
C H A P T E R  V
Q U A N T U M  T R A N S P O R T

A T  L O N G  C O R R E L A T I O N  L E N G T H

I n t r o d u c t i o n

I n  t h i s  c h a p t e r  w e  w o u l d  l i k e  t o  a d d  s o m e  i m p e r f e c t i o n s  i n t o  o u r  s y s t e m  

r e s u l t i n g  f r o m  p r e v i o u s  c h a p t e r  w e  k n o w n  t h a t  t h e  l o n g i t u d i n a l  c o n d u c t i v i t y  i s  

a b s e n t  a n d  t h e r e  i s  o n l y  t h e  t r a n s v e r s e  o n e  w h i c h  c o n t r a d i c t s  t o  t h e  r e a l  e x p e r ­

i m e n t a l  r e s u l t s [ 9 ]  w h i c h  s t i l l  h a v e  t h e  l o n g i t u d i n a l  c o m p o n e n t  a t  t h e  c h a n g e  o f  

p l a t e a u s  r e g i o n s .  T h i s  i s  d i s c u s s e d  b y  H a l p e r i n [ 2 3 ]  a n d  i s  g e n e r a l l y  a c c e p t e d .  

S c h e m a t i c  d i a g r a m s  o f  t h e  q u a n t u m  H a l l  c o n d u c t i v i t i e s  a r e  s h o w n  i n  f i g . ( 1 . 3 ) .

A s  w e  h a v e  d i s c u s s e d  i n  C h a p t e r  I I  t h a t  t h e  i m p e r f e c t i o n s ,  w e  h a v e  a d d e d  

i n t o  o u r  s y s t e m  c r e a t e s  t h e  p o t e n t i a l  V(r)  f o r  a n  e l e c t r o n .  T h e n  t h e  H a m i l t o n i a n  

o f  o u r  s y s t e m  w i l l  b e c o m e

T h e  i m p e r f e c t i o n s  a r e  m o d e l e d  t o  b e  f i x e d  i m p u r i t i e s  l o c a t e d  r a n d o m l y  i n  t h e  

s y s t e m .  T h e  i n t e r a c t i o n s  o f  a n  e l e c t r o n  w i t h  t h e s e  i m p u r i t i e s  a r e  s u p p o s e d  t o  b e  

t w o - b o d y  i n t e r a c t i o n s  a n d  a r e  m o d e l e d  t o  b e  a  g a u s s i a n  f u n c t i o n .  T h e  i n t e r a c t i o n  

a p p e a r s  i n  t h e  H a m i l t o n i a n  o f  e q . ( 1 4 1 )  t h e  b e c o m e s

(142)
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w h e r e  v(r  — Ri)  i s  t h e  t w o - b o d y  i n t e r a c t i o n  b e t w e e n  a n  e l e c t r o n  a n d  i m p u r i t i e s  a t  

t h e  s i t e  Ri.  I n  B e z a k ’s  m o d e l  o f  r a n d o m  g a u s s i a n  m o d e l [ 1 8 ] ,  t h e  i n t e r a c t i o n  h a s  

p r o p e r t i e s

<  V ( r t ) >  =  0

< V ( r t)V ( r ' . t ' ) >  =  พ ( r  1 -  r v ) ,  ( 1 4 3 )

w h e r e  พ (rt — r y )  i s  c a l l e d  t h e  potential correlation function  a n d  m o d e l e d  t o  b e  

a  g a u s s i a n  f u n c t i o n

พ  ( r t - r v )  =  ^ 6- (rt-r,,)2/I-2 (144)

w h e r e  ££1 a n d  X  a r e  c a l l e d  t h e  fluctuation parameter  a n d  c o r r e l a t i o n  l e n g t h  1 

r e s p e c t i v e l y .  T h e  a v e r a g i n g  s y m b o l  a p p e a r e d  i n  e q . ( 1 4 3 )  i s  t h e  i m p u r i t y  s i t e s  

a v e r a g i n g  a n d  w a s  d i s c u s s e d  i n  C h a p t e r  I I .

I n  t h i s  d i s o r d e r  m o d e l ,  t h e  i m p u r i t i e s  a c t  a s  f i x e d  s c a t t e r e r s  a n d  h a v e  n o  

d y n a m i c a l  p a r t  i n  t h e  e x p r e s s i o n  o f  t h e  H a m i l t o n i a n  i n  e q . ( 1 4 1 ) ,  t h e n  i n  p r a c t i c a l  

p r o c e s s  w e  w i l l  t a k e  o n l y  t h e i r  e f f e c t s  o n  t h e  d y n a m i c a l  m o t i o n  o f  a n  e l e c t r o n .  T h e  

p r o c e s s  o f  a v e r a g i n g  o v e r  d i s o r d e r  d i s c u s s e d  i n  C h a p t e r  I I  r e s u l t  i n  t h e  a v e r a g e d  

p r o p a g a t o r  a n d  d e n s i t y  m a t r i x ,  e q . ( 7 2 )  a n d  e q . ( 7 7 ) ,  r e s p e c t i v e l y .
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D e n s i ty  o f  S t a t e s

F r o m  t h e  e q . ( 7 2 )  o f  C h a p t e r  I I ,  t h e  a v e r a g e d  p r o p a g a t o r  w a s  t a k e n  i n t o  

t h e  f o r m

K av(rT , r 0]t) =  J  v [ r t] e x p { ^ -  d tC ( r , r ] f )

~ 2 t f  J o  d t  J o  d t ’w ( r t ~ r t ' ï ï  (145)

w h e r e  t h e  £ ( r ,  r ;  / )  i s  t h e  L a g r a n g i a n  c o r r e s p o n d i n g  t o  t h e  H a m i l t o n i a n  i n  e q . ( 1 4 1 ) .  

T o  t r e a t  t h i s  p r o b l e m  i n  s o m e  l i m i t  o f  t h e  d i s o r d e r ,  s i n c e  i t  i s  i m p o s s i b l e  t o  g e t  a n  

e x a c t  r e s u l t s  f r o m  t h e  d i s o r d e r e d  s y s t e m s ,  w e  w o u l d  l i k e  t o  m a k e  m o r e  a p p r o x i ­

m a t i o n  o f  t h e  p o t e n t i a l  c o r r e l a t i o n  f u n c t i o n ,  พ  (r t — r t>), t h a t  a t  long correlation 

length , L  —> ๐0 , t h e n  i t  c a n  b e  e x p a n d e d  i n t o  a  s e r i e s  a s

พ (>■ 1 -  r , . )  =  ( I  ( l  -  ( r ‘ ~ p ' )2  +  ■ ■ ■ ) ( 1 4 6 )

W e  w o u l d  l i k e  t o  k e e p  o n l y  t h e  f i r s t  t w o  t e r m s ,  t h e n  o u r  a v e r a g e d  p r o p a g a t o r  i n  

e q . ( 1 4 5 )  b e c o m e s

X " ( r r , r „ ; T )  =  | p [ r , ] e x p { i  £ d t c ( r , r ; f )

+  ë »  £ * £ ๙ ^ - ' ' ท -  (147)

L e t  u s  c o n s i d e r  t h e  l a s t  t e r m  o f  t h e  e x p o n e n t  o n  t h e  r i g h t  h a n d  s i d e  o f  e q . ( 1 4 7 )  i n  

d e t a i l s ,  w e  f i n d  t h a t  i t  b e c o m e s  a n  o s c i l l a t i n g  p a r t  a n d  s q u a r e  o f  t h e  i n t e g r a t i o n  

p a r t .  I f  w e  d e f i n e  t h e  c o m p l e x  t i m e  d e p e n d e n t  f r e q u e n c y

น — 2 i
mh

a
L2 T (148)
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t h e n  o u r  p r o p a g a t o r  i n  e q . ( 1 4 7 )  b e c o m e s

K av(rT, r Q]T)  =  e _ ^ r 2 / * 3L2 J  v [ r t] e x p { ^  J  d t £ ( r , r \ f )

- f r - t f a - M  d t i  ๙ ’' " ' ' ' }  (149)
A p p l y i n g  H u b b a r d - S t r a t o n o v i c h  t r a n s f o r m a t i o n  t o  t h e  l a s t  e x p o n e n t i a l  o f  e q . ( 1 4 9 )  

r e s u l t s  i n  t h e  t r a n s f o r m e d  p r o p a g a t o r  K(rx,r0-,T)

K av{rT, r 0]T)  =  c ~ l r  d a e - ^ ^ aaK ( r T, r 0]T )  ( 1 5 0 )J — ๐๐
w h e r e  c  i s  t h e  c o n s t a n t  o f  g a u s s i a n  i n t e g r a t i o n  w h i c h  e q u a l s  t o  (4t ( 1 / L 2) a n d  

K ( r T , r 0]T)  t a k e s  t o  b e

k { r T, r 0]T )  =  e~ ร ั^ 7’2 /̂h ^  J  £ > [ r t ] e x p  l ^ y *  d t£ (r ,  r ;  /  - f  a ) |  ( 1 5 1 )

T h e  L a g r a n g i a n  £ ( r ,  r ;  /  +  a )  i n  e q . ( 1 5 1 )  h a s  t h e  f o r m

£ ( r , f ; /  +  a )  =  ^ r m r  +  ^ - r e r  -  ^rnu>2r 2 +  r ( f  +  a)  ( 1 5 2 )

w h i c h  i s  q u a d r a t i c  i n  f o r m .  T h e n  t h e  p r o p a g a t o r  o f  e q . ( 1 5 1 )  c a n  b e  t a k e n  i n t o  

t h e  e x a c t  f o r m

k ( r T, r 0-,T) ะะะ F {T)  e x p  I  ^ •ร ิ,;((ท ; /  +  a ) |  ( 1 5 3 )

w h e r e  t h e  c o r r e s p o n d i n g  c l a s s i c a l  a c t i o n  S c i ( r ,  f  +  a )  i s

Sd(r;f + a) = 2̂ r )  ((4 + rî)cos{y.T) -  2rTeua/2r0)

+  โ M j â )  j j  ^ T ~ ' ) n ^ w  +  “ ) *

+ T Ï M x p  [  - < ) ) ( /  +  O*#

+  m / T *  J o  +  +  a),. (154)
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w h e r e  w e  h a v e  u s e d  t h e  n o t a t i o n  f o r  f r e q u e n c y

n 2 +  ๙ ( 1 5 5 )

a n d  G(t, t ' )  i n  t h e  l a s t  t e r m  o f  e q . ( 1 5 4 )  i s  t h e  G r e e n ’s  f u n c t i o n ,  w h i c h  h a s  t h e  

f o r m

G ( t ,  0  = ----- { 3 i r 1̂ T  _  t )) sin(nt' )H{t  -  t ’)

+sin(nt)sin(i.i(T — — f)}

W i t h  t h e  c l a s s i c a l  a c t i o n  i n  e q . ( 1 5 4 ) ,  r e s u l t i n g  i n  t h e  p r e f a c t o r  f u n c t i o n

( 1 5 6 )

F (T )  =
m/t

2irihsin(f.iT) ( 1 5 7 )

S i n c e  w e  a r e  o n l y  i n t e r e s t e d  i n  t h e  p r o p a g a t o r  a t  t h e  o r i g i n ,  t h e n  w e  h a v e

f  m ti  \ ■ U lT ’ / W
f<- T ) J  

' e x p ^ h m j 0 d t  J 0 d t 0 / t '

+ n L  j j  d t f t G r ) a  +  ^ q G ( t)q }  (Ï58)
w h e r e  w e  h a v e  u s e d  t h e  n o t a t i o n s  G (t , T )  =  / 0T  dt’G(t ,  t') a n d  G(T)  =  / 0T  dt  / 0T  dt'G(t,  t'). 

P u t t i n g  t h i s  e x p r e s s i o n  b a c k  i n t o  e q . ( 1 5 1 )  a n d  m a k i n g  t h e  « - i n t e g r a t i o n ,  r e s u l t i n g  

t o  t h e  a v e r a g e d  p r o p a g a t o r  K av(0 ,  0 ; T )  a s

K av(0, 0 ;  T) (
m/f 1

V 2 irihsin(fiT) J (1 -  (4 i /h ) (Z l /L 2)G(T))  
e x p  ( -

exp < -
H § f î + Sm l  *  l

(1 -  ( i i / A ) { t l / L * ) G ( T ))} (159)
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w h e r e  w e  h a v e  u s e d  t h e  n o t a t i o n  (f , G ) = J q d t f t G ( t , T ) .  W e  a l s o  f i n d  t h a t

1 _ l i i i r c m  =  2/J { c o s ( n T / 2 )  -  c o s ( n T ) )
=  u *  s i n ^ r )

T h e n  / v a v ( 0 , 0 ; T )  i n  e q . ( 1 5 9 )  b e c o m e s

( 1 6 0 )

K av( 0 , 0; T )  = ( c o s ( S l T / 2 ) -  c o s { n T ))
, น ^ 2 2£2 น;2r  s i n ( f i T )  2

' P1 2  £2A2 “  /i2m2L2 (co s(n r /2 ) -  cos(/zT))u ’ ;

+  ^  J *  dt J *  ๙ f tG { t , O M  ( 1 6 1 )

w h e r e  w e  h a v e  u s e d  f o r  t h e  a p p l i e d  f o r c e  /  =  — e £ ,  w h i c h  i s  c o n s t a n t  i n  t i m e .  

T h e n  e q . ( 1 6 1 )  b e c o m e s

muj2T 1Kav(0,0]T) = 4irih (cos(ClT/2) — cos(nT))
■ 1.,■ 1, u p 3 _  ï M a l l

Pt 2  sit,2 !cM{f!r/2) -  c o s ( j i T ) )  ' ’ ’

h m ( - e £ ) ! G ( T « ( 1 6 2 )

T h i s  e q u a t i o n  s h o w s  t h e  f u l l  e x p r e s s i o n  o f  t h e  r e s u l t i n g  p r o p a g a t o r  a t  t h e  o r i g i n  

i n  t h e  l o n g  c o r r e l a t i o n  l e n g t h  l i m i t .  W e  s e e  t h a t  w e  d o  n o t  h a v e  a n y  p h y s i c s  o f  

t h i s  s y s t e m  i n  t h i s  r e g i m e .  I n  r e a l  p r a c t i c a l  s i t u a t i o n  o f  t h e  q u a n t u m  H a l l  e f f e c t ,  

t h e  e l e c t r i c  f i e l d  i s  v e r y  w e a k  c o m p a r e  t o  t h e  m a g n e t i c  f i e l d ,  t h e n  w e  c a n  n e g l e c t  

t h e  l a s t  t w o  t e r m s  o n  t h e  e x p o n e n t  o f  t h e  r i g h t  h a n d  s i d e  o f  e q . ( 1 6 2 ) .  a n d  t h i s  

r e s u l t s  t o

A 'a u ( 0 ,  0 ;  T )  = m u 2T  1 - \ ( 2T2ih2L2
iirih  ( c o s ( H T / 2 )  — c o s ( n T ) ) e

T h e  c o r r e s p o n d i n g  d e n s i t y  o f  s t a t e s  o f  t h i s  p r o b l e m  t h e n  b e c o m e s

(  A  \  r  m u ) 2T  e - i t l T 2/ * 2!.*  

V^B/ J - o o  ( c o s ( V t T / 2 ) — c o s ( f i T ) )

( 1 6 3 )

n (E )  = (164)
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U s i n g  t h e  i d e n t i t y  cos(ÙT/2) — cos(/j.T)) — —2sin(T(Q/2 — n)/2)sin(T(Çl/2 + 
แ ) / 2)) a n d  t h e  f a c t  t h a t  น 2 =  — ( ท / 2 +  /น)(n /2  — n ) ,  l e t  U S  d e f i n e  t h e  f u n c t i o n  

พ ±{T)  a s

2 (>1 ±  2 >

§ พ ± ๓ ( 1 6 5 )

F r o m  t h e  d i m e n s i o n l e s s  p a r a m e t e r s  d e f i n e d  i n  C h a p t e r  I V ,  w e  g e t

พ ± { t )  =  \ / l  +  8 i< $ r ±  1 ( 1 6 6 )

w h e r e  8 =  {/3/a)2 a n d  t h e  d e n s i t y  o f  s t a t e s  i n  e q . ( 1 6 4 )  b e c o m e  

«  -
( 1 6 7 )

T h e  i n t e g r a t i o n  i n  t h e  e x p r e s s i o n  o f  ท (E 1) i n  t h i s  e q u a t i o n  c a n  b e  d o n e  b y  C h a u c h y ’s  

i n t e g r a l s ,  i t  w a s  s t u d i e d  i n  d e t a i l s  b y e  S p i e s [ 2 5 ] .  T h e  r e s u l t i n g  ท(E 1) a r e  p l o t t e d  

i n  F i g . ( 5 . 1 ) .

I n  t h e  r e a l  q u n a t u m  H a l l  s i t u a t i o n ,  t h e  m a g n e t i d  f i e l d  i s  v e r y  l a r g e  ( o f  

t h e  o r d e r  o f  1 0  T e s l a ) .  W e  c a n  c o n s i d e r  t h i s  s i t u a t i o n  f o r  e q . ( 1 6 7 ) .  I n  t h e  l a r g e  

m a g n e t i c  f i e l d  l i m i t ,  ท  —> ๐0  , i t  a p p r o a c h e s  t h e  f o r m

n ( Z ' )  =  ^  (4 ) t  /> - ^ +' ™ > >'
1  /  A  \  6 - (E'-(ท+ 1 /2 )Ÿ/2p= (4 ) ร—7  (168)
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w h i c h  r e s u l t s  i n  t h e  g a u s s i a n  f u n c t i o n  a n d  t h e y  s h o w  t h a t  i n  t h e  l i m i t  o f  s m a l l  

f l u c t u a t i o n  p a r a m e t e r ,  (3 —y 0 , t h e  d e n s i t y  o f  s t a t e s  b e c o m e s  a  d e l t a - f u n c t i o n  ,

ท(£') -  è G 4 ) ê * (£' “ (" +i/2)) (169)

a s  i n  t h e  c a s e  o f  t h e  f r e e  e l e c t r o n  u n d e r  t h e  a p p l i e d  m a g n e t i c  f i e l d  i n  a  t w o -  

d i m e n s i o n a l  s y s t e m  w i t h o u t  i m p e r f e c t i o n s .

T h e  o b t a i n e d  d e n s i t y  o f  s t a t e s ,  f i g . ( 5 . 1 ) ,  s h o w s  t h e  b r o a d e n i n g  o f  L a n d a u  

l e v e l s  c a u s e d  b y  t h e  i m p e r f e c t i o n s  p r e s e n t e d  i n  t h e  s y s t e m .  T h i s  b r o a d e n i n g  

i s  d i f f e r e n t  f r o m ,  t h e  o n e  c a u s e d  b y  t h e  a p p l i e d  e l e c t r i c  f i e l d  w h i c h  i s  d i s c u s s e d  

i n  c h a p t e r  I V ,  s i n c e  a l l  s t a t e s  i n  t h e  b r o a d e n  l e v e l s  a r e  d e l o c a l i z e d  s t a t e s  b u t  

m o s t  s t a t e s  i n  t h e  c a s e  o f  t h e  p r e s e n c e  o f  d i s o r d e r e s  a r e  l o c a l i z e d ,  a s  d i s c u s s e d  

b y  H a l p e r i n [ 2 3 ] .  T h e  s c h e m a t i c  d i a g r a m  o f  t h e  r e g i o n  o f  l o c a l i z e d - d e l o c a l i z e d  

s t a t e s  i s  s h o w n  i n  f i g . ( 5 . 2 ) .  W e  s e e  f r o m  t h e  f i g u r e  t h a t  n e a r l y  a l l  s t a t e s  i n  t h e  

e n e r g y  s p e c t r u m  o f  t h i s  s y s t e m  a r e  l o c a l i z e d .  T h e  c o n d u c t i o n  o f  a n  e l e c t r o n  i n  t h e  

l o c a l i z e d  s t a t e s  i s  d i f f u s i v e  t y p e [ 2 1 ] ,  a n d  a t  v e r y  l o w  t e m p e r a t u r e s  i s  d e p e n d e n t  

o n  t h e  d i s t r i b u t i o n  o f  e l e c t r o n s  i n  t h e  s y s t e m ,  i . e .  o n  t h e  F e r m i  f u n c t i o n .  P l o t s  o f  

t h e  d e g r a d a t i o n  o f  ท(E)  a t  d i f e r e n t  c o r r e l a t i o n  s t r e n g t h s  a r e  s h o w n  i n  f i g u r e ( 5 . 3 ) .
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ท ^ )

F i g u r e ( 5 . 1 ) .  D e n s i t y  o f  s t a t e s  ,n(E'),  a t  l o n g  c o r r e l a t i o n  l e n g t h  is  p l o t t e d  

v e r s u s  i t s  e n e r g y  E'. U s i n g  a  =  6  a n d  (3 =  0 .4 .



ท ( E )

F i g u r e ( 5 . 2 ) .  S c h e m a t i c  d i a g r a m  o f  l o c a l i z e d - d e l o c a l i z e d  s t a t e s  i n  c a s e

o f  t h e  p r e s e n c e  o f  i m p u r i t i e s .
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F ig u r e (5 .3 ). D e n s ity  o f s ta te s , ท(E’), is p lo tte d  at any stren g th  o f  

correla tion  len g th , (a ) a  =  6, an d  (b ) a ะ= 24.
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T r a n s p o r t

To determine the transport properties of this system, we start by consid­

ering the averaged density m atrix, eq.(77),

P a v ( r T , r ' T ) =  J  d r 0 j  dr '0 p ( r 0 , r ' 0 )

■ J  V [ r t ] J  V [ r ' t ] e x p ^  d t  (£ (r, r; / )  -  £ ( r ';  r '; / ) ) |

■ e x p { - ^ 2 ^  dt dt'(W{rt — rti)
- 2 W ( r t - r ' t 1)  + W { r ' t - r ' t 1) ) }  (170)

The density matrix is averaged over all impurity configurations resulting to the 

impurity influence functional phase 4>(r, r ') ,

y ^ r ' )  =

- 2  พ ( r ,  -  +  W ( r ' ,  -  r ' , , ) )  (171)

In general, the action function in eq.(170) can be w ritten in the form s ^ r ; /]  — 

ร [r1-, f ]  + t f>(r , r ' ) then its corresponding equation of motion of the path r t at 

time t  =  T  is

m { r ) T +  ^ - e ( r ) T -  f  =  ( V r<£(r, r ') )T (172)

The averaging < .. > is made with respect to the density m atrix eq.(170). At the 

steady state, < r  > T — 0 then eq.(172) becomes

- f -£(’1)t +  /  =  (V ,fS (r,r '))T (173)
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This equation displays the balance between the momentum gained from the ap­

plied fields, the left hand side, and the momentum lose into the system, the right 

hand side, by scatterings with impurities. Let US consider in more details of the 

right hand side of eq.(173), from eq.(171),

M ' / l ] ,  =  M C d t  J o  ๙  <  v ' (PK(r‘ “ r '')
- 2 พ ( r ,  -  rj,) +  U 'o ; -  r ;,)) > T (174)

Let us write the potential correlation function in its Fourier transformed form,

W{rt - r t.) =  (175)
k

then eq.(174) becomes

(Vr0 (r ,r ') )T =  E  w ( k ) k  [ 0 d a  (  (e“ (r,“ rt) -  ett(rr“ ri))  )  (176)

Using the symmetric property of the Fourier component of the potential correla­

tion function,

W { k )  =  พ ( — k ) ,  (177)

which arises from the model function of พ ( r t — r t ' )  we chose, and the fact that 

in the averaging procedure we have the condition 6 (rT — r'T ) ,

(0 { r )) =  J  d r T J  dr 'T6 ( r T -  r'T ) 0 ( r ) p ( r T , r ' T ) .  (178)

Then we can write eq.(176) in the form

= -j^Re- -̂ พ ( k ) k  J  d a  ( e ik^ - ^ )(Vr<̂ (r, r'))T ( 1 7 9 )
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W ith this expression, eq.(173) will take into the form

To determine its transport coefficient, we would like to move onto a moving frame, 

R ,  that moves with the same velocity as the drift velocity of an electron at the 

steady state, V o -  That is we choose R  =  V D . This transformation can be done 

by writing r t =  R t  +  ฆ*, where น* is the fluctuation of the electronic path  by 

the moving frame resulted from interactions with impurities. Suppose th at no 

consideration is paid on the dynamical properties of these fluctuations, น and ฆ', 

this will make eq.(180) become the form

^ - e v D  +  f  =  - | r J -  พ {k)k [ d crei k v { e i k ^ ~ u ^ )  (181)

Now the averaging process in this equation is made with respect to the density 

m atrix of an electron on the moving frame. From eq.(151), the density m atrix 
will take the form

In the long correlation length limit, the impurity influence functional becomes

where f i  is the Lorentz force;

h  =  f  +  — CVD =  - e £  +  — t v D . (183)
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Now, let us consider the average ^e'MUr-'u‘d ) by first writing

i  [ Tik(uT — น<7) = -r I dthkut(S(t — t ) — 6(t — a))
* J o

=  jr J  d t f s (185)

then the average is being a kind of generating functional of the delta function 

force f s t , g ( f s ) .  From the density matrix of eq.(182), then we get

g( f ss )  = J  d u 2d u '26 (น 2 — น 2) J  d u x  J  d u [ p ( u i , น'1)

•exp  |^ - ( t i t -  น't ) ( m v D  +  tR t) l o j

■ J  V[ut] J  v[u't) exp เ ^ - ^  dt(C(u,ir,FL +fs)-C(u',ù']fL)) \
•e x p |-^ 2 ^ y  d t  J  d t ' (นt - u ' t ) { u t '  -  ฆ,4/)! (18

Applying Hubbard-Stratonovich transformation to the last term  on the exponent 
of the right hand side of eq.(186) , resulting in

9 ( h )  =  c ~ l  J  d a e  « Î  p ( f s ,  a ) (187)

where the transformed generating functional is

£(/«;<*) = J  d u 2  J  d u 2 6 (น 2 — น'2 )

•exp d t ( u tu 't ) ( m v D  +  J  v[ut] J  V[u't}
• e x p j ^ y  d t  J  d t ’ (C(u, นํ; F) -  £ (น,, น่,; F ' ) ) j  (188)

where we have defined the forces F  and F '  in the form

F  =  / l  +  f s  +  a  and F '  =  f L  +  a (189)
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The detailed calculation of eq.(188) is done in the appendix , with the initial 

condition of the ground state of the oscillator, results in the form

g { f s ' , a )  ะ= exP J  <ftefi£t/2s in (n i/2 ) { F t -  F { )

- ( F t . e - i n ( t - t , ) /2  -  F t' ,e i n ( ‘- f,)/2)  }. (190)

The expressions of the forces F  and F ' ,  we see that they are all constant in time. 

Let us also define some functions for convenience;

L i ( t , a )  =  J  d t e ~ ï cts i n ( n t / 2 ) ( 8 ( t  — t )  — 6 ( t  —  a ) )

B q ( t , a )  =  —̂— [  d t  [  d t \ 8 { t  — r )  — 8 ( t  — c r ) ) e Qc(-*~*’^ 2 
m Jo Jo
. ^ - .-ท(<-t')'2 _  6.•ท(*-*')/^  (S ( t > — 7") — 8 { t '  -  a ) )  (191)

£ 1(r ,T )  =  J T  d t  J T  d t ' e u ^ - t , ) / 2 s i n ( n { t - t ' ) / 2 )

Eq.(190) becomes

g { f s ' > a ) =  e x p { - i v D L i ( T , a )  -  i ( f s  +  ci) ( B i ( t , T )  -  B i ( a , T ) ) k

- i h k 2B 0 ( T , a ) } .  (192)

Inserting this equation back into eq.(187), and making the a  -integration, results 
in

g ( f s )  =  e x p { - i v D L 1 ( r , a ) k  -  i f L ( B i ( j , T )  -  B i ( c r , T ) ) k

- i S F B o t r , < r )  -  ^ ( B , ( r  -  B , ( < 7 , r ) ) 2} (193)
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W ith this resulting generating functional, the equation of motion, eq.(181) be­

comes

~ e v D +  f  =  - j r R e ^  Y ,  w ( k ) k  J 0 d a e ikvD ^

cot exp{—W £ ) L i ( t , a ) k  — i/z,(-6i(r, cr) -  B i ( a ,  T ) ) k  

- i h k 2 B 0 ( T , a )  -  แ ( B 1 { t , T )  -  B 1 (<7,T ))2} (194)

This equation is very complicated, we would like to evaluate it in our condition 

for this chapter, they are long correlation length and large magnetic field, then 

eq.(193) reduce to

^ e v D  +  f  =  - | r  e j J ^ W ( k ) k  J  d a e ikVD{T- ^ - (195)

Now let us use the fact that J  Y ^ k —> ^ f  d k ^ 2\  and the Fourier component of 

the potential correlation function is

พ  ( k )  =  W L e - k2£

where พ L  —  Putting this expression into the right hand side of eq.(195),

we get
e_B_

c e v D  +  f  =  ~ l R e J ^ ÿ  J  d k ^ k e ~ k i ^ + ihBo^ +ikv^ T (196)

The <f&(2)-integration is a gaussian integral, we can evaluate it and result in
»n(r-«)î

e B  , 1 „  £?T2 r  . e
- — e v o  +  f  =  T—Re-^r— V o i  / d a ( r  — cr)—P1----——------- —  (197)c 87T ท 0  J o  { \ ^  +  ihBo(T,a)y 1 ;

From this expression, we would like to define the relaxation time T£, from the

equation

— e v D +  f  =  m v D  —  
c  t l

(198)
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then, from eq.(197), vve get

K ' St l

1 r=  T ^ R e ^
ร7โ m h

From eq.(198), we wolud like to write it in the m atrix form as

( - 0
น '

— m

\ £ y  J
which can define the mobility n  to be

/  1 \  /  \- f ]

v J[ ท  ±
\  TL J

-1

V-h =

or express in it's components as

=

H y x —

- e ) T L

m
ท  ± 1\  r L  /

( - e ) T L

m  [1 +  (fb x )2] 
( - e )  fไt I

m  [1 +  ( f lT i ,)2]

The conductivity <Ji is related to the mobility from the expression

(199)

(200)

(201)

(202)

(203)

o x  =  n ( - e ) H L (204)

where ท is the density of electrons at energy E .  At this point, we put a d  h o c  the 
many-electrons effect in terms of Fermi function

• ^ - ® )  =  (1  _j_ e[E-EF)/kT'j ( 2 0 5 )

The electrons at finite tem perature have different contributions to the longitudinal 

and transverse components of conductivity. For the longitudinal component, it 
takes the form

^  =  ( - « )  J d E ( - ^ 8 l F  ท( £ ) / • . .  (206)
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and the transverse component will take the form

< v  =  ( - e )  J  d E }- ^ - n ( E ) h y t { E ) .  (207)

From the resulting mobility of eqs.(202) and (203), we can have the expressions 

of the two components of conductivity. Numerical results of them are shown in 

next section.

N u m e r ic a l  R e s u l t s

To determine our results of eqs.(200), (203), (204) and (207), we would like 

to write them in terms of dimensionless parameters defined in chapter IV. From 

the definition of B o ( r , a )  in eq.(192), we can show that

B0(t, a) -  ——s m 2(n(T  -  <7 )/2 ). 
m i l (208)

12 • (209)

Then the relaxation time in eq.(200) becomes

(ทน-»)/*))
71 8 m n  J o ' ' ( Ç  +  S « n * ( n ( T - a ) / 2 ) Y

Let us define X  —  ( r  — a )  and then x '  —  xfl, then we have an expression of 

dimensionless relaxation time t ' l —  Ü T L  as

1 u £ x 2 r  >/=
TL = 8 mh 6V o CTT ( f  +  £ £ s m 2( t t ( r  -  a )

(210)(1 +  8 i a 2s i n 2 ( x ' / 2))2 
where is defined to be equal to (l/2)mu£)/jFn- From eqs.(203) and (204) we 
have

= ( -g )
mfl (1 +  r£2) (211)
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and

(-e) J  2
^  =  m f! (1 +  T p ) ' (212)

From eq.(207), the longitudinal component of the conductivity will take the form

=  ( - e )  f "  i E ' ( ~ â A  ท( £ > „ ( £ ' )  (213)

and from the expression of n(E') and /J.XX(E') in eqs.(168) and (211), respectively, 

we can write crx x  in the form
(7SS 1 1 1  A /  TÎ \  r o o  i E ' - E ' F ) / E i T e - l E ' - [ n + l / 2 ) ) * M *

ไf  =  E [ t * P  S ( l + V ) / o  (1 +  e ( E ' - E ' F ) / E - T y  (214)

From eq.(208), the transverse component of the conductivity will take the form

< r „  =  ๆ ^ -  r  dE'l(E')n(E(215)

and from the expression of ท(E1) and H y X  in eqs.(168) and (212), respectively, we 
can write O y X  in the form

f a  =  i n  f f  r j  \  r  e ^ - ( n + i / 2)) พ
A  P ^ \ T + t f ) ' J 0 (1 +  e( ^ » / ^ r )

Plots of a x x  and a yx are shown in fig.(5.4).

D is c u s s io n s

The resulting density of states, ท ( E ) ,  see fig.(5.1), show that the Landau 

levels are broaden by the effects of disorder. But these states in the broadened 

level are not all delocalized, see fig.(5.2), this causes the appearance of the lon­

gitudinal component of conductivity, see fig.(5.4) as a peak-like function at the



region of plateau-plateau transitions. This shows that in the region that an elec­

tron unlocalized by the disordering can drift in the longitudinal direction caused 

by scatterings with impurities and give the contribution to the longitudinal com­

ponent of conductivity.
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0 1 2 - 3  4 5
F e rm i  e n e r g y (m a g .e n e r g y  u n i t )

Figure(5.4). Conductivities are plotted versus the Fermi energy, E ' p ; <7XX (dashed line), 

and a yx (true line). The calculation is made at the values of 
Q =  6, เ3 ะ= 0.4, and E 'k T  =  0.1.

*/"

. y

lo
n

g
.c

o
m

p
,(

d
a

sh
e

d
 

li
n

e
)


	CHAPTER V QUANTUM TRANSPORTAT LONG CORRELATION LENGTH
	Introduction
	Density of States
	Transport
	Numerical Results
	Discussions


