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The third-order  susceptibili W for optical frequencies between the lattice resonances and the electronic 
transitions is calculated from first  principles for Si, Ge, Sn, InSb, InAs, InP, GaSb, GaAs, GaP and 
A1Sb. A correlation is found to exist between the normalized third-order  susceptibility ansitropy and the 
heteropolarity of the bonds in these semiconductors. 

T h e  t h i r d - o r d e r  su scep t i b i l i t y  X (3) r e l a t e s  the 
th i rd  ha rmon ic  p o l a r i s a t i o n  p(3)  in a c r y s t a l  to 
the appl ied  m a c r o s c o p i c  e l e c t r i c  f ield.  F o r  cubic 
c r y s t a l s  with the d iamond o r  z inc -b l ende  s t r u c -  
t u r e  the f o u r t h - r a n k  t e n s o r  ×(3) has  two inde-  
pendent  components  [1], X~)ll and X13)22 , and 
shows a d i r e c t i o n a l  an i so t ropy  in c o n t r a s t  to the 
l i n e a r  su scep t i b i l i t y  ×(1) which behaves  a s  a 
s c a l a r .  F o r  e l e c t r i c  f i e lds  d i r e c t e d  e i t he r  a long 
the (100>- o r  the (111 ) - c ry s t a l  d i r e c t i o n s  the m a -  
croscopic t h i r d - o r d e r  induced u o l a r i s a t i o n  i s  

(3) (3) 3 (3) ~ 3) + (3) 3 
Ploo = Xllll E and Pllt = ~(Xllll 6X1122 )E 
r e s p e c t i v e l y ,  while the l i nea r  p o l a r i s a t i o n  i s  
given by p((1) = X(1)E. 

Recent ly  X(3) has  been m e a s u r e d  e x p e r i m e n -  
t a l l y  [2] for  f r equenc i e s  below the onse t  of the 
e l e c t r o n i c  t r a n s i t i o n s  but above the l a t t i ce  r e s -  
onances .  Only the va lence  e l e c t r o n s  fo rming  
t e t r a h e d r a l  bonds be tween ad jacen t  a t o m s  con t r i -  
bute to the d i e l e c t r i c  p r o p e r t i e s  in th is  f r equen-  
cy range  [3,4] and the l i nea r  and nonl inear  s u s -  
c ep t i b i l i t i e s  can be s a t i s f a c t o r i l y  accounted f o r  
in t e r m s  of the c o r r e s p o n d i n g  bond p o l a r i z a b i l i -  
t i e s .  Denoting by ui] and 7i lk  the l i nea r  and 
t h i r d - o r d e r  bond p o l a r i z a b i l i t i e s  we obtain 

x (1) = ~ (//~3)(%z +2%x) (1) 

XI3)l l  = ~ (/~/~3)(Tzzzz+4~xxx + 127xxzz) (2a) 

Xt3)22 = ~Lf4/ot3)( ,zzzz+2~xxxX)  (2b) 

w h e r e  at i s  the l a t t i ce  constant  and f i s  the e f fec t -  
ive f ie ld  f ac to r ,  E e f  f = r E ,  a s s u m e d  constant  
ove r  the bond; the z - a x i s  i s  taken along the bond. 
We in t roduce  a l so  the n o r m a l i z e d  t h i r d - o r d e r  
su scep t i b i l i t y  an i so t ropy  cr = (3X 13)22 " (3) ~/,,(3) 

- A l l l l / / ^ l l l l .  
For .  the ca lcu la t ion  of the bond p o l a r i z a b i l i t i e s  

both ~(1) and ~(2) ,  the f i r s t  and second o r d e r  p e r -  

tu rbed  p a r t s  of the bond ground s ta te  wave func-  
t ion a r e  needed. These  were  ca lcu la t ed  by the 
va r i a t i ona l  p e r t u r b a t i o n  p r o c e d u r e  [5]; a p p r o p r i a t e  
po lynomia l  f o r m s  were  chosen for  F1 and F2 .  
defined , respect ive ly  by ~(1)  = F I ~ ( 0 )  and ~(2) = 
= F2~(O) and the p a r a m e t e r s  were  de t e rmine d  by 
min imiz ing  two funct ionals .  The d i f fe ren t  cho ices  
of F 1 were  given in ref .  4 While for  F 2 a 9 - p a r a m -  
e t e r  fo rm was used.  The m o l e c u l a r  o r b i t a l s  of 
Coulson et al .  [6] were  used as  unper tu rbed  wave 
funct ions  ~(0).  The effect ive  f ie ld  f ac to r  was de -  
t e r m i n e d  f rom eq. (1) a s  in ref .  4. 

The r e s u l t s  of the ca lcu la t ion  for  ,,(3) and AIIII 
p = X ~ 2 / X ~ ' l l  a r e  given in tab le  1. Only the 
va lues  with a 5 - p a r a m e t e r  choice for  F 1 a r e  r e -  
p r e sen t ed .  The ef fec t ive  f ie ld  f ac to r  has  i n t e r -  
media te  va lues ,  be tween the full  Loren tz  c o r r e c -  
t ion (coo + 2)/3 and unity [4] but s ince  i t  o c c u r s  in 
the four th  power  in eqs.  (2) i t  con t r ibu tes  sub-  
s t an t i a l ly  to the magni tude of X (3). 

The a g r e e m e n t  both in magni tude and s ign b e -  
tween our  ca lcu la t ed  va lues  for  X(3) with the 
va r i a t i ona l  p r o c e d u r e  and the e x p e r i m e n t a l  [2] 
ones for  Si, Ge and GaAS is  good. F o r  the o ther  
compounds no e x p e r i m e n t a l  va lues  exis t .  

In table  1 we give a l so  the va lues  of ~; the 
a g r e e m e n t  is  s a t i s f a c t o r y  for  Ge and Si but the 
ca lcu la t ion  f a i l s  to r e p r o d u c e  the negat ive  s ign 
of ~ for  GaAs.  This  quanti ty is  v e r y  sens i t ive  to 
the ground s ta te  wave function and should ac tua l -  
ly vanish  fo r  s p h e r i c a l  bonds. Our ca lcu la t ion  
shows fu r the r  that  ~ has  lower  va lues  for  the 
m o r e  h e t e r o p o l a r  s e m i c o n d u c t o r s  than fo r  the 
l e s s  h e t e r o p o l a r  o r  the homopola r  ones.  It would 
be i n t e r e s t i n g  to s tudy this  po l a r i t y -de pe nde n t  
behav iour  of a in connect ion with the r e l a t i on  
which was found [7] to ex i s t  be tween ~3) and the 
F r a n z - K e l d y s h  effect .  Recent  ca lcu la t ions  [8,9] 
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Table 1 
f 3 )  _ . , (3)  /.,(3) 

Values of the t h i r d - o r d e r  optical  suscept ib i l i ty  component(3) (3)X1 (1 l'(3)rati° p - Al122/;~1111 and anisotropy 

(~ = (3XII22-XIIII)/XIIII. 

Semic. 

Si 
Ge 
Sn 
InSb 
InAs 

InP 
GaSb 
GaAs 
GaP 
AISb 

Calculated 
ln12 .,(3) 

f -~ AIIII P 
e.s.u. 

1.86 17.5 0.71 1.13 
2.32 120 0.80 1.40 
2,94 410 0.86 1.58 
1.93 151 0.52 0.56 
1.40 62 0.48 0.44 

1.23 30 0.50 0.50 
1.91 74 0.66 0.98 
1.54 24 0.50 0.50 
1.25 10 0.49 0.47 
1.29 9 0.58 0.74 

Exper imenta l  
l O 1 2  (3) 

- X l l l i  P 
e . s . u .  

24 ± 12 (2) 0.48 0.44 
400 ± 200 (2) 0.61 0.83 

48-~ 24( 2 ) 0.25 -0 .25  

s h o w  t h a t  on ly  s o m e  few c r i t i c a l  p o i n t s  in  the  
j o i n t  d e n s i t y  of s t a t e s  c o n t r i b u t e  m o s t l y  to  ×(3). 

T h e  a u t h o r  i s  m o s t  i n d e b t e d  to P r o f e s s o r  J .  
D u c u i n g  f o r  f r u i t f u l  d i s c u s s i o n s .  He a c k n o w l e d -  
g e s  a l s o  a d i s c u s s i o n  w i t h  P r o f e s s o r  N. B l o e m -  
b e r g e n  a n d  D r .  J .  J .  Wynne .  
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