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D i r e c t m e a s u r e m e n t s h a v e b e e n m a d e of t h e d i f f e r e n t i a l h e a t s of a d s o r p -
t i o n of o x y g e n on a t o m i c a l l y clean s u r f a c e s of g e r m a n i u m , s i l i c o n , and 
lead s u l f i d e ; w h i c h h a v e b e e n p r o d u c e d by c r u s h i n g the i n i t i a l s i n g l e 
c r y s t a l s u n d e r u l t r a h i g h v a c u u m . The h i g h h e a t s of a d s o r p t i o n for Ge 
and SI (115 ± 10' and 210 ± 30 k c a l / m o l , r e s p e c t i v e l y ) are a s s o c i a t e d 
w i t h the f o r m a t i o n of d o u b l e b o n d s . T h e i n t e r a c t i o n of an a t o m i c a l l y 
clean s u r f a c e of Ge w i t h o x y g e n is d e p e n d e n t on the p r e s e n c e of m i n u t e 
t r a c e s of. w a t e r . No such r e l a t i o n s h i p is o b s e r v e d for s i l i c o n . 

D i r e c t c a l o r i m e t r i c m e a s u r e m e n t s of the d i f f e r e n t i a l h e a t s of a d s o r p t i o n Q 
on a t o m i c a l l y clean s u r f a c e s are of p a r t i c u l a r i n t e r e s t , b e c a u s e they p r o v i d e 
direct i n f o r m a t i o n on the i n t e r a c t i o n e n e r g i e s of s u r f a c e s w i t h gases at the 
m o l e c u l a r l e v e l . Pew s t u d i e s on t h i s h a v e b e e n m a d e [ 1 - 3 ] • M e a s u r e m e n t s h a v e 
b e e n m a d e of t h e h e a t s o f a d s o r p t i o n of o x y g e n on e v a p o r a t e d films of Ge and S i 
[1]. S i m i l a r m e a s u r e m e n t s h a v e b e e n m a d e [2] for p o w d e r e d r e d u c e d G e , b u t in 
t h e a b s e n c e of an u l t r a h i g h v a c u u m . The data of [1] w e r e u s e d for c a l i b r a t i o n 
p u r p o s e s in m e a s u r i n g Q [3] in the a d s o r p t i o n of g a s e s of H x A type on a t o m i c a l l y 
clean s u r f a c e s o f Ge a n d S i . 

The clear d e f i c i e n c i e s in s u c h s t u d i e s h a v e led us to p e r f o r m a s e r i e s of 
s t u d i e s on Q for o x y g e n on a t o m i c a l l y clean s u r f a c e s of g e r m a n i u m , s i l i c o n , a n d 
lead s u l f i d e m a d e by c l e a v a g e u n d e r u l t r a h i g h v a c u u m . The s p e c i m e n s w e r e p r e -
p a r e d b y v i b r a t i o n a l c r u s h i n g of s i n g l e crystals in a s e a l e d glass s y s t e m p u m p e d 
a f t e r p r e l i m i n a r y h e a t i n g to a p r e s s u r e of 10~8—10~9 m m H g by m e a n s of a t i t a n i u m -
m o l y b d e n u m g e t t e r . T h e o x y g e n w a s p r o d u c e d by p y r o l y s i s of CuO or K M n O ^ , also 

p r e v i o u s l y o u t g a s s e d by h e a t i n g u n d e r the s a m e v a c u u m (at 400 a n d 200°C 3 r e s p e c -
t i v e l y ) . K n o w n a m o u n t s of o x y g e n w e r e a d m i t t e d from k n o w n glass v o l u m e s v i a 
b r e a k s e a l s . The h e a t s of a d s o r p t i o n w e r e m e a s u r e d w i t h a Calvet m i c r o c a l o r i -

m e t e r w i t h a limit of d e t e c t i o n of about 10 W . The u p t a k e in a d s o r p t i o n w a s 
d e t e r m i n e d by a v o l u m e t r i c m e t h o d . The o x y g e n p r e s s u r e was m e a s u r e d w i t h a 
P i r a n i g a u g e or an LT-2 t h e r m o c o u p l e g a u g e . 

P r o l o n g e d (about 40 h r ) v i b r a t i o n a l g r i n d i n g of the G e , S i , a n d PbS u n d e r 
u l t r a h i g h v a c u u m p r o d u c e d s p e c i f i c s u r f a c e s as m e a s u r e d by t h e B E T m e t h o d ( l o w -

4 2 - 1 
t e m p e r a t u r e a d s o r p t i o n of a r g o n ) of 1 - 5 * 1 0 cm •g ; the p o s s i b l e errors due to 
a g g r e g a t i o n , w h i c h t e n d s to o c c u r w i t h Ge and S i , w e r e a u t o m a t i c a l l y e l i m i n a t e d 
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in c a l c u l a t i n g t h e a d s o r p t i o n of s i n c e the d i m e n s i o n s of t h e a r g o n a t o m a n d 

the o x y g e n m o l e c u l e are s i m i l a r . 

One can e s t i m a t e t h e c o n t a m i n a t i o n of a s u r f a c e f o r m a l l y by m e a n s of c o e f f i -
cient x, e q u a l to the r a t i o o f t h e t o t a l n u m b e r of r e s i d u a l - g a s m o l e c u l e s in t h e 
v o l u m e of t h e s y s t e m to the t o t a l s u r f a c e of the s p e c i m e n . The v a l u e s for our 

- 2 

e x p e r i m e n t s w i t h s p e c i m e n s of 1 - 3 g w e r e x~10 5—10 6 m o l - c m ; in an u n h e a t e d g l a s s 

s y s t e m e v a c u a t e d to about m m H g , x was about l O 1 ^ m o l - c m " ^ . 
The differential heats of adsorption in kcal/mol for 0 2 on atomically clean 

G e , S i , and PbS in t h e i n i t i a l s t a g e s are g i v e n in T a b l e 1 for v a r i o u s v a l u e s of 
- 2 

x m m o l - c m . T h e v a l u e s o f Q c o r r e s p o n d t o t h e i n i t i a l s t a g e s of o x i d a t i o n 
w i t h s u r f a c e f i l l i n g factors 0^0,01. 
T a b l e 1 shows that a t o m i c a l l y clean sur-
faces of s i l i c o n and l e a d s u l p h i d e p r o d u c e 
c o n s i d e r a b l e heat on a d s o r b i n g o x y g e n , 
w h i c h is c h a r a c t e r i s t i c of the f o r m a t i o n 
of v a l e n c y b o n d s . U n d e r s i m i l a r c o n d i -

—2 
t i o n s , i . e . , w i t h x~10 5— 10G m o l * c m 3 an 
a t o m i c a l l y clean s u r f a c e of g e r m a n i u m did 
n o t i n t e r a c t w i t h o x y g e n , in c o n t r a s t to 
Si and P b S . In our e x p e r i m e n t s w i t h G e , 
t h e r e w a s no c h e m i s o r p t i o n c o r r e s p o n d i n g 
to 0s^lO-5 (on the a s s u m p t i o n t h a t the h e a t 
of p o s s i b l e c h e m i s o r p t i o n w o u l d be about 
100 k c a l / m o l ) . On the o t h e r h a n d , a d m i t -

t i n g o x y g e n f r o m an u n h e a t e d glass s y s t e m to the g e r m a n i u m (where t h e l a t t e r h a d 
_2 

x ~ 1 0 1 0 m o l ' c m ) r e s u l t e d in a p p r e c i a b l e a d s o r p t i o n w i t h the p r o d u c t i o n of c o n s i d -
e r a b l e a m o u n t s of h e a t . 

Our r e s u l t s for Q for g e r m a n i u m a n d s i l i c o n a g r e e w e l l w i t h the d a t a of 
[1,2]; such h i g h h e a t s of a d s o r p t i o n cannot be e x p l a i n e d s a t i s f a c t o r i l y by the 
f o r m a t i o n o f o x y g e n c o m p l e x e s on t h e s u r f a c e s of Ge a n d S i , w h i c h h a d b e e n 
s u g g e s t e d by Green [4]. The o b s e r v a t i o n s can be m a t c h e d to the c a l c u l a t e d e n e r -
gies of s u c h c o m p l e x e s by m e a n s of v a r i o u s c o r r e c t i o n s [3]. On the o t h e r h a n d , 
in o u r v i e w the h i g h h e a t s of a d s o r p t i o n are r e l a t e d to the f o r m a t i o n of Ge = 0 
and Si = 0 d o u b l e b o n d s on the Ge a n d S i . A rough e s t i m a t e of t h e e n e r g i e s of 
t h e s e b o n d s is in a g r e e m e n t w i t h t h i s c o n c l u s i o n and also in g o o d a g r e e m e n t w i t h 
e x p e r i m e n t : 

2 .Еое=о — £ о = ю — 2 £ G e _ G e ^ 2 • 159 — 118 — 2 • 33 = 134 «cai/moie, 

2 £ s i = o — £ o = o — 2 £ s i - s i — 2 - 1 9 5 — 118 — 2 - 3 4 = 204 !kcai/moie. 

The f o r m a t i o n of d o u b l e b o n d s w h e n a t o m i c a l l y clean s u r f a c e s of Ge a n d S i 
i n t e r a c t w i t h o x y g e n is a l s o m o s t likely from the v i e w p o i n t of the s t r u c t u r e o f 
t h e s u r f a c e i t s e l f , w h e r e m o s t of t h e atoms are in a s t a t e t o f o r m d o u b l e b o n d s 
[5]. I n d i r e c t e v i d e n c e for d o u b l e b o n d s on t h e s u r f a c e s is p r o v i d e d by [6], 
w h e r e s l o w - e l e c t r o n d i f f r a c t i o n m e a s u r e m e n t s show t h a t the a d s o r b e d 0 a t o m s o c c u -
py l o c a t i o n s on t h e s u r f a c e e x a c t l y above t h e s u r f a c e S i a t o m s , a n d t h e p o s i t i o n s 
and I n t e n s i t i e s o f the d i f f r a c t i o n p e a k s w e r e n o t a l t e r e d u n t i l a m o n o l a y e r c o v -
e r i n g w a s p r o d u c e d . A s i m i l a r c o n c l u s i o n w a s o b t a i n e d for t h e s u r f a c e s of Si 
[7] by I R M S . 

M e a s u r e m e n t s on t h e c h a r a c t e r i s t i c - l o s s s p e c t r a for slow e l e c t r o n s [8] a l s o 
i n d i c a t e d u n a m b i g u o u s l y that each o x y g e n a t o m forms a d o u b l e b o n d to s u r f a c e Ge 

Table 1 

x-10»—I08 

Ge 0 115+10 

Si 210±30 . -

PbS 80+20 — 
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o r S i a t o m s . T h e s e e x p e r i m e n t a l r e s u l t s are c o n f i r m e d by l a t e r study [9]. P i n -
a l l y , in [ 1 0 ] a study w a s m a d e of t h e s c o p e for f o r m a t i o n of v a r i o u s t y p e s of 
s u r f a c e s t r u c t u r e a n d t h e a d s o r p t i o n of o x y g e n by t h e s e , and a s i m i l a r c o n c l u s i o n 
w a s d r a w n , in w h i c h a m o d e l for t h e S i s u r f a c e w i t h d o u b l e b o n d s w a s c o n s i d e r e d 
t o b e the b e s t * . T h e r e s u l t Q~100 k c a l / m o l for t h e a d s o r p t i o n of o x y g e n on PbS 
is in r e a s o n a b l e a g r e e m e n t w i t h t h e e n e r g y c a l c u l a t e d for a s s o c i a t i v e a d s o r p t i o n 
in a c c o r d a n c e w i t h 

£ P b = o + £ s = 0 — Eo=C> ^ 94 + 124 — 1 1 8 = 100 kcal/mole. 

T h e o x i d a t i o n m e c h a n i s m for PbS is d i s c u s s e d in m o r e d e t a i l in [ 1 2 ] . 

T h e f o l l o w i n g may b e n o t e d on t h e d i f f e r e n c e s in a d s o r p t i o n of by g e r -

m a n i u m a n d s i l i c o n for v a r i o u s x ; t h e l i t e r a t u r e d a t a [ 2 , 1 3 - 1 5 ] show t h a t the 
—2 — 5 

a t t a c h m e n t c o e f f i c i e n t к d e c r e a s e s f r o m 10 to 10 as t h e v a c u u m i m p r o v e s ( x 
d e c r e a s e s ) w h e n o x y g e n i n t e r a c t s w i t h an a t o m i c a l l y c l e a n s u r f a c e of g e r m a n i u m . 

- 2 

In o u r e x p e r i m e n t s к w a s z e r o * * at t h e m i n i m u m v a l u e x ~ 10 5mol-cm . No s u c h e f -

fect o c c u r s for s i l i c o n , and d a t a f r o m v a r i o u s s o u r c e s i n d i c a t e that k~10~2 a n d 

is i n d e p e n d e n t of x. It w i l l n o t b e s u r p r i s i n g t h a t f u r t h e r i m p r o v e m e n t in t h e _2 
c l e a n n e s s In o u r e x p e r i m e n t s w i t h s i l i c o n , w h e r e x~105—106 m o l • c m , s h o u l d p r o -
duce s u b s t a n t i a l c h a n g e s in t h e i n t e r a c t i o n of w i t h an a t o m i c a l l y c l e a n sur-
face of S I . D i f f e r e n c e s in t h e i n t e r a c t i o n s of a t o m i c a l l y clean s u r f a c e s w i t h 
o x y g e n a r e due t o d i f f e r e n c e s in t h e s p i n s t a t e s of t h e s u r f a c e atoms [ 1 7 ] . At 
r o o m t e m p e r a t u r e , c l e a v a g e of g e r m a n i u m r e s u l t s in a n o n r a d i c a l a t o m i c a l l y c l e a n 
s u r f a c e , w h e r e a s c l e a v a g e of s i l i c o n p r o d u c e s a h i g h c o n c e n t r a t i o n of free r a d i -
cals at t h e s u r f a c e [ 5 , 1 7 ] . 

W e are i n d e b t e d to P r o f e s s o r V . P . K i s e l e v for i n i t i a t i n g t h i s r e s e a r c h a n d 
f o r c o n s t a n t i n t e r e s t . 
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