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.A s t rongi  e l e c t r i c  f i e l d ,  E ,  a p p l i e d  normal t o  a semiconductor s u r f a c e  

g ives  r i s e  t o  quant ized  e l e c t r o n  niotion 5 i ~  t h i s  d i r ec t j -on ,  w i t h  t h e  ' r e s u l t  

t h a t  two-dimensional e l e c t r i c  subbands a r e  formed, ~ r Z t h  

e n e r g i e s  E  . I f  e =  E ,and i f  a  magnetic f i e l d  I! i s  a l s o  a p p l i e d  i n  the . same 
n  z 

. d i r e c t t o n  then each subband i s  f u r t h e r  quant ized  i n t o  d i s c r e t e  Landau . l eve l s  

SO t h a t  the energy becomes E = E f (EK1/2) 45. w where w = (eHz' &m,,) is' 
n,N n  c y c 

t h e  cyc lo t ron  frequency,  and where m = 0.1905 m o i s  t he  e f f e c t i v e  mass i n  
I $ 

t h e , d i r e c t i o n  p a r a l l e l ' t o  t h e  su r f ace ,  m denoting t h e  f r e e  e l e c t r o n  mass. 
0 

I n  a r e c e n t  e q e r i m e n t ,  :&&nvogl and. Kith ') investigated 2 l e c t e o n ~  

on Si ( l ,O,O) ,  i n  t h e  presence  of 2 magnetic f i e l d  t i l t e d  w i t h  r e s p e c t  t o  t h e  

sample s u r f a c e  (H and H coinponents), and observed.cornbined resonance 
Y Z 

t r a n s i t i o n s  because .of  a  coup l ing .o f  Landau l e v e l s  and subband s t a t e s .  Sur- 

p r i s f n g l y ,  they  'found t h a t  t h e  sum 'of t h e  s e p a r a t i o n s  f o r  t h e  AN = 1 and 
. . 

Aii = -1 t r a n s i t i o n s  i s  (0.7 - (-1.6)) -6w = 2 . 3 4 ~  i. e .  15% h ighe r  t h a n . t h e  
c :  c  

p r i o r  t h e a r e i i c a l  work on t h i s  problem b y  Ando 2, reached the c6ncl.us-. 

. . 

E = E  + A E  + E N .  
.n,N n  n .  3 

where 
1 E = (N+- ) 4 w  

N 2 '  c '  

Thus w e  g e t  t h e  c h a r a c t e r i s t i c  energy changes of (%w )AN corresponding 
C 

t o  AN t r a n s i t i o n s .  A s  shown by Ando 2, this conclusion is riot sffeciod by 



. . 
t h e  i n c l u s t o n  of many-body and o t h e r  e f f e c t s .  The l a t t e r ,  a f f e c t  t h e  d i f f e r e n c e  

. . 

i n  t h e  ' pos i t i ons  of t h e  main (Df l  = 0) and a  combined (AH j: 0 )  resoqance peak but,  

does n o t  a f f e c t  t h e  d i f f e r e n c e  %n t h e  p o s i t i o n s  of two -combined resonance .peaks .  

A b a s i c  assumption made by Ando ,was t o  t r e a t  H . a s  a  pe r tu rba t io f i  s o  t h a t  ' its 
Y 

3) . . i-nfl-uence on t h e  z -par t  of t h e  wave f u n c t i o n  i s  neglec ted .  Recerltly Ando . .  . . 

c a r r i e d  o u t  a  more d e t a i l e d  i n v e s t i g a t i o n  withoilt  t h i s  r e s t r i c t i o n  bu t  i t  i s  

c l e a r -  ( s ee  f i g u r e  9 of r e f e rence  3) t h a t  disc .repancies  between expe-rinent and 
. . 

t h e o r y  s t i l l  e x i s t .  r 

It i s  ' ou r  purpose he re  t o .  r e t u r n  t o  t h e  o r i g i n a l  . p e r t u r b a t i o n  a n a l y s t s  ' . 

our  conclusion i s  ti'lat i t  
t o  i n v e s t i g a t e  more p r e c i s e l y  t h e  e x t e n t  of its v a l i d i t y ,  A s  we s h s l l  see /  . . . 

should be very  good as f a r  as an a n a l y s i s  of t h e  Beinvogl-Koch obse rva t ions  a r e  

concerned. To t h i s  end w e  w i l l  c a l c u l a t e  AE e x p l i c i t l y  by u s i ~ g  t h e  s imp les t  
n  

4 1 . . 
. r e a l i s t i c  model f o r  t h e  2-potential . ,  ' V ( Z  ) . Following S t e r n -  we- use the -  

t r i a n g u l a r - p o t e n t i a l  approximation i. e .  V (z ) = &&:i . fo r  z.>oy w i t h  a n  i n f i n i t e  

b a r r i e r  fo r .  z<o. The corresponding wave-function i s  zn Airy func t ion ,  f rom'  

4 1 which i t  ' r ead i ly  fo l lows  that. . . 
. . 

. . 
. and 

and where m = 0.916 r i ~  i s  the e f f e c t i v e  IXISS i.n tb.e z di rec t ion ,  
d '  0 

Hence, f rom.  equa t ions  ( 3 ) .  and ( 5 1 ,  we o b t a i n  



and thus  

2 
The nagni tude  of t h e  H term i n s i d e  t h e  b r a c e s ,  compared t o  u n i t y ,  ~ i l i  b e  . a  - . 

Y 

measure of goodness of t h e  p e r t u r b a t i o n  approach. I f  i t  i s  << 1 then  t h e  per- 

'213 
. t u r b a t i o n  a n a l y s i s  should be  very  good. S ince  E - & we see t h a t  .thi.s H 

2 
n Y 

term - E 
-4 1 3 

and t h u s  i t  i n c r e a s e s  w i th  i r ic reas ing  n and dec reas ing  E. 

NGW t h e  obse rva t ions  were c a r r i e d  o u t  i n  a sweep of t h e  g a t e  v o l t a g e  f o r  

f i x e d  inf ra - red  e n e r g i e s  %w = 10,45 and 15.51 meV. The va lues  s e l e c t e d  f o r  H 
Z 

were 5T and 3.5T, s o  t h a i  t h e  corresponding va lues  of.Kw a r e  3.0 meV,an.d 
C 

2 .1  meV, r e s p e c t i v e l y .  The va lues  of H ranged from 0 t o  6T, Typ ica l  v a l u e s  
Y 

2 - 
f o r  E and .& (chosen to.maximize t h e  H term i n s i d e  t h e  b r a c e s l a r e  PO.hev and 

n v 
5 2 2 4 

10 . ~ / c m  ( 3 . 3 ~ 1 0  s t a t -vo l t / cm) ,  r e s p e c t i v e l y .  Also,  .m c = 9.7 x 10  eV. 
il . . 

%.. A ds, choosing t h e  ciaximum va lue  of H used i n  t h e  obse rva t ions ,  ( H ~ J E )  2 - 
Y 

I 4 2 -7 (6 x 10  '13.3 x 1 0 ~ ) ~  -+ 3.3 i 10  and (En/mji c ) - 10  A s  a r e s u l t ,  w e  con- 

4 c l c d e  t h a t  AE i s  t y p i c a l l y  - 10- t i m e s  sma l l e r  t han  E and t h u s  n e g l i g i b l e .  
n 

I t  i s  a l s o  l e s s  t h a n  t i m e s  t h e  % w c  t e r m .  I n  o ther :  words, w e  a r e  l e d  t o  t h e  
. . 

bas ic  collclusion that '  AN transiLions & ~ o u l u  'givc t h e  farnllriar @3A ) AN e r le rgychanges .  C 

~ i n c e ' t h e  v a l u e s  we have used f o r  H and H a r e  comparable . t he  ques t ion  
Y z 

remains a s  t o  irhy H', makes t h e  dominant c o n t r i b u t i o n  t o  t h e  energy.  The 

reason  i s  t h a t , H  makes t h e  dominant contr- ibut ion t o  t h e  energy i n  t h e  x-y 
Z 

p lane .  On t h e  o t h e r  hand, 11 a f f e c t s  t h e  motfon i n  t h e  z and x d i r e c t i o n s .  
Y 

I n  t h e  z d i r e c t i o n  i t s  e f f e c t  i s  .overwhelmed by t h e ' e l e c t r i c  f i e l d , e f f e c t s .  
. . 

. . 
With r ega rd  t o  i t s  . e f f e c t  on t h e  x motioil. we n o t e  t h a t  t h e  b a s i c  Hamiltonian 

L c o l ~ t a i i t s  a F I1 term, ( i n  a d d i t i o n  t o  a H term) ~rhere P i s  t h e  mnrnent~lm., * Y Y x 



i n  t h e  x-d i rec t ion .  However, t h i s  term docs no t  c o n t r i b u t e  a l i n e a r  R 
Y 

cont rubut ion  t o  t h e  energy ( u n l i k e  t h e  H te.rm,'whose c o n t r i b u t i o n  t o  t h e  z 

energy i s  l i n e a r  i n  H ) f o r  t h e  s imple reason  t h a t  P averages t o  ze ro  i n  
z X 

lowest  o r d e r  ( i .e .  absence of H ). Thus t h e  c o n t r i b u t i o n  of P H t o  t h e  
Y X Y  

2 
e,nergy i s  of o r d e r  H and t h u s  h i g h e r  o r d e r  than migh t  have been f i r s r  

Y 

surmised. 

A s  a l r e a d y  po in t ed  ou t  by many au tho r s ,  t h e  choice  of a  more r e a l i s t i c  

~ ( z ' ) ,  t o  i nc lude  p o l a r i z a t i o n ,  e x c i t o n i c ,  and. many-body e f f e c t s ,  has  important  

consequences. I n  p a r t i c u l a r  t l ie l a t t e r  e f f e c t s  g i v e  r i s e  t o  a  s h i f t  i n  t h e  

energy of t h e  pure  .subband resonance (AN = 0 ) .  However, a s  mentioned above, 

2 1 such e f f e c t s  were shown t o  b e  i r r e l e v a n t  to the discussfon o:f 

t h e  d i f  fererice i n  t h e  p o s i t i o n s  of two con?bined resonance peaks., s.rhich i s  t h e  

main theme of  t h i s  comnlunication. Our choice  of V(z )  i s  a l s o  t h e  dominant 

c o n t r i b u t i o n  t o  t h e  r e a l  p o t e n t i a l .  

We conclude t h a t . p e r t u r b a t i o n  theory  should gzve ve?y good r e s u l t s .  This  

conclus ion  i s  a l s o  .imp]-icit i n  t h e  work of o t h e r s  b u t  no e x p l i c i t  ca l .cu la t ions  

have been presented  - as we have done above - showing t h e  e x t e n t  of the. 

v a l i d i t y  of t h e  r e s u l t s  ob ta ined  from p e r t u r b a t i o n  theory,. 

\Jc concluclc, t h a t  a d e f i n i t e  c l i s c r ~ ~ a n r ~  s1:il.l. e x i s t s  between t h e o r e t i c a l  

e x p s c t a t i o n s  and t h e  o b s e r v a t i o i ~ s  01 Bei~1vog.1 and ICoch. This  could be due t o  

a n-issine in.gredien'c .in t h e  t h e o r e t i c a l  a n a l y s i s  o r  e l s e  a  mis- interpretat i .on 

of t h e  observa t ions .  I n  t h i s  r e s p e c t ,  we n o t e  t h a t  ~ e i n v o g l  and Koch thernsel.ves 
< ' 

s p e c u l a t e  on "'. . . a l i k e l y  sou rce  of t h e  discrepancy. .  ." a s  be ing  t h e i r  e s t i m a t e  

o f .  t h e  ac . t ua l  ene rg i e s .  involved,  

This  r e sea rch  was partial.1.y s l ippor ted by t h e  Department of Energy under 

c o n t r a c t  no..DE-AS05-79ER10459, . . 

. . 
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