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3

ୈ 1ষ

ಋೖ

͜ͷষͰɼ෮शͱͯ͠ϑΣϧϛؾମͷੑ࣭ͱಋͷྺ࢙ʹ͍ͭͯ؆୯ʹ৮ΕΔɽ

ಋຊདྷόϯυཧʹै͏͕ɼ·ͣ؆୯ͷͨΊϑΣϧϛؾମΛ͑ߟΔɽ

1.1 ϑΣϧϛؾମͷੑ࣭

 kΛࢠཻͭ࣋ʹରԠ͢ΔϑΣϧϛؔ࣍ͷΑ͏ʹॻ͚Δɽ

nk =
1

1 + eβ(εk−µ)
(1.1.1)

͜͜Ͱɼβ = 1/kBTɼεk = !2k2/2mͰ͋ΓɼµԽֶϙςϯγϟϧͰ͋Δɽ͜ͷͱཻ͖

ɼྀͯ͠ߟεϐϯࣗ༝Λࢠ

N = 2
∑

k

nk = 2V

∫
dk

(2π)3
1

1 + eβ(εk−µ)
(1.1.2)

Ͱ͋Δɽ͜ͷࣜ µ Λ T ͱ (N/V ) ͷؔͱͯ͠༩͑ΔؔͰ͋Δɽεϐϯ͋ͨΓͷঢ়

ଶີ࣍ͷΑ͏ʹٻ·Δɽ

ρ(ε) =
4π dk

(2π)3 k
2

dε
=

1
2π2 k2dk
!2k
m dk

=
mk

2π2!2 ∝
√
ε (1.1.3)

ఈঢ়ଶج (T = 0)ʹ͓͍ͯɼ

N = 2V
4π

(2π)3

∫ kF

0
dkk2 =

V

3π2
k3F (1.1.4)

Ͱ͋ΓɼϑΣϧϛ kF ɼཻࢠີ N/V Λ༻͍ͯɼ

kF =

(
3π2N

V

) 1
3

(1.1.5)

ͱ༩͑ΒΕΔɽϑΣϧϛΤωϧΪʔ εF ͱͦ͜Ͱͷঢ়ଶີ ρF ϑΣϧϛ kF ༻͍

ͯ εF ≡ !2k2F / (2m)ɼρF ≡ mkF /
(
2π!2

)
ͱͳΔɽ
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4 ୈ 1ষ ಋೖ

ਤ 1.1.1 ϑΣϧϛٿ (ঢ়ଶىྭ)

✏F
<latexit sha1_base64="k+5Qgw0RHaC1P3HTX4BILK/6Pg4="></latexit><latexit sha1_base64="k+5Qgw0RHaC1P3HTX4BILK/6Pg4="></latexit><latexit sha1_base64="k+5Qgw0RHaC1P3HTX4BILK/6Pg4="></latexit><latexit sha1_base64="k+5Qgw0RHaC1P3HTX4BILK/6Pg4="></latexit>

ਤ 1.1.2 ࣓ʹΑΓ྾ͨ͠ঢ়ଶີ (

ઢ࣓ 0ͷ࣌ͷঢ়ଶີ)

ਤ 1.1.1ʹࣔ͢Α͏ͳྭىঢ়ଶ (kBT $ εF )ʹ͓͍ͯɼྭىΤωϧΪʔ࣍ͷΑ͏ʹ༩

͑ΒΕΔɽ

εex =
!2k22
2m

− !2k21
2m

=

(
!2k22
2m

− !2k2F
2m

)
+

(
!2k2F
2m

− !2k21
2m

) (1.1.6)

Ұཻ߲ࢠɼೋ߲ਖ਼ͷΤωϧΪʔʹରԠ͍ͯ͠ΔɽͲͪΒͷΤωϧΪʔਖ਼ʹͳ

Δ͜ͱʹҙ͍ͨ͠ɽ

ཧྔͱͯ͠ઌͣൺΛ͑ߟΔɽ༗ݶԹͷͱ͖ʢ͔͠͠ɼॆԹྖҬͰͷʣɼϑΣ

ϧϛؔਤ 1.1.3ͷΑ͏ʹͳΔɽϑΣϧϛ४Ґۙͷ kBT ఔͷΤωϧΪʔ෯Ҏ

֎ͷిࢠঢ়ଶ T = 0ͱಉ͡Ͱ͋ΔɽిࢠΤωϧΪʔΛड͚औͬͯྭ͢ىΔͨΊɼൺ

ʹد༩͢Δঢ়ଶͷ ρF kBT ͱͳΔɽ͕ͨͬͯ͠ྭىΤωϧΪʔ kBT Λ͔͚ͯܥͷ

ΤωϧΪʔΛੵݟΔͱɼ

E & kBT (ρF kBT ) = (kBT )
2ρF (1.1.7)

ͱදͤΔɽ͜ΕΛԹ T Ͱඍͯ͠ൺ͕ٻ·Δɽ͜͜Ͱ kBT $ εF ΑΓɼԽֶϙςϯ

γϟϧͷԹมԽ (∝ T 2/εF )ඇৗʹখ͘͞ແࢹͰ͖Δͷͱͨ͠ɽ·Ͱਖ਼͘͠

Δɽ·ٻʹͷΑ͏࣍Δͱൺ͢ࢉܭ

C =
2π2

3
ρF k

2
BT (1.1.8)

ΊΔ͜ͱ͕Ͱ͖ΔɽٻΊΔ͜ͱͰঢ়ଶີΛಛఆ͠ɼ༗ޮ࣭ྔΛٻతʹɼൺΛݧ࣮

C =
dE

dT
& ρF k

2
BT (1.1.9)
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1.1 ϑΣϧϛؾମͷੑ࣭ 5

kF k

nk

1

T = 0
0 < kBT ≪ ϵF

ਤ 1.1.3 ༗ݶԹͷϑΣϧϛؔ

Ϟʔϝϯτͷେ͖͞ΛؾΔɽ࣓͑ߟ͍ͯͭʹεϐϯଳ࣓ʹ࣍ µm ͱ͢Δͱɼ֤ʑͷε

ϐϯ࣓ؾϞʔϝϯτʹରͯ͠ΤωϧΪʔɼ
{
ε↑,k = εk − µmH
ε↓,k = εk + µmH

(1.1.10)

ͱͳΔɽ࣓ʹΑΔԽֶϙςϯγϟϧͷมԽ (∝ H2/εF )ແ͢ࢹΔɽঢ়ଶີਤ 1.1.2

ʹࣔ͢Α͏ʹεϐϯ࣓ؾϞʔϝϯτͷ͖ʹґଘͯ͠྾͢ΔɽT = 0 ʹ͓͍ͯɼ࣓Խ

M ࣓Խʹد༩͢Δཻࢠ ρFµmH ͱ࣓ؾϞʔϝϯτ µm Λ༻͍ͯ࣍ͷΑ͏ʹੵݟΒ

ΕΔɽ
M & µm(ρFµmH) = µ2

mρFH (1.1.11)

͕ͨͬͯ͠ଳ࣓ χɼ

χ =
dM

dH
& µ2

mρF (1.1.12)

ͱͳΓɼ↑ͱ ↓ͷঢ়ଶͷࠩΛͯ͑ߟ·Ͱਖ਼͘͢͠ࢉܭΔͱɼ

χ = 2µ2
mρF (1.1.13)

ͱͳΔɽ

͜͜·Ͱ kBT $ εF ͷԹΛѻ͖ͬͯͨɽkBT ) εF ͷߴԹͰɼΤωϧΪʔ

ଇͱεϐϯࣗ༝͔ΒൺΛٻΊΔͱɼશཻࢠ N Λ༻͍ͯɼ

E & 3

2
NkBT × 2 = 3NkBT (1.1.14)

C =
dE

dT
= 3NkB (1.1.15)

ͱͳΓɼσϡϩϯ-ϓςΟͷ๏ଇΛಋ͘͜ͱ͕Ͱ͖Δɽ

ଳ࣓ΩϡϦʔͷ๏ଇͱҰக͠ɼ࣍ͷΑ͏ʹͳΔɽ

χ & µ2
mN

kBT
(1.1.16)
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6 ୈ 1ষ ಋೖ

(a) (b)

ਤ 1.2.1
(a)1911ʹใ͞ࠂΕͨ Hgʹ͓͚Δಋ

(b)ಋྟքԹͷߴ࠷ͷมԽɼ͓Αͼؔ࿈͢ΔΤϙοΫϝʔΩϯάͳग़དྷࣄ

kBT ) εF ରཱͯ͢͠ΔΩϡϦʔͷ๏ଇ͕Γཱͭ͜ͱʹܥεϐϯࡏہ͍͓ͯʹ

ͷΑ͏ʹཧղ͞ΕΔɽϑΣϧϛԹ࣍ TF ≡ εF /kB ʹରԠ͢ΔυɾϒϩΠ λTF ɼ

h/λTF = !kF ͷؔʹҙ͢ΔͱɼϑΣϧϛཻؒࢠͷฏڑؒࢠཻۉ aΛ༻͍ͯɼ

λTF = 2π
1

kF
& 2

(
V

N

) 1
3

& a (1.1.17)

ͱදͤΔɽ͢ͳΘͪɼT > TF ͰɼϑΣϧϛཻࢠͷฏۉυɾϒϩΠ λT  λT & a

ΑΓ͘ͳΔͷͰɼϑΣϧϛཻࢠಈతੑ࣭ΛࣦΘͳ͍ݸผཻࢠ ͷੑ࣭Λ(ࢠཻࡏہ)

ͱʹͳΔɽͦͷͨΊɼΩϡϦʔͷ๏ଇ͕Γཱͭ͜ͱʹͳΔɽͭ࣋͜

1.2 ಋͷྺ࢙

ಋ 1911ʹ HgͰॳΊͯൃ͞ݟΕͨ (ྟքԹ= 4.20K*1)ɽͦͷྺ࢙ྔࢠ

ྗֶͷ (1930ࠒ)ΑΓ͍ݹɽͦͯ͠ 1956ʹಋཧͷۚࣈౝͰ͋Δ BCS

ཧ͕ੜͨ͠ɽ͔͠͠ɼBCS ཧͰͦͷ··Ͱѻ͑ͳ͍ಋ (ॏ͍ిܥࢠಔ

͕(ͳͲܥԹಋମߴԽࢎ 1980Ҏ߱ʹଟ͘ൃ͞ݟΕɼύϥμΠϜγϑτ͕ى

͖ͨɽసҠԹͷมԽΛਤ 1.2.1ʹࣔ͢ɽࠓճͦΕҎ߱ͷమܥಋ (2000)ɼ

͓ΑͼེԽਫૉܥ (2000ޙ)ͷѻΘͣɼBCSಋΛத৺ʹѻ͏ɽ

*1H.Kamerlingh Onnes, Proc. Sciences. Koninklijke Akad. van Wetenschappen (Amsterdam),

14, 818 (1911).
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1.3 ಋͷ֓೦ (Ӭྲྀిٱʹ͍ͭͯ) 7

1.3 ಋͷ֓೦ (Ӭྲྀిٱʹ͍ͭͯ)

υʔφπϦϯάܕͷۚଐΛྀ͢ߟΔɽ

1. T > Tc ͷͱ͖ɼ֎෦࣓࣭෦ʹ৵ೖ͢Δɽ

2. Tc > T ͱͳΔΑ͏࣭Λྫྷ٫͠ɼಋମʹసҠͤ͞ΔɽԹΛԼ͛ͯಋస

Ҡͤͨ͞ޙɼ֎෦࣓Λ͔͚Δɽ͜ͷͱ͖ɼ֎෦࣓ࢿதΛ৵ೖͰ͖ͣɼ࣭

Λආ͚ΔΑ͏ʹৼΔ͏ɽ·ͨɼ֎෦࣓ʹΑͬͯԁిྲྀ͕࣭෦ʹੜ͡Δɽ

3. ֎෦࣓Λ੩͔ʹআ͢ڈΔ͜ͱͰɼԁిྲྀ֎෦ʹ࣭Λ͘רΑ͏ʹঢ়࣓Λͭ

͘Δɽ
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8 ୈ 1ষ ಋೖ

4. Ҏ্ͷաఔʹΑͬͯɼϦϯάதʹӬ͕ྲྀిٱੜ͡Δɽ

PbͷϦϯάʹ༠ಋ͞Εͨిྲྀ 2ͷؒɼݮਰΛࣔ͞ͳ͔ͬͨ (MITͷ࣮ݧ)ɽ࣮ࡍɼ

͜ͷిྲྀͷ؇ؒ࣌ 10ສͩͱใ͞ࠂΕ͍ͯΔ*2ɽ͔͠͠ɼݮਰඞͣੜ͡Δɽྫ

͑ɼঢ়ͷۚଐΛ༗ݶԹʹ͓͍ͯਫฏΛอͪҰͰ͍͚ͨͯͮͭ͑ࢧΒɼ͍ͭͷʹ

͔ॏྗͷӨڹͰΉɽ͜Ε݁থதͷసҠઢ (dislocation line)͕Ҡಈ͢Δ͜ͱʹΑ

Γɼ݁থ͕ඍࢹతʹͣΕΔ͜ͱʹΑΓੜ͡ΔݱͰ͋ΔɽӬྲྀిٱಉ༷ɼྔࢠԽ͞Εͨ

࣓ଋ Φ0 = h/2eΛӡͿඍࢹతͳ͕ߏػଘ͠ࡏ ɼզʑ͕֮͠ಘͳ͍େ͖ͳλΠ(রࢀ2.9)

ϜεέʔϧͰݮਰ͢ΔͷͰ͋Δɽ

*2J. File and R. G. Mills, Phys. Rev. Lett. 10, 93 (1963).
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ୈ 2ষ

ྲྀಈͷಈྗֶ

͜ͷষͰɼࢹڊతʹྲྀಈݱΛ͑ߟΔɽͦͷޙɼిࢠͷྲྀಈͱͯ͠ಋΛಋೖ

͢Δɽ·ͨಋମͷి࣓ԠΛ෮श͠ɼୈ̍छಋମͱୈ̎छಋମͷҧ͍ʹͭ

͍ͯٞ͢Δɽ

2.1 ॎԠͱԣԠ*1

ಋͷٞʹೖΔલʹɼҰൠͷӷମʹର͢ΔྲྀಈΛऔΓѻ͍ɼͦͷޙՙిཻࢠͷ

ྲྀಈͱͯ͠ಋΛ༩͑Δɽ·ͣɼӷମ͕ྲྀಈঢ়ଶͰ͋ΔͨΊͷ݅Λ͑ߟΔɽҰํ

ʹແݶʹ͍༰ثʹྲྀମ͕٧·͓ͬͯΓ (ਤ 2.1.1)ɼ༰ثͷน͕ uͰӡಈ͍ͯ͠Δͱ

Ծఆ͢Δ. ྲྀମͷӡಈྔ P ͷฏۉนͷʹର͢ΔઢܗԠͱͯ͠ɼ

〈P 〉 = V χu (2.1.1)

x

y

u
x

u
x

(a)

x

y

u
x

u
x

(b)

ਤ 2.1.1 (a)ॎԠ (b)ԣԠʹରԠ͢Δࣜਤ

*1ҎԼɼ2.6અ·ͰͷٞɼG. Baym, ”The Microscopic Description of Superconductivity” [”Mathe-

matical Methods in Solid State and Superconductivity” eds. R. C. Clark and G. H. Derrick, Springer,

Boston MA, USA] ͷୈ 3ষ (pp 121-156)ͷ༰Λॳతʹղઆͨ͠ͷͰ͋Δɽ

《講義ノート》 物性研究・電子版 Vol. 9, No. 1, 091201 （2021年5月号）



10 ୈ 2ষ ྲྀಈͷಈྗֶ

Ͱ༩͑ΒΕΔɽV ྲྀମͷମੵͰ͋Δ. ԠͷͰ͋Δ χ ϕΫτϧ 〈P 〉ɼu Λͭͳ

͙ςϯιϧͰ͋ΓײडͱݺΕΔɽχʹॎԠɾԣԠͱݺΕΔ 2͕͋Δɽ·

ͣॎԠΛ͑ߟΔɽ༰ثͷนʹਨͳํʹนΛӡಈͤ͞ɼฏߦʹै͢Δྲྀମͷӡಈྔ

ͷฏۉΛͱΔ [ਤ 2.1.1(a)]ɽྲྀମΛ N ΔͱɼఆৗͰྲྀମͷɾ͑ߟΒͳΔͱ͔ࢠͷཻݸ

ৗྲྀಈʹ͔͔ΘΒͣશͯͷཻ͕ࢠนͷӡಈʹ͍ͭͯΏ͘ɽ͜ͷ࣌શӡಈྔͷฏۉɼ

〈Px〉 = Nmux (2.1.2)

Ͱ͋Δɽ·ͨɼ͜ͷ߹ͷ χΛ χ‖ ͱද͢͜ͱʹ͢Δͱ,

χ‖ =
mN

V
(2.1.3)

Ͱ͋Δ. ҰํɼนΛखํʹಈ͔͠ɼͦΕʹฏߦʹ༠͞ىΕΔӡಈྔͷฏ͕ۉͲ͏ͳΔ

͔Λͯ͑ߟΈΔ [ԣԠɿਤ 2.1.1(b)]ɽৗྲྀಈͰ͋Εఆৗঢ়ଶͰશͯͷཻ͕ࢠนͷӡಈ

ʹै͢Δɽ͔͠͠શཻࢠͷதͰ Nn(< N)ݸͷཻ͕ࢠৗྲྀಈঢ়ଶʹ͋Δͱ͢Εɼ͜Ε

ΒҎ֎ͷཻࢠྲྀಈͷͨΊຎࡲΛड͚ͣɼน͔ΒӡಈྔΛ༩͑ΒΕΔ͜ͱͳ͍ɽͨ͠

͕ͬͯɼશӡಈྔͷฏۉৗྲྀಈཻࢠΛ༻͍ͯɼ

〈Px〉 = Nnmux (2.1.4)

ͱ͔͚Δɽ·ͨɼ͜ͷ߹ͷ χΛ χ⊥ ͱද͢͜ͱʹ͢Δͱ,

χ⊥ =
mNn

V
(2.1.5)

Ͱ͋Δɽ͜͜Ͱɼྲྀಈঢ়ଶ͕࣮͍ͯ͠ݱΔͳΒɼগͳ͘ͱৗྲྀಈཻࢠͷݸશཻ

,ΛԼճΔͷͰݸͷࢠ

Nn < N (2.1.6)

͕Γཱͪɼ͜ͷ݅ χΛ༻͍ͯ,

χ⊥ < χ‖ (2.1.7)

ͱද͢͜ͱ͕Ͱ͖Δɽ

2.2 ཋ͕ӡಈ͢Δͱ͖ͷฏߧ

ྲྀಈ͕ൃ͢ݱΔ݅ΛɼนͷӡಈʹΑΔྲྀମதʹੜ͡ΔྭىΛ͑ߟΔ͜ͱʹΑΓௐ

ΔɽͦͷͨΊʹɼܥͷϋϛϧτχΞϯΛ͑ߟΔɽઌ΄ͲԣԠΛͨݟηοτΞοϓΛߟ

͑ɼࠓน (ཋ)͕ uͰखํʹӡಈ͍ͯ͠Δͷͱ͢ΔɽN ɼཻ͕ࢠͷཻݸ

ؒ࣌ɼϋϛϧτχΞϯ࣌Λड͚Δ༺࡞ޓΑͼนͱͷ૬͓ؒࢠ tʹґଘ͠ɼ
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2.2 ཋ͕ӡಈ͢Δͱ͖ͷฏߧ 11

H(t) =
N∑

i=1

pi2

2m
+
∑

i<j

V (ri − rj) +
N∑

i=1

VB(ri − ut) (2.2.1)

ͱද͞ΕΔɽؒ࣌ʹґଘ͢Δϙςϯγϟϧ VB(ri − ut)ɼԜತͷ͋Δน͕ӡಈ͠ɼཻࢠ

ʹিಥͯ͠ࢄཚͤ͞Δ༷ࢠΛ૾͢ΔͱΑ͍ɽ͜ͷ߲ͷͨΊγϡϨσΟϯΨʔํఔࣜ

i!∂Ψ
∂t

= H(t)Ψ (2.2.2)

ඇఆৗʹͳΔɽ͜ͷํఔࣜΛղ͘ʹɼนͱͱʹ u Ͱӡಈ͢Δ࠲ඪܥʹҠΕ

ྑ͍ɽ͜ͷมʹΑΓҐஔ rɼӡಈྔ pɼ

{
U(t)rjU−1(t) = rj + ut
U(t)pjU−1(t) = pj

(2.2.3)

ͱม͞ΕΔɽ͜͜Ͱ U(t) = exp
[
i
∑N

i=1
pi·ut

!

]
Ͱ͋Δɽ͜ͷมΛϋϛϧτχΞϯʹ

͢ࢪͱɼ

H̃ ≡ U(t)HU−1(t) =
N∑

i=1

pi
2

2m
+
∑

i<j

V (ri − rj) +
N∑

i=1

VB(ri) (2.2.4)

ͱͳΔɽ݁ՌΛݟΔͱɼϋϛϧτχΞϯؒ࣌Λ࿐ʹؚ·ͣɼఆৗঢ়ଶΛද͍ͯ͠Δ͜ͱ

͕Θ͔Δɽ

ͷγϡϨσΟϯΨʔܥࢭΔγϡϨσΟϯΨʔํఔࣜΛಋ͘ɽ੩͚͓ʹܥɼ͜ͷӡಈʹ࣍

ํఔࣜ (2.2.2)ͷ͔ࠨΒ U(t)Λ࡞༻ͤ͞Δͱ,

U(t)i!∂Ψ
∂t

= U(t)H(t)U−1(t)U(t)Ψ ≡ H̃Ψ̃ (2.2.5)

ΛಘΔ ʢΨ̃ ≡ U(ut)Ψʣɽ͞ΒʹࠨลΛม͢ܗΔ.

U(t)i!∂Ψ
∂t

= i! ∂
∂t

[U(t)Ψ]− i!∂U(t)

∂t
Ψ

= i!∂Ψ̃
∂t

+ !
N∑

i=1

pi · u
! U(t)Ψ

=

[
i! ∂
∂t

+ u ·
N∑

i=1

pi

]
Ψ̃.

͕ͨͬͯ͠ɼนͱͱʹӡಈ͢Δ࠲ඪܥͷγϡϨσΟϯΨʔํఔࣜɼ

i!∂Ψ̃
∂t

=
(
H̃ − u · P

)
Ψ̃ (2.2.6)

Ͱ͋Δ͜ͱ͕͔Δɽ͜͜ͰɼP =
∑N

i=1 pi ੩ܥࢭͰͷશӡಈྔͰ͋Δɽ͜ͷ݁Ռ͔

Βɼཋ͕ uͰӡಈ͢Δ߹ͷ౷ີܭԋࢠࢉ ρeq ɼ
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12 ୈ 2ষ ྲྀಈͷಈྗֶ

v
s

ਤ 2.3.1 Ұ༷ͳྲྀಈྲྀମ

ਤ 2.3.2 ྲྀମ͔Βͨݟนͷӡಈͱૉྭى

ρeq =
e−β(H−u·P )

Tr
[
e−β(H−u·P )

] (2.2.7)

Ͱ͋Δ͜ͱ͕͔ΔɽҎ্ͷٞɼϥϯμ-Ϧϑγοπʮ౷ܭཧֶʯ§67ͰΨϦϨΠ
ͷ૬ରੑݪཧʹ͍ࣔͯͮ͞جΕ͍ͯΔ͜ͱͷඍࢹతͳಋग़ͱҐஔ͚ͮΔ͜ͱ͕Ͱ͖Δɽ*2

2.3 ϥϯμͷఆ݅

ྲྀಈঢ়ଶ͕࣋ଓՄͰ͋Δ͔ͷఆ݅Λ༩͑ΔͨΊʹɼนͷӡಈʹΑΓྲྀମதʹੜ

͡Δྭىʹ͠ɼྲྀಈྲྀ͕ݮਰ͢ΔͨΊͷඞཁ݅Λ͑ߟΔɽਤ 2.3.1ʹࣔ͢ vs

ͷҰ༷ͳྲྀಈΛɼಉ͘͡ vs Ͱಈ͘࠲ඪ͔ܥΒ؍ଌ͢Δͱɼྲྀମͱนͱͷ૬࡞ޓ༻

ʹΑΓӡಈྔ͕มԽ͠ɼ͜Ε͕ૉྭىΛ༩͑Δɽجఈঢ়ଶͱྭىঢ়ଶͷΤωϧΪʔ͓Αͼ

ӡಈྔΛද 2.3.1ʹ༩͑Δ.

ྲྀମ্ͷ࠲ඪܥͰนΛେ͖ͳ࣭ྔM Λͭ࣋ମͱΈͳ͠ɼૉྭىΛนͷӡಈྔมԽ

ͱͯ͠ද͢͜ͱ͕Ͱ͖Δ (ਤ 2.3.2)ɽྭ͕ىଘ͢ࡏΔ߹ɼྭىͷલޙͰ࣍ͷΤωϧΪʔ

อଘ͓Αͼӡಈྔอଘ͕Γཱͭͱ͢Δɽ

ΤωϧΪʔอଘ:

E0 +
M

2
vs

2 = E0 + εp +
M

2
v′
s
2

(2.3.1)

ද 2.3.1 ͷΤωϧΪʔͱӡಈྔىఈঢ়ଶ͓Αͼૉྭج

ΤωϧΪʔ ӡಈྔ

ఈঢ়ଶج E0 0

ঢ়ଶىྭ E0 + εp p

*2ಉ༷ͷٞʹΑΓɼཋ͕֯ΩͰճస͢Δ࣌ͷ౷ີܭԋࢠࢉࣜ (2.2.7)ʹ͓͍ͯ u ·P → Ω ·L
ͱվΊΕΑ͍ɽL੩ܥࢭͷશ֯ӡಈྔͰ͋Δɽৄ͘͠ɼK. Miyake and T. Usui, Prog. Theor. Phys.

64, 1119 (1980) রɽࢀ
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є
p

pp
0

є
p 
=v

s 
p

∆

ࣥࣀ࢛ࣇ ࣥࢺࣟ

є
p 
=(∆/p

0
) p

ਤ 2.3.3 ྲྀಈϔϦϜ 4HeͷΤωϧΪʔࢄ

ӡಈྔอଘ:
−Mvs = −Mv′

s + p (2.3.2)

M ͷେ͖͍ݶۃͰ,্ه 2͔ࣜΒɼ

εp + p · vs = 0 (2.3.3)

ΛಘΔɽ͜Εྭ͕ىଘ͢ࡏΔͨΊͷඞཁ݅Ͱ͋Δ͔Βɼεp + p · vs > 0͕͋ΒΏΔૉ

ੜ͡ͳ͚Εྲྀମ͕ىΔɽྭ͑ݴੜ͡ͳ͍ͱىରͯ͠Γཱͯɼྭʹىྭ (ྲྀମ͔Β

Εน)ӡಈྔΛࣦΘͣɼྲྀମ͓ΑͼนͷมԽ͠ͳ͍ɽ͢ͳΘͪ͜Ε͕ྲྀಈݟ

͕҆ఆʹଘ͢ࡏΔ݅Ͱ͋Δɽ(ϥϯμͷఆ݅)

͜ͷఆ݅ૉྭىͷΤωϧΪʔࢄʹద༻͢Δͱਤࣜతʹཧղ͢Δ͜ͱ͕Ͱ͖Δɽ

ྲྀಈϔϦϜ 4He ͷૉྭىࢄਤ 2.3.3 ʹࣔ͢௨ΓͰ͋Δɽӡಈྔͷ͍ྖҬͰ

ϑΥϊϯʹΑΔઢܗͳݟ͕ࢄΒΕΔ͕ɼཻڑؒࢠͷٯఔͷྖҬʹϩτϯͱݺ

ΕΔྭ͕ىଘ͢ࡏΔɽ͜ͷྭىաఔʹΑͬͯࢄۃখΛ͕ͭ࣋ɼݪΛ௨Δઢ

εp = p · vs ͷ͖ vs ͕ ∆/p0 ΑΓখ͚͞Εɼશͯͷӡಈྔʹ͓͍ͯ εp + p · v > 0͕

ཱ͠ɼϥϯμͷఆ͔݅Βྲྀಈ͕҆ఆͯ͠ଘ͢ࡏΔ͜ͱ͕Θ͔Δɽ*3

ࣗ༝ϑΣϧϛؾମ͕ྲྀಈʹͳΒͳ͍͜ͱಉ༷ʹࣔ͢͜ͱ͕Ͱ͖Δɽ͜ͷ߹ͷྭى

ཻۭ-ࢠͷϖΞͰݱΕ (ਤ 2.3.4(a))ɼͦΕͧΕͷࢄϑΣϧϛ kF Λ༻͍ͯɼ

εp =
(p+ k)2

2m
− k2F

2m
=

p(p+ 2kF cosθ)

2m
(2.3.4)

ͱॻ͔ΕΔ.εϖΫτϧཻࢠͱਖ਼ͷӡಈྔ͕֯͢ʹΑͬͯ࿈ଓతʹมԽ͠ɼ͜ΕΒ

Λਤࣔ͢Δͱਤ 2.3.4(b)ͷΑ͏ʹͳΔɽ͜Ε 4HeͷྫͱҟͳΓɼݪ͔ΒҾ͍ͨ

ઢͷԼํʹৗʹૉྭىͷΤωϧΪʔ͕ଘ͢ࡏΔɽ͕ͨͬͯ͠ɼϥϯμͷఆ݅ʹΑΕ

҆ఆͨ͠ྲྀಈଘ͠ࡏͳ͍͜ͱʹͳΔɽ

*3ͨͩ͠ɼ͜ΕΒͷૉྭىҎ֎ʹɼ༰ثͷܗঢ়ʹΑͬͯɼӔࢳରӔࢳϦϯάͳͲͷૉྭ͕ىՄͰ͋
Γɼྲྀಈͷྟք vsc ͜ΕΒͷޮՌʹΑܾͬͯ·Δɽ
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14 ୈ 2ষ ྲྀಈͷಈྗֶ

2.4 ࣗ༝ϑΣϧϛؾମͷ߹

ମͷؾɼࣗ༝ϑΣϧϛ͍ͯͮجʹͷඳ૾ىૉྭʹࡍ࣮ χ⊥ ΛٻΊͯΈΔ. ϋϛϧτχΞ

ϯઌ΄Ͳͱಉ༷Ͱ͋Δ͕ɼૉྭ͕ىϑΣϧϛʹͮ͘جͱԾఆ͢Δ.ϑΣϧϛؔ

Λ np,σ ͱॻ͘ͱ,

〈H̃ − P · u〉 = E0 +
∑

p,σ

(εp − p · u)np,σ (2.4.1)

ͱॻ͚Δ.͜͜ͰɼE0 جఈঢ়ଶͷΤωϧΪʔΛද͢ɽํʹ༠͞ىΕΔӡಈྔͷฏ

ࣜۉ (2.4.1)͔Β࣍ͷΑ͏ʹ͞ࢉܭΕɼԣԠͷײडಉ༷ʹٻ·Δ.

〈Px〉 =
∑

p,σ

px
eβ(εp−µ−p·u) + 1

&
∑

p,σ

px(−p · u) ∂

∂εp

1

eβ(εp−µ) + 1

=
1

3

∑

p,σ

p2
[
∂

∂εp

1

eβ(εp−µ) + 1

]
ux

(2.4.2)

ͱͳΔɽ͕ͨͬͯ͠ɼ(2.1.4), (2.1.5)ͷؔʹΑΓɼ

χ⊥ =
1

3V

∑

p,σ

p2
[
∂

∂εp

1

eβ(εp−µ) + 1

]
(2.4.3)

ͱͳΔ͜ͱ͕͔Δɽ͜ͷ p−ੵ࣍ͷΑ͏ʹ࣮͢ߦΔ͜ͱ͕Ͱ͖Δɽξp ≡ (εp − µ)

Λಋೖ͢Δͱɼ

є
p

p2k
F

o

p

p + k

k

є
p 
=v

s 
p

(a) (b)
θ

ਤ 2.3.4 (a)ϑΣϧϛٿͱϑΣϧϛཻࢠͷྭى (b)ૉྭىͷࢄ
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χ⊥ =
1

3V

∑

p,σ

p2
(
− ∂

∂ξp

1

eβξp + 1

)

=
2

3V

∑

p

p2
(
− ∂

∂ξp

1

eβξp + 1

)

& 2NF p2F
3

∫ ∞

−∞
dξ

(
− ∂

∂ξ

)
1

eβξ + 1

=
2NF p2F

3
= m

p3F
3π2!3 = n

N

V
= χ‖ (2.4.4)

͕ͨͬͯ͠ɼࣜ (2.1.7)ΑΓࣗ༝ϑΣϧϛؾମྲྀಈͷੑ࣭ࣔ͞ͳ͍͜ͱ͕Θ͔Δ.

2.5 ߹ͷܥࢠ֨

Ծతʹྲྀମதʹ͕֨ࢠுΓ८Β͞Ε͍ͯͯɼ֨ࢠͷ u (r)͕ۭؒతʹ؇͔ʹม

Խ͢Δঢ়گΛ͑ߟΔɽӡಈྔີ P (r)ۭؒతʹมԽ͢ΔɽP (r)ͷ α(= x, y, z)

ྔֶྗࢠతԋࢠࢉͱͯ࣍͠ͷΑ͏ʹఆٛ͞ΕΔɽ

Pα (r) =
1

2

N∑

i=1

[piαδ (r − ri) + δ (r − ri) piα] (2.5.1)

͜͜Ͱɼpiα ≡ −i!∂/∂riα ӡಈྔͰ͋ΔɽӡಈྔີԋࢠࢉΛࣜ (2.5.1) Ͱఆٛ͢

Δ͜ͱͰɼ࿈ଓͷํఔࣜ ∂n/∂t + ∇ · (P/m) = 0 ͕ϋΠθϯϕϧάͷӡಈํఔࣜʢྔ

ʣͱͯ͠Γཱͭ͜ͱΛࣔͤΔɽnͷؔࢠࢉతԋֶྗࢠ ཻࢠີԋࢠࢉͰ͋Γɼ

n (r) =
∑N

i=1 δ (r − ri)ͱఆٛ͞ΕΔɽPα (k)ͷϑʔϦΤʹΑΔදࣔ࣍ͷΑ͏ʹ

ͳΔɽ

Pα (k) =

∫
dre−ik·rPα (r) (2.5.2)

ಉ༷ʹ u (r)ʹ͍ͭͯϑʔϦΤΛಋೖͰ͖Δɽ

uβ (k) =

∫
dre−ik·ruβ (r) (2.5.3)

͜ΕʹΑΓ P · uɼ
∫

drP (r) · u (r) =

∫
dk

(2π)3
P (k) · u (−k) (2.5.4)

ͷܗʹҰൠԽͰ͖ΔɽP  uʹؔͯ͠ઢܗͷൣғͰ࣍ͷܗʹදͤΔɽ

〈Pα (k)〉 =
∑

β

χαβ (k)uβ (k) (2.5.5)
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16 ୈ 2ষ ྲྀಈͷಈྗֶ

͜͜Ͱɼχαβ (k)ରশςϯιϧͰ͋Γɼ͕ܥํతͰ͋Δ߹Λ͑ߟΔͱҰൠతʹ࣍ͷ

Ͱॻ͖දͤΔɽܗ

χαβ (k) = aδαβ + b
kαkβ
k2

≡ χ‖ (|k|)
kαkβ
k2

+ χ⊥ (|k|)
(
δαβ − kαkβ

k2

)
(2.5.6)

͜͜Ͱɼu ͷมԽ͕Ұ༷ͳݶۃɼͭ·Γ k → 0 ʹ͓͍ͯɼࣜ (2.5.6) ͷ χ‖ (|k|) ͓Αͼ
χ⊥ (|k|) ࣜ (2.1.3) ͷ χ‖ ͱࣜ (2.1.5) ͷ χ⊥ ʹ͘͠ͳΔɽྫ͑ɼkz ≡ 0 ͱݻఆ͠

ͨͱ͖ͷਤ 2.1.1(b) ͷΑ͏ͳঢ়گΛ͑ߟΔɽ͜ͷ߹ xํʹۭ͕ؒҰ༷ͳͨΊɼઌʹ

kx → 0ͷݶۃΛऔͬͨޙɼky → 0ͷݶۃΛऔΔɽࣜ (2.5.5)͓Αͼࣜ (2.5.6)ʹ͓͍ͯ

α = β = xͱ͓͘ͱ࣍ͷΑ͏ʹͳΔɽ

〈Px (k)〉 = χxxux (k)

= lim
ky→0

lim
kx→0

[
χ‖ (|k|)

k2x
k2

+ χ⊥ (|k|)
(
1− k2x

k2

)]
ux (k)

= χ⊥ (0)ux (2.5.7)

Δ߹ʹ͑ߟΛऔΔॱ൪ʹҙ͕ඞཁͰ͋ΔɽԣԠΛݶۃ kx → 0Λઌʹ͍ߦɼਤ

2.1.1(a)ͷΑ͏ͳॎԠΛ͑ߟΔ߹ʹ ky → 0Λઌʹ͏ߦඞཁ͕͋Δɽ͢ͳΘͪɼ

〈Px (k)〉 = χxxux (k)

= lim
kx→0

lim
ky→0

[
χ‖ (|k|)

k2x
k2

+ χ⊥ (|k|)
(
1− k2x

k2

)]
ux (k)

= χ‖ (0)ux (2.5.8)

ͱͳΔɽ

2.6 ࣓ͷޮՌɿϕΫτϧϙςϯγϟϧͱಋిྲྀ

࣓ͱಋిྲྀͷؔΛ͑ߟΔͨΊɼϕΫτϧϙςϯγϟϧͷޮՌΛ࣍ͷΑ͏ʹऔΓ

.Ήࠐ ӡಈྔԋࢠࢉϕΫτϧϙςϯγϟϧͷӨڹΛड͚ͯɼ

pi → pi − qA (ri) (2.6.1)

ͱม͞ߋΕΔɽq = −e (< 0)ిࢠͷిՙΛද͢ɽϕΫτϧϙςϯγϟϧAͷઢܗԠ

Λ͑ߟΔൣғͰɼӡಈྔ pi ͷมԽʹ͍ϋϛϧτχΞϯ H ɼ

H → H − q

m

1

2

N∑

i=1

[pi ·A(ri) +A(ri) · pi] +O(A2) (2.6.2)
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2.6 ࣓ͷޮՌɿϕΫτϧϙςϯγϟϧͱಋిྲྀ 17

ͱۙࣅͰ͖Δɽ࣍ͷΑ͏ʹӡಈྔີԋࢠࢉ P (r)[ࣜ (2.5.1)] Λ༻͍ͨදݱΛಋೖ͢Δɽ

͢ͳΘͪɼ

1

2

q

m

N∑

i=1

[pi ·A(ri) +A(ri) · pi]

=
q

m

∫
dr

1

2

N∑

i=1

[piδ(r − ri) + δ(r − ri)pi] ·A(r)

=
q

m

∫
drP (r) ·A(r)

ΑͬͯϋϛϧτχΞϯ H ɼ

H → H − q

m

∫
drP (r) ·A(r)

= H − q

m

∫
dkP (k) ·A(−k) (2.6.3)

ͱද͢͜ͱ͕Ͱ͖Δɽ͜ΕΒͷ݁ՌΑΓɼࣜ (2.5.4) ͱࣜ (2.6.3) ͷୈೋ߲Λൺֱ͢Δ

ͱɼu(r)͕࣓ͷ͋ΔܥͰɼ

u(r) → q

m
A(r) (2.6.4)

ͱม͞ΕΔ͜ͱ͕Θ͔Δɽ

ಋঢ়ଶͰྲྀΕΔిྲྀΛௐΔͨΊɼిྲྀີԋࢠࢉΛɼ

j(r) ≡ q

m

1

2

N∑

i=1

{[pi − qA(ri)] δ (r − ri) + δ (r − ri) [pi − qA(ri)]}

=
q

m
P (r)− q2

m
n(r)A(r) (2.6.5)

ͱද͢ɽ͜͜Ͱɼཻࢠ iͷԋࢠࢉ vi = [pi − qA(ri)]/mͰ͋Δ͜ͱΛ༻͍ͨɽ͜

ͷిྲྀີԋࢠࢉ j(r)ʹ͍ͭͯɼ࣓தͷϋϛϧτχΞϯΛ༻͍ͯઢܗԠΛٻΊΔͱɼ

〈j(k)〉 = q2

m2

∑

β

χαβ(k)Aβ(k)−
q2n

m
Aα(k)

=
q2

m2

∑

β

[
χ‖(k)

kαkβ
k2

+ (δαβ − kαkβ
k2

)χ⊥(k)

]
Aβ(k)−

q2n

m
Aα(k)

= − q2

m2

[
n− χ⊥(k)

m

]


∑

β

(
δαβ − kαkβ

k2

)
Aβ(k)



 (2.6.6)

ͱ͍͏݁Ռ͕ಘΒΕΔɽ͜͜Ͱɼχ‖(k) = mN
V = mn [ࣜ (2.4.4)]ͷؔΛ༻͍ͨɽϕΫ

τϧϙςϯγϟϧͷԣ Aβ ͱిྲྀີͷؔΛࣔࣜ͢ (2.6.6)ɼ࣍અͷϩϯυϯ-ϐ

ύʔυͷؔ [ࣜ (2.7.1)]ͱಉ͡ߏΛͭɽ͜ͷ݁Ռಋͷඳ૾ͱྲྀಈͷඳ૾͕

ಉ࣭Ͱ͋Δ͜ͱΛ͍ࣔͯ͠Δɽిྲྀ j ɼͦͷిྲྀܥதΛྲྀΕΔࢠ͕֨ j Λ࠲ඪͷج४ʹ

͢Δ͜ͱͰपғͷ͕֨ࢠಈ͘ܥʹஔ͖͑ΒΕΔɽྲྀಈͷٞͱͷରൺʹΑΓಘΒΕΔ

ಋిྲྀͷඳ૾ɼ֨ࢠʹΑΓྲྀΕ્͕͞ΕͣҰఆͷͰྲྀΕΔిྲྀͰ͋Δɽ
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18 ୈ 2ষ ྲྀಈͷಈྗֶ

2.7 ϚΠεφʔޮՌ

ಋঢ়ଶͰɼిؾ͕߅θϩͱͳΔҎ֎ʹϚΠεφʔޮՌ͕ൃੜ͢Δɽࣜ (2.6.6)

Λ࣮ۭؒදࣔʹ͢Δͱɼ࣍ͷΑ͏ʹۙࣅͰ͖Δɽ

j (r) = − 3nsq2

4πmξ0

∫
dr′e−|r−r′|/ξ0 × [(r − r′) ·A⊥ (r′)] · (r − r′)

|r − r′|4
(2.7.1)

͜͜Ͱɼns ≡ n − χ⊥ (0) /mಋཻࢠີɼA⊥ ϕΫτϧϙςϯγϟϧͷԣ

 (divA⊥ = 0)Ͱ͋Δɽ·ͨɽξ0 ΫʔύʔରͷαΠζͰ͋ΓɼίώʔϨϯεͱݺ

Εɼಋͷ૬͕ؔٴͿڑΛࣔ͢ɽࣜ (2.7.1)ɼ࣓ͷۭؒมԽͷεέʔϧ͕ ξ0 ͱൺ

Ώͬ͘Γ͍ͯ͠Δͱ͖ɼ

j (r) =
−nsq2

m
A⊥ (r) (2.7.2)

ͱۙࣅͰ͖Δɽ͜Ε͕ϩϯυϯํఔࣜͰ͋Δɽࣜ (2.7.2)ͱΞϯϖʔϧͷ๏ଇɼ

∇×H (r) = µ0j (r) (2.7.3)

ΛΈ߹ΘͤΔͱɼ࣓H (r)࣍ͷؔΛຬͨ͢ɽ

∇2H (r) =
1

λ2L
H (r) (2.7.4)

͜͜ͰɼλL ≡
√
m/µ0nsq2 ϩϯυϯͷ࣓৵ೖͰ͋Γɼ࣓ͷۭؒมԽͷεέʔϧ

Λ༩͑Δɽਤ 2.7.1ͷΑ͏ʹಋମͷ֎ଆ (x < 0)ʹ z ͷ࣓͕͋Δͱ͖ɼಋํ

ମ෦ (x > 0)ͷ࣓ Hz (x)ࣜ (2.7.3) ͔Β,

Hz (x) = H0e
−x/λL (2.7.5)

ͱͳΔɽ͜͜ͰɼH0 ਅۭதͷ࣓ z Ͱ͋Δɽࣜ (2.7.5)͔Βɼ࣓ಋମͷද

໘͔Β λL ఔͷڑ·Ͱ͔͠৵ೖͰ͖ͳ͍͜ͱ͕Θ͔ΔɽλL ͷۚଐͷछྨʹΑΓ

ҟͳΔ͕ɼेԹͰ 1 µmҎԼͰ͋ΔɽΑͬͯࢹڊతͳεέʔϧͰɼेʹऑ͍࣓

ಋମ͔Βഉআ͞ΕΔɽ͜ΕΛϚΠεφʔޮՌͱݺͿɽԜΜͩಋମͷ্෦Ͱ࣓

ੴ͕ු͘ݱ͜ͷϚΠεφʔޮՌʹΑΔͷͰ͋Δɽ͜ͷٞɼλL ) ξ0 ͷ߹ʹ

Γཱͪɼٯͷݶۃ λL $ ξ0 Ͱɼࣜ (2.7.1)ͱࣜ (2.7.3)ΑΓಘΒΕΔඇہॴతํఔࣜΛ

తʹղ͘͜ͱʹΑΓ࣓৵ೖ λ & 0.79λL (ξ0/λL)
1/3 ͕ಘΒΕ͍ͯΔ*4ɽλL < ξ0

ͱͳΔܥΛୈ̍छಋମɼλL > ξ0 ͱͳΔܥΛୈ̎छಋମͱΑͼ۠ผ͢Δɽ

*4தౢః༤ʮಋೖʯʢഓ෩ؗʣ6-9અʹಋग़ͷུ͕֓ٞ͞Ε͍ͯΔɽ
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2.8 ྗֶతྟք࣓ 19

ਤ 2.7.1 ಋମද໘ʹ࣓͕৵ೖ͢Δ༷ࢠ

ਤ 2.8.1 ಋମʹίΠϧΛܥ͍ͨר ਤ 2.8.2 ίΠϧʹྲྀΕΔిྲྀͷؒ࣌มԽ

2.8 ྗֶతྟք࣓

ϚΠεφʔޮՌʹΑΓɼऑ͍࣓ (ϚΫϩͳεέʔϧͰݟΔͱ)ಋମͷ෦͔Β

ഉআ͞ΕΔɽ࣓ H Λେ͖ͯ͘͠ྗֶతྟք࣓ (H = Hc)ʹୡ͢Δͱɼಋঢ়ଶ

Λյ࣓͕ͯ͠Ұ༷ʹ৵ೖ͢Δɽಋঢ়ଶ͓Αͼৗಋঢ়ଶͷϔϧϜϗϧπͷࣗ༝Τω

ϧΪʔΛ FsɼFn ͱॻ͘ͱɼ

H2
c

8π
= Fn − Fs (2.8.1)

ͷؔʹ͋Δɽ

ࣜ (2.8.1)ͷҙຯɼ୯ҐମੵΛेͭ࣋ʹ͍ԁঢ়ͷಋମͷपΓʹίΠϧΛר

ܥ͍ͨ (ਤ 2.8.1)Ͱɼਤ 2.8.2ͷΑ͏ʹίΠϧͷిྲྀ I Λঃʑʹ૿ͯ͠ (ಋମ͕ͳ͍

ͱͨ࣌͠ͷ)࣓͕ Hc ʹୡ͢Δ߹Λ͢ߟΔ͜ͱͰཧղͰ͖Δɽಋମʹ࣓͕৵

ೖ͢Δ࣌ͷࣗ༝ΤωϧΪʔɼԁ෦͕ৗಋঢ়ଶʹ͋Γ࣓͕Ұ༷ʹ৵ೖ͍ͯ͠Δঢ়

ଶͷͦΕʹ͍͠ɽ࣓ͷ৵ೖʹཁ͢ΔࣄWp ɼͦͷࠁ࣌ t0 ͷલޙͰίΠϧͷిྲྀ

͕Ұఆ Ic ʹอͨΕ͍ͯΔ͜ͱͱɼίΠϧ෦ͷ࣓ଋ Φ  t = t0 ʹ͓͍͔ͯ̌Β LIc

ʹෆ࿈ଓʹ૿େ͢Δɼ͢ͳΘͪɼ༠ಋྗిى dΦ(t)
dt = LIcδ(t− t0)ͱͳΔ͜ͱΛྀ͢ߟ

Δͱɼ

Wp =

∫ t0+δt

t0−δt
dt

dΦ

dt
I(t) = LI2c =

H2
c

4π
(2.8.2)
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ਤ 2.8.3 ྗֶతྟք࣓ Hc ͷԹґଘੑ

ͱධՁͰ͖Δɽ͜͜Ͱɼδt(> 0) ඍখؒ࣌ɼLίΠϧͷࣗݾΠϯμΫλϯεɼΦί

ΠϧΛ؏࣓͘ଋɼI ిྲྀͰ͋Γɼؔ Φ = LI ͓ΑͼɼLI2/2 = H2/8π Λ༻͍ͨɽ

࣓ͷΤωϧΪʔɼΦ(t) = LI(t)ΑΓɼ

1

2
LI2 =

H2

8π
(2.8.3)

Ͱ͋Δɽ͕ͨͬͯ͠ɼࣗ༝ΤωϧΪʔͷόϥϯεɼ

Fs +
H2

c

4π
= Fn +

H2
c

8π
(2.8.4)

ͱٻ·ΔɽΑͬͯɼࣜ (2.8.1)͕Γཱͭɽ

ྗֶతྟք࣓ Hc ͓Αͦਤ 2.8.3ͷΑ͏ͳؔܗͰهड़Ͱ͖Δɽ

Hc(T ) & Hc(0)

[
1− T 2

T 2
c

]
(2.8.5)

͜ͷͱ͖ɼT = Tc Ͱͷൺͷͱͼɼ

C = T
dS

dT
= −T

d2F

dT 2
(2.8.6)

Ͱ͋Δ͔Βɼ

Cs − Cn = T
d2

dT 2
(Fn − Fs)

= T
d2

dT 2

(
H2

c

8π

)

= T
d

dT

(
Hc

4π

∂Hc

∂T

)

=
T

4π

[(
dHc

dT

)2

+Hc
d2Hc

dT 2

]

Ͱ༩͑ΒΕΔɽT → Tc (Hc → 0)ͷݶۃΛͱͬͯɼ

Cs(Tc)− Cn(Tc) =
Tc

4π

(
dHc

dT

)2

T=Tc

(2.8.7)
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2.9 ࣓தͷಋମ 21

ਤ 2.9.1 ୈ̍छಋମͷ ξ0 ͱ λL ͷؔ

ͱٻ·Δɽ

ಋঢ়ଶͱৗಋঢ়ଶͷڥքͰͷજ࣍ͷΑ͏ʹ༩͑ΒΕΔɽ

Tc[Sc(Tc)− Sn(Tc)] = Tc
d

dT
(Fn − Fs)

∣∣∣∣
T=Tc(H)

= Tc
d

dT

(
H2

c

8π

)

T=Tc(H)

=
Tc

4π
Hc

(
dHc

dT

)

T=Tc(H)

(2.8.8)

͢ͳΘͪɼH = 0Ͱͷ૬సҠજͳ͠ͷୈ̎छͰ͋ΓɼH /= 0ͰͷͦΕજΛ͏

ୈ̍छ૬సҠͰ͋Δ͜ͱ͕͔Δɽͨͩ͠ɼ͜ͷ݁ಋ−ৗಋసҠ͕ۭؒతʹ
Ұ༷ੑΛอͬͨ··͖ىΔ͜ͱΛલఏͱ͍ͯ͠Δ͜ͱʹҙ͢Δඞཁ͕͋Δ ɽ(রࢀઅ࣍)

2.9 ࣓தͷಋମ

ಋମୈ̍छͱୈ̎छಋମʹ͚ΒΕΔɽલઅɼୈ̍छಋମʹؔ͢Δ

ͷͰ͋ͬͨɽୈ̍छͱୈ̎छಋମɼΫʔύʔϖΞͷ͕ΓΛද͢ύϥϝʔλ ξ0 ͱ

࣓৵ೖ λL Λ༻͍ͯ࣍ͷΑ͏ʹಛ͚ΒΕΔɽ

ୈ̍छಋମ ↔ ξ0 > λL

ୈ̎छಋମ ↔ ξ0 < λL

ୈ̍छͱୈ̎छಋମͰɼͱʹ͋Δ࣓ͷେ͖͞ΑΓେ͖͍࣓ྖҬͰશʹ

ಋঢ়ଶյΕΔɽୈ̍छͷ߹ͷྟք࣓Λྗֶతྟք࣓ͱ͍͍ (લઅࢀর)ɼୈ̎

छͷ߹ͷྟք࣓Λ্෦ྟք࣓ͱ͍͏ɽୈ̍छͱୈ̎छಋମͰɼͦΕͧΕͦͷ

࣓ΑΓখ͍࣓͞ྖҬͰৼΔ͍͕ҟͳΔɽୈ̍छͱୈ̎छಋମͦΕͧΕʹ͍ͭ

ͯɼಋঢ়ଶ͕յΕΔલͷ࣓ྖҬʹ͓͚Δৗಋঢ়ଶͱಋঢ়ଶͷڥքͷ༷ࢠΛઆ

໌͢Δɽ
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ਤ 2.9.2 ୈ̍छಋମʹ࣓͕৵ೖ͢

Δ༷ࢠ 1 SCɼNͦΕͧΕಋঢ়ଶɼ

ৗಋঢ়ଶΛද͢ɽ

ਤ 2.9.3 ୈ̍छಋମʹ࣓͕৵ೖ͢

Δ༷ࢠ 2 SCɼNͦΕͧΕಋঢ়ଶɼ

ৗಋঢ়ଶΛද͢ɽ

ਤ 2.9.4 ୈ̎छಋମͷ ξ0 ͱ λL ͷؔ

ਤ 2.9.5 ୈ̎छಋମʹ࣓͕৵ೖ͢

Δ༷ࢠ SCɼNͦΕͧΕಋঢ়ଶɼৗ

ಋঢ়ଶΛද͢ɽ

·ͣୈ̍छಋମͷ୯Ґ໘ੵ͋ͨΓͷڥքΛ࡞Δࣗ༝ΤωϧΪʔ Gb ɼ

Gb ≈
H2

c

8π
ξ0 −

H2

8π
λL > 0 (2.9.1)

Ͱ͋Δɽୈ߲̍ಋ͕յΕΔ͜ͱʹΑΔΤωϧΪʔͷଛࣦΛද͠ɼୈ߲࣓͕̎৵

ೖ͢Δ͜ͱʹΑΔΤωϧΪʔͷརಘΛද͢ɽୈ̍छಋମͰ ξ0 > λL ͳͷͰ Gb ਖ਼

Ͱ͋ΔɽΑͬͯɼୈ̍छಋମڥքΛ࡞ΔͱΤωϧΪʔͷଛࣦʹͳΔɽ͜Εୈ̍छ

ಋମڥքΛ࡞Γʹ͍͘͜ͱΛද͠ɼਤ 2.9.1ʹ͓͍ͯɼಋ૬Ͱடংม͕؇

͔ʹ૿େ͢Δ͜ͱͱରԠ͢Δɽ

ୈ̍छಋମʹ࣓͕৵ೖ͢Δ༷͕ࢠਤ 2.9.2ͱਤ 2.9.3Ͱ͋Δɽୈ̍छಋମ

ಋঢ়ଶͱৗಋঢ়ଶͷڥքΛ࡞Γʹ͍͘ͷͰɼ·ͱ·ͬͯݱΕΔɽಋঢ়ଶͱৗ

ಋঢ়ଶ΄΅ִؒʹ͢Δɽ࣓͕େ͖͘ͳΔͱৗಋঢ়ଶͷׂ߹͕૿͑ͯɼྗֶ

తྟք࣓ Hc Ͱܥશମ͕ৗಋঢ়ଶʹͳΔɽ

ୈ̎छಋମͷ୯Ґମੵ͋ͨΓͷڥքΛ࡞Δࣗ༝ΤωϧΪʔGbɼࣜ (2.9.1)ͱಉ͡

Gb ≈
H2

c

8π
ξ0 −

H2

8π
λL

Ͱ͋Γɼ

H >

√
ξ0
λL

Hc ͷͱ͖ Gb < 0
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2.9 ࣓தͷಋମ 23

ਤ 2.9.6 Ӕࢳͷฒͼํ ਤ 2.9.7 Ӕࢳͷ࣮૾*5

ਤ 2.9.8 d−2 ͱ Bͷؔ

ਤ 2.9.9 ୈ̎छಋମͷ H-Tਤ

ͱͳΓɼH >
√

ξ0
λL

Hc Ͱ͋Εୈ̎छಋମڥքΛ࡞ΔͱΤωϧΪʔͷརಘʹͳΔɽ

͜Εୈ̎छಋମڥքΛ࡞Γ͍͢͜ͱΛද͠ɼਤ 2.9.4ʹ͓͍ͯɼಋ૬Ͱட

ংม͕ٸʹ૿େ͢Δ͜ͱͱରԠ͢Δɽ

ୈ̎छಋମʹ࣓͕৵ೖ͢Δ༷͕ࢠਤ 2.9.5ʹࣔ͞ΕΔɽୈ̎छಋମಋ

ঢ়ଶͱৗಋঢ়ଶͷڥքΛ࡞Γ͍͢ͷͰɼୈ̍छಋମͷΑ͏ʹৗಋঢ়ଶ͕·ͱ

ΔॴʹͰ͖ͨৗಋঢ়ଶࢸৗಋঢ়ଶͷྖҬ͕Ͱ͖Δɽ͜ͷ͍ڱʹΔॴࢸΕͣɼݱͯͬ·

ΛӔࢳͱ͍͏ɽ֤ӔࢳΛ؏࣓͘ଋྔࢠԽ͞Ε͍ͯΔɽਤ 2.9.5ଟͷӔ͕ࢳͰ͖͍ͯ

Δ༷ࢠΛද͢ɽ͜ͷྔࢠԽ͞Ε࣓ͨଋͭ·Γɼ1Ӕͨ͋ࢳΓͷ࣓ଋ Φ0 

Φ0 =
h

2e

Ͱ͋Δɽͷ̎ಋঢ়ଶΫʔύʔରॖڽͱ͍͏Ұछͷཻ̎ࢠঢ়ଶ͕ࢹڊతͳͷ

Λ༩͍͑ͯΔڌΕ͍ͯΔ͜ͱͷతূ͞ڌΑΓʹࢠి (̏ষࢀর)ɽ

֤Ӕࢳਤ 2.9.6ͷΑ͏ʹࢠ֨֯ࡾঢ়ʹྻ͢Δɽ̎ͭͷӔؒࢳͷڑΛ dͱ͢Δɽ͜

ͷͱ͖ɼਤ 2.9.6ͷͷܗ֯ࡾͷ໘ੵ 1
2

√
3
2 d2Ͱ͋Γɼͷܗ֯ࡾʹؚ·ΕΔ࣓ଋ 1

2Φ0

*5H. Essman and U. Trauble, Phys. Lett. A 24, 526 (1967).
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ͳͷͰ࣓ଋີ B ɼ

B =
Φ0√
3
2 d2

Ͱ͋Δɽ࣮ݧ࣮ʹࡍʹ͓͍ͯɼ֤Ӕࢳਤ 2.9.7ͷΑ͏ʹࢠ֨֯ࡾঢ়ʹྻ͠ɼB ͱ d−2

ͷؔਤ 2.9.8ͷΑ͏ʹઢܗʹͳΔɽd−2-B ͷ͔͖Β Φ0 Λ࣮ݧతʹܾఆͰ͖Δɽ

ୈ̎छಋମͷ H -T ૬ਤਤ 2.9.9ͷΑ͏ʹͳΔɽୈ̍छಋମͱҟͳΓɼྟ

ք࣓Լ෦ྟք࣓Hc1 ͱ্෦ྟք࣓Hc2 ͷ̎छྨ͕͋ΔɽH < Hc1 ͷྖҬϚΠ

εφʔঢ়ଶͰ͋ΓɼH > Hc1 ʹͳΔͱಋମ෦ʹਤ 2.9.5ͷΑ͏ʹɼ࣓ଋ͕ೖΓࠐΈ

ঢ়ଶʹͳΔɽHc2ࢳΊͯӔ࢝ ɼࢠ֨֯ࡾঢ়ʹྻ͍ͯͨ͠Ӕࢳಉ࢜ͷִؒ d͕খ͘͞ͳ

Γɼ࠷ऴతʹશͯͷྖҬ͕ӔࢳͰຬͨ͞ΕΔ࣓Ͱ͋ΔɽԼ෦ྟք࣓ Hc1 ͱ্෦ྟք

࣓ Hc2 ͷؔ࣍ͷΑ͏ʹͳΔɽ

Hc1(T ) =
πξ√
24λL

ln
λL
ξ
Hc(T ) (2.9.2)

Hc2(T ) =
√
2
λL
ξ
Hc(T ) (2.9.3)

ͭ·Γɼ࣍ͷ͕ؔΓཱͭɽ

Hc1(T )Hc2(T ) & 0.91 ln
λL
ξ
Hc(T )

2

͜ͷ͋ͨΓͷৄ͍͠આ໌ɼυɾδΣϯψͷಋͷڭՊॻ*6ʹৡΔɽ

*6P. G. De Gennes, Superconductivity of metals and alloys (Advanced Books Classics, 1999).
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2.10 ԋश̍

(1)ཧϘʔεؾମ T ≤ T0 ʹ͓͍ͯϘʔζॖڽΛ͜͠ىɼӡಈྔ pΛͭϘʔεؾ

ମͷؔ n(p)ɼ

n(p) =
1

eβεp − 1

Ͱ༩͑ΒΕΔ (β ≡ 1/kBTɼkB = 1ͷ୯ҐܥΛ༻͍Δ)ɽ͢ͳΘͪɼཧϘʔεཻࢠͷ

ؔ

n(p) =
1

eβ(εp−µ) − 1

ʹ͓͍ͯɼԽֶϙςϯγϟϧ µ ͕θϩͱͳ͍ͬͯΔɽ͜ͷؔΛ༻͍ͯɼཋ (น)

͕ xํʹ ux Ͱಈ͍͍ͯΔ߹ͷ 〈Px〉ΛٻΊΔͱɼ

〈Px〉 =
∑

p

px
1

eβ(εp−p·µ) − 1
& V χ⊥ux +O(u2

x)

Ͱ͋Δɽ

͜͜Ͱ χ⊥ ɼ

χ⊥ =
1

3V

∑

p

p2
[
− ∂

∂εp

(
1

eβεp − 1

)]

Ͱ༩͑ΒΕΔɽ͜ͷ pੵΛ࣮ͯ͠ߦɼχ⊥(T ) T 3/2 ʹൺྫ͢Δ͜ͱΛࣔ͠ͳ͍͞ɽ͢

ͳΘͪɼχ⊥(T ) T → 0Ͱθϩʹۙͮ͘ɽ

(2) ཧϘʔεཻࢠͷΤωϧΪʔࢄ εp = p2/2m ϥϯμͷ݅Λຬͨ͞ͳ͍ͷ

Ͱɽྲྀಈࣔ͞ͳ͍ͣͳͷʹɼ(1)ͷ݁Ռɼ

〈Px〉
ux

< mN

ͱͳͬͯྲྀಈ͢Δ͜ͱʹͳ͍ͬͯΔɽ͜ͷύϥυοΫε͕ੜͨ͡ݪҼΛ͠ߟͳ͍͞ɽ
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2.11 ԋश̍ ղ

(1)

〈Px〉 =
∑

p

px
1

eβ(εp−µ−p·µ) − 1
& V χ⊥ux +O(u2

x)

χ⊥ =
1

3V

∑

p

p2
[
− ∂

∂εp

(
1

eβεp − 1

)]

Ͱ͋Δɽ

Ϙʔε͖ى͕ॖڽΔͱ͖ɼT < T0 ⇒ µ = 0ΑΓϘʔεؾମͷؔɼ

1

eβ(εp−µ) − 1
=

1

eβεp − 1

ͱͳΔ͜ͱͱ εp = p2/2m ʹҙͯ͠ɼ

χ⊥ =
1

3V

∑

p

p2
[
− ∂

∂εp

(
1

eβεp − 1

)]

=
1

3V

V

(2π)3
4π

∫ ∞

0
dp p4

[
− ∂

∂εp

(
1

eβεp − 1

)]

=
1

6π2
(2m)

5
2
1

2

∫ ∞

0
dε ε

3
2

(
− ∂

∂ε

1

eβε − 1

)

=
1

6π2
(2m)

5
2
1

2
β− 3

2

∫ ∞

0
dx x

3
2

(
− ∂

∂x

1

ex−1

)

=
1

6π2
(2m)

5
2
1

2
β− 3

2

([
−1

ex−1
x

3
2

]∞

0

+

∫ ∞

0
dx

1

ex−1

3

2
x

1
2

)

=
1

6π2
(2m)

5
2
1

2
β− 3

2

(
3

2

∫ ∞

0

x
1
2

ex−1
dx

)

=
1

16
π− 3

2 (2m)
5
2 ζ

(
3

2

)
T

3
2

→ 0 (T → 0)

͜͜Ͱ, 7ɼ*ͨͬͷެࣜΛ࣍

∫ ∞

0

x
1
2

ex−1
dx = Γ

(
3

2

)
ζ

(
3

2

)
=

√
π

2
ζ

(
3

2

)
ɽ

(2)ϥϯμͷ݅ɼ

p2

2m
+ p · u > 0

*7ֶެࣜ III (ؠ) p.18
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ΑͬͯɼཧϘʔεཻࢠͷΤωϧΪʔࢄϥϯμͷ݅Λຬͨ͞ͳ͍ͷͰ. ྲྀಈ

ࣔ͞ͳ͍ɽ͔͠͠ (1) ͷ݁ՌྲྀಈΛࣔ݁͢Ռͱͳͬͨɽ͜Ε (1) Ͱ 〈Px〉 Λ
O(ux) ͷΦʔμʔ·Ͱ͍ۙͨͯ͜͠ࣅͱʹىҼ͢ΔɽҎԼͰࣔ͢Α͏ʹɼO(u2

x) ·Ͱߟ

ྀ͢Δඞཁ͕͋ͬͨɽ܇ڭͱͯ͠ɼඍখύϥϝλͰల։͢Δͱ͖ɼʮ͍ͭͰઢ͕ࣅۙܗ

Α͍ͱݶΒͳ͍ʯɽ

(ߟࢀ)

ཧϘʔεؾମͰ͋Δ͜ͱͱɼ

p2

2m
− p · u =

1

2m
(p2 − 2mp · u)

=
1

2m

[
(p−mu)2 −m2u2

]

ʹҙͯ͠ɼ

∑

p

p
1

eβ(
p2

2m−p·u−µ) − 1
=
∑

p

p
1

eβ[
1

2m (p−mu)2−(µ+m
2 u2)] − 1

=
∑

p′

(p′ +mu)
1

e
β
[

p′2
2m −(µ+m

2 u2)
]

− 1

= mu
∑

p′

1

e
β
[

p′2
2m −(µ+m

2 u2)
]

− 1
= mNu

Ͱ͋Δɽ

T < T0 Ͱɼµ+ m
2 u

2 = 0Ͱ͋Δ͜ͱʹҙ͢Δͱɼ

N =






N0(T ) +
∑

p′
1

eβ
p′2
2m −1

(T < T0)
∑

p′
1

eβ
p′2
2m

−(µ+m
2

u2)−1
(T > T0)

Ͱ͋Δɽ
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ୈ 3ষ

ಋͷൃߏػݱ

͜ͷষͰɼඍࢹతʹಋͷൃ͑ߟ͍ͯͭʹߏػݱɽΫʔύʔର͕ಋΛҾ͖͜ى

͢͜ͱΛཧղ͢Δɽ·ͨɼΫʔύʔରܗʹԆޮՌʹΑΔిؒࢠͷҾྗ͕ඞཁͰ͋Δ

͜ͱΛ֬ೝ͢Δɽ

3.1 ӷମϔϦϜ

Heࢠݪͷిࢠঢ়ଶ (1s)2 ͷด֪ߏͰ͋Γɼؒࢠݪ૬࡞ޓ༻ʹΑΔҾྗϑΝϯσ

ϧϫʔϧεྗͰͳͷͰۃΊͯখ͍͞ɽҰํͰࢠి͕ࢠݪΛަ͢Δ΄Ͳ͍ޓʹۙͮ͘ͱύ

ϦͷഉଞݪཧʹΑΓେ͖ͳੱྗ૬࡞ޓ༻͕ੜ͡Δɽͦͷུ֓ਤ 3.1.1ͷΑ͏ʹࣔ͞Ε

ΔɽΤωϧΪʔͷ୯ҐϘϧπϚϯఆ kB & 1.38 × 10−23J ·K−1ɽ͞ͷ୯ҐÅ Ͱ

͋Δɽ

3.2 3Heͱ 4He

HeʹೋͭͷಉҐମ (3Heͱ 4He)͕ଘ͢ࡏΔɽ4Heͷߏɼཅࢠɼதੑࢠɼి͕ࢠ

ೋͭͣݸͰ͋ΔͨΊɼࢠݪҐஔͷަʹରͯ͠ۮճූ߸స͢ΔͷͰಈؔରশͰ

ਤ 3.1.1 ϔϦϜؒࢠݪͷ૬࡞ޓ༻ϙςϯγϟϧ
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3.2 3Heͱ 4He 29

1.0 2.0 3.0 4.0 5.0

ਤ 3.2.1 4He ͷԹ-ѹྗ૬ਤ (Ҿ༻ɿʮ

ੑཧֶʯ ேॻళ)

ਤ 3.2.2 3He ͷԹ-ѹྗ૬ਤ (Ҿ༻ɿʮ

ੑཧֶʯ ேॻళ)

͋ΔɽΑͬͯɼ4HeϘʔε౷ܭʹै͏ɽҰํɼ3Heதੑ͕ࢠҰͭগͳ͍ͨΊɼ3He

ճූ߸స͢حରͯ͠ಈؔʹҐஔͷަࢠݪΒΓɼ͔ࢠͷϑΣϧϛཻݸح

ΔɽΑͬͯɼ3HeϑΣϧϛ౷ܭʹै͏ɽ

4He : p2n2e2

Ϙʔεཻࢠ→ (−1)2(−1)2(−1)2 = 1
3He : p2n1e2

ϑΣϧϛཻࢠ→ (−1)2(−1)(−1)2 = −1

Ҏ্ͷཧ༝ʹΑΓɼ3Heͱ 4Heؒࢠݪ૬࡞ޓ༻ಉ͡ʹؔΘΒͣɼۃԹͰͷੑ࣭

શ͘ҟͳΔ༷૬Λࣔ͢ɽ

ਤ 3.2.1ͷ 4Heʹ͓͚ΔԹ-ѹྗ૬ਤ͕ࣔ͢௨ΓɼৗѹͰ T < Tλ & 2.17KͷԹ

ྖҬͰྲྀಈΛࣔ͢ɽྲྀಈ͕ग़͢ݱΔݤͱͳΔͷɼߏཻ͕ࢠϘʔε౷ܭʹै͏͜ͱ

Ͱ͋Δɽ࣮ࡍʹɼӷମ 4HeΛࣗ༝ϘʔεؾମͱΈͳͤϘʔεॖڽԹ T0 

T0 ≡ 3.31
!2
m

(N
V

) 2
3

4He: T0 & 3.1K & Tλ

ͱͳΓɼྲྀಈసҠԹ Tλ = 2.17KͱಉఔͷʹͳΔɽҰํͰ 3He໌Β͔ʹԹͷ

εέʔϧ͕ҧ͏݁Ռʹͳ͍ͬͯΔɽ4Heͱ 3HeͷྲྀಈసҠԹ͕ҟͳΔཧ༝Λ࣭ྔͷ

ࠩͱ͢ΔʹɼԹͷεέʔϧ͕ҧ͍͗͢Δɽӷମ 3He ͷྲྀಈసҠಋͷൃੜػ

ΒΕ͍ͯΔɽ(ɿਤ͑ߟΑΓੜ͡Δͱʹॖڽͱಉ༷ɼΫʔύʔରߏ 3.2.1 1910 ɼ

ਤ 3.2.2 1972ͷ݁Ռ*1)

*1ੑཧֶʢேॻళʣେ؏ಯກ (ฤ)ɼઙഹɼ্ాɼࠤ౻ӳߦɼதଜ৽உɼߴॏਖ਼໌ɼࡾਖ਼ɼେ
؏ಯກɼాਫ਼࣏ (ࣥ) (2000)ɽ
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ਤ 3.3.1 తඳ૾ײҾྗΛੜ͡Δաఔͷʹؒࢠిͯ͠༺ৼಈΛརࢠ֨

3.3 Ҿྗͷݯى

BCSཧͰɼΫʔύʔରܗʹඞཁͳҾྗ૬࡞ޓ༻ϑΥϊϯʹΑͬͯ༠͞ىΕΔ

ͱ͑ߟΒΕΔɽཧతʹࣔͤΔ͕ɼ͜͜Ͱ؍తઆ໌Λ͏ߦɽ

ਤ 3.3.1 ͷΑ͏ͳ֨ࢠ (ΠΦϯ) ͱిࢠͷӡಈͷ༷ࢠΛ͑ߟΔɽిࢠ 1 ΛҠಈؒࢠ͕֨

͢Δͱɼਖ਼ͷిՙΛͭ࣋ΠΦϯిࢠ 1ʹҾ͖ͤدΒΕΔɽͦͷ݁Ռɼిࢠ 1ͷߤۙ

ਖ਼ͷిՙ͕ଟ͍ྖҬͱͳΔɽΠΦϯͷӡಈͱిࢠͷӡಈؒ࣌εέʔϧ͕ҧ͏ɽͦΕͧ

Εͷؒ࣌εέʔϧ

ΠΦϯͷӡಈͷؒ࣌εέʔϧɿω−1
D

εέʔϧɿ!/EFؒ࣌ͷӡಈͷࢠి

Ͱ͋Γɼ࣍ͷ͕ؔΓཱͭɽ

ω−1
D >>

!
EF

&
√

m

M
& 10−2ω−1

D

͜͜Ͱ m ిࢠͷ࣭ྔɼM ΠΦϯͷ࣭ྔͰ͋Δɽ͢ͳΘͪɼΠΦϯͷӡಈిࢠͷ

ͦΕʹൺͯΏͬ͘Γੜ͡Δ (ԆޮՌ)ɽ͜ͷԆޮՌʹΑͬͯੜ͡ΔҾྗԼهͷࣜ

(3.3.1) ͱʮΠΦϯͷӡಈͱిࢠͷӡಈͷؒ࣌εέʔϧ͕ҟͳΔʯཱ͕྆͢Δͱ͖ʹݱΕ

Δɽͱ͍͏ͷɼߤʹΑΔਖ਼ͷిՙۃ ω−1
D ఔͷؒ࣌ଘ͠ࡏଓ͚Δ͕ɼͦͷؒ࣌

εέʔϧిࢠͷӡಈΑΓ 102 ఔ͍ͷͰɼిࢠ ࢠ2͕ి 1ͷߤʹҾ͖ͤدΒΕΔ

͜ͱʹͳΔɽ͢ͳΘͪɼిؒࢠҾྗ͕ੜ͡Δɽ

∣∣!
2k21
2m

− !2k22
2m

∣∣ =
∣∣ξk1 − ξk2

∣∣ < !ωD (3.3.1)
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3.4 Ϋʔύʔͷ 2ମଋറঢ়ଶ 31

Ұํɼి ࢠ 1͕ΠΦϯΛҾ͖ͤدΔͨΊʹ ω−1
D ఔͷ͕ؒ࣌ඞཁͰ͋ΔͷͰɼి ࢠ 1͕

ʹΔલ࡞Λߤ (ω−1
D Ҏʹ)ిࢠ 2͕ͬͯ͘ΔͱҾྗ͕ൃੜ͠ͳ͍͜ͱʹͳΔɽΑͬ

ͯɼΤωϧΪʔͱؒ࣌ͷෆ֬ఆੑؔΑΓɼిؒࢠʹҾྗ͕ੜ͡ΔͨΊʹɼೋͭͷిࢠ

ͷӡಈΤωϧΪʔͷ͕ࠩ !ωD ΑΓখ͍͞ͱ͖ͱ͍͏݅ࣜ (3.3.1) ͕՝͞ΕΔ͜ͱʹ

ͳΔͷͰ͋Δɽ

ͪΖΜɼిؒࢠʹΫʔϩϯੱྗ͕ଘ͢ࡏΔ͕ɼిࢠ ࢠిʹ”Λ௨Δͱ͖ߤ”2͕ 1

͢Ͱʹͦͷʹ͍ͳ͍ͨΊɼੱྗऑΊΒΕ͍ͯΔɽ͜ΕΛԆޮՌͱ͍͏ ɽ(রࢀ3.8)

3.4 Ϋʔύʔͷ 2ମଋറঢ়ଶ

ಋ૬ͷసҠʹ͍ɼඍࢹతʹ 2 ͭͷి͕ࢠҾྗʹΑΓରΛܗ͢ΔΑ͏ʹͳ

Δɽ͜͜Ͱɼಋʹಛ༗ͳΫʔύʔର͕ 2ମ૬࡞ޓ༻ʹΑΓܗ͞ΕΔ͜ͱΛࣔͨ͢

Ίͷ४උͱͯ͠ɼϋϛϧτχΞϯͱ 2ମͷಈؔΛͦΕͧΕࣔ͢ɽ2ମ૬࡞ޓ༻ͷ

ϋϛϧτχΞϯୈ ԽදࣔͰɼࢠ2ྔ

Hint =
1

2

∑

p,σ

∑

p′,σ′

∑

q

V (q)a†p+q,σa
†
p′−q,σ′ap′,σ′ap,σ (3.4.1)

ͱද͞ΕΔɽa†, a ͦΕͧΕిࢠͷੜɼফ໓ԋࢠࢉͰ͋Γɼަؔ ({ak, a′k
†} =

δk,k′ , {ak, a′k} = 0, {a†k, a′k
†} = 0)Λຬͨ͢ɽ࣍ʹҎԼͷมมΛ͏ߦɽ






p+ q = k + s
2

p′ − q = −k + s
2

p′ = −k′ + s
2

p = k′ + s
2

kɼk′  2 ମͷॏ৺ʹݻఆ͞Ε͔ͨܥΒͨݟӡಈྔΛҙຯ͢Δɽ·ͨ͜ͷ࣌ q = k − k′

ͱͳ͍ͬͯΔ͜ͱ͕͔Δɽ͜ͷมʹΑΓɼϋϛϧτχΞϯɼ

Hint =
1

2

∑

k,σ

∑

k′,σ′

∑

s

V (k − k′)a†k+ s
2 ,σ

a†−k+ s
2 ,σ

′a−k′+ s
2 ,σ

′ak′+ s
2 ,σ

(3.4.2)

ͱॻ͖ΘΔɽ͜ͷ 2ମ૬࡞ޓ༻ͷաఔΛμΠϠάϥϜͰද͢ͱਤ 3.4.1ʹͳΔɽ·ͨɼ

؆୯ͷͨΊʹॏ৺ӡಈྔ sΛ 0ͱ͢Δͱɼ

Hint =
1

2

∑

k,σ

∑

k′,σ′

V (k − k′)a†k,σa
†
−k,σ′a−k′,σ′ak′,σ (3.4.3)

͕ಘΒΕΔɽ

Δɽεϐϯ͑ߟͷಈؔΛࢠ2ి 1ॏ߲ΛԾఆ͢Δͱɼ2ཻࢠಈؔ

ͱεϐϯͷੵͰද͞Εɼ

Ψ(k;σ1,σ2) = ϕk
1√
2
(|↑↓〉 − |↓↑〉) (3.4.4)

Ψ(r1 − r2;σ1,σ2) =
∑

k

ϕke
ik·(r1−r2) 1√

2
(|↑↓〉 − |↓↑〉) (࣮ۭؒදࣔ) (3.4.5)
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ਤ 3.4.1 2ମ૬࡞ޓ༻Λද͢μΠϠάϥϜ

ͱॻ͚ΔɽύϦͷഉଞΛຬͨͨ͢Ίʹɼಈཻؔࢠͷۭؒ࠲ඪʢ͋Δ͍

ʣͱεϐϯͷೖΕସ͑ʹରͯ͠ූ߸Λม͑ͳ͚ΕͳΒͳ͍ɽεϐϯ 1ॏ߲Ͱε

ϐϯͷཻ͕ࢠͷೖΕସ͑ʹରͯ͠حͰ͋Δ͔ΒɼۮύϦςΟͰͳ͚Εͳ

Βͳ͍ɽҰํɼεϐϯ 3ॏ߲ͷ߹εϐϯཻࢠͷೖΕସ͑ʹରͯ͠ۮͰ͋ΔͨΊɼ

حʹͳΔ͜ͱ͕͔Δɽ

3.5 Ϋʔύʔରܗ

ϑΣϧϛٿͷ֎ଆͷബ͍֪ʹεϐϯ 1ॏ߲
[
ϕk(|↑↓〉 − |↓↑〉)/

√
2
]
Λ͢ Λࢠͷిݸ2

͚Ճ͑Δ (ਤ 3.5.1)ɽ͜ͷͱ͖ɼ3.3અͰٞͨ͠Α͏ʹɼిࢠͷӡಈͷؒ࣌εέʔϧ͕

ظͷৼಈपࢠ֨ ω−1
D ΑΓେ͖͍߹ͷΈిؒࢠʹಇ͘ҾྗΛԾఆ͠ɼ݁Ռͱͯ͜͠ΕΒ

ͷి͍ޓ͕ࢠʹଋറ͞ΕΔ͜ͱΛࣔ͢ɽ্ͷ݅Λຬͨ͢ిؒࢠϙςϯγϟϧ VΛԾఆ

ͨ͠γϡϨσΟϯΨʔํఔࣜΛɼ

!2k2
m

ϕk +
∑

|k′|>kF

Vk,k′ϕk′ = (E + 2EF )ϕk (3.5.1)

Vk,k′ =

{
−V : 0 < ξk, ξk′ < Ec(= !ωD)
0 : ͦͷଞ

ͱॻ͘ɽ͜͜Ͱɼξk ≡ !2k2/2m− EF ͱఆٛͨ͠ɽࠨลୈ 1߲͓Αͼӈล߲ ࢠ2ཻ

ͷͨΊ ͷ߹ͷࢠ1ཻ 2ഒʹͳ͓ͬͯΓɼE ૬࡞ޓ༻ V ʹΑΔΤωϧΪʔͷͣΕʹର

Ԡ͢Δɽఆ C Λ C ≡
∑

k′ ϕk′ ͱఆٛ͢Δͱɼϕk ɼ

ϕk = − V C

E − 2ξk
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ਤ 3.5.1 ϑΣϧϛ໘্Ͱ૬࡞ޓ༻͢Δ ࢠ2ཻ

ͱͳΔɽ͜ΕΛࣜ (3.5.1)ʹೖ͢ΔͱɼC /= 0ͷ͔݅Β

1 = −
∑

k

V

E − 2ξk
& 1

2
ρFV log

∣∣∣∣
2Ec

E

∣∣∣∣ (3.5.2)

ͱͳΔɽ2൪ͷ߸Ͱ kͷΛੵͱ͠ɼঢ়ଶີҰఆͷ ρF ͱͨ͠ɽ͜ΕΛ E

ʹ͍ͭͯղ͘ͱɼE < 0ͷղɼ

E & −2Ece
− 2

ρF V (3.5.3)

Ͱ༩͑ΒΕɼV ͕ͲΜͳʹখͯ͘͞ɼৗʹଋറঢ়ଶ͕ଘ͢ࡏΔ͜ͱΛ͍ࣔͯ͠Δɽ

3.6 ༺࡞ޓ૬ࢠ֨-ࢠి

લઅͰɼిࢠͱ֨ࢠͷӡಈؒ࣌εέʔϧͷେখʹΑͬͯੜ͡Δ૬ࢠి͕༺࡞ޓରΛੜ

͢Δ͜ͱΛͨݟɽ͜͜ͰͦͷΑ͏ͳϙςϯγϟϧ͕ిࢠ֨-ࢠ૬࡞ޓ༻ʹΑΓՄͱ

ͳΔ͜ͱΛࣔ͢ɽ·ͣిࢠ֨-ࢠ૬࡞ޓ༻Λهड़͢ΔϋϛϧτχΞϯ͔Β࢝ΊΔɽ

He−p = e2
∑

σ

∫
ψ†
σ(r)ψσ(r)K(r − r′)div [u(r′)]

=
∑

k,q

Wqa
†
k+qak(bq + b†q) (3.6.1)

|Wq|2 ≡ 2πe2

k2 + q2
ωq

K(r − r′)ిࢠʹΑΔःณͷޮՌؚΊͨΫʔϩϯϙςϯγϟϧɼuΠΦϯͷมҐϕ

Ϋτϧɼωq ϑΥϊϯৼಈͰ͋Δɽ·ͨ aɼbͦΕͧΕిࢠɼϑΥϊϯͷԋࢠࢉͰ

͋Δɽ2൪ͷ߸ͷԋࢠࢉΛϑʔϦΤม͢Δ͜ͱʹΑΓಘΒΕΔɽ͜ͷϋϛϧτ

χΞϯͷ͔ܗΒɼ૬࡞ޓ༻Λද͢μΠϠάϥϜਤ 3.6.1ʹࣔ͢ 2௨ΓʹͳΔɽ
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ਤ 3.6.1 ϑΥϊϯ-ిࢠͷ૬࡞ޓ༻Λද͢μΠϠάϥϜ

͜ͷ૬࡞ޓ༻ͷཧతҙຯ࣍ͷΑ͏ʹ͑ߟΒΕΔɽ͢ͳΘͪɼ−ediv [u(r′)]ɼ+eʢͱ

ԾఆʣΛͭΠΦϯͷมҐ u(r′)ʹͬͯੜ͡ΔిՙີͰ͋ΓɼͦΕ͕ःณ͞ΕͨΫʔ

ϩϯϙςϯγϟϧK(r−r′)Λ௨ͯ͡Ґஔ rʹ͋Δిࢠͷిՙີ (−e)
∑

σ ψ
†
σ(r)ψσ(r)

ʹӨڹΛࣄ͢΅ٴʹΑΓੜ͡ΔΤωϧΪʔͱ͍͏ҙຯΛͭ࣋ɽϑΥϊϯʹΑΓഔհ͞ΕΔ

૬࡞ޓ༻ɼਤ (3.6.2) ʹࣔ͞ΕΔΑ͏ͳ He−p ͷ 2 ಈʹΑͬͯੜ͡ΔભҠ͕֬ɼઁ࣍

ؒ૬࡞ޓ༻ Hindirect ͷ Δ͜ͱʹΑΓಘΒΕΔɽ͑ߟಈʹΑΔભҠ֬ʹ͍͠ͱઁ࣍1

۩ମతʹɼ

〈II|Hindirect|I〉 =
∑

i

〈II|He−p|i〉
1

2

(
1

EII − Ei
+

1

EI − Ei

)
〈i|He−p|I〉 (3.6.2)

ͱද͢͜ͱ͕Ͱ͖Δɽ͜͜ͰɼI, II͓Αͼதؒঢ়ଶ iͷΤωϧΪʔɼ

EI = ξk′ + ξ−k′ = 2ξk′ : ऴঢ়ଶ

EII = ξk + ξ−k = 2ξk : ॳظঢ়ଶ

Ei = ξk′ + !ωc + ξ−k : (ਤ 3.6.2(a))

Ei = ξ−k′ + !ωc + ξk : (ਤ 3.6.2(b))

Ͱ͋Δɽͦͷ݁Ռɼ〈II|Hindirect|I〉ɼ

〈II|Hindirect|I〉 = |Wq|2
(

1

ξk − ξ′k − !ωq
− 1

ξ′k − ξk − !ωq

)

= 2|Wk−k′ |2 !ωk−k′

(ξk − ξk′)2 − (!ωk−k′)2
(3.6.3)

ͱͳΔɽ͜ͷ݁Ռͱݩʑଘ͢ࡏΔిؒࢠͷΫʔϩϯ૬࡞ޓ༻Λྀ͢ߟΔͱɼ༗ޮϋϛϧτ
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ਤ 3.6.2 ϑΥϊϯ-ిࢠͷ૬࡞ޓ༻ͷ ಈΛද͢μΠϠάϥϜઁ࣍2

χΞϯ Heff ɼ

Heff =
1

2

∑

k,σ

∑

k′,σ′

[
Uk−k′ + 2|Wk−k′ |2 !ωk−k′

(ξk − ξk′)2 − (!ωk−k′)2

]

×a†k,σa
†
−k,σ′a−k′,σ′ak′,σ

=
1

2

∑

k,σ

∑

k′,σ′

Vk,k′a†k,σa
†
−k,σ′a−k′,σ′ak′,σ (3.6.4)

ͱͳΔɽ͜͜Ͱɼ

Vkk′ ≡
[
Uk−k′ + 2|Wk−k′ |2 !ωk−k′

(ξk − ξk′)2 − (!ωk−k′)2

]
(3.6.5)

ͱͨ͠ɽU ͕Ϋʔϩϯ૬࡞ޓ༻ʹ͋ͨΔɽVk,k′ ͕ෛʹͳΔͨΊʹগͳ͘ͱ |ξk −
ξk′ | < !ωk‘−k′(= !ωD)Ͱͳ͚ΕͳΒͳ͍ʢͨͩ͠ɼ3.8અͷԆޮՌͷٞࢀরʣɽ͜

Ε 3.3 અͰٞͨ͠ిࢠ֨-ࢠ૬࡞ޓ༻ʹΑΔΫʔύʔରੜͷ؍తγφϦΦͱҰக

͍ͯ͠Δɽ

3.7 dόϯυۚଐ

΄͢Δਖ਼ΠΦϯͷӡಈ͕ߏΛࢠͱ֨ࢠΑΔΫʔύʔରੜిʹ༺࡞ޓ૬ࢠ֨-ࢠి

ͱΜͲಠཱͰ͋ΔΞϧΧϦۚଐʹΑ͘߹͏ඳ૾Ͱ͋Δ͕ɼ࣮ࡍͷಋ࣭ભҠۚଐͰ

ଟ͘ݟΒΕΔɽ࣮ࡍɼৗѹͰಋΛࣔ͢ΞϧΧϦۚଐଘ͠ࡏͳ͍ɽભҠۚଐͰࢠݪ

͕ৼಈ͍ͯͯ͠ɼిࢠݪ͕ࢠαΠτʹΑ͍ͯ͘͠ࡏہΔͨΊɼͦͷిՙதੑ͕Α͘อͨ

ΕΔɽ͕ͨͬͯ͠ભҠۚଐͰΫʔύʔରੜͷݯىʹલઅͰٞͨ͠ిࢠ֨-ࢠ૬࡞ޓ

༻ͱҟͳΔ͕ؔߏػΘ͍ͬͯΔͱ͑ݴΔɽͦ͜Ͱ dిۚࢠଐͰͷిࢠ֨-ࢠ૬࡞ޓ༻ɼ

ͷඈͼࢠΒΕΔɽి͑ߟৼಈʹΑΔมௐ͔Βੜ͡ΔͱࢠͷαΠτؒඈͼҠΓੵͷ֨ࢠి
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ҠΓੵΛ tͱ͢Δͱɼt୯Ґ๔ͷମੵมԽʹΑͬͯมௐΛड͚ΔͷͰɼిࢠ֨-ࢠ૬ޓ

ͷͷ͕ՄͱͳΔɽܗͷ࣍ͱͯ͠༺࡞

H ′
e−p ≡ −1

2

∑

i,j

dt

dΩ
c†jci(divui + divuj). (3.7.1)

લઅͰٞͨ͠ిࢠ֨-ࢠ૬࡞ޓ༻ͷ߹ͱಉ༷ɼu֨ࢠৼಈʹ͏มҐϕΫτϧͰ͋

ΔɽΩ୯Ґ֨ࢠͷମੵΛද͠ɼ֨ࢠͷମੵมԽʹΑΔ tͷมௐʹൺྫ͢Δܗʹͳ͍ͬͯ

Δɽ֨ࢠৼಈΛΓୈ Խ͢Δͱɼࢠ2ྔ

divuj =
∑

q

Aq(bq + b†q)e
iq·Rj (3.7.2)

ͱͳΔɽ·ͨɼj−αΠτͷిࢠͷফ໓ԋࢠࢉ cj ΛϑʔϦΤڃදࣔ͢Δͱɼ

cj =
1√
N

∑

p

cpe
ip·Rj (3.7.3)

ͱͳΔɽͦͷ݁Ռɼࣜ (3.7.1)ͷϋϛϧτχΞϯɼ

H ′
e−p = − 1

2N

∑

i,j

dt

dΩ

∑

p,p′,q

Aqc
†
p,σcq′,σ(bq + b†−q)e

−ip·Ri+ip′·Rj
(
eiq·Ri + eiq·Rj

)

= −1

2

dt

dΩ

∑

p,p′,q

Aqc
†
p,σcp′,σ(bq + b†−q)

1

N

∑

i,δ

[
e−i(p−p′−q)·Ri+ip′·Rδ + e−i(p−p′−q)·Ri−ip·Rδ

]

= −1

2

dt

dΩ

∑

p,p′,q

Aq(γp′ + γ−p)c
†
p,σcp′,σ(bq + b†−q)δp,p′+q

= −1

2

dt

dΩ

∑

p,p′

Ap−p′(γp + γp′)c†p,σcp′,σ(bp−p′ + b†−p+p′) (3.7.4)

ͱද͢͜ͱ͕Ͱ͖Δɽ͜͜Ͱɼγp ≡ (1/N)
∑

δ e
ip·Rδ ߏҼࢠΛද͢ʢRδ ϗοϐϯ

άʹରԠ͢Δؒࢠݪͷ૬ରҐஔϕΫτϧʣɽલઅʹ͓͚Δిࢠ֨-ࢠ૬࡞ޓ༻ [ࣜ (3.7.1)]

ͷϑʔϦΤWp−p′ ͷΘΓʹ −(dt/dΩ)Ap−p′(γp + γp′)/2͕ݱΕΔ͜ͱ͕͔Δɽ

3.8 ΫʔύʔରܗͷԆޮՌ

3.6 અͰಋग़ͨࣜ͠ (3.6.5) Ϋʔϩϯੱྗͱిࢠ֨-ࢠ૬࡞ޓ༻ͷͰද͞Ε͍ͯΔɽ

ΫʔύʔରΛܗ͢ΔͨΊʹΫʔϩϯੱྗΑΓిࢠ֨-ࢠ૬࡞ޓ༻ʹΑΔҾྗ͕େ͖

͘ͳΔඞཁ͕͋ΔɽԿݩނʑଘ͢ࡏΔΫʔϩϯੱྗΑΓిࢠ֨-ࢠ૬࡞ޓ༻͕େ͖͘ͳ

ΔͷͩΖ͏͔ɽ͜ΕΛࣜͰ֬ೝ͢Δɽ3.5અͱಉ༷ʹ࣍ͷΑ͏ͳγϡϨσΟϯΨʔํఔ

͔ࣜΒग़ൃ͢Δɽ

!2k2
m

ϕk +
∑

k′>kF

Vk,k′ϕk′ = (E + 2EF )ϕk (3.8.1)
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i site j site

t

ਤ 3.7.1 αΠτؒͷϗοϐϯάུਤࢠݪ

Vk,k′ ࣜ (3.6.5)தͷΫʔϩϯੱྗΛ U Λ༺࡞ޓ૬ࢠ֨-ࢠి, V ͱද͢͜ͱͰ؆ུʹද

Δɽ͢ݱ

Vk,k′ =

{
U − V : 0 < ξk, ξk′ < Ec = !ωD

U : ͦͷଞʢͨͩ͠ɼξk, ξk′ < EFʣ
(3.8.2)

͜͜Ͱɼ0 < ξk < Ec ͷͱ͖ࣜ (3.8.1)࣍ͷΑ͏ʹදͤΔɽ

(E − 2ξk)ϕk = (U − V )
<∑

k′

ϕk′ + U
>∑

k′

ϕk′

= (U − V )C1 + UC2 (3.8.3)

∑<
k′  Ec ɼ

∑>
k′  Ec ֎ͷΛͦΕͧΕͱΔ͜ͱΛද͢ɽ͜ΕΒͷఆͰ͋Δ͔

Βɼ3.5અͱಉ༷ʹఆ C1, C2 ͱஔ͍ͨɽEc < ξk < EF ͷ߹࣍ͷΑ͏ʹͳΔɽ

(E − 2ξk)ϕk = U
<∑

k′

ϕk′ + U
>∑

k′

ϕk′

= UC1 + UC2 (3.8.4)

E− 2ξk /= 0ͳͷͰɽࣜ (3.8.3)ͱࣜ (3.8.4)྆ลΛ E− 2ξk /= 0ͰׂΔ͜ͱͰʠϕk =”

ͷܗʹมܗͰ͖Δɽͦͷ݁ՌΛ C1 =
∑<

k ϕk ͱ C2 =
∑>

k ϕk ʹೖ͢Δ͜ͱͰɼ࣍ͷࣜ

ΛಘΔɽ

C1 =
<∑

k

C1 (U − V ) + C2U

E − 2ξk
(3.8.5)

C2 =
>∑

k

C1U + C2U

E − 2ξk
(3.8.6)
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ͦΕͧΕΛ C1 ͱ C2 ʹ͍ͭͯཧ͢Δɽ
[
1− (U − V )

<∑

k

1

E − 2ξk

]
C1 − U

<∑

k

1

E − 2ξk
C2 = 0 (3.8.7)

−U
>∑

k

1

E − 2ξk
C1 +

[
1− (U − V )

>∑

k

1

E − 2ξk

]
C2 = 0 (3.8.8)

͜ΕΛ (C1, C2) /= 0 ͱ
∑

k & ρF
∫
dξk Ͱ͋Δ͜ͱΛ༻͍ͯղ͘ͱɼ࣍ͷΑ͏ͳղΛ

ಘΔɽ

1 =
1

2
ρF

(
V − U

1 + 1
2ρFU log EF

Ec

)
log

2Ec

E

≡ 1

2
ρF (V − U∗) log

2Ec

E
(3.8.9)

ࣜ (3.5.2)ͱൺֱ͢ΔͱɼU∗ ͷ߲͚ͩҧ͏ɽ͜Ε͕ɼΫʔϩϯੱྗ U Λྀ݁ͨ͠ߟՌݱ

Ε߲ͨͰ͋Δɽͨͩ͠ɼU∗ ݩʑͷ U ʹൺͯখ͘͞ͳ͍ͬͯΔ͜ͱ͕ॏཁͰ͋ΔɽU

ͱ U∗ Λൺֱ͢ΔɽEF ≈ 102Ec ͱ 1
2ρFU ∼ 1ΑΓ U∗ ∼ 1

5U ͱͳΓΫʔϩϯੱྗ੍͕

͞Ε͍ͯΔ͜ͱ͕Θ͔ΔɽΫʔϩϯੱྗ U ͱిࢠ֨-ࢠ૬࡞ޓ༻ V Λൺֱ͢Δͱɼݩʑଘ

ΑΓେ͖͍ͷ͕ී௨Ͱ͋Δɽ͔͠͠Ϋʔ༺࡞ޓ૬ࢠ֨-ࢠΔΫʔϩϯੱྗͷํ͕ి͢ࡏ

ϩϯੱྗ͕ U∗ ͱͳΓ 1/5ʹ੍͞ΕΔ͜ͱͰɼిࢠ֨-ࢠ૬࡞ޓ༻ V ͷد༩͕૬ରతʹ

༺࡞ޓ૬ࢠ֨-ࢠͰ͖ΔͷͰ͋Δɽ3.3અͰిܗஶʹͳΔɽ͜ΕʹΑΓɼΫʔύʔରΛݦ

ͷ؍తͳཧղΛ༩͑ͨΑ͏ʹɼΫʔύʔରܗʹΠΦϯͱిࢠʹӡಈͷؒ࣌εέʔϧ

ͷ͕ࠩ͋Δ͜ͱ͕ॏཁͰ͋ͬͨɽ͜ͷ͜ͱɼࣜ (3.8.9)͔Β໌Β͔Ͱ͋Δɽ

3.9 ҟํతΫʔύʔରܗ

͍··ͰํతͳΫʔύʔରܗʹ͍ͭͯٞΛਐΊ͖ͯͨͨΊɼిࢠʔ֨ࢠ૬࡞ޓ

༻ V Λఆͱͯ͠ѻ͖ͬͯͨɽҟํతΫʔύʔରΛܗ͢Δ߹ɼిؒࢠ૬࡞ޓ༻Ұ

ൠʹ࣍ͷΑ͏ʹॻ͚Δɽ

V (k − k′) = V (|k − k′|) =
∞∑

l=1

(2l + 1)VlPl (cos θ) (3.9.1)

͜͜ͰɼV (k − k′) k ͱ k′ ͷؒͷ֯ θ ͚ͩͷؔͰ͋Γɼ|k| = |k′| = kF Ͱ͋Δ

͜ͱΛ౿·͑ͯɼ

|k − k′|2 = k2 + k′2 − 2k · k′ = 2k2F (1− cos θ)

ͱͳΔ͜ͱΛ༻͍ͨɽ·ͨɼPl (cos θ)ϧδϟϯυϧؔͰ͋Γɼۭؒͷٿ໘ௐ

ؔ Y m
l

(
k̂
)
Λ༻͍ͯද͢ͱ࣍ͷΑ͏ʹͳΔɽ

Pl (cos θ) =
l∑

m=−l

Y m
l

(
k̂
)
Y m∗

l

(
k̂′
) (l − |m|)!
(l + |m|)! (3.9.2)
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͜͜Ͱɼk̂ ≡ k/k ͱఆٛ͞ΕΔɽࣜ (3.9.2)Λ༻͍ͯࣜ (3.9.1)Λॻ͖͑Δɽ͢ͳΘͪɼ

V (k − k′) =
∞∑

l=0

l∑

m=−l

(2l + 1)VlY
m
l

(
k̂
)
Y m∗

l

(
k̂′
) (l − |m|)!
(l + |m|)! (3.9.3)

ࣜ (3.9.3)Λ༻͍Δ͜ͱͰ 2ମͷγϡϨσΟϯΨʔํఔࣜ࣍ͷΑ͏ʹද͢͜ͱ͕Ͱ͖Δɽ

!2k2
m

ϕk +
∑

|k′|>kF

∞∑

l=0

l∑

m=−l

(2l + 1)
(l − |m|)!
(l + |m|)!VlY

m
l

(
k̂
)
Y m∗

l

(
k̂′
)
ϕk′ = (2EF + E)ϕk

(3.9.4)

͜ͷํఔࣜ Vl < 0ͷͱ͖ ϕk = fkY m
l

(
k̂
)
ͷܗͷղΛͭɽϕk εϐϯͷೖΕ͑ʹ

ରͯ͠ۮͰ͋Ε k → −kͷมʹΑΓූ߸Λม͑Δ͕ɼحͰ͋Ε k → −kͷมʹ

ΑΓූ߸Λม͑ͳ͍ɽεϐϯҰॏ߲εϐϯͷೖΕ͑ʹରͯ͠حͰ͋Γ l = 0ͷ߹ s

ɼl = 2ͷ߹ dΛද͢ɽεϐϯࡾॏ߲ʹ͍ͭͯɼεϐϯͷೖΕۮͯؔ͠ʹ͑Ͱ

͋Γ l = 1ͷ߹ʹ pɼl = 3ͷ߹ʹ fΛද͢ɽԋशʹͯɼεϐϯ̏ॏ߲ʹ͓

͚Δ࣮ࡍͷࢉܭΛ͏ߦɽ

Ҏ্ͰɼೋମͷͰ͋ΔΫʔύʔͷͷٞΛऴ͑Δɽ࣍ষ͔ΒɼBCSཧʹ

Λల։͍ͯ͘͠ɽ͚ٞͯ
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3.10 ԋश̎

ҟํతΫʔύʔରܗͷΛεϐϯ̏ॏ߲ pͷ߹ʹ͍ͭͯ͑ߟΔɽतۀͰٞ͠

ͨεϐϯ̍ॏ߲ sͷ߹ͱͷҧ͍ϑΣϧϛٿͷ֎ଆʹ͋Δ (k ↑,−k, ↑)ͷঢ়ଶΛද͢
ಈؔ ϕk |↑, ↑〉Λ͑ߟΔ͜ͱʹ͋Δɽ[εϐϯঢ়ଶ͕ |↓, ↓〉͓Αͼ (|↑, ↓〉+ |↓, ↑〉) /

√
2

ͷ߹ಉ༷] ·ͨɽ෦ ϕk ͷγϡϨσΟϯΨʔํఔࣜʹݱΕΔϙςϯγϟϧ Vk,k′

ͷ͕ܗɼVk,k′ ͔Β
(
k̂ · k̂′

)
Vk,k′ ʹஔ͖ΘΔɽ

εϐϯ̍ॏ߲ sͷ߹ͷٞΛߟࢀʹͯ͠ɼಈؔ ϕk ͱଋറΤωϧΪʔ Eb ͷද

ࣜΛٻΊͳ͍͞ɽ

ώϯτɿεϐϯ̍ॏ߲ sͷ߹ʹɼ
∑′

k′ ϕk′ ≡ C ͱͨ͜͠ͱΛൃలͤ͞Δɽ۩ମతʹ

ɼϕk ͷ k̂ ґଘੑΛྀ͢ߟΔɽ
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3.11 ԋश̎ɹղ

εϐϯ̏ॏ߲ (|↑, ↑〉)pͷ߹γϡϨσΟϯΨʔํఔࣜ࣍ͷΑ͏ʹͳΔɽ

!2k2
m

ϕk − V k̂ ·
∑

k′

k̂′ϕk′ = (E + 2EF )ϕk

͜͜Ͱɼϕk = k̂zφk ͷܗͷղΛԾఆ͢Δͱɼ

k̂
!2k2
m

φk − V k̂
∑

k′

k̂′2φk′ = k̂ (E + 2EF )φk

Αͬͯɼ

!2k2
m

φk − V
∑

k′

k̂′2φk′ = (E + 2EF )φk

ͱͳΔɽ͜͜Ͱɼl = 1,m = 0ͷͱ͖Λఆͯ͠ɼk̂ = kz Λ༻͍ͨɽsͷ߹Λ֦ு͠

ͯɼC ≡
∑

k′ k̂′2φk′(Cɿఆ)ͱ͢Δͱɼ

φk =
V C

E − 2ξk(
ξk ≡ !2k2

2m
− EF

)

ͱͳΔͷͰɼ͜ΕΛཧ͢Δͱ࣍ͷࣜΛಘΔɽ

1 = −
∑

k′

1

3

V

E − 2ξk

→ 1 & 1

2
ρF

V

3
log

∣∣∣∣
2Ec

E

∣∣∣∣

Αͬͯɼ

Eb & −2Ece
−6

ρF V
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ୈ 4ষ

BCSཧͷૅج

લষͰɼిؒࢠͷҾྗʹΑΓΫʔύʔରΛܗ͢ΔߏػΛΈͨɽຊষͰ BCSཧ

Λհ͠*1ɼൃߏػݱʹΑΒͳ͍ిࢠϖΞͷҰൠతੑ࣭Λٞ͢Δɽ

4.1 ४ฏۉ

BCSϋϛϧτχΞϯͷʹೖΔલʹ४ฏۉ (quasi average)Λհ͢Δɽ͜ͷํ͑ߟΛ

༻͍Δ͜ͱͰฏۉʹରԠ͢Δ 〈ââ〉͕༗ݶʹͳΔ͜ͱΛࣔ͢ɽ͜͜ͰཧϘʔζؾମ
ΛԾఆ͢ΔɽཧϘʔζؾମͷϋϛϧτχΞϯ H̃ ʹԾ η Λಋೖ͠ɼྗֶతݶۃΛ

औͬͨ͋ͱʹ η → 0ͱ͢Δɽ͜Ε͕४ฏۉͷํ͑ߟͷཁͰ͋ΔɽཧϘʔζؾମͷϋϛ

ϧτχΞϯ H̃ Λ

H̃ =
∑

k

(εk − µ)â†kâk +
(
η∗â0 + ηâ†0

)

=
∑

k +=0

(εk − µ) â†kâk − µâ0
†â0 +

(
η∗â0 + ηâ†0

)

=
∑

k +=0

(εk − µ) â†kâk − µ

(
â†0 −

η∗

µ

)(
â0 −

η

µ

)
+

|η|2

µ

ͱม͢ܗΔɽã0 ≡ â0 − η
µ ͱஔ͖͑Δ͜ͱͰɼ

H̃ =
∑

k +=0

(εk − µ)â†kâk − µã†0ã0 +
|η|2

µ
(4.1.1)

ͱͳΔɽ͜ͷϋϛϧτχΞϯ H̃ Λ༻͍ͯ ã0 ͷฏۉΛٻΊΔͱɼ

〈ã0〉 =
Tr exp

(
−βH̃

)
ã0

Tr exp
(
−βH̃

) = 0

*1J. Bardeen, L. N. Cooper, and J. R. Schrieffer, Phys. Rev. 108, 1175 (1957).
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Αͬͯɼ

〈â0〉 =
〈(

ã0 +
η

µ

)〉
=
η

µ
(4.1.2)

͕ࣔ͞Εɼடং͕Ծ η ʹґଘ͢Δ͜ͱ͕໌֬ʹͳΔɽ

Ұํɼࢠྔॖڽ N0 

N0 =
〈
â†0â0

〉

=

〈(
ã†0 +

η∗

µ

)(
ã0 +

η

µ

)〉

=
〈
ã†0ã0

〉
+

|η|2

µ2

ͱͳΓɼ
〈
ã†0ã0

〉
Λ H̃ ͔ΒٻΊΔͱ,

〈
ã†0ã0

〉
=

∑∞
n=0 n exp(βµn)∑∞
n=0 exp(βµn)

=
1

β

∂

∂µ

(
log

∞∑

n=0

exp(βµn)

)

=
1

β

∂

∂µ
log

1

1− exp(βµ)

= − 1

β

∂

∂µ
log(1− exp(βµ))

=
1

exp(−βµ)− 1

Ͱ͋Δ͔Βɼ

N0 =
1

exp(−βµ)− 1
+

|η|2

µ2
(4.1.3)

ͱͳΔɽϘʔζ͕ॖڽੜ͍ͯ͡Δͱ͖ʹྗֶతݶۃ (V → ∞, N → ∞) ʹ͓͍ͯ

µ → 0ͳͷͰࣜ (4.1.3)ͷୈ 1߲ແࢹͰ͖Δɽ͜ͷ͜ͱ͔Β N0 Λɼ

N0 & |η|2

µ2

ͱԾ η ʹΑΓಛ͚ͮΔ͜ͱ͕Ͱ͖Δɽ͞Βʹɼ

∣∣∣∣
η

µ

∣∣∣∣ &
√
N0 (4.1.4)

Ͱ͋Δ͔Βɼࣜ (4.1.2)ΑΓɼ

〈â0〉 &
√

N0 exp(iα) (4.1.5)

͕ಋग़͞ΕΔɽ͜ͷ݁ՌϘʔε͍ͯ͠ॖڽΔͱ͖ͷ݁ՌͰ͋Δ͜ͱʹҙ͢Δɽ·ͨɼ

Ϙʔε͢ॖڽΔ͜ͱʹΑΓࢹڊతࣗ༝ͱͯ͠ͷҐ૬ α͕ݱΕΔ͜ͱ͕͞ΕΔɽ
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4.1.1 ฏۉۙࣅ

BCSཧͷࠜຊʹฏۉ͕ۙࣅ༻͍ΒΕ͍ͯΔɽฏۉۙࣅͱɼฏۉ͔Βͷζ

Ϩͷೋ࣍Ҏ্Λແ͢ࢹΔۙࣅͰ͋Δɽ͜Ε͔Β BCSۙࣅͷϋϛϧτχΞϯΛಋ͕͘ɼͦ

ͷલʹฏۉۙࣅͷࢉܭͷ෮शΛ݉Ͷͯࡏہεϐϯܥͷ༗ޮϋϛϧτχΞϯʹ͍ͭͯٞ

͢ΔɽࡏہεϐϯܥͷϋϛϧτχΞϯ

Hspin =
∑

〈i,j〉

JijSi · Sj (4.1.6)

Ͱ͋Δɽ

Hspin ʹฏۉۙࣅΛ͢ࢪɽ

Hspin =
∑

〈i,j〉

Jij (〈Si〉+ Si − 〈Si〉) · (〈Sj〉+ Sj − 〈Sj〉)

=
∑

〈i,j〉

Jij [〈Si〉 · (Sj − 〈Sj〉) + 〈Si〉 · 〈Sj〉+ (Si − 〈Si〉) · 〈Sj〉 (Si − 〈Si〉)

+ (Si − 〈Si〉) · (Sj − 〈Sj〉)]

&
∑

〈i,j〉

[Jij〈Si〉 · Sj + Jij〈Sj〉 · Si − Jij〈Si〉 · 〈Sj〉]

≡
∑

j

hj · Sj +
∑

i

hi · Si −
∑

〈i,j〉

Jij 〈Si〉 · 〈Sj〉

≡ Heff

ೋߦͰ (Si − 〈Si〉) · (Sj − 〈Sj〉)ͷ߲Λແͨ͠ࢹɽHeff ͕Hspin ͷฏۉۙࣅʹΑͬͯ

ಘΒΕΔϋϛϧτχΞϯͰ͋ΔɽHeff ۉΕΔฏݱʹ hjɼhj ɼ

hj ≡
∑

〈i,j〉

Jij 〈Si〉eff

hi ≡
∑

〈i,j〉

Jij 〈Sj〉eff

ͱఆٛ͞ΕΔɽ〈Si〉,〈Sj〉ɼ֤ʑฏۉ hjɼhj தͷ ͷΛղ͘͜ͱܥͷεϐϯݸ1

ʹΑͬͯಘΒΕΔͷͰɼ͜ΕΒͷؔࣜฏۉʹର͢Δηϧϑίϯγεςϯτͳํఔࣜ

Λ͍ͯ͠Δɽܥ

4.1.2 ฏۉۙࣅͱ BCSϋϛϧτχΞϯ

࣍ BCSۙࣅʹΑΔ༗ޮϋϛϧτχΞϯΛٻΊΔ.*2ग़ൃͱͳΔϋϛϧτχΞϯɼ

H =
∑

k

∑

σ

ξka
†
kσakσ +

1

2

∑

kσ

∑

k′σ′

V (k − k′)a†kσa
†
−kσ′a−k′σak′σ′ (4.1.7)

*2͜ͷઅɼ͓Αͼ 4-4,4-5ͷ֤અͷٞɼA. J. Legget,ੑڀݚ ר22 3߸ pp291-324 ͍ͮجʹ(1974)
͍ͯΔɽ
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Ͱ͋Δɽ͡Ίʹɼ૬࡞ޓ༻ͷ෦Ͱ (ฏۉ)-(ฏۉ͔ΒͷζϨ)ͷܗΛͭ͘Δɽ

a†kσa
†
−kσ′akσa−kσ′

=
[
〈a†kσa

†
−kσ′〉+

(
a†kσa

†
−kσ′ − 〈a†kσa

†
−kσ′〉

)]
· [〈a−k′σak′σ′〉+ (a−k′σak′σ′ − 〈a−k′σak′σ′〉)]

=
[
〈a†kσa

†
−kσ′〉 (a−kσakσ′ − 〈a−k′σ′akσ〉) + 〈a†kσ′a

†
−kσ′〉〈a−k′σ′ak′σ〉

+ 〈a−k′σak′σ〉(a†kσ′a−k′σ′ − 〈a†kσa−kσ′〉)

+(a†kσa
†
−kσ′ − 〈a†kσa

†
−kσ′〉)(a−kσ′ak′σ − 〈a−k′σak′σ〉)

]

Ҏ߱ͷࢉܭͰ (a†kσa
†
−kσ′ − 〈a†kσa

†
−kσ′〉)(a−kσ′ak′σ − 〈a−k′σak′σ〉) Λແ͢ࢹΔɽσ′ =

−σ Λຬͨ͢εϐϯ 1ॏ߲ʹݶΔͱɼϋϛϧτχΞϯ H ,

H &
∑

kσ

ξka
†
k′σakσ +

1

2

∑

σ

∑

k

∑

k′

V (k − k′) (4.1.8)

×
(
〈a†kσa

†
−kσ〉a−k′σak′σ + 〈a−k′σak′σ〉a†kσa−kσ −〈a†kσa

†
−kσ〉〈a−k′σak′σ〉

)

=
∑

k

[
ξk(a

†
k↑ak↑ + a†k↓ak↓) +

1

2

∑

k′

V (k − k′)
(
〈a†k↑a

†
−k↓〉a−k′↓ak′↑ + 〈a†k↓a

†
−k↑〉a−k′↑ak′↓

+〈a−k′↓ak′↑〉a†k↑a
†
−k↓ + 〈a−k′↑ak′↓〉a†k↓a

†
−k↑

−〈a†k↑a
†
−k↓〉〈a−k′↓ak′↑〉 − 〈a†k↓a−k↑〉〈a−k′↑ak′↓〉

)]
(4.1.9)

ͱม͞ܗΕΔɽεϐϯ 1 ॏ߲Ͱϙςϯγϟϧ V  k − k′ Ͱ͋Γɼkۮ͍ͯͭʹ ͱ k′

ͷަʹ͍ͭͯෆมͰ͋Δ͔Βɼ

H &
∑

k

[
ξk(a

†
k↑ak↑ + a†k↓ak↓) +

∑

k′

V (k − k′)〈a†k′↑a
†
−k′↓〉a−k↓ak↑

+
∑

k′

V (k − k′)〈a−k′↓ak′↑〉a†k↑a
†
−k↓ −

∑

k′

V (k − k′)〈a†−k′↓a
†
k′↑〉〈ak↑a−k↓〉

]

ͱͳΔɽࣜΛ·ͱΊΔͨΊʹ k ↔ k′ ͷަ࡞ૢΛͨͬߦɽεϐϯܥͷ߹ͷٞΛҰൠ

Խͯ͠ɼฏۉ ∆k,∆∗
k Λ࣍ͷΑ͏ʹಋೖ͢Δ

∆k ≡ −
∑

k′

V (k − k′)〈a−k′↓ak′↑〉 (4.1.10)

∆∗
k ≡ −

∑

k′

V (k − k′)〈a†k′↑a
†
−k′↓〉 (4.1.11)

ͦͷ݁Ռɼ࠷ऴతʹ BCSۙࣅͷϋϛϧτχΞϯɼ

H &
∑

k

[
ξk(a

†
k↑ak↑ + a†−k↓a−k↓)− (∆∗

ka−k↓ak↑ +∆ka
†
k↑a

†
k↑)−∆∗

k〈ak↑a−k↓〉
]

(4.1.12)

ͱͳΔɽҎԼͷٞΛ؆໌ʹਐΊΔͨΊʹɼ
[
ξk(a

†
k↑ak↑ + a†−k↓a−k↓)− (∆∗

ka−k↓ak↑ +∆ka
†
k↑a

†
k↑)−∆∗

k〈ak↑a−k↓〉
]

(4.1.13)
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ਤ 4.1.1 Hk ͷ̐ͭͷݻ༗ͱݻ༗ঢ়ଶ

ͷ෦Λ Hk ͱఆٛ͢Δɽ͢ͳΘͪɼࣜ (4.1.12)ɼ

H =
∑

k

Hk (4.1.14)

ͷܗʹද͢͜ͱ͕Ͱ͖ΔͷͰɼ k͝ͱʹݻ༗ɼݻ༗ؔΛٞ͢Δ͜ͱ͕Ͱ͖Δɽ

·ͣɼ࣍ͷ͕ؔΓཱͭ͜ͱ͕͔Δɽ
{

Hka
†
k↑ |0〉 = ξka

†
k↑ |0〉

Hka
†
−k↓ |0〉 = ξka

†
−k↓ |0〉

(4.1.15)

͢ͳΘͪɼa†k↑ |0〉ɼa
†
−k↓ |0〉Hk ͷݻ༗ ξh Λͭݻ༗ঢ়ଶͰ͋Δɽ͜͜Ͱ |0〉ཻࢠ

͕ଘ͠ࡏͳ͍ਅۭͷঢ়ଶΛද͍ͯ͠Δɽ͜ͷ͕ؔΓཱͭ͜ͱɼa†k↑ |0〉  a†−k↓ |0〉
Λ Hk ͷୈ߲̎ʹ࡞༻ͤ͞ΔͱθϩʹͳΔ͜ͱ͔ΒྃղͰ͖Δɽ

ಉ༷ʹͯ͠ɼ࣍ͷؔ
{

Hk |0〉 = −∆ka
†
k↑a

†
−k↓ |0〉

Hka
†
k↑a

†
−k↓ |0〉 = 2ξka

†
k↑a

†
−k↓ |0〉 −∆∗

k |0〉
(4.1.16)

͕Γཱͭ͜ͱʹҙ͢ΔͱɼϋϛϧτχΞϯ Hk ɼ|0〉 ͱ a†k↑a
†
−k↓ |0〉 ͷώϧϕϧτ

ۭؒͰ࣍ͷΑ͏ʹྻߦදࣔ͞ΕΔɽ

Hk =

(
0 −∆∗

k
−∆k 2ξk

)
(4.1.17)

͜ͷϋϛϧτχΞϯͷݻ༗Λղ͘ͱɼ






༗ݻ λ± = ±Ek + ξk , Ek ≡
√
ξk

2 + |∆k|2 (4.1.18a)

±༗ؔɹΦݻ =
∆∗

k |0〉 − (ξk ± Ek) a
†
k↑a

†
−k↓ |0〉√

|∆k|2 + (Ek ± ξk)
2

(4.1.18b)

͕ಘΒΕΔɽ͜ͷΑ͏ʹͯ͠ϋϛϧτχΞϯHk ͷ̐ͭͷݻ༗ͱݻ༗ঢ়ଶ͕ٻ·ͬͨ
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(ਤ 4.1.1)ɽ͜͜Ͱɼ

uk ≡ Ek + ξk√
|∆k|2 + (Ek + ξk)

2
(4.1.19)

vk ≡ ∆k√
|∆k|2 + (Ek + ξk)

2
(4.1.20)

Λಋೖ͢Δͱɼࣜ (4.1.18)ͷݻ༗ঢ়ଶ؆໌ʹදݱͰ͖ΔɽϘΰϦϡʔϘϑมͱݺΕ

ΔϢχλϦมʹΑΓɼ৽ͨʹੜ ·ফ໓ԋࢠࢉ
{

γ†k↑ ≡ uka
†
k↑ − v∗ka−k↓

γ†−k↓ ≡ uka
†
−k↓ + v∗kak↑

(4.1.21)

Λಋೖ͢Δͱɼࣜ (4.1.15)ͱࣜ (4.1.18b)Ͱ༩͑ΒΕΔಈؔ࣍ͷࣜ (a)ʙ(d)ͷΑ͏

ʹද͢͜ͱ͕Ͱ͖Δɽ͜ΕΒΛ BCSಈؔͱݺͿɽ






Φ−(k) =
∆∗

k
|∆k|

(
uk + vka

†
k↑a

†
−k↓

)
|0〉 (a)

a†k↑ |0〉 =
∆k
|∆k|

(
uka

†
k↑ − v∗ka−k↓

)
Φ−(k) ≡ ∆k

|∆k|γ
†
k↑Φ−(k) (b)

a†−k↓ |0〉 =
∆k
|∆k|

(
uka

†
−k↓ + v∗kak↑

)
Φ−(k) ≡ ∆k

|∆k|γ
†
−k↓Φ−(k) (c)

Φ+(k) =
∆k
|∆k|γ

†
−k↓γ

†
k↑Φ−(k) (d)

(a) grand pair (GP)ɼ(b)(c) broken pair (BP)ɼ(d) excited pair (EP)ͱ֤ʑ

ΕΔɽࣜݺ (4.1.21)Ͱఆٛ͞ΕΔ γ†kσ ͓ΑͼͦͷΤϧϛʔτڞྔ γkσ ࣍ͷΑ͏ʹ

ϑΣϧϛཻࢠͷै͏ަؔΛຬͨ͢ɽ
{
γkσ , γ†k′σ′

}
= δσσ′δkk′

{γkσ , γk′σ′} =
{
γ†kσ , γ†k′σ′

}
= 0

(4.1.22)

∑
k +=0 Hk ͷجఈঢ়ଶɼ

∏
k +=0 Φ−(k)Ͱ༩͑ΒΕΔɽ(a)ࣜΛ༻͍Δͱ,

∏

k +=0

Φ−(k)ʹ
∏

k′ +=0

∆k′

|∆k′ |
∏

k

(uk + vka
†
k↑a

†
−k↓) |0〉

= eiφ
∏

k

(uk + vka
†
k↑a

†
−k↓) |0〉

ͱॻ͚ͯɼBCS͕ݪจͰԾఆͨ͠ಈؔͷܗΛ͍ͯ͠Δ*1ɽ͕ͨͬͯ͠ɼ(b)ɼ(c)

ΤωϧΪʔىྭ Ek Λͭ࣋ϑΣϧϛ४ཻ͕̍ࢠέ͋Δঢ়ଶɼ(d) ̎έ͋Δঢ়ଶΛද͢ɽ

ͦͯ͠తฏۉ४ཻࢠͷϑΣϧϛؾମʹରͯ͠௨ৗͷ౷ֶྗܭΛద༻ͯ͠ٻΊΔ͜ͱ͕

Ͱ͖Δɽ(ͨͩ͠ɼ४ཻࢠੜফ໓Λ͏ͷͰͦͷԽֶϙςϯγϟϧ  0 Ͱ͋Γిࢠͷ

Խֶϙςϯγϟϧͱ۠ผ͢Δ͜ͱʹҙ͢Δ)

ද 4.1.1ͷΤωϧΪʔ४ҐεΩʔϜɼϋϛϧτχΞϯ Hk ͷΑ͏ʹදͤΔ͜ͱΛ͕࣍

ҙຯ͢Δɽ

Hk = (−Ek + ξk) + Ek(γ
†
k↑γk↑ + γ†−k↓γ−k↓)−∆∗

k 〈ak↑a−k↓〉 (4.1.23)
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͕ͨͬͯ͠ɼࣜ (4.1.12)Ͱ༩͑ΒΕΔ BCSۙࣅͷϋϛϧτχΞϯɼ

H =
∑

k

(−Ek + ξk) +
∑

k,σ

Ekγ
†
kσγkσ −

∑

k

∆∗
k 〈ak↑a−k↓〉

ͱද͢͜ͱ͕Ͱ͖Δɽ

ද 4.1.1 ΫʔύʔϖΞͷ֤ঢ়ଶʹ͓͚Δཧྔ

ঢ়ଶ ΤωϧΪʔ εϐϯ ӡಈྔ ૬ର࣮֬ݱ

GP (Φ−) ξk − Ek 0 0 1

BP (a†k↑ |0〉) ξk
1
2 !k e−βEk

BP (a†−k↓ |0〉) ξk - 12 −!k e−βEk

EP (Φ+) ξk + Ek 0 0 e−2βEk

ࣜ (4.1.10)Ͱ༩͑ΒΕΔฏۉ∆k ɼද ͍ͯͭʹΕΔ֤ঢ়ଶݱʹ4.1.1 a−k′↓ak′↑ ͷ

ΊΔ͜ͱ͕Ͱ͖Δɽ۩ମతʹɼٻΛֻ͚ͯΛऔΔ͜ͱʹΑΓ֬ݱΊɼ࣮ٻΛظ

ࣜ (4.1.21)ͷٯมͱࣜ (4.1.19)͓Αͼࣜ (4.1.20)ʹΑΓ ukɼvk ͕༩͑ΒΕΔ͜ͱΛ༻

͍ͯɼ





〈a−k′↓ak′↑〉GP = − ∆k′(ξk′ − Ek′)

|∆k′ |2 + (ξk′ − Ek′)2
=

∆k′

2Ek′
(4.1.24a)

〈a−k′↓ak′↑〉EP = − ∆k′(ξk′ + Ek′)

|∆k′ |2 + (ξk′ + Ek′)2
= − ∆k′

2Ek′
(4.1.24b)

〈a−k′↓ak′↑〉BP = 0 (4.1.24c)

ͷΑ͏ʹٻΊΒΕΔɽ͜ͷ݁ՌΛ༻͍Δͱɼ∆k ࣍ʹΑ͏ʹมܗͰ͖Δɽ

∆k = −
∑

k′

Vkk′〈a−k′↓ak′↑〉

= −
∑

k′

Vkk′ [PGP (Ek′)− PEP (Ek′)]
∆k′

2Ek′

͜͜Ͱɼ؆୯ͷͨΊ V (k − k
′
) ≡ Vkk′ ͱͨ͠ɽ֤ঢ়ଶͷ֨نԽ͞Εͨ֬࣍ͷΑ

͏ʹͳΔɽ





PGP (Ek) =
1

1 + 2e−βEk + e−2βEk
=

1

(1 + e−βEk)2
(4.1.25a)

PEP (Ek) =
e−2βEk

1 + 2e−βEk + e−2βEk
=

e−2βEk

(1 + e−βEk)2
(4.1.25b)

ͭ·Γɼ

PGP (Ek)− PEP (Ek) =
1− e−2βEk

(1 + e−βEk)2
= tanh

βEk

2
(4.1.26)

ͱͳΔɽ͕ͨͬͯ͠ɼ࣍ͷΪϟοϓํఔࣜΛಘΔɽ

∆k = −
∑

k′

Vkk′
∆k′

2Ek′
tanh

βEk′

2
: Ϊϟοϓํఔࣜ (4.1.27)
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ࣜ (4.1.18a)ΑΓɼEk′ =
√
ξ2k′ + |∆k′ |2 Ͱ༩͑ΒΕΔͷͰɼ͜ͷΪϟοϓํఔࣜΛղ

͘͜ͱʹΑΓ ∆k ͕Թͷؔͱͯ͠༩͑ΒΕΔɽ

4.2 sͷΪϟοϓํఔࣜͷղ

·ͣɼT = 0ʹ͓͚Δ sͷΪϟοϓํఔࣜͷղΛٻΊΔɽ͜͜Ͱ૬࡞ޓ༻ Vkk′ ͱ

ͷΑ͏ʹԾఆ͢Δɽ࣍ͯ͠

Vkk′ =

{
−|V0| (|ξk| < εc, |ξk′ | < εc)
0 (ͦͷଞ)

(4.2.1)

͜͜Ͱ εc ిࢠ֨-ࢠ૬࡞ޓ༻ͷͱ͖ͷ !ωD ʹ֘͢Δɽ͜ͷ૬࡞ޓ༻Λ༻͍ͯɼࣜ

(4.1.27)Λ sʹద༻͢ΔɽT = 0ͷͱ͖ɼtanh (βEk/2) = 1ͱͳΔͷͰɼΪϟοϓ

ํఔࣜ [ࣜ (4.1.27)]࣍ͷΑ͏ʹͳΔɽ

∆k = |V0|
|ξk|<εc∑

k′

∆k′

2Ek′

͜ͷ͔ࣜΒ ∆k ํతͰ͋ΔͷͰɼ

∆ = |V0|ρF
∫ εc

−εc

dξ′
∆

2Ek′

1 = |V0|ρF
∫ εc

−εc

dξ′
1

2
√
ξ′2 +∆2

= |V0|ρF
∫ εc

0
dξ

1√
ξ2 +∆2

= |V0|ρF sinh−1
( εc
∆

)

ͱͳΓɼ࣍ͷදࣜΛಘΔɽ

∆ =
εc

sinh
(

1
|V0|ρF

) (4.2.2)

Ҏ্ͷࣜมܗͰɼ∆͕ఆͰ͋ΓɼϑΣϧϛ४ҐۙͰͷঢ়ଶີ ρF ͕ఆͰ͋Δ͜

ͱΛ༻͍ͨɽV0ρF $ 1(ऑ݁߹)ͷͱ͖ɼT = 0KͰ

∆k (0) & 2εce
− 1

|V0|ρF (4.2.3)

ͱͳΔɽ͜͜ͰΫʔύʔͷଋറΤωϧΪʔͷදࣜ [ࣜ র]Ebࢀ(3.5.3) & −2Ec exp[−2/ (V ρF )]

Λ͍ࢥग़͢ͱɼexpͷݞͷ 2͕ͳ͍͜ͱʹ͕ͭ͘ؾɽ͜ΕϑΣϧϛ໘ΑΓ্͚ͩΛ͑ߟ

͍ͯͨΫʔύʔͷೋମͷঢ়گͱҟͳΓɼϑΣϧϛ໘ΑΓԼྀͨͨ͠ߟΊͰ͋Δɽ݁

Ռͱͯ͠ࠓճͷঢ়گͷํ͕݁߹͕͍ڧɽ
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ɼసҠԹʹ࣍ Tc ͕ͲͷΑ͏ʹ༩͑ΒΕΔ͔Λ͑ߟΔɽ͜ͷͱ͖ɼ∆ → 0ͱ͑ߟΕ

ྑ͍ɽ͢ͳΘͪɼΪϟοϓํఔࣜ࣍ͷΑ͏ʹͳΔɽ

1 = |V0|
|ξk|<εc∑

k

tanh βcξk
2

2ξk

= |V0|ρF
∫ εc

0
dξ

tanh βcξ
2

ξ

& |V0|ρF log

(
2γεc
πkBTc

)
(4.2.4)

γ  EulerͱݺΕɼlog γ = 0.577...Λຬͨ͢ɽҎ্͔ΒɼసҠԹ Tc ʹͷΑ͏͕࣍

Δɽ·ٻ

kBTc &
2γ

π
εce

− 1
|V0|ρF (4.2.5)

T = 0ͷͱ͖ͷΪϟοϓΛ ∆ (0)ͱ͢Δͱɼࣜ (4.2.3)ͱࣜ (4.2.5)͔Β

∆ (0) =
π

γ
kBTc & 1.76kBTc (4.2.6)

Ͱ͋ΔͷͰɼ∆ (0)ͱ Tc ൺྫؔʹ͋Δɽ

ɼTʹޙ࠷ ≤ Tc Ͱͷ ∆ (T )ɼΪϟοϓํఔࣜ

1 = |V0|ρF
∫ εc

0
dξ

tanh
βc

√
ξ2+∆2

2√
ξ2 +∆2

(4.2.7)

Λۙࣅతʹղ͘͜ͱʹΑΓٻ·ΔɽసҠԹ Tc ۙͰɼβ = βc+ δβ ͱ͓͍ͯɼδβ,∆2

ʹ͍ͭͯҰ࣍·Ͱల։͢Δ͜ͱͰɼ࣍ͷΑ͏ʹͳΔɽ

∆ (T ) &

√
8π2k2BT

2
c

7ζ (3)

(
1− T

Tc

) 1
2

& 3.1kBTc

(
1− T

Tc

) 1
2

(4.2.8)

͜͜Ͱɼζ πΣʔλؔͰ͋Γɼζ (3) =
∑∞

n=1 1/n
3 = 1.202...Ͱ͋Δɽ






∆ (0) = 1.76kBTc (T = 0)

∆ (T ) & 3.1kBTc

(
1− T

Tc

) 1
2

(T ≤ Tc)
(4.2.9)

సҠԹۙʹ͓͍ͯɼடংม͕ (1− T/Tc)1/2 ʹൺྫ͢ΔͷฏۉۙࣅͷಛͰ͋

Δɽͳ͓ɼT $ Tc ͰΪϟοϓํఔࣜࣜ࣍Ͱ༩͑ΒΕΔ͜ͱ͕Θ͔͍ͬͯΔɽ*3

∆ (T ) & ∆ (0)−
√
2πT∆ (0)

[
1− T

8∆ (0)

]
e−

∆(0)
T (4.2.10)

*3ͨͱ͑ɼΞϒϦίιϑɼΰϦίϑɼδϟϩγϯεΩʔஶʮ౷ܭཧֶʹ͓͚Δͷྔࢠͷํ๏ʯ(౦ژ
ਤॻ)ɼ36.1અ রɽࢀ
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Tc T

3.1 kB Tc(1-T/Tc)-1/21.76 kB Tc

0

Δ(T)

ਤ 4.2.1 ΪϟοϓํఔࣜͷԹґଘ

4.3 T < Tc ʹ͓͚Δੑ࣭

Vkk′ & −V0ɼ͓Αͼ ∆k (=
∑

k V0〈a−k′↓ak′↑〉)͕ํతͱ͢Δͱ४ཻࢠͷΤωϧΪʔ
ࢄɼ

Ek =
√
(εk − µ)2 +∆2 (4.3.1)

ͱͳΔɽ·ͨɼ४ཻࢠͷ୯Ґମੵ͋ͨΓͷঢ়ଶີ࣍Ͱ༩͑ΒΕΔɽ

Ns (E) =
2

V

∑

k

δ (E − Ek)

=

∫ ∞

0

dk

π2
k2δ (E − Ek)

=

∫ ∞

∆

dEk

π2
k2 dk

dεk

∣∣∣∣
dεk
dEk

∣∣∣∣ δ (E − Ek)

=
E√

E2 −∆2

∫ ∞

∆

dEk

π2
k2 dk

dεk
δ (E − Ek)

=

{
0 (0 < E < ∆)

E√
E2−∆2Nn (∆ ≤ E)

(4.3.2)

͜͜Ͱ |dEk/dεk| = |εk − µ|/Ek =
√
E2

k −∆2/Ek Λ༻͍ͨɽࣜͷҰߦʹ͋Δ 2

εϐϯࣗ༝Λྀ݁ͨ͠ߟՌͰ͋ΔɽΪϟοϓ ∆ = 0ͷ࣌ɼΤωϧΪʔࢄઢܗʹ

ͳΓɼ୯ҐମੵΓͷঢ়ଶີ Nn ͰҰఆͱͳΔɽҰํͰ ∆ /= 0ͱͳΔͱɼΪϟοϓ

ͷ։͍ͨΤωϧΪʔଳʹݩʑ͍ͨঢ়ଶΪϟοϓΑΓ͍ߴΤωϧΪʔଳʹԡ্͛͠ΒΕɼ

ࣜ (4.3.2) ʹै͏ɽਤ 4.3.1 ͷࣹઢ෦ (I)  (II) ʹԡ্͛͠ΒΕɼͦͷ໘ੵ (I)=(II)

ͱͳΔɽ
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52 ୈ 4ষ BCSཧͷૅج

ਤ 4.3.1 ४ཻࢠͷঢ়ଶີ

ճѻͬͨํతಋͰɼಋΪϟοϓۭؒͰํతʹ։͕͘ɼํੑ͕ࠓ

่ΕΔͱɼE = ∆ (T )ʹ͓͚Δಛҟͷൃ͕ࢄ͑ΒΕΔ͜ͱ͕ΒΕ͍ͯΔɽ

4.4 s BCSঢ়ଶͷཧྔͷੑ࣭

4.4.1 εϐϯଳ࣓

BCSঢ়ଶͷ࣓ʹର͢ΔԠΛݟΔɽεϐϯ 1ॏ߲ͷ ground pair(GP)͓Αͼ excited

pair(EP)εϐϯ 0ͷͨΊɼ࣓ͷӨڹΛड͚ͳ͍ͷͰɼ2ͭͷ broken pair(BP)ʹͭ

͍ͯͷΈ͑ߟΔɽද 4.4.1͔Βؔ Zk Λ࣓ͷ Δͱɼ͢ࢉܭͰ·࣍1

Zk = 1 + e−β(Ek−µmH) + e−β(Ek+µmH) + e−2βEk

&
(
1 + e−βEk

)2
(4.4.1)

ͷΑ͏ʹ࣓ʹґଘ͠ͳ͍͕ܗಘΒΕΔ (µm ࣓ؾϞʔϝϯτ)ɽ࣓ԽM ֎෦࣓ H

ͱ࣓Խ χΛ༻͍ͯM = χH ͱද͞ΕΔͨΊɼχΛಘΔʹ࣓ԽM ͷظΛ͠ࢉܭ

ද 4.4.1 broken pairͷྭىΤωϧΪʔɼεϐϯɼྗֶతଘ֬ࡏ

ΤωϧΪʔىྭ εϐϯ ଘ֬ࡏ

BP(+) Ek − µmH 1
2 ∝ e−β(Ek−µmH)

BP(−) Ek + µmH − 1
2 ∝ e−β(Ek+µmH)
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TT
C

Y(T)

∝ exp(−∆/k
B
T)

1− C∆2

1

∝ (T
#
-T)

ਤ 4.4.1 ๕ాؔ Y (T )ͷ֓ܗ

ɼ࣓ͷʹޙͨ Ͱల։͢Εྑ͍͜ͱ͕Θ͔Δɽ͢ͳΘͪɼ·࣍1

M =
∑

k

µme−β(Ek−µmH) − µme−β(Ek+µmH)

(1 + e−βEk)2

& 2µm
2H
∑

k

β
e−βEk

(1 + e−βEk)2

= µm
2
∑

k

β

2cosh2 βEk

2

H (4.4.2)

ͱͳΔɽͷΛΤωϧΪʔੵͰද͢ͱ࣍ͷΑ͏ʹදͤΔɽ

χ = µm
2ρF

∫ ∞

0
dξ

β

2cosh2 βEk

2

Ek ≡
√
ξ2 +∆2 (4.4.3)

͜ͷදࣜ ∆ → 0ͷݶۃʹ͓͍ͯৗಋঢ়ଶͷεϐϯଳ࣓Λ͢ݱ࠶Δɽ͢ͳΘͪɼ

χn = µm
2ρF

∫ ∞

0
dξ

β

2cosh2 βξ
2

= 2µm
2ρF (4.4.4)

ͳ͓ɼҙԹͷଳ࣓ χ(T ) ৗ࣓ੑঢ়ଶͷଳ࣓ͱ๕ాؔ Y (T ) Λ༻͍ͯද͞Ε

Δɽ๕ాؔͷ֓ܗΛਤ 4.4.1ʹࣔ͢ɽ

χ(T ) = χn

∫ ∞

0
dξ

1

2kBT cosh
2 E
2kBT

≡ χnY (T ) (4.4.5)
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54 ୈ 4ষ BCSཧͷૅج

4.4.2 Τϯτϩϐʔ

·ͣɼද ΕΔݱʹ(4.1.1) 4ͭͷঢ়ଶ͔ΒͷΤϯτϩϐʔͷد༩ Sk ΛٻΊΔɽͦΕͧ

Εͷ࣮֬ݱɼ

PGP =
1

(1 + e−βEk)2
,

PEP =
e−2βEk

(1 + e−βEk)2
,

PBP =
e−βEk

(1 + e−βEk)2
,

Ͱ༩͑ΒΕΔͷͰɼSk ࣍ͷΑ͏ʹٻ·Δɽ

Sk = −kB

[
1

(1 + e−βEk)2
ln

1

(1 + e−βEk)2
+

2e−βEk

(1 + e−βEk)2
ln

e−βEk

(1 + e−βEk)2

+
e−2βEk

(1 + e−βEk)2
ln

e−2βEk

(1 + e−βEk)2

]

=
2kB

(1 + e−βEk)2

[(
1 + e−βEk

)2
ln
(
1 + e−βEk

)
− βEke

−βEk
(
1 + e−βEk

)]

= 2kB

[
ln
(
1 + e−βEk

)
+

βEk

(1 + eβEk)

]
(4.4.6)

4.4.3 ༰ྔ

༰ྔ C Τϯτϩϐʔ S Λ༻͍ͯ C = T ∂S
∂T Ͱ͞ࢉܭΕΔɽ্ͷ݁ՌΛ༻͍Δͱ s

 BCSঢ়ଶͷ༰ྔ͕ಘΒΕΔɽ͢ͳΘͪɼ

C = T
∂

∂T

∑

k

2kB

[
ln
(
1 + e−βEk

)
+

βEk

(1 + eβEk)

]

=
∑

k

1

2kBT 2

(
Ek − T

∂Ek

∂T

)
Ek

cosh2 βEk

2

, Ek ≡
√
ξ2k +∆2(T ) (4.4.7)

ͱͳΔɽTc ۙͰͷಋঢ়ଶͱɼৗಋঢ়ଶͷࠩ࣍ͷΑ͏ʹٻ·Δɽ

CS − CN = − 1

2kBTc

∑

k

Ek
∂Ek
∂T

cosh2 βcEk

2

= −
∑

k

1

2kBTccosh
2 βCξk

2

[
1

2

∂|∆|2

∂T

]

& −
∑

k

δ(ξk)
∂|∆|2

∂T
= ρF

∂|∆|2

∂T
(4.4.8)
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sಋͷ߹ʹ ∆ͷදࣜ

|∆|2 =
8π2k2BT

2
c

7ζ(3)

(
1− T

Tc

)

Λࣜ (4.4.8)ʹೖ͢Δͱɼ

CS − CN & 8π2k2B
7ζ(3)

TcρF

ͱͳΔ͕ɼࣜ (1.1.8)ΑΓɼCN = (2π2/3)ρF kB
2T ͳͷͰɼ

CS − CN (Tc)

CN (Tc)
=

12

7ζ(3)
& 1.426... (4.4.9)

ͱͳΔɽ͢ͳΘͪɼৗಋʹର͢Δಋঢ়ଶͷൺͷ૬ରൺ Tc ͷͳͲʹґଘ

͠ͳ͍ϢχόʔαϧͳΛͱΔ͜ͱ͕͔Δɽ࣮ࡍɼ͜ͷ࣮ݧͰ؍ଌ͞Ε͍ͯΔɽྫ

ͱͯ͠ɼਤ 4.4.2 ಋɾৗಋΨϦϜͷൺͷԹґଘੑΛଌఆͨ͠ͷͰ͋Δɽ

Tc ͰݟΒΕΔൺͷඈͼͷͱɼৗಋঢ়ଶͷൺΛ 0 Kʹ֎ૠͨ͠ยͷൺ 1.43ʹ

͍ۙΛͱΔ͜ͱ͕͔Δɽ

ਤ 4.4.2 ৗಋ,ಋΨϦϜͷൺͷԹґଘੑ*5

*5N. E. Phillips, Phys. Rev. 134, A385 (1964).
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4.4.4 ΫʔύʔରͷαΠζ

͜͜Ͱ,ϩϯυϯϐύʔυͷؔ [ࣜ ΕΔΫʔύʔରͷαΠζݱʹ[(2.7.1) ξ0 Λੵݟ

ΔͨΊʹɼ〈ψ↓(r)ψ↑(0)〉ͷ r ґଘੑΛ͢ࢉܭΔɽ

〈ψ↓(r)ψ↑(0)〉 =
1

V

∑

k

∑

k′

exp(ik · r)〈ak↓ak′↑〉

=
1

V

∑

k

exp(ik · r)〈ak↓ak↑〉

=
1

V

∑

k

exp(ik · r) ∆k

2Ek
tanh

(
β

2
Ek

)
(4.4.10)

͜͜Ͱࣜ (4.1.24)ͱࣜ (4.1.25a),ࣜ (4.1.25b)ͷؔΛ༻͍ͨɽ

ैͬͯɼT=0KͰ tanh(βEk/2) = 1ͱͳΓɼ

〈ψ↓(r)ψ↑(0)〉 =
∫

dk

(2π)3
exp(ik · r) ∆

2
√
ξ2k +∆2

=
1

8π2

∫ ∞

0
dkk2

sin(kr)

kr

∆√
ξ2k +∆2

=
m

8π2r

∫ ∞

εF

dξ

[
sin(kF r) cos

(
kF r

2εF
ξ

)
+ cos(kF r) sin

(
kF r

2ε
ξ

)]
∆√

ξ2 +∆2

& m∆

8π2r
sin(kF r)

∫ ∞

∞
dξ cos

(
kF r

2εF
ξ

)
1√

ξ2 +∆2

ͱͳΔɽ్தͰ k =
√

k2F + 2mξ = k2F
√

1 + 2mξ/k2F ͷؔͱ ξ $ εF = k2F /2mͷ

݅Λ༻͍ͯɼ

sin(kr) = sin

(
k2F

√

1 +
2mξ

k2F

)

& sin

(
kF r

(
1 +

1

2

ξ

εF

))

= sin(kF r) cos

(
kF r

2ε
ξ

)
+ cos(kF r) cos

(
kF r

2ε
ξ

)

ͱͨ͠ɽੵ෦ΛมܗϕοηϧؔK0 ʹஔ͖͑Δ͜ͱͰɼ

〈ψ↓(r)ψ↑(0)〉 &
m∆

8π2r
sin(kF r)

∫ ∞

∞
dξ cos

(
kF r

2εF
ξ

)
1√

ξ2 +∆2

=
m∆

4π2r
sin(kF r)K0

(
kF∆

2εF
r

)
(4.4.11)

͕ಘΒΕΔɽ*6͜ͷK0(z)ɼz ) 1ʹ͓͍ͯɼ

K0(z) &
√

π

2z
exp(−z)

*6ֶެࣜ III(ؠ) p.187ࢀরɽ
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ͷۙܗΛͭɽ*7

ैͬͯɼT= 0 KͷۙͰΫʔύʔରͷαΠζ ξ0 ɼ

ξ0 =

(
πkF∆

2εF

)−1

=

(
πkF∆
!2k2

F
m

)−1

=
!vF
π∆(0)

(4.4.12)

ͱͳΔɽξ0 ͱిࢠͷฏִؒۉ aͷൺΛͱΔͱɼ

ξ0
a

& ε

kBTc
) 1

Ͱ͋Δ͔ΒɼΫʔύʔରͷαΠζ ξ0 ిࢠͷฏִؒۉ aΑΓང͔ʹେ͖͍αΠζΛ࣋

ͭ*8ɽ

ʹ࣍ T = Tc ۙͷ߹ɼ〈ψ↓(r)ψ↑(0)〉࣍ͷΑ͏ʹ͞ࢉܭΕΔɽ

〈ψ↓(r)ψ↑(0)〉 &
m∆

4π2r
sin(kF r)

∫ ∞

∞
dξ cos

(
kF r

2ε
ξ

) tanh
(

βcξ
2

)

2ξ

& m∆

4π2r
sin(kF r)

2

π2
exp

(
−πkFTc

2εF
r

)
T

∞∑

n

∫ ∞

−∞
dξ

cos
(
kF r
2ε ξ

)

ξ2 + ε2n

& m∆

4π2r
sin(kF r)

2

π
exp

(
−πTc

!vF

)
(4.4.13)

ͱͳΔɽ͜͜Ͱɼεn = (2n + 1)T (n ) ͱఆٛ͞ΕɼদݪৼಈͱݺΕΔɽ్

தͰɼ

tanh
(

βξ
2

)

2ξ
= T

∑

n

1

ε2n + ξ2

ͷؔΛ༻͍͍ͯΔɽࣜ (4.4.13) T ∼ Tc ͰͷΫʔύʔϖΞͷαΠζ͕,

ξ0(Tc) =
!vF
πkBTc

(4.4.14)

ͱͳΔ͜ͱΛҙຯ͢Δɽॏཁͳ͜ͱࣜ (4.2.6)ͷ݁ՌΛྀ͢ߟΕɼΫʔύʔରͷαΠ

ζ ξ0(T )  T = 0 ͱ T = Tc ۙͰ΄ͱΜͲมΘΒͳ͍͜ͱͰ͋Δɽ͜Εɼ5.1 અͰ

ٞ͢Δ GL ཧͷ૬ؔڑ ξGL ͕ T→Tc ରরΛతʹ૿େ͢Δ͜ͱͱࢄൃ͍͓ͯʹ

͢ɽ

4.5 NMRॎ؇

͜ͷઅͰಋͷಛΛද͢ͷͱͯ͠ൺͱͱʹΑ͘͞ΕΔɼ࣓֩ڞؾ໐

ʢNMRɿNuclear Magnetic Resonanceʣͷॎ؇ʹ͍ͭͯ؆୯ʹٞ͢ΔɽNMR

*7ֶެࣜ III(ؠ) p.173ࢀরɽ
*8ξ0  5.1અͰٞ͢Δ GLཧʹݱΕΔ૬ؔڑ ξGL ∼ ξ0(1− T/Tc)−1/2 ͱҟͳΔ͜ͱʹҙɽ
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58 ୈ 4ষ BCSཧͷૅج

࣓ͱ֩ࢠݪͷڞ໐Λ؍ଌ͢Δɽ֩ࢠݪͱిࢠͱͷ૬࡞ޓ༻ʢඍࡉ૬࡞ޓ༻ʣʹΑΓݪ

͍༺ঢ়ଶΛΔҰͭͷखஈͱͯ͠ࢠମͷిݻΕΔ͜ͱ͔Βɼݱͷੑ࣭͕ࢠిʹ໐ڞͷ֩ࢠ

ΒΕ͍ͯΔɽNMRͷಛͷҰ͕ͭɼ੩తͳ؍ଌ͚ͩͰͳ͘؇ؒ࣌ͷଌఆʹΑΔಈతͳ

ؒ࣌ଌ͕ՄͳͰ͋Δɽॎ؇ʢNMRͷॎ؇؍ T1 ͷٯʣ࣍ͷΑ͏ʹಈతε

ϐϯଳ࣓ χ+− (q,ω)Λ༻͍ͯදͤΔɽ

1

T1
∝ T

∑

q

Imχ+− (q,ω)

ω

∣∣∣∣∣
ω∼0

(4.5.1)

͜͜Ͱɼω  NMRͷ֯ৼಈͰ͋Δɽ·ͨɼ

χ+− (q,ω) = i

∫ ∞

0
dteiωt

〈[
S+
q (t) , S−

−q (0)
]〉

(4.5.2)

Ͱ͋ΓɼS+
q ≡

∑
p a

†
p−q/2↑ap+q/2↓ɼS−

q ≡
∑

p a
†
p−q/2↓ap+q/2↑ͱఆٛ͞ΕΔɽϘΰϦϡʔ

Ϙϑม [ࣜ (4.1.21)]Λ a†k↑ ͱ a−k↓ ʹ͍ͭͯղ͘ͱ࣍ͷΑ͏ʹͳΔɽ

a†k↑ =u∗
kγ

†
k↑ + v∗kγ−k↓

a−k↓ =ukγ−k↓ − vkγ
†
k↑

(4.5.3)

Ҏ্ΑΓɼॎ؇࣍ͷΑ͏ʹॻ͖͑ΒΕΔɽ

1

T1
∝ T

∑

k

∑

k′

1

2

[
1 +

ξkξk′ +Re (∆k∆∗
k′)

EkEk′

](
− ∂f

∂Ek

)
δ (Ek − Ek′)

(4.5.4)

1 + {ξkξk′ + Re (∆k∆∗
k′) /EkEk′} ͷ෦ɼ࣓ؾ؇ʹ͓͚ΔίώʔϨϯεҼࢠͱ

ΕΔɽॎ؇ݺ 1/T1[ࣜ (4.5.4)] ͷԹґଘੑ ∆k ͷ k-ґଘੑʹΑΔɽઌͣ s

ϖΞͷ߹Λ͑ߟΔɼͦͷͨΊ ∆k = ∆ʢఆʣͱͯ͠ɼํతͳ߹Λ͑ߟΔɽ
∑

k &
∫
Ns (E) dE ͕Γཱͭ͜ͱ͔Βɼࣜ (4.5.4)࣍ͷΑ͏ʹදݱͰ͖Δɽ

1

T1
∝ T

∫
dENs (E)

∫
dE′Ns (E

′)
1

2

[
1 +

0 + |∆|2

EE′

](
− ∂f

∂E

)
δ (E − E′)

=
T

2

∫
dE

N2
s (E)

(
E2 +∆2

)

E2

(
− ∂f

∂E

)

͜͜ͰɼNs (E)ࣜ (4.3.2)Ͱ༩͑ΒΕɼਤ 4.3.1ͷΑ͏ͳ E ґଘੑΛࣔ͢ͷͰɼ࠷ऴత

ʹࣜ (4.5.4)࣍ͷΑ͏ʹදͤΔɽ

1

T1
∝ T

2

∫ ∞

∆
dE

N2
F

(
E2 +∆2

)

E2 −∆2

(
− ∂f

∂E

)
(4.5.5)

ࣜ (4.5.5) ΑΓɼ∆k શʹํతͰ͋Ε͕ 1/T1  log ʹ࣮ݱΔɽ͔͠͠ɼ͢ࢄൃ

ϑΣϧϛ໘ͷҟํੑΛөͯ͠ ∆k ͕ҟํతͱͳΔͨΊɼT ! Tc ʹ͓͍ͯ 1/T1 ϐʔ

ΫߏΛͭ࣋ɽ͜ͷϐʔΫߏΛ࠷ॳͷ؍ଌऀʹͪͳΜͰɼʔϕϧ-εϦΫλʔϐʔΫ
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ਤ 4.5.1 Alͷ NMRॎ؇ؒ࣌ͷԹґଘੑ*10

ͱݺͿɽਤ 4.5.1  Al ͷ NMR ॎ؇ؒ࣌ T1 ͷԹґଘੑΛଌఆͨ݁͠ՌͰ͋Δɽॎ

࣠ NMRॎ؇ؒ࣌ T1ɼԣ࣠సҠԹ Tc Λ୯Ґͱͨ͠ԹͷٯͰ͋ΔɽసҠ

ۙͰ NMRॎ؇ͷ૿Ճ (T1 ͷݮগ)Λ֬ೝ͢Δ͜ͱ͕Ͱ͖Δɽ

Ϊϟοϓ∆kʹ࣍ ͕ p dͳͲͷΑ͏ʹຊ࣭తʹҟํతͳ߹ʹ͍ͭͯ͑ߟΔɽྫ

͑ɼ∆k = ∆k̂z  ∆k = ∆ (coskx − cosky)ͷΑ͏ͳ߹Ͱ͋Δɽ͜ͷΑ͏ͳҟํత

ಋͷ߹ɼࣜ (4.5.4)ͷίώʔϨϯεҼࢠ̍ͱͳΔͷͰॎ؇࣍ͷΑ͏ͳඇৗ

ʹγϯϓϧͳܗͰॻ͚Δɽ

1

T1
∝ T

∑

k

∑

k′

1

2

[
1 +

ξkξk′

EkEk′

](
− ∂f

∂Ek

)
δ (Ek − Ek′)

= T
∑

k

∑

k′

1

2
[1 + 0]

(
− ∂f

∂Ek

)
δ (Ek − Ek′) (4.5.6)

ํతͳ߹ͱಉ༷ͷૢ࡞Λ͏ߦͱࣜ (4.5.6)࣍ͷΑ͏ʹॻ͖վΊΒΕΔɽ

1

T1
∝ T

2

∫ ∞

0
dEN2

s (E)

(
− ∂f

∂Ek

)
δ (Ek − Ek′) (4.5.7)

ঢ়ଶີ Ns ʹ͍ͭͯɼਤ 4.5.2ʹࣔ͢Α͏ͳ߹ͰԹͰ Ns (E) E ʹൺྫ͢Δͨ

ΊɼT $ Tc Ͱɼ

1

T1
∝ T 3 (4.5.8)

ͱͳΓɼਤ 4.5.3ʹࣔ͢Α͏ͳ߹ Ns (E) E2 ʹൺྫ͢ΔͨΊɼT $ Tc Ͱɼ

1

T1
∝ T 5 (4.5.9)

ͷԹґଘੑΛͭ࣋͜ͱ͕Θ͔Δɽ

*10Y. Masuda and A. G. Redfield, Phys. Rev. 125, 159 (1962).
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ਤ 4.5.2 1/T1 ∝ T 3 ͱͳΔ߹ͷྭىঢ়ଶີ ਤ 4.5.3 1/T1 ∝ T 5 ͱͳΔ߹ͷྭىঢ়ଶີ
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4.6 ԋश̏ 61

4.6 ԋश̏

BCSಋঢ়ଶͰͷ χ⊥ (T )Λ࣓ԽͷࢉܭʹͳΒ࣮ͬͯ͠ߦͳ͍͞*11ɽͦͷࡍɼน

ͷΛ uͱͨ͠ͱ͖ͷೋͭͷ broken pairͷΤωϧΪʔͦΕͧΕ Ek − !u · k͓Αͼ
Ek + !u · kͰ͋ΓɼͦΕʹରԠ͢Δӡಈྔ !k͓Αͼ −!kͰ͋Δ͜ͱʹҙͯ͠ɼu

ͷํʹӡಈ͢Δશӡಈྔ 〈P 〉Λ͢ࢉܭΔ͜ͱͰɼนͷӡಈͰ༠͞ىΕΔϊʔϚϧʢৗྲྀ
ಈʣ͕߱ԹͱͱʹͲͷΑ͏ʹθϩʹ͔͕͔ۙͮ͘Δɽ

ground pair ͱ excited pairͰӡಈྔ͕θϩͳͷͰɼ〈P 〉ʹد༩͠ͳ͍͜ͱʹҙɽ

*11χ⊥  2.1અͰٞͨ͠ԣԠ [ਤ 2.1.1(b)]ʹର͢ΔԠྔΛද͢ɽ
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62 ୈ 4ষ BCSཧͷૅج

4.7 ԋश̏ɹղ

ৗྲྀಈཻࢠΛ Nn ͱ͢Δɽนͷ͕ uͷͱ͖ɼH → H − P · uͱͳΔ͜ͱΛ౿·
͑Δͱද 4.7.1͕ಘΒΕΔɽground pair ͓Αͼ excited pairͷঢ়ଶͰӡಈྔθϩͳ

ͷͰɼ̎ͭͷ broken pairঢ়ଶ͚ͩΛදࣔͯ͋͠Δʢද 4.4.1ͱಉ༷ʣɽΑͬͯࣜ (4.4.1)

ʹରԠͯ͠ɼΑͬͯɼ

Zk =
(
1 + e−βEk

)2
+O

(
u2
)

Ͱ͋ΔͷͰɼӡಈྔ P ࣍ͷΑ͏ʹࢉܭͰ͖Δɽ

P =
∑

k

(
1 + e−βEk

)−2
[
!k · e−β(Ek−!u·k) − !k · e−β(Ek+!u·k)

]

& !2
∑

k

k (k · u)β 1

2 cosh2 (βEk/2)

=
1

3
!2k2F ρF

∫ ∞

−∞
dξβ

1

2 cosh2 (βEk/2)
u

=
1

3
!2k2F (2ρF )Y (T )u ≡ m

Nn

V
u

͜͜ͰɼρF = (mkF )/
(
2π2!2

)
ͳͷͰɼ

m
Nn

V
= m

N

V
Y (T )

Αͬͯɼχ⊥ (T )࣍ͷΑ͏ʹදͤΔɽ

χ⊥ (T ) = m
Nn

V
= m

N

V
Y (T ) ≤ m

N

V

·ͨɼns ≡ N
V − χ⊥/m͔ͭ λL ≡

√
(mc2) / (4πnse2)Ͱ͋ΔͷͰɼϩϯυϯͷ࣓৵ೖ

 λL ɼ

λ−2
L ∝ [1− Y (T )]

ͱͳΓɼϚΠεφʔޮՌΛࣔ͢ɽ

ද 4.7.1 ֤ঢ়ଶʹ͓͚Δཧྔ

ঢ়ଶ ΤωϧΪʔىྭ ӡಈྔ ଘ֬ࡏ

BP(+) Ek − !u · k !k ∝ eβ(Ek−!u·k)

BP(−) Ek + !u · k −!k ∝ eβ(Ek+!u·k)
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ୈ 5ষ

GLཧͷུ֓ͱ࣓ଋͷྔࢠԽ

͜ͷষͰɼΪϯπϒϧΫ-ϥϯμͷཧʢGLཧʣΛѻ͏ɽݱతʹಋೖ͞Εͨ

GLཧͷಈؔͷҙຯʹ͍ͭͯٞ͢Δɽ

5.1 GLཧͱ࣓ଋͷྔࢠԽ

Ϋʔύʔରঢ়ଶ Φ (p1,σ1;p2,σ2)ϚΫϩͳͷిࢠରʹ͞ڌΕΔɽ͕ͨͬͯ͠ɼϚ

ΫϩมͱͳΔɽಋঢ়ଶͰɼ

ψ (P ) ≡
∑

σ1,σ2

∑

k

Φ

(
P

2
+ k,σ1;

P

2
− k,σ2

)
/= 0 (5.1.1)

ͱͳΓɼடংΛಛ͚ͮΔɽΪϯπϒϧάͱϥϯμɼψ (P )ͷ࣮ۭؒදࣔΛடংม

ͱͯ͠ɼೋ࣍૬సҠͷݱΛల։ͨ͠ɽ࣮ۭؒදࣔ ψ (r1; r2)ࣜ࣍Ͱ༩͑ΒΕΔɽ

ψ (r1; r2) =
1

V

∑

P

∑

k

Φ (P ,k) eiP ·Reik·ρ (5.1.2)

͜͜Ͱɼ૬ର࠲ඪ ρ ≡ r1 − r2 ͱͨ͠ɽBCS ཧ͕ग़Δલʹɼಋͷடংม͕

ԿͰ͋Δ͔ͷຊ࣭Λಎ͠ɼجຊతʹਖ਼͍͠ݱΛߏஙͨ͜͠ͱ͖͢Ͱ͋

Δɽࠓճ BCS ཧʹཱ͠٭ɼٞΛਐΊΔɽࣗ༝ΤωϧΪʔີ F (R) டংม

Ψ (R) = (const.) · φ (R)ͷ൚ؔͰ͋ΓɼసҠۙͰ ΨͰల։Ͱ͖Δͱͯ͠ɼ

F [Ψ,A] =
1

4m

∣∣∣∣

(
−i!∇+

2e

c
A

)
Ψ

∣∣∣∣
2

+ a|Ψ|2 + b

2
|Ψ|4 + 1

8π
|∇×A|2

(5.1.3)

ͱԾఆͨ͠*1ɽ|Ψ|2 ྲྀಈϖΞͷີ ns/2 Λද͓ͯ͠ΓୈҰ߲͕ྲྀಈͷӡಈΤ

ωϧΪʔΛද͢Α͏ɼͦͷΛܾΊΔɽ࣮ࡍʹΫʔύʔରͷॏ৺͕ vs Ͱӡಈ͢Δ

ঢ়ଶɼ

Ψ (R) =

√
ns

2
· exp

(
2imvs ·R

!

)
(5.1.4)

*1͜ͷઅͰ CGS୯ҐܥΛ༻͍Δɽ
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ਤ 5.1.1 ࣓͕ͳ͍ͱ͖ͷࣗ༝ΤωϧΪʔີ F (Ψ) ͱடংมͷৼ෯ |Ψ| ͷؔ
(a)T > Tc : (b)T < Tc

ΛA = 0ͷͱ͖ʹࣜ (5.1.3)ͷୈҰ߲ʹೖ͢Δͱɼ

(ӡಈΤωϧΪʔ) =
1

2
mnsv

2
s

ͱ͍͏݁ՌΛಘΔɽΨೋମͷಈؔͰ͋ΔͨΊɼA → A+∇χͷήʔδมʹର͠
ͯɼΨ → exp (i2χ/!c)Ψͱม͞ΕΔɽ͜ͷؔΑΓɼୈҰ߲ͷϕΫτϧϙςϯγϟϧ
Aͷ 2e/cήʔδෆมੑ͔ΒͷཁʹΑΓఆ·Δɽ a T = Tc ʹ͓͍ͯූ߸

Λม͑Δ؆୯ͳԹґଘੑ a = ā (T − Tc)ΛԾఆ͠ɼ bԹʹґΒͳ͍ఆͱ͢

Δɽ1/8π ͷ߲࣓ͷΤωϧΪʔΛද͍ͯ͠Δɽޙ࠷ͱ͔͔ͯ͠Δ͕

࣓͕ͳ͘ (A = 0)ɼΨ͕ۭؒతʹҰ༷ͷ߹ɼࣗ༝ΤωϧΪʔີͷ |Ψ|ґଘੑਤ
5.1.1ͷΑ͏ʹͳΔͱɼฏߧঢ়ଶͰͷ Ψeq ࣗ༝ΤωϧΪʔͷఀཹ݅ ∂F/∂Ψ = 0ʹΑ

Γ࣍ͷΑ͏ʹܾ·Δɽ

{
T > Tcͷͱ͖ |Ψeq| = 0
T < Tcͷͱ͖ |Ψeq| = −a

b = ā
b (Tc − T )

(5.1.5)

͕ͨͬͯ͠ɼடংͷൃੜͱͱʹ |Ψeq| /= 0ͱͳΔɽT < Tc ʹ͓͚Δฏߧঢ়ଶͷࣗ༝Τ

ωϧΪʔ࣍ͷΑ͏ʹ༩͑ΒΕΔɽ

Feq = a|Ψeq|2 +
b

2
|Ψeq|4 = −a2

2b
(Tc − T )2 (5.1.6)

Αͬͯɼடংͷൃੜʹ͏ൺͷͼ ∆C ɼ

∆C = −T
∂2Feq

∂T 2

∣∣∣∣
T=Tc

=
ā2

b
Tc (5.1.7)

ͱͳΔɽBCSཧʹΑΔͱɼā = |V0|2NF /Tcɼb = 7ζ (3) |V0|4NF /8π2 (kBT )
2 Ͱ͋Δɽ

ࣗ༝ΤωϧΪʔີ F [Ψ,A]ΛAʹ͍ͭͯ൚ؔඍ͢Δͱɼ

1

4π
∇× (∇×A) =

e

2cm

[
Ψ∗
(
−i!∇+

2e

c
A

)
Ψ+ c.c.

]
(5.1.8)
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ਤ 5.1.2 ಋϦϯάΛ؏࣓͘ଋ

ͷ͕ؔಘΒΕΔɽΞϯϖʔϧͷ๏ଇ j = (c/4π)∇ × (∇×A) Λ༻͍Εిྲྀີ j

ɼ

j =
e

2m

[
Ψ∗
(
−i!∇+

2e

c
A

)
Ψ+ c.c.

]
(5.1.9)

Ͱ༩͑ΒΕΔɽΨ = αeiϕɼৼ෯ α ͷۭؒมԽͳͩΒ͔ͩͱͯ͠ແ͢ࢹΔͱɼిྲྀີ

ɼ

j =
e

m

[
!∇ϕ+

2e

c
A

]
α2

ͱͳΔɽ͜ͷࣜͷԣΛͱΔͱ (|α|2 = ns/2ʹҙ͢Δͱ)ϩϯυϯํఔࣜͦͷͷʹ

ͳΔɽϕΫτϧϙςϯγϟϧAͷ 2e/cిࢠ 2͕ͭϖΞΛ͍ͯͬ࡞ΔূͰ͋Γɼ࣮

Δ͜ͱ͔Β͜ͷٞͷਖ਼ੑ͕อূ͞ΕΔɽ͢ݱ࠶ͷΛݧ

ɼਤʹ࣍ 5.1.2ͷΑ͏ͳυʔφπঢ়ͷಋϦϯάΛఆ͢ΔɽϦϯά෦ʹ͓͚Δԁ

ঢ়ͷܦ࿏ C্ͰϚΠεφʔޮՌʹΑΓɼj = 0ͱͳΔͨΊɼA = − (c!/2e)∇ϕ͕Γ
ཱͭɽ͕ͨͬͯ͠ɼܦ࿏ CʹԊͬͯઢੵΛ͏ߦɽ

∮

C
A · dl = −c!

2e

∮

C
(∇ϕ · dl) (5.1.10)

͜ͷࠨลετʔΫεͷఆཧΑΓɼϦϯάΛ؏࣓͘ଋ Φͱ͍͠ɽ
∮

C
A · dl =

∫∫

S
(∇×A · dS) = Φ (5.1.11)

·ͨɼࣜ (5.1.10)ͷӈลɼΨ = αeiϕ ͕ҰՁؔͰ͋ΔͨΊɼ

Φ =
ch

2e
× () (5.1.12)

ͱͳΔɽ͜ΕΛ࣓ଋͷྔࢠԽͱ͍͍ɼ࣓ଋྔࢠ Φ0 = ch/2eͷ͕ 2eͰ͋Δ͜ͱ

ಋ͕ΫʔύʔରॖڽʹΑΓੜ͍ͯ͡Δ͜ͱΛࣔ͢ॏཁͳ݁ՌͰ͋Δɽ
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ࣗ༝ΤωϧΪʔີͷදࣜ F [Ψ,A][ࣜ (5.1.3)]Λடংม Ψ(R) ʹ͍ͭͯ൚ؔඍ

͢Δ͜ͱʹΑΓɼΨ(R)ͷै͏ํఔ͕ࣜ࣍ͷΑ͏ʹಘΒΕΔɽ

aΨ+ b|Ψ|2Ψ+
1

4m

(
−i!∇+

2eA

c

)2

Ψ = 0 (5.1.13)

సҠۙ (T ! Tc) Ͱɼୈ߲̎ୈ߲̍ʹൺͯແࢹͰ͖ΔͷͰɼΨ(R)ͷۭؒมԽ

Λද͢ಛతͳ͞ ξGL(T ) ͷΑ͏ʹܾ·Δɽ͕࣍

ξ2GL(T ) =
!2

4m|a(T )| (5.1.14)

ࣜ (5.1.5)ʹΑΕɼa(T ) = ā(Tc − T )ͳͷͰɼԹଆ͔ΒసҠԹ Tc ʹۙͮ͘ͱɺξGL

 (Tc − T )−1/2 ʹൺྫͯ͠ൃ͢ࢄΔɽͦͷൺྫΛ BCS ཧΈΛ༻͍ͯඍࢹత

Δͱɼࣜ͢ࢉܭʹ (4.4.12)Ͱ༩͑ΒΕΔɼT = 0KͰͷΫʔύʔରͷαΠζ ξ0 Λ༻͍ͯɺ

T ! Tc Ͱɼ

ξGL(T ) & 0.74ξ0

(
1− T

Tc

)−1/2

(5.1.15)

ͱͳΔɽ͜ͷ݁Ռɺ T & Tc ͰͷΫʔύʔରͷαΠζ [ࣜ (4.4.14)] ൃࢄత૿େࣔ͞

ͣɺξ0(T & Tc) = ξ0[∆(0)/kBTc] & 1.76ξ0 [ࣜ [রࢀ(4.2.6) Ͱ༩͑ΒΕΔࣄͱରরΛ

ͳ͢ɽ͢ͳΘͪɼξGL ΫʔύʔରͷαΠζ ξ0 ͱ֓೦తʹҟͳΓɼʮGLͷ૬ؔڑʯ

ͱݺΕ͍ͯΔɽ

5.2 ODLRO (Off Diagonal Long Range Order) ͱϘʔζॖڽ

ϥϯμҰ؏ͯ͠ɼྲྀಈݱϘʔζॖڽͱؔͳ͍ͱओு͍ͯͨ͠ͱݴΘΕΔ

͕ɼ݁ՌతʹిࢠͷྲྀಈͰ͋ΔಋͰ͋ΔछͷϘʔζ͕ͦॖڽͷຊ࣭Ͱ͋Δ͜ͱΛ

ɼલઅͷΪϯπϒϧΫͱϥϯμʹΑΔจʹ͓͍ͯɼࡍఠ͍ͯͨ͜͠ͱʹͳΔ*2ɽ࣮ࢦ

GLཧͰಋೖ͞Εͨಈؔ Ψ(r)ɼҰମͷີྻߦ

ρ(r, r′) =

∫
Ψ(r, ri

′)∗Ψ(r′, ri
′)dr′i

= 〈Ψ̂†(r)Ψ̂(r′)〉 (5.2.1)

ͱ݁ͼ͍͍ͯΔͱͷهड़͕͋Δɽ͜͜Ͱ Ψ(r, ri′) ଟཻܥࢠͷಈؔΛɼΨ̂†(r)ɼ

Ψ̂(r) ੜɼফ໓ԋࢠࢉΛද͢ɽ͜ͷࣜ (5.2.1) ͷ̍ߦ࣍ͷΑ͏ͳҙຯΛͭ࣋ɽr′i

 N ମͷಈؔΛهड़͢Δશͯͷ࠲ඪ rj (j = 1, 2, · · · , N) ͷத͔ΒҰ͚ͭͩऔΓग़

ͨ͠ r ·ͨ r′ Λআ͘ (N-1)ݸͷ࠲ඪΛද͢ɽͦͯ͠ɼ
∫
dr′i ɼͦΕΒશͯͷ࠲ඪʹ

ͬͯͷੵΛද͍ͯ͠ΔɽGLಋடংม࣍ͷࣜͰఆٛͰ͖Δͱड़͍ͯΔɽ

lim
|r−r′|→∞

ρ(r, r′) ≈ Ψ∗(r)Ψ(r′) (5.2.2)

*2”Landau’s Collected Papers”ɼGordon & Breach and Pergamon Pressɼ1965ɼChap.73ɼp.546ɼ
ਖ਼ࡾ :ʮݻମཧʯ2005ɼ40ר 2߸ɼ147-148ทࢀরɽ
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͢ͳΘͪɼڑடংͷͳ͍ඇಋঢ়ଶͰɼ

lim
|r−r′|→∞

ρ(r, r′) ≈ Ψ∗(r)Ψ(r′) = 0 (5.2.3)

Ͱ͋Γɼಋঢ়ଶͰɼ

lim
|r−r′|→∞

ρ(r, r′) ≈ Ψ∗(r)Ψ(r′) = ρ0 /= 0 (5.2.4)

ͱͨ͑ߟɽ͜ΕɼޙʹC. N.Yang *3ʹΑΓOff Diagonal Long Range Order (ODLRO)

ͱݺΕ͕ͨɼ1950 ʹΪϯπϒϧΫͱϥϯμʹΑͬͯࢦఠ͞Ε͍ͯͨͷ͖ڻͰ

͋Δɽ

ɼࡍ࣮ T < T0 ʹ͓͍ͯɼϘʔζ͢ॖڽΔͱ͍͏݅Λ༻͍ͯɼ࣍ͷ͕ؔΓཱͭ͜

ͱΛࣔ͢͜ͱ͕Ͱ͖Δɽ

lim
|r−r′|→∞

ρ(r, r′) = lim
|r−r′|→∞

〈Ψ̂†(r)Ψ̂(r′)〉

= 〈Ψ̂†(r)〉 〈Ψ̂(r′)〉 = N0

V
(T < T0) (5.2.5)

͜͜Ͱɼ

Ψ̂(r) =
1√
V

∑

k

eik·râk

Ͱ͋Γɼ

〈Ψ̂†(r)Ψ̂(r′)〉 = 1

V

∑

k

∑

k′

e−ik·r+ik′·r′
〈â†kâk′〉

=
1

V

∑

k

e−ik·(r−r′)nk

ͱͳΔɽT < T0 ʹ͓͍ͯɼ

nk =

{
N0 (k = 0)

1
eβεk−1

(k /= 0)ɼ εk = k2

2m (! ≡ 1)

Αͬͯɼ

1

V

∑

k

e−ik·(r−r′)nk =
N0

V
+

1

(2π)2

∫ ∞

0
dkk2

∫ 1

−1
dxe−ik|r−r′|x 1

eβεk − 1

=
N0

V
+

1

2π2
m

∫ ∞

0
dε

sin
(√

2mε |r − r′|
)

|r − r′|
1

eβε − 1

*3C. N.Yang, Rev. Mod. Phys. 34, 694 (1962).
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ͱมܗͰ͖ΔͷͰɼT < T0 ʹ͓͍ͯɼ

lim
|r−r′|→∞

ρ(r, r′) = lim
|r−r′|→∞

〈Ψ̂†(r)Ψ̂(r′)〉

= lim
|r−r′|→∞

1

V

∑

k

e−ik·(r−r′)nk

=
N0

V

Ҏ্ΑΓɼ ࣜ (5.2.5)͕ࣔͤͨɽ

·ͨɼ͜ͷ݁Ռ 4.1.1અͰٞͨ͠४ฏۉΛͯͬཧղ͢Δ͜ͱͰ͖Δɽ

〈Ψ̂(r)〉 = 1√
V

∑

k

eik·r 〈âk〉

=
1√
V

〈â0〉 =
1√
V

√
N0e

iα

͜͜Ͱ 〈âk〉 = 0 (k /= 0) ΛͨͬɽΑͬͯɼ

lim
|r−r′|→∞

ρ(r, r′) = lim
|r−r′|→∞

〈Ψ̂†(r)Ψ̂(r′)〉

= 〈Ψ̂†(r)〉 〈Ψ̂(r′)〉 = N0

V

5.3 Ϊϯπϒϧά-ϥϯμཧͷඍࢹతૅج͚

Ϊϯπϒϧά-ϥϯμͷࣗ༝ΤωϧΪʔ (ྗֶϙςϯγϟϧ)ͷҰ෦ (ಋϖΞͷ

߲)Λಋ͖ɼసҠԹൺʹ͍ͭͯٞ͢Δɽྗֶϙςϯγϟϧ Ωʹؔͯ͠ɼ࣍ͷෆ

͕ࣜΓཱͭɽ*4

Ω ≤ Ω0 + 〈Vpair〉0 ≡ Ω̃ (5.3.1)

͜͜ͰɼΩ0 ҙͷۙࣅϋϛϧτχΞϯ H0 (ฏۉۙࣅͦͷྫͱؚͯ͠·ΕΔ)Λ

·〉ͷྗֶϙςϯγϟϧΛද͢ɽ·ͨɼܥͭ · · 〉0 ϋϛϧτχΞϯ͕H0 ͷܥͷฏۉΛ

ද͢ɽΩ̃ࣜ࣍Ͱ༩͑ΒΕΔɽ

Ω̃ = K0 − µN − TS0 + 〈Vpair〉0 (5.3.2)

ઌͣɼ〈Vpair〉0 Λ͢ࢉܭΔɽ

〈Vpair〉0 =
∑

k

∑

k′

Vkk′〈a†k↑a
†
−k↓a−k′↓ak′↑〉0

&
∑

k

∑

k′

Vkk′〈a†k↑a
†
−k↓〉0〈a−k′↓ak′↑〉0

=
∑

k

∑

k′

Vkk′

(
∆k

2Ek
tanh

βEk

2

)∗( ∆k′

2Ek′
tanh

βEk′

2

)

*4R. P. Feynmann, ”Statistical Mechanics”, W. A. Benjamin, Inc., Reading MA, USA. 2.11 અʹ
ࣗ༝ΤωϧΪʔ F ʹ͍ͭͯূ໌͞Ε͍ͯΔɽྗֶϙςϯγϟϧ Ωʹ͍ͭͯಉ༷ͷূ໌͕Մɽ
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ͱͳΔɽ

Fk ≡ ∆k

2Ek
tanh

βEk

2
(5.3.3)

Λಋೖ͢Δͱɼ
〈Vpair〉0 =

∑

k

∑

k′

Vkk′F ∗
kFk′ (5.3.4)

ͱදͤΔɽ

ɼK0ʹ࣍ − µN Λ͢ࢉܭΔɽ

K0 − µN =
∑

k

ξk〈a†kσakσ〉0

=
∑

k

ξk
(
〈a†k↑ak↑〉0 + 〈a†−k↓a−k↓〉0

)

͜͜Ͱɼ
(
a†k↑ak↑ + a†−k↓a−k↓

)
ͷฏۉ࣍ͷΑ͏ʹͳΔɽ

〈a†k↑ak↑ + a†−k↓a−k↓〉 =






1 BP (±)

1− ξk
Ek

GP

1 + ξk
Ek

EP

͜ΕΒΛ༻͍Δͱɼ(K0 − µN)ͱ TS0 ࣍ͷΑ͏ʹͳΔɽ

K0 − µN =
∑

k

ξk

[
PGP

(
1− ξk

Ek

)
+ 2PBP + PEP

(
1 +

ξk
Ek

)]

=
∑

k

ξk

(
1− ξk

Ek
tanh

βEk

2

) (5.3.5)

TS0 =
−1

β

∑

k

[PGP lnPGP + 2PBP lnPBP + PEP lnPEP ]

= −
∑

k

[
Ek

(
tanh

βEk

2
− 1

)
− 2

β
ln
(
1 + e−βEk

)] (5.3.6)

͜͜ͰɼPGP [ࣜ (4.1.25)ͷ্]ɼPEP [ࣜ (4.1.25)ͷԼ]ͱ PGP (Ek)͕

PBP (Ek) =
e−βEk

(1 + e−βEk)2

ͱͳΔ͜ͱΛ༻͍ͨɽ

Ҏ্Λ༻͍ͯ Ω̃ɼ

Ω̃ =(const.) +
∑

k

[
Fk∆

∗
k + F ∗

k∆k − Ek − 2

β
ln
(
1 + e−βEk

)]
+
∑

k

∑

k′

Vkk′F ∗
kFk′

(5.3.7)

ͱͳΔɽ

ɼʹ࣍
∂

∂∆k

[
Ek +

2

β
ln
(
1 + e−βEk

)]
=

∆k∗
2Ek

tanh
βEk

2
= F ∗

k (5.3.8)
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ͷؔΛ༻͍Δ͜ͱͰɼΩ̃Λ ∆k Ͱඍ͠ɼఀཹ݅ΛٻΊΔͱɼ

∂Ω̃

∂∆k
=
∂F ∗

k

∂∆k

[
∆k +

∑

k′

Vkk′Fk′

]
= 0 (5.3.9)

ͱͳΔɽ͢ͳΘͪ࣍ͷΪϟοϓํఔ͕ࣜಘΒΕΔɽ

∆k = −
∑

k′

Vkk′Fk′ = −
∑

k′

Vkk′
∆k′

2Ek′
tanh

βEk′

2
(5.3.10)

͜Εɼࣜ (4.1.27)Ͱ༩͑ΒΕͨΪϟοϓํఔࣜΛ͍ͯ͠ݱ࠶Δɽ

·ͨɼΩ̃ͷ∆k ґଘੑΛٻΊΔͨΊʹɼΩ̃Λ Fk (or F ∗
k )ͷؔͱΈͳͯ͠ల։Ͱ͖Δɽ

͢ͳΘͪɼࣜ (5.3.8)ͷ࠷ॳͷ߸Ͱ༩͑ΒΕΔؔΛ༻͍Δͱɼ

Ω̃ & (const.) +
∑

k

[
∆kF

∗
k +∆∗

kFk −
∫

F ∗
kd∆k −

∫
Fkd∆

∗
k

]

+
∑

k

∑

k′

Vkk′FkFk′

= (const.) +
∑

k

[∫
∆∗

kdFk +

∫
∆kdF

∗
k

]
+
∑

k

∑

k′

Vkk′FkFk′ (5.3.11)

ͱͳΔɽΨ ≡
∑

k Fk (=
∑

k〈a−k↓ak↑〉)ͱ͠ɼҎԼͰ sΛԾఆ͠ɽVkk′ = |V0|ͷԼ
Ͱٞ͢ΔɽΨΛ ∆Ͱల։͢Δͱɼ

Ψ =
∑

k

∆k

2Ek
tanh

βEk

2

= K1 (T )∆−K2 (T ) |∆|2∆+ ...

(5.3.12)

ͱͳΔɽ͜͜ͰK1 (T ) ,K2 (T )ɼ






K1 (T ) = ρF
∫

εc

−εc
dξ 1

2ξ tanh
βξ
2 & ρF ln 2γεc

πkBT > 0

K2 (T ) =
ρF

(2kBT )2

∫ ∞

0
dx 1

x

[
− d

dx
tanh x

x

]
> 0

Ͱ༩͑ΒΕΔɽҎ্Λ༻͍ͯɼ∆Λٯʹ Ψʹ͍ͭͯࣜ (5.3.12)ͷΑ͏ʹల։͢Δ͜ͱͰ

ྗֶϙςϯγϟϧɼ

Ω̃ = (const.) +

(
1

K1 (T )
− |V0|

)
|Ψ|2 + 1

2

K2 (T )

[K1 (T )]4
|Ψ|4 + ... (5.3.13)

ͱͳΔɽ͢ͳΘͪɼΪϯπϒϧά-ϥϯμͷࣗ༝ΤωϧΪʔͷҰ෦ (∇Ψʹґଘ͠ͳ͍෦

)͕ಋग़͞ΕΔɽ

ࣜ (5.1.5) ͷ͔ؔΒΘ͔ΔΑ͏ʹɼ|Ψ|2 ͷ͕ 0 ͷͱ͖ɼసҠԹ Tc ͕ܾ·Δɽ

۩ମతʹɼࣜ (5.3.13)ͷ |Ψ|2ʹ͔͔Δ͕ 0ͱ͢Δͱ͍͏͔݅ΒసҠԹ Tc ɽ

kBTc =
2γ

π
εce

− 1
|V0|ρF (5.3.14)
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Ͱ༩͑ΒΕΔɽ͜Εࣜ (4.2.5)Λ͍ͯ͠ݱ࠶Δɽ

ɼTʹ࣍ ≤ Tc ʹ͓͍ͯ |Ψ|2ʹ͔͔ΔΛ (Tc − T )ʹ͍ͭͯల։͢Δͱɼ

1

K1 (T )
− |V0| =

−1

[K1 (Tc)]2

[
∂K1 (T )

∂T

]

T=Tc

(T − Tc) + ...

& ρF
[K1 (Tc)]2

T − Tc

Tc

(5.3.15)

ͱͳΔɽ͜͜Ͱɼ∂K1 (T ) /∂T = −ρF /TɼΛ༻͍ͨɽ͜ͷ͔ؔΒɼΩ̃ɼ

Ω̃ = (const.) +
T − Tc

T

ρF
K2

1

|Ψ|2 + 1

2

K2

K4
1

|Ψ|4 + ...

= (const.) +
T − Tc

T
|Ψ̃|2 + 1

2

K2

ρ2F
|Ψ̃|4 + ...

(5.3.16)

ͷΑ͏ʹల։͞ΕΔɽ͜͜Ͱɼ|Ψ̃|2 = |Ψ|2ρF /K2
1 ͱఆٛͨ͠ɽΩ̃Λ࠷খʹ͢Δ߹ΛԹ

Ͱ۠ผ͢Δͱɼ
{

T > Tc |Ψ̃| = 0

T < Tc |Ψ̃|2 = ρ2
F

K2

Tc−T
Tc

ͱͳΔɽͭ·ΓɼT > Tc ͷͱ͖ |Ψ̃|2 ↔ ρF |∆|2 ͷ͔ؔΒ∆ = 0͕ Ω̃Λ࠷খʹ͢Δɽ

ҰํɼT < Tc ͷͱ͖ɼΩ̃ͷ࠷খɼ

Ω̃ = (const.)− 1

2

ρ2F
K2

(
Tc − T

Tc

)2

(5.3.17)

Ͱ͋Γɼ͜ͷ͜ͱ͔ΒɼT = Tc ʹ͓͚Δൺͷͼɼ

∆C = Cs − Cn = −Tc

(
∂2Ω̃

∂T 2

)

T=Tc

=
ρ2F

K2Tc

= 4ρF k
2
BTc

[∫ ∞

0
dx

1

x

(
− d

dx

tanhx

x

)]−1
(5.3.18)

ͱͳΔɽCN =
(
2π2/3

)
ρF k2BTc[ࣜ (1.1.8)]ΑΓɼ

∆C

CN
=

6

π2

[∫ ∞

0
dx

1

x

(
− d

dx

tanhx

x

)]−1

& 1.426 . . . (5.3.19)

ͱͳΓɼࣜ (4.4.9)ͱҰக͢Δɽ

Ҏ্ͰɼຊٛߨϊʔτΛऴ͑Δɽ͜ͷޙɼतۀͰಋڀݚʹ͓͚ΔύϥμΠϜγϑ

τʹ͍ͭͯͱɼҟํతಋʹؔ͢ΔΑΓൃలతͳ༰ͷ͕ͨͬ͋ٛߨɽ
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