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In  t he  ana l ys l s  o f  p rob lems  connec ted  w i th  t he  p ropaga t i on  o f  u l t r asound
in  a  me ta l  1 t  i s  cus tomary  t o  rega rd  sound  tha t  changes  the  e lec t ron  ene rgy
by  an  amoun t  A  =  yeo  ( y  -  e l as t i c  d .e fo rma t i on ,  eo  tu  1  -  10  eV)  as  a  sma f l
pe r tu rba t i on ,  and  the  e lec t ron  dens i t y  ma t r i x ,  f o r  examp le ,  i s  expanded  i n
powers  o f  A  t 1 ] .  I n  some  cases  i t  i s  more  advan tageous  to  use  a  d l f f e ren t
fo rmu l -a t j - on  o f  t he  p rob lem:  f i nd  f i r s t  t he  ene rgy  l eve l s  o f  t he  e lec t ron  1n
the  c rys ta f  de fo rmed  by  t he  sound ,  and  then  take  i n to  accoun t  t he  i n f l uence  o f
co f l i s i ons  w i th  impur i t i es  (w i t h  f r equency  v^ )  o r  e lec t ron -e lec t ron  co l - l - i - s i ons

/ , r j + 1 - ,  f n o n r r a n a r r  r )  )  l l h o  l i m i t a d  n n n ' l i n g h i l l t r r  a , f  t h e  f i p g f  2 p n F n n n h  i s  d t t c
[ W l -  l , l 1  f  | c q u s ] ] U J  , e e  /  .  f  l l s  l l l l l f  u e u  o l / y r r v s v r r r  v J  e y v r  v q v r r

t o  t he  f ac t  t ha t  t he  cho i ce  o f  t he  equ i l i b r i um va lue  o f  t he  dens i t y  ma t r i x  i n
the  unpe r tu rbed  c rys ta l  as  t he  ze roEh  app rox ima t i on  p resupposes  imp l i c i t l y
t ha t  t he  ene rsv  and  momen tum t rans fe r red  f rom the  sound  wave  to  t he  i nd i v i dua l -
e l e c t r o n s  r e l a x  s u f f i c i e n t l y  r a p i d l y  i n  t h e  e l e c t r o n  s y s t e m .  B u t  t h e  f r e q u e n c l e s
v - ^  and  v^^ ,  wh i ch  a re  respons ib l -e  f o r  t hb  re laxa t i on ,  can  be  sma l l '  a f f d

n  e e '
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therefore a cer ta in group of  caru iers (we
are in terested in  par t ic les havlng a wave-
length equal  to  double the sound wave-
l eng th )  can  be  d ragged  by  a  su f f i c i en t l y
i n tense  sound  wave  ( f o r  wh i ch ,  o f  cou rse ,
t h e  c o n d i - t i o n  y  < <  f  i s  s t i l 1  s a t i s f i e d ) .

fn the second formul-at ion of  the
p rob lem,  t he  cases  o f  s tand ing  and  t rave l -
1ng  sound  waves  d i f f e r  s i gn i f i can t l y .  Fo r
an eLectron in  the f ie ld of  a t ravel ing
longi tudinal  wave,  the Schrodinger equa-
t i on ,  i n  t he  s imp les t  case  o f  a  quad ra t l c
d i spe rs ion  1aw,  i s

eQ')-Xp?
e-Lpb';u

( 1 )
Energy  spec t rum o f  e lec t rons
in  the  t rsound f rame. t r  The
arrows show the transi t ions
1n the  case o f  sca t te r ing  by
i m p u r i t i e s .  i  =  ( t / Z ) n ( 6 u / 2 ; ) ' � .

where co and s are the f requency and speed
o f  t he  sound ,  respec t i ve l y .  Th i - s  equa t i on
was  used  by  Ke ldysh  [2 ]  t o  ca l cu la te  t he
d ragg ing  o f  e l ec t rons  by  a  sound  wave  i n  a

semiconductor .  We shal l -  consider  the case of  a semlmetal  at  low temperatures
(T  +  0 ) .  I t  i s  appa ren t l y  poss ib le  t o  rea l l ze  cond i t i ons  whe re in  t he  e lec -
t rons  j - n  a  sem ime ta l  a re  d ragged  by  t he  wave  comp le te lV ,  i . e . ,  t he  sound  wave
p roduces  a  d i rec t  cu r ren t  w i t h  appnox ima te  dens i t y  nes  (n  -  number  o f  ca r r i e r s
pe r  un i t  vo lume ,  e  -  e l ec t ron  cha rge ) .  We  a re  re fe ru ing  to  a  sem lme ta l  p l aced
in  n  s t r "nno  mAone t iC  f i e l d  (n ,  tO"  0e ) ,  when  the  e l -ec t ron  gas  becOmes  t t one -

d imens lona l r rand  the  t r ' e rm i  su r faces  (FS)  cy l i nd r i ca l :  one  l ower  Landau  l eve l -
i s  occup ied ,  and  the  e lec t ron  ene rgy  depends  on l y  on  the  p ro jec t i - on  o f  t he
m o m e n t u m  o n  t h e  d i r e c t i o n  o f  t h e  m a g n e t i c  f l e l d  ( c f . ,  e . B . r  t 3 l ) .  T h e  m a g -
ne t i c  f i e l d  mus t  be  o r i en ted  a long  the  sound  p ropaga t i on  d i rec t j - on .

To  so l ve  Eq .  (1 )  (wh i ch  i . q  now one -d imens j -ona l ) ,  i t  i s  conven len t  t o
c h a n g e  o v e r ,  a s  i n  [ 2 ] ,  t o  t h e " r r s o u h d  f r a m e , t t  i . e . ,  m a k e  t h e  c h a n g e  o f  v a r i -
eh ra  r r  =  y  -  q t ,  I t  su f f i ces  t o  so l_Ve  the  t rans fo rmed  equa t i on  by  means  o f
o rd ina ry  pe r tu rba t i on  t heo ry  f o r  degdne ra te  l - eve fs  t 4 l .  The  spec t rum has  a
gap  whose  pos i t i - on  1s  de te rm ined  by  t he  f requency  o f  t he  sound  ( see  the  f i gu re ) .
A l i gnmen t  o f  t he  gap  w i th  t he  FS  l eads ,  as  we  sha l l -  show,  t o  a  max imumdragg lng
o f  t h e  e l e c t r o n s .

We now f i nd  t he  e lec t ron  dens i t y  ma t r i x  f r om the  L iouv i l l - e  equa t i on
(wr i t t en  l n  t he  i n te rac t i on  rep resen ta t i on )

i t  
o P  = [ v , p i

e l

V  i s  t he  po ten t i a l  o f  t he  i n te rac t i on  w i th  t he  impur l t i es  (when  T  +  0 ,  t he  im-
pu r i t i es  p lay  t he  ma in  ro le ) .  We  use  as  t he  mode l -  r andomly  d i s t r i bu ted  6 - l i ke
po ten t i a l s .  We  t rans fo rm (2 )  i n to  an  i - n teg ra l  equa t i on  and  ave rage  ove r  t he
impur i t y  d i s t r i bu t i on  :

p {t ) - p(t o ) - ^-z 
' i  
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To determine the form of  the
f ind the asymptot ic  form as

func t i on  p . ( t )  i n  t he
b  +  - .  F o r  t h e  c a s e

( 2 )
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\ > > f i 6 ) ) h v n ( 3 )

and the resul t  takes the form

P *  =  D  * o ( e n ) ,  o * ( e )  =  C r +  C 2 { r , . , , , f '(.) l,
hn,  l (7-e1z -  621tD

C

c - ( f - A

( 4 )

l 2
f ( 6 ) - e x p { - -

i 3

l he  I  s i gns  co r respond  to  t he  two  b ranches  o f  t he  f unc t i on  p (e )  i n  t he  f i - gu re ,
a n d  p  i s  i h e  t r t e r m i  a n a r o \ r

f f t "  " o f r l t i on  does  no t  co inc ide  w i th  t he  Fe rm l  f unc t l on ,  because  the  scheme
c f  t r ans i - t i ons  be tween  the  l eve l s  i n  t he  case  o f  sca t te r i ng  by  impur i t i es  i n
i he  sound  f rame  ( see  the  f i gu re )  i s  more  comp l i ca ted  than  fo r  t he  case  o f  f r ee
e l - e c t r o n s .  T h e  r e s u l t  ( 4 ) - w a s  o b t a i n e d  n e g l e c t i n g  t h e  e l e c t r o n - e l e c t r o n  c o l -
l i s i - o n s  ( f o r  v ^ ^  < <  ( 6 u / L ) t u . ^ ) .  T h e  c o n s t a n t s  C 1  a n d  C z  i n  ( 4 )  a t  T  =  0  a r e' e e n '

de te rm i -ned  f rom the  cond i t i on  p (e )  *  I  as  e  +  - -  and  f rom the  cond i t l on  f o r  t he
normal,lzati-on of o.

I t  can  be  seen  f rom (4 )  t t r a t  d i r ec t  cu r ren t  i s  p roduced  (wh l ch  l s  nond i s -
- : - ^ t i - - ^  r 4  . '  i s  n e g l e c t e d )  i n  t h e  r e f e r e n c e  f r a m e  i n  w h i c h  t h e  c r y s t a l  i s  a tJ l P c l u r  V u  a r  r g e

res t .  The  max imum cu r ren t  i s  j * " *  =  nes  and  occu rs  when  ( t r , / 2s )  co inc ldes  w i th

po ,  ( t he  Fe rm i  momen tum 1n  the  absence  o f  sound ,  t he  gap  fa1 l s  on  the  FS) ,  and

dec reases  l i nea r l y  w i t h  i nc reas ing  sound  f requency :

k -
i  n  i ^ o , [ ,  - ( .  e / N 2 t s  

"  -  o t  - , .

p F

Numer i ca l  es t ima tes  s f row ' t f r l t  t he  cond i t i ons  desc r i bed  above  can  be  rea l -
l zed  expe r imen ta l l y .  The  requ i remen t  {u / s ) -2  t u  pF  co r responds  to  o  t u  l - 011

s e c - t  i n  t h e  c a s e  o f  b i s m u t h .  T h e  c o n d i t i o n s  ( 3 )  s t i p u l a t e  v . ^  < <  1 0 r 1  s e c - r' n

and  A  >>  l - 0 - t t  u rg .  The  equ i va len t  i nequa l i t y  f o r  t he  i n tens i t y  o f  t he  sound
f l ux  S  i s  S  >>  2  W/cm ' .  To  obse rve  a  l a rge  d ragg ing  cu r ren t  i t  i s  necessa ry
to  have  T  S  A ,  wh i ch  y le lds  a t  T  ' t ,  l oK  app rox ima te l y  t he  same 'es t ima te .

I f  t he re  i s  no  magne t i c  f i e l d ,  t h9  d ragg i . ng  cu r ren t  w i l l . appa ren t l y  ex i s t l )
b u t  b e  s m a l l e r  i n  m a g n l t u d e ,  r u n s s ( L / e o ) .

D i rec t  cu r ren t  can  f l ow  i n  t he  samp le ,  o f  cou rse ,  on l y  i f  t he  e lec t r i c
c i - r cu i t  i s  c l osed .  f n  an  open  samp le ,  a  cons tan t  e lec t r i c  f i e l d  E  tu  j / o  i s
n r n d r r n p d  l ' a  i s  t h c  e n n d r : c t i r r i t r r ) .y r  v u s v v s  \ v  f e  v w L v L v J  ,

I n  conc lus lon ,  l e t  us  d i scuss  b r i e f l y  t he  case  o f  a  s tand ing  sound  wave .
S i n c e  s / v  < <  I  ( v  -  e l e c t r o n  v e l o c i t y ) ,  w e  c a n  s p e a k  o f  a n r r a d i a b a t l c i l  e l e c t r o n
spec t rum w i th  a  gap  whose  magn i tude  va r i es  a t  t he  sound  f requency .  The  ex i s -
t ence  o f  t he  gap  shou ld  become man i fes t  i n  expe r imen t ,  f o r  examp le ,  by  t he
appea rance  o f  a  dependence  o f  t he  pe r i od  o f  t he  de  Haas  -  van  A lphen  osc i - I l a -
t i ons  on  the  sound  f requency .

l )We  do  no t  d i scuss  he re  t he  ques t i on  o f  t he  i n f l - uence  o f  many -p * t i c l e
l n te rac t i ons  on  the  gap  i n  t he  spec t rum.
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