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( ) ( ) ( ) ( )
( ) ( ) ( ) ( )
( ) ( ) ( ) ( ) ( )

1 2 12

1 2 2 1

1 2 2 1 1 2

1 2 2 1

1 2 2 1

1 2 2 1 1 ,

0,

0,

,

s s ss

s s s s

s s s s s s

a a a a

a a a a

a a a a δ δ

+ + + +

+ +

=

=

= −

r r r r

r r r r

r r r r r r

∓

∓

∓

 (3.15) 

 ,       , 
         

 
1

1

2

2

2

2

1

1

1 2 , ,
, ,

1 2
,

ˆ , , s s
s s

A s A s a a+= ∑ k k
k k

k k  (3.16) 

         
 ( ) ( )

1 2

1 2

3 3
1 2

1
1 1 22 1 2

,

ˆ , ,
s V

s s
s

A s A s a a rd d r+=∑∫ r r r r  (3.17) 

3.1.3      
 

•     .  

   
1

1
N

i

N
=

=∑ .    1. 

      ( )
212 ,1 1 2 2 1, 1 , s ss s δ δ= −r r r r , 

    
2 21 11 1 2 2 , ,, 1 , s ss s δ δ= k kk k .   

 ,  
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 ( ) ( ) 3
, ,

,

ˆ
s

s

V

s s s
s

r aN a a d a+ +== ∑∑∫ k k
k

r r  (3.18) 

•      .   
  ( )U r ,         

   ( ) ( ) ( ) ( )
1 2

3
1 1 2 2 1, 2,, ssU Us rs dδ δ δ= − −∫r r r r r r r r    

,       ,  
         

     
 ( ) ( ) ( )1 3ˆ

s V

s sU U a a d r+=∑∫ r r r  (3.19) 

•  .      

( ) î
i

ρ δ  = − 
 

∑r r r .   ( ) ( )1
1ρ δ= −r r r ,   

        

( ) ( ) ( )
21

1
2 2 ,1 1 1 2 1, , s ss sρ δ δ δ= − −r r r r r r r . ,    

 
 ( ) ( ) ( )s s

s

a aρ +=∑ rr r . (3.20) 

       ,  
  

 ( ) ( )
2 1

1 2

, , 1 2
,,

1
exps s

s

a a i
V

ρ += −  ∑ k k
kk

r k kr  (3.21) 

•    .   
1ˆ

ii
i i

p i= = − ∇∑ ∑ rP ℏ .   1 i= − ∇p ℏ .   

        

( )( ) ( )
1 2

1 3
1 1 2 2 , 1 2,, sss rp i ds δ δ δ= − − ∇ −∫ rr r r r r rℏ ,    

  (3.17)      2
3 3

1d r d r    

 ( )( ) ( ) 3ˆ
s V

s sa i a rd+= − ∇∑∫ rP r rℏ  (3.22) 

           
  

1 2 1 2

1
1 1 2 2 1 , ,,, s ss p s δ δ= k kk k kℏ  

 , ,
,

ˆ
s

s
sa a+=∑ k k

k

P kℏ  (3.23) 

   ,        
. 

•       

 ( ) ( ) ( ) ( )
2 2 2

3
, ,

,

ˆ ,
2 2s

s s s s
sV

k
T a a d a a

m m
r ε ε+ += −


=


∆ =



∑ ∑∫ r k k

k

r r k k
ℏ ℏ

 (3.24) 

        .     
       . 

•    
0 1 0 1 0ˆ , , ,
1 0 0 0 12 y zx

i

i
σ σ σ

−
= = =
     

=      −     
S
ℏ

 

         



 17 

 

( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

( ) ( ) ( ) ( ) ( )

3
, , , ,

3
, , , ,

3
, , , ,

2 2

2 2

2 2y

z

V

x

V

V

S a a a a d

S a a a a d

S a a a a d
i i

r a a a a

r a a a a

r a a a a

↑ ↑ ↓ ↓

↑ ↓ ↓ ↑

↑ ↓ ↓ ↑

+ + + +
↑ ↑ ↓ ↓

+ + + +
↑ ↓ ↓ ↑

+ + + +
↑ ↓ ↓ ↑

=

=

 = − − 

 = + + 

 = − −  =

∑

∫ ∑

∫

∫ ∑

k k k k
k

k k k k
k

k k k k
k

r r r r

r r r r

r r r r

ℏ ℏ

ℏ ℏ

ℏ ℏ

 (3.25) 

      ,   ( )p  

   ,     . 

3.2   
    ,    

,   ,      . 
   , ,    

 ,      . 

 ( )
2

1 2
1 2

,
e

U =
−r

r
r

r  (3.26) 

        

 
2 21

2i j i j i ji j

e e
U

> ≠

= =
− −∑ ∑

rr rr
 (3.27) 

          
,i j j i→ → . ,        

  .          
 .      ,    

     ,     
           

 (3.19)   

 ( ) ( ) ( )1 3ˆ
s V

s sU a U a d r+=∑∫ r r r . 

 ,       
 , ,        

        1 2,r r   

 1 2,s s  

 ( ) ( ) ( ) ( ) ( )
2 1 1

1 2

2

3 3
2 1 1 2 1 1 2

,

2
2

1ˆ ,
2 s s s s

ss V

U a a d rU a a d r+ += ∑∫ r r r r r r  (3.28) 

,   2 2, sr  1 1, sr    

     ,  1 2       
,  ,   (3.27). 

       

 ( ) ( ) ( ) ( )
2 1

1 2

21

3 3
2

2

2
, 2

21 1 1
1

1ˆ
2 s V

C
s s s s

s

e
U a a a a d r rd+ +=

−∑∫ r r r r
r r

 (3.29) 

          
   .   



 18 

 

( ) ( ) ( ) ( )

( ) ( ) ( ) ( )

1 1 1 2 2

1 2

1 4 1

2

3

2

4

3

, 2 2 2 ,

, 21 3

1 1 1

4 1 2

1 1
exp , exp ,

1 1
exp , exp

s s s s

s s s

a i a a i a
V V

a i a a i a
V V

+ + + +

= =

= − = −

∑ ∑

∑ ∑

k
k k

k k

k

k k

r k r r k r

r k r r k r
 (3.30) 

       k  

( ) ( ) ( )
4 1 1 1 2

1 2 4 1 2

3 2

3

3 3
1 4 1 1 4 12

, 1 2

2

2 2 3 2 , , , 2

1ˆ exp ,
2

C
s s s

s Vs

e
U i i a a a a d d r

V
r+ += − − + + − −   −∑ ∑∫ k k k k

k k k k

k k r r k k k k r
r r

 
   1 2 1 2 2, ,→ − =rr rr r       3

2d r   

 ( )
2 3 24 1 4312 3 2

3
,21 4 0 ,

1
exp ,

V

i d
V

r δ δ+ − − + ++ − − = =  ∫ k k k k k k k kk k k k r  

          31 2 4+ = +k k k k .  

  ,   31 2 4+ = +k k k k ,   

  ,   4 1 3 2, ,= + = −k k q k k q   

 

 ( )
2 1 1 1 2

1 2

1 2

2 1 2, , , ,
, , ,
,

1ˆ ,
2 s

C
s s

s

s

s

U V a a a a
V

+ +
− += ∑ q q

k k q
k k k kq  (3.31) 

 ( )V q       

 ( ) [ ]
2

2

2
3 4

exp
V

e e
V i d

q

πξ= =−∫q q .  

        
 .     ,   (3.24)  

   (3.31) 

 ( ) ( )
2 1 1 1 2

1 2

1

1

2

2 2, , , ,
, , , ,

,

,

,

1ˆ .
2 s

s
s

s s

s

s s sH a a V a a a a
V

ε + + +
− += +∑ ∑k k k kq q

k
k k

k k q

k q  (3.32) 

       ,   
  ,      

 .    ,   
,   .   ,   

( )ε k     . ,   

,  .    ( )ε k   

 ,  ( )V q -  .   

 (3.32)   
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3.3    
       x y zV L L L=   

 .     , 
          

      

 ( ) , ,
,

ˆ ,s s
s

H a aε +=∑
k

k kk  (3.33) 

 ( ) 2 2 2mkε =k ℏ    ,    

  .    0y zk k= =  

  . 2.  ,      
,     . 

 

 
 2.        

 .     . 

 
 1.       

   . 

( )ε k

2x x xk L nπ =

0 1 2 3 41−2−

Fε

1 1, s+k q 22 , s−k q

22,sk
1 1, sk

( )V q+

, sk

, sk

( )ε kĤ =
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      x y zV L L L= .     

  . 
       

 ,
,

0s
s

aψ += ∏ k
k

 (3.34) 

    ( )
,s

E ε=∑
k

k .    ,  

 ,        
( )  
 ( ) ( ) ( ) ( )1 20 ... ...ik k kε ε ε ε≤ ≤ ≤ ≤ ≤  (3.35) 

           
,        (3.34).     

  ,     Fermi ,     

 
( )

,
,

0
F

s
s

Fermi a
ε ε

+

≤

= ∏ k
k

 (3.36) 

 ,     ,   , 
.         

( )2E ε= ∑
k

k .  ,       . 

   ,    ,   
        .  
  3

x y zdd k kd kk d=         

.     k     

  ( )3
2 /x y z x y zk k k L L Lπ∆ =∆ ∆  ,      

        

 ( ) ( )
( )( )

3

3
2

F

kd
f V f

ε ε π≤

=∑ ∫
k k

k k  (3.37) 

        . 
      . 

 
( ) ( )( )

33 2

3 3 2
0

4
2

82
2 1 2

3

F

F F

k

Fk k d
V

k
N V

kd

ε ε ε ε

π
π ππ≤ ≤

= = ==∑ ∫ ∫
k k

 (3.38) 

 ( ) ( )1 3 2 1 323 3Fk N V nπ π= = ,  n - ,     

  2 2 2F Fk mε = ℏ .     . 

 ( )
( ) ( )( )

2 52 2 3 2 2 2

3
0

23

4
2

2 2 8
2 2

102

F

F F

k

Fkk kd k k dk
V

m m m
E VV

ε ε ε ε

π
π ππ

ε
≤ ≤

= = == ∫∑ ∫
k k

k
ℏℏ ℏ

 (3.39) 

3.3.1   
 ,        

 ,       ( )ν ε .   

 



 21 

 ( ) ( )( )
( )

3 2

3 3
0 0

4
22 1 2

1 1
2

82

, 2
2

F F

F F

k
d

V d

d
k m dk m

k k dk
V

ε

ε ε ε ε

π ν ε ε

ε
π

ε
ε

π≤ ≤

== =

= =

∫∑ ∫ ∫
k k

ɶ

ℏ ℏ

 (3.40) 

,    
1 1

2 , 2
2

d
k m dk m

εε
ε

= =
ℏ ℏ

,   

 ( )
3

2 3

2m
Vν ε

π
ε =ɶ

ℏ
 (3.41) 

 .      ( )
3

2 3

2m
Vν ε

π
ε =ɶ

ℏ
. 

        ( ) ( ) Vν ε ν ε= ɶ  

 
 3.        

    ( )
3

2 3

2
V

mν
π

ε ε=
ℏ

 

  

3.4  
          

   ,      
 ,   ,    

    .     
,      (3.36) 

 ,
,

0
F

s
k k s

Fermi a+

≤

= ∏ k  (3.42) 

     

 ,,
, ,

,,

, ,s Fs F
s s

s Fs F

a k ka k k

a k ka k k
α α

+
+

+
− −− −

> > = =  << 

kk
k k

kk

 (3.43) 

,   ,sα +
k   Fk k>      ,  

        -  
 Fk k< ,    .  ,     

 - ,    - .  
 ,   , ,,s sα α+

k k    

 .   
 

2 11 1 2 2 2 1 1 1 2 2 1 1 1 1 2 2 1 1 1 2 12 2 2 2, , , , , , , , , , ,0, 0, ,s s s s s s s s s s s sk sα α α α α α α α α α α α δ δ+ + + + + ++ = + = + =k k k k k k k k kk k k k (3.44) 

( )ν ε

ε
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 1 2,F Fkk k k> >   1 2,F Fkk k k< <  ,    (3.43),  , 

 , .     ,   

1 2,F Fkk k k> < .  (3.44)        

,a a+  

1 1 2 2 1 1 1 2 2 1 1 1 1 2 2 2 2 1 1 12 2 1 2 22 1 2, , , , , , , , , ,0, 0,s s s s s s s s s s s s s sa a a a a a a a a a a a δ δ+ +
− −

+ +
− − −− − − −− − −+ = + = + =k k k k k k k k k k k k k k  

  ,     -  ,  1 2,k k    

  .  , ,    
    ,   

 , 0.s Fermiα =k  (3.45) 

 Fk k>      a    

 
1

1

, ,
,

00 ,
F

s s
k k s

a a+

≤

=∏k k  (3.46) 

 ,    ,   Fk k>     

    .  Fk k<     a    

 
1

1

, ,
,

00 ,
F

s s
k k s

a a+ +
− −

≤

=∏k k  (3.47) 

  ,         
       . 

    ,   
      -   

 ( ) ( ) ( ) ( ), , , , , , ,
, , ,

,
,

ˆ ,
F F F Fk k s k k s k k

s s s s s
k s

s s
k

s
s

H a a a aε ε ε εα α α α
< > < >

+ + + +
− − − −= + = +∑ ∑ ∑ ∑k k k k k k k kk k k k   

   ,   ( ) ( )ε ε= −k k ,   

 ,       
,  

 ( ) ( ) ( ) ( ) ( )
, , ,

, , , , , , ,
, ,

,
ˆ

F F F F Fk k s k k s k k s k k s k
s s s s s s

k
s s

s

H ε ε ε ε εα α α α α α α α
< > < < >

+ + + += + = − +∑ ∑ ∑ ∑ ∑k k k k k k k kk k k k k (3.48) 

     ,   –  , 
 -  .  ,    , 
   .   ,       

 ,       1,    
    .      
        ,     

.  
    , ,   

 ( ) ( ) ( ) ( ) ( ) ( )1 , 1 ,e gnd ggn ndd h gndE E N E N E E N E Nε ε= + − + = − − −k k  (3.49) 

 ( )gndE N     N  ,     

    , 1N N ±      

( ) ( )1E N E N µ− − = ,          

 ( ) ( ),e hE Eµ µε ε= − = −k k , 

         ,  
,   

 ( ) ( ) .ξ ε µ= −k k  (3.50) 
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     Fµ ε=       

  

 ( ) ( )
2 22 2

2 2
F

F Fv k k
m m

kkξ ε µ= − = − −k k
ℏℏ

≃ ℏ  (3.51) 

      4 

 
 4.     . 

 
           

  ,    
   

 

( )( ) ( )( )

( )( ) ( )
, ,

, ,

, , , ,

, ,

ˆ ˆ ˆ
F F

F

k k s k k s

k k s s

s s s s

s s

H H N εµ α α αµ ε µ

ε ε αµ

α

αµ

+ +

< >

<

+

′ = − = + =

− −+

− −∑ ∑

∑ ∑

k k k k

k
k

k

k k

k k
 

         ,    
        

 ( )( ) ( ) , ,
, ,

ˆ ˆ ˆ" ,
Fk k s s

s sH H H Nµ α αε µ ξ +

<

′= = − − =−∑ ∑
k

k kk k  (3.52) 

 ( ) ( )ξ ε µ= −k k  

 

4  -   
 

     ,    , ,  
     ,     

 .  5    ,  
  .  ,       
,     ( )0V r ,    + NN Z , 

  21 1 2 3 3n n n= + +N a a a    , 21 3, ,a a a - 

 , 21 3, ,n n n -  .  

 

( )ε k

xk

Fε

FkFk−
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 5.      ,  

  ,    21 1 2 3 3n n n= + +N a a a , 

     NZ .  

 
   

4.1     
 ,       

     ,    

 ( ) ( ) ( )
2

3
0

ˆ ,
2s s

s

H d Vr a
m

a+  
= − ∆ + − − 

 
∑ ∑∫

N
Nr r N Z r

ℏ
 (3.53) 

            
,        ,       

 
 ( ) ( ) ( )0 0 0V V V− − ≈ − − ∇ −N Nr N Z r N Z r N  

      0 e phHH H −+= ,   

 0H    

 ( ) ( ) ( )
2

3
0 1

ˆ ,
2s

s sH d V aa
m

r +  
= − ∆ + 

 
∑∫ r r r

ℏ
 (3.54) 

 ( ) ( )1 0V V −=∑
N

r r N ,  ,    -  

 

 ( ) ( ) ( )3
1 ,e ph s

s
sH d V ara δ+

− =∑∫ r r r  (3.55) 

   ( ) ( )1 0V Vδ = − ∇ −∑ N
N

r Z r N .   

  ,        
 ( )αα ϕ=r r ,   

N

x

y

NZ
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 ( ) ( ) ( )
2

1 .
2

V E
m α α αϕ ϕ 

− ∆ + = 
 

r r r
ℏ

 (3.56) 

         
.      , ,  
         
 ,luq ,     ( ) ( ), ,l lu u= +q qr r N .  

     
 ( ) ( ) [ ] ( ), ,exp ,ll i uαϕ ϕ= =q qr r qr r  

  q   ,  l -   , 

   { },lα = q .  

      ,   ( )lE q  , 

   .       
  6. 

 
 6.         

.   ( )l xE q      

.   0y zk k= =  

       . 

4.2       
        q ,  

   K   ,    q , 
  

 { }0 2iqK π≤= ≤aq  (3.57) 

     ,   ( ) 2i i π=a b  

xa

π
xq

( )xE q

0l =

1l =

2l =

xa

π−
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[ ] [ ] [ ] [ ]( ) [ ]( ) ( )3

2 3
1 1 2 3 1

3
2

1 2
2 3

1
3

2
2 , 2 , 2 , ,v K

v v v v
π π π

π
= = = = = =

a a a a a a
b b b a ba ba b (3.58) 

  v        ,   K  - 
  .    

 21 1 2 2 3m m m= + +g b b b  (3.59) 

 ,       ( ),luq r     

    
 ( ), explu iβ=∑

g
q gr gr  (3.60) 

,       , 1,2,3im i =  
  ,         
.          

 ( ) ( ) ( )
( )

3

0 , ,
, ,

, 3
2s l

s l l s
s BZ

l s

d
H E a a E a a

q
α α

α
α π
+ += =∑ ∑ ∫ q q q  (3.61) 

       ,   
.      ,    

    ,   ,     
  

 { ( ) }, iBZ π π= − ≤ ≤q a q  (3.62) 

       ,  
   ,        , 

  
 ( ) { } ( ) ( ), ,exp , exp expl li i iϕ ϕ+ = + =q qr N qN r q g N qN  (3.63) 

          
 ( ) ( ) ( ) ( ), , ,l l l lE Eϕ ϕ += + =q q gr r q g q  (3.64) 

        

 ( ) ( )
( )

3

, 3
2

l
l BZ

d q
c ϕψ

π
=∑ ∫ q q rr  (3.65) 

       ,      
 .        

         
 ( ) ( )

1 2 1 2

*
, ,

3
,l l l l

v

u u d r δ=∫ q qr r  (3.66) 

   ,       
  (      )  

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

3* 3
1 2,, 2l ll

V

lrd πϕ ϕ δ δ
∞

= − −∑∫ q
g

qr r q q g  (3.67) 

      

   ( ) ( )
1 1 1 1 1 22 2 2 2, , ,

3 3
1 2, ,2 ll l l l la a a a π δ δ+ ++ = −q q q q q q  

      ( )31 2 3 1 1 2 33V N N N N N N v= =a a a  ,   

   

 32
2 3

2 3

1
1

1

mm m

N N N
= + +q b b b  (3.68) 
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     ,   l ,      
    2 31N N N N V v= = .    .    

          
        

 
1 1 1 1 1 2 12 2 2 2 2

3
, , , , , , l l l l l la a a a δ δ+ ++ =q qq qq q  (3.69) 

,        
 ( ) ( ) ( )

,
0

, ,
, , ,s l l s

s l
l s

s

H E a a E a a
α

α α α
+ += =∑ ∑

q

q q q , (3.70) 

      (3.68).    
,  ,         

 ( )
( )

3

3 ,
2BZ

kd
f V

π
=∑ ∫

k

k  (3.71) 

 V Nv= -   .       
  . -    , 
,    

 ( ) ( )
( ) ( )1 11 1 22

1 2

2 2

3 3
1

, , , ,
2

,,, , ,
, ,

3,
,

3
2 2l

s l
e ph s s l s l sl

l K

d d
H V a V a

q q
a aα β

α β
α β δ

π π
δ + +

− = =∑ ∑∫ q qq q
 (3.72) 

   -   

 ( ) ( ) ( ) ( ) ( ) ( )* 3
0,

,rV V d V Vαα β βδ ϕ δ ϕ δ= = − ∇ −∑∫
N

Nr r r r Z r N  (3.73) 

           
-     . 

  

5   
        , 

     .    
 ,      ,    

          
.  

5.1   -  
     ,      
     2H + ,       

 .     ,   1m M ≪ ,  
      ,  

  . -     ,     
  ,        

    ,   .     
,    ,     ,   
.  ,   ,    
 7. 
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 7.        . 

    ,   
 .        

     
 
  
 
. 
 

        
,          

    .      
     

 
( )

*

2
0

2

1
2 ,

2
d d

E d
Md

d
=

∂
= −

∂
ɺɺ  (4.1) 

    .    
. ,     ,  
   ,   –   - ,  

    ,  

 2
2

1

4 B

Ry

M a
Ω ∼  (4.2) 

,         .p e

m

M
ωΩ ∼    

      ,    
  .  

 

( )xE q

xq

0n =
1n =

2n =
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5.2    
      ,  

   
8.

 
  
 

    

 ( ) ( )1 1n n n n nx xMx x x+ −= − −−  ɺɺ �  (4.3) 

 nx    n -     ,   

  a .            
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π π∆ = =  

     .    
  

 ( ) ( ) ( ) ( ) { } ( )
,

1 2 2 1 1 2
,

, 1 2

2
exp

n n n l

n l

l l

n l

p x i

P k X k X k P k i ik an ik al

x

i

a

p

k k
π δ

δ

δ

− = −

− = − − − = − +∑
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0a → .     ( ) ( ) ( ) ( ),q k aX k p k a p k= =   
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1 2 2 1

1 2 2 1

2

0

0

p k q k q k p k

q k q k q k q k

p k p k p k p k

i k kπ δ− = −

− =

−

+

=

ℏ
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1 2

2 1 2, , 1 2 , , , ,
, , ,

1
, , ,s s

s

�
a a V a a a a

V
ε −

+ +
↓ + ↑ ↑ ↓

+= +∑ ∑ q q
k k k

k k k
q

k k k
k k k q  (6.21) 

      1s      , -    

 1 2.     ,     

  1 2+ =k k K    21 2 , 2 ,′ ′= + = −k K k k K k    

    21 2 , 2 ,+ = + − = −k q K k k q K k      
′= +k k q .         

 ( ) ( )
1 2

2 , 2 , 2 , 2 ,
, ,

, ,
,

1
, , .s

s
s

�
a a V a a a a

V
ε +

′ ′− ↓ + ↑ + ↑ − ↓
+ +′= +∑ ∑ K k K k K k K k

k k k q
k kk k k K  (6.22) 
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       .    
  ,     , 

    . 
 
 

 

 ?.          

7.3.1    
      ,   

     -   Ĥ .   
    

 ˆ .H Eψ ψ=  (6.23) 

     ,   (6.23)  
  

 [ ] ˆ .F H Eψ ψ ψ= −  (6.24) 

,    ,  

 [ ] [ ] [ ] ˆ ˆ .F F F H E H Eψ ψ δψ ψ δψ δδ ψ ψ ψ= − −+ = − +  (6.25) 

   δψ  ,     (6.23).  

,        
. 

,     , ,  
 ,     , 

  q      iα  .    

   ( ),trial iqψ α .      (6.24) , 

         , 
,   (6.24)      iα .  

     

( )1 2U x x−

1 2x x−

( ) 2

1 2S x xψ −

( )1 2U x x−

1 2x x−

( ) 2

1 2A x xψ −

0s = 1s =
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ˆ

t t

t t

H
E

ψ ψ
ψ ψ

=  (6.26) 

  
      ,    

  

 0

ˆ
min t t

t t

H
E

ψ ψ
ψ ψ

= . 

       ,  
   1

tψ ,      
0
tψ ,   1 0 0t tψ ψ =      (6.26)    1

tψ . 

  ,  ,  ,      
   .      

 . ,     ,  
         

 Ĥψ ψ     . 

   (6.22)        
 ,       g− ,  

    
2 , 2 , 2 , 2 ,′ ′+ − + −K k K k K k K k    DL,  

       

 D D
F F

F F

DL k k k
v v

ω ω 
= − < < + 
 

 

 ,        .    
  

 ( ) , , 2 , 2 , 2 , 2 ,
,

.s
s DL

s

g�
a a a a a a

V
ε ′ ′− ↓ + ↑ + ↓

+
−

+ +
↑= −∑ ∑ K k K k K k K

k
k kkk  (6.27)  

    ,      Ĥψ ψ . 

    ,      
    ,    ,   
  ,  (3.42),     ,    
     .     

     
 

, ,
0 ,

Fk k

Fermi a a+ +
↑ − ↓

<

= ∏ k k
 (6.28) 

     
 

, ,
2 2

0 ,
Fk k

Fermi a a+ +

+< ↑ − ↓
= ∏K K K

k k
 

       . 
,         0K = ,   

 
2 2 2 2

2 2 ,
2 8

Fk k

k K
E N

m m<

= +∑
ℏ ℏ

 

 ,    ,  ,  N    
   (6.28).  ,    

          . 
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,     , ,     
(6.27)  ,  
 2 , 2 , 2 , 2 ,

0
L

K K
D

Fermi a a a a Fermi′ ′− ↓ + ↑ + −
+

↑ ↓
+ =∑ K k K k K k K k  (6.29) 

    , -     -    
,   –  .          

, ,       . 
,        

 ( ), , 0BCS u v a a+ +
↑ − ↓= +∏ k k k k

k

  (6.30) 

  ,   

 
, ,

2 2

0BCS u v a a+ +

+ ↑ − ↓

 
 


=


+∏K k k K
k

k
K

k
 (6.31) 

   .   ,u v ,    

 .  vk    ,   ,
2 2

+ −K K
k k  

,  uk   ,   .     
,  ,  

 2 2 1k ku v+ =  (6.32) 

 ,    .      
    ,      , 
,           

 , ,
,

ˆ ,s
s

sN a a+=∑ k
k

k  

     (6.27)   .     
    ,  ,    

    
 ˆ ,ˆ ˆH H Nµ′ = −  

   µ ,  ,     , 
    

 ˆ
trueN N Nψ ψ= =  

     .   ,   
  

 ( )( ) 2 , 2 , 2 ,, , 2 ,
,

ˆ .s s
s DL

g�
a a a a a a

V
ε µ ′ ′− ↓

+
+ ↑ + ↑ −

+ +
↓

′ = − −∑ ∑ K k K k K k K kk
k

kk  (6.33) 

        . 
   ,     K  ,  

     .  
 ? ,        (6.33). 

     K - ,   . 
    ,     

   ,   - ,   
.K       ,     . 

  K       0K =   
    .     

  0K =   ,      
  (6.28) .     ,k ku v   .µ  
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7.4    
,          

 ( )( ) ,, , , , ,
,

ˆ
s

s D
s

L

g�
a a a a a a

V
ε µ ′ ′− ↓ ↑ ↑

+ +
− ↓

+′ = − −∑ ∑ k k kk k
k

kk  (6.34) 

     0K =  (6.30),       

 ( ), , 0BCS u v a a+ +
↑ − ↓= +∏ k k k k

k

 (6.35) 

        
« » 

 ( )ˆ ˆ , , ,k kH BCS H BCS f u v µ′ ′= =  (6.36) 

, ,   2 2 1,k ku v+ =     ,k ku v  

   , ,  ,   .  
          

  

 ˆN BCS N BCS N= =  (6.37) 

    

 

( )( ) ( )( )

, , ,

, ,

,

, ,
ˆ

DL

BCS H BCS BCS a a a a BCS

g
BCS a a a a BCS

V

ε µ ε µ+ +
↑ ↑ − ↓ −

′ ′− ↓ ↑
+

↑ ↓

↓

+
−

′ = − + − −

−

∑

∑

k

k k k k

k k k kk k

 (6.38) 

   

 
( ) ( )
( ) ( )

, , , , , , , ,

, , , ,, ,

0 0

0 0

s u v a a a a a a u v a a

t u v a a a a u v a a

+ + + +
− ↓ ↑ ↑ ↑ − ↓ − ↓ ↑ − ↓

+
− ↓ ↑

+ + +
− ↓ ↑ ↑ − ↓

= + + +

= + +

k k k k kk k k k k k k k

k k k k kk k k kk k

 (6.39) 

      

 
( )( )

,

ˆ
DL

g
BCS H BCS s t

V
tε µ ′

′⊂

′ = − −∑ ∑k k k
k kk

k
 (6.40) 

1 2 ′= +k K k

2 2 ′= −k K k

2k

1 2+ = +k q K k

1k

2 2− = −k q K k
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 ,s tk k  ,      , 
 

 22 ,v u vs t= =k k kk k  (6.41) 

,      

 ( )( )
1 1

1 1

2
1

,

ˆ 2 ,
DL

g
BCS H BC v vS v u u

V
ε µ ′ ′

′⊂

′ = − −∑ ∑
k

k k k k k
k k

k  (6.42) 

    .      

   vk , ,  21u v= −k k      .  

 

 ( )( )4 2 0,
u

v u v
v

ε µ
 ∂− − + ∆ = ∂ 

k
k k k

k

k  (6.43) 

      

 
1 1

1 1

, ,
,

g g
u v BCS a a BCS

V V − ↓
+ +

↑∆ = =∑ ∑k k k k
k k

 (6.44) 

       ,  
   .   ,    

      .     
(6.43),     

 ( )
2

2

2
2 1 ,

1

v
v v

v
ε µ

 
 − = ∆ − −  
 − 

k
k k

k

k  (6.45) 

,  ,  

 ( )
2

2

1 2
2 .

1

v
v

v
µε −− = ∆   −

k
k

k

k  (6.46) 

      ,     . 
    ,    ,xk    

 2 21 1
, .

2 2

x x
v u

− += =k k
k k  (6.47) 

  (6.46)   

 ( )
2

2

1
2 .

1

x x

x
ε µ −− = ∆   +

k k

k

k  

    ,    

 ( ) 21 ,x xε µ− − = ∆   k kk  

     ,    

 
( )

( ) 2 2
.x

ε

ε

µ

µ

−
= ±

− ∆   +
k

k

k
 (6.48) 

      + ,      
   ,       
 2 1v →k .   2 2,v uk k ,  ,  

 , , ,↑ − ↓k k ,    ,   ∆   

  ?  
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? .       

,   0∆ → ,  

 2 21, 0,
, ,

0, 1,k kv u
µ µε
µ µ

ε
ε ε

< < 
= = > > 

 

        . 
    ,u vk k ,     

  ∆   µ .    ∆ .    

(6.44)     ,u vk k   

 
( )

2

2 2
1

2 2 DL

g g g
u v x

V V V µε⊂

∆∆ = = − =
  − + ∆

∑ ∑ ∑k k k
k k k k

 

  ,       
 ,   (6.14),  0∆ ≠ ,     

 
( )

[ ]2 2
1 ,

4

D

D

dg
ω

µ ω

µ ν ε ε

µε

+

−

=
− + ∆

∫
ℏ

ℏ

 

     ,        
 D µωℏ ≪ .         

         

 
( ) ( ) ( )

2 2 2
0

2
1 arsh .

4 2 2

D D

D

D
g g gd d

ω ω

ω

ν νµ µ µξ ξ ν ω
ξ ξ−

= = =
∆+ ∆ + ∆∫ ∫

ℏ ℏ

ℏ

ℏ
 (6.49) 

        
.  (6.49)  ,      

 

( )
( )

1 2
2 exp ,

2
sinh

D D g
g

ω ω
ν µ

ν µ

  ∆ = ≈ − 
  

ℏ ℏ  (6.50) 

2u k
2v k

( )ε kµ µ+∆µ−∆ Dµ ω+ℏ
Dµ ω−ℏ
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  2         (6.16).  
  ,           

  ,         
! 

      µ ,     
  ,        ,  

2 1v =k ,     ,  ( )2 1 2v x= −k k     

 

( ){ } ( ){ }

( ){ } ( ){ } ( ){ }
( )

[ ]

2

2 2

2 2

2 1 2 1

D D D

D

D D D D D

k

N v

x V d

µ ω µ ω µ ω

µ ω

µ ω µ ω µ ω µ

ε

ε ε ε ω µ ω

ε

µε ε
ε

ν µ
µ

⊂ < ⊂ < <

⊂ < ⊂ < < ⊂

− − +

+

− − + − −<

= + =

 − + − ≈ + − 
 − + ∆ 

∑ ∑

∑ ∑ ∑ ∫

k k k k

k k k

k

k k k

ℏ ℏ ℏ

ℏ

ℏ ℏ ℏ ℏ ℏ

(6.51) 

        ,   ,  
  1       

 ( ) ( )
( ){ }

1 2 2
D

DD D

V d V d
µ ω µ

µ ω ε µµ ω µ ω

ν µ ν µε ε
+

−− − ⊂ < <

= = ∑∫ ∫
k k

ℏ

ℏℏ ℏ

 

,           
 

( ){ } ( ){ } ( ){ }
2 2 2,

D D

N
µ ω µ ω µε ε µε− −⊂ < ⊂ < < ⊂ <

= + =∑ ∑ ∑
k k k k k kℏ ℏ

 (6.52) 

          . 
,     ,    

    ,Fµ ε=        

. 

7.5   
       ,   

        
. ,   ,   

  ,  .   
 .   

 ( ) ( ), ,
ˆ ,0 u v a aψ + +

↑ − ↓= +k k k k k
 (6.53) 

      

 ( ) ( ), ,
ˆ0 0 0

k

BCS u v a a ψ+ +
↑ − ↓= + =∏ ∏k k kk

k
k  

   

 ( )', ', ',, 0a u v a a
′

+ + +
′↑

≠
↑ − ↓↑ = +∏ k kk k

k
k

k

k  (6.54) 

  ,      ,↑k ,  

,− ↓k - ,     ,    .  

,      ,   

 ( ) ( )' ' '', ', , ', ',
'

0 0 0,u v a a a u v a a+ +
′ − ↓ ↑ ↑

≠
↑

′
− ↓+ + =∏ ∏

k
k k k kk

k
k k k

k
k  (6.55) 

, ,    ,    
,      . ,  
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 ,a+
↑k        ,    

     ( )' ' ' ', ',
ˆ 0 u v a aψ + +

↑ − ↓= +k k k k k  ' .≠k k  

    

 ( )', ', ',, 0 ,a u v a a+ + +
′− ↓ ↑ − ↓

′≠

− ↓ = +∏ k kk k
k k

kk  (6.56) 

    ,    ,− ↓k  , 

 ,↑k - ,     .  ,   

    .  
   ,     .  

  2    , , 0a a+ +
↑ − ↓k k      

.  ,      

 ( ) ( )', , ', ',, 0 .v u a a u v a a+ + + +
′↑ − ↓

′≠
↑ − ↓↑ − ↓ = − +∏k k k

k
kk k k k

k

k k  (6.57) 

    , . .   

, 0.BCS ↑ − ↓ =k k       

 

( )( ) ( )
( )( )

( )

' '', ', , , ', ',

, , , ,

, , , , , , , ,
2 2

, , , ,

0 0

0 0

0 0 0 0 0 0

0 1 0

u v a a v u a a u v a a

u v a a v u a a

u v v a a u a a v u a a a a

u v v u a a a a u v

+ + + +
′ ′− ↓ ↑ ↑ − ↓ ↑ − ↓

+ +
− ↓ ↑ ↑ − ↓

+ + + +
− ↓ ↑ ↑ − ↓ − ↓ ↑ ↑ − ↓

+ +
− ↓

′

↑ ↑ − ↓

′≠

+ − + =

+ − =

+ − − =

− − + =

∏ ∏k k k k k kk k k k k k

k k k kk k k k

k k k k k kk k k k k k k k

k k k k k

k

k k k

k

k

k

0v u− =k k k

 (6.58) 

   .      
      ,   

,  (6.53),   

 ( ) ( ) ( ) ( ) ( ) ( ), , , , , ,0 1 2 , 3ˆ ˆ ˆ, , ,ˆu v a a v u a a a aψ ψ ψ ψ+ + + + + +
↑ − ↓ ↑ − ↓ ↑ − ↓= + = − = =k k k k k k k kk k k k k k

 (6.59) 

,       

 

( ) ( ) ( )

( ) ( ) ( ) ( )'
'

'

'

'

'

ˆ ˆ ˆ0 0 , , 1 0 0 ,

ˆ ˆ ˆ ˆ, 2 0 0 , 3 0 0 ,

BCS ψ ψ ψ

ψ ψ ψ ψ
≠

≠ ≠

= ↑ − ↓ =

↑ = − ↓ =

∏ ∏
∏ ∏

k k k

k k k

k k k

k k k k
k

k k

k k
 (6.60) 

   ,     
 ,           

 ( )ˆ 0 , 0,1,2,3.
jS j

j
jn ��� nψΨ = =∏ k  (6.61) 

       

1 2, ,..., 0,1,2,3.jn n n =      , ,↑k   

 2.n =       

 ˆˆ ˆ ˆ .E H BCS HN N BCSµ µ−= ↑ − ↑ −k k k  (6.62) 

      

 
( ) ( )( ) ( )
( ) ( ) ( )

,

,

,

,

, ,
0 0

0 0

j j j

j j j

s n n a a a a n

t n n a a n

ψ ψ

ψ ψ

+ +

− ↓ ↑

+
↑ ↑ − ↓ − ↓

+ + +

= +

= k

k k kk k k k

k k kk

 (6.63) 
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  (6.39)   .   

( ) ( )
'

'ˆ ˆ, 2 0 0ψ ψ
≠

↑ = ∏
k

k k
k

k   2,jn =     ( ) ( )2 , 2 ,s tk k  

,          
 ( ) ( )2 1, 2 0.s t= =k k  

  ,   ˆˆ NH µ↑ − ↑k k  

 ( ) ( )( )
1 1 1 1

1 11

1

2
1

, ,

'

ˆ 2ˆ
DL DL

N v
g g

H v u v v vu u u
V V

µ εε µ µ ′ ′ ′ ′
′⊂≠ ′⊂
≠ ≠

= − +↑ − ↑ − − −∑ ∑ ∑k k k k k k k k k
k kk

k

k

k k k

kk

k kkk  

    (6.62),   

 
( ) ( )

( ) ( ) ( )

1 1

1

2
' '

'

2 2

1 2

1 2 2 1 .

g g
E v u v u v u v u v

V V

v u v x xεµ µ

ε

ε

µ= − − + + =  

− − + ∆ = − + ∆ −      

∑ ∑k k k k k kk
k

k k k

k k k k

k

k

k

k k

 (6.64) 

  xk  (6.48),  

 
( )

( ) 2 2
x

µ

ε

ε

µ−
=

−   + ∆
k

k

k
 

     

 ( ) ( )
( )

( )( )
( )

2

22 22
1 ,E

εε
ε

εε

µµ
µ

µµ

−−
= − + ∆ −  

− + ∆− +    ∆  

k

kk
k

kk
 

   

 ( ) ( ) 2 2 .E E µε = − ∆= +k k k  (6.65) 

       

( ) ( )
'

'ˆ ˆ3 0 0ψ ψ
≠

− ↓ = ∏
k

k k
k

k .       

 ( ) ( )'
'

ˆ ˆ, 1 0 0 ,ψ ψ
≠

↑ − ↓ = ∏k k
k k

k k   

  ( ) 21 2s u=k k   ( )1t u v= −k k k       

 ,
ˆ ˆ, , ,ˆ ˆ 2 ,E H BCS HN CS EN Bµ µ− = ↑ − ↓ − ↑ − ↓ − =−k k kk k k k  

  ,        . 
 ,        21 1 2, ; ,s sk k    

 
1 22E E E≈ +k k  

     ? 
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.?      

  -       ∆ ,   
        .  

 ,       .   ,  
    . 

7.6    
     ,           

    , ,    
          

  .    ,  , 
,      ,   

     . ,   
          

 v .         
   

 ' , ' .t t t= = +r r v  

  ,   ,     

( )E k  (6.65).        ,   

 .      .  
  v c≪        

 
 ( ) ( )'( ) , ' ,E E= − =k k kv k kℏ  

  « »  ( )E k ,     .  

  ,      , 
   ,   , ,  ,   

      

 ( ) ( ) ( )' 0.E E= − =k k kvℏ  

,        ,    
,          

( )xE k

xk

Fε

FkFk−
F

Fk
v

∆+
F

Fk
v

∆−

∆
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.   ,     , 
        ' 0E = .   

      Fk    ,  F Fkk∆ ℏ ≪ ,  

      ,x Fk k≈     

( )E k   .∆         

 .c
F

v
k

∆≈
ℏ

 

 ,         
.  -     

  .      
 . .     .    

     -   , , , 
 .     . 

7.7     
    ,    

(6.31) 

 
, ,

2 2

0 .BCS u v a a+ +

+ ↑ − ↓

 
 
 

= +∏K k k K
k

K
k k

 

   K   2 .m =v K   
        (6.51) 

 22 .kN v=∑
k

 

  (6.40)     

 ( )( ) ( )( )
1 1

1 1

2
1 1

',

ˆ 2 2 .
DL

g
BCS H BCS v u u

V
v vε µ ε µ ′ ′

′⊂

 ′ = + − + − − − ∑ ∑
k

k k k k k
k k

K k K k  

 
 ?    ,    

 
 

( )xE k

xk

Fε

Fk
Fk−

∆
x xv k−
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       .    
       ( ) ( )ε ε+ −k k  

       

 ( ) ( ) ( ) ( )
2 2

22 2 2
2

k
mv

m
ε ε ε ε+ − → + + − = +k k K k K k

ℏ
 (6.66) 

   –  ,     
,         'DL DL→ .   

   , ,u v xk k k  (6.47)  (6.48) ,     
  (6.66)    ∆   , -    

,  '.∆      ,      
, ,        

 2,mvµ µ→ +  (6.67) 

  ,    , ,u v xk k k       
  .       

 ( ) ( ) 2 22 2 2 ,
2k k

e e
v v Ne

m m
= + + − = =  ∑ ∑

k k

K
j K k K k v
ℏ ℏ

 (6.68) 

,  ,    ,   . 
        . 

7.8  .  . 
          

          
.     ,       

,           
  ,         

 

 1 1'
ˆ exp e .

ˆ
xp

H H
Z Z

N

T T
ρ µ− −  −  = − = −   

    
 (6.69) 

     ,  1Z −   
 ,  Z     ,  

    

 exp ,Z
T

Ω= −  

 Ω    ,     
 ( ), ,V T E N TSµ µΩ = − −  (6.70) 

       .   (6.69)  
  .      

   N     nNE   

 exp .nN
nN

N E
w

T

µΩ + −=  (6.71) 

,          
      'H NH µ= − ,  Ω   (6.70). 

    .      
  (6.61)  

 ( )ˆ 0 , 0,1,2,3.
jS j

j
jn ��� nψΨ = =∏ k  (6.72) 
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    ( )ˆ 0
j jnψ k   ( )

j jP nk .    

 (6.72)  ( )
j j

j

P n∏ k   ,       k  

( ) 1.
n

P n =∑ k      'H   

 ( ) ( )( ) ( ) ( ) ( )
1 2, ,....

' ,
j l l mj l m

n n l DL
l l

l mj

g
H P n s n t n n

V
tε µ

⊂

 
= − − 

 
∑ ∑ ∑∏ k k k kk  (6.73) 

  ( ) ( ),
l ll ls n t nk k     (6.63)   

 .    ,l m       

  ,l mk k   ,l mn n    (6.73)   
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