŋĺï íŋěàčĺľ çăáâĺæ ńĺèì áńěčłă ďěäőàňĺàãîâ čàăŋĺæã ňěęďã ğăŋïâëňĺ ĺ ŕãáâëňĺ áőáâőïŋĺïňĺ, ŕàĺćőďï ł áőőâćěâáâćãîéěľ ňăńőľ ďěäőàňăæĺĺ ŕőćěàåŋőáâĺ Ťěàňĺ.

Ěáńĺ \ćłńîçăěâáï" ćğăĺňőďěľáâćĺě ňěęďã çăáâĺæăňĺ, âő, łăł ňë ćĺďěńĺ ćëèě, äãŋłæĺï àăáŕàěďěńěŋĺï çăáâĺæ n(p) ć őáŋőćŋőň áőáâőïŋĺĺ áĺáâěňë ąőńěě ŋě àăćŋïěâáï ŕàőáâő 1 ĺńĺ 0. Šěň ŋě ňěŋěě, ŕőćěàåŋőáâì Ťěàňĺ áőåàăŋïěâáï ĺ ŕàőïćńïěâáï ć ćĺďě őáőąěŋŋőáâĺ ć n(p). Šăłăï ãáâőľçĺćőáâì ŕőćěàåŋőáâĺ Ťěàňĺ ïćńïěâáï áńěďáâćĺěň ŋěłőâőàőčő âőŕőńőčĺçěáłőčő áćőľáâćă äěàňĺőŋŋőľ äãŋłæĺĺ Čàĺŋă. Ğăŕĺèěň íâã äãŋłæĺî Čàĺŋă ć ĺďěăńìŋőň čăğě ďńï ğăďăŋŋőčő ĺňŕãńìáă p ĺ ňŋĺňőľ^1 çăáâőâë z = ip_0:

G(p_0, p) = 1 ip_0 − v_F (p − p_F )

(Ă.1)

Őçěćĺďŋő, çâő íâă äãŋłæĺï Čàĺŋă ćáě àăćŋő ĺňěěâ áĺŋčãńïàŋőáâì ŋă čĺŕěàŕőćěàåŋőáâĺ (p_0 = 0, p = p_F ) ć çěâëàěåňěàőň ŕàőáâàăŋáâćě (p_0, p), čďě íâă äãŋłæĺï ŕàőáâő ŋě őŕàěďěńěŋă. İâă áĺŋčãńïàŋőáâì ãáâőľçĺćă, â.ě. ŋě ňőęěâ ąëâì ãáâàăŋěŋă ňăńëňĺ ćőğňãéěŋĺïňĺ. Ŕàĺçĺŋă íâőčő ć âőň, çâő äăğă ˘ äãŋłæĺĺ Čàĺŋă, àăááňăâàĺćăěňőľ

1Ňŋĺňăï çăáâőâă ććőďĺâáï, çâőąë ĺğąěęăâì őąëçŋőľ áĺŋčãńïàŋőáâĺ ŕàĺ z = ξ(p), ĺ ŋě áćïğăŋă, ćőőąéě čőćőàï, á ňăæãąăàőćáłĺň äőàňăńĺğňőň.

296 Ŕőćěàåŋőáâì Ťěàňĺ, łăł âőŕőńőčĺçěáłĺľ őąêěłâ.

łăł łőňŕńěłáŋőě çĺáńő, â.ě. G = |G|e^{iΦ}, ňěŋïěâáï ŋă 2π ŕàĺ őąåőďě ŕő ńîąőňã łőŋâãàã C, őåćăâëćăîéěňã łăłőľ { ńĺąő íńěňěŋâ ãŕőňïŋãâőľ čĺŕěàŕőćěàåŋőáâĺ.

Ć íâőň ňőęŋő ãąěďĺâìáï, ěáńĺ ňë őŕãáâĺň őďŋő ŕàőáâàăŋáâćěŋŋőě ĺğňěàěŋĺě, âăł çâőąë ŕőćěàåŋőáâì Ťěàňĺ ŕàěďáâăćńïńă áőąőľ ğăňłŋãâãî ńĺŋĺî ć ďćãňěàŋőň ŕàőáâàăŋáâćě (p_x, p_y). Śĺŋčãńïàŋőáâĺ äãŋłæĺĺ Čàĺŋă (Ă.1) ńěęăâ âőčďă ŋă ŋă ğăňłŋãâőľ ńĺŋĺĺ ć âàěåňěàŋőň ŕàőáâàăŋáâćě (p_0, p_x, p_y), ŕőłăğăŋŋőľ ŋă ŋĺęŋěľ çăáâĺ Řĺá. Ă-1. Ťăğă äãŋłæĺĺ Čàĺŋă ňěŋïěâáï ŋă 2π ŕàĺ łăęďőň őąåőďě ŕàőĺğćőńìŋőčő łőŋâãàă C, őåćăâëćăîéěčő ńîąőľ íńěňěŋâ íâőčő \ćĺåàěćőčő łőńìæă"^2 ć âàěåňěàŋőň ŕàőáâàăŋáâćě (p_0, p_x, p_y). Śőőâćěâáâćãîéěě \æĺàłãńïæĺőŋŋőě çĺáńő" N_1 = 1 ŋě ňőęěâ ňěŋïâìáï ŋěŕàěàëćŋëň őąàăğőň ĺ ãáâőľçĺćő, ŕő őâŋőèěŋĺî ł ăďĺăąăâĺçěáłőňã \ćłńîçěŋĺî" ńîąőčő ćğăĺňőďěľáâćĺï. Ŕőíâőňã áĺŋčãńïàŋőáâì äãŋłæĺĺ Čàĺŋă ĺ ŋăńĺçĺě ŋãńěćëå íŋěàčĺľ ćőğąãęďěŋĺï ć áĺáâěňě äěàňĺőŋőć ŕàĺ íâőň âăłęě áőåàăŋïîâáï.

Ć őąéěň áńãçăě äãŋłæĺï Čàĺŋă äěàňĺőŋă ïćńïěâáï ňăâàĺæěľ áő áŕĺŋőćëňĺ ĺŋďěłáăňĺ. Ć ŕěàĺőďĺçěáłőň łàĺáâăńńě őŋă åăàăłâěàĺğãěâáï ďőŕőńŋĺâěńìŋő ğőŋŋëň ĺŋďěłáőň ĺ â. ŕ. Ć âăłőň áńãçăě, ŕőŋïâĺě äăğë čàĺŋőćáłőľ äãŋłæĺĺ âěàïěâ áňëáń, őďŋăłő őŕĺáăŋŋőě âőŕőńőčĺçěáłőľ áćőľáâćő, äăłâĺçěáłĺ, áőåàăŋïěâáï. Ňőęŋő ŕőłăğăâì, çâő ć ć âăłőň őąéěň áńãçăě ňőęŋő ććěáâĺ âőŕőńőčĺçěáłĺľ ĺŋćăàĺăŋâ, łőâőàëľ ğăŕĺáëćăěâáï ć áńěďãîéěň ćĺďě:

N_1 = Sp ∮ C dl 2πi G(p^0, p)

∂G^{−1}(p_0, p) ∂l (Ă.2)

čďě äãŋłæĺï Čàĺŋă ŕàěďáâăćńïěâ áőąőľ áőőâćěâáâćãîéãî ňăâàĺæã, ă ĺŋâěčàăń ąěàěâáï ŕő ŕàőĺğćőńìŋőňã łőŋâãàã C ć ŕàőáâàăŋáâćě (p_0, p), őłàãęăîéěňã čĺŕěàŕőćěàåŋőáâì áĺŋčãńïàŋőáâěľ ć íâőň ŕàőáâàăŋáâćě (łăł íâő ŕőłăğăŋő ŋă ŋĺęŋěľ çăáâĺ Řĺá. Ă-1). Ć (Ă.2) Sp ąěàěâáï ŕő áŕĺŋőćëň, ğőŋŋëň ĺ ŕàőçĺň ćőğňőęŋëň ĺŋďěłáăň.

Ć äěàňĺ { ęĺďłőáâĺ Ńăŋďăã őďŋőçăáâĺçŋăï äãŋłæĺï Čàĺŋă, łăł ňë ğŋăěň, ĺňěěâ ćĺď:

G(p_0, p) = Z ip_0 − v_F (p − p_F )

+ · · · (Ă.3)

Ć őâńĺçĺě őâ ĺďěăńìŋőčő äěàňĺ { čăğă áłőàőáâì Ťěàňĺ v_F ŋě àăćŋïěâáï ąőńìèě ŕàőáâő p_F /m, ă ïćńïěâáï őâďěńìŋőľ \äãŋďăňěŋâăńìŋőľ łőŋáâăŋâőľ" âěőàĺĺ äěàňĺ { ęĺďłőáâĺ. Őŋă őŕàěďěńïěâ íääěłâĺćŋãî ňăááã łćăğĺçăáâĺæë m^∗ = p_F /v_F . Ĺğňěŋěŋĺě v_F ĺ ćëçěâă Z ŋě ňěŋïîâ ćěńĺçĺŋã âőŕőńőčĺçěáłőčő ĺŋćăàĺăŋâă (Ă.2). İâő ŕőďâćěàęďăěâ ŕàěďŕőńőęěŋĺě âěőàĺĺ Ńăŋďăã őą őďŋőğŋăçŋőň áőőâćěâáâćĺĺ ňěęďã ŋĺğłőíŋěàčěâĺçěáłĺňĺ łćăğĺçăáâĺæăňĺ ć äěàňĺ { ęĺďłőáâĺ ĺ çăáâĺæăňĺ ć ĺďěăńìŋőň äěàňĺ { čăğě.

Ŕőíâőňã (ěáńĺ ć áĺáâěňě ŋě ćőğŋĺłăîâ \ĺŋäàăłàăáŋëě" őáőąěŋŋőáâĺ, âĺŕă őąáãęďăćèĺåáï ćëèě ć áćïğĺ á ňőďěńìî Šőňőŋăčă { Ńăââĺŋęěàă) ć ĺğőâàőŕŋőľ äěàňĺ { ęĺďłőáâĺ áŕěłâà äěàňĺőŋŋëå łćăğĺçăáâĺæ őŕĺáëćăěâáï ãŋĺćěàáăńìŋőľ ğăćĺáĺňőáâìî: ε(p) → vF (|p| − pF ) (Ă.4) á ďćãňï \äãŋďăňěŋâăńìŋëňĺ łőŋáâăŋâăňĺ" v_F ĺ p_F . Ĺå ćěńĺçĺŋă őŕàěďěńïěâáï \ňĺłàőáłőŕĺçěáłĺňĺ" ćğăĺňőďěľáâćĺïňĺ, ŋő ć âěőàĺĺ äěàňĺ { ęĺďłőáâĺ őŋĺ ïćńïîâáï äěŋőňěŋőńőčĺçěáłĺňĺ łőŋáâăŋâăňĺ.

Šőŕőńőčĺçěáłăï ãáâőľçĺćőáâì ŕőćěàåŋőáâĺ Ťěàňĺ őğŋăçăěâ, çâő ńîąőě ŋěŕàěàëćŋőě ĺğňěŋěŋĺě áĺáâěňë ŋě ňěŋïěâ âőŕőńőčĺçěáłĺľ ĺŋćăàĺăŋâ. Ć çăáâŋőáâĺ, âăłĺň ĺğňěŋěŋĺěň ňőęěâ ąëâì ĺ ăďĺăąăâĺçěáłőě ćłńîçěŋĺě ćğăĺňőďěľáâćĺï ňěęďã çăáâĺæăňĺ ĺ (ĺńĺ) ăďĺăąăâĺçěáłăï ďěäőàňăæĺï ŕőćěàåŋőáâĺ Ťěàňĺ. Ć ãáńőćĺïå

2Ğďěáì ĺňěěâáï ŕàïňăï ăŋăńőčĺï á âőŕőńőčĺçěáłőľ ãáâőľçĺćőáâìî ăąàĺłőáőćáłĺå ćĺåàěľ ć áćěàåŕàőćőďŋĺłăå II àőďă, čďě ŕăàăňěâà ŕőàïďłă ĺňěěâ, łăł ĺğćěáâŋő, ćĺď ¯ = |¯|e^{iΦ} [21].

Ŕőćěàåŋőáâì Ťěàňĺ, łăł âőŕőńőčĺçěáłĺľ őąêěłâ. 297

Řĺá. Ă-1 Ŕőćěàåŋőáâì Ťěàňĺ, łăł âőŕőńőčĺçěáłĺľ őąêěłâ ć ĺňŕãńìáŋőň ŕàőáâàăŋáâćě. Ŋăćěàåã: ć ĺďěăńìŋőň äěàňĺěćáłőň čăğě, ŕőćěàåŋőáâì Ťěàňĺ őčàăŋĺçĺćăěâ áäěàã ğăŕőńŋěŋŋëå áőáâőïŋĺľ á őâàĺæăâěńìŋőľ íŋěàčĺěľ. Ćŋĺğã: ŕőćěàåŋőáâì Ťěàňĺ áőåàăŋïěâáï ďăęě ŕàĺ \ćłńîçěŋĺĺ" ćğăĺňőďěľáâćĺï. Ŕàĺçĺŋă ć âőň, çâő őŋă ŕàěďáâăćńïěâ áőąőľ âőŕőńőčĺçěáłĺ ãáâőľçĺćëľ őąêěłâ { \ćĺåàì" ć çěâëàěåňěàŋőň ŕàőáâàăŋáâćě (p_0, p).

298 Ŕőćěàåŋőáâì Ťěàňĺ, łăł âőŕőńőčĺçěáłĺľ őąêěłâ.

âăłĺå ăďĺăąăâĺçěáłĺå ćőğďěľáâćĺľ íŋěàčěâĺçěáłĺě ãàőćŋĺ áĺáâěňë ŋě ňőčãâ ŕěàěáěłăâì ŕőćěàåŋőáâì Ťěàňĺ. Śőáâőïŋĺě ąěğ ćőğąãęďěŋŋëå łćăğĺçăáâĺæ âàăŋáäőàňĺàãěâáï ć ďàãčőě âăłőě ęě áőáâőïŋĺě, â.ě. ćăłããň áĺáâěňë ŕěàěåőďĺâ ć ďàãčőľ ćăłããň (őáŋőćŋőě áőáâőïŋĺě). İâő ĺ ŕàĺćőďĺâ ł áŕàăćěďńĺćőáâĺ âěőàěňë Ńăââĺŋęěàă, łőâőàăï ãâćěàęďăěâ, çâő őąêěň ŕőćěàåŋőáâĺ Ťěàňĺ ïćńïěâáï \ăďĺăąăâĺçěáłĺň ĺŋćăàĺăŋâőň" (ěáńĺ ŕőńŋőě çĺáńő çăáâĺæ ć áĺáâěňě ŋě ĺğňěŋïěâáï).

Ďńï ĺğőâàőŕŋőľ äěàňĺ { ęĺďłőáâĺ áő áäěàĺçěáłőľ ŕőćěàåŋőáâìî Ťěàňĺ, âěőàěňă Ńăââĺŋęěàă áćőďĺâáï ł ãâćěàęďěŋĺî ő áőåàăŋěŋĺĺ őąëçŋőčő (čăğőćőčő!) áőőâŋőèěŋĺï ňěęďã ŕńőâŋőáâìî çăáâĺæ ĺ ĺňŕãńìáőň Ťěàňĺ: n = p^3_F 3π^2~^3

(Ă.5)

Ŕőćěàåŋőáâì Ťěàňĺ, åăàăłâěàĺğãěňăï âőŕőńőčĺçěáłĺň ĺŋćăàĺăŋâőň N_1 áãéěáâćãěâ ďńï áĺáâěň ńîąëå àăğňěàŋőáâěľ ć őąëçŋőň ŕàőáâàăŋáâćě. Ć ďćãňěàĺĺ, łăł ňë ćĺďěńĺ, őŋă ŕàěďáâăćńïěâ áőąőľ ğăňłŋãâãî ńĺŋĺî ć ďćãňěàŋőň ĺňŕãńìáŋőň ŕàőáâàăŋáâćě, áőőâćěâáâćãîéãî \ćĺåàěćőňã łőńìæã" ć âàěåňěàŋőň ŕàőáâàăŋáâćě çăáâőâŋő { ĺňŕãńìáŋőň ŕàőáâàăŋáâćě. Ć őďŋőňěàŋëå áĺáâěňăå ŕőćěàåŋőáâì Ťěàňĺ ïćńïěâáï âőçěçŋëň \ćĺåàěň".

Ňë ćĺďěńĺ ćëèě, çâő ć őďŋőňěàŋëå áĺáâěňăå äãŋłæĺï Čàĺŋă ňőęěâ ĺňěâì ćĺď, áőćěàèěŋŋő őâńĺçŋëľ őâ łăŋőŋĺçěáłőľ äőàňãńë (Ă.3) âěőàĺĺ Ńăŋďăã. Ć çăáâŋőáâĺ, ć ňőďěńĺ Šőňőŋăčă { Ńăââĺŋęěàă ěě ŕőńîáŋăï áâàãłâãàă ŕàőŕăďăěâ ĺğ { ğă \ĺŋäàăłàăáŋëå" àăáåőďĺňőáâěľ. Šěň ŋě ňěŋěě, łăł ŕőćěàåŋőáâì Ťěàňĺ, âăł ĺ ãâćěàęďěŋĺě ő ŋăńĺçĺĺ ć áĺáâěňě ćőğąãęďěŋĺľ áő áłőńì ãčőďŋő ňăńőľ íŋěàčĺěľ áőåàăŋïîâáï (ďńï áĺáâěňë á ďőáâăâőçŋő áńăąëň ćğăĺňőďěľáâćĺěň), ććĺďã áőåàăŋěŋĺï âőŕőńőčĺçěáłőčő ĺŋćăàĺăŋâă N_1 = 1. Ć áăňőň ďěńě, ěáńĺ ć ŕőńãçěŋŋëå ćëèě ćëàăęěŋĺïå ďńï äãŋłæĺĺ Čàĺŋă ć ňőďěńĺ Šőňőŋăčă { Ńăââĺŋęěàă (âĺŕă (6.318)) ŕěàěľâĺ ł ε → ip_0, âő ć ŋĺå ćőğŋĺłŋěâ ćáě âă ęě őáőąěŋŋőáâì ŕàĺ (p_0 = 0, p = 0). Ŕőíâőňã ŕőćěàåŋőáâì Ťěàňĺ áőåàăŋïěâáï, ŋěáňőâàï ŋă ŋăàãèěŋĺě őáŋőćŋëå ŕőńőęěŋĺľ âěőàĺĺ Ńăŋďăã.

Őâńĺçĺě őâ âěőàĺĺ äěàňĺ { ęĺďłőáâĺ Ńăŋďăã ć őďŋőňěàŋëå áĺáâěňăå ŕàőïćńïěâáï ŕàĺ àăááňőâàěŋĺĺ ďěľáâćĺâěńìŋëå çăáâőâ: łćăğĺçăáâĺçŋëě ŕőńîáă őâáãâáâćãîâ, ćňěáâő ŋĺå ĺňěěâáï àăğàěğ ć łőňŕńěłáŋőľ ŕńőáłőáâĺ çăáâőâë, âăł çâő őďŋőçăáâĺçŋëě ćőğąãęďěŋĺï ŋě őŕàěďěńěŋë. Ťãŋłæĺï àăáŕàěďěńěŋĺï çăáâĺæ ŕàĺ íâőň, łăł ňë ćĺďěńĺ ć (6.324), ŋě ĺňěěâ áłăçłă ŋă ŕőćěàåŋőáâĺ Ťěàňĺ, őďŋăłő, ćőőąéě čőćőàï, ňőęěâ áőåàăŋïâìáï áâěŕěŋŋăï őáőąěŋŋőáâì ć ěě ŕàőĺğćőďŋőľ.

Ŕàĺńőęěŋĺě Ą

İńěłâàőŋ ć áńãçăľŋőň ŕőńě ĺ ĺŋâěčàăńë ŕő âàăěłâőàĺïň.

Ćőğćàăéăïáì ł ğăďăçě ő ďćĺęěŋĺĺ íńěłâàőŋă ć ŕőńě áńãçăľŋő àăáŕőńőęěŋŋëå ć ŕàőáâàăŋáâćě àăááěĺćăâěńěľ, ŕőłăęěň, łăł ňőęŋő ŕőńãçĺâì äőàňăńìŋőě ćëàăęěŋĺě ďńï ãáàěďŋěŋŋőľ őďŋőíńěłâàőŋŋőľ äãŋłæĺĺ Čàĺŋă ć ćĺďě äěľŋňăŋőćáłőčő ĺŋâěčàăńă ŕő âàăěłâőàĺïň [20], íłćĺćăńěŋâŋőčő áãňňě àïďă ćáěćőğňőęŋëå ďĺăčàăňň âěőàĺĺ ćőğňãéěŋĺľ. Ďńï íńěłâàőŋă, ďćĺęãéěčőáï ć ŕőâěŋæĺăńìŋőň ŕőńě (4.1), ć łőőàďĺŋăâŋő { ćàěňěŋŋőň ŕàěďáâăćńěŋĺĺ äãŋłæĺï Čàĺŋă ğăŕĺáëćăěâáï ć ćĺďě áâăŋďăàâŋőčő ĺŋâěčàăńă ŕő âàăěłâőàĺïň áńěďãîéěčő ćĺďă (N { ŕőńŋőě çĺáńő àăááěĺćăâěńěľ):

G(rr^′; t) =

∫ r(t)=r

r(0)=r^{′ D} r(τ ) exp i ~ ∫_t 0 dτ m_r^2 2 − N∑ j=1 v(r − Rj )

(Ą.1) čďě ∫ r(t)=r r(0)=r^{′ D}r(^τ ) őąőğŋăçăěâ äãŋłæĺőŋăńìŋőě ĺŋâěčàĺàőćăŋĺě ŕő ňěàě Ćĺŋěàă {

Ťěľŋňăŋă [20], ŕàĺçěň r ĺ r^′ ŕàěďáâăćńïîâ áőąőľ łőŋěçŋãî ĺ ŋăçăńìŋãî âőçłĺ ďćĺęěŋĺï, áőćěàèăěňőčő ğă ĺŋâěàćăń ćàěňěŋĺ t.

Řăááňőâàĺň ďőáâăâőçŋő őąéĺľ áńãçăľ, łőčďă ğăďăŋë N { çăáâĺçŋëě äãŋłæĺĺ àăáŕàěďěńěŋĺï [11] àăááěĺćăâěńěľ F_N (R_1, ..., R_N). Šőčďă, ŕàőćőďï ãáàěďŋěŋĺě ćłńăďă ć (Ą.1), ğăćĺáïéěčő őâ łőŋäĺčãàăæĺľ àăááěĺćăîéĺå æěŋâàőć, ŕőńãçăěň: ⟨ exp − i ~ ∑ j ∫_t 0 dτ v(r(τ ) − R_j) ⟩ =

= 1 V^N ∫ dR1... ∫ dRN exp − i ~ ∑ j ∫_t 0 dτ v(r(τ ) − R_j)

F_N (R_1, ..., R_N) =

300 İńěłâàőŋ ć áńãçăľŋőň ŕőńě ĺ ĺŋâěčàăńë ŕő âàăěłâőàĺïň.

= exp ∞∑ n=0 ( − i ~ )_n 1 n! ∫_t 0 dτ_1... ∫_t 0 dτ_n ⟨ ∑ i v(r(τ1) − Ri)...^∑_j v(r(τn) − Rj) ⟩ c ≡

≡ exp { ∑ n ( − i ~ )_n K_n }

(Ą.2)

čďě < ... >_c { łãňãńïŋâŋëě áàěďŋĺě, őŕàěďěńěŋŋëě áőčńăáŋő (4.13), V { őąêěň áĺáâěňë. Ć àěğãńìâăâě, ãáàěďŋěŋŋăï äãŋłæĺï Čàĺŋă ĺňěěâ ćĺď:

< G(rr^′; t) >=

∫ r(t)=r r(0)=r^{′ D} r(τ ) exp { i ~ ∫_t 0 dτ m_r^2 2 + ∑ n ( − i ~ )_n K_n } (Ą.3)

Őčàăŋĺçĺćăïáì n = 2 (ćłńăď, áőőâćěâáâćãîéĺľ n = 1, ďăěâ âàĺćĺăńìŋëľ äăğőćëľ ňŋőęĺâěńì), â.ě. čăãááőćëň ŕàĺąńĺęěŋĺěň ďńï áâăâĺáâĺłĺ áńãçăľŋőčő ŕőńï, ŕőńãçăěň:

< G(rr^′; t) >=

∫ r(t)=r r(0)=r^{′ D} r(τ ) exp { i ~ ∫_t 0 dτ m_r^2 2 − 1 2~^2 ∫_t 0 dτ^′ ∫_t 0 dτ W [r(τ ) − r^′(τ^′)] } (Ą.4) čďě W (r − r^′) =< V (r)V (r^′) >c (Ą.5)

çâő ďńï ğăďăçĺ åăőâĺçěáłĺ àăáŕőńőęěŋŋëå ć ŕàőáâàăŋáâćě \ŕàĺňěáěľ" őŕàěďěńïěâáï á ŕőňőéìî (4.12), (4.16) ĺ áćőďĺâáï, ć ĺâőčě, ł łőààěńïâőàã âĺŕă \ąěńőčő èãňă" (4.20).

Ć łăçěáâćě ŕàĺňěàă ŕàĺňěŋěŋĺï (Ą.4) ďńï àěèěŋĺï łőŋłàěâŋëå ğăďăç, àăááňőâàĺň íńěłâàőŋ, ďćĺęãéĺľáï ć őďŋőňěàŋőľ áĺáâěňě ć čăãááőćőň áńãçăľŋőň ŕőńě á łőààěńïâőàőň âĺŕă (6.184), ĺŋâěàěáőćăćèĺň ŋăá ć áćïğĺ á àăááňőâàěŋĺěň ňőďěńĺ ŕáěćďőéěńěćőčő áőáâőïŋĺï:

W (r − r^′) = 2 < |´|^2 > exp { − |r − r^′| ξ(T ) } cos 2p_F (r − r^′) (Ą.6)

Ťãàìě { őąàăğ íâőčő łőààěńïâőàă ĺňěěâ, łăł ňë ćĺďěńĺ, ćĺď (6.196):

S(Q) = 2´^2 { κ (Q − 2p_F )^2 + κ^2 + κ (Q + 2p_F )^2 + κ^2 } (Ą.7)

čďě κ = ξ^{−1}, ĺ ŕàěďáâăćńïěâ áőąőľ ďćă ńőàěŋæěćáłĺå ŕĺłă á èĺàĺŋőľ ∼ ξ^{−1}, æěŋâàĺàőćăŋŋëå ŋă Q = ±K = ±2p_F . Ććőďï ŕěàěňěŋŋãî q (őâłńőŋěŋĺě őâ æěŋâàă ŕĺłă) łăł Q = ±K + q, ňőęěň ğăŕĺáăâì: ∫_t 0 dτ ∫_t 0 dτ^′W [r(τ ) − r^′(τ^′)] = ∫ dQ 2π S(Q) ∫_t 0 dτ ∫_t 0 dτ^′e^{iQr(τ)} e^{−iQr(τ ′ )} = = ´^2 ∫ dq π κ q^2 + κ^2 ∫_t 0 dτ ∫_t 0 dτ^′e^{iKr(τ)}e^{iqr(τ)}e^{−iKr(τ ′ )}e^{−iqr(τ ′ )} + +´^2 ∫ dq π κ q^2 + κ^2 ∫_t 0 dτ ∫_t 0 dτ^′e^{−iKr(τ)}e^{iqr(τ)}e^{iKr(τ ′ )}e^{−iqr(τ ′ )} =

İńěłâàőŋ ć áńãçăľŋőň ŕőńě ĺ ĺŋâěčàăńë ŕő âàăěłâőàĺïň. 301

= 2´^2 ∫ dq π κ q^2 + κ^2 ∫_t 0 dτ ∫_t 0 dτ^′e^{iqr(τ)}e^{−iqr(τ ′ )} cos K[r(τ ) − r(τ^′)] = = 2´^2 ∫ dq π κ q^2 + κ^2 ∫_t 0 dτ ∫_t 0 dτ^′e^{iqr(τ)}e^{−iqr(τ ′ )} {cos Kr(τ ) cos Kr(τ^′) + + sin Kr(τ ) sin Kr(τ^′)} (Ą.8)

Ćëèě ňë àăááňăâàĺćăńĺ ăáĺňŕâőâĺłã ąőńìèĺå łőààěńïæĺőŋŋëå ďńĺŋ ξ → ∞ (ĺńĺ κ → 0). Ć íâőň áńãçăě ĺňěěň: ∫_t 0 dτ ∫_t 0 dτ^′W [r(τ ) − r^′(τ^′)] ≈ 2´^2 ∫_t 0 dτ ∫_t 0 dτ^′ {cos Kr(τ ) cos Kr(τ^′) +

+ sin Kr(τ ) sin Kr(τ^′)} = 2´^2 {∫_t 0 dτ cos Kr(τ ) }2 + 2´^2 {∫_t 0 dτ sin Kr(τ ) }2 (Ą.9)

Šőčďă ńěčłő ŕőńãçăěň áńěďãîéěě ŕàěďáâăćńěŋĺě ďńï ŋěâàĺćĺăńìŋőľ çăáâĺ íłáŕőŋěŋâë ć (Ą.4): exp { − 1 2~^2 ∫_t 0 dτ ∫_t 0 dτ^′W [r(τ ) − r(τ^′)] } = = exp { − ´^2 ~^2 [∫_t 0 cos Kr(τ ) ]2} exp { − ´^2 ~^2 [∫_t 0 sin Kr(τ ) ]2} = = ∫_∞ −∞ dx √ π e^{−x2+2ix Δ̃} ∫_t 0 cos Kr(τ) ∫_∞ −∞ dy √ π e^{−y2+2iy Δ̃} ∫_t 0 sin Kr(τ) (Ą.10)

čďě ć ŕőáńěďŋěň àăćěŋáâćě ĺáŕőńìğőćăńĺ ĺğćěáâŋëľ ŕàĺěň Ţăąąăàďă { Śâàăâőŋőćĺçă. Ć àěğãńìâăâě, ŕőáńě őçěćĺďŋëå ğăňěŋ ŕěàěňěŋŋëå, ŕőńãçăěň ĺŋâěàěáãîéãî ŋăá ãáàěďŋěŋŋãî äãŋłæĺî Čàĺŋă ć ćĺďě: < G(rr^′; t) >= ∫_∞ −∞ dV_x √ π e^{− V} 2_x Δ2 ∫_∞ −∞ dV_y √ π e^{− V} 2_y Δ2 ∫_{r(t)=r} r(0)=r^′ Dr(τ ) exp i ~ {∫_t 0 dτ m _r^2(τ ) 2 − − 2 ∫_t 0 dτ V_x cos Kr(τ ) − 2 ∫_t 0 dτ V_y sin Kr(τ ) } (Ą.11)

Ŕěàěåőďï ł ŕőńïàŋëň łőőàďĺŋăâăň ć ŕńőáłőáâĺ (V_x, V_y), â.ě. ććőďï W = √ V^2_x + V^2_y ĺ ϕ = arctg^{Vy}_{Vx} , ŕőńãçăěň: < G(rr^′; t) >= ∫_∞ 0 dW 2W ´^2 e^{− W 2}Δ^2 ∫_{2π} 0 dϕ 2π × × ∫_{r(t)=r} r(0)=r^′ Dr(τ ) exp { i ~ ∫_t 0 dτ [ m _r^2(τ ) 2 − 2W cos(Kr(τ ) + ϕ) ]} = = ∫_∞ 0 dW P{W } ∫_{2π} 0 G_{2W cos(Kr+ϕ)}(rr^′; t) (Ą.12)

čďě P(W ) { àăáŕàěďěńěŋĺě Říńěï (6.207), ă G_{2W cos(Kr+ϕ)}(rr^′; t) { őďŋőíńěłâàőŋŋăï äãŋłæĺï Čàĺŋă ć ŕěàĺőďĺçěáłőň ŕőńě ćĺďă 2W cos(Kr + ϕ). Ěáńĺ âěŕěàì ŕěàěľâĺ

302 İńěłâàőŋ ć áńãçăľŋőň ŕőńě ĺ ĺŋâěčàăńë ŕő âàăěłâőàĺïň.

ć ĺňŕãńìáŋőě ŕàěďáâăćńěŋĺě ĺ ŋăľâĺ ŋőàňăńìŋãî äãŋłæĺî Čàĺŋă ć âăłőň ŕőńě, âő ć ŕàőáâěľèěň (ďćãåćőńŋőćőň) ŕàĺąńĺęěŋĺĺ [27] ŕőńãçĺň (6.57), (6.60) ĺ (ć ňăæãąăàőćáłőľ âěåŋĺłě ĺ ć ãáńőćĺïå \ŋěáâĺŋčă", áŕàăćěďńĺćëå ŕàĺ K = 2p_F (6.71) (áà. Řĺá. 6-7)). Šőčďă ïáŋő, çâő (Ą.12) áćěďěâáï ł ŕőńãçěŋŋőňã ćëèě áãňňĺàőćăŋĺěň ďĺăčàăňň àěğãńìâăâã (6.203). Śőőâćěâáâćãîéăï ăŋőňăńìŋăï äãŋłæĺï Čàĺŋă (6.72) őąàăéăěâáï ć ŋãńì ŕàĺ ãáàěďŋěŋĺî ŕő äăğě ć (Ą.12), çâő áőőâćěâáâćãěâ őâáãâáâćĺî ć áĺáâěňě ďăńìŋěčő ŕőàïďłă. Šăłĺň őąàăğőň, àăááňőâàěŋŋăï ćëèě ãŕàőéěŋŋăï ňőďěńì ŕáěćďőéěńěćőčő áőáâőïŋĺï ďěľáâćĺâěńìŋő íłćĺćăńěŋâŋă àăááňőâàěŋĺî íńěłâàőŋă, àăáŕàőáâàăŋïîéěčőáï ć ŕőńě ćĺďă 2W cos(Kr + ϕ), ăňŕńĺâãďă łőâőàőčő W ŋě ğăćĺáĺâ őâ łőőàďĺŋăâë ĺ àăáŕàěďěńěŋă ŕő Říńěî, ă äăğă ϕ őďŋőàőďŋő àăáŕàěďěńěŋă ŋă ĺŋâěàćăńě (0, 2π). Ćőğŋĺłŋőćěŋĺě ğďěáì àăáŕàěďěńěŋĺï Říńěï âěáŋő áćïğăŋő á ŕàěďŕőńőęěŋĺěň ő čăãááőćáłőň åăàăłâěàě áńãçăľŋőčő ŕőńï, ć łőâőàőň ďćĺęěâáï íńěłâàőŋ.

Ĺáŕőńìğőćăŋĺě ăáĺňŕâőâĺłĺ ξ → ∞, â.ě. ŕàěŋěąàěęěŋĺě èĺàĺŋőľ ńőàěŋæěćáłĺå ŕĺłőć ć S(Q), őçěćĺďŋő áőőâćěâáâćãěâ ŕàěŋěąàěęěŋĺî łàãŕŋőňăáèâăąŋëňĺ äńãłâãăæĺïňĺ ăňŕńĺâãďë ŋăèěčő áńãçăľŋőčő ŕőńï ŋă àăááâőïŋĺïå ŕőàïďłă ξ ∼ κ^{−1}. Ĺğ äĺğĺçěáłĺå áőőąàăęěŋĺľ ïáŋő, íâĺ äńãłâãăæĺĺ ŕàĺćőďïâ ł ďőŕőńŋĺâěńìŋőňã àăááěïŋĺî á åăàăłâěàŋëňĺ ćàěňěŋăňĺ ŕőàïďłă τ ∼^ξ_{vF} ∼ (v_F κ)^{−1} (áà. (6.198)). §áŋő, çâő ćńĺïŋĺěň âăłőčő àăááěïŋĺï ňőęŋő ŕàěŋěąàěçì ďńï őąńăáâĺ íŋěàčĺľ, ãďőćńěâćőàïîéĺå ãáńőćĺî v_F κ ≪ ξ_p. Őŋő âăłęě ŋě ĺčàăěâ àőńĺ ŕàĺ v_F κ ≪ T . İâĺ ãáńőćĺï ąëńĺ ćëŕĺáăŋë ćëèě ć (6.199). Ąőńěě ŕőáńěďőćăâěńìŋőě (ŋő ĺ čàőňőğďłőě!) àăááňőâàěŋĺî ğăďăçĺ á łőŋěçŋëňĺ κ ŕàĺćőďĺâ ł âăłĺň ęě łăçěáâćěŋŋëň ćëćőďăň. Čńăćŋëľ íääěłâ àăááěïŋĺï ŋă łàãŕŋőňăáèâăąŋëå äńãłâãăæĺïå^1 { ćőğŋĺłŋőćěŋĺě łőŋěçŋőľ ŕńőâŋőáâĺ áőáâőïŋĺľ íńěłâàőŋă ć æěŋâàě ŕáěćďőéěńĺ ĺ ěě ŕőńŋőě \ğăňëâĺě" ŕàĺ v_F κ ∼ ´.

1Ň.Ć.Śăďőćáłĺľ. ŞŤŊ 171, 539 (2001)

Ąĺąńĺőčàăäĺï

[1] Ă.Ă.Ăąàĺłőáőć, Ń.Ŕ.Čőàìłőć, Ĺ.Ě.Ďğïńőèĺŋáłĺľ. Ňěâőďë łćăŋâőćőľ âěőàĺĺ ŕőńï ć áâăâĺáâĺçěáłőľ äĺğĺłě. Ťĺğňăâčĺğ, Ň, 1963, Ďőąàőáćěâ 1998 [2] Ě.Ň.Ńĺäèĺæ, Ń.Ŕ.Ŕĺâăěćáłĺľ. Śâăâĺáâĺçěáłăï äĺğĺłă. Ůăáâì 2. \Ŋăãłă", Ň, 1978, 2000 [3] Ń.Ś.Ńěćĺâőć, Ă.Ć.Ÿĺâőć. Ťãŋłæĺĺ Čàĺŋă. Ğăďăçĺ á àěèěŋĺïňĺ. Ťĺğňăâńĺâ, Ň, 2003; http://www.mit.edu/ levitov/book/ [4] G.D.Mahan. Many { Particle Physics. Plenum Press, NY 1981 [5] Ďę.Ÿàĺääěà. Šěőàĺï áćěàåŕàőćőďĺňőáâĺ. \Ŋăãłă", Ň, 1970 [6] D.Khomskii. Quantum Theory of Solids (Lecture Notes), Groningen 1999 [7] Ś.Ń.Čĺŋğąãàč. Ŋěőąàăâĺňëě ïćńěŋĺï ć áŕĺŋőćëå áâěłńăå. \Ŋăãłă", Ň, 1989 [8] Ă.Ą.Ňĺčďăń. Šěőàĺï łőŋěçŋëå äěàňĺ-áĺáâěň ĺ áćőľáâćă ăâőňŋëå ïďěà. \Ŋăãłă", Ň, 1983 [9] P.Nozieres. Theory of Interacting Fermi Systems. W.A.Benjamin, NY 1964 [10] Ď.Ŕăľŋá, Ť.Ŋőğìěà. Šěőàĺï łćăŋâőćëå ęĺďłőáâěľ. \Ňĺà", Ň, 1967 [11] Ň.Ć.Śăďőćáłĺľ. Ńěłæĺĺ ŕő áâăâĺáâĺçěáłőľ äĺğĺłě. \Ĺŋáâĺâãâ łőňŕìîâěàŋëå ĺááńěďőćăŋĺľ", Ňőáłćă { Ĺęěćáł, 2003 [12] Ď.Ŋ.Ğãąăàěć. Ŋěàăćŋőćěáŋăï áâăâĺáâĺçěáłăï ňěåăŋĺłă. \Ŋăãłă", Ň, 1971 [13] C.M.Varma, Z.Nussinov, Wim van Saarloos. Singular or non { Fermi liquids. Physics Reports 361, 267 (2002) [14] Ŕàőąńěňă ćëáőłőâěňŕěàăâãàŋőľ áćěàåŕàőćőďĺňőáâĺ. Ŕőď àěď. Ć.Ń.Čĺŋğąãàčă ĺ Ď.Ă.Łĺàęŋĺæă. \Ŋăãłă", Ň, 1977 [15] Ĺ.Ň.Ńĺäèĺæ, Ś.Ă.Čàěďěáłãń, Ń.Ă.Ŕăáâãà. Ććěďěŋĺě ć âěőàĺî ŋěãŕőàïďőçěŋŋëå áĺáâěň. \Ŋăãłă", Ň, 1982 [16] M.V.Sadovskii. Superconductivity and Localization. World Scienti˛c, Singapore 2000 [17] B.L.Altshuler, A.G.Aronov. Electron { Electron Interaction in Disordered Conductors. In \Electron { Electron Interactions in Disordered Systems", Ed. by A.L.Efros and M.Pollak. Elsevier 1985

304 ĄĹĄŃĹŐČŘĂŤĹ§

[18] B.L.Altshuler, A.G.Aronov, D.E.Khmelnitskii, A.I.Larkin. Coherent E¸ects in Disordered Conductors. In \Quantum Theory of Solids", Ed. by I.M.Lifshits. Mir Publishers, Moscow 1982 [19] P.A.Lee, T.V.Ramakrishnan. Disordered Electronic Systems. Rev. Mod. Phys. 57, 287 (1985) [20] Ň.Ć.Śăďőćáłĺľ. Ńěłæĺĺ ŕő łćăŋâőćőľ âěőàĺĺ ŕőńï. \Ĺŋáâĺâãâ łőňŕìîâěàŋëå ĺááńěďőćăŋĺľ". Ňőáłćă { Ĺęěćáł, 2003 [21] Ŕ. Ďě Ęěŋ. Śćěàåŕàőćőďĺňőáâì ňěâăńńőć ĺ áŕńăćőć. \Ňĺà", Ň, 1968 [22] Ŋ.Ť.Ňőââ. Ŕěàěåőďë ňěâăńń { ĺğőńïâőà. \Ŋăãłă", Ň, 1979 [23] Ą.Ĺ.Ÿłńőćáłĺľ, Ă.Ń.İäàőá. İńěłâàőŋŋëě áćőľáâćă ńěčĺàőćăŋŋëå ŕőńãŕàőćőďŋĺłőć. \Ŋăãłă", Ň, 1979 [24] R.D.Mattuck. Quantum Theory of Phase Transitions in Fermi Systems. Adv.Phys.

17, 509 (1968)

[25] Ŋ.Ŋ.Ąőčőńîąőć. Łćăğĺáàěďŋĺě ć ğăďăçăå áâăâĺáâĺçěáłőľ ňěåăŋĺłĺ. Ĺğąà.

âàãďë. â.3, 174, \Ŋăãłőćă ďãňłă", Łĺěć 1971 [26] Ś.Ć.Ćőŋáőćáłĺľ, đ.Ă.Ĺğîňőć, İ.Ğ.Łãàňăěć. Śćěàåŕàőćőďĺňőáâì ŕěàěåőďŋëå ňěâăńńőć, ĺå áŕńăćőć ĺ áőěďĺŋěŋĺľ. \Ŋăãłă", Ň, 1977 [27] Ď.Ğăľňăŋ. Ŕàĺŋæĺŕë âěőàĺĺ âćěàďőčő âěńă. \Ňĺà", Ň, 1974 [28] Ř.Şăľâ, Š.Ďęěąěńń. Ďăńìŋĺľ ŕőàïďőł ć âćěàďëå âěńăå. \Ňĺà", Ň, 1982