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f n e  p r e V i O U S I y  r r n . i n r z e s t i  o e t e r t  n O n l i n e a r  i n t e r a C -r r r e  y r u v 4 v s v r J

t i on  be tween  e lec t romagne t i c  and  acous t l c  waves  1n
I I I - V  p i e z o s e m i c o n d u c t o r s  i s  c o n s i d e r e d .  U n d e r  s u l t -
a b l e  c o n d i t i o n s ,  t h e  i n v e s t i g a t e d  n o n l l n e a r i t y  c a n  b e
used  to  deve lop  pa rame t r l c  hype rson i c  gene ra to rs  up
t o  f r e q u e n c i e s  o n  t h e  o r d e r  o f  1 0 1 I  s e c - r .

l .  The  l n te rac t i on  o f  e l - ec t romagne t l c  and  acous t i c  waves  o f  comparab le  f r e -
q u e n c i e s  i n  s o l i d s  i s  a t  p r e s e n t . a  v e r y  t i m e l y  p r o b l e m ,  p a r t i c u l a r l y  1 n  c o n n e c -
t l o n  w l t h  t h e  p o s s i b i l l t y  o f  t h e  d e v b l o p i n g  p a r a m e t r i c  a c o u s t l c  a m p l l f l e r s  a n d
gene ra to rs  .

Th l s  commun lca t i on  dea l s  w i t h  t he  p rev ious l y  r . n i nves t i ga ted  non f i nea r
i n t e r a c t l o n  o f  e l e c t r o m a g n e t l c  a n d  a c o u s t l c  w a v e s  i n  I I I - V  p l e z o s e m i c o n d u c t o r s ;
t h i s  i n t e r a c t l o n  1 s  d e s c r l b e d  b y  a  n o n l i n e a r  p o f a r i z a t i o n  p r o p o r t l o n a l  t o  t h e
e l e c t r l c  f i e l d  a n d  q u a d r a t i c  i n  t h e  a c o u s t i c  w a v e .  U n d e r  c e r t a i n  c o n d l t i o n s ,
t h i s  n o n l i n e a r i t y  c a n  b e  u s e d  t o  c o n s t r u c t  p a r a m e t r i c  h y p e r s o n i c  g e n e r a t o r s  u p
t o  f r e q u e n c i e s  o n  t h e  o r d e r  o f  l - 0  I  I  s e c - t .  A s  w i l l  b e  s h o w n  b e l - o w ,  1 n  t h e  c a s e
o f  n - InSb  th i s  non l l nea r i - t y ,  a t  r a the r  l - ow  va lues  o f  t he  acous t l c  f l ux ,  can
n n a z { a m i n q f a  n r z o n  t h e  n o n l l n e a r i t y  d e t e r m i n e d  b y  t h e  p h o t o e l a S t i C  c O n s t a n t .

. ? .  W e  c o n s i d e r  t h e  n o n l l n e a r  e f f e c t  d e t e r m i n e d  b y  t h e  n o n l l n e a r  p o l a r l z a -
t i o n ' /

P i l L ( r , r ) I r)Sr, (ar1q 
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x  e x p l i [ ( o r  + { n 1  +  e r ) r  -  ( k  +  g r  +  g r ) r l l ' ( 1 )

E  1 s  t h e  e l e c t r l e  f i e . l  r l  .  S  -  i  s  t h e  s t r a i n  t e n s o r .  T h e  e o m p l e t e  s y s t e m  o f  e q u a -r u ,  v c d  * -

t i o n s  c o n s i s t s  o f  t h e  e q u a t i o n s  o f  e l - a s t i c i t y  t h e o r y ,  t h e  P o l s s o n  e q u a t l o n ,  t h e

t ) F o r m u f a  ( 1 )  i m p l i e s  s u m m a t l o n  o v e r  a 1 t  r e p e a t e d  l n d l c e s ,  f r e q u e f c i e s ,
a n d  w a v e  v e c t o r s .
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n n n t i n r r i t v  e o n n t i o n ,  a n d  t h e  k i n e t i c  e q u a t i o n  f o r  t h e  e l e c t r o n  d i s t r i b u t i o nv v r r  v ! . . q 4  v J  v  Y 4 s v

f r r n n i - i n n  w h i n h  d e t e r m l n e s  t h e  c u r r e n t  ( a n d  a c c o r d i n g l y  t h e  p o l a r i z a t i o n ) .  I nf q r r v e f v r ! t

t he  l 1nea r  app rox ima t l on ,  we  have  the  conduc t i on  cu r ren t  and  the  d l f f us lon  cu r -
ren t .  I n  t he  k l ne t i c  equa t l on ,  t he  f i e l d  t e rm  i nc ludes  the  g l ven  e l -ec t r i c  f i e l d
and  the  f i e l - d  gene ra ted  by  t he  sound  wave .  S lnce  1n  a  p iezosemiconduc to r  t he
sound  wave  i s  accompan led  by  an  e lec t r l c  f l e l d ,  t he  cons lde red  non l - i nea r  m ix lng
o f  acous t i c  and  e fec t r i c  f 1e1ds  to  p roduce  non l l nea r  po la r l za t i on  1s  1n  essence
a  n o n l l n e a r  e f f e c t  o f  m l x l n g  t h r e e  e l e c t r i c  f l e l d s .  0 n  t h e  o t h e r  h a n d ,  i t  1 s
we l l -  known  [1 ]  t ha t  i n  t he  l ow- f requency  l 1m i t  f i o  <<  En  the  cub i c  e l -ec t ron l c

non l i nee r i t v  r l i f f e r s  f r om ze ro  and  i s  de te rm ined  by  t hJ  f ou r th  d .e r l va t i ve  o f
s L  -  v J

e ( k ) .  H e r e  E _  i s  t h e  w i d t h  o f  t h e  f o r b l d d e n  b a n d  a n d  e ( k )  1 s  t h e  e n e r g y  s p e c -
5

t r um o f  t he  e l -ec t rons .  Acco rd ing l y ,  t he  cub l c  e lec t ron l c  non l l nea r i t y  f o r  I I I -
V  sem iconduc to rs  w i t h  a  Kane  d i spe rs lon  faw  i s  qu l t e  l a rge  [2 ]  a l so  1n  the
mic rowave  band .  I n teg ra t l ng  accu ra te  t o  cub i c  t e rms  w i th  respec t  t o  t he  f i e l ds
we  can  eas11y  ob ta in  t he  f o l l ow ing  app rox ima te  f o rmu la  f o r  t he  mechan l sm o f  t he
non ]  i nen r " i  t \ /  . l nc  t o  t he  non -pa rabo l i c l t y2 /  o f  t he  conduc t l on  band  1n  the  sem l -s f 4 e J

conduct  o rs

x " ! ' t o
O D

*  ( d r , €  . i 4 ,  ' b ' 6  ) . \ z )

H e r . e  r r  i  s  t h e  s n r F r i  n f  s n r r n d  r r  i  s  f h e  a h e n e g l g I ' l g t l C  e l e C t f O n  V e l O C i t y ,  n ov y v v u  v a

i S  t h e  e O U i l i b r i U m  e l - e C t 1 . 9 n  C 6 n a e n f F A t i n n  R .  i s  f h a  n i e z n f . c n s n n  r r  i s  t h cf  D  U r r u  s Y u f  l r u l ! u l l  s f , s U V I v l l  V v r t g s r r u l @ U f v l l  t  " i k L  - "  u r I U  P r v  ,  - p  * "

m o m e n t u m  r e l a x a t i o n  f r e q u e n c y , 6 r n  i s  t h e  K r o n e c k e r  s y m b o L .  I n  ( 2 )  w e  h a v e

K < q < 6v^r ' , /v^ and q.C > f  ,  where K is the reciprocal radius and g is the
f y

e lec t ron  mean  f ree  pa th .

The  non l i nea r i t y  und .e r  cons ide ra t i on  de te rm lnes  the  pa rame t r i e  i n te rac t l on
o f  t w o  a c o u s t i e  w a v e s  i n  t h e  p r e s e n c e ' o f  a n  e l e c t r i c  p u m p  f i e l d  E n  o f  f r e q u e n c y

i , r  Tn r taa r l  i he  non l - i nea r  po l -a r i ze t i on  P - - -  de te rm lnes  the  i nc remen t  t o  t he  f r ee* H . + r ] g v g g , r " a g r - N L * " "

e n e r g y  o f  t h e  c r y s t a l  ( s e e ,  e . B . r  [ 4 ] ) ,  w h i c h  i n  t u r n  i n t r o d u c e s  n o n l - i n e a r  t e r m s
i n t o  t h c  e o r r r t i o n s  o f  m o t i 6 n  f o r  S 1  a n d  5 2 .  F r o m  t h l s  w e  r e a d i l y  o b t E i n  [ 4 ]e r r v  v Y q q  v * !

t he  f o l l ow ing  abb rev la ted  equa t i ons  o f  f i r s t  o rde r  f o r  t he  amp l - i t ude ' /  S r  and
S 2  o f  t h e  a c o u s t i c  w a v e s  S r  ( x ) e x p [ 1 ( o r r t  -  a r x )  ]  a n d  S z  ( x ) e x p I i ( r , r z t  -  a z x )  ]

dS'
-^  + aS,
d x

- (;l't;,;, ;;* ;;,( ih,u'","'

= ,  *#i lEH l2sr + E&s;exp ( iAsx) 1, ,

d 5 ,  e  _  ! 3 s i X ,
7 i  

*  ou ; ,  -  , -TT , .  lE r l tS ,  +  E f rS* ,exp ( ,Asx )1 , ( : )

w h e r e  o  i s  t h e  n o n ] i n e a r  l o s s ,  C  i s  t h e  m o d u l u s  o f  e l a s t i c i t y ,  a n d  A q  =  q t  -  Q z
S r r n h  e o r r a t i o n s  d e s o r . i h e  t h e  E a . i  n  o f  o n r  s i g n a l  a t  t h e  e x p e n s e  o f  t h e  o t h e r ,  a n d
u u v l l  9 v u a  9 f  v l t u  u s s  v !  r u u  b u r r r  v +  4 o 1 r \ * 4

2 / O f  c o u r s e ,  t h e r e  e x i s t s  a l - s o  a  n o n l i n e a r i t y
t l o n  o f  t h e  e q u i l i b r l u m  d i s t r i b u t i o n  f u n c t i o n  [ 3 ] .
a re  no t  ana l yzed  i n  t h i s  commun ica t l on  and  we  p lan
The  pu rpose  o f  t he  p resen t  commun ica t i on  i s  t o  ca l l
i t y  i n  q u e s t i o n  a n d  t o  i t s  p o s s i b l e  u s e s .

3 / W e  d o  n o t  c o n s i d e r  h e r e  t h e  o n e - d l n e n s i o n a ]
h a v e  o m i t t e d  t h e  t e n s o r  l n d l c e s  t h r o u g h o u t .

due  to  hea t l ng  and  d l s to r -
These  non l - i nea r i tY  sou rces

t o  d o  t h i s  i n  t h e  f u t u r e .
a t t en t i on  t o  t he  non l i nea r -

case .  Fo r  s imP l l c l tY - ,  we

/ < l



i f  t h e  c o e f f l c i e n t s  o f  t h e  n o n l l n e a r  t e r m s  e x c e e d  t h e  l o s s e s ,  g e n e r a t l o n  o f  o s -
c1 l l a t1ons  takes  p lace .  The  f requenc les  o f  t he  amp l i f l ed  o r  gene ra ted  osc1 l -
l a t l ons  sa t i s f y  t he  cond i - t 1ons

a r ( e l  + a r ( l 2 l  = 2 o t y . ( 4 )

Equa t i ons  (  3 )  co inc lde  w i th  t he  equa t i ons  fo r  coup led  S tokes  and  an t i -S tokes
componen ts  i n  s t lmu l -a ted  Raman  sca t te r i ng  t 4 l .  The  amp l i f l ca t i on  (gene ra t i on )
o c c u r s  a t  L q  /  g ,  a s  d e t e r m i n e d  b y  t h e  s e l f - a c t l o n  t e m s  p r o p o r t l o n a l  t o  l n r r l '
i n  ( 3 ) .  S l n c e  A q  < <  e r r  Q 2 , w e  c a n  p u t  a p p r o x l m a t e l y  o r  t u  o z  t u  o H  i n  ( 4 ) .  r r

The  m in imum.  l eng th  Lm a t  wh l ch  gene ra t l on  t akes  p lace  sa t i s f l es  t he  cond i t l on
( a t  q r  t u  e z )

\ ) ,

3 .  Le t  us  make  some es t ima tes  and  compar l sons .  Fo r  f r equenc ies  0 i  t u  o r  t u
t r z  t u  l - 0 i 0  s a c - t  f o r  n - r n S b  a t  n o  t u  l 0 1 s  c f f i - 3 ,  T  N  7 7 " K ,  u o  t  2  x  l - 0 1 l  s e c - I  w e

o b t a i n  X N  5  x  l O e .  A 1 1  t h e  e s t l m a t e s  g l v e n  b e l o w  p e r t a i n  t o  n - I n S b  a t  n 0  t u
1 0 I s  c m - 3  a n d  T  N  7 T o K .  T h e r e  e x i s t s  i n  t h e  c r y s t a l s  a  n o n l i n e a r  p o l a r i z a t l o n
p ropo r t l ona l  t o  t he  p roduc t  o f  t he  e lec t r i c  f l e l - d  and  the  s t ra in  t enso r  and
de te rm ined  by  t he  pho toe las t i c  cons tan t  p .  Fo r  I I I -V  se rn i conduc to rs  we  have
p  <  1 ,  s o  t h a t  f o r  n - I n S b  a t  u r  t u  l 0 r 0  s e c - I  a n d  a t  S  a  5  x  1 0 - e  ( t h e  a c o u s t l c
p o w e r  f l u x  I I ^ ^ : 1 0 - ' 0  W / e m ' )  t f r e  n o n l - l n e a r l t y  c o n s i d e r e d  i n  t h e  p r e s e n t  p a p e r' a c '

exceeds  the  pho toe las t i c  non l - i nea r i t y .  Th i s  i s  due  to  t he  f ac t  t ha t  t h l s  non -
' l  

i n p r n i J - r r  n a n n a s n n n d s  i n  a q q p n n a  f n  1 - h o  n r r A . l r r t i a  n o n ' l  i n c n r " - i t v  d e t c r m i n c d  h vI f l r v s r f  u J  v v r r e o y v r l  v r r e  Y  s r +  v d  r r r a r r v s  v J

t he  i n te rband  e lec t ron i c  t r ans i t i ons ,  and  the re fo re  i s  l ndependen t  o f  t he  f r e -
quency  a t  hu l  .  E * ,  whe reas  the  non l l nea r l t y  cons ide red  by  us  1s  cub i c  and  i s

de te rm lned  by  l n i r aband  mo t i - on ,  and  the re fo re  i nc reases  rap id l y  w l t h  dee reas lng
f { a 1 A  f n o n r r a n n ' l a qr -  v Y u u r r v 4 v v .

a )  W e  c o n s i d e r  t h e  m i x i n g  o f ' a c o u s t l c  a n d  e l e c t r i c  f i e l d s  i n  a  r e s o n a t o r
wi th f igure of  mer i t  Q,  tuned to a nonl inear  polar izat lon f requency oI  = o +

r !1 f  r r l2  ru l r r r  a t  o tu ot  tu  r r . lz .  For  a radiat lon power P in  a waveguide coupled to
the  resona to r  w i t h  a  coup l - i ng  coe f f l c i en t  k ,  1 t  1s  easy  to  ob ta in  t he  f o l l ow ing
es t ima tes

[ tp. 'n( 
jaqLm, -  " f r^, . ,  ,

E2n:^
P- ft Q<.r>X, 

ffi,z 
on" , ( 6 )

w h e r e  p o  i s  t h e  c r y s t a l  d e n s i t y ,  a  i s  t h e  f i l f l n g  f a c t o r  o f  t h e  r e s o n a t o r ,  V o
t h e  v o l u m e  o f  t h e  w o r k i n g  m e d l u m .  F o r  r r l  n ,  l O r u  s e c - ' w e  o b t a i n  f o r  a  p i e z o -
a c t l v e  s o u n d  w a v e  w i t h  v "  =  2 . 2  x  L O s  c m / s e c ,  f o r  Q  n ,  t - 0 3 ,  k  t u  0 . 5 ,  a n d  o V s  r u

10 -3  cm-3  (w i t h  a l l owance  fo r  t he  sk in  e f f ec t )  we  ob ta in  a  rad la t l on  power  i n
the  wavegu ide  P  tu  3  x  l 0 -4  W " t  [ r "  t u  ] - 0 -3  W/emz  and  E  n ,  I  cgs  esu .

b )  L e t  u s  e s t i m a t e  t h e  p o s s i b i l i t y  o f  p a r a m e t r i c  s o u n d  g e n e r a t l o n .  F o r
f requenc ies  0 r  t u  5  t  f o l o  sec - - t  we  have  X  tu  B  x  l o t  and  then  3qEH 'X /C  N  LBO cm- r

a t  E  t u  1  c g s  e s u ;  f o r  o  t u  1 0 l r  s e c - l  w e  h a v e  X  ^ ,  1 0 7  a n d  3 q E ' t x / c  t  1 0 0  c m - l  a t

E  tu  1 .5  cgs  esu .  The re fo re  t he  gene ra t i on  cond l t l on  can  be  sa t i s f i ed  a t  such
f r " o n r r e n n i a s  i f  . l  <  1 0 2  c m - r .r r e Y q v l r v 4

f n  conc lus l -on ,  I  am g ra te fu l -  t o  M .M.  Sushch i k  f o r  va luab le  d i scuss lons  and
a d v i e e .
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