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2 BCS

, BCS 1 ,

. ,

, , 1 BCS . ,

, . , BCS ,

.

, . BCS

Bogoliubov .

2.1 BCS

, Cooper “ Bose ”2

. BCS , 2

. ,

.

H =
∑
kσ

ξkc
†
kσckσ +

1

2

∑
k,k′,q,σ,σ′

Vk,k′,q,σ,σ′c
†
k′+qσ′c

†
k−qσckσck′σ′ . (2.1)

ξk = k2/2m− μ μ , ckσ k,

σ . Vk,k′,q,σ,σ′ 2

. 2 2.1 .

, (a) k+ k′ = 0 Debye

, (b) k+ k′ �= 0 Debye

. Debye , (b) k+ k′ �= 0

(a) k+ k′ = 0 , . k+ k′ = 0

, BCS . 2 k −k

1 [3] 50 , BCS .
[4–9].

2Cooper .
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(a) (b)

2.1: 2 . (a) k+ k′ = 0 . (b)

k+ k′ �=0 . Debye

.

1 .

Hred =
∑
kσ

ξkc
†
kσckσ +

∑
k,k′

Vkk′c
†
k′↑c

†
−k′↓c−k↓ck↑. (2.2)

, 2 ( ) (Gor’kov ) .

c†k′↑c
†
−k′↓c−k↓ck↑ ∼= 〈c†k′↑c†−k′↓〉c−k↓ck↑ + c†k′↑c

†
−k′↓〈c−k↓ck↑〉 − 〈c†k′↑c†−k′↓〉〈c−k↓ck↑〉. (2.3)

, .

Hmf =
∑
kσ

ξkc
†
kσckσ −

∑
k

Δk(c
†
k↑c

†
−k↓ + c−k↓ck↑ −Bk). (2.4)

, Bk′ Δk , .

Bk′ ≡ 〈c−k′↓ck′↑〉, (2.5)

Δk ≡ −
∑
k′

Vkk′Bk′ . (2.6)

, Bogoliubov . Bogoliubov

( ) αk0, α
†
−k1 .3

ck↑ = ukαk0 + vkα
†
−k1,

c†−k↓ = −vkαk0 + ukα
†
−k1. (2.7)

3uk, vk , .
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0, 1 . {α†k0, αk0} = 1

,

u2k + v2k = 1 (2.8)

.

, .

.

Hmf = H1 +H2 +H3,

H1 =
∑
k

[
ξk
(
u2k − v2k

)
+ 2Δkukvk

] (
α†k0αk0 + α†−k1α−k1

)
,

H2 =
∑
k

[
2ξkukvk +Δk

(
v2k − u2k

)] (
α−k1αk0 + α†k0α

†
−k1

)
,

H3 =
∑
k

[
2ξkv

2
k − 2Δkukvk +ΔkBk

]
. (2.9)

, H2 0 ,

2ξkukvk +Δk

(
v2k − u2k

)
= 0 (2.10)

. , (2.10) (2.8) uk vk .

(2.10) Δk/u
2
k , Δkvk/uk x ,

x2 + 2ξkx−Δ2
k = 0 (2.11)

,
Δkvk
uk

= −ξk + Ek (2.12)

.4 , Ek =
√

ξ2k +Δ2
k . (2.12) (2.8) ,

u2k, v
2
k, ukvk .

u2k =
1

2

(
1 +

ξk
Ek

)
,

v2k =
1

2

(
1− ξk

Ek

)
,

ukvk =
Δk

2Ek
. (2.13)

,

4 Δkvk
uk

= −ξk − Ek .
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k k

Ek Ek

0 0 kFkF -kF-kF

(a) (b)

2.2: (a) . (b)

. kF Fermi .

.

Hmf =
∑
k

Ek

(
α†k0αk0 + α†−k1α−k1

)
+
∑
k

(ξk − Ek +ΔkBk) . (2.14)

, ( ) Ek =
√

ξ2k +Δ2
k

. 2.2(a) , (b)

. 0 . ,

. , |Δk|
, 1 |Δk| .

, (2.6) Δk ,

, .

. Δk , , ( )

. d s+− ,

. “ ,”

, Δk

.

, Δk ( ) . (2.5)

(2.7) ,

Bk′ = −uk′vk′
(
〈α†k′0αk′0〉 − 〈α−k′1α†−k′1〉

)
= uk′vk′ (1− 2f (Ek′))

=
Δk′

2Ek′
tanh

βEk′

2
. (2.15)

T β = 1/T , f(E) = 1/(eβE +1) Fermi . 2

, , 3 , (2.13) .
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(2.15) (2.6) , .

Δk = −
∑
k′

Vkk′
Δk′

2Ek′
tanh

βEk′

2
. (2.16)

BCS , .

Vkk′ = −V (V > 0) , (2.17)

Δk = Δ . (2.18)

, .

Δ = V
∑
k′

Δ

2Ek′
tanh

βEk′

2
. (2.19)

, ( ) s

. s 2 ,

2.3(a) . s . d

. d 2.3(b) ,5

, . , 0 ( )

±45◦ ±135◦ 4 ,

. d .

kx

ky

-kF

-kF

kF

kF

kx

ky

kF-kF

kF

-kF

(a) (b)

+
+

2.3: (a) s . (b) dx2−y2
. Fermi , Fermi . , kF

Fermi .

5 dx2−y2 .
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2.2

, ,

. , ,

. , s .

, .

Hext =
∑

kσ,k′σ′
Akσ,k′σ′c

†
kσck′σ′ . (2.20)

, Akσ,k′σ′ (k′, σ′) (k, σ)

. , .

Akσ,k′σ′ = +θσσ′A−k′−σ′,−k−σ ( I) ,

Akσ,k′σ′ = −θσσ′A−k′−σ′,−k−σ ( II) . (2.21)

, σ = ±σ′ θσσ′ = ±1 . I ,

, II ,

. , I ,

II . , , σ = σ′

I , σ = −σ′ II .6 ,

, (2.20)

. , σ = σ′ .

c†k↑ck′↑, c
†
−k′↓c−k↓ (2.7) , .

c†k↑ck′↑ = ukuk′α
†
k0αk′0 − vkvk′α

†
−k′1α−k1

+ukvk′α
†
k0α

†
−k′1 + vkuk′α−k1αk′0 ,

c†−k′↓c−k↓ = −vkvk′α†k0αk′0 + ukuk′α
†
−k′1α−k1

+vkuk′α
†
k0α

†
−k′1 + ukvk′α−k1αk′0 . (2.22)

, uk, vk . , c†k↑ck′↑ c†−k′↓c−k↓ ,

α†k0αk′0, α
†
−k′1α−k1, α

†
k0α

†
−k′1, α−k1αk′0 .

, Ak↑,k′↑c
†
k↑ck′↑ A−k′↓,−k↓c

†
−k′↓c−k↓ ,

. , , (

, c†k↑ck′↑ α†k0αk′0 c†−k′↓c−k↓ α†k0αk′0
7)

6 I+, I− I+c
†
k↓ck′↑ + I−c

†
k↑ck′↓

.
7α†−k′1α−k1, α

†
k0α

†
−k′1, α−k1αk′0 .
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. , σ = σ′ , (2.20) .

Hext =
∑
k,k′

(
Ak↑,k′↑c

†
k↑ck′↑ +A−k′↓,−k↓c

†
−k′↓c−k↓ +H.c.

)

=
∑
k,k′

Ak↑,k′↑
[
(ukuk′∓vkvk′)

(
α†k0αk′0±α†−k′1α−k1

)
+H.c.

]

+
∑
k,k′

Ak↑,k′↑
[
(ukvk′±vkuk′)

(
α†k0α

†
−k′1±α−k1αk′0

)
+H.c.

]
. (2.23)

, I , II . ,

. σ = −σ′ , ,

.

Hext =
∑
k,k′

(
Ak↑,k′↓c

†
k↑ck′↓ +A−k′↑,−k↓c

†
−k′↑c−k↓ +H.c.

)

=
∑
k,k′

Ak↑,k′↓
[
(ukuk′∓vkvk′)

(
α†k0αk′1∓α†−k′0α−k1

)
+H.c.

]

+
∑
k,k′

Ak↑,k′↓
[
(ukvk′±vkuk′)

(
α†−k′0α

†
k0∓αk′1α−k1

)
+H.c.

]
. (2.24)

, uk, vk , u−k = uk, v−k = vk . (2.23), (2.24) ,

2 . 1 α†α 1

, 1 α†α† αα 2 .

,

. , , 2

, 2|Δ| . , ,

, , α†α α†α† (αα) 2

.8

, .

(ukuk′∓vkvk′)2 = 1

2

(
1 +

ξkξk′

EkEk′
∓ Δ2

EkEk′

)
. (2.25)

, , .

(ukvk′±vkuk′)2 = 1

2

(
1− ξkξk′

EkEk′
± Δ2

EkEk′

)
. (2.26)

, I, II .

(2.25), (2.26) , (

8 , Fermi .
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) . , (2.23)

(2.24) , , .

, ,

. , |Δ|
,9 .

, (2.25) .

, . ,

Ck,k′ , Ws , Fermi .10

Ws ∝ |A|2
∑
k,k′

Ck,k′ [f (Ek′)− f (Ek)] δ (Ek′ + ω − Ek) . (2.27)

, A , ω .

(2.27) (2.25) , ,

.

Ws ∝ |A|2N(0)2
∫

dξkdξk′

(
1∓ Δ2

EkEk′

)
[f (Ek′)− f (Ek)] δ (Ek′ + ω − Ek) (2.28)

= |A|2N(0)2
∫ ∞

Δ
dE

∫ ∞

Δ
dE′

E√
E2 −Δ2

E′√
E′2 −Δ2

×
(
1∓ Δ2

EE′

)[
f
(
E′
)− f (E)

]
δ
(
E′ + ω − E

)
(2.29)

= |A|2N(0)2
∫ ∞

Δ
dE′

E′ + ω√
(E′ + ω)2 −Δ2

E′√
E′2 −Δ2

×
(
1∓ Δ2

(E′ + ω)E′

)[
f
(
E′
)− f

(
E′ + ω

)]
(2.30)

= |A|2N(0)2
∫ ∞

Δ
dE′

[
E′(E′ + ω)∓Δ2

]
[f (E′)− f (E′ + ω)]√

E′2 −Δ2

√
(E′ + ω)2 −Δ2

. (2.31)

, N(0) . (2.28) ξkξk′/EkEk′

. ξk, ξk′

. (2.31) , .

, , ( I)

( ) , (2.31) . , .

Ws ≈ −|A|2N(0)2
∫ ∞

Δ
dE′

∂f (E′)
∂E′

ω

= |A|2N(0)2f(Δ) ω. (2.32)

9BCS meV , 100MHz (∼ 10−3 meV),
10MHz (∼ 10−4 meV) .

10Fermi , .
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, , ω�|Δ| .

Wn , (2.32) Δ = 0 , Wn = |A|2N(0)2 ω /2 .

, , ( ) .

Ws

Wn
=

2

1 + eβΔ
. (2.33)

2.4(a) , . , BCS ,

.

2Δ(0)/Tc = 3.52, (2.34)

Δ = Δ(0) tanh

(
1.74

√
Tc

T
− 1

)
. (2.35)

Δ(0) , Tc . 2.4(a)

, . , ,

(2.31) . (2.31) , E′/
√

E′2 −Δ2

1/
√

E′2 −Δ2 . E′ = Δ ,

E′(E′ + ω)−Δ2 . , ω |Δ|
, E′2 −Δ2 E′ = Δ 0 .

, E′ = Δ ,

.

, , ( II)

( ) , (2.31) . ,

.

Ws ≈− |A|2N(0)2
∫ ∞

Δ
dE′

E′(E′ + ω) + Δ2√
E′2 −Δ2

√
(E′ + ω)2 −Δ2

∂f (E′)
∂E′

ω . (2.36)

(a) (b)

0.0

0.2

0.4

0.6

0.8

1.0

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

2.0

2.5

3.0

0.0 0.2 0.4 0.6 0.8 1.0

2.4: . (a) . (b) .

Tc , .
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, Wn = |A|2N(0)2 ω /2 ,

( ) .

Ws

Wn
= 2

∫ ∞

Δ
dE′

E′(E′ + ω) + Δ2√
E′2 −Δ2

√
(E′ + ω)2 −Δ2

∂f (E′)
∂E′

. (2.37)

, ω�|Δ| .

2.4(b) . , (2.34) (2.35) ,

ω/Tc = 0.01 . , .

, Hebel-Slichter [10]. ,

(2.31), (2.37) . , (2.37)

1/
√

E′2 −Δ2 , E′ = Δ . ,

, E′(E′ + ω) +Δ2

E′ = Δ 0 , . ,

, .

, . ω�|Δk|
( ) , .11

1

2

(
1∓ΔkΔk′

EkEk′

)
. (2.38)

( I) , (2.38)

,

. ,

( II) , (2.38)

(b)(a)

2.5: . (a) Morse

[11]. (b) Masuda ( ) [12].

11 , .
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, .

, 2

. 2 ,

, . ,

, BCS

( 2.5 ).

, (2.38) . ΔkΔk′

. s

, Δ2 . , k k′

(Δk = −Δk′) . , ΔkΔk′

, (2.38) . ,

I , II

, s . ,

.

3 ,

, . , ,

. , 3 .
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, BCS . ,

, , . ,

. ,

3.1 , , , .

, 3.2 , ,

.

3.1

3.1.1

1 , , 2008 2 Hosono

[1].1 , 1111

LaFeAsO . , 3.1 . La O

Fe As , 2

. , 1111 , 122 , 11

. , ,

3.1: Kamihara LaFeAsO [1].

1 2006 7 , Hosono , LaFePO [13] .
, (Tc = 4K), LaFeAsO (Tc = 26K) .

“ ” , LaFeAsO 2008 2
.

211 .
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. , ,

. ,

.

, Fermi

, .

, ,

, .

, Fermi CuO2 Cu , Cu

+2 . , Cu 3d 9

. , Cu 3d . , O

Cu , Cu 3d Coulomb

eg (dx2−y2 , dz2 2 ) Coulomb t2g (dxz, dyz,

dxy 3 ) . , , t2g 2 ,

dx2−y2 . , 3d

9 Fermi , dx2−y2

. ,

, dx2−y2 1 . , Fourier ,

Bloch ,

.

, , 3d

Fermi (ARPES)

. , . ,

. ,

3 . ,

,4 . , , +2

, 3d 6 . ,

3d , Fermi

3d 5 . , Wannier

, 5

. Fourier , , 5 Bloch

5 . , , Kuroki

[14] . 3.2(a) Bloch Brillouin

, 3.2(b) Fermi Fermi . (a) , Fermi

311 .
4 , t2g eg Coulomb . ,

(4/9 ) .
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(a) (b)

3.2: Kuroki 5 [14]. (a) Brillouin 5

. , 10 ( , )

( ) . (b) Brillouin Fermi . ,

. , , (

) ( ) . .

5 , (b) , 4 Fermi (α1, α2, β1, β2)

5 . , 1 ,

. ,

, 3.2(b) .

2 . ,

, 3.2(a) 10 ,

Brillouin (b) Brillouin . ,

10 , Kuroki

10 5 . , (b)

Brillouin , (a) 10

5 . ,

. Kuroki ,

, .

Kuroki , 3.1.2

, .

5(a) , (π, π) Fermi , Fermi .

21



3.1.2 ( )

“ ” , Cooper

. ,

.

, 3.1.1 , Kuroki [14] . , 5

, . ,

,

. ,

.

3.2 . (b) Fermi

, Fermi 2 . Brillouin (0, 0)

2 Fermi (α1, α2) (a) ,

. , Fermi . ,

2 Fermi (β1, β2) ,

. , ,

. , , Fermi

, . ,

Fermi Fermi ( ,

) .6 .

3.3 Kuroki 5 .

3.3: Kuroki 5 [14].

.

6

22



, (π, 0), (0, π) .

, ,

. (π, 0), (0, π)

, .

, , Q = (π, 0), (0, π)

.

,

Kuroki . Kuroki

, , .

Δ(k) = −
∑
k′

V (k− k′)
tanh [βE(k′)/2 ]

2E(k′)
Δ(k′) . (3.1)

, 2 (2.16) . , Δ(k)

k , V (k− k′) , E(k) k

.

s s+−
. 3.4 .7 ,

. ,

. , (3.1)

V (k− k′) . Kuroki

, V (k− k′) .

, V (k− k′) k− k′ = Q (Q )

, Coulomb . (3.1)

3.4: s+− . Fermi , Fermi

. Q ,

.

7 , 1 , Fermi
.
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3.5: Onari Kontani [20].

s++ , s+−
. s++ I = 1 eV . ,

.

, k Δ(k) k+Q

Δ(k+Q) ,8

. ,

s+− . s+−
Mazin [15] ,9 . ,

3d 4p 16 d−p

[16], 5 [17],

[18,19] s+− , s+−
.

, Mazin [15] Kuroki [14] 1 , Onari Kontani

s+− [20]. , s+−
. 3.5 Onari Kontani

. , s+−
( , ,

) .

[21], s+−
. , s+− ,

s++ ( 3.6 ). 3.5

, s+− .

, s++

8E(k) > 0 .
9 Mazin Kuroki , ,

Kuroki .
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3.6: s++ . Fermi , Fermi

. Q

.

[22]. , 3d

, s++ .

, , s+− , s++

. ,

s+− ,

.

3.1.3 ( )

3.1.2 , 2 (s+− s++

) . , 2 ,

, . ,

.

, .10

, ,

, .

, ARPES [23–25] [26] . ARPES

Ding Ba0.6K0.4Fe2As2 [23] ( 3.7 ).

, Fermi

(s ) . ,

, . ,

s , s

. , 3.8 Hashimoto PrFeAsO1−y

10 P ( ) 122 . BaFe2 (As1−xPx)2
.

25



3.7: Ding ARPES [23]. Fermi

. , .

[26] . ,

.

, exp (−βΔ)

. s

, s .

s , , ,

1 , ( ) .

1 , . s

3.8: Hashimoto [26].

. d ,

s .
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(a) (b)

3.9: Christianson [27].

. (a) 7K ( ) . (b) 50K (

) .

, s+− s++ ,

, .

, ,

. , . 1 ,

[27] . , Korshunov [28] Maier

[29] . , s+−
,

.11 Christianson 3.9 . (a) (b) ,

,

. s+− ,

s++ [30], s+−
.

, 1

. , (STS) [31] . ,

,

. ,

s+− .

11 , , 3.2.2 . , 3.2.4

. , 3.2.2 .
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3.10: Hanaguri , [31]. q2

.

. 3.10 , . q2

,

.12 , s+− 1 . ,

STS ,

, .

,

. , , .

, 3.2 .

3.2

, . , 2.2

, s+− , s++ ,

. 3.2.1 , 2 BCS .

3.1.1 , , 3d 5

, 5 . ,

, 2 ,

. , 2 BCS .

3.2.2 , , .

,

. ,

12 , .
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. 3.2.3 ,

. , 2.2

. 3.2.4 , ,

. ,

.

3.2.1 2 BCS

, Raghu 2 [32] .

, 5 3d 2 (dxz dyz) . H0

.

H0=
∑
kσ

ψ†σ(k) [(ε+(k)−μ) 1 + ε−(k)τ3 + εxy(k)τ1]ψσ(k), (3.2)

ψσ(k) =

⎛
⎝ dxσ(k)

dyσ(k)

⎞
⎠ . (3.3)

, dxσ(k) [dyσ(k)] dxz (dyz) , σ, k , τi

Pauli , μ . , 1

.

ε±(k) =
1

2
[εx(k)± εy(k)] ,

εx(k) = −2t1 cos kx − 2t2 cos ky − 4t3 cos kx cos ky,

εy(k) = −2t2 cos kx − 2t1 cos ky − 4t3 cos kx cos ky,

εxy(k) = −4t4 sin kx sin ky. (3.4)

, t1 t2 (t3 t4) ( 2 ) .

, 2 .

H0 =
∑

k,σ,ν=±
ξν(k)γ

†
νσ(k)γνσ(k). (3.5)

,

ξ±(k) = ε+(k)±
√

ε2−(k) + ε2xy(k)− μ (3.6)

, γνσ(k) ν σ, k Bloch

. , drσ(k)
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0.0

0.5

1.0

3.11: Raghu 2 Fermi [32]. ( ) (

), .

Bloch γνσ(k) .

drσ(k) =
∑
ν=±

arν(k)γνσ(k) , (3.7)

ax+(k) = ay−(k) = sgn [εxy(k)]

√√√√1

2
+

ε−(k)

2
√

ε2−(k) + ε2xy(k)
, (3.8)

ay+(k) = −ax−(k) =
√√√√1

2
− ε−(k)

2
√

ε2−(k) + ε2xy(k)
. (3.9)

3.11 , 2 Fermi . (π, 0), (0, π) ,

. , , , Raghu

[32] : t1 = −1.0, t2/|t1| = 1.3, t3/|t1| = t4/|t1| = −0.85,
μ/|t1| = 1.45. 2 , BCS

H′ 2 BCS .

H = H0 +H′, (3.10)

H′ = −
∑

k,ν=±

[
Δνγ

†
ν↑(k)γ

†
ν↓(−k)+Δνγν↓(−k)γν↑(k)

]
. (3.11)

, Δν ν . , Δ+ = −Δ− (Δ+ = Δ−)

s+− (s++) . (3.10)
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, , Green ( , A ).

Gν(k, iωn) =
iωn + ξν(k)

(iωn)
2 − E2

ν(k)
,

Fν,σσ̄(k, iωn) = F †ν,σ̄σ(k, iωn)=
σΔν

(iωn)
2 − E2

ν(k)
. (3.12)

, ωn Matsubara , Eν(k) =
√

ξ2ν(k) + Δ2
ν , σ =↑, ↓= 1,−1

. , . ,

, .

Δν � Δ(0)
ν tanh

(
1.74

√
Tc

T
− 1

)
. (3.13)

3.2.2

, 2 BCS ,

.13 , .

, .

D(q, iωm) , Kubo ,

.

D(q, iωm) = −
∑
rt

∫ β

0
dτeiωmτ 〈Tτρr(q, τ)ρt(−q, 0)〉. (3.14)

, ωm Matsubara ,14 Tτ τ , r, t

, ρr(q, τ) .

ρr(q, τ) =
∑
kσ

d†rσ(k+ q, τ)drσ(k, τ). (3.15)

(3.7) (3.15) (3.14) .

D(q, iωm) = −
∑
kk′

∑
σσ′

∑
rt

∑
ν1,··· ,ν4

∫ β

0
dτ eiωmτ

× arν1(k+ q)arν2(k)a
t
ν3(k

′ − q)atν4(k
′)

× 〈Tτγ
†
ν1σ(k+ q, τ)γν2σ(k, τ)γ

†
ν3σ′(k

′ − q, 0)γν4σ′(k
′, 0)〉 . (3.16)

13 2.2 ,
.

14 iωm→ ω + iδ , Matsubara .
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, 15 . , 2 Green

1 Green . , (

B ).

D(q, iωm) =
1

β

∑
n

∑
kσ

∑
rt

∑
νν′

× arν(k+ q)arν′(k)a
t
ν′(k)a

t
ν(k+ q)

× [Gν′(k, iωn)Gν(k+ q, iωn − iωm)

− Fν′,σ̄σ(k, iωn)F†ν,σσ̄(k+ q, iωn + iωm)] . (3.17)

, Green (3.12) . ,

Matsubara ωn ,16 iωm→ ω + iδ .

, ( B ).

D(q, ω + iδ) =
∑
k

∑
rt

∑
νν′

arν(k+ q)arν′(k)a
t
ν′(k)a

t
ν(k+ q)

×
[
1− f (Eν′(k))− f (Eν(k+ q))

ω − Eν′(k)− Eν(k+ q) + iδ

1

2

{(
1 +

ξν′(k)

Eν′(k)

)(
1− ξν(k+ q)

Eν(k+ q)

)
+

Δν′Δν

Eν′(k)Eν(k+ q)

}

− 1− f (Eν′(k))− f (Eν(k+ q))

ω + Eν′(k) + Eν(k+ q) + iδ

1

2

{(
1− ξν′(k)

Eν′(k)

)(
1 +

ξν(k+ q)

Eν(k+ q)

)
+

Δν′Δν

Eν′(k)Eν(k+ q)

}

− f (Eν′(k))− f (Eν(k+ q))

ω − Eν′(k) + Eν(k+ q) + iδ

1

2

{(
1 +

ξν′(k)

Eν′(k)

)(
1 +

ξν(k+ q)

Eν(k+ q)

)
− Δν′Δν

Eν′(k)Eν(k+ q)

}

+
f (Eν′(k))− f (Eν(k+ q))

ω + Eν′(k)− Eν(k+ q) + iδ

1

2

{(
1− ξν′(k)

Eν′(k)

)(
1− ξν(k+ q)

Eν(k+ q)

)
− Δν′Δν

Eν′(k)Eν(k+ q)

}]
.

(3.18)

(3.18) 1 2 Cooper

, 3 4 . , 1/2 {· · · }
, 4 (3.18) .

, . ,

. Kubo ,

.

χ+−(q, iωm)=−
∑
rt

∫ β

0
dτeiωmτ 〈TτS

+
r (q, τ)S

−
t (−q, 0)〉. (3.19)

15 , .
. , ,

.
16Matsubara , Zagoskin [33] Fetter [34] .
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, r, t , S+
r (q, τ) S−r (−q, τ) .

S+
r (q, τ) =

(
S−r (−q, τ)

)†
=
∑
k

d†r↑(k+ q, τ)dr↓(k, τ). (3.20)

, .

χ+−(q, ω + iδ) =
1

2

∑
k

∑
rt

∑
νν′

arν(k+ q)arν′(k)a
t
ν′(k)a

t
ν(k+ q)

×
[
1− f (Eν′(k))− f (Eν(k+ q))

ω − Eν′(k)− Eν(k+ q) + iδ

1

2

{(
1 +

ξν′(k)

Eν′(k)

)(
1− ξν(k+ q)

Eν(k+ q)

)
− Δν′Δν

Eν′(k)Eν(k+ q)

}

− 1− f (Eν′(k))− f (Eν(k+ q))

ω + Eν′(k) + Eν(k+ q) + iδ

1

2

{(
1− ξν′(k)

Eν′(k)

)(
1 +

ξν(k+ q)

Eν(k+ q)

)
− Δν′Δν

Eν′(k)Eν(k+ q)

}

− f (Eν′(k))− f (Eν(k+ q))

ω − Eν′(k) + Eν(k+ q) + iδ

1

2

{(
1 +

ξν′(k)

Eν′(k)

)(
1 +

ξν(k+ q)

Eν(k+ q)

)
+

Δν′Δν

Eν′(k)Eν(k+ q)

}

+
f (Eν′(k))− f (Eν(k+ q))

ω + Eν′(k)− Eν(k+ q) + iδ

1

2

{(
1− ξν′(k)

Eν′(k)

)(
1− ξν(k+ q)

Eν(k+ q)

)
+

Δν′Δν

Eν′(k)Eν(k+ q)

}]
.

(3.21)

, . , 2

.

(i) ω ≈ |Δ(0)
ν |+ |Δ(0)

ν′ |, T �Tc .

(ii) ω�|Δ(0)
ν |+ |Δ(0)

ν′ |, 0≤T≤Tc .

, (i) , 1, 2

. T�Tc f (Eν′(k)) − f (Eν(k+ q)) ≈ 0 , 3, 4

. , Cooper

.

1

2

{(
1 +

ξν′(k)

Eν′(k)

)(
1− ξν(k+ q)

Eν(k+ q)

)
± Δν′Δν

Eν′(k)Eν(k+ q)

}
. (3.22)

(3.22) ( ) ( ) . s+− (Δν′Δν <

0) , q = Q ( ) Δν′Δν/Eν′Eν

. Korshunov [28] Maier [29,35] ,

. , Christianson

, s+−
1 [27].

, (ii) . ω�|Δ(0)
ν |+|Δ(0)

ν′ |
, , 1, 2 δ (ω − Eν′(k)− Eν(k+ q)) δ (ω + Eν′(k) + Eν(k+ q))
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0 , 3, 4 . , .

1

2

{(
1 +

ξν′(k)

Eν′(k)

)(
1 +

ξν(k+ q)

Eν(k+ q)

)
∓ Δν′Δν

Eν′(k)Eν(k+ q)

}
. (3.23)

(3.23) ( ) ( ) . , (ii)

Δν′Δν/Eν′Eν (i) . (ii) ,

. , s++

. ,

. , Tc . ,

, Tc

( ) . ,

“ ” . 2 ,

.

3.2.3

, . ,

.

3.12 . s+− , Tc

. , s++ , . s+− ,

ν ν ′ Q (

) . , ΔνΔν′

, (3.23) “−” .

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

2.0

3.12: Tc . .

|Δ(0)
+ |/|t1| = |Δ(0)

− |/|t1| = 0.05, Tc/|t1| = 0.03, ω0/|t1| = 0.001, Q = (π, 0), δ/|t1| = 0.0001.

s+− , s++ .
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0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

2.0

3.13: Tc .

. |Δ(0)
+ |/|t1| = |Δ(0)

− |/|t1| = 0.05, Tc/|t1| = 0.03, ω0/|t1| = 0.001, Q = (π, 0), δ/|t1| = 0.0001.

s+− , s++ .

, , .

s++ , ν ν ′

Q , ΔνΔν′ . ,

(3.23) “−” , . ,

s+− .

3.13 , . s+− , Tc

. , s++ Tc . s+−
, (3.23) “+”

. s++ , (3.23) “+”

.

, 2 . ,

. ,

. , 2 ,

( 3.1 ). “+”

3.1: (ii) .

. q = Q = (π, 0) .

( ) ( )

s+− 1
2

{(
1 +

ξν′ (k)
Eν′ (k)

)(
1 + ξν(k+Q)

Eν(k+Q)

)
+

|Δν′ ||Δν |
Eν′ (k)Eν(k+Q)

}
1
2

{(
1 +

ξν′ (k)
Eν′ (k)

)(
1 + ξν(k+Q)

Eν(k+Q)

)
− |Δν′ ||Δν |

Eν′ (k)Eν(k+Q)

}
s++

1
2

{(
1 +

ξν′ (k)
Eν′ (k)

)(
1 + ξν(k+Q)

Eν(k+Q)

)
− |Δν′ ||Δν |

Eν′ (k)Eν(k+Q)

}
1
2

{(
1 +

ξν′ (k)
Eν′ (k)

)(
1 + ξν(k+Q)

Eν(k+Q)

)
+

|Δν′ ||Δν |
Eν′ (k)Eν(k+Q)

}
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, “−” . ,

. ,

. , .

, (i) , (ii) , 2

. , 2 , Fermi 3d , 5

, Fermi

. , 2 5

. Nomura , 5 2

[17]. , 5 s+− , 2

p . Fermi

,

. , ,

,

. , 5 BCS , 2 BCS

.

3.2.4

, , .

, .

, .

, , .

SD(q, ω) = − 1

π

1

1− e−βω
ImD(q, ω + iδ), (3.24)

Sχ(q, ω) = − 1

π

1

1− e−βω
Imχ+−(q, ω + iδ). (3.25)

, SD(q, ω+ iδ) Sχ(q, ω+ iδ) , D(q, ω+ iδ)

χ+−(q, ω + iδ) .

( ) 3.14 ( 3.15) . ,

1/(1 − e−βω) ,

. , ,

. ,

.

, (s+− s++ )

, ,

. , X ,
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3.14: Tc . .

|Δ(0)
+ |/|t1| = |Δ(0)

− |/|t1| = 0.05, Tc/|t1| = 0.03, ω0/|t1| = 0.001, Q = (π, 0), δ/|t1| = 0.0001.

s+− , s++ .

0.0 0.2 0.4 0.6 0.8 1.0
0.0

0.5

1.0

1.5

2.0

3.15: Tc .

. |Δ(0)
+ |/|t1| = |Δ(0)

− |/|t1| = 0.05, Tc/|t1| = 0.03, ω0/|t1| = 0.001, Q = (π, 0), δ/|t1| = 0.0001.

s+− , s++ .
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.17 , ,

. , ,

, .

, , 2 .

(i) , .

(ii) , .

s+− ,

s++ .

.

,

, .

BCS ,

. ,

, , “ ” .

, “ ”

. , .

,

. , 2

. 2 3.16 . , s++

, s+−
.

,

. , s+− ,

. , , s++

, .

.

, 3 .

(i) , .

(ii) , .

(iii) .

(i) s+− , (ii)

s++ . , (iii)

17 [K. Masuda and S. Kurihara, J. Phys. Soc. Jpn. 79, 074710 (2010)] ,
. , ,

. , , X
.
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3.16: (a) s+− , (b) s++ .

nimp = 0.01, |Δ(0)
+ |/|t1| = |Δ(0)

− |/|t1| = 0.05, Tc/|t1| = 0.03, δ/|t1| = 0.0001 .

I , I/|t1| = 0, I/|t1| = 0.5,

I/|t1| = 4.5, I =∞ . , Brillouin

1024× 1024 Riemann .

s+− . ,

,

.
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4 s

, s . f

, f . ,

, .

4.1 , . ,

. 4.2 ,

. ,

, ,

s . ,

, s . , 4.3 ,

s . s

, Cooper

. s , 4.2 s

. 4.4 , (VCA)

, s .

4.1

, f , f (f )

. , , f

. f 1 2

.3 f 4f ,

f 5f . Ce ( )

U ( ) ,

“ ” “ ” .

f , .

2 .

1 57 La ( ) 71 Lu ( ) .
2 90 Th ( ) 103 Lr ( ) .
3 f , f , f

.
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o

6s

5d

4f

o

6s

5d

4f

(a) (b)

4.1: (a) Ce ( ) , ( ). (b)

Ce ( ) , ( ).

(1) f

(2) f

(1) f , f

. 4.1(a) Ce ( )

. l(l+1)/2mr2 (l , m , r

) . , 5d (l = 2) 6s (l = 0) , 4f

(l = 3) .

,4

. 4.1(a) , 4f

, .

4f , ,

, [ 4.1(b)]. , 4f

2 ,

Coulomb .5 , ,

, Anderson .

(2) , f 6 (

) “ ,” “ ” .

, . Hewson [37]

. , Anderson

4 Coulomb .
5 2 , f

2 Coulomb [36].
6 f s, p, d ,

.
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. .

HPAM =
∑
kσ

εkc
†
kσckσ + εf

∑
iσ

f †iσfiσ + V
∑
kσ

(f †kσckσ +H.c.) + U
∑
i

nf
i↑n

f
i↓. (4.1)

, c†kσ f †kσ , k, σ , (c ) f

, f †iσ σ i f . , εf ,

V , U , f 1 , c-f , f

Coulomb . , εk k (c ) 1

, 2 εk = −2t(cos kx + cos ky) .7 Anderson ,

f 1 c 2 .8 , f

, (1) f ( 2 ) , (2) f

Coulomb 9( ) . , 1

f (c ) ( 3 ).

, Green . Green

, , 2 Green .10 ,

A, B Green 〈〈A;B〉〉ω . Green

, Fourier , ω . ,

Green 〈〈A;B〉〉ω [38].

ω〈〈A;B〉〉ω = 〈{A,B}〉+ 〈〈[A,H];B〉〉ω . (4.2)

{A,B} A B , [A,H] A H .

, Green ω . , f Green

Gff
k ≡〈〈fkσ; f †kσ〉〉 . U

∑
i n

f
i↑n

f
i↓

, , HPAM Green Gff
k,0 .

,

Gff
k,0 =

1

ω − εf − V 2

ω−εk
(4.3)

( C ). , U
∑

i n
f
i↑n

f
i↓

Green Gff
k . ,

, Green , .

, f Green Σ(k, ω) ,

Σ(k, ω) Fermi Taylor . ,

7t .
8 , f Anderson .
9 , c , c-f Coulomb , f Coulomb

.
10Green [38] .
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f Green ( C ).

Gff
k ≈ zkF

1

ω − ε̃f,k − Ṽ 2

ω−εk
. (4.4)

, .

zkF
≡ 1

1− ∂Σ(kF,ω)
∂ω

∣∣∣
ω=εF

, (4.5)

ε̃f,k ≡ zkF

[
εf +Σ(kF, εF) +

∂Σ(k, εF)

∂k

∣∣∣∣
k=kF

· (k− kF)− ∂Σ(kF, ω)

∂ω

∣∣∣∣
ω=εF

· εF
]
, (4.6)

Ṽ 2 ≡ zkF
V 2. (4.7)

, kF, εF , Fermi Fermi . zkF

, ε̃f,k, Ṽ , f 1 c-f

. .

Green . , (4.4) = 0 ω

, . , 2

.

ω = ε̃±k ≡
1

2

[
(ε̃f,k + εk)±

√
(ε̃f,k − εk)2 + 4Ṽ 2

]
. (4.8)

4.2(a) . f ε̃f
11 c

εk , 2 Ṽ

(a) (b)

U=0

4.2: (a) ε̃±k . (b) U 0

.

11 (4.6) k . . [36]
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. , 1 , f Coulomb U , f

nf (nf = 1) , nf = 1− δ (δ )

. , Fermi εF f ε̃f , f

nf = 1 . , f nf = 1− δ ,

, Fermi εF f ε̃f . Fermi εF

, , ε̃−k .

, m∗ ,12

. f

.

f U . 4.2(b)

, f U 0 . U ,

V (V → Ṽ ) . Ṽ , 2

(ε̃−k ε̃+k ) . , Ṽ

, 2 , Fermi

. U 1

, , U Fermi kF
13

[36]. , Fermi , U

( , U ).

( ) , .

Fermi , (C = γT ). γ

,14 ,

. f , 4.1 γ [37].

γ 1 (mJ/K2mol) , f 100

1000 .

4.1: f γ

γ (mJ/K2mol) γ (mJ/K2mol)

CeAl3 ∼1620 UPt3 ∼420
CeCu2Si2 ∼1100 U2Zn17 ∼400
CeCu6 ∼1600 UBe13 ∼1100

12 ε̃−k = k2

2m∗ + const. , m∗

.
13 Luttinger (Landau-Luttinger ) , Fermi

.
14γ = m∗kF

3
. [39]
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4.2

1979 , Steglich , CeCu2Si2 [40]. 4.1

, CeCu2Si2 1000 . ,

( ) .

, , . 2010

30 [41], .

, , ( ) ,

. , .

, ,

. ,

(i) , p

(UGe2, URhGe ).

(ii) , d

(CeCu2Si2, CeRhIn5 ).

,15 , , (ii) .

4.3 . , ,

. , ,

.

(b)(a)

4.3: (ii) ( ) . (a) CeCu2(Si1−xGex)2 [42]

, SC , AFM . , (b) CeRhIn5 [43] ,

SC (a) , MO .

15 , , ( , s p ,
) , . [41] .
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(a) (b)

4.4: 1/T1 . (a) CeIrIn5 [54]

, (b) CeRhIn5 [55] .

, ,

[44, 45], [46, 47], [48], 3 [49–51] ,

. , , “

” d ,16

. d , 2.1 2.3(b) , Fermi

( ) . , 2.2

, . 2.2 ,

s , Hebel-Slichter ,

. , d

, Hebel-Slichter ,

[53].17 , , CeIrIn5

CeRhIn5 , ( 4.4 ). ,

, d .

, , s

. CeRu2 CeCo2

, 4.5 . 4.5(a), (b)

, 18 s , , (1) Hebel-Slichter

(2) . , s

16CeCu2Si2 , 4.3(a) , 2 .
, , . ,

, c-f ( ) [52].
17 Hebel-Slichter , 2.2 ,

(2.38) .
18Fermi .
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(a) (b)

4.5: 1/T1 . (a) CeRu2 [56]

, (b) CeCo2 [57] .

, BCS . , CeRu2

CeCo2 s ,

. ,

, Tc M Tc∝M−α .

, CeRu2 CeCo2 , , .

, s ,

. , 4.3 ,

f , s .
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4.3 s ( )

4.2 , CeRu2 CeCo2 , s

. , s BCS

. ,

. , s

. , f

, s .

4.3.1

“ s ”

. , , (c ) f

Cooper (c-f Cooper ) [ 4.6(a) ] . ,

Cooper . 4.6(b)19 ,

V , (c ) f .

V 2 , , ① c f , ② f c

. , f 1

, 2 E2 = V 2/(εk − εf − U) .

, V , εk εf + U E2 < 0 , c

c

f  

V

(a) (b)

c

f

2

f Coulomb

4.6: (a) c-f . (b) (c ) f

.

19 , , f Coulomb .
, Coulomb , ,

. , ,
. , Coulomb .
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f . , V

,20 c-f Cooper , s

.21 c-f Cooper c-f

, . , c-f

s , , c-f

.

, c-f . ,

4.1 Anderson .

, HPAM HPAM = H0 +HV . H0 HV

.

H0 = −t
∑
〈ij〉

∑
σ

(c†iσcjσ +H.c.) + εf
∑
iσ

nf
iσ + U

∑
i

nf
i↑n

f
i↓ − μ

∑
iσ

(nc
iσ + nf

iσ), (4.9)

HV = V
∑
iσ

(f †iσciσ +H.c.). (4.10)

, c†iσ(f
†
iσ) , i c (f ) , σ .

, nc
iσ = c†iσciσ, , nf

iσ = f †iσfiσ . , t, εf , U , μ, V , c

, f 1 , f Coulomb ,

, c-f . , 〈ij〉 ,

. ,

20c , , , , c
i f j , 2 ( Vij). , ,

Vij , Vii . ,
.

21BCS s , ,
. d , . ,

Fourier . , , 2 1 , i
σ ciσ . s

〈c†i↑c†i+η↓〉 = Φ δη,0

, η Fourier

∑
η

〈c†i↑c†i+η↓〉eik·η = Φ

, . , dx2−y2

〈c†i↑c†i+η↓〉 =
{

Φ/2 if η = ±(1, 0)
−Φ/2 if η = ±(0, 1)

. , +(1, 0), +(0, 1) , +x, +y ( a
1 ). η Fourier

∑
η

〈c†i↑c†i+η↓〉eik·η = Φ(cos kx − cos ky)

, , 2.1 .
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2 , .

, HPAM Schrieffer-Wolff H̄ = eSHPAMe−S

[58] . S , H̄ V 1 .

, S [S,H0] = −HV , .

S =
1√
N

∑
kiσ

[
V e−ik·Ri

εk − εf − U
nf
iσ̄c

†
kσfiσ +

V e−ik·Ri

εk − εf

(
1− nf

iσ̄

)
c†kσfiσ −H.c.

]
. (4.11)

, σ̄ σ , N . , εk

, 2 εk = −2t(cos kx + cos ky)

. , a = 1 .

|εf | εf + U f ρV 2 (ρ Fermi

) , H̄ V 2

. H̄ ≈H0 +H2≡ H̄eff , H2 .

H2 =
1

2
[S,HV ] = Hdir +Hex +Hch +Hph. (4.12)

, Hdir, Hex, Hch, Hph

Hdir =
1

N

∑
k′kiσ

(
Wk′k − 1

4
Jk′k(n

f
i↑+nf

i↓)
)
e−i(k

′−k)·Ric†k′σckσ, (4.13)

Hex =
1

2N

∑
k′ki

Jk′ke
−i(k′−k)·Ri

(
S+
i c
†
k′↓ck↑ + S−i c

†
k′↑ck↓ + Sz

i (c
†
k′↑ck↑−c†k′↓ck↓)

)
, (4.14)

Hch = − 1

N

∑
kijσ

(
Wkk − 1

4
Jkk(n

f
iσ̄ + nf

jσ̄)
)
e−ik·(Ri−Rj)f †jσfiσ, (4.15)

Hph =
1

4N

∑
k′kiσ

Jk′k′
(
e−i(k

′+k)·Ric†k′σ̄c
†
kσfiσfiσ̄ +H.c.

)
(4.16)

. , Si =
1
2

∑
σ′σ f

†
iσ′τσ′σfiσ f , τ = (τ1, τ2, τ3)

Pauli . , Jk′k, Wk′k .

Jk′k = −V 2

U
(Lk′ + Lk) , (4.17)

Wk′k =
V 2

2U
(Mk′ +Mk) . (4.18)

Lk Mk , Lk≡U2 (εk − εf )
−1 (εk − εf − U)−1, Mk≡U (εk − εf )

−1 .

H2 4 Hdir, Hex, Hch, Hph , c-f , c-f

, f , c-f .

c-f , 1, 2 Hdir Hex .

, H̄eff , c-f
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.

4.3.2

, 4.3.1 H̄eff c-f

. , c-f .

Δk≡ 1

N

∑
k′

Jk′kBk′ . (4.19)

, Bk′

Bk′ ≡〈f †k′+q↑c
†
−k′↓ − f †−k′+q↓c

†
k′↑〉 (4.20)

, q c-f Cooper . , H̄eff Hdir, Hex

. , , 2

c-f .

c f .

, . , Liu Wilczek [59] ,

. ,

, . ,

, s , 2

. 1 Fulde-Ferrell (FF ) ,

Cooper . 1 breached-pairing

(BP ) , Cooper 0 ,

Bogoliubov ( ) . “breached-pairing” ,

(breach )

. , 2 , c-f

. (4.20) Cooper q FF

. , Δk ,

.
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, , Hartree .

nc

2
≡ 〈nc

iσ〉 =
1

N

∑
k

〈c†kσckσ〉, σ =↑, ↓, (4.21)

nf

2
≡ 〈nf

iσ〉 =
1

N

∑
k

〈f †kσfkσ〉, σ =↑, ↓, (4.22)

φc ≡ 1

N

∑
k

Jkk〈c†kσckσ〉, σ =↑, ↓, (4.23)

φf ≡ 1

N

∑
k

Jkk〈f †kσfkσ〉, σ =↑, ↓ . (4.24)

, n≡nc+nf . H0 Hubbard , ,

H2 , H̄MF

( D ).

H̄MF =
∑
kσ

ξ̄kc
†
kσckσ +

∑
kσ

ε̄fkf
†
kσfkσ

+
1

2

∑
k

Δk

(
ck↑f−k+q↓ − f †k+q↑c

†
−k↓ +H.c.

)

−1

4
NUn2

f +
1

2

∑
k

ΔkBk +
1

2
Nnfφ. (4.25)

,

ξ̄k ≡ εk − μ+Wkk − nfJkk/4, (4.26)

ε̄fk ≡ εf − μ+ Unf/2− φ/2−Wkk + nfJkk/4, (4.27)

φ ≡ φc − φf (4.28)

. (4.27) f 1 ε̄fk k

. , c f f .

, (4.25) , Ω .

Ω =
∑
k

[
ξ̄k + ε̄fk −

1

4
Un2

f +
1

2
ΔkBk +

1

2
nfφ

]
− 2

β

∑
k,α=±

ln

(
2 cosh

βEαk
2

)
. (4.29)

,

Ek =
√

(ξ̄k + ε̄fk+q)
2 +Δ2

k , (4.30)

E±k =
1

2

(
−ξ̄k + ε̄fk+q±Ek

)
(4.31)

, β (β = 1/T ). Bogolibov (ω+
k ), , Bogoliubov
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(ω−k ) , E±k ω+
k = max

(|E+k |, |E−k |) ω−k = min
(|E+k |, |E−k |) .

∂Ω
∂Bk

= 0, n = − 1
N

∂Ω
∂μ ,

∂Ω
∂φ = 0, ∂Ω

∂nf
= 0 , Δk, μ, nf , φ

.22

Δk = − 1

N

∑
k′

Jk′kΔk′
f(E+k′)−f(E−k′)

Ek′
, (4.32)

n = 2 +
2

N

∑
k′

(
ξ̄k′ + ε̄fk′+q

) f(E+k′)−f(E−k′)
Ek′

, (4.33)

nf =
1

N

∑
k′

[(
1 +

ξ̄k′ + ε̄fk′+q

Ek′

)
f(E+k′) +

(
1− ξ̄k′ + ε̄fk′+q

Ek′

)
f(E−k′)

]
, (4.34)

φ =
1

N

∑
k′

Jk′ − 1

2N

∑
k′

[(
Jk′+q + Jk′

) (
f(E+k′)+f(E−k′)

)

+

(
Jk′+q−Jk′

)(
ξ̄k′ + ε̄fk′+q

)
Ek′

×(f(E+k′)−f(E−k′)
)]
. (4.35)

, Jk = Jkk . , f(E) = 1/(eβE +1) Fermi . ,

(4.17) , Δk Δk = Δ0 + Δ1Lk . (4.32)

, (4.32) Δ0 Δ1 .

Δ0 =
V 2

UN

∑
k′

Lk′(Δ0 +Δ1Lk′)
f(E+k′)−f(E−k′)

Ek′
, (4.36)

Δ1 =
V 2

UN

∑
k′

(Δ0 +Δ1Lk′)
f(E+k′)−f(E−k′)

Ek′
. (4.37)

n , (4.33)-(4.37) , Δ0, Δ1, μ, nf , φ .

, F = Ω+ μnN q ,

q ( F ). , q q = (q/
√

2, q/
√

2)

, Coulomb U U/t = 12 . ,

.

4.3.3

, Hanzawa Yosida [60]

. , Anderson , Coulomb

. , Hilbert f 2

. , c-f ,

. , , c-f

22Green . E .
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4.7: n = 2.2, T/t = 0.005 (|εf |/t, V/t) . , s , FF

, BP , (normal) ( 2 ) . , FF

Bogoliubov ω−k Δ̃ 0 . , 2 ,

|εf |/t = 5.5 |εf |/t = 5.8 .

0.8 1.0 1.2 1.4 1.6 1.8 2.0
0.0

0.2

0.4

0.6

0.8

1.0

1.2 FFBPnormal fully gapped

s-wave

4.8: n = 2.2, T/t = 0.005 |Δ0|/t, |Δ1|/t, q, Δ̃/t V/t .

2 . FF Bogoliubov ω−k Δ̃

.

, Hartree . ,

(FF ) . , Coulomb

, 2 Hilbert .

, , , Hanzawa Yosida

s , 2 c-f .

4.7 , n = 2.2 |εf |-V . , s , FF , BP ,

4 . |εf |/t = 5.8 ,

. , 4.8 , |εf |/t = 5.8
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4.9: (a) 1Brillouin |Δk|. (b) n = 2.2, T/t = 0.005,

|εf |/t = 5.8, V/t = 1.8 ( s ) Bogoliubov ω−k .

0.0
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0.2
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0.4
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4.10: (a) V/t = 1.3 (FF ), (b) V/t = 1 (BP ) Bogoliubov ω−k
. , n = 2.2, T/t = 0.005, |εf |/t = 5.8.

Δ0, Δ1, q V/t .23 , Bogoliubov

Δ̃≡mink
(
ω−k

)
. , V ,

s . s , 4.9(a)

Δk s , , 4.9(b)

Bogoliubov ω−k Brillouin

. , V , FF . FF ,

q , Bogoliubov ω−k Brillouin

[ 4.10(a) ]. , FF , Δ̃ = 0,

, Bogoliubov ( 4.8 ). ,

FF , 4.8 , 1.508�V/t� 1.524

23 4.7 Δ0 Δ1 , |Δ0| |Δ1|
.
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4.11: n = 2.2 T -V . (a) |εf |/t = 5.5 , (b) |εf |/t = 5.8 .

, s , FF , BP ( 2 ) . ,

FF Bogoliubov ω−k Δ̃ 0 .

. , V , BP . ,

, Cooper 0 ( Bogoliubov Brillouin

) , Bogoliubov 0

[ 4.10(b) ]. V , ,

. c-f Jk′k [ (4.17) ] , V 2

. , V .

|εf |-V ,

. , n = 2 + δ n = 2 − δ , |εf | = U/2 = 6 t

. , U/t = 12, n = 1.8 |εf |-V ,

4.7 |εf | = U/2 = 6 t . , ,

Anderson . ,

24 .

, 3 c-f ,

. 4.11(a), (b) , , ( 4.7) |εf |/t = 5.5,

|εf |/t = 5.8 T -V . , s FF BP

. , FF ,

. FF

[61, 62] . BP , 4.11(a),

(b) . , , s

.

, c f c-f Cooper , s

. , c-f Cooper

24 2 , , .
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4.12: Anderson (PDOS) . ρc c

, ρf f .

. , 4.1 , c-f Cooper

. , , f Coulomb

U , .

, Anderson HPAM [ (4.1) ] . , Coulomb U

V 25 , f c , ,

f .26 f (PDOS) , εf

εf +U . , Coulomb U ,

. , 4.1 , U

. , f PDOS Fermi ε̃f , ε̃f f c

Ṽ .

, Coulomb

. , f PDOS , εf εf + U Hubbard

Hubbard , ε̃f

f ( 4.12 ).27 , f

f c c-f Cooper . ,

c f Cooper .

, f Coulomb U

. , Hubbard Hubbard

. f , “ ” , Hartree ε̃f = εf+Unf/2

. 4.13(a), (b) , s c , f

25 .
26 (4.1) V .
27 Hubbard , f [63–67]

.
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4.13: s (a) c , (b) f (PDOS).

n = 2.2, T/t = 0.005, |εf |/t = 5.8, V/t = 1.8 . Fermi

.

PDOS .28 , f Fermi ,

PDOS Fermi . PDOS

.

Anderson , Kondo [68–70]

. Coulomb U ,

[71–73]. ,

, Anderson Mutou [74]

. , Mutou , c-f .

Anderson c-f

. -

, .

, ,

. ,

, .

28PDOS c , f Green (
). PDOS Green , E

.
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4.4 s ( )

4.3 , , s

. , , Fermi

f . , ,

. 1 , H̄MF [ (4.25)] , c

f 29 . Anderson

, f 1 ,30

. , 2 , 1 , V

(V U Ṽ )

. , 4.1 ,

, . , 3 , ,

Hubbard .

, [75, 76] Anderson

, s .

4.4.1 (VCA)

(VCA) [75, 76] , Potthoff

(SFT) [77] . , SFT , VCA .

H = H0(t) +H1(U) . , H0(t)

t 1 , H1(U) Coulomb U .31

, Σ

[77].

Ωt,U [Σ] = Tr ln [−(G−1
0,t −Σ)−1] + FU[Σ]. (4.38)

, G0,t = (ω+μ−t)−1 Green . , Tr ≡ β−1
∑

ωn
eiωn0+tr ,

β = 1/T , Matsubara ωn = (2n+1)πT , tr “

” . , FU[Σ] , Luttinger-Ward ΦU[G]32

Legendre . FU[Σ] G = −βδFU[Σ]/δΣ

, δΩt,U [Σ] /δΣ = 0 , Green Dyson G−1 = G−1
0,t −Σ

. , FU[Σ] , Σ , t

29V
∑

kσ(f
†
kσckσ +H.c.) .

30 (4.27) , f ε̄fk k , . ,
, .

31 t Coulomb U ( ) ,
. , , t = (t1, t2, · · ·, tn) U = (U1, U2, · · ·, Un) (

) .
32G , Green .
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. , H ′ = H0(t
′) +H1(U)

Ωt′,U[Σ] .

Ωt′,U[Σ] = Tr ln [−(G−1
0,t′ −Σ)−1] + FU[Σ]. (4.39)

, . ,

U . , VCA ,

( ) .

, , t’ .

. SFT , , ,

. , (4.39) FU[Σ] , (4.38)

, FU[Σ] .

Ωt,U[Σ] = Ωt′,U [Σ]− Tr ln [−(G−1
0,t′ −Σ)−1] + Tr ln [−(G−1

0,t −Σ)−1]. (4.40)

, Σ Σt′,U

.

. , .

Ωt,U[Σt′,U] = Ω′ − Tr ln [−G′
t′,U] + Tr ln [−(G−1

0,t −Σt′,U)−1]. (4.41)

, Ω′≡Ωt′,U
[
Σt′,U

]
, , G′

t′,U≡ (G−1
0,t′−Σt′,U)−1 . δΩt,U[Σt′,U]/δt′ =

0 t’ , Green G = (G−1
0,t −

Σt′,U)−1 . SFT .

, SFT VCA Anderson .

.

HPAM = −t
∑
〈ij〉

∑
σ

(c†iσcjσ +H.c.) + εf
∑
iσ

nf
iσ + V

∑
iσ

(f †iσciσ +H.c.)

+U
∑
i

nf
i↑n

f
i↓ − μ

∑
iσ

(nc
iσ + nf

iσ). (4.42)

, (4.9), (4.10) .

, 2 .

, VCA

. H ′
Γ .

H ′
Γ = H ′

PAM1 +H ′
PAM2 +H ′

cf +H ′
ff +H ′

cc +H ′
AF, . (4.43)
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,

H ′
PAM1 = −t′

∑
〈ij〉∈Γ,σ

(c†iσcjσ +H.c.) + ε′f
∑
i∈Γ,σ

nf
iσ

−V ′
∑
i∈Γ,σ

(f †iσciσ +H.c.)− μ′
∑
i∈Γ,σ

(nc
iσ + nf

iσ), (4.44)

H ′
PAM2 = U

∑
i∈Γ

nf
i↑n

f
i↓, (4.45)

H ′
cf = h′cf

∑
i∈Γ

(ci↑fi↓ − ci↓fi↑ +H.c.), (4.46)

H ′
ff = h′ff

∑
i∈Γ

(fi↑fi↓ +H.c.), (4.47)

H ′
cc = h′cc

∑
i∈Γ

(ci↑ci↓ +H.c.), (4.48)

H ′
AF = h′AF

∑
i∈Γ

eiQ·ri(nf
i↑ − nf

i↓) (4.49)

, Γ 1 , Q (π, π) .

, Anderson , , (4.46)-(4.49) .

Weiss , VCA ,

. s , c-f

s Weiss H ′
cf , f -f s Weiss

H ′
ff , c-c s Weiss H ′

cc . ,

, f Weiss H ′
AF

. SFT , H0(t
′) = H ′

PAM1 +H ′
cf +H ′

ff +H ′
cc +H ′

AF,

H1(U) = H ′
PAM2 , , t′ = (t′, ε′f , V

′, μ′, h′cf , h
′
ff , h

′
cc, h

′
AF) . SFT

, t′ , 1 .

H ′
Γ (4.41) . ,

, Nambu .

Ψ=(c1↑,· · ·, cL↑, f1↑,· · ·, fL↑, c†1↓,· · ·, c†L↓, f †1↓,· · ·, f †L↓)T. (4.50)

, T , L 1 .

, Green G′
t′,U G′

t′,U = 〈〈Ψ;Ψ†〉〉ω
.33 , . , (4.41)

2 .

Tr ln [−G′
t′,U] =

∑
m

ω′mΘ(−ω′m)−R [Σt′,U]. (4.51)

33Green 〈〈A;B〉〉ω , 2 Green .
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, ω′m Green G′
t′,U , R [Σt′,U] Σt′,U .

, Θ(x) Heaviside . 1
∑

m ω′mΘ(−ω′m) ,

.

∑
m

ω′mΘ(−ω′m) =
∑
m

(E0 − Em). (4.52)

, E0 Em , H ′
Γ m

. (4.51) , (4.41) 3 .

Tr ln [−(G−1
0,t −Σt′,U)−1] =

L

N

∑
k̃

∑
m

ωm(k̃)Θ(−ωm(k̃))−R [Σt′,U]. (4.53)

, N , ωm(k̃) VCA Green GVCA(k̃, ω)≡ (G−1
0,t −Σt′,U)−1

.34 k̃ Fourier

. , (4.51)-(4.53) ,

.

Ω = E0 −
∑
m

(E0 − Em) +
L

N

∑
k̃

∑
m

ωm(k̃)Θ(−ωm(k̃))− 2L(μ− μ′) + L(εf − ε′f ). (4.54)

, 2 , −2L(μ−μ′) L(εf−ε′f ) , Nambu

. ,

Ω . (4.53) ,

. n , ∂Ω
∂α = 0 (α = t′, ε′f , V

′, μ′, h′cf , h
′
ff , h

′
cc, h

′
AF)

n = 1
N

∑
iσ〈nf

iσ+nc
iσ〉 ,35 t′ = (t′, ε′f , V

′, μ′, h′cf , h
′
ff , h

′
cc, h

′
AF)

μ . , VCA Green

GVCA(k̃, ω) = (G−1
0,t −Σt′,U)−1 , .

Δcf = − 1

2N

∑
i

〈f †i↑c†i↓ − f †i↓c
†
i↑〉, (4.55)

Δff =
1

N

∑
i

〈f †i↑f †i↓〉, (4.56)

Δcc =
1

N

∑
i

〈c†i↑c†i↓〉, (4.57)

mf =
1

2N

∑
i

eiQ·ri〈nf
i↑ − nf

i↓〉. (4.58)

34VCA Green ωm(k̃) G .
35Newton , 9 .

, ( ) t′, ε′f , V
′, μ′, h′cf , h

′
ff , h

′
cc, h

′
AF, μ VCA Green

GVCA(k̃, ω) .
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, 2 36 .

, (4.54) 1
N

∑
k̃

∫ π/2
−π/2 dk̃x

∫ π
−π dk̃y .

, , t′, ε′f , V
′ (t′ = t, ε′f = εf ,

V ′ = V ).37

4.4.2

4.14 n . n (n = 2) , f

mf s (Δff , Δcf , Δcc) . ,

, s .

. , , d , s

. ,

, c-f (Δcf )

. , n , f

mf , nc∼ 2.07 0 . , n

, ( ) s .

, s . 4.14 ,

n , s Δff > Δcf > Δcc > 0 . ,

VCA , Δcf �Δff ,Δcc Δff ∼Δcc∼ 0 .

, c-f , f -f Coulomb U , c-c

. , VCA Δff > Δcf > Δcc > 0

. , c-f , c-f Cooper
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4.14: mf , Δff , Δcf , Δcc n . U/t = 2.3, V/t = 1 . n = 2.05
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37 , 9 6 .
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. , c-f Δcf .

. c-f , c f

1 . , , c-f

. , Anderson

. ,

, c-f , f -f c-c

(c-f )

. , f -f (Δff ) c-c (Δcc)

. , Green ,

, c-f , f -f , c-c Green , Dyson

. , 3 (Δcf , Δff ,

Δcc) . , ,

[ 4.2(a)] . , Fermi

. , Fermi , f

, c [36]. ,

, f .

, Δff > Δcf > Δcc . , Coulomb U , f

Cooper . , f Δff

U [ 4.15(b) ], , 3

, f c-f

.

n (n = 2.05) . 4.15(a)

V/t . V/t s , V/t

, s 2 . ,
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4.15: (a) n = 2.05, U/t = 2.6 mf , Δff , Δcf , Δcc V/t . (b) n = 2.05,

V/t = 1.08 mf , Δff , Δcf , Δcc U/t .
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4.16: n = 2.05 U -V . s

. s ( 2 ).

, U/t = 2.6 V/t = 1.08 .

V/t , Δff > Δcf > Δcc . , 4.15(b)

U/t . U/t s 2

. , , Δff > Δcf > Δcc .

4.16 . , U/V s

, U/V s .
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, ,

. ,

. ,

.

, 2 , , BCS .

BCS 1 ,

. BCS ,

, . BCS ,

. ,

.

( ) .

3 , .

2 (s+− s++ )

, . ,

, . , 2

.

, s+− s++

. , s+− s++

, . ,

, X

, .

4 , s .

, s .

, f Coulomb , Cooper

d . s

, .

, ,

(c ) f Cooper (c-f ) .
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2 , c-f , f

. , Anderson

Schrieffer-Wolff , . ,

s . s

, , “ ” “ ”

. , s s

. , ,

, . , Anderson

(VCA) , s .

, c-f c-f s Cooper ,

, f -f s Cooper c-c s Cooper

.

, . ,

, , . ,

s d . ,

d s . 2 1

. , s d

. , Coulomb

s , Coulomb d

. , ,

. ,

,

.
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A

2 BCS Green (3.12)

(3.10) 2 BCS

H =
∑

k,σ,ν=±
ξν(k)γ

†
νσ(k)γνσ(k)−

∑
k,ν=±

[
Δνγ

†
ν↑(k)γ

†
ν↓(−k)+Δνγν↓(−k)γν↑(k)

]

, , Green . Green

Gν (k,−τ) = −〈Tτγνσ (k, 0) γ
†
νσ (k, τ)〉 (A.1)

= −〈θ (−τ) γνσ (k, 0) γ†νσ (k, τ)− θ (τ) γ†νσ (k, τ) γνσ (k, 0)〉 (A.2)

. τ . Green

∂

∂τ
Gν (k,−τ) = −〈−δ (τ) γνσ (k, 0) γ†νσ (k, 0) + θ (−τ) γνσ (k, 0) ∂γ

†
νσ (k, τ)

∂τ

−δ (τ) γ†νσ (k, 0) γνσ (k, 0) − θ (τ)
∂γ†νσ (k, 0)

∂τ
γνσ (k, 0)〉

= δ (τ)− 〈Tτγνσ (k, 0)
∂γ†νσ (k, τ)

∂τ
〉 (A.3)

, Heisenberg Green

∂

∂τ
Gν (k,−τ) = δ (τ) + 〈Tτγνσ (k, 0) [γ

†
νσ (k, τ) ,H] 〉 (A.4)

. (A.4) , σ =↑, ↓= 1,−1

[γ†νσ (k, τ) ,H] = −ξν (k) γ†νσ (k) + σΔνγνσ̄ (−k) (A.5)

, (A.4)

∂

∂τ
Gν (k,−τ) = δ(τ) + ξν(k)Gν(k,−τ) + σΔνFν,σσ̄(−k,−τ) (A.6)
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. , Fν,σσ̄(−k,−τ)

Fν,σσ̄(−k,−τ) = 〈Tτγνσ(k, 0)γνσ̄(−k, τ)〉 (A.7)

. Fν,σσ̄(−k,−τ) , (A.6) ,

∂

∂τ
Fν,σσ̄(−k,−τ) = −ξν(k)Fν,σσ̄(−k,−τ) + σΔνGν (k,−τ) (A.8)

. Green Green Fourier

Gν (k,−τ) =
1

β

∑
n

eiωnτGν(k, iωn), (A.9)

Fν,σσ̄(−k,−τ) =
1

β

∑
n

eiωnτFν,σσ̄(−k, iωn) (A.10)

, Matsubara Green .

iωn Gν(k, iωn) = 1 + ξν(k) Gν(k, iωn) + σΔν Fν,σσ̄(−k, iωn), (A.11)

iωn Fν,σσ̄(−k, iωn) = σΔν Gν(k, iωn)− ξν(k) Fν,σσ̄(−k, iωn). (A.12)

, Green .

Gν(k, iωn) =
iωn + ξν(k)

(iωn)2 − E2
ν(k)

, (A.13)

Fν,σσ̄(−k, iωn) =
σΔν

(iωn)2 − E2
ν(k)

. (A.14)

, Eν(k) =
√

ξ2ν(k) + Δ2
ν . , , F†ν,σ̄σ(k, iωn)

.
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B

(3.17), (3.18)

(3.16) (3.17), (3.18) . , (3.16)

.

〈Tτγ
†
ν1σ(k+ q, τ)γν2σ(k, τ)γ

†
ν3σ′(k

′ − q, 0)γν4σ′(k
′, 0)〉

≈ − 〈Tτγν2σ(k, τ)γ
†
ν3σ′(k

′ − q, 0)〉〈Tτγν4σ′(k
′, 0)γ†ν1σ(k+ q, τ)〉

+ 〈Tτγ
†
ν1σ(k+ q, τ)γ†ν3σ′(k

′ − q, 0)〉〈Tτγν4σ′(k
′, 0)γν2σ(k, τ)〉

= − δk′,k+q δν2,ν3 δν1,ν4 δσ′,σ〈Tτγν2σ(k, τ)γ
†
ν2σ(k, 0)〉〈Tτγν1σ(k+ q, 0)γ†ν1σ(k+ q, τ)〉

+ δk′,−k δν1,ν3 δν2,ν4 δσ′,σ̄〈Tτγ
†
ν1σ(k+ q, τ)γ†ν1σ̄(−k− q, 0)〉〈Tτγν2σ̄(−k, 0)γν2σ(k, τ)〉.

(B.1)

(B.1) (3.16) .

D(q, iωm) =
∑
rt

∑
k

∑
σ

∑
ν1ν2

∫ β

0
dτ eiωmτ

×
[
arν1(k+ q)arν2(k)a

t
ν2(k)a

t
ν1(k+ q)〈Tτγν2σ(k, τ)γ

†
ν2σ(k, 0)〉〈Tτγν1σ(k+ q, 0)γ†ν1σ(k+ q, τ)〉

−arν1(k+ q)arν2(k)a
t
ν1(−k− q)atν2(−k)〈Tτγ

†
ν1σ(k+ q, τ)γ†ν1σ̄(−k− q, 0)〉〈Tτγν2σ̄(−k, 0)γν2σ(k, τ)〉

]
=
∑
rt

∑
kσ

∑
νν′

∫ β

0
dτ eiωmτ arν(k+ q) arν′(k) a

t
ν′(k) a

t
ν(k+ q)

×
[
〈Tτγν′σ(k, τ)γ

†
ν′σ(k, 0)〉 〈Tτγνσ(k+ q, 0)γ†νσ(k+ q, τ)〉

−〈Tτγ
†
νσ(k+ q, τ)γ†νσ̄(−k− q, 0)〉 〈Tτγν′σ̄(−k, 0)γν′σ(k, τ)〉

]
. (B.2)

, 2 , atν1(−k− q) = atν1(k+ q) atν2(−k) = atν2(k) . ,

Green (A.1) , (B.2) 1 .

〈Tτγν′σ(k, τ)γ
†
ν′σ(k, 0)〉 〈Tτγνσ(k+ q, 0)γ†νσ(k+ q, τ)〉

= Gν′(k, τ) · Gν(k+ q,−τ)
=

1

β

∑
n

e−iωnτ Gν′(k, iωn) · 1

β

∑
n′

eiωn′τ Gν(k+ q, iωn′). (B.3)
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, τ .

∫ β

0
dτ eiωmτ 〈Tτγν′σ(k, τ)γ

†
ν′σ(k, 0)〉 〈Tτγνσ(k+ q, 0)γ†νσ(k+ q, τ)〉

=
1

β

∑
nn′

Gν′(k, iωn)Gν(k+ q, iωn′) · 1

β

∫ β

0
dτ ei(ωm−ωn+ωn′ ) τ

=
1

β

∑
n

Gν′(k, iωn)Gν(k+ q, iωn − iωm). (B.4)

(B.2) 2 . , Green (??)

,

−〈Tτγ
†
νσ(k+ q, τ)γ†νσ̄(−k− q, 0)〉 〈Tτγν′σ̄(−k, 0)γν′σ(k, τ)〉

= −F†ν,σσ̄(k+ q, τ) · Fν′,σ̄σ(k,−τ)
= − 1

β

∑
n

e−iωnτ F†ν,σσ̄(k+ q, iωn) · 1

β

∑
n′

eiωn′τ Fν′,σ̄σ(k, iωn′) (B.5)

, τ , .

−
∫ β

0
dτ eiωmτ 〈Tτγ

†
νσ(k+ q, τ)γ†νσ̄(−k− q, 0)〉 〈Tτγν′σ̄(−k, 0)γν′σ(k, τ)〉

= − 1

β

∑
nn′

F†ν,σσ̄(k+ q, iωn)Fν′,σ̄σ(k, iωn′) · 1

β

∫ β

0
dτ ei(ωm−ωn+ωn′ ) τ

= − 1

β

∑
n

Fν′,σ̄σ(k, iωn)F†ν,σσ̄(k+ q, iωn + iωm). (B.6)

(B.5), (B.6) (B.2) , [ 3 (3.17)] .

D(q, iωm) =
1

β

∑
n

∑
kσ

∑
rt

∑
νν′

× arν(k+ q)arν′(k)a
t
ν′(k)a

t
ν(k+ q)

× [Gν′(k, iωn)Gν(k+ q, iωn − iωm)

− Fν′,σ̄σ(k, iωn)F†ν,σσ̄(k+ q, iωn + iωm)] . (B.7)

(B.7) Matsubara .

Zagoskin [33] Fetter &Walecka [34] .

Zagoskin [33] . , (B.7) 1 (
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Green ) Matsubara . .

1

β

∑
n

Gν′(k, iωn)Gν(k+ q, iωn − iωm)

=
1

β

∑
n

iωn + ξν′(k)

(iωn)2 − E2
ν′(k)

· (iωn − iωm) + ξν(k+ q)

(iωn − iωm)2 − E2
ν(k+ q)

= −1

2

∑
s

tanh
βzs
2

Res
z=zs

[
z + ξν′(k)

z2 − E2
ν′(k)

· (z − iωm) + ξν(k+ q)

(z − iωm)2 − E2
ν(k+ q)

]

= −1

2

[
tanh

βEν′(k)

2
· Eν′(k) + ξν′(k)

2Eν′(k)
· −iωm + Eν′(k) + ξν(k+ q)

(iωm − Eν′(k))
2 − E2

ν(k+ q)

− tanh
βEν′(k)

2
· −Eν′(k) + ξν′(k)

−2Eν′(k)
· −iωm − Eν′(k) + ξν(k+ q)

(iωm + Eν′(k))
2 − E2

ν(k+ q)

+ tanh
βEν(k+ q)

2
· iωm + Eν(k+ q) + ξν′(k)

(iωm + Eν(k+ q))2 − E2
ν′(k)

· Eν(k+ q) + ξν(k+ q)

2Eν(k+ q)

− tanh
βEν(k+ q)

2
· iωm − Eν(k+ q) + ξν′(k)

(iωm − Eν(k+ q))2 − E2
ν′(k)

· −Eν(k+ q) + ξν(k+ q)

−2Eν(k+ q)

]

= −1

2

[
tanh

βEν′(k)

2
· Eν′(k) + ξν′(k)

2Eν′(k)

×
{
−1

2

(
1

iωm − Eν′(k)− Eν(k+ q)
+

1

iωm − Eν′(k) + Eν(k+ q)

)

+
ξν(k+ q)

2Eν(k+ q)

(
1

iωm − Eν′(k)− Eν(k+ q)
− 1

iωm − Eν′(k) + Eν(k+ q)

)}

− tanh
βEν′(k)

2
· Eν′(k)− ξν′(k)

2Eν′(k)

×
{
−1

2

(
1

iωm + Eν′(k)− Eν(k+ q)
+

1

iωm + Eν′(k) + Eν(k+ q)

)

+
ξν(k+ q)

2Eν(k+ q)

(
1

iωm + Eν′(k)− Eν(k+ q)
− 1

iωm + Eν′(k) + Eν(k+ q)

)}

+tanh
βEν(k+ q)

2
· Eν(k+ q) + ξν(k+ q)

2Eν(k+ q)

×
{

1

2

(
1

iωm + Eν(k+ q)− Eν′(k)
+

1

iωm + Eν(k+ q) + Eν′(k)

)

+
ξν′(k)

2Eν′(k)

(
1

iωm + Eν(k+ q)− Eν′(k)
− 1

iωm + Eν(k+ q) + Eν′(k)

)}

− tanh
βEν(k+ q)

2
· Eν(k+ q)− ξν(k+ q)

2Eν(k+ q)

×
{

1

2

(
1

iωm − Eν(k+ q)− Eν′(k)
+

1

iωm − Eν(k+ q) + Eν′(k)

)

+
ξν′(k)

2Eν′(k)

(
1

iωm − Eν(k+ q)− Eν′(k)
− 1

iωm − Eν(k+ q) + Eν′(k)

)} ]
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=
1

4

[
1

iωm − Eν′(k)− Eν(k+ q)

1

2

(
1 +

ξν′(k)

Eν′(k)

)(
1− ξν(k+ q)

Eν(k+ q)

)(
tanh

βEν′(k)

2
+ tanh

βEν(k+ q)

2

)

− 1

iωm + Eν′(k) + Eν(k+ q)

1

2

(
1− ξν′(k)

Eν′(k)

)(
1 +

ξν(k+ q)

Eν(k+ q)

)(
tanh

βEν′(k)

2
+ tanh

βEν(k+ q)

2

)

+
1

iωm − Eν′(k) + Eν(k+ q)

1

2

(
1 +

ξν′(k)

Eν′(k)

)(
1 +

ξν(k+ q)

Eν(k+ q)

)(
tanh

βEν′(k)

2
− tanh

βEν(k+ q)

2

)

− 1

iωm + Eν′(k)− Eν(k+ q)

1

2

(
1− ξν′(k)

Eν′(k)

)(
1− ξν(k+ q)

Eν(k+ q)

)(
tanh

βEν′(k)

2
− tanh

βEν(k+ q)

2

)]

=
1

2

[
1− f(Eν′(k))− f(Eν(k+ q))

iωm − Eν′(k)− Eν(k+ q)

1

2

(
1 +

ξν′(k)

Eν′(k)

)(
1− ξν(k+ q)

Eν(k+ q)

)

− 1− f(Eν′(k))− f(Eν(k+ q))

iωm + Eν′(k) + Eν(k+ q)

1

2

(
1− ξν′(k)

Eν′(k)

)(
1 +

ξν(k+ q)

Eν(k+ q)

)

− f(Eν′(k))− f(Eν(k+ q))

iωm − Eν′(k) + Eν(k+ q)

1

2

(
1 +

ξν′(k)

Eν′(k)

)(
1 +

ξν(k+ q)

Eν(k+ q)

)

+
f(Eν′(k))− f(Eν(k+ q))

iωm + Eν′(k)− Eν(k+ q)

1

2

(
1− ξν′(k)

Eν′(k)

)(
1− ξν(k+ q)

Eν(k+ q)

) ]
. (B.8)

, 2 . , ,

tanh βE
2 = 1− 2f(E) . , (B.7) 2 ( Green )

, Matsubara . .

1

β

∑
n

Fν′,σ̄σ(k, iωn)F†ν,σσ̄(k+ q, iωn + iωm)

=
1

β

∑
n

σ̄Δν′

(iωn)2 − E2
ν′(k)

· σ̄Δν

(iωn + iωm)2 − E2
ν(k+ q)

= −1

2

∑
s

tanh
βzs
2

Res
z=zs

[
Δν′

z2 − E2
ν′(k)

· Δν

(z + iωm)2 − E2
ν(k+ q)

]

= −1

2

[
tanh

βEν′(k)

2
· Δν′

2Eν′(k)
· Δν

(iωm + Eν′(k))2 − E2
ν(k+ q)

− tanh
βEν′(k)

2
· Δν′

−2Eν′(k)
· Δν

(iωm − Eν′(k))2 − E2
ν(k+ q)

+ tanh
βEν(k+ q)

2
· Δν′

(iωm − Eν(k+ q))2 − E2
ν′(k)

· Δν

2Eν(k+ q)

− tanh
βEν(k+ q)

2
· Δν′

(iωm + Eν(k+ q))2 − E2
ν′(k)

· Δν

−2Eν(k+ q)

]

= −1

2

[
tanh

βEν′(k)

2
· Δν′

2Eν′(k)
· Δν

2Eν(k+ q)
·
(

1

iωm + Eν′(k)− Eν(k+ q)
− 1

iωm + Eν′(k) + Eν(k+ q)

)

+tanh
βEν′(k)

2
· Δν′

2Eν′(k)
· Δν

2Eν(k+ q)
·
(

1

iωm − Eν′(k)− Eν(k+ q)
− 1

iωm − Eν′(k) + Eν(k+ q)

)

+tanh
βEν(k+ q)

2
· Δν

2Eν(k+ q)
· Δν′

2Eν′(k)
·
(

1

iωm − Eν(k+ q)− Eν′(k)
− 1

iωm − Eν(k+ q) + Eν′(k)

)

+tanh
βEν(k+ q)

2
· Δν

2Eν(k+ q)
· Δν′

2Eν′(k)
·
(

1

iωm + Eν(k+ q)− Eν′(k)
− 1

iωm + Eν(k+ q) + Eν′(k)

)]
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= −1

4

[
1

iωm − Eν′(k)− Eν(k+ q)
· Δν′Δν

2Eν′(k)Eν(k+ q)
·
(
tanh

βEν′(k)

2
+ tanh

βEν(k+ q)

2

)

− 1

iωm + Eν′(k) + Eν(k+ q)
· Δν′Δν

2Eν′(k)Eν(k+ q)
·
(
tanh

βEν′(k)

2
+ tanh

βEν(k+ q)

2

)

− 1

iωm − Eν′(k) + Eν(k+ q)
· Δν′Δν

2Eν′(k)Eν(k+ q)
·
(
tanh

βEν′(k)

2
− tanh

βEν(k+ q)

2

)

+
1

iωm + Eν′(k)− Eν(k+ q)
· Δν′Δν

2Eν′(k)Eν(k+ q)
·
(
tanh

βEν′(k)

2
− tanh

βEν(k+ q)

2

)]

= −1

2

[
1− f(Eν′(k))− f(Eν(k+ q))

iωm − Eν′(k)− Eν(k+ q)
· Δν′Δν

2Eν′(k)Eν(k+ q)

− 1− f(Eν′(k))− f(Eν(k+ q))

iωm + Eν′(k) + Eν(k+ q)
· Δν′Δν

2Eν′(k)Eν(k+ q)

+
f(Eν′(k))− f(Eν(k+ q))

iωm − Eν′(k) + Eν(k+ q)
· Δν′Δν

2Eν′(k)Eν(k+ q)

− f(Eν′(k))− f(Eν(k+ q))

iωm + Eν′(k)− Eν(k+ q)
· Δν′Δν

2Eν′(k)Eν(k+ q)

]
. (B.9)

, 2 . , ,

, tanh βE
2 = 1− 2f(E) .

(B.8) (B.9) (B.7) , Matsubara iωm ω + iδ

, [ 3 (3.18)] .

D(q, ω + iδ) =
∑
k

∑
rt

∑
νν′

arν(k+ q)arν′(k)a
t
ν′(k)a

t
ν(k+ q)

×
[
1− f (Eν′(k))− f (Eν(k+ q))

ω − Eν′(k)− Eν(k+ q) + iδ

1

2

{(
1 +

ξν′(k)

Eν′(k)

)(
1− ξν(k+ q)

Eν(k+ q)

)
+

Δν′Δν

Eν′(k)Eν(k+ q)

}

− 1− f (Eν′(k))− f (Eν(k+ q))

ω + Eν′(k) + Eν(k+ q) + iδ

1

2

{(
1− ξν′(k)

Eν′(k)

)(
1 +

ξν(k+ q)

Eν(k+ q)

)
+

Δν′Δν

Eν′(k)Eν(k+ q)

}

− f (Eν′(k))− f (Eν(k+ q))

ω − Eν′(k) + Eν(k+ q) + iδ

1

2

{(
1 +

ξν′(k)

Eν′(k)

)(
1 +

ξν(k+ q)

Eν(k+ q)

)
− Δν′Δν

Eν′(k)Eν(k+ q)

}

+
f (Eν′(k))− f (Eν(k+ q))

ω + Eν′(k)− Eν(k+ q) + iδ

1

2

{(
1− ξν′(k)

Eν′(k)

)(
1− ξν(k+ q)

Eν(k+ q)

)
− Δν′Δν

Eν′(k)Eν(k+ q)

}]
.

(B.10)
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C

Green (4.3),

(4.4)

f Coulomb Green .

,

H0 =
∑
kσ

εkc
†
kσckσ + εf

∑
iσ

f †iσfiσ + V
∑
kσ

(f †kσckσ +H.c.) (C.1)

. Green

Gk ≡
⎛
⎝ Gff

k

Gcf
k

⎞
⎠≡

⎛
⎝ 〈〈fkσ; f †kσ〉〉
〈〈ckσ; f †kσ〉〉

⎞
⎠ (C.2)

,

[fkσ, H0] = εffkσ + V ckσ, (C.3)

[ckσ, H0] = εkckσ + V fkσ (C.4)

, Green .

ωGk = Λ+ ΓkGk. (C.5)

, Λ, Γk .

Λ =

⎛
⎝ 1

0

⎞
⎠ , Γk =

⎛
⎝ εf V

V εk

⎞
⎠ . (C.6)

(C.5) Gk , f Green [ 4 (4.3)] .

Gff
k,0 =

1

ω − εf − V 2

ω−εk
. (C.7)

, “ 0 ” , Green . ,

“ f ”Green U
∑

i n
f
i↑n

f
i↓ .
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, (C.1) U
∑

i n
f
i↑n

f
i↓ ,

Green Gk . ,

,

. , , f U f Green

. , U f Green Gff
k .

Gff
k =

1

ω − εf − V 2

ω−εk − Σ(k, ω)
. (C.8)

, Σ(k, ω) U . ,

, , Fermi kF, Fermi

εF Taylor . Taylor , (k− kF) (ω − εF)

1 .

Σ(k, ω) ≈ Σ(kF, εF) +
∂Σ(k, εF)

∂k

∣∣∣∣
k=kF

· (k− kF) +
∂Σ(kF, ω)

∂ω

∣∣∣∣
ω=εF

(ω − εF) . (C.9)

Taylor (C.9) (C.8) , , [ 4

(4.4)] .

Gff
k = zkF

1

ω − ε̃f,k − Ṽ 2

ω−εk
. (C.10)

, zkF
, ε̃f,k, Ṽ

2 .

zkF
≡ 1

1− ∂Σ(kF,ω)
∂ω

∣∣∣
ω=εF

, (C.11)

ε̃f,k ≡ zkF

[
εf +Σ(kF, εF) +

∂Σ(k, εF)

∂k

∣∣∣∣
k=kF

· (k− kF)− ∂Σ(kF, ω)

∂ω

∣∣∣∣
ω=εF

· εF
]
, (C.12)

Ṽ 2 ≡ zkF
V 2. (C.13)
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D

(4.25)

H̄eff = H0 +Hdir +Hex +Hch +Hph , (4.25)

. , Hdir (4.13) Hdir = Hdir1 +Hdir2 .

Hdir1 =
1

N

∑
k′kiσ

Wk′ke
−i(k′−k)·Ric†k′σckσ, (D.1)

Hdir2 = − 1

4N

∑
k′kiσ

Jk′ke
−i(k′−k)·Ri (nf

i↑+nf
i↓) c

†
k′σckσ (D.2)

. Hex(4.14) Hdir2 .

Hex +Hdir2 =
1

2N

∑
k′ki

Jk′ke
−i(k′−k)·Ri

(
S+
i c
†
k′↓ck↑ + S−i c

†
k′↑ck↓ − nf

i↑c
†
k′↓ck↓−nf

i↓c
†
k′↑ck↑

)
. (D.3)

, Hex + Hdir2 . , AB 1

, AB≈〈A〉B + 〈B〉A− 〈A〉〈B〉 . S+
i = f †i↑fi↓, S

−
i = f †i↓fi↑, n

f
iσ = f †iσfiσ

, Hex +Hdir2 .

Hex +Hdir2 ≈ 1

2N

∑
k′ki

Jk′ke
−i(k′−k)·Ri

×
[
〈f †i↑c†k′↓〉ck↑fi↓ + 〈ck↑fi↓〉f †i↑c†k′↓ − 〈f †i↑c†k′↓〉〈ck↑fi↓〉

+ 〈f †i↓c†k′↑〉ck↓fi↑ + 〈ck↓fi↑〉f †i↓c†k′↑ − 〈f †i↓c†k′↑〉〈ck↓fi↑〉
− 〈nf

i↑〉c†k′↓ck↓ − 〈c†k′↓ck↓〉nf
i↑ + 〈nf

i↑〉〈c†k′↓ck↓〉
− 〈f †i↑c†k′↓〉ck↓fi↑ − 〈ck↓fi↑〉f †i↑c†k′↓ + 〈f †i↑c†k′↓〉〈ck↓fi↑〉
− 〈nf

i↓〉c†k′↑ck↑ − 〈c†k′↑ck↑〉nf
i↓ + 〈nf

i↓〉〈c†k′↑ck↑〉
− 〈f †i↓c†k′↑〉ck↑fi↓ − 〈ck↑fi↓〉f †i↓c†k′↑ + 〈f †i↓c†k′↑〉〈ck↑fi↓〉

]
. (D.4)
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,

∑
i

e−i(k
′−k)·Ri〈f †i↑c†k′↓〉ck↑fi↓ =

∑
i

1

N

∑
k1k2

e−i(k
′−k+k1−k2)·Ri〈f †k1↑c

†
k′↓〉ck↑fk2↓

=
∑
k1

〈f †k1↑c
†
k′↓〉ck↑fk′−k+k1↓

≈ 〈f †−k′+q↑c
†
k′↓〉ck↑f−k+q↓ (D.5)

,1

〈c†k′σckσ〉 =
1

N

∑
ij

〈c†iσcjσ〉eik
′·Rie−ik·Rj

=
1

N

∑
ij

〈c†iσcjσ〉eik·(Ri−Rj) δkk′

= 〈c†kσckσ〉δkk′ (D.6)

2 , (D.4) .

Hex +Hdir2 ≈ 1

2N

∑
k′k

Jk′k

[ (
〈f †−k′+q↑c

†
k′↓〉 − 〈f †−k′+q↓c

†
k′↑〉

)
ck↑f−k+q↓

+(〈ck↑f−k+q↓〉 − 〈ck↓f−k+q↑〉) f †−k′+q↑c
†
k′↓

+
(
〈f †−k′+q↓c

†
k′↑〉 − 〈f †−k′+q↑c

†
k′↓〉

)
ck↓f−k+q↑

+(〈ck↓f−k+q↑〉 − 〈ck↑f−k+q↓〉) f †−k′+q↓c
†
k′↑

+〈ck↑f−k+q↓〉
(
〈f †−k′+q↓c

†
k′↑〉 − 〈f †−k′+q↑c

†
k′↓〉

)
+〈ck↓f−k+q↑〉

(
〈f †−k′+q↑c

†
k′↓〉 − 〈f †−k′+q↓c

†
k′↑〉

) ]
−nf

4

∑
kσ

Jkkc
†
kσckσ −

1

2N

∑
σ

∑
k

Jkk〈c†kσ̄ckσ̄〉
∑
i

f †iσfiσ +
nf

4

∑
kσ

Jkk〈c†kσckσ〉.

(D.7)

, 0 , 〈nf
↑〉 = 〈nf

↓〉 = nf/2

. ,

Δk ≡ 1

N

∑
k′

Jk′kBk′ , (D.8)

Bk′ ≡ 〈f †k′+q↑c
†
−k′↓ − f †−k′+q↓c

†
k′↑〉 (D.9)

1q Cooper .
22 .
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φc ≡ 1

N

∑
k

Jkk〈c†kσckσ〉, σ =↑, ↓ (D.10)

(Bk Δk ). , (D.7) .

Hex +Hdir2 ≈ 1

2

∑
k

Δk

(
ck↑f−k+q↓ − f †k+q↑c

†
−k↓ − c−k↓fk+q↑ + f †−k+q↓c

†
k↑
)

+
1

2

∑
k

ΔkBk − nf

4

∑
kσ

Jkkc
†
kσckσ −

φc

2

∑
iσ

f †iσfiσ +
Nnfφ

c

2
. (D.11)

, Hdir Hdir1 .

Hdir1 =
∑
kσ

Wkk c
†
kσckσ. (D.12)

, Hch[ (4.15)] . , Hch = Hch1 +Hch2

. Hch1 Hch2 ,

Hch1 = − 1

N

∑
kijσ

Wkke
−ik·(Ri−Rj)f †jσfiσ, (D.13)

Hch2 =
1

4N

∑
kijσ

Jkk (n
f
iσ̄ + nf

jσ̄) e
−ik·(Ri−Rj) f †jσfiσ (D.14)

. Hch2 .

Hch2 ≈ 2× 1

4N

∑
kijσ

Jkk e
−ik·(Ri−Rj)

[
〈nf

iσ̄〉f †jσfiσ + 〈f †jσfiσ〉nf
iσ̄ − 〈nf

iσ̄〉〈f †jσfiσ〉
]
. (D.15)

,

φf ≡ 1

N

∑
k

Jkk〈f †kσfkσ〉, σ =↑, ↓ (D.16)

,
1

N

∑
k

Jkk
∑
j

e−ik·(Ri−Rj)〈f †jσfiσ〉 = φf (D.17)

. ,

〈f †jσfiσ〉 =
1

N

∑
k1k2

〈f †k1σ
fk2σ〉 e−ik1·Rj eik2·Ri

=
1

N

∑
k′
〈f †k′σfk′σ〉e−ik

′·(Rj−Ri) (D.18)
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,3

∑
j

e−ik·(Ri−Rj)〈f †jσfiσ〉 =
∑
k′
〈f †k′σfk′σ〉δkk′

= 〈f †kσfkσ〉 (D.19)

. (D.17) 〈nf
iσ̄〉 = nf/2 , (D.15)

.

Hch2 ≈ nf

4

∑
kσ

Jkkf
†
kσfkσ +

φf

2

∑
iσ

nf
iσ̄ −

Nnfφ
f

2

=
∑
kσ

(
φf

2
+

nf

4
Jkk

)
f †kσfkσ −

Nnfφ
f

2
. (D.20)

, Hch1 .

Hch1 = −
∑
kσ

Wkk f
†
kσfkσ. (D.21)

, nf
i↑n

f
i↓ ≈

nf

2 (nf
i↑ + nf

i↓) −
n2
f

4 , (4.9) H0

.

H0 ≈
∑
kσ

(εk − μ) c†kσckσ +

(
εf +

Unf

2
− μ

)∑
kσ

f †kσfkσ −
NUn2

f

4
. (D.22)

(D.11), (D.12), (D.20), (D.21), (D.22) , H̄eff

H̄MF[ 4 (4.25)] .

H̄MF =
∑
kσ

ξ̄kc
†
kσckσ +

∑
kσ

ε̄fkf
†
kσfkσ

+
1

2

∑
k

Δk

(
ck↑f−k+q↓ − f †k+q↑c

†
−k↓ +H.c.

)

−1

4
NUn2

f +
1

2

∑
k

ΔkBk +
1

2
Nnfφ. (D.23)

,

ξ̄k ≡ εk − μ+Wkk − nfJkk/4, (D.24)

ε̄fk ≡ εf − μ+ Unf/2− φ/2−Wkk + nfJkk/4, (D.25)

φ ≡ φc − φf (D.26)

.

32 .
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E

Green

(4.32)-(4.35)

4.3.2 , H̄MF Ω ,

(4.32)-(4.35) . , Green

. Green , 2 Green . ,

Green , [38] .

, Green G1,k

G1,k ≡
⎛
⎝ 〈〈ck↑; c†k↑〉〉
〈〈f †−k+q↓; c

†
k↑〉〉

⎞
⎠ (E.1)

. , Green . ,

.

[
ck↑, H̄MF

]
= ξ̄kck↑ − Δk

2
f †−k+q↓, (E.2)[

f †−k+q↓, H̄MF

]
= −ε̄f−k+qf

†
−k+q↓ −

Δk

2
ck↑. (E.3)

(E.2), (E.3) , Green G1,k

.

ωG1,k = Λ1 + Γ1,kG1,k. (E.4)

Λ1 Γ1,k .

Λ1 =

⎛
⎝ 1

0

⎞
⎠ , Γ1,k =

⎛
⎝ ξ̄k −Δk

2

−Δk
2 −ε̄f−k+q

⎞
⎠ . (E.5)
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(E.4) , Green .

〈〈ck↑; c†k↑〉〉 =
1

E1,k

[(
ε̄f−k+q + E+1,k

) 1

ω − E+1,k
−
(
ε̄f−k+q + E−1,k

) 1

ω − E−1,k

]
, (E.6)

〈〈f †−k+q↓; c
†
k↑〉〉 = − Δk

2E1,k

[
1

ω − E+1,k
− 1

ω − E−1,k

]
. (E.7)

,

E1,k =
√

(ξ̄k + ε̄f−k+q)
2 +Δ2

k , (E.8)

E±1,k =
1

2

(
ξ̄k − ε̄f−k+q±E1,k

)
(E.9)

. Green ( [38] ) , (E.6), (E.7)

.

〈c†k↑ck↑〉 =
1

E1,k

[(
ε̄f−k+q + E+1,k

)
f(E+1,k)−

(
ε̄f−k+q + E−1,k

)
f(E−1,k)

]
, (E.10)

〈c†k↑f †−k+q↓〉 = − Δk

2E1,k

[
f(E+1,k)− f(E−1,k)

]
. (E.11)

, f(E) = 1/(eβE + 1) β = 1/T Fermi .

, Green , . Green G2,k

G2,k ≡
⎛
⎝ 〈〈c†−k↓; f †k+q↑〉〉
〈〈fk+q↑; f

†
k+q↑〉〉

⎞
⎠ (E.12)

,

[
c†−k↓, H̄MF

]
= −ξ̄kc†−k↓ −

Δk

2
fk+q↑, (E.13)

[
fk+q↑, H̄MF

]
= ε̄fk+qfk+q↑ − Δk

2
c†−k↓ (E.14)

, .

ωG2,k = Λ2 + Γ2,kG2,k. (E.15)

Λ2 Γ2,k .

Λ2 =

⎛
⎝ 0

1

⎞
⎠ , Γ2,k =

⎛
⎝ −ξ̄k −Δk

2

−Δk
2 ε̄fk+q

⎞
⎠ . (E.16)
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(E.15) , Green .

〈〈c†−k↓; f †k+q↑〉〉 = − Δk

2E2,k

[
1

ω − E+2,k
− 1

ω − E−2,k

]
, (E.17)

〈〈fk+q↑; f
†
k+q↑〉〉 =

1

E2,k

[(
ξ̄k + E+2,k

) 1

ω − E+2,k
−
(
ξ̄k + E−2,k

) 1

ω − E−2,k

]
. (E.18)

,

E2,k =
√

(ξ̄k + ε̄fk+q)
2 +Δ2

k , (E.19)

E±2,k =
1

2

(
−ξ̄k + ε̄fk+q±E2,k

)
(E.20)

. , , (E.17), (E.18)

.

〈f †k+q↑c
†
−k↓〉 = − Δk

2E2,k

[
f(E+2,k)− f(E−2,k)

]
, (E.21)

〈f †k+q↑fk+q↑〉 =
1

E2,k

[(
ξ̄k + E+2,k

)
f(E+2,k)−

(
ξ̄k + E−2,k

)
f(E−2,k)

]
. (E.22)

, . , Δk

[ (4.32)] .

Δk =
1

N

∑
k′

Jk′k 〈f †k′+q↑c
†
−k′↓ − f †−k′+q↓c

†
k′↑〉

= − 1

N

∑
k′

Jk′kΔk′

[
f(E+2,k′)− f(E−2,k′)

2E2,k′
+

f(E+1,k′)− f(E−1,k′)
2E1,k′

]

= − 1

N

∑
k′

Jk′kΔk′
f(E+2,k′)− f(E−2,k′)

E2,k′
. (E.23)

, 2 (E.11), (E.21) , 3

E1,−k′ = E2,k′ , E±1,−k′ = −E∓2,k′ (E.24)

. , E2,k′ , E±2,k′ Ek′ , E±k′ .

, E , E2,k′ , E±2,k′ . , n
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[ (4.33)] .

n =
2

N

∑
k′

(
〈f †k′+q↑fk′+q↑〉+ 〈c†k′↑ck′↑〉

)

=
1

N

∑
k′

[(
1 +

ξ̄k′ + ε̄fk′+q

E2,k′

)
f(E+2,k′) +

(
1− ξ̄k′ + ε̄fk′+q

E2,k′

)
f(E−2,k′)

+

(
1 +

ξ̄k′ + ε̄f−k′+q

E1,k′

)
f(E+1,k′) +

(
1− ξ̄k′ + ε̄f−k′+q

E1,k′

)
f(E−1,k′)

]

= 2 +
2

N

∑
k′

(
ξ̄k′ + ε̄fk′+q

) f(E+2,k′)− f(E−2,k′)
E2,k′

. (E.25)

, f nf [ (4.34)] .

nf =
2

N

∑
k′
〈f †k′+q↑fk′+q↑〉

=
1

N

∑
k′

[(
1 +

ξ̄k′ + ε̄fk′+q

E2,k′

)
f(E+2,k′) +

(
1− ξ̄k′ + ε̄fk′+q

E2,k′

)
f(E−2,k′)

]
. (E.26)

, φ [ (4.35)] .

φ = φc − φf

=
1

N

∑
k′

(
Jk′〈c†k′↑ck′↑〉 − Jk′+q〈f †k′+q↑fk′+q↑〉

)

=
1

2N

∑
k′

[
Jk′

(
1 +

ξ̄k′ + ε̄f−k′+q

E1,k′

)
f(E+1,k′) + Jk′

(
1− ξ̄k′ + ε̄f−k′+q

E1,k′

)
f(E−1,k′)

− Jk′+q

(
1 +

ξ̄k′ + ε̄fk′+q

E2,k′

)
f(E+2,k′)− Jk′+q

(
1− ξ̄k′ + ε̄fk′+q

E2,k′

)
f(E−2,k′)

]

=
1

N

∑
k′

Jk′ − 1

2N

∑
k′

[
f(E+2,k′)

(
Jk′+q + Jk′ +

(ξ̄k′ + ε̄fk′+q)(Jk′+q − Jk′)

E2,k′

)

+f(E−2,k′)
(
Jk′+q + Jk′ −

(ξ̄k′ + ε̄fk′+q)(Jk′+q − Jk′)

E2,k′

)]

=
1

N

∑
k′

Jk′ − 1

2N

∑
k′

[(
Jk′+q + Jk′

) (
f(E+2,k′)+f(E−2,k′)

)

+

(
Jk′+q−Jk′

)(
ξ̄k′ + ε̄fk′+q

)
E2,k′

×
(
f(E+2,k′)−f(E−2,k′)

)]
. (E.27)

, Jk = Jkk .
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F

Cooper

4.3.2 Cooper q . ,

F = Ω+ μnN q . (4.29) 2

, .

∑
α=±

ln

(
2 cosh

βEαk
2

)
= ln

[(
2 cosh

βE+k
2

)(
2 cosh

βE−k
2

)]

= ln

[(
e

βE+
k
2 + e−

βE+
k
2

)(
e

βE−
k
2 + e−

βE−
k
2

)]

= −β

2

(
ξ̄k − ε̄fk+q

)
+ ln

[(
1 + e−βE

+
k

)(
1 + e−βE

−
k

)]
. (F.1)

, (4.29) 2 .

− 2

β

∑
k,α=±

ln

(
2 cosh

βEαk
2

)
=
∑
k

(
ξ̄k − ε̄fk

)
− 2

β

∑
k

ln
[(

1 + e−βE
+
k

)(
1 + e−βE

−
k

)]
. (F.2)

(F.2) , F = Ω+ μnN .

F =
∑
k

[
2ξ̄k− 1

4
Un2

f +
1

2
ΔkBk +

1

2
nfφ

]
− 2

β

∑
k

ln
[(

1 + e−βE
+
k

)(
1 + e−βE

−
k

)]
+μnN. (F.3)

q q = (q/
√

2, q/
√

2) . ,

(F.3) q

∂F

∂q
= 0 (F.4)
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q . ∂F
∂q . (F.3) q

2 , ∂F
∂q .

∂F

∂q
= 2

∑
k

1(
1 + e−βE

+
k

)(
1 + e−βE

−
k

)
×
[(

1 + e−βE
+
k

)
e−βE

−
k
∂E−k
∂q

+
(
1 + e−βE

−
k

)
e−βE

+
k
∂E+k
∂q

]

= 2
∑
k

[
f(E−k )

∂E−k
∂q

+ f(E+k )
∂E+k
∂q

]
. (F.5)

, f(E) = 1/(eβE + 1) β = 1/T Fermi . (F.5)
∂E±k
∂q . .

∂E±k
∂q

=
1

2

(
1± ξ̄k + ε̄fk+q

Ek

)
∂ε̄fk+q

∂q
. (F.6)

, (F.6)
∂ε̄fk+q

∂q

∂ε̄fk+q

∂q
= −∂Wk+q

∂q
+

nf

4

∂Jk+q

∂q
(F.7)

. , Jk = Jkk Wk = Wkk . , ,

(F.7)
∂Wk+q

∂q
∂Jk+q

∂q . .

∂Wk+q

∂q
= −2V 2 (εk+q − εf )

−2 ∂εk+q

∂q
, (F.8)

∂Jk+q

∂q
= 2UV 2 (εk+q − εf )

−2 (εk+q − εf − U)−2 (2εk+q − 2εf − U)
∂εk+q

∂q
. (F.9)

, εk+q = −2t{cos (kx + q/
√
2
)
+ cos

(
ky + q/

√
2
)}

,

∂εk+q

∂q
=
√
2t
{
sin

(
kx + q/

√
2
)
+ sin

(
ky + q/

√
2
)}

(F.10)

.

(F.5)-(F.10) (F.4) q ( q)

. , (F.5)-(F.10) (F.4) ,

(4.33)-(4.37) .
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G

VCA Green

VCA Green GVCA(k̃, ω) . [78] , Q

. , Q(e) Q(h) m n .

Q(e)
m,n = 〈Ω|Ψm|n〉, Q(h)

m,n = 〈n|Ψm|Ω〉. (G.1)

, |Ω〉 |n〉 , H ′
Γ n

. , Ψm Nambu Ψ m . Q Q , Q(e) Q(h)

. Q ≡ (Q(e),Q(h)) . Q Q ,

L, H ′
Γ Ne , 4L×2Ne

. , 2Ne×2Ne Λ . (i, i) .

Λi,i =

⎧⎨
⎩ Ei − E0 (1 ≤ i ≤ Ne)

−Ei−Ne + E0 (Ne + 1 ≤ i ≤ 2Ne).
(G.2)

, E0 Ei , H ′
Γ i

. Q Λ , Lehmann Green

G′
t′,U .

G′
t′,U = Q ·g(ω) ·Q†. (G.3)
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, g(ω) g(ω)≡ (ω −Λ)−1 . , VCA Green GVCA(k̃, ω)

.

GVCA(k̃, ω) ≡ 1

G−1
0,t −Σt′,U

(G.4)

=
1

G−1
0,t − (G′ −1

0,t′ −G′ −1
t′,U)

(G.5)

=
1

G′ −1
t′,U − (G′ −1

0,t′ −G−1
0,t)

(G.6)

=
1

G′ −1
t′,U −

{
(ω − t′)−

(
ω − t(k̃)

)} (G.7)

=
1

G′ −1
t′,U −V(k̃)

. (G.8)

, t(k̃) t′ , 1 . ,

, V(k̃) ≡ t(k̃) − t′ . 1 × 2

s , t(k̃) t′ 8× 8 , .

t(k̃) =

⎛
⎝ A(k̃) 0

0 −A(k̃)

⎞
⎠ , t′ =

⎛
⎝ B C

C −B

⎞
⎠ . (G.9)

, A(k̃)

A(k̃) =

⎛
⎜⎜⎜⎜⎜⎝

−μ ε(k̃) −V 0

ε∗(k̃) −μ 0 −V
−V 0 εf−μ 0

0 −V 0 εf−μ

⎞
⎟⎟⎟⎟⎟⎠ (G.10)

, ε(k̃) ε(k̃) = −t(1 + e−i2k̃x + e−i(k̃x−k̃y) + e−i(k̃x+k̃y)) . , B C

.

B =

⎛
⎜⎜⎜⎜⎜⎝
−μ′ −t′ −V ′ 0

−t′ −μ′ 0 −V ′
−V ′ 0 ε′f−μ′+h′AF 0

0 −V ′ 0 ε′f−μ′−h′AF

⎞
⎟⎟⎟⎟⎟⎠ , (G.11)

C =

⎛
⎜⎜⎜⎜⎜⎝
−h′cc 0 −h′cf 0

0 −h′cc 0 −h′cf
−h′cf 0 −h′ff 0

0 −h′cf 0 −h′ff

⎞
⎟⎟⎟⎟⎟⎠ . (G.12)
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, (G.8) (G.3) , VCA Green GVCA(k̃, ω)

.

GVCA(k̃, ω) =
1

(Q ·g(ω) ·Q†)−1 −V(k̃)
(G.13)

= Q
1

g(ω)−1 −Q†V(k̃)Q
Q† (G.14)

= Q
1

ω −
(
Λ+Q†V(k̃)Q

)Q† (G.15)

(G.15) VCA Green GVCA(k̃, ω) L(k̃)≡Λ+Q†V(k̃)Q

.
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and Y. Ōnuki, Phys. Rev. B 63, 220507(R) (2001).

[56] K. Matsuda, Y. Kohori, and T. Kohara, J. Phys. Soc. Jpn. 64, 2750 (1995).

[57] K. Ishida, H. Mukuda, Y. Kitaoka, K. Asayama, H. Sugawara, Y. Aoki, and H. Sato,

Physica B 237, 304 (1997).

[58] P. Sinjukow and W. Nolting, Phys. Rev. B 65, 212303 (2002).

[59] W. V. Liu and F. Wilczek, Phys. Rev. Lett. 90, 047002 (2003).

[60] K. Hanzawa and K. Yosida, J. Phys. Soc. Jpn. 56, 3440 (1987).

[61] T. K. Koponen, T. Paananen, J.-P. Martikainen, and P. Törmä, Phys. Rev. Lett. 99, 120403
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[72] M. Vekić, J. W. Cannon, D. J. Scalapino, R. T. Scalettar, and R. L. Sugar, Phys. Rev.

Lett. 74, 2367 (1995).

[73] S. Horiuchi, S. Kudo, T. Shirakawa, and Y. Ohta, Phys. Rev. B 78, 155128 (2008).

[74] T. Mutou, Phys. Rev. B 62, 15 589 (2000).

[75] M. Potthoff, M. Aichhorn, and C. Dahnken, Phys. Rev. Lett. 91, 206402 (2003).

[76] C. Dahnken, M. Aichhorn, W. Hanke, E. Arrigoni, and M. Potthoff, Phys. Rev. B 70,

245110 (2004).

[77] M. Potthoff, Eur. Phys. J. B 32, 429 (2003); M. Potthoff, Eur. Phys. J. B 36, 335 (2003).

[78] M. Aichhorn, E. Arrigoni, M. Potthoff, and W. Hanke, Phys. Rev. B 74, 235117 (2006).

99





( )

Keisuke Masuda and Susumu Kurihara

Coherence effect in a two-band superconductor: Application to iron pnictides

J. Phys. Soc. Jpn. 79, 074710 (2010).

Keisuke Masuda and Daisuke Yamamoto

Formation of Cooper pairs between conduction and localized electrons in heavy-fermion

superconductors

Phys. Rev. B 87, 014516 (2013).

( )

, 96 6 , pp. 716-752 (2011).

( )

Keisuke Masuda and Susumu Kurihara

Coherence effect in multiband superconductors: A suggestion of an experiment to deter-

mine the correct symmetry of the order parameter

J. Phys.: Conf. Ser. 273, 012099 (2011).

Keisuke Masuda and Daisuke Yamamoto

Cooper pairing of fermions with unequal masses in heavy-fermion systems

J. Phys. Soc. Jpn. 81, SB010 (2012).

Keisuke Masuda and Daisuke Yamamoto

Cooper pairing between conduction and localized electrons in heavy-fermion systems

J. Korean Phys. Soc. 63, 459 (2013).

101



( , )

• Keisuke Masuda and Daisuke Yamamoto

Cooper pairing of fermions with unequal masses in heavy-fermion systems

International workshop on heavy fermions (TOKIMEKI 2011), Osaka, Japan, November

2011.

( , )

• Keisuke Masuda and Susumu Kurihara

Coherence effect in multiband systems

Ultracold fermi gas: Superfluidity and strong correlation (USS-2010), Tokyo, Japan, May

2010.

• Keisuke Masuda and Susumu Kurihara

Coherence effect in multiband superconductors: A suggestion of an experiment to deter-

mine the correct symmetry of the order parameter

International conference on strongly correlated electron systems (SCES 2010), Santa Fe,

New Mexico, USA, June 2010.

• Keisuke Masuda and Daisuke Yamamoto

Cooper pairing between conduction and localized electrons in heavy-fermion systems

International conference on magnetism (ICM2012), Busan, Korea, July 2012.

• Keisuke Masuda and Daisuke Yamamoto

Interorbital Cooper pairing with s-wave symmetry in heavy-fermion systems

International conference on strongly correlated electron systems (SCES 2013), Tokyo,

Japan, July 2013.

( , )

•

65 , , 2010 3 .

•
f

2011 , , 2011 9 .

102



•
s

2012 , , 2012 9 .

•

68 , , 2013 3 .

( , )

•
2

,

( ), 2009 11 .

•
s

Ultracold fermi gas: Superfluidity and strong-correlation (USS2012), Tokyo, Japan, Jan-

uary 2012.

103




