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INFLUENCE OF S T A T I S T I C A L L Y DISTRIBUTED POINT DEFECTS ON LEED 

I N T E N S I T I E S 

Wolfgang M o r i t z 

I n s t i t u t f . K r i s t a l l o g r a p h i e u. M i n e r a l o g i e 
Universität München, West Germany 

I n honour of P r o f . Dr. H. J a g o d z i n s k i 1 s 65th b i r t h d a y 

INTRODUCTION 

R e a l s u r f a c e s as v e i l as t h r e e - d i m e n s i o n a l c r y s t a l s 
a l w a y s have a c e r t a i n number of d e f e c t s w h i c h a r e u s u a l l y 
n e g l e c t e d i n LEED s t u d i e s . The r e a s o n i s t h a t d e f e c t s o f t e n 
a r e n o t e a s i l y v i s i b l e i n the d i f f r a c t i o n p i c t u r e . F i r s t , 
t h e r e i s the low r e s o l u t i o n power of normal LEED i n s t r u m e n t s 
w h i c h l i m i t s Hie c o r r e l a t i o n l e n g t h s d i r e c t l y v i s i b l e on the 
f l u o r e s c e n t s c r e e n , and s e c o n d , i t i s e x p e r i m e n t a l l y d i f f i c u l t 
to d i s t i n g u i s h between an e l a s t i c and i n e l a s t i c b a c kground. 
B e c a u s e of t h e l a t t e r t h e d e n s i t y of d e f e c t s d i s t r i b u t e d a t 
random, w h i c h c a u s e an i n c r e a s e i n t h e e l a s t i c b a ckground, c a n 
o n l y be q u a l i t a t i v e l y e s t i m a t e d from b a c k g r o u n d measurements. 
F u r t h e r m o r e , t h e measured I - V c u r v e s of t h e s h a r p s p o t s a g r e e 
q u i t e o f t e n r a t h e r w e l l w i t h c a l c u l a t e d ones, even i n c a s e s 
where i t i s known t h a t t h e s u r f a c e c o n t a i n s i m p u r i t i e s or i s 
f a r from b e i n g p e r f e c t l y f l a t , w h i l e t h e c a l c u l a t i o n i s a l w a y s 
done on t h e a s s u m p t i o n of a p e r f e c t c r y s t a l . 

T h e r e f o r e i t i s o f t e n c o n c l u d e d t h a t LEED i s n o t v e r y 
s e n s i t i v e to s u r f a c e d e f e c t s , a c o n c l u s i o n w h i c h h a s a l r e a d y 
been p r o v e n e r r o n e o u s s i n c e t h e f i r s t d i f f i c u l t y - t h e l i m i t e d 
t r a n s f e r w i d t h - can be overcome by an improvement of e x p e r i ­
m e n t a l t e c h n i q u e s and c a r e f u l a n a l y s i s of t h e a n g u l a r p r o f i l e s 
of t h e i n c i d e n t and t h e d i f f r a c t e d beams [ΐ - 3 ] · I n t h i s c a s e 
t h e r e s o l u t i o n can be c o n s i d e r a b l y i n c r e a s e d and LEED may w e l l 
be u s e d i n s t u d y i n g t h e d i s t r i b u t i o n of v a r i o u s k i n d s of s u r ­
f a c e d e f e c t s as l o n g as t h e y p r o d u c e a change i n t h e beam 
p r o f i l e s . I t h a s been shown p r e v i o u s l y t h a t m u l t i p l e s c a t t e r -
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i n g e f f e c t s do n o t produce s p e c i a l f e a t u r e s i n t h e a n g u l a r 
d i s t r i b u t i o n of d i f f r a c t e d beams [4]· T h e r e f o r e t h e a n a l y s i s 
of beam p r o f i l e s may be done i n a k i n e m a t i c or q u a s i - k i n e m a t i c 
way. 

I n c a s e of a random d i s t r i b u t i o n of p o i n t d e f e c t s , s u c h 
as v a c a n c i e s or a d s o r b e d atoms, t h e s i t u a t i o n i s much more 
d i f f i c u l t . T h e r e a r e s t i l l s h a r p s p o t s v i s i b l e i n the d i f ­
f r a c t i o n p i c t u r e and an i n c r e a s e i n b a c kground o c c u r s . The 
q u a n t i t a t i v e a n a l y s i s of t h e background i n t e n s i t y i s somewhat 
u n c e r t a i n and c a l c u l a t i o n of s p o t i n t e n s i t i e s i n v o l v e s a mul­
t i p l e s c a t t e r i n g t h e o r y . 

I n k i n e m a t i c t h e o r y o n l y s m a l l changes i n t h e beam i n ­
t e n s i t i e s c a u s e d by p o i n t d e f e c t s a r e p r e d i c t e d , and t h i s i n ­
f l u e n c e i s i n d e p e n d e n t of e n e r g y as w e l l as d i f f r a c t i o n con­
d i t i o n s . The d i f f r a c t i o n i n t e n s i t y from a random d i s t r i b u t i o n 
of s c a t t e r e r s s t i l l p l a c e d a t l a t t i c e s i t e s i s g i v e n by [5] 

~ l<f>f ό(1<-κ'-3) + {<inl> - ι<η\ι\ 

The f i r s t t erm r e p r e s e n t s a s h a r p s p o t p r o p o r t i o n a l to 
t h e s q u a r e of an a v e r a g e a m p l i t u d e and i s due to t h e f a c t t h a t 
a f i x e d s p a c i n g e x i s t s f o r the mean p o s i t i o n of e a c h atom. 
The s e c o n d term i s a u n i f o r m background p r o p o r t i o n a l to t h e 
mean s q u a r e d e v i a t i o n of s c a t t e r i n g a m p l i t u d e s . The a v e r a g e 
a m p l i t u d e i s g i v e n by 

where p n a r e t h e a p r i o r i p r o b a b i l i t i e s f o r t h e o c c u r r e n c e of 
t h e d i f f e r e n t s c a t t e r e r s . 

I f o n l y a s m a l l amount of i m p u r i t i e s i s p r e s e n t , the 
a v e r a g e a m p l i t u d e i s o n l y s l i g h t l y changed compared to the 
c l e a n s u r f a c e . I n c a s e of v a c a n c i e s t h e i n t e n s i t y of a l l 
beams i s j u s t a b i t l o w e r e d . The I - V c u r v e s o n l y g e t a d i f ­
f e r e n t s c a l i n g b u t o t h e r w i s e r e m a i n unchanged. 

By m u l t i p l e s c a t t e r i n g t h e change i n i n t e n s i t y of t h e 
s h a r p s p o t s w i l l become en e r g y - d e p e n d e n t and may be l a r g e r o r 
s m a l l e r t h a n p r e d i c t e d by t h e k i n e m a t i c t h e o r y . Of c o u r s e , i t 
r e m a i n s t r u e t h a t o n l y s h a r p s p o t s a r e v i s i b l e b e n e a t h a u n i ­
form b a c k g r o u n d . T h e r e a r e no a d d i t i o n a l s p o t s p r o d u c e d by 
m u l t i p l e s c a t t e r i n g and a d i f f u s e n e s s would be due to c o r r e ­
l a t i o n s of d e f e c t s , n o t to m u l t i p l e s c a t t e r i n g . A m u l t i p l e 
s c a t t e r i n g c a l c u l a t i o n of t h e i n f l u e n c e of p o i n t d e f e c t s on 
LEED i n t e n s i t i e s i s of i n t e r e s t f o r two r e a s o n s . F i r s t , 
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whether p o i n t d e f e c t s can be d e t e c t e d and a n a l y z e d by LEED and 
u n der what c o n d i t i o n s t h i s can be done, and s e c o n d , to g e t a 
r a t i o of e r r o r s made i n the u s u a l a n a l y s i s by n e g l e c t i n g v a c a n ­
c i e s and i m p u r i t i e s . 

MULTIPLE SCATTERING THEORY 

As a r e s u l t of m u l t i p l e s c a t t e r i n g t h e e f f e c t i v e s c a t t e r ­
i n g a m p l i t u d e of a c e r t a i n atom, w h i c h d e s c r i b e s t h e t o t a l f l u x 
l e a v i n g t h e atom, i s no l o n g e r r e l a t e d to t h e s i n g l e p o t e n ­
t i a l o n l y , b u t to i t s e n v i r o n m e n t t o o . The p r o blem ha s to be 
s o l v e d s e l f c o n s i s t e n t l y . I n t h e c a s e of p e r f e c t c r y s t a l s t h i s 
can be done e x a c t l y i f t h e r e a r e n o t too many atoms i n t h e 
u n i t c e l l . S e v e r a l c o m p u t a t i o n a l methods have been d e v e l o p e d , 
the c a l c u l a t i o n can be done i n k - s p a c e and i n r e a l s p a c e . The 
l a t t e r i s u s e d h e r e , f o l l o w i n g t h e t - m a t r i x f o r m u l a t i o n d e s ­
c r i b e d by Beeby [ 6 ] . T h i s method of c a l c u l a t i o n has the ad­
v a n t a g e t h a t the t - m a t r i c e s depend on the i n c o m i n g wave o n l y 
and n o t on t h e o u t g o i n g waves. The same f o r m a l i s m has been 
u s e d i n t h e d e s c r i p t i o n of s c a t t e r i n g r e s u l t i n g from c o r r e l a t e d 
d e f e c t s [ 7 , 8 ] . 

The p r e s e n c e of d e f e c t s d e s t r o y s the t r a n s l a t i o n symmetry 
of the s u r f a c e , e a c h atom i n p r i n c i p a l i s s u r r o u n d e d by a d i f ­
f e r e n t e n v i r o n m e n t and a c c o r d i n g l y the e f f e c t i v e s c a t t e r i n g 
a m p l i t u d e i s d i f f e r e n t f o r e a c h atom. An e x a c t s o l u t i o n i s 
no l o n g e r a v a i l a b l e i n p r a c t i c e , even though due to the s t r o n g 
damping of the e l e c t r o n wave i n s i d e the c r y s t a l the d i s t a n c e 
f o r m u l t i p l e s c a t t e r i n g p r o c e s s e s i s l i m i t e d . I t i s t h e r e ­
f o r e n e c e s s a r y to i n t r o d u c e a v e r a g e s to make t h e p r o blem t r a c t ­
a b l e . A v e r a g e s of m u l t i p l e s c a t t e r i n g p r o c e s s e s can be t a k e n 
i n d i f f e r e n t , more or l e s s r e s t r i c t i v e ways, w h i c h w i l l be 
d i s c u s s e d below. 

Once th e e f f e c t i v e s c a t t e r i n g a m p l i t u d e s a r e c a l c u l a t e d , 
r e g a r d l e s s of a p p r o x i m a t i o n , t h e d i f f r a c t e d i n t e n s i t y i s g i v e n 
by t h e same f o r m u l a as i n t h e k i n e m a t i c c a s e . 

E a c h s c a t t e r i n g a m p l i t u d e f n(l£jk f) now i n d i v i d u a l l y de­
pends on t h e i n c o m i n g and o u t g o i n g waves k and k ! , and t h e i r 
number, of c o u r s e , i s i n c r e a s e d when d i f f e r e n t e n v i r o n m e n t s 
can be d i s t i n g u i s h e d . 

S i n g l e s i t e a p p r o x i m a t i o n 

The most r e s t r i c t i v e a v e r a g e i s t a k e n by a complete de­
c o u p l i n g of a g i v e n s i t e and i t s s u r r o u n d i n g . E a c h atom i s 
r e p r e s e n t e d by an a v e r a g e p o t e n t i a l embedded i n an a v e r a g e 
u n i f o r m medium. T h i s i s a s i n g l e s i t e a p p r o x i m a t i o n s i n c e 
c o r r e l a t i o n s i n the m u l t i p l e s c a t t e r i n g p r o c e s s a r e c o m p l e t e l y 
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n e g l e c t e d . I n band s t r u c t u r e c a l c u l a t i o n s of a l l o y s i t i s 
known as t h e a v e r a g e t - m a t r i x a p p r o x i m a t i o n (ATA) [9]· 

I n c a s e of v a c a n c i e s or s u b s t i t u t i o n a l o c c u p a n c y of l a t ­
t i c e s i t e s t h e a v e r a g e atom i n a l a y e r or s u b p l a n e i s r e p r e ­
s e n t e d by a s i n g l e t - m a t r i x 

<r> = < t > * < t > 6 V < r > 

Κ 

where < t > i s t h e a v e r a g e s i n g l e s c a t t e r i n g m a t r i x and p n a r e 
the c o r r e s p o n d i n g p r o b a b i l i t i e s . 

i s a d i a g o n a l m a t r i x d e s c r i b i n g a s i n g l e s c a t t e r i n g e v e n t , 
and G SP i s the i n t e r p l a n a r p r o p a g a t o r , ft a r e the phase 
s h i f t s . 1 

The a v e r a g e r e f l e c t i o n and t r a n s m i s s i o n m a t r i c e s a r e t h e n 
o b t a i n e d i n the u s u a l way [ l O ] 

< ^ - s B i L ^ i j ^ ^ v ^ ( 2 ) 

Li' 

The s e t of l i n e a r e q u a t i o n s ( l ) c o u l d a l s o be e a s i l y ex­
tended to s e v e r a l l a y e r s , u s i n g e x a c t l y t h e same f o r m a l i s m as 
f o r a p e r f e c t c r y s t a l . The a v e r a g e r e f l e c t i o n and t r a n s m i s s i o n 
m a t r i c e s may be added to an o t h e r w i s e p e r f e c t c r y s t a l , u s i n g 
a l a y e r - d o u b l i n g - o r RPS-scheme. 

The a d v a n t a g e of t h e a v e r a g e t - m a t r i x a p p r o x i m a t i o n i s , 
t h a t i t e a s i l y a p p l i e s to any of t h e e x i s t i n g LEED programs; 
t h e r e i s p r a c t i c a l l y no a d d i t i o n a l e f f o r t . F u r t h e r m o r e , i t 
can be a p p l i e d t o any d e n s i t y of d e f e c t s and to a l l o y s as w e l l . 
The a v e r a g e t - m a t r i x a p p r o x i m a t i o n s h o u l d work w e l l when mul­
t i p l e s c a t t e r i n g e f f e c t s a r e weak, however, i t i s known t h a t 
i n most c a s e s t h i s c a n n o t be supposed and one e x p e c t s the 
s i n g l e s i t e a p p r o x i m a t i o n to be n o t s u f f i c i e n t f o r most LEED 
a p p l i c a t i ons. 

S i t e - d e p e n d e n t a p p r o x i m a t i o n 

A f a r b e t t e r a p p r o x i m a t i o n t h a n t h e s i n g l e s i t e approxim­
a t i o n can be done by d i v i d i n g t h e e n v i r o n m e n t of a p o i n t 
d e f e c t i n t o a n e a r r e g i o n and an o u t e r r e g i o n . W i t h i n a n e a r 
r e g i o n , n e a r e s t , o r n e x t n e a r e s t n e i g h b o u r s , a l l m u l t i p l e 



S T A T I S T I C A L L Y D I S T R I B U T E D POINT DEFECTS 509 

s c a t t e r i n g p r o c e s s e s a r e c a l c u l a t e d e x a c t l y and o n l y t h e o u t e r 
r e g i o n i s t r e a t e d by an a v e r a g e t - m a t r i x . T h a t means, n o t a 
s i n g l e s i t e b u t a whole c l u s t e r of atoms i s s u r r o u n d e d by an 
a v e r a g e medium. 

The b a s i c c o n s i d e r a t i o n f o r t h i s a p p r o x i m a t i o n i s t h e f a c t 
t h a t t h e most i m p o r t a n t c o n t r i b u t i o n to t h e t o t a l s c a t t e r i n g 
a m p l i t u d e i s due to s i n g l e s c a t t e r i n g , and m u l t i p l e s c a t t e r i n g 
w i t h i n t h e immediate n e i g h b o u r h o o d of an atom. The v a l i d i t y 
of t h i s a s s u m p t i o n i s d e m o n s t r a t e d i n F i g . ( l ) , h e r e t h e l a t ­
t i c e sum f o r i n t e r l a y e r s c a t t e r i n g h a s been c u t o f f a t n e a r e s t 
and n e x t n e a r e s t n e i g h b o u r s . To r e a c h c o n v e r g e n c e , of c o u r s e , 

Fe (100) ( 0 0 ) - b e a m 

I / I 0 

[%] II 

(10)-beam 

\ 
L \ \v 
\\ 

5.0 λ Λ J.O 
II \\ 

\\ V V 
γ 

A 
50 100 150 50 100 150 [eV] 

F i g . 1 C a l c u l a t e d I - V s p e c t r a f o r F e ( l 0 0 ) 
a t normal i n c i d e n c e . 
S o l i d l i n e : f u l l d y n a m i c a l c a l c u l a t i o n 
B r o k e n l i n e : o n l y n e a r e s t and n e x t 
n e a r e s t n e i g h b o u r s a r e t a k e n f o r i n t e r -
p l a n a r s c a t t e r i n g . 

u s u a l l y s e v e r a l h u n d r e d atoms have to be i n c l u d e d , b u t a s can 
be s e e n , t h e c u r v e s w i t h n e x t n e a r e s t n e i g h b o u r s f i t t h e e x a c t 
c a l c u l a t i o n r a t h e r w e l l , though t h e r e s t of t h e p l a n e i s com­
p l e t e l y n e g l e c t e d . The a p p r o x i m a t i o n s h o u l d be even b e t t e r , 
t a k i n g a t l e a s t t h e s i n g l e s c a t t e r i n g a m p l i t u d e f o r t h e r e s t 
of t h e p l a n e . 

A s i t e - d e p e n d e n t a p p r o x i m a t i o n may be u s e f u l a l s o f o r 
c o m p l i c a t e d o r d e r e d s t r u c t u r e s . I t i s n o t n e c e s s a r y to t a k e 
o n l y t h e e n v i r o n m e n t w i t h i n one p l a n e , s e v e r a l l a y e r s , of 
c o u r s e , c o m p l i c a t e t h e c a l c u l a t i o n and i t i s c o m p l e t e l y un­
n e c e s s a r y f o r s i m p l e s t r u c t u r e s s i n c e t h e n t h e i n t e r l a y e r 
s c a t t e r i n g can be done i n r e c i p r o c a l s p a c e , b u t f o r c o m p l i c a t e d 
s t r u c t u r e s a g r e a t number of beams o c c u r and a t - m a t r i x c a l ­
c u l a t i o n w i t h a r e s t r i c t e d l a t t i c e sum w i l l be e a s i e r . 
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I n g e n e r a l , f o r a l l d i f f e r e n t s i t e s , t h a t means, f o r a l l 
p o s s i b l e d i f f e r e n t e n v i r o n m e n t s of an atom, an e f f e c t i v e s c a t ­
t e r i n g a m p l i t u d e h a s to be c a l c u l a t e d s e p a r a t e l y . I t has a l s o 
t h e a dvantage t h a t s t a t i s t i c a l c o r r e l a t i o n s a r e e a s i l y i n t r o ­
duced [ 7 ] 9 t h e d i f f e r e n t c o n f i g u r a t i o n s j u s t have to be l i n k e d 
w i t h t h e a p p r o p r i a t e p r o b a b i l i t i e s and, s i n c e the t - m a t r i c e s 
do n o t depend on t h e d i f f r a c t e d wave, th e beam p r o f i l e s a r e 
o b t a i n e d too w i t h o u t f u r t h e r e f f o r t . I n p r a c t i c e , however, 
t h e problem becomes i n s t a n t l y u n s o l v a b l e b e c a u s e of the number 
of d i f f e r e n t c o n f i g u r a t i o n s . T h e r e a r e s p e c i a l c a s e s where 
the s i z e of t h e m a t r i c e s to be i n v e r t e d i s r e d u c e d s u c h t h a t 
a c a l c u l a t i o n i s p o s s i b l e i n d e e d . We a r e f a c i n g s u c h a c a s e 
i n o n e - d i m e n s i o n a l d i s o r d e r where t h e number of d i f f e r e n t s i t e s 
i s g r e a t l y r e d u c e d . A n o t h e r c a s e i s g i v e n by d i l u t e p o i n t de­
f e c t s where o n l y one t y p e of c o n f i g u r a t i o n r e m a i n s . T h i s 
p r o b lem w i l l be d i s c u s s e d h e r e . A f u r t h e r a p p l i c a t i o n may be 
p o s s i b l e f o r p e r f e c t l y o r d e r e d c r y s t a l s w i t h l a r g e u n i t c e l l s . 
H ere the number of d i f f e r e n t n e i g h b o u r h o o d s may be l e s s t h a n 
t h e number of atoms i n the u n i t c e l l . F o r e a c h c o n f i g u r a t i o n 
t h e s c a t t e r i n g a m p l i t u d e can be c a l c u l a t e d i n d e p e n d e n t l y and 
t h e computing time s c a l e r e m a i n s l i n e a r to the number of con­
f i g u r a t i o n s . As mentioned above, s u c h an a p p r o x i m a t e s o l u t i o n 
may be u s e f u l when a p p l i e d to l a r g e u n i t c e l l s where th e number 
of beams i s too l a r g e to be h a n d l e d i n o r d i n a r y type computers. 

I n g e n e r a l t h e t - m a t r i c e s f o r Ν atoms embedded i n an 
a v e r a g e medium a r e g i v e n by the f o l l o w i n g s e t of e q u a t i o n s 

4, Ν 

. -ck(ß^R) 

(3 ) 

The p rime on t h e summation symbol i n d i c a t e s t h a t o n l y 
t h o s e v e c t o r s R p o i n t i n g to atoms of t h e a v e r a g e r e g i o n a r e 
i n c l u d e d . The a v e r a g e m a t r i x < Γ > may be c a l c u l a t e d i n d e p e n ­
d e n t l y , u s i n g t h e a v e r a g e t - m a t r i x a p p r o x i m a t i o n i f t h i s f a ­
c i l i t a t e s the c a l c u l a t i o n . 

A c l u s t e r c o n t a i n i n g Ν atoms s t i l l a f f o r d s t h e i n v e r s i o n 
of an (Ν · n i 2 ) χ (Ν · η χ 2 ) m a t r i x , where n\ i s t h e number of 
p h a s e s h i f t s . F u r t h e r r e d u c t i o n i n s i z e i s n e c e s s a r y to make 
the c a l c u l a t i o n p o s s i b l e . 
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Ο Ο Ö ο ο 
F i g . 2 I l l u s t r a t i o n of the s i t e - d e p e n d e n t 

a p p r o x i m a t i o n . The n e a r e s t n e i g h -
h o u r s of an a d s o r b e d atom a l l g e t 
d i f f e r e n t t - m a t r i c e s , t h e atoms i n 
t h e o u t e r r e g i o n a l l g e t t h e same 
a v e r a g e d t - m a t r i x . 

How t h i s can be done, u s i n g t h e symmetry of t h e c r y s t a l , 
may be d i s c u s s e d i n some d e t a i l f o r an adatom and i t s n e a r e s t 
n e i g h b o u r s shown i n F i g . ( 2 ) . I f t h e atom i s a d s o r b e d i n t h e 
f o u r f o l d s i t e o n l y two d i f f e r e n t s c a t t e r i n g m a t r i c e s r e m a i n 
of a t o t a l of f i v e , t h e o t h e r s c a n be o b t a i n e d by r o t a t i o n 
m a t r i c e s . The s c a t t e r i n g amp l i t u d e f ( K , K f ) must be the same 
f o r atoms 1 and 2 i n F i g . ( 3 ) i f Κ and K ! a r e b o t h r o t a t e d 
by . 
W i t h 

and 

i t f o l l o w s i m m e d i a t e l y t h a t 

w i t h 

a s i m i l a r r e l a t i o n f o l l o w s d i r e c t l y from t h e d e f i n i t i o n of t h e 
p r o p a g a t o r m a t r i c e s 
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- τ fr* c(L,L',L")cejijiKiipn y„ j&p) 

The s e t of eq. ( 3 ) can t h e n be s o l v e d f o r two m a t r i c e s 
o n l y . U s i n g a s h o r t n o t a t i o n , eq. ( 3 ) r e d u c e s to 

I t s h o u l d be n o t e d t h a t m u l t i p l e s c a t t e r i n g between ad-
atoms i s n e g l e c t e d h e r e , o t h e r w i s e some a d d i t i o n a l terms would 
o c c u r , c a u s i n g no p r i n c i p a l d i f f i c u l t y . 

F u r t h e r r e d u c t i o n i n computing time and c o r e s i z e can be 
a c h i e v e d by u s e of a symmetry r e l a t i o n f o r the p r o p a g a t o r ma­
t r i c e s , 

*+e r / <7>\ 
6U,ID* Μ tu'1** 

S i n c e o n l y 4 d i f f e r e n t v a l u e s i n t h e r o t a t i o n m a t r i x D 
o c c u r , eq. ( 4 ) can be s o l v e d e a s i e r t h a n t h e g e n e r a l eq. ( 3 ) > 
b u t s t i l l 4 G a u s s i a n e l i m i m a t i o n s a r e n e c e s s a r y . 

T h e r e i s o n l y one s o l u t i o n n e c e s s a r y f o r t h e whole s e t of 
i n c o m i n g waves, s i n c e t h e p h a s e - f a c t o r s can be f a c t o r i z e d i n 
t h e same way d e s c r i b e d by Tong and Van Hove [ll]« 

I f we assume a d e n s i t y c( of adatoms w i t h o( s m a l l enough 
t h a t t h e p r o b a b i l i t y f o r two n e i g h b o u r i n g adatoms i s n e g l i ­
g i b l e , t h e n t h e a v e r a g e r e f l e c t i o n and t r a n s m i s s i o n m a t r i x f o r 
th e whole l a y e r i s 



S T A T I S T I C A L L Y D I S T R I B U T E D POINT DEFECTS 513 

T h e c a s e o f v a c a n c i e s c a n b e t r e a t e d c o m p l e t e l y e q u i v a l e n t . 
H e r e e v e n n e x t n e a r e s t n e i g h b o u r s c a n b e i n c l u d e d w i t h t h e 
s a m e c o m p u t a t i o n a l e f f o r t a s f o r t h e a d a t o m s . 

R E S U L T S 

M o d e l c a l c u l a t i o n s f o r t w o t y p e s o f p o i n t d e f e c t s , v a c a n ­
c i e s , a n d a d s o r b e d a t o m s , h a v e b e e n d o n e f o r F e ( l O O ) , a n d f o r 
v a c a n c i e s o n l y i n t h e c a s e o f A u ( l O O ) . A d e f e c t d e n s i t y o f 
5 % a n d 10 % o f a m o n o l a y e r h a s b e e n t a k e n , t h o u g h a t 10 $ 
c o r r e l a t e d d e f e c t s c a n n o t b e l e f t o f f a n y m o r e , t h a t m e a n s , t h e 
p r o b a b i l i t y f o r t h e o c c u r r e n c e o f c l u s t e r s c o n t a i n i n g t w o o r 
m o r e v a c a n c i e s o r a d a t o m s i s m u c h t o o h i g h t o b e n e g l e c t e d . 
H o w e v e r , o n e c a n a s s u m e t h a t a f u l l c a l c u l a t i o n w o u l d n o t g i v e 
a s u b s t a n t i a l c h a n g e o f t h e r e s u l t s . 

A l l c a l c u l a t i o n s w e r e p e r f o r m e d a t n o r m a l i n c i d e n c e . U p 
t o 8 p h a s e s h i f t s w e r e u s e d , o b t a i n e d f r o m b a n d s t r u c t u r e p o ­
t e n t i a l s [ l 2 J . I n t e r l a y e r s c a t t e r i n g w a s c a l c u l a t e d b y t h e 
l a y e r - d o u b l i n g m e t h o d i n c l u d i n g a m a x i m u m o f 24 s y m m e t r i c a l l y 
i n d e p e n d e n t b e a m s . T h e r e a l p a r t o f t h e i n n e r p o t e n t i a l h a s 

Fe (100) (10)-beam 

.A TV, 
Au (100) (11)-beam 

Fe (100) (11 l - b e a m AudOO) (10)-beam 

^^^^^^^^^^^^^^^^^^^^^^^^^^^^ 

50 100 150 50 100 [eV] 

F i g . 3 I n f l u e n c e o f v a c a n c i e s o n I - V s p e c t r a 
f r o m F e ( l 0 0 ) a n d u n r e c o n s t r u c t e d A u ( l 0 0 ) 
a t n o r m a l i n c i d e n c e . 
S o l i d l i n e : p e r f e c t c r y s t a l 
B r o k e n l i n e : 5 % v a c a n c i e s i n t h e t o p l a y e r 
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b e e n s e t t o z e r o a n d t h e i m a g i n a r y p a r t t o 4 e V , i n d e p e n d e n t 
o f e n e r g y . B u l k D e b y e t e m p e r a t u r e s h a v e b e e n t a k e n f o r a l l 
l a y e r s , 4 0 0 Κ f o r i r o n , 1 7 0 Κ f o r g o l d . 

F i g . (3) s h o w s t h e i n f l u e n c e o f 5 % v a c a n c i e s i n t h e t o p 
l a y e r . T h e a v e r a g e t - m a t r i x a p p r o x i m a t i o n g i v e s n e a r l y t h e 
s a m e r e s u l t s a s t h e c a l c u l a t i o n w h i c h i n c l u d e s n e a r e s t a n d n e x t 
n e a r e s t n e i g h b o u r s . T h e b r o k e n l i n e i n F i g . (3) r e f e r s t o b o t h 
a p p r o x i m a t i o n s . T h e k i n e m a t i c c a l c u l a t i o n w o u l d h a v e g i v e n a 
g e n e r a l e n e r g y - i n d e p e n d e n t l o w e r i n g o f i n t e n s i t i e s , t h e m u l ­
t i p l e s c a t t e r i n g c a l c u l a t i o n s h o w s s o m e c h a n g e s i n t h e I - V 
c u r v e s , a s e x p e c t e d , b u t t h e i n f l u e n c e i s g e n e r a l l y v e r y s m a l l . 
R e s u l t s f o r o t h e r b e a m s a r e s i m i l a r , a l s o t h e s t r o n g l y s c a t ­
t e r i n g m a t e r i a l l i k e g o l d d o e s n o t p r o d u c e l a r g e r e f f e c t s . 

A s a d a t o m s i r o n a n d n i t r o g e n h a v e b e e n c h o s e n a n d t h e y 
w e r e p u t i n t h e f o u r f o l d h o l l o w s i t e o n t o p o f t h e f i r s t l a y e r . 
F o r t h e i r o n a t o m t h e b u l k d i s t a n c e h a s b e e n a s s u m e d , a n d f o r 
t h e n i t r o g e n a t o m , s o m e w h a t a r b i t r a r y , a l a y e r s p a c i n g o f 0 . 7 $ 
h a s b e e n t a k e n . No c h a n g e s i n p o s i t i o n s o f t h e a t o m s a r o u n d 
t h e a d a t o m o r t h e v a c a n c y h a v e b e e n c o n s i d e r e d . 
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T h e o n s e t o f d a m p i n g h a s b e e n c h o s e n d i f f e r e n t l y f o r a d ­
a t o m s a n d v a c a n c i e s . I n t h e c a s e o f a d a t o m s t h e d a m p i n g s t a r t s 
i n t h e p l a n e o f a d a t o m s , a n d i n t h e c a s e o f v a c a n c i e s h a l f a 
l a y e r d i s t a n c e i n f r o n t o f t h e t o p l a y e r . T h e c o m p a r i s o n w i t h 
t h e p e r f e c t c r y s t a l i s a l w a y s m a d e b y c h o o s i n g t h e s a m e d a m p i n g 
c o n d i t i o n s . 

I n t h e u p p e r l e f t a n d u p p e r r i g h t p a n e l o f F i g . (4 ) t h e 
i n f l u e n c e o f 10 $ o f a m o n o l a y e r i r o n o n F e ( l O O ) i s s h o w n ; 
t h e s o l i d l i n e i s t h e c a l c u l a t i o n f o r t h e p e r f e c t c r y s t a l , t h e 
b r o k e n l i n e i s t h e m u l t i p l e s c a t t e r i n g c a l c u l a t i o n f o r c o n ­
f i g u r a t i o n s o f n e a r e s t n e i g h b o u r s a s s h o w n i n F i g . ( 2 ) . I n 
t h e l o w e r l e f t p a n e l o f F i g . (4 ) t h e s a m e c o m p a r i s o n i s m a d e 
f o r 10 % o f a m o n o l a y e r n i t r o g e n a d d e d t o F e ( l O O ) . A s c a n b e 
s e e n , t h e i n f l u e n c e o f t h e w e a k s c a t t e r i n g n i t r o g e n i s m u c h 
l e s s t h a n t h a t o f i r o n . T h e a v e r a g e t - m a t r i x a p p r o x i m a t i o n 
g i v e s f o r a d a t o m s s o m e s l i g h t l y d i f f e r e n t r e s u l t s t h a n t h e s i t e -
d e p e n d e n t a p p r o x i m a t i o n . T h i s c o m p a r i s o n i s m a d e i n t h e l o w e r 
r i g h t p a n e l o f F i g . ( 4 ) . T h e b r o k e n l i n e r e f e r s h e r e t o t h e 
a v e r a g e t - m a t r i x a p p r o x i m a t i o n . 

D I S C U S S I O N 

T h e m o d e l c a l c u l a t i o n s s h o w o n l y v e r y s m a l l i n f l u e n c e s o f 
d e f e c t s i n t h e I - V p r o f i l e s . T h e i n t e n s i t i e s f o r t h e v a c a n c y 
m o d e l s a r e g e n e r a l l y a b i t l o w e r c o m p a r e d t o t h e p e r f e c t c r y s ­
t a l , a s p r e d i c t e d b y t h e k i n e m a t i c t h e o r y . O c c a s i o n a l l y t h e r e 
a r e s o m e s m a l l c h a n g e s i n r e l a t i v e p e a k h i g h t s a s , f o r e x a m p l e , 
i n ( l o ) b e a m f r o m A u ( l O ö ) , w h e r e t h e p e a k o f 100 e V i s l o w e r e d , 
w h i l e t h a t a t 85 eV i s e v e n l y e n h a n c e d . S u c h a n e f f e c t i s 
p u r e l y t o b e a t t r i b u t e d t o m u l t i p l e s c a t t e r i n g o r i g i n . 

T h e i n t e n s i t y f r o m t h e a d a t o m m o d e l s i s s l i g h t l y h i g h e r 
t h a n t h a t o f t h e c l e a n c r y s t a l . a s a c t u a l l y e x p e c t e d , b u t a l s o 
h e r e o n l y s m a l l c h a n g e s a r e v i s i b l e . A l l f e a t u r e s o f t h e 
c u r v e s a r e p r e s e r v e d , t h e r e i s n o c h a n g e i n p e a k p o s i t i o n s a n d 
t h e c h a n g e s i n r e l a t i v e p e a k h e i g h t s w o u l d b e u n d e t e c t a b l e 
e x p e r i m e n t a l l y . C h a n g i n g t h e f i r s t l a y e r s p a c i n g b y 2 % h a s 
m o r e i n f l u e n c e o n t h e I - V c u r v e s t h a n 5 o r 10 % i m p u r i t i e s o r 
v a c a n c i e s . 

T h e q u e s t i o n a r i s e s w h e t h e r t h i s r e s u l t i s r e p r e s e n t a t i v e 
o r n o t . F o r v a c a n c i e s t h e r e a r e n o d i f f e r e n c e s b e t w e e n t h e 
a v e r a g e t - m a t r i x a p p r o x i m a t i o n a n d t h e e x p l i c i t c a l c u l a t i o n 
o f s c a t t e r i n g a m p l i t u d e s f o r t h e n e i g h b o u r i n g a t o m s . T h i s i n ­
d i c a t e s t h a t m u l t i p l e s c a t t e r i n g w i t h i n a l a y e r i s m i n o r a t 
l e a s t a t n o r m a l i n c i d e n c e . F o r v a c a n c i e s o n l y n e a r e s t n e i g h ­
b o u r s w i t h i n t h e p l a n e h a v e b e e n a s s u m e d , a n d f o r a d a t o m s o n l y 
n e a r e s t n e i g h b o u r s i n t h e n e x t l a y e r . S o , o n l y a n a v e r a g e f o r 
t h e f o r w a r d a n d b a c k w a r d s c a t t e r i n g f r o m t h e d e f e c t i s a c c o u n t e d 
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f o r , t h u s i n t e r f e r e n c e s i n t h e m u l t i p l e s c a t t e r i n g s e r i e s a r e 
d a m p e d . A m o r e d e t a i l e d c a l c u l a t i o n w i t h s p h e r i c a l c l u s t e r s 
a r o u n d a d e f e c t m a y s h o w s o m e m o r e e f f e c t s . A l s o t h e i m p o r t a n c e 
o f i n t r a l a y e r s c a t t e r i n g s h o u l d i n c r e a s e a t o b l i q u e i n c i d e n c e , 
a n d p o i n t d e f e c t s m i g h t b e d e t e c t a b l e u n d e r t h e s e d i f f r a c t i o n 
c o n d i t i o n s . P o s s i b l y t h i s i s o n e o f t h e r e a s o n s , w h y c a l c u ­
l a t e d I - V c u r v e s u s u a l l y d o n ' t f i t t h e e x p e r i m e n t a l o n e s a t 
o b l i q u e i n c i d e n c e a s w e l l a s a t n o r m a l i n c i d e n c e . 
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need for fast measurement 4 6 3 , 4 6 4 , 

4 7 3 , 4 7 6 , 4 7 8 
noise i n 3 6 5 - 3 6 8 , 3 8 1 
n o r m a l i z a t i o n o f 4 1 2 
r e l i ab i l i t y o f data 4 4 9 , 4 5 0 , 4 6 1 
s m o o t h i n g o f 3 6 5 - 3 6 9 , 3 8 1 
spat ia l coherence effects 5 1 9 - 5 2 4 , 

5 2 9 , 5 3 3 , 5 3 4 
T V compute r measur ing system 4 6 3 - 4 6 8 , 

478 
in t ens i t y measurements : 

angular d i s t r i b u t i o n 497 ,498 
data co l l ec t i on 4 8 3 - 4 8 6 , 4 9 1 
de focus ing o f beam 4 0 6 
d i f fuse backg round 4 7 9 
energy spread i n beam 4 0 6 , 4 0 7 
er rors in 4 0 1 
Faraday cup 464 ,478 
h a r d and so f tware 4 6 8 - 4 7 2 
in f luence nonrad i a l magnet ic f ie lds 

4 9 3 , 4 9 4 

i n s t r u m e n t a l ef fects 401 ,404 ,405 
i n s t r u m e n t a l b r o a d e n i n g 4 9 7 - 4 9 9 
magnet i c sh ie ld ing 4 9 3 , 4 9 4 
pho t og raph i c 4 6 4 , 4 7 8 
r e l i a b i l i t y o f 4 0 1 
spot pho t ome t e r 464 ,478 
spot pro f i l es 479 
test f o r non rad i a l f ie lds 4 9 4 
t i m e 4 7 2 , 4 7 3 , 4 7 8 , 4 7 9 
T V camera 4 6 5 , 4 6 8 , 4 7 8 , 4 7 9 
use as a f i n g e r p r i n t 4 8 3 , 4 8 8 , 4 9 1 
use o f pa r t i a l spots 404 ,405 
v ideo d ig i t i ze r 465 
v ideo f rame 4 6 6 - 4 7 2 

v ideo recorder 4 6 5 , 4 7 3 , 4 7 9 
in t ens i t y opera to r I 4 3 8 - 4 4 3 
in tens i t y space Q 4 3 8 - 4 4 0 
in te r layer c o n t r a c t i o n 187-193 

(see la t t i ce r e l axa t i on , in t e r l aye r 
spac ing, in te r layer d is tance ) 

in te r layer distance 2 3 4 , 2 3 7 - 2 4 5 , 2 5 1 - 2 5 3 , 
257 

in te r layer spacing 2 1 9 , 2 2 2 - 2 2 5 , 
2 2 7 , 2 2 9 , 2 7 7 - 2 8 0 , 2 8 2 , 2 9 0 , 2 9 6 , 
3 0 1 , 3 0 4 , 3 1 1 , 3 1 5 , 3 2 1 , 3 2 4 , 3 3 3 - 3 3 6 , 3 5 2 , 
3 6 8 - 3 7 1 , 3 7 4 , 3 7 5 , 3 8 0 , 4 5 5 , 4 5 6 , 4 6 0 , 4 6 1 , 
5 3 5 - 5 5 0 

in te r layer in ter fe rence 530 ,531 ,533 
I n P ( l l O ) 3 8 5 , 3 9 2 - 3 9 4 
ion-core sca t te r ing po t en t i a l mode l 174, 

177,178 
ion-core sca t te r ing 1 8 3 , 2 3 4 , 2 4 5 , 2 5 0 , 2 5 1 , 

259 
I r ( 1 0 0 ) ( l x 5 ) 53 ,54 
I r ( 1 1 0 ) ( l x 2 ) 4 3 8 , 4 3 9 
i so intens i ty maps 2 9 0 - 3 0 4 
k inemat i c a p p r o x i m a t i o n 5 2 3 , 5 2 8 , 5 3 0 , 5 3 1 
k inemat i c f o rma l i sm 3 0 7 , 3 3 4 , 5 0 6 , 5 0 7 , 5 1 4 , 

515 
k inemat i c sca t te r ing 12 ,358 ,365 ,380 
large-Z substrates 194 
lat t ice sum, dynamic area 528 
lattice summation 4 ,84 ,86 ,97 ,112 ,177 
la t t i ce sum, m a x i m u m distance R m a x 

5 2 6 - 5 2 8 , 5 3 1 - 5 3 3 
layer approach 3 
layer a t t enua t i on f ac to r 3 1 6 , 3 1 9 , 3 2 2 
layer -dependent magne t i z a t i on 2 0 2 - 2 0 4 
layer d i f f r a c t i o n : 

i n t ens i t y 523 
amp l i tude 524 ,533 
weak i so t rop ic scatterers 5 2 4 - 5 2 6 

layer d o u b l i n g m e t h o d 4 4 , 7 1 , 7 2 , 7 6 , 7 7 , 7 9 , 
129 ,439 ,508 

l a y e r - K K R 83 ,84 ,86 ,87 ,90 ,92 ,218 
layer r e f l e c t i on matr ices 87 ,91 ,137 
layer sca t te r ing m a t r i x 70 ,157 
layer t ransmiss ion matr ices 87 ,91 ,137 
L E E D analysis, accuracy 4 4 9 , 4 5 0 , 4 6 1 
L E E D analysis, sens i t i v i t y 449 
L E E D spectra, r e s t o ra t i on p r o b l e m 

4 2 5 - 4 3 3 

L E E D spectra, e r r o r vec tor 4 2 7 , 4 2 8 
L E E D programs : 
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C A V L E E D 6 7 - 6 9 , 7 3 , 7 5 - 7 8 
C H A N G E 1 7 , 1 9 , 6 7 , 6 8 , 7 0 , 7 1 , 7 2 , 7 3 , 7 5 - ' 
l isted 68 
p o r t a b i l i t y 6 7 - 6 9 
T H I N 17,19 
van H o v e - T o n g L E E D package 67 ,68 , 

7 1 - 7 3 , 7 5 - 7 8 
l inear scal ing 3,15 
loca l spin dens i ty f unc t i ona l f o r m a l i s m 

2 0 0 , 2 0 1 
L o r e n t z fac tor 2 7 0 
L o r e n t z i a n 4 3 0 , 4 3 1 , 4 3 3 , 4 3 5 
l o w energy e l ec t ron loss ( L E E L S ) 235 
m a t r i x d o u b l i n g 19 ,22 ,23 ,27 ,34 ,36 
m a t r i x invers ion 63 ,65 ,87 
m a t r i x - s p l i t t i n g a l g o r i t h m 71 ,79 
m a x i m u m l i k e l i hood m e t h o d 427 
mean-va lue inequa l i t y 411 
measured pro f i l e J (0 ,E ) 4 9 9 - 5 0 1 
m e d i u m energy e l ec t ron d i f f r a c t i o n 

( M E E D ) 8 3 , 2 9 0 , 3 3 4 
me t r i c distance 409 
met r i c distances R ( f , g ) 4 1 0 - 4 1 2 , 4 2 1 , 4 2 3 
met r i c distances, mod i f i ed 4 3 1 , 4 3 2 
metr i cs : 

Hausdo r f d istance R 4 4 1 2 , 4 1 4 , 
4 1 7 , 4 2 0 - 4 2 3 

Levy distance R 3 4 1 2 - 4 1 4 , 4 1 7 , 
420 ,421 ,423 

mod i f i ed 4 1 6 , 4 1 7 
s t r ong distance R j 412 
sensit iv i t ies 4 1 5 - 4 1 9 , 4 2 2 
s tab i l i t y 423 

weak in teg ra ted distance, R 2 

4 1 2 , 4 1 7 - 4 2 3 
me t r i c space 4 1 0 
M g O ( 1 0 0 ) 84 ,88 ,89 ,165 ,166 ,387 
m i n i m u m angle o f r e so lu t i on 503 
M o ( 0 0 1 ) ( l x l ) 5 3 5 - 5 4 8 
models f o r surface s t ruc tu re : 

cons t ra ined m a n i f o l d 438 
f am i l y o f models M ( p ) 438 
miss ing r o w m o d e l I r ( l 10) 4 3 8 , 4 3 9 
pa i red rows mode l I r ( 1 1 0 ) 438 ,439 ,443 

mo lecu lar f i e ld theory ( M F T ) 202 
molecules at surfaces 4,8 
M o t t sca t te r ing 181,345 
m u f f i n - t i n mode l 85 
m u f f i n - t i n po tent ia l s 218 ,275 
m u f f i n - t i n zero, energy dependence o f 

2 6 2 , 2 7 5 , 2 7 6 
mu l t i p l e beam inter fe rence 265 
mu l t i p l e scat ter ing 4 ,5 ,9 ,20 ,21 ,23 ,29 ,36 

4 3 , 4 8 , 5 0 , 5 1 , 7 0 , 7 1 , 9 3 - 9 5 , 1 2 9 , 1 3 0 , 1 3 7 , 
1 4 1 - 1 4 5 , 2 1 7 , 2 1 8 , 2 6 5 , 2 8 4 , 3 4 1 - 3 4 4 , 3 5 8 , 
3 6 5 , 3 7 8 , 4 9 7 , 4 9 8 , 3 1 8 , 3 1 9 , 3 2 4 , 3 2 9 , 3 3 4 
5 0 5 - 5 0 9 , 5 1 2 - 5 1 6 , 5 2 3 , 5 2 8 , 5 2 9 , 5 3 9 

m u l t i p l e sca t te r ing amp l i tude 142 ,146 
m u l t i p l e scat ter ing , in t ra layer 3 3 4 
mu l t i s t ag ing procedure 9 3 , 9 8 , 1 1 2 , 1 4 7 , 1 4 9 
N i ( 1 0 0 ) 1 4 5 , 1 4 7 , 1 4 8 , 2 9 3 , 2 9 5 , 2 9 6 , 3 0 1 , 3 0 2 , 

4 0 3 , 4 7 3 , 4 7 4 
N i ( 1 0 0 ) (mode l sur face ) 276 -283 
N i ( 1 0 0 ) ( 2 x 2 ) C 
N i ( 1 0 0 ) c ( 2 x 2 ) - C O 4 6 3 , 4 7 3 , 4 7 4 
N i ( 1 0 0 ) c ( 2 x 2 ) N a 554 
N i ( 1 0 0 ) c ( 2 x 2 ) - S 2 9 5 , 2 9 6 , 3 0 1 , 3 0 2 
N i ( 1 0 0 ) c ( 2 x 2 ) - T e 250 ,252 ,253 
N i ( 1 0 0 ) P 4 g - C 2 9 3 , 2 9 6 , 2 9 8 - 3 0 3 
N i ( 1 1 0 ) 1 4 5 , 1 4 7 - 1 4 9 , 1 9 9 , 2 0 0 , 2 0 2 - 2 0 7 , 2 0 9 , 

210 ,295 
N i ( 1 1 0 ) ( 2 x l ) - O 2 5 1 - 2 5 3 
N i ( 1 1 0 ) c ( 2 x 2 ) - C O 2 5 4 , 2 5 5 , 2 7 1 - 2 7 4 
N i ( 1 1 0 ) c ( 2 x 2 ) - S 251 -253 
N i ( l l l ) 250 ,252 ,253 
N i ( 1 1 l ) ( 2 x 2 ) 2 H 55 
N i O ( l O O ) 387 ,393 
no - r e f l e c t i on ma t ch ing c o n d i t i o n 217 
n o i l - s l r u c t u r a l parameters 2 1 5 - 2 1 7 , 2 2 9 , 

2 7 5 - 2 7 7 , 2 8 4 , 3 1 4 , 3 1 5 , 3 5 9 
op t i c a l po t en t i a l 145,387 
op t i ca l p o t en t i a l , c omp lex 2 1 7 , 2 1 8 , 2 2 5 , 

227 
o r t h a n t i n R N 428 
p-basis 135 
pa i r d i s t r i b u t i o n f u n c t i o n 2 6 3 , 2 6 4 
parameter m a n i f o l d Ρ 4 3 8 , 4 4 0 
Paul i a p p r o x i m a t i o n 175 
peak he igh t ra t i o 3 3 4 - 3 3 6 
peak l o ca l i z a t i on 425 
P E R T 17,19 
per i od i c Green f u n c t i o n 1 1 1 , 1 2 0 , 1 2 4 , 1 2 5 , 

127 
p e r t u r b a t i o n series 143 
phase f u n c t i o n 152 -154 
phase sh i f t p r o g r a m 72 
phase shi f ts 2 7 , 2 9 , 3 0 , 8 5 , 1 2 9 , 1 5 8 , 1 5 9 , 

1 7 9 , 1 8 0 , 1 8 3 , 2 3 7 , 2 3 8 , 2 7 5 , 3 3 4 , 3 9 3 , 
5 3 7 - 5 3 9 

p h o t o e l e c t r o n spectroscopy 2 5 0 , 2 5 4 , 2 5 5 , 



I N D E X 5 6 3 

259 
p h o t o g r a p h i c - v i d i c o n system 3 0 9 - 3 1 1 
plane wave representa t i on 4 3 , 4 4 , 4 7 , 4 8 , 8 4 
plane waves 9 3 , 9 8 , 9 9 , 1 0 1 
plane o f a toms 99 ,107 
plane o f molecules 112 
po in t defects, d i lu t e 510 
po in t spread f u n c t i o n 4 2 6 - 4 3 4 
Poisson sum f o r m u l a 132 
po la r i z ed e l e c t r on gun 1.81 
po la r i zed L E E D ( P L E E D ) 1 9 9 , 2 0 1 , 2 0 3 , 2 0 4 , 

2 0 9 , 2 7 5 , 3 3 9 - 3 4 2 , 3 4 5 - 3 4 8 , 3 5 0 , 3 5 2 , 3 5 4 
p o l a r i z a t i o n S 199 ,200 ,208 ,209 
po la r i zed e l ec t ron source 3 4 5 , 3 4 6 
p o t e n t i a l , i on -co re 334 ,335 
po t en t i a l s ca t t e r ing 131 
p rog ram Produc t Language In te r face P P L I 

73 
p r o j e c t i on o f p o s i t i on vectors 3 7 8 , 3 7 9 
p ropaga to r 134,135 
p ropaga to r matr ices 511 ,512 
pseudok inemat i c theory 301 
P t ( l 1 1) 1 7 3 , 1 7 5 , 1 7 7 , 1 7 9 - 1 8 1 , 1 8 3 - 1 8 5 , 2 5 0 , 

2 5 2 , 2 5 3 , 3 3 6 , 3 3 7 , 3 7 0 
P t ( l l l ) - ( 2 x 2 ) C 2 H 2 55 
quadra t i c p r o g r a m m i n g 4 2 6 , 4 2 8 , 4 2 9 , 4 3 4 , 

435 
q u a n t u m sca t t e r ing theory 136 ,137 
quas idynamic a p p r o x i m a t i o n 2 9 0 
quas idynamica l m e t h o d 528 
quas i - r e la t i v i s t i c a p p r o x i m a t i o n 183 
r ( r e l l a b i l i t y ) - f a c t o r s 2 1 5 , 2 1 6 , 2 1 9 - 2 2 1 , 

2 2 3 - 2 2 7 , 2 2 9 , 2 3 3 , 2 3 4 , 2 3 7 , 2 3 8 , 2 4 1 - 2 4 5 , 
2 4 7 , 2 5 5 , 2 5 7 , 2 6 1 , 2 6 2 , 2 6 7 - 2 8 3 , 2 8 9 , 3 0 7 , 
3 0 8 , 3 2 4 - 3 3 0 , 3 3 3 , 3 5 7 - 3 8 2 , 4 0 9 , 4 1 0 , 4 2 5 , 
4 3 1 , 4 3 7 , 4 4 0 - 4 4 2 , 4 4 4 , 4 6 1 

r - f ac tor : 

ad hoc e va lua t i on o f 4 4 4 
beam 3 6 4 , 3 7 1 - 3 7 4 , 3 8 2 
con f idence l im i t s 4 4 1 
c o n t o u r p lo ts 2 1 9 - 2 2 1 
E u c l i d e a n L 2 N o r m 4 4 1 
f u n c t i o n a l f i t t i n g 3 8 0 
geomet ry -dependen t 359 
g loba l l y sensit ive 3 5 9 , 3 7 1 , 3 8 2 
grad ient t e chn ique 442 ,443 
i so -p lo t 388 
met r i c f u n c t i o n 442 ,444 ,445 
m i n i m a 3 5 7 , 3 7 0 - 3 7 4 , 3 7 7 , 3 7 8 , 3 8 0 , 3 8 2 
mode l f o r e r rors 4 4 1 

n o r m a l i z a t i o n 3 6 2 - 3 6 5 
Pendry 3 6 2 , 3 6 4 , 3 6 7 , 3 6 8 , 3 7 5 , 3 7 6 

3 8 5 - 3 9 9 , 3 8 5 , 3 9 5 , 3 9 7 - 3 9 9 , 4 1 1 
pe r i od i c i t y o f m i n i m a 371 -373 
programs 72 
sens i t i v i t y 442 ,443 
single beam 4 5 6 , 4 5 8 
tests o f 3 6 6 - 3 7 1 
t r iang le inequa l i t y 4 4 2 
vec tor o f residuals 4 4 1 
we i gh t i ng o f 364 ,365 
Zanazz i -Jona 3 6 1 , 3 6 3 , 3 6 6 - 3 6 8 , 3 7 5 - 3 7 7 , 

3 8 1 , 3 8 5 , 3 8 7 - 3 9 9 , 4 1 1 , 4 2 1 , 4 2 3 , 4 3 7 , 4 5 0 , 
453,455,460„474,536,540-550 

rad ia l D i r a c equa t i on 179 
Ray le i gh c r i t e r i on 2 6 4 
r e f l e c t i on - t ransmiss i on matr ices , 

average ,508,512 
reg istry v a r i a t i on 372 ,373 
re la t i v i s t i c in t ens i t y cor rec t i ons 

1 7 3 - 1 7 5 , 1 8 1 , 1 8 2 , 1 9 4 
r e l axa t i on 2 1 6 , 3 8 9 - 3 9 5 , 4 1 9 - 4 2 1 , 4 2 5 , 4 3 2 , 

557 
r e l i ab i l i t y o f L E E D analys is 216 
r enorma l i z ed f o r w a r d scat te r ing (RFS ) 12 

19 -23 ,44 ,48 ,59 ,61 ,67 ,68 ,72 ,76 ,79 ,88 , 
1 2 9 , 1 3 7 , 1 4 4 , 1 4 7 , 1 5 9 , 2 0 4 , 2 1 8 , 2 3 7 , 5 0 8 , 
5 3 1 , 5 3 2 , 5 3 9 

reso lv ing power 261/262 ,265 ,279 
response f u n c t i o n 2 6 1 , 2 7 0 , 2 7 1 
r es to ra t i on f u n c t i o n f 4 2 6 , 4 2 7 , 4 2 9 
r e s t o ra t i on , piecewise 4 3 4 

reso l v ing powe r o f L E E D i n s t r u m e n t 498 
reso lv ing powe r o f L E E D 5 0 1 - 5 0 3 
resonance s t ruc tures , A C H - R 5 5 2 - 5 5 4 
reverse sca t te r ing 3 
reverse sca t t e r ing p e r t u r b a t i o n m e t h o d 

4 3 , 4 4 , 4 8 - 5 1 , 5 4 , 5 9 , 6 1 , 6 3 , 6 4 , 6 5 , 4 3 9 
R h ( l l l ) 3 6 8 - 3 7 5 
R h ( l l l V 3 x v / 3 - C O 3 7 5 - 3 7 7 , 3 8 0 
r o t a t i o n d iagrams 3 3 3 - 3 3 7 
S-matr ix 135 
sample ho lde r 308 
scal ing w i t h n u m b e r o f beams, Ν 3 
sca t te r ing ampl i tudes 1 3 0 , 1 3 1 , 1 4 1 , 1 4 2 , 

1 4 4 ,5 06 ,507 ,510 ,511 ,515 
sca t te r ing matr ices 7 
sca t te r ing m a t r i x 9 3 - 9 5 , 1 0 9 

205 ,207 
sca t t e r ing m a t r i x e lements 85 ,87 
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s ca t t e r i ng po t en t i a l 537 ,544 
s ca t t e r i ng po t en t i a l , r e la t i v i s t i c 

c o r r e c t i ons 5 3 6 , 5 4 3 , 5 4 7 , 5 4 8 
s ca t t e r i n g s t r eng th vs. energy curve 499 
s ca t t e r i ng vec tor 315 ,318 
se lect ive sens i t i v i ty 4 
semic lass ica l sca t te r ing theory 1 2 9 - 1 3 1 , 

1 3 5 - 1 3 7 , 1 4 1 , 1 4 4 , 1 4 7 , 1 4 9 
s em i -me t r i c 4 1 0 , 4 1 8 
s ens i t i v i t y : 

o f da ta 2 9 0 
o f L E E D to defects 505 
o f s t r u c t u r a l conc lus ions 215 ,228 ,229 
o p t i m i z a t i o n 2 9 0 
to l a t e ra l sh i f t 161-163 
to layer spac ing 161 ,164 

shel ls o f a toms 6,10 
S i ( 1 0 0 ) 53 
S i ( 1 0 0 ) ( 2 x l ) 65 
S i ( 1 0 0 ) ( l x l ) H 65 
S i ( l l l ) 52 ,53 
S i ( l l l ) ( l x l ) 4 6 0 , 4 6 1 
S i ( l 1 1 ) 7 X 7 4 
S i ( l l l ) ( l x l ) - ( T e ) 
s ingle layer sca t te r ing 3 
s ingle s ca t t e r ing 2 6 2 - 2 7 5 
s ing le-s i te a p p r o x i m a t i o n 507 ,508 
s i t e -dependent a p p r o x i m a t i o n 5 0 8 - 5 1 1 
slab o f p lanes 9 9 , 1 1 0 
spher i ca l harmon ics 48 ,62 ,98 ,103 ,117 ,118 
spher i ca l po l ynomia l s 27 
spher i ca l waves 10 ,20 ,23 ,27 ,35 ,36 ,44 ,46 , 

4 7 , 8 5 , 9 3 , 9 5 , 9 8 , 9 9 , 1 0 3 , 5 2 4 
spher i ca l -wave r epresen ta t i on 43 ,44 ,48 , 

84 ,85 
sp in-averaged re la t i v i s t i c phase shi f ts 

173 
sp in -dependen t Slater po t en t i a l 2 0 1 
s p i n - f l i p amp l i tude 342 ,343 
sp in f l u c t u a t i o n energy 2 0 1 , 2 0 2 
s p i n - o r b i t c o u p l i n g 173 -175 
s p i n - o r b i t i n t e r a c t i on 3 3 9 - 3 4 2 , 3 4 5 
s p i n - o r b i t p o t e n t i a l 3 4 2 
s p i n - o r b i t sca t te r ing 3 5 3 , 3 5 4 
sp in p o l a r i z a t i o n analysis 173 ,174 ,183 
sp in p o l a r i z a t i o n , Ρ 3 4 1 , 3 4 2 , 3 4 5 , 3 4 8 , 3 5 0 
sp in p o l a r i z a t i o n vec tor P n 176 , 

177 
sp in -po l a r i z ed L E E D ( S P L E E D ) 173 -176 , 

1 7 8 , 1 7 9 , 1 8 1 , 1 8 4 , 1 9 4 , 3 3 5 

sp in sca t t e r ing asymmet ry 3 4 0 - 3 5 3 
sp in sca t t e r ing amp l i tude 3 4 2 , 3 4 3 
S P L E E D detec tor 181 
s ta t i onary phase 132,135 
step f u n c t i o n 298 
step p r o b a b i l i t y f u n c t i o n 4 0 2 , 4 0 4 
steps 4 , 2 9 8 - 3 0 0 , 3 0 4 , 4 0 2 
s t r u c t u r a l parameters 379 
s t r u c t u r a l parameters , con f idence l im i t s 

437 

s t r u c t u r a l search strategies 3 5 7 , 3 7 8 - 3 8 2 
s t ruc ture constants 112 
s t ruc ture factors 6 2 , 6 4 , 9 9 , 1 0 7 , 1 0 8 , 1 7 7 , 

378 
su f f i c i ency o f data base 2 3 4 
super lat t ices 47 
superpos i t i on o f a tomic charge densi t ies 

218 
surface c rys ta l l og raphy 2 8 9 , 2 9 0 
sur face-extended x - ray a b s o r p t i o n f ine 

s t ruc ture ( S E X A F S ) 2 5 0 , 2 5 7 , 2 5 9 , 2 6 5 
surface imper f ec t i ons 4 9 7 , 5 0 1 
surface magne t i sm 3 4 0 
surface magne t i za t i on 199 ,200 
surface mesh 25 
surface pe r f e c t i on 4 0 2 
surface r e l axa t i on 3 8 9 - 3 9 5 , 4 1 9 - 4 2 1 , 4 2 5 , 

432 
surface roughness 4 0 1 - 4 0 3 
surface spin dens i ty 3 4 0 
surface s t ruc tu re : 

accuracy 2 4 7 - 2 4 9 , 2 6 1 , 2 6 2 , 2 6 7 , 
pos i t i ve i d e n t i f i c a t i o n 248 
prec i s i on 2 4 7 - 2 4 9 
r e l i ab i l i t y 2 4 8 , 3 2 4 

surface s y m m e t r y 165 
s ymme t r y 31 ,43 ,44 ,47 
s y m m e t r i z a t i o n 9 1 
theo re t i ca l app rox ima t i ons 2 6 1 , 2 7 5 , 2 8 4 
t h e r m a l la t t i ce v i b ra t i ons 1 8 0 , 2 1 7 , 2 1 8 
t h e r m a l d i f fuse sca t te r ing 2 6 1 , 2 7 1 , 2 8 4 
t - m a t r i x 6 2 , 9 7 , 9 8 , 1 1 1 , 1 4 1 
t - m a t r i x , average 508 -515 
t - m a t r i x e lements 85 
t - m a t r i x f o r m u l a t i o n 5 0 7 , 5 1 0 - 5 1 2 
T i ( 0 0 0 1 ) 161 ,162 
T i ( 0 0 0 1 ) ( l x l ) - N 255 
t ime reversal 177 
t ime-reversa l invar iance 3 4 2 
t o t a l e last ica l ly backscat tered 



INDEX 

i n t ens i t y 2 8 4 
to t a l me t r i c T p 4 1 0 , 4 1 1 
t rans fer m a t r i x 19 ,20 ,22 ,23 ,26 ,34 ,36 ,71 
t r ans l a t i on theorems 9 3 , 9 5 - 9 7 , 1 1 1 , 1 1 3 , 

1 1 5 , 1 1 7 - 1 1 9 , 1 2 3 
t rans fer w i d t h 4 9 8 , 5 2 0 - 5 2 2 , 5 2 8 
t r u n c a t e d f r e e -a t om potent ia l s ( T F A ) 

2 1 8 , 2 2 1 
t w o - c o m p o n e n t f o r m a l i s m 176 
va lency Μ 5 5 2 
valence she l l lone pairs 554 
v i c ina l surfaces 33 

W ( 0 0 1 ) 5 5 , 1 7 3 - 1 7 5 , 1 7 9 - 1 8 1 , 1 8 3 , 1 8 6 - 1 9 3 , 

2 3 4 , 2 3 5 , 3 3 3 - 3 3 7 , 3 3 9 , 3 4 0 , 3 4 4 - 3 5 3 , 
5 2 0 , 5 3 1 - 5 3 4 , 4 7 6 , 4 7 7 , 5 3 5 , 5 3 6 , 5 3 9 

W ( 0 0 1 ) c ( 2 x 2 ) 2 3 4 , 4 6 3 , 4 6 4 , 4 7 5 - 4 7 7 
W (001V2xv/2R45° 3 5 2 - 3 5 4 , 3 8 5 , 

3 9 0 - 3 9 2 
W ( 0 0 1 ) c ( l x l ) - H 2 3 3 - 2 3 7 , 2 3 9 - 2 4 5 
W ( 0 0 1 ) c ( 2 x 2 ) - H 3 5 2 - 3 5 4 
wave equa t i on 95 
W K B a p p r o x i m a t i o n 131 ,132 
X - m a t r i x 1 5 8 , 1 5 9 , 1 6 8 - 1 7 0 , 2 9 6 , 5 2 3 
x - ray c rys ta l l og raphy 358 ,360 ,365 
x - ray d i f f r a c t i o n 4 , 265 ,270 
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