
3 T h e re levant f o rmula reads 
T = s + ( - l)"»(s2 - I)1'2 

where 
s = — sin (Ko d + <p)/\ Q \, 

K o be ing the pro jec t i on o f the p r i m a r y - w a v e p r o p a g a -
t i on v e c t o r o n the inward surface n o r m a l , d the a t o m -
layer spac ing , q> the phase o f the a m p l i t u d e transmiss ion 
coe f f i c ient o f a single a t o m layer a n d Q t h e a m p l i t u d e 
ref lect ion coef f i c ient o f an a t o m layer. T h e integer m 
d e t e r m i n e d b y 

m n ^ Kod - f cp + arc sin | Q | ^ (m + 1) TI . 

F o r m u l a s l ike the a b o v e appear in m a n y p laces ; see 
e .g . E . G . MCRAE, Surface Sei. 2 5 , 4 9 1 [ 1 9 7 1 ] , A p p e n d i x . 

4 C. M . K . WATTS, J . P h y s . C 1, 1237 [1968], T h e ident i ty 
referred t o appears o n p . 1241 o f W a t t ' s paper . 

5 P . J . JENNINGS a n d E . G . MCRAE, Surface Sei. 23, 363 
[1970] . 

6 I . S. GRADSHTEYN a n d I . M . RYZHIK, Tab le o f Integrals 
Series a n d P r o d u c t s , 4 t h E d . , A c a d e m i c Press, N e w 
Y o r k , 1965. Integral n u m b e r 3 .644.4. 

7 J . C. SLATER, P h y s . R e v . 51, 840 [1937] . 
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Expressions are derived for the optical potential and related mean free path as a function of 
energy in the range 20 eV to 100 keV for electrons and estimates are made of the contributions 
from the electronic excitations, thermal diffuse scattering and disorder scattering in Al , Cu and Au. 
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T h e s i g n i f i c a n c e o f t h e l i m i t e d p e n e t r a t i o n o f 

B l o c h w a v e s i n r e a l c r y s t a l s w a s a p p r e c i a t e d a n d 

the c o n s e q u e n c e s f o r t h e a n g u l a r p o s i t i o n a n d w i d t h 

o f t h e r e f l e c t e d i n t e n s i t y c o n s i d e r e d c o m p a r a t i v e l y 

e a r l y i n t h e d e v e l o p m e n t o f e l e c t r o n d i f f r a c t i o n 

t h e o r y 1 - 3 . T h e c o n c e p t o f a c o m p l e x p o t e n t i a l 

(V = 2 VgT + i Vgl), a l r e a d y u s e d i n t h e q u a n t u m 
g 

t h e o r y o f s c a t t e r i n g b y D L R A C 4 , w a s i n t r o d u c e d b y 

S L A T E R 5 a n d i n d e p e n d e n t l y b y M O L I E R E 6 a s a c o n -

v e n i e n t p h e n o m e n o l o g i c a l d e v i c e f o r h a n d l i n g s u c h 

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

s t a g e , w h e n t h e t h e o r e t i c a l a n d e x p e r i m e n t a l e m -

p h a s i s w a s o n r e f l e c t i o n d i f f r a c t i o n at h i g h e n e r g i e s , 

a t t e n t i o n w a s f o c u s s e d o n t h e b a c k g r o u n d a b s o r p -

t i o n e f f e c t a s s o c i a t e d w i t h a m e a n f r e e p a t h ( A = i n -

t e n s i t y a t t e n u a t i o n d i s t a n c e ) r e l a t e d t o V0\ t h e 

a v e r a g e v a l u e o f t h e i m a g i n a r y p a r t o f t h e o p t i c a l 

p o t e n t i a l : A = h v/2 VQ\ w h e r e v is t h e e l e c t r o n 

v e l o c i t y * * . 

S o m e f i f t e e n y e a r s l a t e r t h e d e v e l o p m e n t o f t r a n s -

m i s s i o n e l e c t r o n d i f f r a c t i o n a n d e l e c t r o n m i c r o -

s c o p y t e c h n i q u e s a l l o w e d m o r e d i r e c t o b s e r v a t i o n s 
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f r i n g e s 8 ' 9 , a n d t h e f o r m o f e x t i n c t i o n c o n t o u r s 9 

a n d c o n v e r g e n t b e a m p a t t e r n s 1 0 . I n a d d i t i o n t o t h e 

b a c k g r o u n d a b s o r p t i o n e f f e c t s a s s o c i a t e d w i t h V0\ 

a n o m a l o u s a b s o r p t i o n e f f e c t s a s s o c i a t e d w i t h t h e 

F o u r i e r c o m p o n e n t s o f t h e i m a g i n a r y p a r t o f 

t h e o p t i c a l p o t e n t i a l b e c a m e a p p a r e n t . T h e v a r i a t i o n 

i n t h e a t t e n u a t i o n o f d i f f e r e n t B l o c h w a v e s is d e t e r -

m i n e d b y t h e f o r m o f t h e p e r i o d i c i n t e n s i t y d i s t r i b u -

t i o n o f t h e p a r t i c u l a r B l o c h w a v e f i e l d : t h e p r o p e r 

d e v e l o p m e n t o f a n y t h e o r y o f e l e c t r o n d i f f r a c t i o n 

t h e r e f o r e r e q u i r e s k n o w l e d g e o f t h e d e t a i l s o f t h e 

a p p r o p r i a t e o p t i c a l p o t e n t i a l . 
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g i v e n b y Y O S H I O K A 1 1 , w h o u s i n g the T h o m a s - F e r m i 

m o d e l , s p e c i f i c a l l y c o n s i d e r e d t h e c o n t r i b u t i o n s t o 

t h e r e a l a n d i m a g i n a r y p a r t o f t h e o p t i c a l p o t e n t i a l 

b y e l e c t r o n i c e x c i t a t i o n s . I n h i s n o t a t i o n 

Coo = V0 » Q > = n » ^og = Vg > ^og = I g • 
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a n d HIRSCH 1 5 d e v e l o p e d a s o m e w h a t m o r e d i rec t 
m e t h o d o f ca l cu la t ing the i m a g i n a r y par ts o f the 
c o m p l e x po tent ia l F 0 ] a n d Vgl f o r the c a s e o f ther-
m a l d i f f u s e scat ter ing . A t the present t i m e there is 
g e n e r a l a g r e e m e n t that n e a r l y all the c o n t r i b u t i o n 
to Vg a n d a l a r g e part o f VQ1 arises, in the case o f 
fas t e l e c t r o n scat ter ing ( > 1 0 4 e V ) , f r o m thermal 
d i f f u s e s c a t t e r i n g . T h e r e is a c o n t r i b u t i o n to Vq1 

( r e la t i ve ly m o r e i m p o r t a n t in l o w a t o m i c n u m b e r 
m a t e r i a l s ) f r o m e l e c t r o n i c exc i tat ion . A use fu l re-
v i e w o f the s u b j e c t u p to th is po int , g i v e n b y KAMBE 
a n d MOLIERE, c o n t a i n s a h e l p f u l and m o r e c o m p l e t e 
list o f r e f e r e n c e s 1 6 . 

I n r e c e n t y e a r s t h e r e has been c o n s i d e r a b l e 
r e n e w e d interest in the c a s e o f r e f l e c t i on e l e c t ron 
d i f f r a c t i o n i n the e n e r g y r a n g e 2 0 e V — 1 0 0 0 e V 
( L E E D ) w h e r e the a p p r o x i m a t i o n s usua l ly m a d e in 
h i g h e n e r g y e l e c t r o n d i f f r a c t i o n are n o l o n g e r va l id . 

It h a s l o n g b e e n r e c o g n i z e d 1 7 that the o b s e r v e d 
w i d t h s ( i n t e r m s o f e n e r g y o r ang le ) o f apparent 
B r a g g r e f l e c t i o n s are at c e r t a i n energ ies an o r d e r 
o f m a g n i t u d e l a r g e r than that p r e d i c t e d b y elastic 
s ca t t e r ing t h e o r y . T h i s f a c t is usual ly interpreted 
as r e su l t ing f r o m the h e a v y d a m p i n g o f the B loch 
w a v e s , w h i c h results in v a l u e s o f Vq w h i c h are par -
t i cu lar ly l a r g e i n the e n e r g y r a n g e o f 5 0 — 1 0 0 0 e V . 
H o w e v e r , the c o m p l e x i t i e s o f the elast ic scatter ing 
p r o b l e m in these e x p e r i m e n t s and the f a c t that the 
m e a s u r e m e n t s a re l imi ted t o the p o s i t i o n , he ight a n d 
w i d t h o f r e f l e c t ed intensi t ies m a k e it i m p o s s i b l e to 
d e d u c e u n i q u e opt i ca l p o t e n t i a l data f r o m the o b s e r -
v a t i o n s 1 8 . Never the less the e lec t ron m e a n f r e e path 
is i n t r o d u c e d as a fitting p a r a m e t e r in m o s t m o d e r n 
d y n a m i c a l , ine las t i c L E E D theor ies 1 9 - 2 1 . 

S i n c e the o p t i c a l p o t e n t i a l is c o m m o n to the f o r -
m a l i s m o f e l e c t r o n s ca t t e r ing at all e n e r g i e s and 
g e o m e t r i e s , it appears as a poss ib l e u n i f y i n g a n d 
s i m p l y f y i n g c o n c e p t s e c o n d in i m p o r t a n c e o n l y to 
the B l o c h t h e o r y . In the h o p e o f e s tab l i sh ing s o m e 
g u i d e l i n e s as to the u s e f u l n e s s o f v a r i o u s m o d e l s 
f o r c o n s t r u c t i n g the o p t i c a l potent ia l , w e present in 
the f o l l o w i n g sec t i ons s o m e o f the ex i s t ing theoret i -
ca l da ta s u p p l e m e n t e d w i t h add i t i ona l e l ementary 
c a l c u l a t i o n s . It is i n t e n d e d to ind icate the genera l 
t r end o f the m a g n i t u d e o f the c o n t r i b u t i o n s o f sev-
eral d i f f e r e n t p h y s i c a l m e c h a n i s m s l e a d i n g to ab-
s o r p t i o n , as a f u n c t i o n o f e l e c t ron e n e r g y a n d scat-
t e r i n g c rys ta l t y p e . A l t h o u g h the exact p i c t u r e o f the 
w a y in w h i c h these quant i t i e s depend o n the m a g n i -
tude o f the d i f f r a c t i o n p a r a m e t e r s is n o t c l ear , s o m e 

de f in i te c o n c l u s i o n s c a n b e m a d e r e g a r d i n g the re-
lat ive mer i t s o f the c h o i c e o f e x p e r i m e n t a l v a r i a b l e s , 
a n d attent ion is a l so d r a w n to t h o s e p r o b l e m s w h i c h 
r e q u i r e a d d i t i o n a l e x p e r i m e n t a l a n d theoret i ca l e f -
f o r t . 

Electronic Excitations 

E l e c t r o n i c e x c i t a t i o n s c o n t r i b u t e to an e f f e c t ive 
a b s o r p t i o n in e l e c t r o n d i f f r a c t i o n e x p e r i m e n t s , b e -
c a u s e e n e r g y - l o s s e l e c t r o n s are e x c l u d e d f r o m the 
d e t e c t o r b y e n e r g y f i l t er ing (as is t y p i c a l in m o s t 
L E E D e x p e r i m e n t s ) , o r w h e n e n e r g y filtering is n o t 
e m p l o y e d (as in m o s t e l e c t r o n m i c r o s c o p e w o r k ) , 
all e l e c t rons scat tered o u t s i d e the o b j e c t i v e a p e r t u r e 
a n g l e are e x c l u d e d b y g e o m e t r y . Ine las t i ca l ly scat-
tered e l e c t r o n s p a s s i n g t h r o u g h the a p e r t u r e g e n e r -
a l ly g i v e c o n t r a s t e f f ec ts v e r y s i m i l a r to those o f 
e last i ca l ly s cat tered e l e c t r o n s 2 2 a n d are c o n s i d e r e d 
par t o f the e last i c w a v e f i e l d * * * . V a l u e s o f F 0 ' a n d 
Vg1 f o r the e l e c t r o n m i c r o s c o p e c a s e h a v e b e e n o b -
ta ined b y W H E L A N 1 2 u s i n g a s i n g l e e l e c t r o n m a t r i x 
e l ement c a l c u l a t i o n , w i t h H a r t r e e - F o c k a t o m i c w a v e 
f u n c t i o n s , a n d c o n s i d e r i n g all p r o c e s s e s wi th m o -
m e n t u m t r a n s f e r e x c e e d i n g a m i n i m u m v a l u e o f 
g m = 0 . 5 Ä - 1 c o r r e s p o n d i n g to a t y p i c a l o b j e c t i v e 
aper ture . I n a g r e e m e n t w i t h the results o f YOSHI-
OKA n , the m a g n i t u d e s o f Vg are f o u n d to b e ex -
t r e m e l y smal l b u t there c a n b e an a p p r e c i a b l e c o n -
t r i b u t i o n to V0l f r o m the o u t e r v a l e n c e e l e c t rons . 
T h e e f fec t o f i n n e r c o r e e l e c t r o n s is n o r m a l l y neg l i -
g i b l e . T a b l e 1 ( c o l u m n 2 ) c o n t a i n s a list o f va lues 
f o r Vq1 at 1 0 0 k e V f o r A l , C u a n d A u c o m p u t e d 
a f t e r W H E L A N 1 2 f r o m a f o r m u l a d u e to LENZ 2 3 , 
a n d s h o w n f o r severa l d i f f e r e n t v a l u e s o f qm . T h e 

Table 1. Dependence of the total electronic contribution 
(0 <: q ^ oo) to Vj, on the value of <7m • 

V*1 q < qm Vj q > qm Vj total 

Aluminum cym = 0.5 A - 1 — .27 eV — .57 eV — .84 eV 
g m = 1.35 A - 1 - . 3 6 eV - . 2 3 eV - . 5 9 eV 

Copper <7m = 0.5 A " 1 - . 3 2 eV - . 9 7 eV - 1 . 2 9 eV 
g m = 1 . 5 0 Ä - 1 - . 4 5 eV - . 4 4 eV - . 9 9 eV 

Gold ^m = 0.5 A " 1 - . 4 0 eV - 1 . 3 7 eV - 1 . 7 7 eV 
<7m=1-33 A - 1 - . 5 6 eV - . 7 6 eV - 1 . 3 2 eV 

*** Those processes which contribue to the effective absorption 
are therefore only those which scatter electrons out of the 
elastic wavefield, as defined by the limit of resolution 
(either in angle or energy) of the detection system. 



e f f e c t o f c o l l e c t i v e e x c i t a t i o n s o f t h e v a l e n c e e l e c -

t r o n s , w h i c h is c e r t a i n l y i m p o r t a n t at s m a l l v a l u e s 

o f q, i s i g n o r e d b y W h e l a n w h o u s e s t h e t i g h t b i n d -

i n g a p p r o x i m a t i o n . 

A n a l t e r n a t i v e a p p r o a c h w h i c h i s f r e e f r o m t h i s 

d e f e c t m a y b e b a s e d o n t h e d i e l e c t r i c c o n s t a n t f o r -

m a l i s m u s i n g t h e g e n e r a l r e l a t i o n 

' . = V J f l m ( - — 1 ( 1 ) 
A xhv2 J J \ s{q,co)J q2 + q02 

0 0 

w h e r e v i s t h e e l e c t r o n v e l o c i t y , a n d q0 t h e m i n i -

m u m p o s s i b l e m o m e n t u m t r a n s f e r f o r a n e n e r g y 

l o s s h co a n d i s r e l a t e d t o t h e i n c i d e n t e l e c t r o n w a v e -

v e c t o r i n t h e c r y s t a l k0 b y ; 

H ( ^ - ( k 0 - q 0 ) 2 ) = h c o . ( 2 ) 

T h e m o s t c o m p l e t e c a l c u l a t i o n s o f t h i s t y p e h a v e 

b e e n m a d e 2 4 f o r t h e f r e e e l e c t r o n c a s e w h e r e t h e 

d i e l e c t r i c c o n s t a n t c a n b e c a l c u l a t e d f o r al l v a l u e s 

o f q a n d co i n t h e r a n d o m p h a s e a p p r o x i m a t i o n 

( R . P . A . ) . V a l u e s o f V0T = E ( k ) , a n d V j = T { k ) , 

t h e r e a l a n d i m a g i n a r y p a r t s o f t h e o p t i c a l p o t e n t i a l 

r e s p e c t i v e l y , f r o m a r e c e n t c a l c u l a t i o n o f L U N D -

QVIST 2 5 , a r e s h o w n as a f u n c t i o n o f i n c i d e n t e l e c -

t r o n e n e r g y E 0 i n F i g s . 1 a n d 2 f o r t h e c a s e o f a l u -

m i n u m . S u c h c a l c u l a t i o n s a r e e x t r e m e l y v a l u a b l e , 

b u t t h e y c a n n o t e a s i l y b e e x t e n d e d b e y o n d t h e f r e e 

e l e c t r o n a p p r o x i m a t i o n : t h e p r e s e n c e o f t h e l a t t i c e 

p o t e n t i a l m o d i f i e s t h e d i s p e r s i o n r e l a t i o n s f o r t h e 

e x t e r n a l e l e c t r o n ( a n d h e n c e , f o r e x a m p l e 2 6 q 0 ) a n d 

is e x p e c t e d t o a l t e r t h e e x c i t a t i o n s p e c t r u m f o r b o t h 

s i n g l e e l e c t r o n a n d c o l l e c t i v e e x c i t a t i o n s . I n p a r t i c u -

l a r , at v a l u e s o f q e x c e e d i n g s o m e c r i t i c a l v a l u e qc, 

t h e R . P . A . m u s t b r e a k d o w n b e c a u s e o f t h e e f f e c t s 

o f B r a g g r e f l e c t i o n : I n a n f . c . c . s t r u c t u r e w i t h lat -

t i c e p a r a m e t e r a 0 , q c i s g i v e n b y : 

qc = 0.5 gm = n V3/a0 . (3) 
T h e s e c o m p l i c a t i o n s s h o u l d n o t b e t o o s e r i o u s i n 

a l u m i n u m w h i c h e x h i b i t s a f r e e e l e c t r o n p l a s m a l o s s 

a n d i n w h i c h c o n t r i b u t i o n s t o VQ 1 f r o m v a l u e s o f q 

i n e x c e s s o f t h e l i m i t g i v e n b y E q . ( 3 ) a p p e a r t o b e 

v e r y s m a l l . I n m e t a l s s u c h as c o p p e r a n d g o l d , t h e 

v a l i d i t y o f t h e f r e e e l e c t r o n m o d e l i s m o r e q u e s t i o n -

a b l e h o w e v e r , a n d t o o b t a i n r e s u l t s i n t h e s e c a s e s 

w e h a v e p r e f e r r e d t o u s e E q . ( 2 ) w i t h v a l u e s f o r 

e(q, co) b a s e d o n e l e c t r o n s c a t t e r i n g a n d o p t i c a l 

d a t a 2 7 . A t p r e s e n t t h e s e d a t a a r e c o n f i n e d t o q = 0 

s o t h a t t h e a c t u a l ^ - d e p e n d e n c e o f e i s i g n o r e d . W e 

t h e r e f o r e o b t a i n f r o m E q . ( 3 ) , b y r e s t r i c t i n g t h e 

u p p e r l i m i t o f t h e i n t e g r a t i o n t o b e qc, a n e x p r e s -

s i o n f r o m w h i c h t h e m e a n f r e e p a t h c a n b e s i m p l y 

d e t e r m i n e d : 

0 

V a l u e s o f A as a f u n c t i o n o f i n c i d e n t e l e c t r o n e n -

e r g y c a l c u l a t e d i n t h i s w a y u s i n g t h e v a l u e o f qc, 

d e f i n e d b y E q . ( 3 ) , a r e s h o w n f o r A l , C u a n d A u 

i n F i g s . 3 , 4 , a n d 5 . T h e s e v a l u e s o f Vq1 f o r A l a r e 

c o m p a r e d w i t h LUNDQVIST 'S 2 5 d a t a i n F i g u r e 1 . 

C o n s i d e r i n g that t h e s e c a l c u l a t i o n s n e g l e c t p l a s m o n 

d i s p e r s i o n ( t h e o r i g i n o f t h e d i s c r e p a n c y b e t w e e n 

t h e twro resu l t s at l o w e n e r g i e s ) a s w e l l a s s i n g l e 

e l e c t r o n e x c i t a t i o n s at v a l u e s o f q l a r g e r t h a n qc 

a n d t h e r a t h e r a r b i t r a r y c h o i c e o f t h e m a g n i t u d e o f 

qc, t h e c l o s e a g r e e m e n t w i t h t h e m o r e a c c u r a t e c a l -

c u l a t i o n at h i g h e n e r g i e s is u n d o u b t e d l y f o r t u i t o u s . 

A n e x p r e s s i o n f o r V0T f o r the f r e e e l e c t r o n c a s e h a s 

b e e n d e r i v e d b y I C H I K A W A a n d OHTSUKI 2 8 u n d e r 

s i m i l a r a s s u m p t i o n s : 

V0T = - h cop A/8 aR . ( 5 ) 

E x a m i n a t i o n o f F i g . 2 s h o w s t h a t t h e i r r e s u l t s a r e 

i n q u i t e c l o s e a g r e e m e n t w i t h t h o s e o f L u n d q v i s t at 

h i g h e n e r g i e s . It i s o f in teres t t o n o t e that t h e i n -

c r e a s e i n t h e m a g n i t u d e o f t h e i n n e r p o t e n t i a l V0 d u e 

t o V0T w o u l d b e b a r e l y d e t e c t a b l e at h i g h e n e r g i e s 

w i t h t h e p r e s e n t a c c u r a c y o f m e a s u r e m e n t . O p t i c a l 

p o t e n t i a l c a l c u l a t i o n s h a v e a l s o b e e n m a d e b y H I R A -

BAYASHI 2 9 , a l t h o u g h there a p p e a r s t o b e a s i g n i f i -

c a n t d i s c r e p a n c y b e t w e e n h i s v a l u e s a n d t h e d a t a 

s h o w n h e r e . 

T o d e t e r m i n e t h e to ta l c o n t r i b u t i o n t o t h e e f f e c -

t i v e a b s o r p t i o n b y b o t h c o l l e c t i v e e x c i t a t i o n s a n d 

s i n g l e e l e c t r o n s c a t t e r i n g o n e c a n r e d e f i n e o u r c u t o f f 

v a l u e f r o m qc t o qm, a n d t h e n a d d the r e s u l t s o f 

o u r c a l c u l a t i o n s f o r q<qm t o t h o s e o f W h e l a n f o r 

q>qm. T h e t o t a l v a l u e s o f Vq SO o b t a i n e d ( s e e 

T a b l e 1 , c o l u m n 3 ) e x h i b i t a c o n s i d e r a b l e d e p e n -

d e n c e o n t h e v a l u e c h o s e n f o r qm . T h e t i g h t b i n d i n g 

m e t h o d e v i d e n t l y g i v e s m u c h l a r g e r c o n t r i b u t i o n s t o 

V0l f o r 1 A - 1 t h a n d o e s o u r m e t h o d . I n t h e c a s e 

o f A l w h e r e t h e t o t a l g r e a t l y e x c e e d s the L u n d q v i s t 

v a l u e , it s e e m s p a r t i c u l a r l y c l e a r t h a t the t i g h t b i n d -

i n g m e t h o d m u s t b e u n r e l i a b l e . 

O u r u s e o f e m p i r i c a l v a l u e s o f t h e d i e l e c t r i c c o n -

s tant £ ( t h e m s e l v e s m a i n l y d e t e r m i n e d f r o m e l e c -
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Fig. 1. FQ1 VS. electron energy (E0) in the crystal due to electronic ex-
citations for Al. The agreement between the high energy contribution 
calculated on the basis of optical data, and from the models of Q U I N N 2 4 

and L U N D Q V I S T 25 is probably fortuitous. 
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Fig. 3. Electron mean free path A as a function of electron energy E„ 
for thermal diffuse scattering (TDS) using the phase shift data of 
S N O W 33 and PF.NDRY34, compared to that due to electronic excitations 

determined from optical data, for Al. 
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Fig. 2. F„r vs. electron energy (E0) for Al, due to electronic excita-
tions, calculated from the models of L U N D Q V I S T 25 and I C H I K A W A and 

O H T S U K I 2 8 . 
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Fig. 4. Electron mean free path A as a function of electron energy E0 
for thermal diffuse scattering (TDS) using the phase shift data of 
S N O W 3 3 , C A P A R T 35 and P E N D R Y 34, compared to that due to electronic 
excitations determined from optical data, for Cu. The TDS mean free 

path using the Born approximation is also shown for comparison. 
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Fig. 5. Electron mean free path A as a func-
tion of electron energy E0 for thermal dif-
fuse scattering, based on the Hg data of 
KESSLER and L I N D N E R 38- compared to that 
due to electronic excitations determined 

from optical data, for Au. 
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t r o n scat ter ing m e a s u r e m e n t s ) to ca l cu la te V0l is o f 
c o u r s e p u r e l y a d e v i c e to c o n n e c t v a l u e s o f A m e a -
sured at o n e e l e c t r o n e n e r g y to t h o s e e x p e c t e d at 
o ther energ i e s . It w o u l d c e r t a i n l y b e u s e f u l f o r this 
p u r p o s e to h a v e g o o d data f o r e(q, co) f o r n o n - z e r o 
va lues o f q, a n d there seems to b e n o r e a s o n w h y 
this c a n n o t b e eas i ly o b t a i n e d , in p a r t i c u l a r f o r a 
var ie ty o f mater ia l s . In the c a s e o f X e n o n f o r ex -
a m p l e , the a p p l i c a t i o n o f E q . ( 5 ) y i e l d s va lues o f 
F 0 ' < 1 . 5 e V w h i c h are s i g n i f i c a n t l y s m a l l e r than the 
va lues o f ~ 3 . 5 e V i n d i c a t e d b y the L E E D e x p e r i -
ments 3 0 . T h e re la t ive ly l a r g e latt ice p a r a m e t e r in 
this case l eads to a rather smal l v a l u e o f qc f o r the 
R . P . A . l imit [ E q . ( 3 ) ] h o w e v e r , a n d the b r e a k -
d o w n o f the R . P . A . m a y b e i m p o r t a n t . It is a l so o f 
interest t o n o t e that the d i e l e c t r i c c o n s t a n t a p p r o a c h 
o f E q . ( 2 ) c a n b e g e n e r a l i s e d to i n c l u d e the e f fec ts 
o f r e t a r d a t i o n a n d C e r e n k o v r a d i a t i o n f o r h i g h en-
e r g y e l e c t rons 2 7 . 

Thermal Diffuse Scattering 

A n e l e c t r o n w h i c h has u n d e r g o n e t h e r m a l d i f f u s e 
scat ter ing c a n n o t n o r m a l l y b e e x c l u d e d b y c o n v e n -
t ional e n e r g y f i l ter ing m e t h o d s , a n d wi l l c o n t r i b u t e 
to the b a c k g r o u n d intensity b e t w e e n the B r a g g s p o t s 
in the d i f f r a c t i o n pattern . F r e q u e n t l y h o w e v e r these 
spots are se lected b y m e a n s o f an a p e r t u r e ( e i ther 
in the m i c r o s c o p e , o r in the F a r a d a y c a g e in L E E D 
m e a s u r e m e n t s ) so that d i f f u s e l y scat tered e l e c t r o n s 

are e x c l u d e d ( b y m o m e n t u m se l e c t i on ) a n d h e n c e 
c o n t r i b u t e to the e f fec t ive a b s o r p t i o n . 

V a l u e s o f the m e a n f r e e path f o r thermal d i f -
f u s e s ca t te r ing are m o s t c o n v e n i e n t l y c a l c u l a t e d 
in t e rms o f the a t o m i c scat ter ing a m p l i t u d e s f(S) 

(S = 2 s in &] ) - ) us ing the f o r m u l a o f HALL a n d 
HIRSCH 1 5 : 
1 _ 2_F0i 

A hv (6) 

= j * ! / ( 5 ) i2 ( i - e xp< - 2 s d s 

o 
w h e r e Q is the a t o m i c v o l u m e , S m = 2 /A , a n d the 
o ther s y m b o l s h a v e their c o n v e n t i o n a l m e a n i n g . F o r 
r o o m t e m p e r a t u r e c a l c u l a t i o n s in A l , C u a n d A u 
the a p p r o p r i a t e va lues o f a in the D e b y e - W a l l e r 
f a c t o r e x p { — 2 Ms} = e x p { — a S 2 } a r e : 

a A 1 = 0 . 4 1 Ä 2 , a C u = 0 . 2 8 5 Ä 2 , a A u = 0 . 3 0 Ä 2 . 
A t h i g h e l e c t r o n energ ies , w h e r e the B o r n a p p r o x i -
m a t i o n is v a l i d a n d the u p p e r l imit o f the in tegra l 
in E q . ( 6 ) is e f fec t ive ly inf in i te , the v a l u e o f the 
in tegra l is p r o p o r t i o n a l to ( m / m 0 ) 2 a n d A is p r o -
p o r t i o n a l to m0 v2. In this r a n g e o u r results o b t a i n -
ed u s i n g the scatter ing a m p l i t u d e s o f DOYLE a n d 
T U R N E R 3 1 , a g r e e with t h o s e o f HUMPHREYS a n d 
HIRSCH 3 2 . A t l o w e r energ ies , ex change e f fects to -
ge ther wi th the b r e a k d o w n o f the B o r n a p p r o x i m a -
t i on c a n b e s e r i o u s , and the a c cura te va lues o f f{S) 
w h i c h are r e q u i r e d are best o b t a i n e d f r o m p h a s e 



s h i f t c a l c u l a t i o n s : 

/ ( S ) = * 1 ( 2 Z + 1 ) [ e x p { 2 i <3;} — 1 ] 
/ = o 

' P i ( c o s 2 0 ) ( 7 ) 

w h e r e 2 & is the s c a t t e r i n g a n g l e . 
A t v e r y l o w e n e r g i e s ( l ess than 1 0 0 e V ) w h e r e 

4 a / A 2 ^ 1 , the e x p o n e n t i a l c a n b e e x p a n d e d a n d 
the i n t e g r a t i o n i n E q . ( 6 ) c a r r i e d o u t a n a l y t i c a l l y 
t o first o r d e r i n a. T h i s l e a d s to a s i m p l e e x p r e s s i o n 
f o r t h e m e a n f r e e p a t h in t e r m s o f the p h a s e s h i f t s : 

•I Q 00 

e + l ) s i n 2 ( < 5 , + 1 - < 3 , ) . ( 8 ) 

I n the i n t e r m e d i a t e e n e r g y r a n g e ( 1 0 0 — 1 0 , 0 0 0 e V ) 
t h e i n t e g r a l m u s t b e e v a l u a t e d n u m e r i c a l l y . I n A l 
w e h a v e u s e d the p h a s e s h i f t da ta o f S N O W 3 3 a n d 
PENDRY 3 4 a n d in C u that o f S N O W 3 3 a n d CAPART 3 5 . 
P e n d r y h a s a l s o k i n d l y s u p p l i e d us w i t h h i s u n p u b -
l i s h e d d a t a f o r C u i n the r a n g e 2 0 0 - 2 0 0 0 e V ca l -
c u l a t e d w i t h a H a r t r e e - F o c k po tent ia l w i t h a l l o w a n c e 
f o r e x c h a n g e e f f e c t s . V a l u e s o f | f(S) |2 f o r Hg in the 
r a n g e o f 2 0 0 — 4 0 0 0 e V a r e g i v e n b y KESSLER a n d 
LINDNER 3 6 a n d w e h a v e u s e d these data f o r the A u 
c a l c u l a t i o n : s i n c e it a p p e a r s that the t w o a t o m s d i f -
f e r o n l y v e r y s l i gh t ly f o r this p u r p o s e 3 7 . 

T h e v a l u e s o f A f o r A l , C u a n d A u a r e p l o t t e d 
as a f u n c t i o n o f in te rna l e n e r g y E0 i n F i g s . 3 , 4 , 
a n d 5 , f o r c o m p a r i s o n w i t h the e l e c t r o n i c e x c i t a t i o n 
c o n t r i b u t i o n . C l e a r l y the t h e r m a l d i f f u s e s c a t t e r i n g 
e f f e c t is o f l ittle i m p o r t a n c e in L E E D e x p e r i m e n t s 
b e l o w 1 0 0 e V , b u t it c a n b e q u i t e s i g n i f i c a n t at all 
e n e r g i e s a b o v e 2 0 0 e V . T h e e f fec t o f the b r e a k d o w n 
o f t h e B o r n a p p r o x i m a t i o n e v e n at re la t ive ly h i g h 
e l e c t r o n e n e r g i e s c a n b e seen in F i g u r e s 4 a n d 5 . 
E x a m i n a t i o n o f the A l p o t e n t i a l o f BOUDREAUX a n d 
HOFFSTEIN 3 8 i n d i c a t e s that the B o r n a p p r o x i m a t i o n 
is n o t s e r i o u s l y i n e r r o r f o r this m a t e r i a l a b o v e 
2 0 0 e V . 

I n t h e i r t h e r m a l d i f f u s e s ca t te r ing t h e o r y , HALL 
a n d HIRSCH 1 5 a l s o g i v e an e x p r e s s i o n f o r V% in 
t e r m s o f a d o u b l e i n t e g r a l i n v o l v i n g f(S) a n d 
/ ( I S - g I) r a t h e r t h a n | f(S) j2. A t 1 0 0 k e V , V c a n 
b e c o m p a r a b l e in m a g n i t u d e w i t h a n d it w o u l d 
c l e a r l y b e o f interest to c a l c u l a t e va lues o f V% at 
l o w e r e n e r g i e s , w h e r e the e f f ec t o f a n o m a l o u s a b -

• ** -pjjg variation of the secondary electron emission with in-
cident electron angle in the energy range 200 —2000 eV 
has been shown 39 to be dependent on the diffraction con-
ditions of the incident electrons. Some of this may be due 
to anomalous absorption effects. 

s o r p t i o n m a y b e o f interest as w e l l * * * * . S u c h ca l -
c u l a t i o n s h a v e h o w e v e r n o t y e t b e e n c a r r i e d o u t . 

T h e r m a l d i f f u s e s c a t t e r i n g a l s o m a k e s a n e g a t i v e 
c o n t r i b u t i o n to V0T w h i c h h a s b e e n c a l c u l a t e d b y 
ICHIKAWA a n d OHTSUKI 2 8 . T h e i r v a l u e s o f severa l 
e V o b t a i n e d at l o w e n e r g i e s ( < 1 0 0 e V ) m u s t b e 
t o o l a r g e b y a c o n s i d e r a b l e a m o u n t b e c a u s e o f the i r 
use o f the B o r n a p p r o x i m a t i o n . T h e m a g n i t u d e o f 
this c o n t r i b u t i o n to V0T i s a b o u t . 0 2 e V at 1 0 0 k e V 
i n A l , a n d it s e e m s u n l i k e l y that this c o n t r i b u t i o n 
wi l l n u m e r i c a l l y e x c e e d 1 e V at a n y e n e r g y . 

Disorder Scattering 

W e h a v e s o f a r o n l y c o n s i d e r e d the c o n t r i b u t i o n s 
t o the e f f e c t i v e a b s o r p t i o n i n a p e r f e c t latt i ce . T h e 
r a n d o m p o t e n t i a l i n a d i s o r d e r e d a l l o y a l so g i v e s 
r i se to a d i f f u s e s c a t t e r i n g i n t h e d i f f r a c t i o n pat tern 
a n d h e n c e m a k e s a c o n t r i b u t i o n t o the o p t i c a l p o -
tent ia l . T h i s e f f e c t h a s b e e n c o n s i d e r e d b y HALL et 
al . 4 0 f o r the c a s e o f i m p u r i t i e s i n Si t a k i n g a c c o u n t 
o f t h e e f f e c t o f b o t h s u b s t i t u t i o n a l a n d interst it ial 
i m p u r i t i e s , a n d a l s o o f the s u r r o u n d i n g a t o m i c d i s -
p l a c e m e n t s d u e t o s i ze e f f e c t s . T h e s c a t t e r i n g de -
p e n d s o n the s c a t t e r i n g a m p l i t u d e Af(S) o f the d i f -
f e r e n c e b e t w e e n the p o t e n t i a l n e a r each i m p u r i t y 
c e n t r e a n d the a v e r a g e la t t i ce p o t e n t i a l . F o r a c o n -
c e n t r a t i o n n o f c e n t r e s each at a p o i n t f ; i n the uni t 
ce l l , o n e o b t a i n s f o r the d i s o r d e r s c a t t e r i n g c o n t r i -
b u t i o n t o the m e a n f r e e p a t h : 

Sm 2n 
1 2 F0i 4 ;r2 ft2 n P f 1 p i n 1 

A ft. = .Q™2 ,2 I j \Af(S)\2SdSdcp, 
0 0 

( 9 ) 

6 0 
• e x p { — 2 nig- J*;} - f c . c . ] S d S dcp . ( 1 0 ) 

T h e n u m b e r o f c a s e s to w h i c h these e q u a t i o n s c a n 
a p p l i e d is vast , a n d w e c a n o n l y i n d i c a t e the m a g n i -
t u d e o f the resul ts o b t a i n e d f o r a p a r t i c u l a r case , 
c h o s e n b e c a u s e o f the a v a i l a b i l i t y o f the a p p r o p r i a t e 
d a t a . 

F o r the c a s e o f a s u b s t i t u t i o n a l a t o m A p l a c e d in 
a h o s t la t t i ce B , w e c a n ( n e g l e c t i n g lat t i ce b i n d i n g , 
the e f f e c t o f s c r e e n i n g , a n d s ize e f f e c t s ) r e p l a c e 
Af(S) b y f \ ( S ) — /B ( 5 ) , t h e d i f f e r e n c e o f the a t o m i c 
s c a t t e r i n g a m p l i t u d e s . I n C u 1 0 a t o m i c % A l w e ca l -
cu la te , i n this a p p r o x i m a t i o n , a v a l u e o f A = 1 8 , 0 0 0 



Ä at 1 0 0 k e V . A t l o w e r e n e r g i e s it is a g a i n n e c e s -
s a r y to use p h a s e sh i f t f o r m u l a e , a n d o n e r e a d i l y 
o b t a i n s the r e s u l t : 

O ^ 2 " 1 ( 2 / + 1 ) P Z ( C O S 2 6 ) B ) li m0 v l = Q 

• s i n W - W ( 1 1 ) 

w h e r e @ B is the B r a g g a n g l e f o r the r e f l e c t i o n g. 

W i t h Pi ( c o s 2 0 B ) = 1 , E q . ( 1 1 ) g i v e s the v a l u e o f 
/<0 a n d h e n c e A. U s i n g the p h a s e sh i f t da ta p r e v i -
o u s l y m e n t i o n e d , w e thus o b t a i n f o r d i s o r d e r scat -
t e r i n g in the s a m e C u - A l a l l o y v a l u e s o f A = 2 5 Ä 
a n d 4 5 Ä at 2 7 e V a n d 1 0 9 e V r e s p e c t i v e l y . I n the 
latter c a s e w e a l so find / / 0 s o that f o r 

s o m e B l o c h w a v e s the m e a n f r e e p a t h m a y b e c o n -
s i d e r a b l y r e d u c e d b y a n o m a l o u s a b s o r p t i o n e f f e c t s . 

In an at tempt to i m p r o v e this c a l c u l a t i o n , w e c a n 
es t imate the i m p o r t a n c e o f s c r e e n i n g e f f e c t s b y u s i n g 
a s i m p l e s c r e e n e d i m p u r i t y p o t e n t i a l 

V = Az e2 e x p { — q r}fr 

f r o m w h i c h w e o b t a i n in the B o r n a p p r o x i m a t i o n , 

Af(S) = 2 AZ/aR (4 TI2 S2 + q2). 

W i t h this v a l u e o f Af(S) E q . ( 9 ) c a n r e a d i l y b e 

i n t e g r a t e d to o b t a i n a g o o d a p p r o x i m a t i o n 

1 _ 4xn(Azy-
A Q (q <zh) 2 m0 2 v* K ) 

P u t t i n g q a ^ — 1, w e o b t a i n f o r the C u A l a l l o y d is -
c u s s e d a b o v e a v a l u e o f A r a n g i n g f r o m a b o u t 2 5 Ä 
at 5 0 e V , to 5 X 1 0 4 Ä at 1 0 0 k e V . C l e a r l y at h i g h 
e n e r g i e s the v a l e n c e e l e c t r o n s c r e e n i n g e f f e c t s a r e 
less s i g n i f i c a n t a n d the m a j o r i t y o f the s c a t t e r i n g 
o c c u r s b e c a u s e o f the d i f f e r e n c e i n the a t o m i c c o r e s . 
A t l o w e n e r g i e s a c o n s i s t e n t s c r e e n e d p o t e n t i a l is 
n e e d e d , b u t it a p p e a r s that in t h e v e r y l o w e n e r g y 
r e g i o n , w h e r e the d i s o r d e r s c a t t e r i n g m e a n f r e e p a t h 
is still d e c r e a s i n g , that the d i s o r d e r c o n t r i b u t i o n 
m a y b e s i g n i f i c a n t . 

D i s o r d e r e f f ec ts in o t h e r a l l o y s m a y we l l b e l a r g e r 
than the o n e w e h a v e c o n s i d e r e d h e r e . I n m o r e c o n -
c e n t r a t e d a l l o y s , ( p r o v i d e d the s c a t t e r i n g c e n t r e s a r e 
still i n d e p e n d e n t ) , the f a c t o r n in E q s . ( 9 ) — ( 1 2 ) 
s h o u l d b e r e p l a c e d b y n(l— n). In the c a s e o f in -
terstit ial a l l o y s , A / ( S ) m u s t i n c l u d e the a t o m i c scat -
t e r i n g f a c t o r f;(S) o f the i m p u r i t y as we l l as the 
e f f ec ts d u e to the d i s p l a c e m e n t s o f s u r r o u n d i n g 
a t o m s . A s w a s p o i n t e d o u t b y HALL et al . 4 0 the e f -
f e c t o f interst i t ia ls m a y b e to m a k e a n e g a t i v e c o n -

t r i b u t i o n to AjUg s i n c e the f a c t o r e x p { — 2 71 i g • Tj} 

in E q . ( 1 0 ) w i l l n o l o n g e r b e u n i t y if the interst i t ia l 
l ies b e t w e e n the r e f l e c t i n g p l a n e s ( g ) c o n s i d e r e d . 

Discussion 

F i g u r e s 3 , 4 a n d 5 i n d i c a t e that the e l e c t r o n i c 
c o n t r i b u t i o n to A is i m p o r t a n t at a l m o s t all e n e r g i e s 
a n d that t h e r m a l d i f f u s e s c a t t e r i n g m u s t a l so b e 
c o n s i d e r e d at all e n e r g i e s a b o v e 2 0 0 e V p a r t i c u l a r l y 
i n h e a v y m a t e r i a l s w i t h l o w D e b y e t e m p e r a t u r e s . 
A n o m a l o u s a b s o r p t i o n e f fec ts m a y b e s i g n i f i c a n t in 
this e n e r g y r a n g e . O u r c a l c u l a t i o n s s h o w that if 
m o r e a c c u r a t e es t imates are to b e o b t a i n e d the 
a v a i l a b l e da ta m u s t b e i m p r o v e d in a n u m b e r o f 
r e s p e c t s . F o r the e l e c t r o n i c c o n t r i b u t i o n s a m o r e 
c o m p l e t e k n o w l e d g e o f s(q,co) is essent ia l a n d f o r 
the t h e r m a l d i f f u s e s ca t ter ing be t te r a t o m i c s cat ter -
i n g data in the r a n g e 1 0 0 e V to 1 0 k e V a r e n e e d e d . 
I n a l l o y s the d i s o r d e r s ca t ter ing is p r o b a b l y a smal l 
e f f e c t e x c e p t at v e r y l o w e n e r g i e s b u t in this r a n g e 
a p r o p e r s c r e e n e d s ca t te r ing p o t e n t i a l is r e q u i r e d . 
B e t w e e n 5 0 a n d 5 0 0 e V the resul tant m e a n f r e e p a t h 
f r o m all p r o c e s s e s is r e a s o n a b l y c o n s t a n t b e t w e e n 
5 a n d 8 Ä f o r the meta l s c o n s i d e r e d . T h i s a g r e e s 
w i t h e v i d e n c e f r o m o b s e r v e d d i f f r a c t i o n p e a k w i d t h ? 
in this e n e r g y r a n g e 4 1 . 

O n e s o u r c e o f a b s o r p t i o n n o t c o n s i d e r e d h e r e is 
the w e a k B r a g g r e f l e c t i o n s . HALL a n d HIRSCH 4 2 

c o n s i d e r e d this e f f e c t in the t r a n s m i s s i o n case , de -
f i n i n g w e a k b e a m s to b e t h o s e w i t h B r a g g r e f l e c t i o n 
e x t i n c t i o n d i s t a n c e s £ g g rea te r than t w i c e the c r y s t a l 
th i ckness t. A p o s s i b l e a l ternat ive c r i t e r i o n w o u l d 
b e t o c o n s i d e r all r e f l e c t i ons f o r w h i c h A < 2 f g as 
w e a k w h e r e A is the m e a n f r e e p a t h a l l o w i n g f o r all 
the d i f f e r e n t c o n t r i b u t i o n s . T h i s is e q u i v a l e n t t o the 
c o n d i t i o n F 0 ' ^ 2 F K w h e r e Vg is the F o u r i e r c o m -
p o n e n t o f the latt ice po tent ia l . It m a y b e that all re-
f l e c t i o n s m e e t i n g this c o n d i t i o n a r e w e a k , c a n b e 
t reated k i n e m a t i c a l l y , a n d c o n t r i b u t e to a b s o r p t i o n . 
A t h i g h e n e r g i e s this s o u r c e o f a b s o r p t i o n is re la -
t i ve ly smal l b u t it w o u l d b e in teres t ing to e x a m i n e 
the s i tuat i on in m o r e detai l at l o w e r e n e r g i e s i n the 
l i g h t o f the c a l c u l a t i o n s p r e s e n t e d h e r e . 

F i n a l l y , w e s h o u l d m e n t i o n s o m e l i m i t a t i o n s o f 
the o p t i c a l p o t e n t i a l . In s o m e cases it is n e c e s s a r v 
to o b t a i n a m o r e c o m p l e t e s o l u t i o n f o r the p r o p a g a -
t i o n o f the ine las t i ca l l y s cat tered e l e c t r o n s . I n e lec -
t r o n m i c r o s c o p y f o r i n s t a n c e , w h e r e i n e l a s t i c a l l y 
s ca t tered e l e c t r o n s m a y pass t h r o u g h the a p e r t u r e 



and contribute to image contrast, the small-angle 
predominantly plasmon-scattered component must 
be treated separately 4 3 . In the case of reflection dif-
fract ion there may be special effects with surface 
p l a s m o n s 4 4 and with long-wavelength p h o n o n s 4 5 

which should be further investigated. 
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