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$ f .  I n t ¡oduc t i on

De t¿ i I ed  i nves t i ga t i ons  on  the  the rmo-
e lec t r i c  and  the rmomagne t i c  e f f ec t s  o f
g raph i t e ,  r evea led  the  appea rancg  o f  nega t i ve
á ip -o t  t ñe  t he rnopove r  (S )  and . the  Nerns t -
E t i i ngsh¿rusen  coe l f t c i en t  (A r ¡ )  a round  35 -
4OK.  ( I *  5 )  These  anoma l i es  e re  re la ted  to
the  phonon  d rag  e f f ec t .  ( 6 -  9 )

ñecent ly¡  r ¡e have ascer ta ined t ,hat  ve l l -
c r J ¡ s ta l I i z "á '  r i " t t  g raph i t e  exh ib i t s  a  sha rp
peáX ot  p '  belov 20l i  beside a d ip around
35K ,  , h " re  p  i s  re la te< l  t o  a  cu r ren t  dens i t y
j  =  9 E  -  É  9  T .  U n d e r  t h e  c o n d i t i o n  o f  H l l  z ,
6nd v.  T *  0,  S is  ¡ l rven bY

l'
s ( H )  = j =

V Tx

cy¡rP** - c*ypy*
.  ( r . r )

d**$y - d*yo"yx

The  d ip  i s  assoc ia tec l  v i t h  t he  no rma l
phonon  d rag  e f f ec t , ,  wh i l e  t he  peak  can  be
csc r i bed  to  t , he  t vo -s tage  d rag  e f f ec t , .
(  I o -  l 3 )  0bse rved  resu l t s  o f  I  ' *  ( o )  r  [ r ¡ ¡  ( l t )

l l d  P " f  
( I l )  r n  k i sh  g raph i t e  a re  g i ven  i n

¡ r g . I .
I n  t he  no rna l  phonon  d rag  e f f ec t  t he

t t e fec t ron  phonon r r  vh i ch  i n te rac t  v i t h  ca r r i e r s
come to  a  s ta t i ona ry  s i a te  ma in l y  t h rough
t ,he scat , ter ing by carr iers and shor t  - -ave
phonons .  I n  t h i s  case  sho r t  vave  phonons  a re
ássumed  to  be  i n  t he ¡ 'ma l  equ i l i b r i um,  and  so

F i g . I T e m p e r t t u r e  d e p e n C e n c e
i n  k i s h  ¡ ¡ r a p h i t e .

o f g

D ig .  2  l " l omen tum re laxa t i . on  p rocesses
rn  ca r r i e r -  and  Phonon -sYs t ,ems .

t l r ey  do  no t  exp l i c i t l y  pa r t i c i pa te  i ¡ t  t be
k ine t , i c  eq r ra t i on .  Hoveve r r  w i t h  dec reas ing
tempera tu res  t he  sho r t  vave  phonons  dev ia te
f rom the  the rma l  e r ¡u i l i b r i um because  the
Umk lapp rocess  (U -p rocess )  becomes  i n ¡ r c t i ve
f l s  co ¡npa red  w i t , h  t he  No rma l  p rocess  (N -
p r o c e s s ) .  A c c o r d i n B l Y r  t h e  s h o r t  v a v e  p h o n o n s
can  d rag  ca t r i e r s  v i a  t he  e lee t ron  phonons .
This tvo-stn.ge drag induces t t re extra anomaly
o f  p * . x ( o )  i n  I ' i g . 1 .

l l y  so l v i n ¡ ¡  t he  coup led  t soL tzmann  equa t i on
o f  ca : r r i e r s  and  phonons ,  &n  exp ress ion  o f  t he
t vo -s tage  d rag  e i f ec t  i i  ¡ ¡ i ven  i n  $2 .

$2 .  Tvo -s t , age  d rag  e f f ec t  i n  g laph i t e

Ma in  assumpt ions  made  i n  ou r  ca l cu l¿ t i on
e re  &s  fo l l o r ¡ s :
1 )  The  l ' e rm i  su r face  i s  app rox ima ted  by
t h e  e l l i p s o i d  m o d e l .  1 6 -  9 )
2 )  E lec t ron -phonon  i n te rac t i on  i s  L im i ted  to
the  coup l i ng  v t t h  t he  i n -p Iene  v ib ra t i on .
r 6 -  9 )
3)  As  we  cons ide r  a  ca . se  o f  T r ¡  >>  ? "  r  vhe re

?,¡  and.  t¿ correspond to re laxat i ,on t imes of
thé shor t  vave phonons and U and N indicat ,e
t h e  U -  a n d  N - p r o c e s s e s ,  t h e i r  d i s t r i b u t i o n
func t i ons  a re  &ssun ted  to  be

- .  t  
' l - l

r n =  [ e x n  P ( f o q  - f c . s )  -  L  )  ( 2 . I ]

g  i s  a  qu r i n t , i t y  t o  be  de te rm ined  by  use
of  t [e  coupled lJo l tzmann eg.uat ion.

To  ge t  P ¡  i t  r s  more  conven ien t  t , o
ca l cu la te  t he  hea t  f l ux  I  sub ¡ec ted  to  an
e lec t r i c  f i . e l d  !  and  v i t hou t  t empera tu re
g rad ien t  g  T .  I n  t l ¡ i s  case  we  l ¡ eve

! .  =  L  E ,  T f t ,  1 l { )  =  X  j i ( - H ) .  
( 2 . 2 )

n long  the  s im i l a r  l i ne  t o  t he  p rocedu re
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vs  ¡  phonon ve loc  j . t y ,

t n ( l ) :  r e l a x a t r o n  t i m e  o f  t h e  e l e c t r o n

p h o n o n  q  r e l a t e d  t o  t h e  s c ¿ t c e r i n g  b ) /

t h e  s h o r t  v a v e  p h o n o n s  ( s e e  l ' i g . 2 ) ,

t f  u - ¡
I  d , r a g ¡  e l e e t r o n  P h o n o n'  

f l '  no rma I  d ¡ f  ¿ .9
dev ia t i on  i n  t he  no rma l  ¡ r honon  d . r ag

¡ f  ¡ o z l o v  ¿ n d  K o z L o v  e t  a l  ( 1 0 -  1 2 ) ,  w e
r n  € x p r € s s i o n  o f  v  d u e  t o  t l ¡ e  t v o - s ü a ¡ ¡ e
c f f e c t  a s  f o l l o w s ¡

s r  í T u  \  ^ .
! = L f r o l " l : - l l d , l \ ,  -

q  ' l - o  
\ t o t l  )  /  

'  - ' q ' n o r m a r  
d ' r a g '

l i ¿1  . I  q r ra l i t a t , i ve l y .  I n  t he  ¡ r resence  o l .
a r  magne t i c  f i e l d  É ¡ r  dec reases  due  to  t he
c ¡ r c l o t r o n  m o t i o n  o f  c n r r r e r s .  ( s e e  l ' i g . t  )

C le¿ r r  i nd i ca t i on  o f  t he  two -s tage  d . rag
e f i ' ec t  was  obse rved  i n  good  samp les  o f .
b i s m u t h  a t  h e l i u m  t e m p e r a t u r e s . -  ( I 3 )
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( 2 , 3  t

\ 2 . 4 )

I  p r o c e s s .

Acco rd in ¡1  t o  t he  t heo ry  o f  t he  no rma l
p l r o n o n  d r a g  e f l e c t  i n  g r a p h i t e  ( 6 ¡ 8 ¡ 9 ) ,
,  t  *n )no r ra l  

d rag  takes  t t r e  f o rm¡

( tNq)norma l  r t rag  =  -  f r+  ,.  ^  3ñoc l

?" = Z l¿r ,p(q,  (Y( ' )  ' , *g) ,' ¡,r
t t t .n( t )  = t (c l )  /17,¡y \ \ ) ,
t ( q ) :  t o t ¿ r l  r e l a x a t i o n  r i r n e  o f  t h e

e l e c t r o n  p h o n o n  q ,

t l r ¡ ( q ) :  r e l r¿x¿ r t i on  t i r ne  o f  t he  e lec t ron

phonon  q  r . n  t he  sca t ,Le r i , ng  p rocess  by

c a r r i e r s ,

\  ,  P  I  i ¡ t c l i c res  spec i f ¡ r i ng  ca r r i e r s ,

t ( r ) ,  d r i f t  ve loc r t y  o f  / . - r h  ca r r i e ¡ r .

l n s e r t i n g  ( 2 . 4 ,  i n r o  t 2 . l ) ,  w e  g e t

s = p{ o'o(v" '  g)(fr) { l t t" .(q)+ z'eh(qtl

*  I (u )  +  z  [ r , r , n t , r )  +  H"o ( t )  +  &nn ,  t l t ]  f ( n ) ]

x N ; ( r + N ; ) , F = L / k o r . \ 2 . 5 )

I n  ( 2 . 5 )  c o n t r r b u l i o n s  o f  e l e c t r o n  a n d
ho le  cance l  each  o the r .

At . Iov , tem¡:eratures ?u incre¡rses rapid l .v
a s  e x p ( o @ / f )  ( o , -  l ) .  y i . t h  f u r t h e r  d e c r á a s e -
of  tenperatures boundary scat ter ing ¡ r lays
an  impor tan t  ro le  i n  t he  re laxa t i on  p rocess
of  t ,he shor t  vave phonons.  Then,  we ihould
rep lece  ?  by

z í  =  r ,  /  ( t  +  ru / rJ  (2 .6 j

( s e e  F i g . 2 )
I f  e  cond i t i . on  o f  t ^>>?0 ,  t { r>>?6  i s

sa t , i s f i ed , t vo -s tage  d ra f  e f f ec t  becomes
neg l i g i b l e .  Th i s  exp le ins  t he  fea tu re  o f

6 5


