
   D.R. Nelson (Harvard)
   A. Zee (UC Santa Barbara)

   N.H. and D.R. Nelson:
     PRL 77, 570 (1996)
     PRB 56, 8651 (1997)
     PRB 58, 8384 (1998)
   N.H.:
     Physica A 254, 317 (1998)



(1) 

(2)

(3)



1. 

2. 

3. ____

4. 

5. 

6. ____



x x

電子�

合金または�
不純物格子�

電子エネルギー�　
  乱
雑
さ
�

(不
純
物
濃
度
な
ど

)

局在相�

非局在相�

移動端�



g: “
” 

V(x): 

  
H =

(p + ig)2

2m
+ V(x)

g=0: (



電子エネルギー�　
  乱
雑
さ
�

(不
純
物
濃
度
な
ど

)

局在相�

非局在相�

移動端�

非エルミート性  g

Vx

x

H = − +(
+ − )

+

⋅

=
− ⋅

∑∑

∑

t

V

e

e

d

2 1

g e

x
g e

x
x

x e x

x e x

x x

ν

ν

ν
ν

ν            



g=0: 

(i) g↑: g = gc 

(ii) 
      

(iii) : κ = gc

x x
κ−1

ψ κ~ e− x
κ = 0



ε 
   

   κ
   ε

g c
( 

 )
  =

   
  (

  )

実固有値�
 (局在相)

複素固有値�
 (非局在相)

ε

電子エネルギー�

乱
雑
さ

局在相�

非局在相�

移動端�

(1) 

ψ κ
0 ~ − xe(g = 0):

g = gc

κ = gc



10-10

10-8

10-6

10-4

10-2

100

0 50 100 150

R
( 

 ) x
gs

ψ
L
( 

 ) x
gs

ψ

x

g = 1.0
g = 0.9

×

  

H  
H  

ψ ε ψ
ψ ε ψ

ψ ψ
R R

L L
L R=

=



→ ≠ ÷

≠ ψ ( )x 2



−1

0

1

2

−2 −1 0 1 2

Re   /tε

Im
   

/tε

g = 0.1

g = 0

0.3

0.5

0.7

0.9
1.0
1.1

κ > g κ < g

×



e iA g  ↔

g = 0 : H 0 0 0 0ψ ε ψ=

g ≠ 0 : H g g gψ εψ=
ψ ψg

g x= ⋅
0 e

ε ε= 0

g
p g

xH =
+

+
( )

( )
i
m

V
2

2



ψ R(x )

x

(    − g)−1κ(    + g)−1κ

| g | < κ 

g
k gk xe>

+⋅κ εψ:  ,  R i i
m

~ ~
( )2

2

ψ κ
g

x g xR ~ e− + ⋅
0ψ κ~ e− x

0

0.2

0.4

0.6

0.8

1

−2 −1 0 1 2

g

ε

κ 
ε(  

)



(2) 

(a)

H =

(c)

H =

(b)

H =

(d)

H =

H

「固体相」� 「液体相」�

「ガラス相」�「液体相」�



Z clE Le ef i= =∫ − ( )[ ] −D Hx x τ ψ ψτ

cl

L

E d
m d

d
d
d

Vx
x

g
x

xτ τ
τ τ

τ

( )[ ] = 



 − ⋅ + ( )









∫ 2

2

0

g H≡ ( )⊥Φ0 4/ π
Nelson and Vinokur, PRB 48, 13060 (1993)

H||

H⊥

τ

x

x(  )τ
Lτ

0

∆τ

T( )
exp( )
∆

∆
τ

τ
≈
−    H

H = ++( ) ( )p gi
m V r

2

2



x

τ H

x

τ H

x

τ
V(x) m d

d
d
d

V

2

2x

g
x

x

τ

τ







− ⋅

+ ( )



τ

x

x

P(x)

τ

x

x

P(x)

H⊥
↑

g ↑



(3) 

E E i
k i

mres r= − ≈
−

Γ /
( )

2
2

2γ

Γ−1: 

ψ γ
res    as  ( ) ~ ( )r e ri k i r− → ∞



r re
p pe

i

i
→
→{ −

θ

θ

Aguilar et al, Comm. Math. Phys. 22 (1971)

H = + ≡ −+( ) ( )p g g
xi

m V r
r

g
2

2 0;   

ψ ψ
γ

res res  ( ; ) ( ; )
~ ( )

r g r e
e

g r

ikr g r

= −

− −

0 0

0

r

ψres(r)



• 
   Chen et al., PRB 54, 12798 (1996)

• 
   Nelson and Shnerb, PRE 58, 1383 (1998)

• 

   Mudry et al. PRL 80, 4257 (1998)

• PT 
   Bender and Boettcher, PRL 80, 5243 (1998)
      ↔ PT 

• 
   Lehrer and Nelson, cond-mat/9806016

• 


