M o r p h o l o g y a n d E l e c t r o n i c S t r u c t u r e

o f G o l d C l u s t e r s o n G r a p h i t e

D i s s e r t a t i o n

Z u r E r l a n g u n g d e s D o k t o r g r a d e s d e r N a t u r w i s s e n s c h a f t e n

d e s F a c h b e r e i c h s P h y s i k d e r U n i v e r s i t ä t D o r t m u n d

v o r g e l e g t v o n

I n g o B a r k e

N o v e m b e r 2 0 0 4

E r s t e r G u t a c h t e r : P r i v . D o z . D r . H . H ö v e l

Z w e i t e r G u t a c h t e r : P r o f . D r . M . B a y e r

T a g d e r m ü n d l i c h e n P r ü f u n g : 2 1 . 1 2 . 2 0 0 4

C O N T E N T S

1 I N T R O D U C T I O N . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

2 E X P E R I M E N T A L M E T H O D S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 . 1 S c a n n i n g T u n n e l i n g M i c r o s c o p y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 . 2 S c a n n i n g T u n n e l i n g S p e c t r o s c o p y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

2 . 3 U l t r a v i o l e t P h o t o e l e c t r o n S p e c t r o s c o p y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

3 S H O C K L E Y S U R F A C E S T A T E S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 2

4 P R E P A R A T I O N O F A U C L U S T E R S O N G R A P H I T E . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 5

5 C L U S T E R M O R P H O L O G Y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 7

5 . 1 S m a l l G o l d C l u s t e r s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 7

5 . 2 L a r g e G o l d C l u s t e r s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 2

6 E L E C T R O N I C S T R U C T U R E . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 9

6 . 1 L a r g e C l u s t e r s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2 9

6 . 1 . 1 S c a n n i n g T u n n e l i n g S p e c t r o s c o p y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3 0

6 . 1 . 2 P h o t o e l e c t r o n S p e c t r o s c o p y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 1

6 . 2 S m a l l C l u s t e r s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4 4

7 G R O W T H P R O C E S S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 1

7 . 1 N u c l e a t i o n C e n t e r s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 1

7 . 2 C l u s t e r L o c a t i o n . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 3

7 . 3 P h o t o e m i s s i o n S t u d y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 6

7 . 3 . 1 Q u a n t i t a t i v e U P S o f A u C l u s t e r s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 6

7 . 3 . 2 S a m p l e C h a r a c t e r i z a t i o n . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5 9

7 . 3 . 3 P h o t o e m i s s i o n R e s u l t s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 0

7 . 4 G r o w t h M o d e l . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6 7

8 D Y N A M I C F I N A L S T A T E E F F E C T . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 0

8 . 1 M o d e l . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 1

8 . 2 E x p e r i m e n t a l R e s u l t s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 4

8 . 2 . 1 P r e v i o u s L o w - T e m p e r a t u r e U P S E x p e r i m e n t s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 4

8 . 2 . 2 P h o t o n E n e r g y D e p e n d e n c e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7 6

C O N T E N T S

9 I N T E R C O M P A R I S O N O F S P E C T R O S C O P Y R E S U L T S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 3

9 . 1 A n g l e R e s o l v e d P h o t o e m i s s i o n S t u d y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8 4

9 . 2 S a m p l e C h a r a c t e r i z a t i o n . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 4

9 . 3 S i m u l a t i o n . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9 6

1 0 S U M M A R Y A N D O U T L O O K . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 0 4

1 1 A P P E N D I X . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 0 7

1 1 . 1 U P S L i n e S h a p e s f o r a F i n i t e A n g u l a r R e s o l u t i o n . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 0 7

1 1 . 2 M a x i m u m E n t r o p y D e c o n v o l u t i o n T e c h n i q u e s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 1 2

1 1 . 2 . 1 M o t i v a t i o n . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 1 2

1 1 . 2 . 2 B a y e s i a n P r o b a b i l i t y T h e o r y . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 1 4

1 1 . 2 . 3 C l a s s i c M a x i m u m E n t r o p y M e t h o d . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 1 5

1 1 . 2 . 4 A d a p t i v e K e r n e l s . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 2 0

1 1 . 2 . 5 S m o o t h i n g . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 2 3

1 1 . 3 ^ E d g e D e c o n v o l u t i o n ~ T e c h n i q u e . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 2 6

1 2 R E F E R E N C E S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1 2 8

I N T R O D U C T I O N 1

1 I n t r o d u c t i o n

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

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

t h e f u r t h e r e x p l o r a t i o n l e d t o t h e a t o m i c s t r u c t u r e o f m a t t e r . L a t e r , t h e k n o w l e d g e w a s

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

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

B u t s c i e n c e d o e s n o t e n d w i t h t h e s e a r c h f o r t h e s m a l l e s t b u i l d i n g b l o c k s . T h e c r e a t i o n

o f n e w o b j e c t s a n d t h e i n v e s t i g a t i o n o f t h e i r p r o p e r t i e s o p e n a w i d e f i e l d o f r e s e a r c h . O n

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

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

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

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

o f a p p l i c a t i o n s .

M a t t e r i s m o r e t h a n t h e s u m o f a t o m s . T h e p e r i o d i c i t y o f a t o m s w i t h i n a t h r e e -

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

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

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

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

a n d e x p e r i m e n t a l l y w i t h h i g h a c c u r a c y . I n t h e l i m i t o f v e r y s m a l l p i e c e s o f b u l k m a t t e r , i . e .

s o - c a l l e d ^ c l u s t e r s ~ , f i n i t e s i z e e f f e c t s c a n r e s u l t i n a l t e r e d e l e c t r o n i c p r o p e r t i e s . T h e

i n v e s t i g a t i o n o f t h e s e e f f e c t s f o r n a n o m e t e r - s i z e d m e t a l c l u s t e r s i n v i e w o f b u l k

c o n d e n s e d - m a t t e r p h y s i c s i s a f o c a l p o i n t o f t h e p r e s e n t w o r k .

O n e o f t h e m o s t f a s c i n a t i n g m e t a l s i s g o l d . I t s h i g h m o n e t a r y v a l u e , w h i c h h a s e x e r t e d a

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

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

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

l o n g m e a s u r i n g p e r i o d s w i t h h a r d l y a n y c o n t a m i n a t i o n s . H o w e v e r , t h e t h e o r e t i c a l

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

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

e . g . , b o n d l e n g t h s , c a t a l y s i s , i o n i z a t i o n p o t e n t i a l s , m a g n e t i c p r o p e r t i e s , a n d m a n y m o r e .

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

b a n d s t r u c t u r e [ 1 ] . T h e l a r g e s p i n - o r b i t c o u p l i n g r e q u i r e s a n a p p r o p r i a t e m a t h e m a t i c a l

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

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

( c u r r e n t l y ) e v e n i m p o s s i b l e .

I n t h e l a s t d e c a d e s t h e e l e c t r o n i c p r o p e r t i e s o f f r e e a l k a l i m e t a l c l u s t e r s h a v e b e e n s u c c e s s f u l l y d e s c r i b e d w i t h m e t h o d s f o l l o w i n g c o n c e p t s d e v e l o p e d i n n u c l e a r p h y s i c s . T h e e x p e r i m e n t a l m a s s a b u n d a n c e s p e c t r a o f e . g . s o d i u m c l u s t e r s c o u l d b e e x p l a i n e d b y c l o s e d s h e l l s o f t h e e l e c t r o n c o n f i g u r a t i o n [ 2 ] . T h e e l e c t r o n i c s t r u c t u r e d e t e r m i n e s s i g n i f i c a n t l y t h e c l u s t e r s t a b i l i t y a n d m o r p h o l o g y ( s e e F i g . 1 a ) . T h e s e e f f e c t s a r e m u c h w e a k e r f o r r a r e g a s c l u s t e r s . I n t h a t c a s e g e o m e t r i c s h e l l s c l o s i n g s ( c f . F i g . 1 b ) a r e f a v o r e d w h i c h l e a d t o i c o s a h e d r a l s t r u c t u r e s [ 3 ] . H o w e v e r , t h e d e p o s i t i o n o f a c l u s t e r o n t o a s u b s t r a t e r e d u c e s i t s s y m m e t r y , a n d d e p e n d i n g o n t h e c l u s t e r - s u r f a c e i n t e r a c t i o n t h i s m a y a l t e r t h e g e o m e t r i c a n d e l e c t r o n i c s t r u c t u r e . T h e t h e o r e t i c a l d e s c r i p t i o n o f t h e c o m p l e t e c l u s t e r / s u r f a c e s y s t e m i s e x t r e m e l y d e m a n d i n g , i n a d d i t i o n t o t h e d i f f i c u l t i e s m e n t i o n e d a b o v e . I n t h i s w o r k m e t a l c l u s t e r s a r e i n v e s t i g a t e d o n a g r a p h i t e s u b s t r a t e a n d t h e r o l e o f t h e s u r f a c e i s o f s p e c i a l i n t e r e s t . I t w i l l b e s h o w n t h a t t h e c l u s t e r - s u r f a c e i n t e r a c t i o n c a n r e s u l t i n a n a s y m m e t r i c b r o a d e n i n g o f s p e c t r a l f e a t u r e s o b t a i n e d f r o m p h o t o e m i s s i o n e x p e r i m e n t s . F o r e l e c t r o n t r a n s p o r t s t u d i e s s u c h a s t u n n e l i n g e x p e r i m e n t s i n d e p e n d e n t s t r u c t u r e s c a n a r i s e d u e t o t h e c o u p l i n g b e t w e e n t h e e l e c t r o d e s a n d t h e c l u s t e r .

I N T R O D U C T I O N 3

F i g . 1 . ( a ) M a s s s p e c t r u m o f N a c l u s t e r s . H i g h l y s t a b l e c l u s t e r s o c c u r f o r ^ m a g i c

n u m b e r s ~ o f a t o m s c o r r e s p o n d i n g t o c l o s e d e l e c t r o n i c s h e l l s . I n t h e t o p r i g h t

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

t h e e l e m e n t s i s s h o w n . F r o m R e f . [ 4 ] .

( b ) M a s s s p e c t r u m o f X e c l u s t e r s . H e r e t h e m a g i c n u m b e r s a r e p r e d o m i n a n t l y

g i v e n b y c l o s e d g e o m e t r i c s h e l l s . T h e c o r r e s p o n d i n g s m a l l e s t 3 M a c k a y

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

R e f s . [ 3 , 5 ] .

T h e s t r u c t u r e o f t h i s w o r k i s a s f o l l o w s : i n C h a p t e r 2 t h e b a s i c s o f t h e a n a l y t i c t e c h n i q u e s a r e d e s c r i b e d w h i c h w e r e m a i n l y a p p l i e d i n t h e e x p e r i m e n t s , i . e . , S c a n n i n g

T u n n e l i n g M i c r o s c o p y a n d S p e c t r o s c o p y , a s w e l l a s U l t r a v i o l e t P h o t o e l e c t r o n

S p e c t r o s c o p y . I n C h a p t e r 3 S h o c k l e y s u r f a c e s t a t e s a r e i n t r o d u c e d w h i c h a r e a c h a r a c t e r i s t i c p r o p e r t y o f t h e ( 1 1 1 ) s u r f a c e s o f n o b l e m e t a l s . I n a l a r g e p a r t o f t h i s w o r k t h e s e s u r f a c e s t a t e s w i l l p l a y a d e c i s i v e r o l e f o r u n d e r s t a n d i n g t h e e l e c t r o n i c s t r u c t u r e o f t h e c l u s t e r s . A f t e r t h e p r e p a r a t i o n o f A u c l u s t e r s o n p r e s t r u c t u r e d g r a p h i t e i s p r e s e n t e d i n

C h a p t e r 4 , t h e i r g e o m e t r i c p r o p e r t i e s a r e d i s c u s s e d i n C h a p t e r 5 . A s p e c i a l f o c u s i s o n t h e e l e c t r o n i c s t r u c t u r e w h i c h i s d i s c u s s e d i n C h a p t e r 6 . I n C h a p t e r 7 t h e c l u s t e r g r o w t h p r o c e s s i s a n a l y z e d i n d e t a i l b a s e d o n S c a n n i n g T u n n e l i n g M i c r o s c o p y m e a s u r e m e n t s a n d t h e e v o l u t i o n o f t h e e l e c t r o n i c s t r u c t u r e i n p h o t o e m i s s i o n e x p e r i m e n t s . A s w i l l b e s h o w n i n

C h a p t e r 8 t h e c l u s t e r - s u r f a c e i n t e r a c t i o n a f f e c t i n g t h e p h o t o e m i s s i o n p r o c e s s c a n h a v e a n i m p o r t a n t i n f l u e n c e o n p h o t o e l e c t r o n s p e c t r a o f m e t a l c l u s t e r s . F i n a l l y , t h e c o m b i n e d k n o w l e d g e o f a l l e f f e c t s i n v e s t i g a t e d b e f o r e i s u s e d i n C h a p t e r 9 i n o r d e r t o d i r e c t l y c o m p a r e t h e p h o t o e m i s s i o n a n d t u n n e l i n g r e s u l t s f o r t h e s a m e s a m p l e . F o r t h i s a n a l y s i s i t t u r n s o u t t h a t d e c o n v o l u t i o n t e c h n i q u e s a s s u m m a r i z e d i n t h e A p p e n d i x a r e a d v a n t a g e o u s .

E X P E R I M E N T A L M E T H O D S 5

2 E x p e r i m e n t a l M e t h o d s

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

a n d e l e c t r o n i c s t r u c t u r e o f c l u s t e r s a t s u r f a c e s a r e S c a n n i n g T u n n e l i n g M i c r o s c o p y ( S T M ) ,

S c a n n i n g T u n n e l i n g S p e c t r o s c o p y ( S T S ) , a n d U l t r a v i o l e t P h o t o e l e c t r o n S p e c t r o s c o p y

( U P S ) . E a c h m e t h o d r e q u i r e s a s o p h i s t i c a t e d a n a l y s i s t o a c c o u n t f o r t h e r e s p e c t i v e s p e c i f i c

e f f e c t s . I n t h i s s e c t i o n a s h o r t q u a l i t a t i v e o v e r v i e w i s g i v e n a n d t h e r e a d e r i s r e f e r r e d t o t h e

l i t e r a t u r e f o r a m o r e d e t a i l e d a n d q u a n t i t a t i v e d i s c u s s i o n . S o m e p a r t i c u l a r a s p e c t s

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

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

2 . 1 S c a n n i n g T u n n e l i n g M i c r o s c o p y

S c a n n i n g T u n n e l i n g M i c r o s c o p y i s a p o w e r f u l m e t h o d f o r t o p o g r a p h i c i m a g i n g i n r e a l -

s p a c e . I t h a s b e e n d e v e l o p e d i n 1 9 8 2 b y B i n n i g a n d R o h r e r [ 6 , 7 ] a n d h a s b e c o m e a n

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

r e s o l u t i o n . T h e b a s i c p r i n c i p l e i s d e p i c t e d i n F i g . 2 . A n a t o m i c a l l y s h a r p t i p i s b r o u g h t i n

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

T h e r e s u l t i n g t u n n e l i n g c u r r e n t , t y p i c a l l y o f t h e o r d e r o f 1 n A , i s e x p o n e n t i a l l y d e p e n d e n t

o n t h e t i p - s a m p l e d i s t a n c e a n d c a n t h u s b e u s e d t o d e t e r m i n e t h e t o p o g r a p h y . I n t h e

m e a s u r e m e n t s p r e s e n t e d i n t h i s w o r k w e u s e d t h e c o n s t a n t c u r r e n t m o d e w h e r e t h e

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

s a m p l e d i s t a n c e a c c o r d i n g t o t h e u s e r d e f i n e d s e t - p o i n t c u r r e n t ( c f . F i g . 2 ) . T h e s u r f a c e

m o r p h o l o g y i s o b t a i n e d b y s c a n n i n g t h e s u r f a c e l i n e - b y - l i n e i n t h e l a t e r a l d i r e c t i o n . T h e t i p

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

w e l l a s f o r t h e s c a n n i n g p r o c e d u r e . T y p i c a l r e s o l u t i o n s a r e a b o u t 1 0 0 p m i n t h e l a t e r a l

d i r e c t i o n a n d 1 p m v e r t i c a l l y . A m o r e d e t a i l e d d e s c r i p t i o n o f S T M c a n b e f o u n d i n

R e f . [ 8 ] .

E X P E R I M E N T A L M E T H O D S 6 f e e d b a c k l o o p

s a m p l e d

V x

V y

V z

p i e z o s c a n n e r t i p

I

V d

V x

V y

V z

I

V

F i g . 2 . B a s i c p r i n c i p l e o f S T M . S e e t e x t f o r d e t a i l s . F r o m R e f . [ 9 ] .

T h e S T M i m a g e s d o n o t r e p r e s e n t t h e s u r f a c e g e o m e t r y d i r e c t l y . F o r l o w v o l t a g e s t h e y c o r r e s p o n d t o s u r f a c e s o f c o n s t a n t d e n s i t y o f s t a t e s a t t h e F e r m i l e v e l F E [ 1 0 , 1 1 ] . I n p a r t i c u l a r f o r t h e i n v e s t i g a t i o n o f t h r e e - d i m e n s i o n a l m o r p h o l o g i e s , s u c h a s s u p p o r t e d c l u s t e r s , t h e t i p g e o m e t r y h a s a n i m p o r t a n t e f f e c t o n t h e S T M i m a g e . W h e r e a s t h e h e i g h t i s d e t e r m i n e d c o r r e c t l y i f a c o n s t a n t d e n s i t y o f s t a t e s i s a s s u m e d , t h e l a t e r a l d i a m e t e r i s s t r o n g l y o v e r e s t i m a t e d ( s e e F i g . 3 ) . N e v e r t h e l e s s , i n t h e c a s e o f f l a t f a c e t s o n t o p o f t h e c l u s t e r s t h e f a c e t s h a p e s a n d a r e a s c a n b e o b t a i n e d a c c u r a t e l y f r o m t h e S T M m e a s u r e m e n t s .

F i g . 3 . S c h e m a t i c r e p r e s e n t a t i o n o f t h e t i p m o v e m e n t a c r o s s a c l u s t e r ( b o t t o m ) . T h e r e s u l t i n g l i n e p r o f i l e i s s h o w n a t t h e t o p . I t d i r e c t l y p r o v i d e s i n f o r m a t i o n a b o u t t h e c l u s t e r h e i g h t h a n d t h e f a c e t d i a m e t e r W d , w h e r e a s t h e b a s e d i a m e t e r i s s t r o n g l y i n c r e a s e d b y t h e t i p .

T h e h i g h e l e c t r i c f i e l d s b e t w e e n t h e t i p a n d t h e s u r f a c e ( V / m1 0 1 0 » ) a n d n o n - i d e a l f e e d b a c k c h a r a c t e r i s t i c s l e a d t o l a t e r a l f o r c e s w h i c h c a n b e l a r g e e n o u g h t o d i s p l a c e m e t a l c l u s t e r s o n a g r a p h i t e s u r f a c e . I n o r d e r t o r e d u c e t h e s e f o r c e s l o w t u n n e l i n g c u r r e n t s o f a b o u t p A

1 0 0

. . . 1 0 = I a n d g a p v o l t a g e s i n t h e r a n g e o f V2»V w e r e u s e d w i t h i n t h i s w o r k .

T h e s e s e t t i n g s i n c r e a s e t h e t i p - s u r f a c e d i s t a n c e a n d r e d u c e t h e p r o b a b i l i t y o f t i p i n d u c e d

E X P E R I M E N T A L M E T H O D S 7

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

f a r a b o v e o r b e l o w t h e F e r m i l e v e l ( d e p e n d e n t o n t h e p o l a r i t y ) . F u r t h e r m o r e , t h e t i p -

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

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

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

a c t u a l m o r p h o l o g y . I n F i g . 4 t h e h e i g h t s o f t w o f a c e t e d A u c l u s t e r o n H O P G d e t e r m i n e d

b y S T M i s p l o t t e d v e r s u s t h e g a p v o l t a g e . A r o u g h l y l i n e a r d e c r e a s e i s v i s i b l e a n d t h e

r e l a t i v e h e i g h t c h a n g e i s s i m i l a r f o r b o t h c l u s t e r s ( F i g . 4 b ) . A b o v e V4»V t h e l i n e a r t r e n d

i s i n t e r r u p t e d ( n o t s h o w n ) d u e t o f i e l d e m i s s i o n r e s o n a n c e s o n t h e H O P G s u r f a c e [ 1 2 , 1 3 ] .

I f w e a s s u m e t h a t a t 0®V t h e a c t u a l g e o m e t r i c h e i g h t i s a p p r o a c h e d , t h e m e a s u r e d h e i g h t

l e a d s t o u n d e r e s t i m a t e d v a l u e s ( %1 0» ) f o r a t y p i c a l g a p v o l t a g e o f V2=V . T h i s e r r o r i s

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

a c c u r a c y o f g e o m e t r i c m o d e l s a p p l i e d f o r t h e c l u s t e r s ( s e e S e c . 5 . 1 a n d S e c . 7 . 2 ) . B u t i f

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

t o b e c o r r e c t e d a c c o r d i n g t o F i g . 4 .

0 1 2 3

0 . 8 0

0 . 8 5

0 . 9 0

0 . 9 5

1 . 0 0

c l u s t e r 1

c l u s t e r 2

Relative Cluster Height

G a p V o l t a g e [ V ]

0 1 2 3

2 . 0

2 . 2

2 . 4

2 . 6

2 . 8

3 . 0

c l u s t e r 1

c l u s t e r 2

Cluster Height [nm]

G a p V o l t a g e [ V ]

( a ) ( b )

F i g . 4 . ( a ) M e a s u r e d c l u s t e r h e i g h t s o f t w o i n d i v i d u a l A u c l u s t e r s f o r d i f f e r e n t g a p

v o l t a g e s . M o s t d a t a p o i n t s h a v e b e e n m e a s u r e d s e v e r a l t i m e s i n o r d e r t o c h e c k

t h e r e p r o d u c i b i l i t y .

( b ) T h e s a m e d a t a a s i n ( a ) , n o r m a l i z e d t o t h e r e s p e c t i v e l i n e a r l y e x t r a p o l a t e d

c l u s t e r h e i g h t s a t z e r o v o l t a g e .

EXPERIM ENTAL M ETHODS 11
contrast, the perpendicular com ponent ^k  is changed and for the reconstruction of the
entire three-dim ensional band structure )(kE
                                       �

                                          it has to be either m easured (e.g. by
triangulation experim ents) or approxim ated by reasonable m odels [15]. In tw o-dim ensional
system s, such as the Shockley surface state (see C hapter 3), the w ave vector com ponent

 ^k  is not defined and the tw o-dim ensional dispersion )( ||kE  describes the band structure
com pletely.

  In Table 1 the characteristic properties of the m ethods STS and U PS as used in this
w ork are com pared to each other. In particular the com bination of both techniques for the
sam e sam ple facilitates a com plete characterization of the spatially as w ell as the
m om entum  dependent electronic structure.

                 STS U PS
high energy resolution at low  tem peratures

       m eV

     10

   <

DE

                                       high energy resolution

                                              m eV

                                            20

                                          <

                                       DE
local sensitivity on an atom ic scale averages over som e m m 2 sam ple area
usually no k  resolution ||k  selectivity through choice of angle
spectroscopy of occupied and unoccupied
states
                                       only occupied states are accessible
lim ited energy range ( V 5±» ) energy range lim ited by photon energy
tip D O S m ay induce artifacts spectrum  reflects JD O S
only sensitive to the first atom ic layer detection depth nm 1»

   Table 1. C haracteristic Properties of STS and U PS, respectively.

3  S h o c k le y  S u rfa c e  S ta te s

  The experim ental m ethods described in C hapter 2 allow  to investigate the electronic
structure of m etal and sem iconductor surfaces. O ne of the m ost prom inent features of the
(111) surfaces of noble m etals is the Shockley surface state [16]. In the course of this w ork
it w ill play a key role for the interpretation of the experim ental results. Tw o sim ple m odels
are sum m arized in this section, w hich are sufficient to reproduce the experim entally
determ ined surface-state properties at least qualitatively. For a m ore detailed discussion the
reader is referred to, e.g., R efs. [16-19].
  W ithin a one-dim ensional m odel the crystal surface can be represented by a sem i-
infinite chain of ionic cores w ith the spacing a , screened by the conduction electrons [17].
The corresponding potential is approxim ated by its first Fourier com ponent (N early Free
Electron m odel, N FE):
                        )

                  cos(

               2

       )( 0 gz

                V

           V

      z

    V g+

          -=

w ith a

     g /2p

       =  being the reciprocal lattice vector and gV  defining the am plitude. The
surface state solution of the 1D  Schrödinger equation is plotted in Fig. 7 (dashed line). The
electron probability density exhibits a clear m axim um  near the surface w ith an
exponentially dam ped behavior in both directions.

   Fig. 7. Potential of a sem i-infinite atom ic chain as a m odel for a crystal surface (solid
           line). The w ave function of the associated surface state (dashed line) decays
           exponentially due to the band gap (left hand side) and the w ork function (right
           hand side). From  R ef. [17].

  The decay of the surface state into the bulk can be interpreted in term s of the projected
band gap: for the 1D  chain in Fig. 7 the electron band structure exhibits a gap of the w idth

SHOCKLEY SURFACE STATES 13

   gV2  w ithin the N FE m odel. The eigenenergy of the surface state is located w ithin this gap,
and it has to decay in the direction of the crystal since these states are forbidden in the
bulk. In the three-dim ensional case the band gap is form ed by the projection of the 3D
band structure onto the surface (see Fig. 8). The existence of this gap is essential for the
form ation of a Shockley surface state.

   Fig. 8. Projection of the three-dim ensional band structure onto the crystal surface.

           Shockley surface states can exists w ithin the gaps of the surface band

           structure. The dispersion of a possible surface state is indicated in the low er

           gap. From  R ef. [17].

  In particular for the description of so-called im age states a second m odel, the phase
accum ulation m odel, has been successfully applied [18,19]. B ound states occur if the
overall phase of the electron w ave function perpendicular to the surface satisfies the B ohr-
like quantization condition

                np2

          B

      C =
        F+

    F   w ith ,...2,1,0=n .

In this form ula CF  and BF  are the phase shifts for the reflection at the crystal and the
vacuum  barrier, respectively. The integer n  num bers the im age states consecutively, and
the surface state is identified by the special case 0=n . In Fig. 9 the potential schem e of
the phase accum ulation m odel is illustrated.

   Fig. 9. Schem atic representation of the phase accum ulation m odel. See text for
           details. From  R ef. [18].

B y calculating the energy-dependent phase shifts CF  and BF  w ith appropriate m odels the
energetic position of the surface state can be estim ated. U nfortunately the result is
sensitively dependent on the position 0z  of the surface plane. H ow ever, for a com parative
analysis of the surface state for different sam ple system s, as e.g. rare gas layers on m etal
surfaces [20], the position 0z  can be used as a fit param eter.

                                                  E0

                                                             EF

                                        DOS

                                                      Energy

                                 E0

                                     EF

       Energy

                      kl

   Fig. 10. Parabolic dispersion (left) and step-like density of states (right) for a free 2D
           electron gas.

  Parallel to the surface the electron propagation is not constrained, thus the surface state
can be treated as a tw o-dim ensional free electron gas. The corresponding dispersion and
the D O S are plotted in Fig. 10. In this parabolic approxim ation the surface state is fully
characterized by the energy onset 0E  and the effective m ass *m .

PREPARATION OF A U C LUSTERS ON G RAPHITE 15

4  P re p a ra tio n  o f A u  C lu s te rs  o n  G ra p h ite

  In the follow ing the preparation m ethod used for the cluster sam ples w ill be described.

The clusters are grow n by A u evaporation into preform ed nanom eter-sized pits on H ighly

O riented Pyrolytic G raphite (H O PG ) [21]. The H O PG  substrate assures a w eak cluster-
substrate coupling and can easily be cleaned in U H V  for low  adsorbate densities. D uring
the cluster grow th the pits serve as condensation centers and allow  a narrow  size
distribution, as w ell as stable im aging conditions in the STM .

  In a first step the H O PG  crystal is tape cleaved under am bient conditions and
subsequently introduced into the U H V  cham ber. A nnealing at a tem perature of 600 °C
leads to the desorption of the w ater film  and other adsorbates. A s the natural defect density
is too low  for the needed cluster density [21], about 2105×  surface defects per 2�m are
produced by A r sputtering at a kinetic energy of 100 eV  [22]. O utside the vacuum  the
defects are oxidized at C540°=T  to one m onolayer deep pits w ith a diam eter of a few
nanom eters. A n atm osphere consisting of 2 %  O 2 and 98 %  A r at am bient pressure is used
instead of air to increase the oxidation tim e to m in 200ox »t  for a better control. The
prestructured H O PG  substrates are subsequently reintroduced into the U H V  cham ber and
characterized by STM  im ages. This allow s an appropriate choice of the substrate for
further experim ents (e.g. high pit densities for U PS, w hereas for STM /STS low er densities
are feasible as w ell). Fig. 11 show s an overview  im age of a prestructured H O PG  sam ple.

The typical pit diam eter is about 10 nm , but also som e larger pits w ith irregular shapes are
visible, w hich are partly coalesced. This is supposed to originate from  catalytic etching
processes during the oxidation, induced by im purities on the H O PG  surface [23].

N evertheless, these large pits are not expected to change the grow th process significantly
because the nucleation starts at step edges rather than in the pit centers (cf. Sec. 7.2).

PREPARATION OF A U C LUSTERS ON G RAPHITE 16

   Fig. 11. N anopits (dark areas) on a H O PG  surface. Som e adsorbates are im aged as
           bright spots. Im age size: nm 300  nm 300 ´ .

  Prior to the m etal deposition the sam ples are again annealed at 600 °C  in the U H V  to
rem ove adsorbates w hich could serve as unw anted condensation centers. The gold
evaporation is carried out w ith a rate betw een s / M L 103 3-×  and s / M L 104.1 2-×  at a
sam ple tem perature of C503 °=T  using an electron beam  evaporator w ith flux m onitor
[24]. The elevated tem perature is chosen to assure a high m obility on the H O PG  surface,
w hich facilitates the form ation of nearly equilibrated cluster shapes. Significantly higher
sam ple tem peratures are avoided because they result in an extrem ely low  condensation
coefficient of the gold. A  sm all fraction of the evaporant is ionized by the electron beam  in
the evaporator and accelerated by the high voltage. In order to prevent the creation of
additional defects induced by these cations the sam ple is biased at an appropriate positive
voltage. In this w ay the cations are reflected above the sam ple and do not lead to
disturbance of the cluster grow th. B y choosing different A u fluxes and evaporation tim es it
is possible to vary the coverage over several orders of m agnitude and hence to control the
cluster size. The evaporator has been calibrated by adsorbing a sub-m onolayer am ount of
gold onto a A u(111) surface [25]. D epending on the sam ple tem perature (here C0°»T )
the surface exhibits islands w ith an appropriate diam eter in the range of som e nm 10  and a
height of one m onolayer. The evaporation rate can be deduced from  the total volum e of all
islands on a m easured STM  fram e. The cluster density is essentially predeterm ined by the
pit density. W e did not find any indication that the cluster grow th differs if w e divide the
evaporation into m ultiple steps. D etails of the grow th process and its kinetics are discussed
in C hapter 7.

5  C lu s te r M o rp h o lo g y

  Subsequent to the m etal evaporation the sam ples w ere investigated by STM  in the sam e

U H V  system . A s w ill be show n below , it is also possible to gain inform ation about the
cluster m orphology from  U PS m easurem ents. Som e sam ples, in particular w ith larger
clusters, w ere prepared for ex situ Transm ission Electron M icroscopy (TEM )
m easurem ents after com pleting the U H V  experim ents.

  In earlier studies A g clusters have been investigated using the sam e preparation and
analysis m ethods [21,22,26-29]. For these sam ples neither a preferential cluster shape, nor
a specific orientation w as found. U PS spectra w ere sim ilar to spectra of a polycrystalline

A g crystal and TEM  diffraction im ages exhibited nearly isotropic rings. A u clusters show  a
different behavior. O ur results indicate a transition of grow th m ode for clusters of about a
few  thousands of atom s. C onsequently, the description of the m orphology is divided into
tw o sections, i.e., ^sm all clusters~ w ith significantly less than 310  atom s and ^large
clusters~, consisting of at least a few  thousand atom s. The sections 5.1 and 5.2 give an
overview  of the experim ental data and the analysis using different geom etric m odels for
the cluster m orphology. In C hapter 7 the transition from  sm all to large clusters is discussed
in m ore detail in view  of the grow th process.

5 .1  S m a ll G o ld  C lu s te rs

  Fig. 12 show s the STM  im age of a A u cluster sam ple (sam ple A ) w ith an exposure of
about 0.1 m onolayers (M L). The clusters are predom inantly located at the pit edges, w hich
is clearly visible for larger pits. W hereas the cluster w idth d  is overestim ated due to the tip
shape, the height h  can correctly be determ ined w ithin a few  percent (cf. Sec. 2.1). The
statistical analysis of several m easured cluster heights reveals the average cluster height

 h  and the standard deviation hs . For the sam ple in Fig. 12 w e get nm 5.1=h  and

        nm 4.0=hs  based on about 300 different clusters.

C LUSTER M ORPHOLOGY 18

   Fig. 12. Pseudo 3D  im age of sm all A u clusters on a prestructured H O PG  surface w ith
           larger pits (sam ple A ). The alignm ent at the pit edges is clearly visible. Im age
           size: nm 150  nm 501 ´ .

  For an estim ation of the cluster volum e, at least the average w idth to height ratio
     h

 d  is required. For lager A u clusters it is possible to obtain d  from  TEM  im ages,
but the diam eter of the clusters discussed in this section is near the resolution lim it of the
TEM  used here. O ne possibility is to investigate larger clusters and to extrapolate hd
dow n to the sm aller cluster sizes. A s w ill be show n in the next sections, A u clusters change
their m orphology at a critical size w hich is still in the range of the TEM  resolution. Earlier
U PS and STM  results for A g clusters on graphite [26,28] indicate a nearly constant
m orphology for a broad range of cluster sizes, i.e., no preferential orientation or faceting.
For these clusters w e find 4.1»hd . In a first approxim ation w e assum e that for the
sm all clusters considered here the m orphology does not change significantly w ith the
cluster size, i.e., hdhd ii »  for each cluster. Tw o reasonable geom etric m odels for
the cluster shape, accounting for the fixed ratio hd , are show n in Fig. 13. The ellipsoid
m odel w ould be favored for non-w etting surfaces, i.e., w ith a m etal-substrate interface
energy com parable to sum  of the respective surface energies. W ith 4.1=hd  the truncated
sphere m odel provides a contact angle of °115 , w hich is in reasonable agreem ent w ith the
angle of °127  determ ined for �m  sized particles [30]. H ence, w e favor the truncated
sphere m odel for the follow ing discussion. The volum e then can be calculated using

    �

                             �
                             �

                     �

                     �
                     �

                          -

                 =

                            3
                            1

                       2
                       1

                )

              ( 3

            TS

                        h
                        d

                   h

               h

           V p . (3)

Insertion of 4.1=hd  results in 3

                              TS 15.1)( h
                                 h

                             V » . From  this result it is evident that the
relative uncertainty of the cluster volum e is three tim es larger than for the height.

A ssum ing that the cluster height can be determ ined w ith an accuracy about 10%  (see

Sec. 2.1), the error of the volum e w ill be 30 % . H ow ever, this is a system atic error w hich
results, e.g., in an im precise m ean cluster size. For the investigation of system atic trends by
com parison of different sam ples this error is not expected to play a m ajor role.

N evertheless w e have to keep in m ind that all absolute quantities deduced from  the cluster
volum e, such as the num ber of atom s per cluster N  or the condensation coefficient b , are
influenced by a large uncertainty.

                                       h

   Fig. 13. Tw o possible geom etric m odels for sm all A u clusters w ith given height h .

           Left: ellipsoidal cluster shape. R ight: truncated sphere m odel.

  From  the cluster volum e w e get the num ber of atom s taking the gold bulk fcc density of

             3

           nm

          /

    atom s

     9.

58 . Potential deviations from  this value are exceeded by the restricted
validity of the geom etric m odel and the accuracy of the height determ ination. Together
w ith the cluster density Cr  (i.e. num ber of clusters per area) deduced from  STM  or TEM
im ages, the gold coverage sampleG  on the sam ple and therefore the condensation coefficient

           evap

     sample/G
    G=
b  can be estim ated, w here evapG  is the A u exposure from  the evaporator.

C LUSTER M ORPHOLOGY 20

                                              0 500 1000

                                             0

                                            20

                                            40

                                            60

                                            80

                                           counts

                                                       num ber of atoms

        0 1 2 3 4

       0

       20

       40

       60

       80

      100

     counts

                   height [nm]

                                   (a) (b)

                                             0

       0

   Fig. 14. (a) H istogram  of m easured cluster heights of sam ple A . The G aussian fit
           (thick line) yields nm 49.1=h  and nm 42.0=hs .
           (b) D istribution of the num ber of atom s calculated for each cluster using
           Eq. 3. The calculated curve (thick line, see Eq. 5) clearly show s the
           asym m etric shape of the probability density.

  D ue to the broad height distribution the average volum e can not be deduced using the

average height, but the full distribution has to be considered. In addition, the asym m etric

shape of the resulting size distribution (Fig. 14b) leads to asym m etric errors w hich can be

estim ated using

                         )

                      (

                  )

          ( hN

            h

         N h
     N -

              +

       =+ s

    s  and )()( h
                                       N hN

                                             h

                                          N s

                                     s -

                                                -

                                        =-  (4)

   w ith  3
                            TS

                         -3 )(
                      nm 9.

                  58

               )

             ( hchV

              h

            N ×º

                          ×

                =  ; -3nm 8.67=c  .

A ssum ing a G aussian height distribution, the resulting distribution for N  transform s to

                                           ( )

                                           ( )
                                                       �

                                                       �

                                                       �

                                                       �
                                       �

                                       �

                                       �

                                       �
                                   ×
                               �
                               �

                               �
                            �
                            �

                            �
                  =

         =

                                -
                                                 2

                                                      2
                                                31

                                  32
                                                   h-

                                              c

                                            N
                                         2

                                         1
                                        -

                                    exp

                         1
                    6

                      2
              )

            (

        )

     (
                                                 h

                           h c

                             N
                        c

               dN

               dh
             h

           P

      N

    P
                                               s

                         s
                      p

                                                         . (5)

Inserting the param eters for the height distribution of sam ple A , w e get 120� »N  for the

m ost probable cluster size. D ue to the asym m etric shape (cf. Fig. 14b) the m ean value is

      280

    »

 N  and even clusters consisting of m ore than thousand atom s can be found w ith the

STM .

   Fig. 15. Pseudo 3D  im age of the sam e sam ple as in Fig. 12 after an additional

           evaporation step (sam ple B ). Im age size: nm 100  nm 001 ´ .

  A n increase of the A u coverage results in larger clusters, w hereas the num ber of clusters
essentially rem ains constant (cf. C hapter 7). A  STM  im age of sam ple A  after an additional

A u exposure of about 0.13 M L is show n in Fig. 15 (sam ple B ). In Table 2 the results of the
tw o sam ples A  and B  are sum m arized. N ote that the condensation coefficient carries a
large error because the system atic absolute uncertainty of 30 %  is directly transferred to
b .

                       Sam ple A  Sam ple B

           A u exposure: M L 10.0evap =G  M L 23.0evap =G

         C luster density:

                                            -2

                           C m )100
                               1800

                              ( m

                          r ±

                             =  -2

                                                      C m )100
                                                         1600

                                                         ( m

                                                    r ±

                                                       =

      height distribution: nm )4.05.1( ±=h  nm )4.01.2( ±=h

   num ber of atom s (TS):

                                      470

                                      200
                                  280+-

                                 =

                               N  400380700+-=N

     condensation coeff.: 32.0»b  35.0»b

   Table 2. Evaporated A u am ount and sam ple properties as m easured by STM  for

           sam ples A  and B  (cf. Fig. 12 and Fig. 15). The num ber of atom s per cluster

           w as estim ated using the truncated sphere (TS) m odel. The quoted errors are

           the standard deviations of the respective distributions.

C LUSTER M ORPHOLOGY 22

5 .2  L a rg e  G o ld  C lu s te rs

  A t high A u exposures of m ore than M L .50  w e observe regular cluster m orphologies
w ith flat, alm ost hexagonal facets on top. Fig. 16 show s a STM  im age of a cluster sam ple
after evaporation of M L .90 gold (sam ple C ). The actual A u coverage on the sam ple is
significantly low er due to the low  condensation coefficient 1<b (see below ).

                                             0 5 10 15 20

                                         0.0

                                         0.5

                                         1.0

                                         1.5

                                         2.0

                                         2.5

                                         3.0

                                       z [nm]

                                                     x [nm]
   Fig. 16. Left: STM  im age of large, faceted A u clusters on H O PG  (sam ple C ). Im age
           size: nm 50  nm 50 ´ . R ight: Line profile through a cluster as m arked on the
           left side.

                          0 1 2 3 4 5

                         0

                        10

                        20

                        30

                        40

                        50

                       counts

                                     height [nm ]
   Fig. 17. H eight distribution deduced from  about 130 different A u clusters of sam ple C .

  In the STM  im age as w ell as in the line scans the flat facets can clearly be identified
(Fig. 16). From  several m easured im ages w e get an average cluster height nm 4.2=h
w ith a standard deviation of nm 4.0=hs . In Fig. 17 the height distribution of sam ple C  is

displayed. A nother interesting statistical quantity is the cluster density Cr , i.e., the num ber
of clusters per area. For the clusters discussed in this section Cr  is difficult to determ ine
by m eans of STM  because the probability of tip induced cluster displacem ent grow s
strongly w ith increasing cluster size, leading to underestim ated values for Cr . This
experim ental difficulty is im portant in particular for larger im age sizes, w hich w ould be
necessary for a statistically accurate analysis. O n the other hand also the com bination of
m any sm aller topographic m easurem ents is not suited for this analysis due to the
unavoidable arbitrary choice of the im age location: areas w ith hardly any clusters are
preferentially not im aged and thus do not contribute to the statistics. To overcom e these
problem s, w e have applied ex situ TEM  for som e of the cluster sam ples after com pleting
the U H V  experim ents. The m easurem ents w ere done in cooperation w ith D r. Frank

K atzenberg (Fachbereich Bio- und C hem ieingenieurwesen, U niversity of D ortm und).

From  the TEM  im age for sam ple C  (Fig. 18) w e deduce a cluster density of

                 -2

  C �m )70
     1390

     ( ±

   =
r . The error results from  the finite num ber of cluster counts.

   Fig. 18. TEM  im age of sam ple C  (cf. Fig. 16). The A u clusters are visible as dark

           spots on the bright background of the H O PG  substrate. Im age size:

                      nm

                   540

               nm

           540 ´ .

peak at eV 4-»E  and the peak at eV 6-»E  is different for the A u clusters than for the
bulk surface. This m ay be partly related to the energy dependent escape length of the
photoelectrons (see Sec. 7.3.1). For very large clusters the ratio approaches the bulk value

(cf. Fig. 47).

  Though the overall cluster shape is strongly m odified by the tip geom etry (cf. Sec. 2.1),
the facet shape and its area can be determ ined correctly from  the im ages. The facet shapes
could be classified into four different types w hich are show n in Fig. 21. Type I and II
display a sym m etry w hich is in accordance w ith the expected shapes for a sm all fcc
crystallite w hile type III and IV  cannot be identified w ith a corresponding equilibrium
m orphology [25]. This points to cluster coalescence during the grow th process.

                              I II

                              III IV

   Fig. 21. The four different facet types observed for large A u clusters on H O PG . See

           text for details.

  W e have m easured the cluster height as w ell as the facet area W  for m ore than 100
clusters on sam ple C . In Fig. 22 the corresponding diam eter p/2 W=Wd  of a circle w ith
the sam e area W  is plotted versus the cluster height. It is rem arkable that w e could not find
any faceted clusters below  a cluster height of about 1 nm . W e em phasize that despite the
faceting the cluster m orphology is still three-dim ensional. This becom es evident by the
com bination of STM  and TEM  of the sam e sam ple. The average lateral cluster diam eter
from  the TEM  data is nm 1.5=d . Together w ith the STM  results for the heights w e
obtain 3...2

         / =h

       d , in contrast to other, m ore tw o-dim ensional system s like A g/A g(111)

( 40

    / »h

  d ) [32] or Pd/A l2O 3 ( 5/ »hd ) [33].

   Fig. 22. Facet diam eter Wd  versus cluster height h  of 104 faceted A u clusters on
           sam ple C , determ ined by m eans of STM . The open circles indicate clusters
           w ith facets of type III or IV  (cf. Fig. 21). Their large facet area and
           asym m etric facet shape can be explained by coalescence processes. The
           straight line )(min Wdh  gives a low er lim it for the observed cluster heights in
           dependence on the facet diam eter. The crosses indicate clusters grow n in pits
           w ith a depth of m ore than 1 M L, therefore their height, m easured w ith respect
           to the surface, is underestim ated.

  To obtain a m ore com plete view  of the three-dim ensional cluster m orphology w e

additionally used geom etric m odels. K now ing the (111) orientation of the top facets, a

reasonable m odel for the large gold clusters is a truncated octahedron [25], w hich

corresponds to the closed-packed fcc lattice. The volum e of a truncated octahedron w ith

given height h  and facet area W  (Fig. 23) evaluates to

                                W

                             +

                           W

                       ×

                 +

              ×

       = h

                        h

              h

    VTO 2

                3 987.0
          217

          .0 . (6)

   Fig. 23. Truncated octahedron m odel for the m orphology of faceted A u clusters.

  In m any cases the facet shape of the m easured clusters deviates from  the perfect
hexagon (cf. Fig. 16). N evertheless, the calculated cluster volum e is exact w ithin a few
percent, w hich has been checked by calculating the volum e of an asym m etric ^octahedron~
correctly for the clusters w ith m ost asym m etric facets [25].

  A lternatively, the facet can be approxim ated by a circle, leading to a truncated cone for
the cluster m orphology [34]. The apex angle is chosen to be 60°, w hich is a reasonable
approxim ation for the (111) and (100) side facet angles of 70.5° and 54.7°, respectively.

The cluster volum e is then

                                W

                             +

                           W

                       ×

                 +

              ×

       = h

                        h

              h

    VTC 2
                3 023.1

          349

          .0 , (7)

  w hich differs only a few  percent from  the octahedron volum e for our sam ples. W ith
these geom etric m odels w e can evaluate the num ber of atom s for each cluster solely using

STM  data. A s a consequence, the entire deposited A u am ount G  and therefore the
condensation coefficient b  can be estim ated by sum m ing up the volum e of all clusters in a
certain sam ple area. A  sum m ary of the distribution of m easured facet areas and cluster
sizes for sam ple C  is given in Table 3. The discussion w ill be continued using U PS data
and introducing a grow th m odel in C hapter 7.

                                  Sam ple C

                         (A u exposure: M L 92.0

                                       evap =
                                     G )

                      height distribution:  nm )6.04.2( ±=h

                            facet areas:

                                                     2

                                                  nm )

                                               18

                                            23( ±

                                         =

                                       W
num ber of atom s (TO ): 3850

                         5450 ±

                       =

                     N  num ber of atom s (TC ): 39305650 ±=N

    cond. coeff. (TO ): 47.0»b  cond. coeff. (TC ): 49.0»b

   Table 3. Som e statistically determ ined data of the cluster sam ple show n in Fig. 16.

           The given errors are deduced from  the w idth of the respective distributions. It

           is evident that the differences of the results betw een the truncated octahedron

           (TO ) m odel and the truncated cone (TC ) m odel are negligible.

6  E le c tro n ic  S tru c tu re

  A s dem onstrated in C hapter 5 the cluster m orphology changes from  sm aller clusters
w ith m ore undefined shapes tow ards larger, faceted clusters w ith w ell defined crystal
orientation. The electronic structure is expected to be significantly influenced by the
m orphology. H ence, for a correct interpretation of the experim ental spectra the know ledge
of geom etric details w ill be crucial. In particular for large, faceted A u clusters on graphite
this precondition is w ell fulfilled and a description in view  of bulk properties is expected to
be appropriate. The situation becom es m ore com plex for sm aller clusters, for w hich the
concept of w ell defined crystal structures and surfaces breaks dow n.
  H ere w e give an overview  of the experim ental results and the analysis on a level as
published in R efs. [34,35]. In C hapter 9 the discussion w ill be refined, joining the results
of the different experim ental techniques.

6 .1  L a rg e  C lu s te rs

  The occurrence of (111) top facets justifies the treatm ent of the clusters as sm all single
crystallites. In this view  the electronic structure is described by the bulk lattice, w ith
additional consideration of the reduced size. H ow ever, it is not clear a priori that the
properties of a A u crystal are reflected quantitatively by clusters w ith dim ensions of about
          atom s

        25

    25

25´

   ´  or low er. B esides the geom etry also the cluster-surface interaction is
expected to exert an influence on the electronic system . D ue to the w eak coupling betw een
A u and the H O PG  surface this effect is neglected in a first step.
  Tw o overview  im ages of the cluster sam ple discussed exem plarily in this section
(sam ple D ) are given in Fig. 24: the TEM  im age visualizes the lateral arrangem ent of the
clusters and the STM  topograph reveals their m orphology in m ore detail. In Fig. 24b the
form ation of nearly hexagonal top facets is evident, as discussed in Sec. 5.2. The m ean
cluster height for this sam ple is nm9.2=h  and typical facet areas are about
          2
       nm

    40

  »

W . The A u exposure w as about M L 3.1evap =G , but the uncertainty is rather high
com pared to the other sam ples of this w ork because the evaporator calibration w as done
for different evaporator param eters. The U PS analysis in Sec. 7.3.3 suggests a larger
exposure around M L 8.1evap »G .

   Fig. 24. (a) TEM  im age ( nm 540  nm 540 ´ ) of sam ple D .

           (b) 3D  display of a STM  im age ( nm 100  nm 100 ´ ) for the sam e sam ple. N ote

           the regularly shaped top facets on the larger clusters.

  6.1.1 S can n in g  T u n n elin g  S p ectro sco p y

  First w e focus on a cluster w ith a height of nm9.3=h  and a facet area of 2nm37=W

(Fig. 25). It exhibits a facet shape corresponding to type II of Fig. 21 and the truncated
octahedron m odel results in a cluster size of atom s 105.1 4´=N .

   Fig. 25. 3D  STM  im age ( nm 40  nm 40 ´ ) of a faceted A u cluster on sam ple D . The

           cluster height is nm9.3=h and the facet area 2nm37=W . The 2D  facet

           silhouette is show n in the inset of Fig. 26.

  The flat facets facilitate very stable tunneling conditions on top of the clusters. In

Fig. 26 w e present dVdI/  data taken on the top facet. W e com pare spectra m easured in
the center of the cluster facet and spectra averaged over the com plete area of the facet. For
selected voltages w e present dVdI/  m aps, w hich show  pronounced patterns w ith nodes

ELECTRONIC STRUCTURE 31

and antinodes, arranged in the approxim ately hexagonal shape of the facet. B right (dark)

spots in the m iddle of the dVdI/  m aps correspond to a higher (low er) dVdI/  signal for

the spectra taken at the center of the facet as com pared to spectra averaged over the w hole

facet.

                         -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

                      0.0

                      0.1

                      0.2

                      0.3

                      0.4

                      0.5

                                      Voltage [V]

                                                Center
                                                Average

                     dI/dV [nA/V]

   Fig. 26. STS data m easured on the (111) top facet of the cluster show n in Fig. 25.
           Top: dV
                dI/  spectra m easured in the center of the facet (full dots) and
           averaged over the total facet area (open dots), respectively. The facet shape is
           show n in the inset ( nm 10  nm 10 ´ ).
           B ottom : dV
                   dI/  m aps ( nm 4.5  nm 4.5 ´ ) for five different voltages
           corresponding to the energy positions in Table 4.

  In Fig. 27 the com plete data set consisting of 100 dVdI/  m aps is displayed. The

num ber of nodes and antinodes increases w ith increasing voltage and even for the largest

voltages nodal patterns are observable.

Fig. 27. A ll 100 dVdI/  m aps m easured on the facet of the cluster in Fig. 25 for the

       voltage range V 1.1 ... V 6.0-=V  in steps of m V 17 . The m odes show n in

       Fig. 26 are m arked w ith a black border. A ll m aps are norm alized to equal

       signal am plitude. In order to suppress noise in the im ages betw een these

       m odes (w here the signal is w eak, cf. the anim ation in R ef. [35]), the im ages

       are slightly blurred using a G aussian convolution.

ELECTRONIC STRUCTURE 33

  In Fig. 28a w e show  another cluster w ith a height of nm5.2=h and a facet area of
         2
       nm

    47

  =

W , w hich results in a cluster size of 4101´=N  atom s. In the corresponding
    dV
dI/  m aps (Fig. 28b) again nodal patterns are visible, although the signal-to-noise ratio
is low er com pared to the m aps of Fig. 26. A s before, the energy positions of the m aps
correspond to m axim a and m inim a in the center of the m easured dVdI/  spectra for this
cluster.

                       (b)

                       (a)

   Fig. 28. (a) STM  im age of a second A u cluster on H O PG  ( nm 10  nm 10 ´ ). C luster
           height: nm5.2=h . Facet area: 2nm47=W .
           (b) STS m aps ( nm 5  nm 5 ´ ) analogous to Fig. 26. See Table 4 for the
           corresponding energetic positions.

  The dV
       dI/  m aps on the tw o cluster facets rem ind of sim ilar patterns w hich w ere
m easured for a tw o dim ensional confinem ent of the surface state on a A g(111) surface
inside the hexagonal step edges of sm all 1 M L A g islands grow n on the surface [32,36].
For the silver islands the state w ith low est energy m eV521 -=E  w ithout nodes inside the
hexagon is close to the onset of the parabolic dispersion of the A g(111) surface state at
         m eV

      67
  0 -=

E . In our data the low est energy states w ith m eV4551 -=aE  (Fig. 26)
respective m eV

                530
           1 -=

            bE  (Fig. 28) are close to the corresponding energy for the

A u(111) surface w hich w as m easured to m eV4870 -=E  w ith U PS [37]. B ut w e w ant to
stress the m ain difference to previous experim ents for m etal on m etal system s, e.g., in
R ef. [36], w here the surface state exists in the A g(111) surface, extending about 12 M L
into the bulk [38], and the hexagonal 1 M L islands produce standing w ave patterns due to

scattering at the step edges [39-41]. In our experim ents the Shockley surface state does not
exist in the H O PG  substrate but only w ithin the clusters of about 410  atom s. This points to
an electronic structure of the clusters w hich is already very close to the bulk, including
details like the occurrence of a gap in the surface projected band structure. D ue to the sm all
facets the level distance is increased com pared to the A g islands of R ef. [36] and thus m ost
of the states are resolvable w ith STS w ithout a significant m ixing.

  In Fig. 29 w e show  an averaged dVdI/  spectrum  m easured on the cluster of Fig. 26
w ith 4105.1´

       =

     N  atom s for V4.14.1 +-= �

                         V . B ecause m easurem ents w ith V5.0>V
induced the danger of tip changes, w e m easured only single dVdI/  spectra and no

    dV
dI/  m aps for this extended energy range. In addition to the peaks already visible in

Fig. 26 one can observe a strong step like structure at about eV5.0- w hich is typical for a
tw o dim ensional Shockley surface state as described in C hapter 3 (see Fig. 10), and its
energy is close to the corresponding step for a A u(111) surface. Sim ilar spectra w ere
obtained for the cluster of Fig. 28 w ith 4101´=N  atom s, but not on other, generally
sm aller clusters w ithout such a pronounced nodal pattern on the facet (see below ).

                           -1.0 -0.5 0.0 0.5 1.0

                      dI/dV [arb. units]

                                    Voltage [V]

   Fig. 29. A verage over 14 single dVdI/  spectra on different positions spread over the

           (111) facet for the sam e cluster as in Fig. 26 ( atom s 105.1 4´=N ). STS

           m easured for an extended energy range.

  W e can describe the experim ental data quantitatively using the m odel of R ef. [36],
describing the tw o dim ensional confinem ent of Shockley surface states, if w e allow  for a
cluster size dependent energy shift of the surface state dispersion (cf. Table 4). The m odel
of R ef. [36] gives

                             )

                         /

                      (

                    )

                 /

              ( *

           0 mm
          E

    E e

                n

     calc

     n ×W
             +

        = l  (8)

ELECTRONIC STRUCTURE 35

w ith the values of nl  for a hexagonal confinem ent. For *m  w e use the effective m ass

          em
m 26.0

  *=  of the A u(111) surface state (cf. Sec. 6.1.2). A s the only free param eter w e

adjust the surface state onsets m eV5280 -=aE  and m eV5880 -=bE  for the tw o clusters
of Fig. 30 so that the energies baE ,1  are identical in experim ent and theory, respectively. W e
obtain an excellent agreem ent for the energies corresponding to the peaks in the dVdI/
spectra and for the m easured dVdI/  m aps w ith the calculated state densities show n in
R ef. [36]. In Table 4 the calculated and m easured energy levels are sum m arized. The
respective theoretical and experim ental standing w ave patterns are displayed in Fig. 30.
The energy axis is scaled in such a w ay that it is independent of the facet area W . The
different m odes are consecutively num bered w ith regard to their energies nE  w ith 1³n .

        n  ]nm

              [eV 2
             nl  [m eV ]

                         ,calc

                         a
                        nE  [m eV ]

                                       anE  [m eV ]

                                                 ,calc

                                                b
                                                nE  [m eV ]

                                                               bnE
         1 0.7085 (-455) -455 (-530) -530
         2 1.795 -342 -336 -441 -420
         3 3.213 -195 - -325 -
         4 3.712 -143 -148 -284 -270
         5 4.716 -38 - -202 -
         6 5.211 13 - -161 -
         7 5.951 90 92 -101 -105
         8 6.945 193 - -20 -
         9 8.666 372 - 121 -
        10 8.918 398 382 142 -

   Table 4. M easured energy positions banE , for the tw o clusters (a) (cf. Fig. 25) and (b)
           (cf. Fig. 28) and theoretical energy levels calcbanE ,,  for a 2D  confined electron
           gas in a hexagonal facet using the theory and prefactors nl  from  R ef. [36].
           W e estim ate the error of the experim ental energies to m eV 15± . The
           accuracy of the theoretical values is determ ined by the error of % 5±  for the
           facet area. M odes w hich could not be observed in STS are printed gray.

   Fig. 30. Left colum n (^hexagon~): energies for the different quantized m odes

           (num bered w ith 13...1=n ) of a tw o-dim ensional electron gas confined to a

           hexagonal box calculated using the theory from  R ef. [36]. For those m odes

           w hich are clearly visible in the experim ent w e display in addition the

           corresponding calculated state densities as given in R ef. [36]. M iddle colum n

           (^experim ent̃ ): M easured energies and dVdI/  m aps for the tw o clusters of

           Fig. 26 and Fig. 28. R ight colum n (^circle~): energies for the m odes w ith

              0=l  and 1=l  of a tw o-dim ensional electron gas confined to a circular box

           [42]. The vertical axis is scaled in a w ay that it is independent of the

           respective facet area W .

  In addition the m odes are com pared to the eigenstates inside a 2D  circular box of radius
r. The w avefunction is given by fr

                                    f

                                  r

                             y il

                                             lm

                                         l

                                lm e
                                           k

                                        J )

                                          (

                                     )

                                   ,

                                 ( ,

                                , μ  w ith the B essel function lJ
and the w avenum ber rzk lmlm /,, = . W ith given radius r the m th zero crossing lmz ,

                                                                           of
the lth order B essel function defines the energy )2/( *2,2, mkE lmlm �=  [42]. This gives

                            )

                      (/

                )2/

          ( *

                   2

                    ,

            2

       0

   , m
                  z

      E

E lm

   lm ×W
                 ×

        +

    = p�  for the energies of the different m odes. A s it can be

ELECTRONIC STRUCTURE 37

seen in Fig. 30 the energy positions of the m odes w hich w ere clearly observed in the
experim ent (cf. Fig. 26, Fig. 27 and Fig. 28) correspond nicely to the m odes w ith angular
m om entum  1,0=l ; and the corresponding calculated energy positions in the hexagonal
confinem ent differ only by a sm all am ount. C onsequently the energy difference betw een
the surface state onset and the low est energy m ode, scaled w ith the facet area, i.e.,
         W×

    - )

( 0
  1 E

 E  is also nearly identical for the hexagon confinem ent ( 2nmeV725.2 ) and the
circular confinem ent ( 2nmeV662.2 ).
  In order to fit the absolute energetic position of the first center antinode m ode 1E , the
m inim um  of the parabolic dispersion of the surface state at 0E  has to be shifted to low er
energies com pared to the onset of the surface state band on a m acroscopic gold surface
( m eV

         487

   bulk
  0 -=

 E ) [37]. This can be related to the shift of the surface state to low er
energy for thin m etal film s due to the interaction w ith the substrate w ithin the decay length
of the surface state [43] or w ith possible shifts due to film  strain [44]. The influence of a
field induced Stark shift [45,46] is sm all here because of the large tunneling resistance of
about W

        »

         1010

      R . W e use the tw o fix points for )(0 hE  given above together w ith the
lim iting value m eV

                     487

                 )

               (0 -=

               ¥

            E  to set up a param eterization of )(0 hE  as used in [43].
This results in the form ula
                                              )

                                           nm

                                       581

                                       .1/

                              exp(

                         m eV

                      491

                m eV

            487

        )

      (0 h

       h

    E -×

                    -

           -= . (9)
  Together w ith the m odel for the confinem ent of the tw o dim ensional electron gas to a
hexagonal box from  R ef. [36] w e can now  calculate predicted energy positions for all
different clusters. The cluster height determ ines the surface state onset, w hile the scaling
for the peak positions is given by the facet area. To test this, w e show  in Fig. 31 m easured
STS curves for six different faceted gold clusters. W e have indicated the energy positions
predicted for the states w ith 1=n  , 4=n  (and 2=n ) in Fig. 31 w ith solid (and dashed)
lines, respectively. For the three largest clusters alm ost all of the m odes can be identified in
the dV
    dI/  spectra. The m ode at m eV441-  for the 3109.9 ´=N  cluster is visible as a
shoulder, how ever it can be clearly identified in the corresponding dVdI/  m aps (cf.
Fig. 30). The m ode at m eV9-  for the 4101.1 ´=N  cluster is suppressed by a dip at the
Ferm i energy (see below ).

   Fig. 31. STS data m easured at T = 5 K  for six individual gold clusters. The height h ,

           the top facet area W  and the num ber of atom s N  according to the truncated

           cone m odel are given for each cluster. In addition the shape of the facet is

           indicated w ith STM  im ages (except for the sm allest cluster, for w hich the

           facet area w as estim ated using the topographic im age m easured

           sim ultaneously w ith the dVdI/  data). A gain tw o spectra are displayed for

           each cluster: one m easured in the center of the facet and one averaged over

           the w hole facet area. The typical averaging area w ith respect to the hexagonal

           facet is indicated in the upper left corner (hatched region). The vertical solid

           (dashed) lines indicate the energy positions predicted for the states w ith

                4 ,1=n  ( 2=n ) for the m odel of a hexagonal box discussed in the context of

           Fig. 30.

  The agreem ent for the three sm allest clusters is m uch w orse. For the clusters w ith

           3

        10

      2.7´

   =

N  and 3102.5 ´=N  one can observe a peak near the energy predicted for the

  2E  m ode, but the peaks for 1E  are not visible, and no agreem ent at all is obtained for the
cluster w ith 3100.4´

             =

           N .

  For all m easured clusters in Fig. 31 w e observe a m inim um  in the dVdI/  curves w hich
is located at 0=V , i.e. at the Ferm i energy. It can be excluded that this feature is caused
by an artifact w ithin the lock-in detection because w e see it identically in the )(VI  curves
after num erical differentiation, albeit w ith a sm aller signal-to-noise ratio. O ne w ould not
expect the Ferm i energy to be special, neither for surface nor for volum e states, if the

  6.1.2 P h o to electro n  S p ectro sco p y

  W ith U PS it is not possible to address single clusters as w ith STS, but given the typical
focal area of the analyzer ( 27 m 10 m ) and a cluster density of -23C m 10 mr »  w e alw ays
average over about 1010  clusters for our sam ples. So different from  scanning tunneling
experim ents, w here the size distribution allow s to gather inform ation about a broader range
of cluster sizes and m orphologies w ith a single sam ple preparation, in the case of U PS
different cluster sizes lead to a loss of inform ation, m ainly due to inhom ogeneous
broadening.

  The d-band spectra of large, faceted A u clusters (Fig. 20) are already very close to the
bulk A u(111) spectra. This indicates that the bulk like treatm ent of these clusters is
justified. A bove a critical cluster size the d-band structure does not change significantly,
hence the size distribution does not lead to noticeable spectral broadening. N evertheless,
other influences on the U PS curves as, e.g., the dynam ic final state effect (cf. C hapter 8)
have to be considered, w hich also m ay include a size dependence.

  The Shockley surface state on the cluster facets described in the previous section should
also be visible in U PS spectra near the Ferm i edge. A ngular resolved spectra for a A u(111)
film  on m ica (thickness nm 102» ) w ith an angular resolution of �1±  are show n in Fig. 34.

In norm al em ission, i.e., at the G  point of the surface B rillouin zone, the surface state peak
is located about 430 m eV  below  the Ferm i level. W ith increasing em ission angle it shifts
tow ards higher energies until it crosses the Ferm i level and becom es unoccupied. The
parabolic shift reflects the free electron like nature of the surface state. W e perform ed a
detailed analysis, taking into account the finite angular and energetic resolution of the
setup [20]. The sem i-analytical m odel and data processing steps are sum m arized in

A ppendix 11.1. The fit of the m odel to the experim ental data reveals the surface state onset

                m eV

                )5

        445

      (

  0 ±
       -

     =
  bulk

E and the effective m ass 25.0/* »emm . A R U PS m easurem ents of a

A u(111) single crystal w ith extrem ely high resolution ( FW H M m eV 5.3»DE ;

         °

   » 15.0

  as ) result in m eV 487

                    0 -=

                     bulk

                   E  and 26.0/* =emm  [37]. The discrepancy of the
onset energies is probably caused by residual stress of the A u film  of m ica, form ing �m
sized crystallites w ith large cloughs in betw een [20]. M ore recently, a value of

                m eV

                )2

        479

      (

  0 ±
       -

     =
  bulk

E  has been reported [47], w hich reduces the discrepancy to

    m eV

  30

» . The splitting of the surface state due to the spin-orbit interaction reported in

R ef. [37] is only visible for angular resolutions significantly better than �1± .

                    -0,6 -0,4 -0,2 0,0 0,2

              Intensity [arb. units]

                                    E nergy [eV ]

   Fig. 34. A ngle resolved photoelectron spectra (dotted curves) of a A u(111) film
           (thickness nm 102» ) grow n on m ica after background subtraction (see
           A ppendix 11.1 for details). The em ission angle is varied from  about °- 5
           (bottom ) to °+ 6  (top) in steps of °1 . The curves are shifted vertically for
           clarity. The sam ple tem perature w as K 50=T  and the photon energy
                    eV 2.

                21

              =

            w� . The blue solid lines represent the fit for a parabolic dispersion
           including a m odel for the finite experim ental angular and energetic resolution
           (cf. A ppendix 11.1). The agreem ent betw een experim ent and calculation is
           nearly perfect. The calculated spectrum  closest to norm al em ission is plotted
           w ith a thick line.

  The spectra in Fig. 35 w ere m easured for the cluster sam ple discussed in Sec. 6.1.1.
They also show , on top of the Ferm i level onset an extra peak at an energy of about

     eV

   5.0-  for norm al electron em ission, i.e., 0||=k , w hich disappears for angles �3±  off

norm al em ission. In addition a significant broadening occurs, together w ith an asym m etric
behavior w ith regard to the em ission angle. These effects are discussed in m ore detail in

C hapter 9. The peak position in norm al em ission is sim ilar to the bulk A u(111) surface,

except for a shift of about eV1.0  to low er energies for the cluster sam ple. A s

dem onstrated in Sec. 6.1.1, the surface-state onset is shifted to low er energies for sm aller
cluster heights.

                       -0.8 -0.6 -0.4 -0.2 0.0 0.2

                                     Energy [eV]

                       Intensity [arb. units]

                                  Q = -3°

                                        Q = +3°

   Fig. 35. A ngle resolved photoelectron spectra of cluster sam ple D , m easured at

                 K

               50

             =

           T . The em ission angle w as increased in steps of °1  from  about °- 3

           to °3 . Instead of the continuous dispersion of the surface state (cf. Fig. 34), its

           peak intensity essentially gets broader and vanishes at higher em ission angles.

           The shape of the Ferm i edge is characteristic for A u clusters on graphite. It is

           discussed in detail in C hapter 8.

  The broad structure in the U PS spectra of Fig. 35 is supposed to be given by the average
over the first confined state 1E  for different clusters. The disappearance of the peak
structure for off-norm al em ission can be explained as a rem nant of the tw o dim ensional
dispersion for a surface state. Sim ilar effects occur at vicinal A g(111) [48] and A u(111)

[49] surfaces for the direction perpendicular to the steps. For nE  w ith 1>n  corresponding
peak structures are not visible in Fig. 35 due to the averaging over a broad range of facet
sizes and cluster heights and additional effects in the photoem ission process. These
influences are discussed in detail in C hapter 9. D ue to the broad features and the w eak
dispersion of the cluster spectra the finite angular resolution of the analyzer (cf.

A ppendix 11.1) does not result in a significant effect on the line shapes.

6 .2  S m a ll C lu s te rs

  The topographic im aging of sm aller, non faceted clusters is in general easier than for the
large clusters discussed in the last section. The probability for tip induced cluster
displacem ent is significantly reduced, allow ing larger im age sizes and therefore m ore
efficient m easurem ents. H ow ever, for scanning tunneling spectroscopy on single clusters
the situation is different. W hile the flat top facets of large clusters enable stable tunneling
conditions for several hours, in absence of a facet residual lateral forces are hardly
avoidable. In particular during the spectroscopy process this can lead to a displacem ent of
the cluster. For this reason it is crucial to locate the tip exactly on top of the cluster center,
i.e. the highest position in the topograph (cf. Sec. 2.1). U nfortunately this is a challenging
task due to drifts induced therm ally or by the STM  piezo crystals [50]. Fig. 36 illustrates
the typical experim ental procedure w e used for STS m easurem ents on sm all A u clusters on
H O PG .

   Fig. 36. Laboratory w ork sheet illustrating the experim ental procedure for STS on top
           of single A u clusters on H O PG  (sam ple A ). Starting from  the overview  im age
           (sam e as Fig. 12) w e zoom ed into sm aller fram es (squares). C rosses m ark
           clusters w hich w ere rem oved from  their sites during spectroscopy.
           Successfully m easured clusters are indicated by full circles and check m arks
           (here 15 clusters). Im age size: nm 150  nm 150 ´ .

  Earlier STS studies for silver clusters on H O PG  exhibited prom inent structures in the
    dV
dI/  curves [29]. A lthough a tendency to low er peak distances for larger clusters is

observable, a system atic size dependence of the peak positions is not evident from  these
data. In the corresponding study of sm all gold clusters presented here w e focused on
system atic trends in a large num ber of m easurem ents perform ed on individual clusters.

  In Fig. 37 the averaged dVdI/  curves for 61 different clusters are sum m arized. They
are arranged by the cluster height and norm alized to the sam e am plitude. For each A u
cluster w e took about 10 dVdI/  curves and only if they w ere identical w ithin the signal-
to-noise ratio they w ere accepted and averaged. A t first glance the richly structured spectra
seem  to show  hardly any system atic behavior. H ow ever, for certain height ranges the
curves exhibit striking sim ilarities or system atic trends (thick curves). The red curves
indicated w ith ^m 24~ and ^m 34~ illustrate the reproducibility of the spectra. The sam e
cluster ( nm 6.1=h ) w as m easured tw ice, som e hours apart, w ith several tip preparation
steps in betw een. The spectra ^m 24~ and ^m 34~ belong to the clusters m arked in the low er
left corner of Fig. 36. The tw o dVdI/  curves are nearly identical, except for the sharp
peak around ˘1 V  w hich has shifted to low er energies. This fits w ell into a m ore general
observation: w e could distinguish betw een tw o different types of structures. O n the one
hand w e observe quite sharp peaks, w hich are dependent on the actual tip condition as w ell
as on the exact lateral position on top of the cluster. The position dependent shifts are
typically of the order of a few  10 m eV . The other, m ostly broader structures seem  to
represent m ore intrinsic properties of the cluster/surface system .

ELECTRONIC STRUCTURE 46

       -1 0 1 -1 0 1 -1 0 1

   dI / dV [arb. units]

         V oltage [V ]

                                                                         1.67

                                                                         1.70

                                                                         2.00

                                                                         2.64

                                                                         1.64

                                                1.46

                                                1.44

                                                1.50

                                                1.42

                                                1.63

                                                1.38

                                                                         height
                                                                         [nm ]

                                                height
                                                [nm ]

                       1.30

                       1.10

                       1.04

                       0.80

                       1.37

                                 V oltage [V ]

                       0.62

                                                          V oltage [V ]

                       height
                        [nm ]

                                     m24
                                     m34

   Fig. 37. A veraged dVdI/  curves of 61 different sm all, non faceted A u clusters on
           H O PG . The spectra have been taken in arbitrary order and then arranged in
           the plot by the corresponding cluster height. H ence the cluster heights are not
           equidistant. System atic trends are indicated by thick green lines. The red
           spectra m arked w ith ^m 24~ and ^m 34~ are m easured on the sam e cluster (see
           text).

  The theoretical description of the observed structures is extrem ely difficult. W e expect

three m ain effects w hich could in principle contribute to the dVdI/  curves. First, in the

lim it of a very few  atom s one w ould expect a discrete D O S arising from  the m olecular

electronic levels. C alculations based on a param eterized tight binding m odel for free C u-

clusters indicate a transition to a continuous D O S at about 100 atom s [51]. The average

num ber of atom s for the clusters of sam ple A  is about 280=N  (cf. Table 2), thus the

observation of discrete m olecular states m ay appear to be im probable. In the lim it of

non-degenerated (except for the spin degeneracy) electron states the m ean energy spacing
near the Ferm i edge w ould be [29]

               ( )V

               m k

     E F
             2

           2

        2 �

         p

    d = , (10)
w here m  is the electron m ass, Fk  is the Ferm i w ave vector, and V  is the cluster volum e.

  In the case of highly sym m etric particles, how ever, the m ultiple degeneracy increases
the m ean level distance. In analogy to the electronic shell structure of alkali clusters [2,52]
peaks in the D O S correspond to shell closings at so-called ^m agic~ cluster sizes. For a
spherical m etal particle the electronic structure can be calculated using self-consistent
jellium  techniques [53] or sem iclassical approaches [54] developed originally by

G utzw iller [55] and B alian and B loch [56]. In a sim ple periodic orbit approach the m ean
length L  of classical orbits determ ines the m ain shell oscillation periodicity. For a
spherical cluster of the radius R  one gets RL 42.5=  [53], w hich results in an energy
spacing of [29]

               ( )m R

           k

     E 71.2

            F

          2 p

         �=

    D . (11)

These m ain shell closings for high sym m etry particles give an upper lim it for the observed
peak distances. In Fig. 38 the tw o lim its for A u clusters according to Eqs. 10 and 11 w ith

         -1

 F Å 2.1=
k  are show n together w ith the area of m easured peak distances estim ated from

Fig. 37. Since the experim ental energy spacing rem ains w ithin the tw o lim its, the
interpretation in term s of discrete, partly degenerated electron states is plausible. This is
supported by the striking sim ilarities and system atic trends of spectral features in Fig. 37

(green curves) for sim ilar cluster heights, particularly around nm 1.1»h , nm 4.1»h , and

       nm

     67.1»h , respectively.

  A  direct quantitative com parison betw een theory and experim ent is not feasible due to
the im perfect know ledge of the cluster size and m orphology. Even if w e knew  the exact
position of every A u atom  the calculation of the electronic structure w ould be extrem ely
com plex due to the large num ber of atom s and the specific properties of A u, as e.g. large
relativistic effects [1,57]. In a bulk-like approach the application of the sem iclassical
m ethods m entioned above w ould require the analysis of periodic orbits taking into account
the anisotropic electron band structure of gold and potentially the form ation of facets as
discussed in R ef. [58].

ELECTRONIC STRUCTURE 48

   Fig. 38. U pper ( ED ) and low er ( Ed ) lim it of the energy spacing close to the Ferm i
           level according to Eqs. 10 and 11. The range of m easured peak distances in
           the STS curves (see Fig. 37) are indicated by an oval area. A dapted from
           R ef. [29].

  The third effect is connected to the experim ental setup. The tunneling current is not

solely dependent on the electronic structure of the cluster, but the physics of the entire

tip/cluster/surface system  has to be taken into account. If the cluster-substrate interaction is

low  the system  corresponds to a double-barrier tunnel junction (D B TJ) [59]. It consists of a

m etal island coupled to tw o electrodes via tunneling junctions. The equivalent circuit

diagram  and the corresponding setup during our experim ent are show n in Fig. 39.

   Fig. 39. C ircuit diagram  of a double barrier tunnel junction (left). In the STM  setup
           (right) 1R  and 1C  correspond to the tunneling path betw een tip and cluster,
           w hereas the electron transport from  the cluster into the substrate is determ ined
           by 2R  and 2C .

  The expected VI-  curves can be calculated w ith rate equations [60] w hich can be
easily solved num erically. Their detailed shape depends strongly on the choice of the
capacitances 2,1C  and the resistances 2,1R , but typical curves exhibit step-like features as
show n in Fig. 40. These steps are caused by single electron charging of the island and they
w ould lead to peaks in the differential conductivity dVdI/ . For certain ranges of the
param eters the VI-  curves consist essentially of a sum  of equally spaced and therm ally
broadened steps. In the lim it 21 RR >>  and 21 CC ³  the step distance is given by

        1Ce
  V =

D . The energetic positions of the steps and the w idth of the ^C oulom b blockade~

(i.e. the region w ith zero current at low  voltages) is dependent on the offset charge 0Q  on
the cluster w hich can be induced by w ork-function differences [60]. From  typical tunneling
distances and cluster sizes w e estim ate the capacitance betw een cluster and tip to be about

       19

  1 10
       -

   »

C  w hich w ould lead to V 1»DV . This is significantly m ore than the observed
peak distances in the dVdI/  spectra in Fig. 37. B ut as pointed out above, w e can
distinguish betw een tw o different kinds of STS peaks, and possibly the sharp species is
connected to the influence of the D B TJ. This is in agreem ent w ith the fact that these sharp
peaks depend on the lateral tip position [29] as w ell as on the tip condition (see Fig. 37,
dotted red curves). H ow ever, a quantitative analysis w ould require a system atical
investigation of the C oulom b effect, e.g., by varying the tip-cluster distance and hence the
param eters 1R  and 1C . This is very difficult because it w ould require stable STS
m easurem ents on the sam e cluster for a broad range of different tunneling param eters
w ithout changing the tip shape.

ELECTRONIC STRUCTURE 50

      -4 -2 0 2 4

    -0.3

    -0.2

    -0.1

    0.0

    0.1

    0.2

    0.3

  Current [nA]

                   Voltage [V]

                                           -4 -2 0 2 4

                                           0

                                           1

                                           2

                                          dI/dV [nA/V]

                                                        Voltage [V]

                                           0

                                           1

                                           2

   Fig. 40. VI-  (left) and dVdI/  (right) curves calculated num erically by solving the
           rate equations for a D B TJ. The param eters w ere W=  10101R , W=  1082R ,
                    F

               10 19
            1

                 -
              =

           C , F 105 20
                        2

                               -
                            ×

                          =

                       C , and 00 =Q  w ith the notation of R ef. [60].
           Finite values for the offset charge 0Q  result in a horizontal shift of the steps
           and a corresponding change of the peak positions in the dVdI/  curves. A lso
           the w idth of the ^C oulom b blockade~ w ith 0=I  around 0=U  is dependent
           on 0Q .

  In this section w e have discussed different m echanism s leading to a peak structure in
the differential conductivity for sm all clusters. H ow ever, the observed features in the
    dV
dI/  spectra of sm all A u clusters on H O PG  cannot be finally explained on a
quantitative level. D ue to the undefined m orphology com pared to large, faceted A u clusters
(cf. Sec. 5.2) the system atic investigation of the electronic structure is difficult. A
prom ising approach is the utilization of an alternative preparation m ethod, the controlled
deposition of size-selected clusters under soft-landing conditions [61,62]. The w ell defined
and tunable cluster sizes w ould reduce the m orphology uncertainty and thus facilitate m ore
targeted m easurem ents. In addition the direct com parison to the electronic properties of
free A u clusters is possible. Such experim ents are planned subsequent to this w ork as a
topic of future projects.

7  G ro w th  P ro c e s s

  In C hapter 5 w e divided the discussion of the cluster m orphology into tw o parts: for
sm all, non-faceted clusters w e used a truncated sphere m odel, w hereas for large, faceted
clusters the truncated octahedron m odel w as favored. In this section the grow th process
w ill be discussed based on com bined STM  and U PS results, starting from  a few  adatom s,
undergoing the m entioned m orphology transitions, until approaching crystal equilibrium
shapes

7 .1  N u c le a tio n  C e n te rs

  D uring the deposition the m etal atom s adsorb on the substrate and form  a tw o
dim ensional phase of diffusing particles [63] until they either condense to clusters or
finally desorb again. The key role of the nanom eter sized pits on the H O PG  substrate (cf.

C hapter 4) is to provide appropriate condensation centers w hich capture the m etal atom s
and hence serve as starting locations for subsequent nucleation processes. In the A u cluster

STM  im ages w e observe clusters at the edge of the pits as w ell as at m onoatom ic H O PG
steps. Thus graphite sites w ith low  coordination num ber are apparently preferred for the
cluster grow th. O nce a critical nucleus has developed, the probability of the form ation of
further nuclei in its vicinity is m uch low er than the capture of additional atom s, resulting in
a grow th of the existing cluster. This explains the rather low  w idth of the m easured cluster
height distribution and the absence of an accum ulation of sm all clusters (cf. Fig. 14 and

Fig. 17). In addition the cluster density Cr , i.e. the num ber of clusters per area rem ains
essentially constant during the grow th, even if the pits are large enough to allow  the
form ation of several clusters at their edges. The constant cluster density can be checked by

STM  m easurem ents of the sam e substrate after each evaporation step. Fig. 41 show s an
overview  im age of sam ple B  and sam ple C . The preparation param eters of these sam ples
w ere presented in the sections 5.1 and 5.2, respectively. For the right im age the gap voltage
w as set to 10 V  in order to increase the tip-sam ple distance for a low er probability of tip
induced cluster m ovem ent. A ccording to Fig. 4 the cluster heights are largely
underestim ated, but this is of m inor interest in this context. The num ber of clusters has not
changed drastically, though the gold exposure evapG  of sam ple C  w as increased by a factor

G ROW TH PROCESS 52

of 4 w ith respect to sam ple B . The ratio of the actual A u coverages sampleG  on the sam ples
is even larger (cf. Sec. 7.3.3).

                                    B C

   Fig. 41. G ray scale STM  im ages ( nm 100  nm 001 ´ ) of sam ple B  (left) and sam ple C
           (right). The num ber of clusters per area is hardly dependent on the A u
           exposure.

  The probability for a gold atom  to be captured by an existing nucleus is not equal to 1.
This m eans that the condensation coefficient evapsample GG=b  is low er than 1, as already
estim ated from  the STM  im ages (cf. C hapter 5). If the m ean adatom  diffusion length diffl
before desorption (see Sec. 7.4) is m uch larger than the typical cluster-cluster distance, the
condensation coefficient w ill approach 1. A t C350°=T  the diffusion length is about
       nm 6
 diff »
l  [64], w hich is in our case low er than the m ost cluster distances (see, e.g.,
Fig. 18). A s a consequence, a low  value of b  corresponds to a sm all influence of
neighboring clusters on the grow th. This is confirm ed by the fact that no significant
correlation could be found betw een the local cluster density and the corresponding sizes: if
the diffusion length w as large com pared to the cluster distances, clusters close to each
other w ould share the diffusing atom s in the sam e area, w hich w ould lead to sm aller sizes
than for areas w ith a low  cluster density. H ence, for the further investigation of the grow th
process it is sufficient to reduce the problem  to the grow th of a single cluster, neglecting
the influence of the surroundings (approxim ation of independent clusters).

7 .2  C lu s te r L o c a tio n

  In this section w e w ill analyze in a first step the exact lateral location of the A u clusters
w ith respect to the nanopit edges. In other w ords, w e w ould like to distinguish betw een the
grow th on the bottom  of the pit and on the top plane of the H O PG  substrate. U sual STM
im ages as e.g. Fig. 12 are not w ell suited for this problem  because of the unknow n
influence of the tip on the cluster m orphology (cf. Sec. 2.1). A ssum ing a sym m etric lateral
m orphology, the highest point of the im aged cluster corresponds to its center, independent
of the tip shape. B ut the exact location of the pit edge below  the cluster is not know n and
due to the curved pit shape w ith kinks and edges a sim ple interpolation of the pit through
the cluster is not possible.

     (a) (b)

   Fig. 42. Pseudo 3D  STM  im ages of sam ple A  before (a) and after (b) the tip induced

           displacem ent of three clusters. Tw o of them  (at the edge of the low er pit)

           could be im aged sufficiently to allow  the determ ination of their lateral

           positions. Im age size: nm 42  nm 24 ´ .

  To overcom e this problem  w e m ake use of an otherw ise unw anted effect, the
displacem ent of single clusters from  their sites induced by lateral tip-cluster forces. In

Fig. 42 tw o STM  im ages of the sam e sam ple area are show n before (a) and after (b) the tip
induced cluster m ovem ent. The tw o low er clusters in Fig. 42a are m issing in the second
im age (b). Fitting the pit contour of im age (b) to the corresponding visible part of (a) the
lateral cluster location can be reconstructed. The result is show n in Fig. 43, together w ith
the expected true cluster diam eter according to 4.1/ =hd  (cf. Sec. 5.1). The centers of the
clusters are located very close to the pit contour, i.e., each cluster is grow n partly on the

7 .3  P h o to e m is s io n  S tu d y

  The investigation of the grow th process consisting of several evaporation steps is
difficult to realize by m eans of STM . B esides the tim e consum ing counting procedure and
the instable im aging of larger clusters, the sam ple has to be transferred into the STM  after
each evaporation step. U nder these circum stances it is hardly possible to guarantee the
sam ple cleanliness for a large num ber of evaporation steps w hich is necessary in order to
avoid influences of adsorbates on the grow th process. Therefore w e decided here to study
the cluster grow th solely by U PS. It is clear that all results of this section are based on
average inform ation of the inhom ogeneous sam ple. The distribution of quantities like the
cluster size is not taken into account explicitly, but w e henceforth focus on the respective
m ean values.

  7.3.1 Q u an titative U P S  o f A u  C lu sters

  From  the U PS spectra of the clusters, such as show n in Fig. 20 (a) and (b), w e can
extract basically tw o kinds of inform ation: first the structure of the curves can be analyzed
qualitatively by com parison w ith know n bulk structures, in this m anner the evolution of the
bulk band structure can be investigated. Secondly, the overall A u intensity can serve as a
m easure for the actual coverage sampleG  on the sam ple and hence for the condensation
coefficient evap

              sample G
             G=

          b . Since the cluster density Cr  rem ains essentially constant, the
coverage is proportional to the average cluster volum e V . H ow ever, the quantitative
analysis of intensities is not straightforw ard, m ainly due to the finite escape depth of the
photoelectrons in the m aterial. In this section this effect is taken into account explicitly in
order to derive m ore detailed inform ation about the cluster grow th process.

  W ithin the three-step m odel (cf. Sec. 2.3), after the photon excitation the electron
propagates through the sam ple until it reaches the surface. The probability of the escape of
an electron through the surface is dependent on its initial depth z and is lim ited by the
finite inelastic m ean free path (IM FP) l . The num ber of em itted electrons per area and
tim e zdzn )( , originating from  a certain depth z, can be expressed by:

                    zd

               e

            n

         zd

      z

    n zl-×

          = 0

       )

     ( , (13)
w here 0n  is the num ber of exited photoelectrons per tim e and sam ple volum e. Since the
photon penetration depths exceeds by far the electron IM FP, 0n  is assum ed to be constant

w ithin the range of interest. W e now  consider the photoelectron intensity of a single A u

cluster on a surface. The total signal is the sum  over the intensities from  all depths z,

w eighted w ith the respective projected areas )(zA^ . A ssum ing a reasonable cluster shape

w ith a contact angle °£ 90  and 0)( £dzzdA , the area )(zA^  is sim ply the cross sectional

area )(zA  of the cluster at the height zz =  (now  w ith 0=z  at the surface). The num ber

of photoelectrons per tim e for such a cluster is

          �

                -
         ×

     =

          h
                 z dz
               e

             z

           A

       n

    n
          0

        0 )(

                  l . (14)

A t this point w e have to introduce a m orphology m odel in order to specify )(zA . The

sim plest case is a cuboid or a cylinder ( const

                                    )( 0 =

                                     = A

                                   z

                                 A ), resulting in

               ( )l

             l /
           0

        0 1

                    he
          A

       n

    n --××

         ×

     = . (15)

A ssum ing a constant m orphology during the grow th, i.e., 3haV = , w e get

                                         �

                                         �

                                         �

                                         �

                        �

                        �

                        �

                        �

                                         �

                                         �

                                         �

                              �

                              �
                                      �
                                      �

                                   �

                                   �
                               -

                          -

                       ×

                     ×

                 ×

            ×

        =

                                       31
                   31

               32
           0

                                 1
                           exp

                         1

       )

     (
                                    a

                                    V
                 a

             V

          n

     Vn
                                 l

                      l . (16)

The overall U PS intensity I is in addition dependent on the cluster density Cr :

              )

            (
         C Vn

    I ×

     μ r . (17)

Tw o lim its are obvious from  Eq. 16: for sm all clusters the Intensity is directly proportional

to the average cluster volum e, independent of the m orphology m odel, because the IM FP is

w ell above the cluster heights. For very large clusters the signal is proportional to

                32

            31
    0 V

          a

   A ×

         ×

     =

  × l
l , since the em ission from  the projected cluster surface dom inates. In

this lim it the intensity is a m easure for the fraction of the gold covered substrate area,

rather than for the cluster volum e, especially in com parison w ith the bulk A u U PS signal

(w here the coverage is com plete). C onsequently, the volum e determ ination is strongly

influenced by the chosen m orphology m odel in this lim it. Fig. 44 illustrates the change of

the photoelectron intensity depending on the cluster volum e. The electron escape depth for

gold has been determ ined from  the sem i-em pirical form ula

                 kin
         2
         kin

                E

             B
       E

         A
           +

      =l  w ith 2eVnm 177 ×

                          =A  and 2

                                                          1-
                                                       eV

                                                    nm

                                                054

                                               .0 ×

                                             =B , (18)

w hich is given in R ef. [72]. The reference energy for kinE  is the Ferm i level of the sam ple

( E

 E +

     = w�

  kin , w here E  is the energy w ith respect to the Ferm i level as given in the U PS
plots). For H eI radiation and the kinetic energy of the electrons in the range of the d-bands
of A u w e obtain nm 0.1»l . The energetic dependence of l  is not taken into account
here, but w e w ill com e to this point below . A  cylindrical cluster m orphology reveals

                        2

             2

                 79.0

       4
                       �

                       �

                       �

                    �

                    �

                    �

                    ×

              »

            �

            �

            �

         �

         �

         �

     =

                      h

                      d

          h

          d

    a
       p

                         . (19)

For the diam eter-to-height ratio hd /  w e use the value w hich describes the larger clusters

( 5.2

   / »h

 d , cf. Sec. 5.2) because for the sm all clusters the geom etric m odel is less
relevant. This is plotted in Fig. 44 together w ith the lim its discussed above. The low er

   h
d /  ratio results in a slightly low er count rate (dashed curve) due to the sm aller projected
surface fraction, but the general trend is unaltered.

                    10
                      -1

                              10
                                0

                                       10
                                         1

                                                 10
                                                   2

                                                          10
                                                            3
                  10
                    -1

                  100

                  10
                     1

                  102

                  103

                n
                (V
                ) /
                n
                 0

                              C luster V olum e [nm
                                                3

                                                 ]

                                            32Vμ

                                    Vμ

                                                      4.1=

                                                  h
                                                  d

                                                         5.2=

                                                      h
                                                      d

                                0

                                         1

                                                   2

                                                            3

                     1

                n

                n
                 0

                                                3

                                                 ]

                                                  h
                                                  d

                                                      h
                                                      d

   Fig. 44. C alculated photoelectron intensity versus cluster volum e, determ ined w ith

           Eq. 16. A  cylindrical m orphology is used w ith 5.2/ =hd  (thick line). The

           thin lines m ark the tw o asym ptotes (see text). In addition the result for

                  4.1

             / =h

           d  is presented (dashed line), w hich corresponds to the experim ental

           findings for sm all, non faceted clusters. The electron escape depth is set to

                nm 1=l .

  The m odel can easily be extended to m ore com plicated m orphologies like the truncated
cone. H ow ever, the deviations from  the sim ple cylinder m odel are negligible com pared to

the hd /  uncertainty. For clusters larger than about 3nm 100  the lim it l××=¥® 00 AnnV  is
nearly reached, thus the U PS intensity should correspond to the projected area of these
large clusters:

                0

            C
     bulk

     cluster A
     I

    I
             ×

         » r . (20)

This is only valid w ith the constraint 10C <<×Ar  because the total projected area differs

from  the m odel 3

                      2
               0 Va

              A ×

                 =  if the clusters get in contact to each other in the lim it of large
  0A . The signal finally approaches the upper lim it 10C =×Ar  given by a thick gold film
and gets constant.

  7.3.2 S am p le C h aracterizatio n
  The H O PG  substrate used for the U PS experim ents in Sec. 7.3.3 is show n in Fig. 45a.
The surface consists of extrem ely sm all, but quite m onodisperse nanopits. The num ber of
pits per area is about -2
                    pits m

                        1300 m

                   r »  and w e expect the form ation of one cluster per pit
for this sam ple, resulting in the sam e cluster density Cr . Thus, this substrate is com parable
to that of sam ple C  (cf. Fig. 16 and Fig. 18). For STM  m easurem ents the cluster sam ple
after the A u evaporation (sam ple E) is not w ell suited because the sm all pits provide a
sm aller contact area betw een H O PG  edges and clusters than the previous sam ples. H ence
the probability for tip induced displacem ent is significantly increased and stable im ages are
difficult to obtain.
  The A u evaporation w as carried out at C350°=T  in analogy to the previous sam ples
A  �  D . W e divided the evaporation into 6 steps, changing the respective exposure such
that in each step i the total A u exposure ievapG  (i.e. the sum  over all previous evaporation
steps) is increased by a factor of 3.21evapevap »GG i-i . Thus, the evaporated gold am ount w as
changed in constant steps on a logarithm ic scale, starting from  M L 04.01evap =G  up to
         M L

         8.2

  6
 evap =

G . A fter each step the sam ple has been cooled dow n to room  tem perature and
the U PS m easurem ent w as started.

   Fig. 45. (a) STM  im age ( nm 300  nm 003 ´ ) of the substrate of sam ple E, w hich w as

           used for the U PS experim ent. Several pits are only visible as bright spots

           because of their sm all diam eter.

           (b) Pseudo 3D  im age ( nm 200  nm 002 ´ ) of the sam e sam ple after the last

           evaporation step ( M L 8.2evap =G ).

  Subsequent to the U PS study w e tried to apply STM  for the largest clusters

( M L 8.2

  evap =
 G ), but it w as only possible to achieve a rough estim ation about the cluster
heights and it w as extrem ely difficult to im age larger sam ple areas, such as show n in

Fig. 45b. The figure is dom inated by the displacem ent of several clusters during the scan,
only a fraction of the clusters could be im aged successfully. The cluster height ranges from

     nm 3»h  up to nm 7»h  and w e estim ate the average height to nm 5»h . The cluster
density is consistent w ith the pit density of Fig. 45a.

  7.3.3 P h o to em issio n  R esu lts

  First w e focus on the A u 5d-band structure at the energy of -7 eV  �  -2 eV  w ith respect
to the Ferm i level. In Fig. 46 norm al em ission spectra at K 300=T  w ith low  angular
resolution ( °± 8 ) are show n for the low est and the highest A u coverage, respectively. The

H O PG  substrate signal has been m easured before under the sam e conditions and is
subtracted in order to extract the A u signal (cf. Fig. 20). For each spectrum  the Ferm i
energy w as determ ined separately on a tantalum  foil. W hereas the spectrum  for the sm all
clusters contains only tw o broad peaks, the large clusters in the right part of Fig. 46 exhibit
all essential structures of the bulk A u(111) surface.

G ROW TH PROCESS 61

            -8 -6 -4 -2 0 2

         0

      1x104

      2x104

      3x104

     Cluster Intensity

                    Energy [eV]

                                                  -8 -6 -4 -2 0 2

                                              0

                                           1x106

                                           2x106

                                           3x106

                                           Cluster Intensity

                                                         Energy [eV]

                  ML 04.0
            evap=

            G ML 8.2evap=G

         0
                                              0

         0
                                              0

   Fig. 46. Photoelectron spectra after subtraction of the H O PG  background (cf. Fig. 20)
           for the low est (left) and the highest (right) gold exposure used in the
           experim ent. The evaporation w as done at C350°=T , w hereas the
           m easurem ent w as perform ed at room  tem perature.

  A nother striking difference is the intensity ratio betw een the first feature at -6 eV  and
the second one around -4 eV , w hich has not reached the bulk value even for the largest
clusters w ith several 104 atom s (cf. the low  tem perature spectrum  in Fig. 20d; the ratio
does not change significantly at K 300=T ). For possible origins of this effect one m ight
think of the energy dependence of the electron escape depth l , since the electron energies
of the tw o features differ by eV 2» . This effect is expected to be m ost relevant for sm all
clusters, because then the intensity is proportional to the cluster volum e, independent of l
(cf. the discussion in the context of Eq. 16). In contrast, the bulk intensity is directly
proportional to l . Therefore, the m axim um  relative change of the intensity ratio can be
estim ated by eV ) 15(

                 eV )

                  5.

             17( l

           l , according to the kinetic energy of the electrons for the
tw o structures. The application of Eq. 18 yields an upper lim it of about % 25 , w hich is
evidently low er than the observed change. A s a result, the increase of the relative intensity
of the first structure at eV 6-  can only partially related to the electron escape depth. M ore
likely, the U PS data indicate a change of the actual electronic band structure. This is
consistent w ith the expected size of less than 100 atom s for the sm all clusters in Fig. 46
(left part). For such sm all A u particles theoretical and experim ental investigations for free
clusters [57] as w ell as photoem ission experim ents on supported clusters [73] indicate
deviations from  the bulk behavior. A  direct theoretical com parison of the density of states
betw een large m etal clusters and the bulk m aterial is given in R ef. [51] for the case of
copper.

  The evolution of the d-band structure for all A u coverages is visible in Fig. 47a. N ote
the logarithm ic scaling w hich is used in order to allow  a quantitative representation of all
spectra in a single plot. The relative intensity of the first peak at -6 eV  increases gradually.

In contrast, the fine structure in the second feature appears quite suddenly at an exposure
around 0.5 m onolayers. W ith regard to the STM  m easurem ents for sam ple B  (Fig. 15) and
sam ple C  (Fig. 16), the occurrence of the (111) fine structure is in coincidence w ith the
form ation of the hexagonal facets discussed in Sec. 5.2. This gives further evidence for a
transition of the cluster m orphology to w ell defined crystallites at M L 5.0evap »G .

                                            -1.5 -1.0 -0.5 0.0 0.5

                                          103

                                          104

                                          105

                                                    E nergy [eV ]

                                                      0.09 ML

                                                        0.21 ML

                                                        0.51 ML

                                                        1.2 ML

                                                        2.8 ML

               -8 -6 -4 -2 0

           10
             3

           104

           105

           10
             6

                        2.8 ML

                        1.2 ML

                        0.51 ML

                        0.21 ML

                        0.09 ML

          Au Signal [arb. units]

                    E nergy [eV ]

                         0.04 ML

                                 (a ) (b )

             3

             6

   Fig. 47. (a) B ackground corrected U PS results for 6 different gold exposures for

           sam ple E on a logarithm ic scale. The A u d-band intensity varies over m ore

           than 2 orders of m agnitude. The non-vanishing signal above the Ferm i level is

           caused by satellites in the H eI radiation line.

           (b) N orm al em ission photoelectron spectra w ith °± 1  angular resolution for

           the region near the Ferm i level after subtraction of the H O PG  background.

           For M L 5.0

                evap ³
               G  the surface state peak is clearly observable. The spectrum

           for the low est coverage ( M L 04.0evap =G ) is not show n because of the poor

           signal-to-noise ratio.

G ROW TH PROCESS 63

  The m orphology change is also confirm ed by U PS m easurem ents near the Ferm i level
w ith high angular resolution ( °± 1 ). In Fig. 47b the peak of the Shockley surface state (cf.
Sec. 6.1) occurs at M L 0.5
                  evap »

                 G , in analogy to the A u(111) fine structure of Fig. 47a.
Since a w ell defined (111) surface is necessary for the form ation of a Shockley surface
state (see C hapter 3), this behavior is not unexpected.
  For the follow ing discussion w e focus on the evolution of the overall intensity of the d-
band spectra of Fig. 47a. The structural change, as w ell as the m entioned change of the
intensity ratio betw een the tw o m ain features is not taken into account. Instead, w e assum e
that the integrated intensity is a m easure for the A u quantity on the sam ple, additionally
accounting for the finite photoelectron escape depth as discussed in Sec. 7.3.1. This
sim plification is tolerable because w e are interested in the grow th process on a sem i-
quantitative level. The cluster size dependent change of the U PS d-band spectra w ill
certainly affect the extracted A u quantity, but the errors are expected to rem ain in the range
of a few  percent. The intensity change of the first structure at -4 eV , probably one of the
largest error sources, result in an underestim ated intensity integral of % 01»  for the
sm allest clusters. For the follow ing analysis such deviations are not relevant.
  In Fig. 48 the integrated 5d peak intensities are show n in a double logarithm ic plot for
all six A u coverages of sam ple E (full circles). The sum m ation is perform ed over the d-
band region ( eV 11... eV 7 -
            - ) of the background corrected data in Fig. 47a. The data
points can be fitted quite accurately by a straight line w ith the slope 0.03  19.1 ±=m ,
corresponding to the pow er law
                    m
            c

    I �
                    �

                    �
              �
              �

              � G
             ×

          =

      G
                M L

                 1

         )

     (

                evap
       evap , (21)

w here I  is the integrated photoelectron intensity and c is the intensity at M L 1evap =G .
W ith regard to the discussion of the coverage-dependent photoelectron intensity in
Sec. 7.3.1 this slope corresponds clearly to an increasing condensation coefficient.
  The d-band intensities for the sam ples A , B , C  (cf. Sec. 5.2), D  (cf. Sec. 6.1), and F (see
Sec. 9.2 for a description of sam ple F) are additionally plotted in Fig. 48. To account for
variations in the photon flux and the counter efficiency, the data points for each sam ple
w ere norm alized w ith respect to the H O PG  feature at eV 5.8-»E (see Fig. 20a, dashed
line), w hich w ere m easured im m ediately before the respective cluster sam ple. The
exponent derived above is confirm ed by the sam ples A -C , w hich w ere also prepared using
the sam e substrate. The different vertical positions of the data points is caused by the

varying cluster density Cr  w hich is included in the prefactor c. The nearly identical
prefactors for the sam ples A -C , as w ell as E and F are in good agreem ent w ith the sim ilar
m easured cluster densities.

                             0.1 1
            106

            10
              7

            10
              8

            109

                                                       sam ple A...C

                                                       sam ple D

                                                       sam ple E

                                                       sam ple F

          Intensity [arb. units]

                             A u E xposure (Gevap) [M L]

                     0 1 2 3
                   0.0
                   0.1
                   0.2
                   0.3

                  Surface Fraction

                         Exposure [ML]

                                                 bulk limit

                                          evap
                                         Gμ

                                      V

              7

              8

                                      V

   Fig. 48. D ouble logarithm ic plot of the integrated d-band U PS intensity versus the

           evaporated A u am ount for all sam ples A -F (sym bols). The thin solid line is

           the linear fit for sam ple E. The expected intensity increase on the assum ption

           of a constant condensation coefficient, i.e., evapGμV  is calculated according

           to Eq. 16 (thick blue line). The dashed blue line represents the corresponding

           linear fit. B oth curves are shifted arbitrarily in the vertical direction. The red

           horizontal line in the top right corner (^bulk lim it̃ ) is the m easured intensity

           for a bulk A u(111) single crystal surface. For clusters w ith M L 5.0evap ³G ,

           i.e., 3nm 30>V  the lim it (20) should becom e applicable. The corresponding

           fraction of the A u covered substrate is show n in the inset on a linear scale.

  W e note that the data point for sam ple D  contains a large error in the horizontal
direction, because of the less accurate calibration of the evaporator (cf. Sec. 6.1). The
com parison of the m ean cluster size derived by STM  m easurem ents w ith those of sam ples

C  and F indicates a higher actual A u exposure. This is in agreem ent w ith the large
difference of the cluster densities 4...3DCFC,C »rr . The supposed true exposure is m arked
by an arrow  in the figure.

  The inform ation w e are interested in is the dependence of the condensation coefficient
on the A u exposure:

G ROW TH PROCESS 65

                          evap

                              evap

                      C
               evap

              sample
        evap

                                 )

                            (
          )

      (
                         G

                             G

                          ×

                       ×
                   =
              G

             G
           =

      G

                           V
                        n

                        s
                     r
    b , (22)

w here s1  is the num ber of atom s per area for a M L A u and n  is the atom ic volum e. N ote
the assum ption of independent clusters as discussed in Sec. 7.1. If the condensation
coefficient b  w as constant during the grow th process, i.e., evapGμV , the expected
intensity w ould follow  the blue thick line in Fig. 48, w hich w as calculated using Eq. 16
(w ith 5.2
       / =h

     d ) and gives the intensity )(VI  in dependence on the cluster volum e. W e
estim ated 3
            evap nm 100

                     )

                  M L

                   1

          ( =

               =

           G

         V  from  the STM  results in Sec. 5.2 and Sec. 9.2, and
the curve is shifted in the vertical direction by an arbitrary am ount to allow  a direct
com parison w ith the experim ental data points. A pparently, the slopes of the expected and
the m easured curves differ significantly from  each other, indicating an increase of b . In
order to achieve a m ore quantitative description of this increase, w e approxim ate the )(VI
curve w ith a pow er law  in analogy of Eq. 21. The result, yielding a slope of
            0.04

        77.0
  theo ±

     =
m , is indicated in Fig. 48 by a dashed line. In the further discussion w e
w ill restrict all curves in Fig. 48 to the pow er law  approxim ation, i.e., straight lines in the
double logarithm ic plot. From  the com bination of theo)( mVVI μ  and )( evapGI  follow ing
Eq. 21 one gets

             ( ) theo
              evap

       evap)

     (

                   mm
    V Gμ

      G , (23)

and the condensation coefficient increases according to ( )levapevap)( GμGb  w ith an
exponent of 1theo-

              = mm

             l  (see Eq. 22). For the obtained slopes this results in
       0.1  5.0 ±

 =l , w here the error results from  the respective statistical standard deviations of
the linear fits. The total error is expected to be larger due to the lim ited validity of the
involved m odels. N evertheless, the U PS intensity provides clear evidence for an increase
of the condensation coefficient. This fact is in agreem ent w ith kinetic grow th m odels
w hich w ill be discussed in Sec. 7.4.
  In the lim it of large clusters Eq. 20 is applicable, yielding the fraction of the A u covered
substrate area w ithout the use of any geom etrical m odel. In Fig. 48 the integrated intensity
of a A u(111) single crystal (m easured at room  tem perature) is indicated by a horizontal red
line in the top right corner. The inset show s the d-band intensity, norm alized to the bulk
signal for the larger clusters on a linear scale. This gives directly the surface fraction of the
clusters and is thus provides a com plem entary inform ation to the STM  m easurem ent,

w hich m ainly provides the cluster height. The additional inform ation can be used to verify
the truncated cone (or octahedron) m odel for the cluster m orphology as presented in

Sec. 5.2. U sing the m odel w e calculate the fraction of the interface areas betw een the
clusters and the substrate w ith respect to the total area. The results for the different sam ples
using the truncated cone m odel are sum m arized in Table 5. The good agreem ent betw een
the U PS data and the m odel confirm s the suggested m orphology. The STM  values w ere
calculated using 0C A×r , w here Cr  is the cluster density and 0A  the m ean bottom  area
of the truncated cones. The differences betw een the truncated cone m odel and the truncated
octahedron m odel are negligible (cf. Sec. 5.2).

        sam ple surface fraction (U PS) surface fraction (STM  + m odel)

          C  9.2 %  9.1 %

          D  6.3 %  % 5»

          F 9.0 %  8.2 %

   Table 5. R atio betw een the A u/H O PG  interface area and the total sam ple area,

           determ ined by U PS (2nd colum n) and STM  (3rd colum n), respectively. The

           accuracy of the STM  value for sam ple D  is rather low  because of the poor

           STM  statistics (only 13 clusters).

For all sam ples of Fig. 48, except for the largest clusters on sam ple E, the m axim um  gold
covered surface is about 10 %  of the total area. This justifies a posteriori the background
subtraction procedure for the U PS data and the calculation of the projected area

(cf. Eq. 20) using the truncated cone m odel.

  The com parison of the last tw o evaporation steps of sam ple E results in an increase of
the projected area by a factor of 8.2» , w hich is very close to the increase of the
evaporated A u am ount of 3.25evap6evap »GG . This can only be explained by a predom inant
tw o dim ensional grow th of these large clusters. From  the STM  im age of the sam ple after
the last evaporation step (Fig. 45b) one can estim ate a diam eter-to-height ratio of

         5 ... 4

  / »h
d  for the larger clusters, w hich is significantly m ore than the m easured

            3 ... 2

   / »h

 d  for sam ples C  and F (in both cases the truncated cone diam eter at the half
height is taken). Thus a transition from  3D  to 2D  grow th at a cluster size of 43 10 ...10»N
is also confirm ed by the photoem ission m easurem ents.

G ROW TH PROCESS 67

7 .4  G ro w th  M o d e l

  In this section w e try to interpret the experim ental grow th results in view  of a
m icroscopic kinetic m odel. Since m any of the required param eters like the diffusion length
before desorption diffl  or the size dependent m orphology (described, e.g., by hd / ) are not
know n w ith a high quantitative accuracy, the analysis w ill rem ain on a qualitative level. In
addition non ideal experim ental conditions com plicate the m odeling as, e.g., potential
deviations from  the perfect statistical distribution of nucleation centers (particularly for
large pits, cf. Sec. 7.1) or the diffusion along m onoatom ic steps or pit edges.

                                                    adsorption

                        desorption

                                                      random  walk
                               capture

                                     direct
                                   im pingem ent adsorption

                                   im pingem ent

   Fig. 49. Schem atic representation of the cluster grow th process. See text for details.

  Sim ple grow th m odels have been successfully applied for diffusing A u atom s on
graphite in the past [63,64,74]. H ere w e use the m odel presented in R efs. [63,64]. The
assum ed grow th m echanism  is illustrated in Fig. 49. The adsorbed A u atom s diffuse on the
surface, perform ing a random  w alk. A fter a typical path length diffl  they desorb again. If
an atom  hits a nucleation center or an existing cluster during the random  w alk, it is
captured and the cluster size increases. A nother contribution to the grow th is given by the
direct im pingem ent of A u atom s from  the gas phase. For both processes w e assum e that the
sticking coefficient betw een the A u atom  and the cluster is equal to 1, i.e., once an atom  is
linked to a cluster, the probability of a later escape is negligible.
  For a cluster w ith a circular ground area (radius R ) the capture probability of an adatom
in a distance r is [63]

                     )

               (
                     )

               (

         )

       ,(

                   diff

              0
                   diff

              0

     c

                  l
                  l

                R

             K
                r

             K

        R

      r

    P = , (24)
w here 0K  is the zero order m odified B essel function of the second kind. For an
infinitesim al A u exposure Gd  (in M L) the num ber of captured atom s captdN  is the integral
over all distances r from  the cluster edge R  to the outer border of the capture zone lr ,
m ultiplied by the num ber of atom s per area sG=G dd A . H ere, s  is the area per atom  for
one m onolayer (in 2mM L × ). W ithin the approxim ation of independent clusters (i.e.,

    ¥

  ®lr ) the integration yields

    G

                                =
               G

          = �
                 ¥

                                                    d

                                              R

                                           K
                                              R

                                           K

                                     R

                              dr

                            r

                      R

                   K
                      r

                   K

              d

    dN

                 R )(
                                                   )

                                             (

                                  2

                           )

                     (
                           )

                     (

           2

                                                 diff

                                            0
                                                 diff

                                            1

                                        diff

                         diff

                    0
                         diff

                    0

       capt

                                                l
                                                l

                                      s
                                       l

                                   p

                        l
                        l

               s
            p . (25)

N ote that in the right part of the equation the order of the B essel function in the num erator
has increased to one. The second contribution impdN  due to the direct im pingem ent of A u
atom s is proportional to the projected area of the cluster:

                 G

               ×

         = d
             R

    dN

            s
           p 2

      imp . (26)

The volum e V  of a cluster in dependence of the gold exposure evapG  is then

                                                          �
                                                          �

                                                          �

                                                          �

                �
                �

                �

                �

                                                        G

                                                     G

                                              +

                                            G

                                   G
                                   G

                             ×

                           G

           =

      G �

                       �
                                                G

                      G evap

                      evap

                                                 0
                                                   2

                       0 diff
                                0
                                       diff

                                1

                    diff

       evap )(

                                         )

                                    )

                                  (

                                (
                                         )

                                    )

                                  (

                                (

                            )

                          (

                 2

          )

     ( dRd

                                 R

                              K
                                 R

                              K

                         R

    V

                                      l
                                      l

                  l

              s
              n

            p , (27)
w here n  is the atom ic volum e of gold. Eq. 27 can be solved iteratively, starting at a
sufficiently sm all value 0evapG . In each iteration step i the corresponding volum e iV  can be
evaluated w ith the given ievapG , w hich provides the bottom  radius 1+iR  for the next step.

The num ber of atom s per cluster is n)()( evap

                                   evap G
                                      =

                                  G V

                               N . The result depends strongly on
the chosen m orphology m odel )(VR . Tw o lim its are considered here: the 3D  grow th is
m odeled by a cylindrical geom etry w ith 5.2/ =hd  (cf. Sec. 7.3.1), w hereas for a 2D
grow th w e assum e islands w ith a height of one m onolayer. The results are show n in Fig. 50
together w ith the experim ental m ean cluster size from  STM  m easurem ents of sam ples A ,

B , C  and F, respectively. A s the only param eter w e adjusted diffl  to obtain a considerable
agreem ent betw een theory and experim ent, w hich is the case for ( )nm 18diff ±=l . This is

8 .1  M o d e l

  A lready several years ago so-called ^postcollision effects~ w ere the subject of intense
research. O riginally investigated for collisions betw een atom s and ions [75], the interest
shifted to core level photoem ission experim ents, w here slow  ^threshold~ electrons are
influenced significantly by these effects because they are still close to the prim ary ionized
atom  on the tim escale of the core hole decay, w hich is partly accom panied by an A uger
electron em ission (for a review  see e.g. R ef. [76]). The closer the threshold electron is to
the excited atom  during its core hole decay, the larger is the energy loss for the threshold
electron and the energy gain for the A uger electron. The statistical nature of the core hole
decay leads to a distinct broadening of the corresponding threshold and A uger electron
lines. O ften, sem iclassical theories are sufficient to reproduce the experim ental data [77].

  If m olecules adsorbed on a surface are studied, the postcollision process gets m odified
by screening [78], w hich m ainly reduces the total m agnitude of the energetic shifts, leading
to sm aller broadening effects, i.e. to m ore narrow  electron lines. In addition screening
charge transfer effects can lead to double peak structures [79].

  For free, i.e. non-deposited m olecules or clusters, the singly positive charge state due to
photoelectron em ission from  valence states close to the Ferm i energy by ultraviolet or X -
ray photons rem ains constant over a tim e scale sufficient to let the photoelectron
com pletely escape (cf. Fig. 51a). A s a result, w ell defined, sharp spectral electron lines are
obtained. H igher charge states w hich occur for m ultiple photoionization lead to the
superposition of several photoelectron spectra w ith relative shifts given by the charging
energy [80]. In the case of large m etal clusters, the energy difference betw een tw o charge
states can be calculated in good approxim ation by the classical value given by  4/ 02 Re pe
w ith R  being the cluster radius. For the absolute energetic position w ith respect to the
corresponding bulk m aterial (defined by the lim it ¥®R ) the size dependent change of
the w ork function has to be considered in addition. For the difference betw een the
ionization energy of a cluster and the w ork function of the corresponding bulk m aterial this
can be approxim ated by an additional factor a  of the order of 1, depending m ainly on the
electron density of the m etal [81].

  For m etal clusters deposited onto a substrate, the size dependent energetic shift is
altered due to the additional interaction w ith the surface (cf. Fig. 51b). H ow ever, unlike the
postcollision induced effects for threshold electrons described above, here they lead to an
enhanced broadening of the spectral lines. This can be attributed to the statistical nature of
the screening or charge transfer processes itself. The total energy is not shared by the

photoelectron and an A uger-electron, but som e fraction is transferred to the cluster/surface
system . A s a consequence, characteristic distortions of the spectral features close to the
Ferm i level occur. It turned out that a sem iclassical m odel w as sufficient to reproduce the
dynam ic final state effect in the experim ental data (see Sec. 8.2). W ithin the m odel, the
elim ination of the positive charge is described by a characteristic tim e t . The probability
that the charge is elim inated during the tim e interval ],[ dttt +  is given by [27,28]

                         dt

                     t

        dt

      t

    P )/

                exp(

               )

             /1(

       )( t

              t -

          = . (28)

In order to calculate the energy of the electron arriving at the electron analyzer, w e need
the potential )(rW  acting on the electron on its w ay from  the cluster to infinity, w ith r
being the distance from  the center of the cluster. A  sim ple form ula is given by

                     r

                  e
          W

      r

    W

                     1
                4

       )(
                   0

                   2
            max
                 pe

                 a
               -

         = , (29)

w hich fits the lim iting cases 0)( =RW  and ( ) rrWWr 1)(

                                     lim max μ

                                                -
                                          ¥® . If the influence of
the positive charge vanishes at the tim e t, the total energy loss of the photoelectron
com pared to the case of a neutral cluster is )( vtRW + , w here v is the photoelectron
velocity. Thus, the constant maxW  in Eq. 29 corresponds to the m axim um  energy shift for
    ¥

 ®t . In the case of a free cluster this shift is roughly the difference betw een its
ionization potential and the w ork function of the bulk m aterial [82]. A  sem iclassical
density variational calculation for free silver clusters has show n that the shift follow s the
relation

               R

            e
    W

               1
          4 0

             2
      free
     max
           pe

          a
        =  (30)

w ith 41.0=a , in agreem ent w ith experim ental results for sm all silver clusters [83]. For
supported clusters, how ever, the actual m axim um  shift maxW  m ay differ from  Eq. 30.
D etails of the cluster-surface coupling and of the individual cluster m orphology are
expected to induce deviations from  the sim ple potential expression in Eq. 29, as w ell as
from  the assum ption of a universal characteristic tim e t  according to Eq. 28. In practice
w e w ill treat maxW  as a fit param eter and use Eq. 30 for a plausibility check of the result.
The statistical nature of the tim e t (cf. Eq. 28) leads to a distribution of energy shifts, even
if all clusters are identical in radius and coupling to the substrate. The tim e distribution
(Eq. 28) can be transform ed into an energetic one:

                           dW

                         t

                     dW
                       dt

                 Wt

              P

         dW

      W

    P

                          )(
                   ))

                 ((

        )

     ( = ,  ],0[ maxWW Î . (31)

Inserting )

          ( vt

           R

        W +  one gets w ith tvRC =

              ( )
                                       dW

                                    W

                              W
                                C W

                    W

              W
                C W

         dW

      W

    P �

                                      �
                                      �

                           �

                           �
                           �

                                   -
                            -

                   -
            =

                                max
                       2

                max
                   max exp

        )

     ( . (32)

This function is plotted in Fig. 52a for several values of C , giving the m agnitude of the
cluster-substrate interaction. For 1<<C  (i.e., ¥®t ) the distribution approaches a d
function located at maxWW = . For 1>>C  (i.e., 0®t ) the photohole is im m ediately
elim inated and )(WP  approaches a d  function centered at 0=W .

               1.0 0.5 0.0
       0

       2

       4

       6

       8

                     W  / W max

                  C = 0.1

                     0.3

                         1.0
                             3.0

                                10

      P(W)

                                               1.0 0.5 0.0

                                               C = 0.1 0.3

                                                          1.0
                                                              3.0

                                                                10

                                                     W  / W max

         (a) (b)

       0

       2

       4

       6

       8

   Fig. 52. C alculated distributions )(WP  for different coupling values C . The curves

           w ere calculated for (a) m onodisperse clusters according to Eq. 32 and (b) for

           a size distribution of R

                                 R

                             R 2.0±

                              =  using Eq. 34. From  R ef. [28].

  The expected experim ental spectrum  )(Ed  can be calculated by a convolution of the
intrinsic function )(Ef  (w hich approaches the bulk spectrum  for large clusters) w ith the
distribution of energy shifts )(WP :

                        �
                        +¥

                        ¥-
                                  -

                      =

               Ä

        = dWWEfWP

                   E

                 f

            E

          P

      E

    d )()(

                     )

                  (

              )

            (

       )

     ( . (33)

R esolution induced broadening effects are neglected here. The afore m entioned lim iting
case 1<<

    C  results in a sim ple shift of the spectrum  by maxW , w hereas the effect vanishes
for 1>>

   C . In the interm ediate region the shift is associated w ith a broadening of spectral
features.

  If w e assum e a radius dependency of maxW  according to Eq. 30 the cluster size
distribution w ill affect the shape of )(WP :

                   ( )

           �

           +¥
                                           �
                                           �

                                           �
                                 �
                                 �

                                 �
                                        -

                                  -
                        -

         =
           0

                                               max
                                     max

                            2
                     max

                         max
                max exp

                  )

              (

        )

     ( dW
                                         W

                                   W

                                     C W
                          W

                    W

                     C W
              Wg

      W

    P , (34)

w ith )

      ( max

       Wg  being the probability function of maxW . The result for a G aussian radius
distribution w ith R

                   R

               R 2.0±

                 =  is plotted in Fig. 52b for the sam e values of C  as for
the m onodisperse clusters. Interestingly, the size distribution does only provide a
significant influence in the range 1<C . For broader size distributions of the w idth
              5.0³

  º R
     Rs
s  a log-norm al distribution should be used instead of the G aussian in
order to avoid an unphysical step at 0=R  (cf. Eq. 41 in Sec. 9.2).

8 .2  E x p e rim e n ta l R e s u lts

  The change of the Ferm i-edge shapes induced by the dynam ic final state effect is m ost
clearly seen at low  tem peratures w here the therm al broadening is negligible. These low
tem perature spectra, w hich w ere the topic of a previous study [27], are review ed in
Sec. 8.2.1.
  The influence of the electron velocity can be investigated even at room  tem perature, in
spite of the therm al broadening, if the photon energy is varied over orders of m agnitude
[84]. This concept w as tested during this w ork and is discussed in Sec. 8.2.2.

  8.2.1 P revio u s L o w -T em p eratu re U P S  E xp erim en ts
  W e now  investigate the shape of the Ferm i edge, w hich can be approxim ated by a step
function for low  tem peratures. The dynam ic final state m odel predicts spectra as show n in
Fig. 53 for several coupling values 23 10 ... 10-=C . For uniform  cluster sizes one gets the
dashed curves and the consideration of a size distribution w ith RRR 2.0±=  results in
the solid curves in Fig. 53. In the interm ediate region 1»C  the dashed spectra are nearly
identical to the solid ones. W hereas the upper edge is alw ays rounded for inhom ogeneous
cluster sam ples, a characteristic sharp kink at the Ferm i energy exists for both regim es.

                     2.0 1.5 1.0 0.5 0.0
                   0.0
                   0.2
                   0.4
                   0.6
                   0.8
                   1.0

                  S(E
                  B)

                                      EB/W max

   Fig. 53. Expected shapes of the Ferm i edge w ithin the dynam ic final state m odel. The

           abscissa is rescaled in order to drop the dependence on maxW  and the intensity

           is norm alized to 1. For m onodisperse clusters the tw o lim iting cases 1<<C

           and 1>>

               C  result in sharp edges (dashed lines), w hereas a finite size

           distribution (here R

                              R

                          R 2.0±

                            = ) results in a broadening, in particular for

                1

             <<

           C  due to the corresponding distribution of maxW  (solid lines). From

           R ef. [27].

  The photoelectron spectrum  for silver clusters w ith nm )8.09.3( ±=h  (i.e.

            R

     R

R 2.0±

  = ), m easured at K 40=T  (see Fig. 54, top) could be described by the
m odel by choosing 0.3=C  and eV 49.0max =W . A ccording to Eq. 30 the latter value
deviates significantly from  the charge energy eV 23.0freemax =W  of a free silver particle w ith

       nm 5.2=R , w hich is the radius of a sphere w ith the sam e volum e as the average cluster
size w ithin the truncated sphere m odel (cf. Eq. 3). B ut this is not unexpected as discussed
above. The fit value of C  corresponds to s 103.0 15-×=t , pointing to an electron dynam ics
on the fem tosecond tim escale.

D YNAM IC FINAL STATE EFFECT 76

                       -0.4 -0.2 0.0 0.2 0.4

                                         T = 300 K

                                         T = 40 K

                        hn = 21.2 eV

                    Intensity [arb. units]

                                          = EF
                                    Energy [eV]

   Fig. 54. U PS spectra (dots) near the Ferm i energy at K 40=T  (top curve) and at room
           tem perature (bottom  curve), respectively. The solid lines are the
           corresponding m odel fits (see text). For the convolution according to Eq. 33
           w e used a step function for the upper curve and a room  tem perature Ferm i
           function for the low er one. From  R ef. [27].

  A t room  tem perature the characteristic kink at the Ferm i level vanishes and the
spectrum  seem s to be very sim ilar to a shifted Ferm i edge (Fig. 54, bottom ). This show s
that the m easurem ents at low  tem peratures are advantageous for the investigation of the
dynam ic final state effect. N evertheless, the full inform ation about )(WP  is in principle
also contained in the room  tem perature spectra and utilizing sophisticated deconvolution
techniques it is possible to extract it (cf. Sec. 8.2.2).

  8.2.2 P h o to n  E n erg y D ep en d en ce
  W ithin the dynam ic final state m odel presented in Sec. 8.1 the shape of the spectra is
determ ined by the param eters maxW  and C . Since C  is proportional to the inverse
photoelectron velocity 1-v , the choice of the photon energy is expected to affect the curves
in a characteristic m anner. In this subsection the role of the photon energy is investigated
system atically by com bining U PS and X -ray photoelectron spectroscopy (X PS) for the
sam e sam ple. The experim ents w ere done in cooperation w ith the U niversity of U lm
(H .-G . B oyen, P. Ziem ann) and the U niversity of B asel (M . G . G arnier, P. O elhafen) [84].
  The preparation of the cluster sam ple follow ed the m ethod described in C hapter 4. H ere,
silver atom s w ere evaporated onto the substrate held at room  tem perature. The cluster size

could be estim ated in situ by using the U PS signal of the A g d-bands and com paring it to
form er com bined U PS/STM  studies [26]. The U PS spectrum  of the clean H O PG  w as
determ ined before the evaporation to allow  for later background subtractions. A dditionally,
after com pletion of the X PS/U PS experim ents, the cluster size distribution w as m easured
by STM  ex situ. In this w ay, an average cluster height of nm )4.11.6( ±=h  w as
determ ined. From  this value an average cluster radius can be deduced assum ing a
diam eter-to-height ratio of 4.1»hd  (cf. Sec. 5.1).

  The photoelectron spectra w ere m easured w ith an electron spectrom eter using
m onochrom atized A l aK  radiation ( eV 6.1486=w� ) as w ell as by U PS using a gas
discharge lam p (H eI, eV 2.21=w� ). A ll spectra w ere taken w ith the sam ple at room
tem perature. For the X PS data, an overall energy resolution of eV 36.0  full w idth at half
m axim um  could be achieved. The resolution is significantly im proved for the U PS
m easurem ents and, in this case, the broadening of the bulk Ferm i edge is m ainly given by
the therm al w idth. For X PS as w ell as for U PS a polycrystalline A g sam ple w as m easured
w ith identical electron spectrom eter param eters providing a reference for the position of
the Ferm i edge, the therm al broadening and the energy resolution.

  The experim ental photoelectron spectra close to the Ferm i edge are show n in Fig. 55.

U sing both photon energies, the spectra obtained for the A g clusters are com pared to those
of the polycrystalline A g bulk sam ple. For clusters containing approxim ately 410  atom s

(according to Eq. 3) as used here w e can assum e that the initial state electronic structure of
the clusters is very close to the corresponding bulk m aterial w ith a clear Ferm i edge, as it
w as observed w ith photoelectron spectroscopy for free A l clusters of this size [80]. The

H O PG  background spectrum  w as subtracted from  the U PS data. For the X PS signal,
how ever, a background subtraction w as not necessary, since the clean H O PG  substrate
contributes only a negligible intensity. For each X PS spectrum  tw o lines are given in

Fig. 55: The thin lines represent the data as m easured; for the thick lines a sm oothing over

13 data points w as perform ed. The excellent agreem ent obtained for both bulk data sets
dem onstrates that, w ithin the given broadening, the sm oothing procedure does not change
the shape of the spectra.

D YNAM IC FINAL STATE EFFECT 78

                      -1.5 -1.0 -0.5 0.0 0.5 1.0
                                             = EF

                                                 XPS
                                                 hn = 1487 eV

                                                 UPS
                                                 hn = 21.2 eV

                            Ag bulk
                            Ag cluster

                 Intensity (arb. units)

                               Energy [eV ]

   Fig. 55. Photoelectron spectra as experim entally determ ined by U PS (top) and X PS
           (bottom ) on A g bulk sam ples (dashed lines) or A g clusters on a H O PG
           substrates (solid lines). For the U PS cluster spectrum , the background signal
           m easured for the clean H O PG  sam ple w as subtracted, w hile in case of X PS
           the corresponding background w as negligible. In all cases, otherw ise identical
           param eters w ere used. For X PS tw o lines are given for each spectrum : the
           thin lines give the data as m easured, the thick lines are obtained by averaging
           over 13 data points. The spectra are vertically shifted for clarity.

  To analyze the cluster spectra, first the dynam ic final state effect is considered by

convoluting the m easured spectrum  for the bulk sam ple w ith )(WP . The bulk spectrum

naturally includes all processes leading to broadening, therm al effects as w ell as those due

to the finite energy resolution. A  log-norm al distribution w as assum ed for the cluster sizes

w ith a relative w idth of 2.0=s . This corresponds to the cluster size distribution for our

preparation m ethod as experim entally observed by STM  and TEM  [22] in agreem ent w ith

the cluster height distribution determ ined here.

  The convoluted spectra should now  fit to both, the U PS and X PS data, sim ultaneously,

w ith tw o additional conditions: the sam e param eter maxW  has to be used in both cases, and

w e dem and 10UPS
            XPS C

          C = , because this is the prediction of the dynam ic final state m odel

for electrons at the Ferm i level w ith

                      10
              UPS

              XPS
     UPS

     XPS »
                  F-

                  F-
        =
            w

            w
           �

           �
    v

    v
                        , (35)

using the photon energies given above and the bulk A g w ork function eV 7.4=F  [85].

C onsidering exclusively U PS spectra, it turned out that the fitting procedure does not lead

to an unique result. D ifferent C  and maxW  pairs reproduced the shape of the cluster U PS
spectrum  w ith the best fitting obtained in the lim it of extrem ely large C  and unphysical
large max

     W , e.g. 10

                 XPS =
               C  and eV 100

                              max =
                            W . O nly by sim ultaneously fitting the X PS
spectra w ith an identical maxW  and a fixed 10UPSXPS CC = , it is possible to arrive at unique
and m eaningful param eters 2UPS =C , and correspondingly, 2.0XPS =C . The resulting

          eV

        33.0

  max =
W  is again about a factor of tw o larger than the value of eV 15.0freemax =W  (see
discussion in Sec. 8.1), calculated according to Eq. 30 w ith an equivalent radius of a sphere
representing a volum e equal to the average cluster size using the truncated sphere m odel.

The com parison betw een experim ental and calculated spectra and the respective )(WP
distributions are show n in Fig. 56.

                        -1.5 -1.0 -0.5 0.0 0.5 1.0

                    Intensity (arb. units)

                           exp.

                           calc.: W max= 0.33 eV, C=2

                                           = EF

                                              XPS

                                              hn = 1487 eV

                                              UPS

                                              hn = 21.2 eV

                           exp.

                           calc.: W max= 0.33 eV, C=0.2

                               Energy [eV]

                                                s = 0.2

                      0,7 0,6 0,5 0,4 0,3 0,2 0,1 0,0 -0,1
                     0
                     2
                     4
                     6
                     8
                    10
                    12

                   P(W) [eV

                   -1]

                                     W  [eV]

                                       UPS

                                       XPS

                        (a)

                         (b)

                     0
                     2
                     4
                     6
                     8

   Fig. 56. (a) Experim ental cluster and bulk photoelectron spectra (dashed lines, cf.

           Fig. 55) and fit of the cluster data by convoluting the bulk spectra w ith )(WP

           (solid lines). For the statistical broadening w e used 2.0=s , w hich

           corresponds to the distribution of cluster heights as m easured by STM .

           (b) )(WP  as assum ed for the fit of the U PS and X PS spectra in Fig. 56a.

D YNAM IC FINAL STATE EFFECT 80

  The experim ental shape of the Ferm i level onset is not fully reproduced by the

calculated spectra in Fig. 56a, w hich is m ost obvious for the U PS data due to the better

energy resolution and statistics as com pared to X PS. The agreem ent can be clearly

im proved by allow ing for a broader statistical distribution of maxW  using 5.0=s . A  good

sim ultaneous fit to both, the U PS and X PS spectra is then obtained, as show n in Fig. 57,

w ith slightly m odified param eters: 5.1UPS =C  (correspondingly 15.0XPS =C ) and

          eV

        34.0
  max =

W .

                       0.7 0.6 0.5 0.4 0.3 0.2 0.1 0.0 -0.1

                       0

                       2

                       4

                       6

                       8

                      10

                      12

                     P(W) [eV

                    -1]

                                       W  [eV]

                                         UPS
                                         XPS
                                         deconv. UPS

                          -1.5 -1.0 -0.5 0.0 0.5 1.0

                            exp.
                            calc.: W max= 0.34 eV, C=1.5

                      Intensity (arb. units)

                                                  s = 0.5

                                             = EF

                                                XPS
                                                hn = 1487 eV

                                                UPS
                                                hn = 21.2 eV

                            exp.
                            calc.: W max= 0.34 eV, C=0.15

                                 Energy [eV]

                         (a)

                          (b)

                       0

                       2

                       4

                       6

                       8

                       0

                       2

                       4

                       6

                       8

   Fig. 57. (a) Experim ental cluster and bulk photoelectron spectra (dashed lines, cf.
           Fig. 55) and fit of the cluster data by convoluting the bulk spectra w ith )(WP
           (solid lines). A  larger statistical broadening ( 5.0=s ) than in Fig. 56 is used
           resulting in im proved fits.
           (b) )(WP  used for the fit of the U PS and X PS spectra in Fig. 57a. In addition
           the result of a direct deconvolution of the U PS data is show n (dotted line).

  D ue to the broad Ferm i edges of the room  tem perature m easurem ents the detailed shape

of the underlying distribution )(WP  is not obvious. A  m ore direct com parison w ould be

possible by extracting the experim ental )(WP  from  the spectra and com paring it directly
w ith the m odel function as given in Eq. 34. The necessary operation is the inversion of

Eq. 33, i.e., a deconvolution of the tw o Ferm i edges (cluster and bulk, respectively). For
this purpose w e use a state-of-the-art deconvolution technique described in detail in

A ppendix 11.2, w hich is based on a M axim um  Entropy M ethod (M EM ) w ith additional
consideration of intrinsic correlations. This ^A daptive K ernel M axim um  Entropy M ethod~

(A K -M EM ) w as first presented in R efs. [86,87] and is extended in this w ork in order to
allow  for negative functions and an autom atic noise scaling procedure for unknow n
experim ental errors. D ifferent from  the usual application, w here the apparatus function is
know n and one is interested in the original intrinsic function, now  tw o step functions are
given and w e search for )(WP  w ith the typical properties of an apparatus function

(norm alized to 1, 0

                lim )( =±¥®WP ). For num erical reasons this problem  is m ore difficult,
m ainly because the norm alization of the experim ental spectra is im possible (they do not
approach zero for large negative energies). To overcom e this problem  w e extrapolated the
spectra by a constant value and correspondingly adapted the convolution m atrices

(cf. Eq. 55) in order to suppress boundary effects. A  precondition for the m eaningful
application of the deconvolution of tw o step functions is a signal-to-noise ratio of at least

    01.0»  w hich requires m ore than 410  counts. The statistics of the X PS data is not
sufficient, but the U PS data could be processed successfully. The m axim um  posterior

(M A P) result )(UPS WP  is included in Fig. 57b (dotted line). The broadening at 0=W  is
partly given by num erical reasons, and the continuous decrease for larger W  is closely
related to the result of the dynam ic final state effect w ith 5.0=s  (solid line in Fig. 57b)
w ithout a point of inflection, in contrast to the )(UPS WP  for 2.0=s  (cf. Fig. 56b).

  The broad distribution of cluster radii 5.0=s  is not in contradiction w ith the m easured
cluster sizes indicating 2.0=s , because the variation of cluster shapes and different
cluster-substrate interactions for the individual clusters m ay lead to an additional statistical
broadening. H ow ever, one should not overem phasize such rather subtle differences
betw een experim ent and calculation because of the sim plifications included in the sem i-
classical basis of the m odel describing the dynam ic final state effect.

  B ut even if the param eters describing the dynam ic final state effect can not be obtained
quantitatively, this effect has to be taken into account for all system s of m etal clusters
w eakly coupled to a substrate, at least if peak positions are analyzed. The induced shift is
of the order of maxW  and can easily reach values of several 100 m eV  for sm all clusters. In

D YNAM IC FINAL STATE EFFECT 82

C hapter 9 w e w ill present an explicit exam ple for the correction of the spectral changes
induced m ainly by the dynam ic final state effect in order to extend the access to
inform ation about the electronic structure of large A u clusters.

9  In te rc o m p a ris o n  o f S p e c tro s c o p y  R e s u lts

  The use of the tw o com plem entary m ethods U PS and STS perm its experim ental access
to both, the m om entum  dependent and the spatially dependent density of states. In this
section the interconnection of the m easurem ents w ill be discussed considering as exam ple
large gold clusters on H O PG . The focus is on the influence of the surface state
confinem ent w ithin the cluster facets (see Sec.6.1) on the experim ental STS and U PS
spectra. Especially the question how  the discrete levels have to be translated into the rather
broad U PS features w ith very w eak dispersion is of interest.

  A  related system  is the reconstructed A u(111) surface [88]. H ere the quasi one
dim ensional 3

           23´  reconstruction leads to peaks in the STS spectra, dependent on the
lateral position w ithin the 2D  unit cell [20,89,90]. These features correspond to band gaps
of som e m eV  w idth in the dispersion perpendicular to the reconstruction stripes under the
influence of a periodic effective potential acting on the sp-electrons of the surface state.

This potential can be m odeled by an extended K ronig-Penney m odel w hich reproduces the
m easured STS curves quite w ell [20]. The effect of the surface reconstruction on the
density of states, i.e., the form ation of band gaps, should also be detectable in U PS.

R eview ing the angle resolved U PS m easurem ents of the bulk A u(111) surface (Fig. 34),
such discontinuities are not observable. A t significantly increased energetic and angular
resolution, how ever, som e influences of the reconstruction potential on the dispersion have
been found [91]. The reconstruction induced features are strongly attenuated due to the
averaging over three different dom ains, giving rise to additional contributions from  the
direction perpendicular to the reconstruction stripes, w here the electrons retain their free
particle properties. In the case of gold clusters on graphite the ^gaps~ betw een the discrete
surface state levels are at least ten tim es larger than the gaps in the dispersion for the

A u(111) reconstruction. In addition there is no contribution from  other directions in
contrast to the A u(111) surface. H ence the discrete electronic structure should be
resolvable w ith our U PS apparatus. H ow ever, the cluster size distribution and the dynam ic
final state effect (see C hapter 8) result in an additional broadening of the features. In this
section these contributions are analyzed in detail w hich allow s a self-contained and
com plete view  of the confined surface state on the top facets of large gold clusters on
graphite.

            -1.0 -0.5 0.0

           -7°
           -6°
           -5°
           -4°
           -3°
           -2°

       Intensity [arb. units]

                  E nergy [eV ]

                                                   a u to O ffse t("D a ta 1 0 ",1 ,1 5 0 0 ,0 .1 );
           +5°

           +4°

           +3°

           +2°

           +1°

           -1°
           0°

                                          -1.0 -0.5 0.0 0.5

                                                                    -7°
                                                                    -6°
                                                                    -5°
                                                                    -4°
                                                                    -3°
                                                                    -2°

                                          Intensity [arb. units]

                                                    E nergy [eV ]

                                                                   +4°

                                                                   +3°

                                                                   +2°

                                                                   +1°

                                                                    -1°
                                                                    0°

                                 (a) (b)

   Fig. 59. A ngle resolved U PS data of sam ple F ( K 50=T , eV 21.2=w� ). The

           em ission angles w ith respect to the surface norm al are given next to the

           respective curves. The spectra are shifted vertically for clarity.

           (a) The raw  data show  the peak caused by the surface state (cf. Fig. 35).

           (b) Spectra after subtraction of the data at °+=Q 5 .

  In the background subtracted data the asym m etry m entioned already in Sec. 6.1.2 is
even m ore striking: W hereas for positive angles (i.e., in the direction off the H e lam p) the
intensity essentially disappears quickly w ithout a noticeable dispersion, in the other
direction tow ards the lam p the m ain contribution to the overall intensity shifts to higher
energies w ith slow ly decreasing signal, vanishing at angles °-<Q 7 . The only asym m etry
of the experim ental setup w ith respect to the em ission angle is given by the incident angle
of the photons: for negative values of Q  the incident angle approaches the surface norm al
direction. This points to an influence of either the photon w ave vector parallel to the
surface or the polarization of the light. Since the photon w ave vector is only about 0.01 Å -1,
the photon m om entum  appears to be negligible and the polarization effect should be taken
into account. Sim ilar effects have been observed in photoelectron spectra of the C u(111)
surface using p-polarized light [92], and they have been attributed to a varying m om entum

m atrix elem ent depending on the incident angle. H ow ever, considering the sm all incident
angle variation of °» 10  here, the relative effect in our case is m uch larger than in R ef. [92]
though w e do not use polarized photons. The detailed origin of the asym m etry effect has to
be investigated by varying the incident angle but this is not provided by our apparatus.
A nother possibility is to use a different photon energy (e.g. A rI radiation) w hich changes
the m om entum  ||k  at the sam e em ission angle. This could give hints about the origin of the
effect and w ill be the topic of future experim ents.
  W e now  turn to the analysis of the surface state peak shapes in Fig. 59b. The key
question is how  the observed spectra fit to the expected D O S for the confined surface
states of an ensem ble of faceted A u clusters. The effects leading to a peak broadening are
of special interest, w hich are the finite angular and energetic resolution of the analyzer, the
dynam ic final state effect and the inhom ogeneous cluster ensem ble, i.e. the influence of a
distribution of cluster heights and facet areas. A s already m entioned in Sec. 6.1.2 the finite
angular resolution is negligible here because of the w eak dispersion and the broad
structures. W e thus concentrate on the latter tw o effects.
  W hereas the first peak, originating from  the 1=n  m ode in the hexagonal ^particle-in-a-
box~ m odel (cf. Sec. 6.1.1), is clearly visible in norm al em ission, already the second peak
can only be identified as a shoulder in the tail of the first one. A  m ain contribution to the
spectral broadening is induced by the function )(Eg  in Eq. 36. The inversion of the
convolution, i.e. the deconvolution of the data, should allow  to extract the intrinsic
electronic structure of the cluster sam ple. The only rem aining effect w ould be the
inhom ogeneous broadening. The deconvolution is done w ith the m ethod described in
A ppendix 11.2. N ecessary inputs are the experim ental spectrum  )(Ed , its error )(Eds ,
and the convolution function )(Eg . The question now  is: w hat is the correct )(Eg  w hich
describes the deviation of the data from  the intrinsic electronic structure of the cluster
ensem ble? The idea is to extract )(Eg  from  data w hich are not influenced by the Shockley
surface state and w here the intrinsic structure is w ell know n. In other w ords, the linear
nature of the convolution allow s to extract )(Eg  from  the 3D  part of the spectra and then
apply it on the 2D  contribution by a deconvolution. For this purpose w e choose the
A R U PS spectrum  at °+=Q 5 , containing no noticeable contribution of the surface state,
i.e., w e assum e 0)(

                    )

                  ( 2
                2 =

                     = E

                       f

                  E

               d D
                D  for this angle. The spectra show n in Fig. 59a still
contain the graphite signal. This background w as m easured before the m etal evaporation
w ith identical analyzer and photon source param eters and is now  subtracted because the

dynam ic final state effect, w hich is included in )(Eg , does not have an effect on the

H O PG  spectrum . In addition a sm all linear background is subtracted in order to set the
intensity above the Ferm i level (probably induced by satellites in the H eI radiation) to zero.

The processed spectrum  )(3 Ed D  is show n in Fig. 60 (dotted curve).

                       -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

                                                     d3D(E)

                                                     f3D(E)

                      Intensity [arb. units]

                                    Energy [eV]

   Fig. 60. B ackground corrected U PS spectrum  at °+=Q 5  (dots) and the intrinsic

           m odel function (solid line) consisting of a straight line m ultiplied by a step

           function.

  For large, faceted A u clusters the electronic structure is already close to the bulk lim it

(cf. Sec. 5.2). H ence, for the intrinsic function )(3 Ef D  w e assum e a step function
m ultiplied by a straight line. Since the sam ple tem perature w as K 50»T , the therm al
broadening of the Ferm i function ( m eV 8.2»kT ) can be neglected com pared to the
sm ooth behavior of the m easured curve (cf. Fig. 60). The straight line represents the first
order fit to the density of states below  the Ferm i level and it fits the low  energy part of the

U PS result very w ell (see Fig. 60, solid line). The tw o curves of Fig. 60 are related via a
convolution w ith the required )(Eg :

    )(

                )

              (

         )

       ( 3

     3 Ef
              E

            g

        E

    d D

      D Ä
           = . (38)

B y applying a deconvolution of the tw o step-like functions w e are now  able to extract

    )

  (E
g . For this purpose a m ethod different from  the m entioned A K -M EM  is applicable
because of the sim ple form  of the intrinsic function )(3 EfD . The ^Edge D econvolution~
procedure is presented in detail in A ppendix 11.3. The key idea is to transfer the
deconvolution w ith a step function, w hich is essentially the derivative of the original data,

to the function )(3 Ef D  w hich is extended by a straight line. Subsequent to the
deconvolution the experim ental spectrum  is sm oothed using the A K -M EM  technique (see
A ppendix 11.2.5) in order to reduce the noise. The resulting blurring function )(Eg  as
show n in Fig. 61 exhibits a clear asym m etry w ith a tail tow ards negative energies. The
effect on the U PS data besides the broadening is a shift to low er energies in the order of
som e m eV 10 . Therefore the subsequent convolution is not only expected to enhance the
peak intensities, but it also corrects the energetic positions. A bove the Ferm i edge a few
w iggles are visible due to the low  signal-to-noise ratio of the underlying data in this region
and due to num erical reasons behind the sharp edge of the peak (^ringing~ effects). B ut the
am plitude of these oscillations is negligible com pared to the m ain peak and the effect on
the deconvoluted U PS spectra w ill be m arginal.

                      -0.8 -0.6 -0.4 -0.2 0.0 0.2

                      0

                      2

                      4

                      6

                      8

                    g(E) [eV

                   -1]

                                   Energy [eV]

   Fig. 61. D econvolution result of the tw o functions of Fig. 60 using the ^Edge
           D econvolution~ technique described in A ppendix 11.3. The plot represents
           the sm oothed result (see text).

  The next step is to deconvolute the experim ental data of Fig. 59b w ith )(Eg , yielding
     )

   (
 2 E

 f D . The com plete procedure is analogous to the determ ination of an apparatus
function from  experim ental data (e.g. the elastic line in a scattering experim ent) and then
using it for the deconvolution of the spectra [87]. In Fig. 62 the m axim um  posterior (M A P)
result for the norm al em ission spectrum  ( °=Q 0 ) is show n (cf. A ppendix 11.2.3). The
displayed confidence region is the pointw ise standard deviation of the posterior probability
cloud in G aussian approxim ation. It gives a rough estim ate of the reliability of the

reconstruction )(2 Ef D , but as pointed out in A ppendix 11.2.3 it often overestim ates the
actual uncertainty.

                   -1.0 -0.8 -0.6 -0.4 -0.2 0.0 0.2

                 Intensity [arb. units]

                                    Energy [eV]

                         data

                         deconvolution

                         check

   Fig. 62. M axim um  posterior (M A P) result (thick line) of the A K -M EM  deconvolution

           of the norm al em ission spectrum  (dots, cf. Fig. 59b). The hatched area

           represents the confidence interval around the reconstruction )(2 Ef D . The thin

           line through the data points is the deconvoluted M A P function, convoluted

           again w ith )(Eg  (see Fig. 61). It should fit the data points and therefore

           serves as an additional check for the reliability of the M A P result.

  C learly observable is the energetic upw ard shift of the first peak by about m eV 04 ,
located now  at m eV 490

                 1 -»
                E , and the em ergence of a second peak at about

         m eV

      260

  2 -»
E . The little shoulder near the Ferm i level is com pletely covered by the
confidence interval and can not be taken seriously at this point. The asym m etry of the first
peak is significantly reduced after the deconvolution w hich is m ost obvious at its low
energy tail.

  The deconvolution procedure can be applied on all angle resolved spectra using the
sam e )(Eg . The results for the angle range °£Q£°- 47 are sum m arized in Fig. 63. Three
peaks are distinguishable, reaching their m axim um  intensity at different em ission angles.

INTERCOM PARISON OF SPECTROSCOPY R ESULTS 91

                         -1.0 -0.5 0.0 0.5

                                                     -7°

                                                     -6°

                                                     -5°

                                                     -4°

                                                     -3°

                                                     -2°
                         Intensity [arb. units]

                                    E nergy [eV ]

                                                    +4°
                                                    +3°
                                                    +2°
                                                    +1°

                                                     -1°

                                                     0°

   Fig. 63. M A P results )(2 Ef D  for the deconvolution of all angle resolved U PS spectra
           of Fig. 59b. N ote the com pletely different behavior of the angular dependence
           com pared to the bulk A u(111) surface state (Fig. 34).

  From  the STS analysis of confined surface states on the cluster facets (see Sec. 6.1.1)
w e expect that the peaks in )(2 Ef D  correspond to discrete m odes w ithin the hexagonal
^particle-in-a-box~ m odel. W ith regard to Eq. 8 the energetic distance betw een the first
tw o peaks w ould roughly fit to facet areas around 2nm 20»W , if w e assign them  to the
   1=n  and 2=n  state, respectively. M ore detailed inform ation about the cluster geom etry
is provided by STM  m easurem ents and is the topic of Sec. 9.2.
  C om paring the deconvoluted spectra of Fig. 63 w ith the bulk A u(111) surface state
dispersion in Fig. 34, it is striking that even at 0=Q  additional peaks for 1>n  are visible.
Taking into account the parabolic dispersion relation, the respective peak energies nE
correspond to m om enta ||k  w hich are not w ithin the angular acceptance range of the

electron analyzer. M oreover, at °-=Q 7  there is still a considerable signal near the Ferm i
edge. In the case of the free surface state dispersion the corresponding energies are located
far beyond the Ferm i level (cf. Fig. 64), even if the vertical shift due to the finite cluster
height is taken into account (see Eq. 9). Tw o different possible reasons for these effects are
considered in the follow ing. From  the analysis of the norm al vectors of the facet areas w ith
respect to the substrate surface w e can identify a facet tilt of som e clusters. A lthough for a
few  clusters w e m easured m isalignm ents w ith angles up to °± 3 , the average facet tilt is
found to be w ell below  °±1 , w hich w ould not be enough to explain the occurrence of the
second peak in the norm al em ission photoelectron spectrum . The m isalignm ent could also
be induced by the m osaic spread of the H O PG  substrate. This spread is specified to be
about °4.0  (half m axim um  height peak w idth of the aKC u -  rocking curve) for our
sam ples and therefore should not give a significant contribution. A n additional, m ore
intrinsic explanation for the second peak at °=Q 0  is the fact that the surface state
electrons w ill lose their w ell defined m om entum  inform ation w hen they are confined to a
sm all area according to H eisenbergś uncertainty relation. The order of m agnitude of this
m om entum  uncertainty can be estim ated considering a particle in a one dim ensional
potential w ell of infinite height and the length W=L :

                                       12

                                 3

                            2

                       6

                     2
                                  2
                              2
                  2

           2 L

                                 n

                       L

                x

          x

     x »-

                   =

             -

      =

    D p

                        p
                                          . (39)

A pplying the uncertainty relation w ith kp D=D �  yields

          W
       ³

    D
          3

     k . (40)

Inserting the typical facet area 2nm 20=W  for sam ple F (cf. Sec. 9.2) w e
get 039.0³

    Dk , w hich corresponds to an em ission angle uncertainty of at least °±=DQ 1 .

C ertainly due to the sim plifications introduced by the m odel this is not valid in a
quantitative point of view . B ut the estim ation provides a general lim it for the achievable ||k
resolution given by fundam ental quantum  m echanical reasons in the case of confined
electron states. Furtherm ore, this effect is at least of the sam e order of m agnitude as other,
m ore experim ental reasons like those stated above. In Fig. 64 the different contributions to
the angular broadening are sum m arized. B y considering the com bination of them , the
rem aining intensity at °-=Q 7  as w ell as the em ergence of the second peak at °=Q 0
appears to be plausible.

INTERCOM PARISON OF SPECTROSCOPY R ESULTS 93

                       -8° -6° -4° -2° 0° 2° 4° 6° 8°

                     -0.6

                     -0.4

                     -0.2

                     0.0

                     0.2

                     0.4

                     0.6

                  Energy [eV]

                                   E m ission A ngle

                                          4
                                          3

                                          2

                                          1

                                          4
                                          3

                                          2

                                          1

   Fig. 64. Schem atic representation of the m om entum  uncertainty of the discrete surface
           state levels. The eigenenergies (blue horizontal lines) w ere calculated for a
           cluster w ith nm 2=h and 2nm 20=W , w hich is a typical cluster size of
           sam ple F (see Sec. 9.2). The m iddle parabola show s the dispersion of a free
           surface state, shifted 139 m eV  dow nw ard according to Eq. 9. A  tilt of the
           facet surface w ith respect to the substrate w ould result in a lateral shift of
           dispersion, indicated by tw o additional parabolas. The intrinsic m om entum
           uncertainty, e.g., due to H eisenbergś uncertainty relation is illustrated by
           gray areas, representing the corresponding angular broadening.

To get the D O S approxim ately from  the spectra in Fig. 63, w e can either sum  up all angle

resolved curves, or just select a single spectrum  around °-=Q 2 . The latter case is justified

since the m om entum  uncertainty (or the angle distribution) is large enough to cover nearly

the com plete relevant angular region in one specific direction of the dispersion.

C onsequently, both procedures yield very sim ilar curves as can be seen in Fig. 65.

                         -0.8 -0.6 -0.4 -0.2 0.0 0.2

                    Intensity [arb. units]

                                   Energy [eV]

                            angle integrated data

                            data at Q = -2°

   Fig. 65. C om parison of the A R U PS spectrum  at °-=Q 2  (low er curve) w ith the

           average over all angle resolved spectra (upper curve). The residual peak shift

           is probably an artifact of the deconvolution since the peak am plitudes

           approach the size of the confidence interval for °-=Q 2 .

  In sum m ary w e have seen that the angle resolved photoelectron spectra are not only
influenced by cluster size or facet angle distributions. M ain contributions, i.e., a blurring
and a shift of spectral features, originate from  fundam ental properties of the cluster-surface
interaction and its effect on the photoem ission process for sm all particles. H ow ever, the
inform ation about the quantization of the surface state is not lost. U tilizing deconvolution
techniques, it w as possible to resolve the discrete levels. In the follow ing sections the D O S
is derived using STM  and STS inform ation in order to com pare the tw o different m ethods

U PS and STS on a quantitative level.

9 .2  S a m p le  C h a ra c te riza tio n

  A fter finishing the photoelectron spectroscopy, the sam ple has been transferred into the

STM . The im ages (see Fig. 66a) again reveal flat, nearly hexagonal facets sim ilar to
sam ples C  and D . A  few  single adsorbates on the cluster facets are visible, probably due to
the prior U PS experim ent. Som e of the clusters are located at large pits w ith a depth of
m ore than one m onolayer w hich results in an inaccurate height determ ination. Since in this
section the absolute height w ill play an im portant role for the com parison of STS and U PS

INTERCOM PARISON OF SPECTROSCOPY R ESULTS 95

results, w e do not include these clusters in the further discussion. N evertheless, due to the

sim ilar effective capture radius (cf. Sec. 7.4) as for the clusters grow n in sm all pits or step

edges, the size is not expected to differ significantly. The m easured heights and facet areas

of 68 clusters are sum m arized in Fig. 66b.

   Fig. 66. (a) STM  im age ( nm 501 nm 501 ´ ) of sam ple F. The tw o large pits in the
           upper and in the right region are tw o m onolayers deep.
           (b) M easured cluster heights and facet diam eters for 68 A u clusters. The
           straight line is taken from  Fig. 22 and gives a low er lim it for the observed
           cluster heights in dependence on the facet diam eter. The crosses indicate
           clusters grow n in pits w ith a depth of m ore than 1 M L, therefore their height,
           m easured w ith respect to the upper plane of the H O PG  surface, is
           underestim ated.

  From  the height distribution in Fig. 67 w e deduce the m ean cluster height

        nm 5.2=

 h w ith a standard deviation of nm 5.0=hs . The black line represents a fit of a

log-norm al distribution

                                              dh
                                   h

                                   h
                    x

        dh

      h

    P h
                             h
                 h

                                            �

                                            �

                                            �

                                            �
                        �

                        �

                        �

                        �
                                          �

                                          �
                                          �

                                          �
                               �

                               �
                               �

                               �
                                     +

                         -

           =

                                           2
                                         2
                              2
                  2 2

                                ln
                           2

                            1
                     exp

                    1
              2

               1
       )

     (

                                       s
                            s
               ps

                                                , (41)

  w hich is used here instead of a G aussian in order to avoid an unphysical step at 0=h

for broad distributions. The gap voltage for the height determ ination w as set to V 5.2»V

for all topographic STM  im ages w hich leads to a slightly underestim ated height (cf.

Sec. 2.1). Since for the determ ination of the param eters in Eq. 9 a sim ilar voltage w as used,

this system atic error essentially cancels out.

  The m easured areas of the (111) top facets for the clusters of sam ple F are plotted in

Fig. 67b.

      0 1 2 3 4 5
     0

     5

     10

     15

     20

    counts

                   height [nm]

                                         h=2.462 +/- 0.485

                                         only pits&edges

                                         not voltage corrected

       (a)

                                             0 10 20 30 40 50
                                            0

                                            5

                                           10

                                           15

                                           20

                                          counts

                                                        facet area [nm2]

                                              (b)

     0

     5

                                            0

                                            5

   Fig. 67. (a) C luster heights and (b) facet areas for sam ple F determ ined as described in

           Sec. 5.2. The black line in Fig. 67a represents a log-norm al fit to the

           histogram  w ith nm 5.2=h  and nm 5.0=hs .

9 .3  S im u la tio n

  K now ing the m orphology of each cluster, it is now  possible to calculate the electronic
structure of the confined Shockley surface state on the top facets using Eq. 8 and Eq. 9.

W ith this w e get a level spectrum  for each cluster, and by sum m ing them  up it should in
principle be possible to sim ulate the expected angle integrated U PS spectrum . The
calculated energy levels for sam ple F are show n in Fig. 68. D ifficulties arise due to the low
num ber of m easured cluster heights and facet areas: calculating the density of states (e.g.

by convolution w ith a Lorentzian), the statistical level bunching induces artificial features
w hich are undistinguishable from  true peaks arising by averaging over several 910  clusters
like in the U PS experim ent. For this reason w e assum e log-norm al distributions for both,
the height distribution as w ell as the facet areas. For the sim ulation the tw o quantities are
treated independently since no significant correlation is identifiable in Fig. 66b. H ence the
total probability density function ),( WhP  m ay be w ritten as a product of the distributions
for h  and W .

INTERCOM PARISON OF SPECTROSCOPY R ESULTS 97

                  -0.8 -0.6 -0.4 -0.2 0.0 0.2

                                                  n=7
                                         n=4
                                  n=2

                                 Energy [eV]

                            n=1

   Fig. 68. C alculated energy levels w ith 7 4, 2, 1,=n  (red short lines to blue long lines)
           for the m easured clusters in Fig. 66b. N ote the statistically induced level
           bunching and vacancies for certain energy ranges.

  From  the m easured cluster height distribution w e use the param eters deduced from  the
log-norm al fit in Fig. 67a. Though the num ber of counts is rather low , and therefore the
deduced values are not very exact, w e do not expect a significant influence on the
calculated D O S. The different cluster heights result essentially in a constant broadening of
the spectra via the onset energies 0E , and the m ean height determ ines an overall shift. In
contrast the facet areas W  sensitively affect the peak positions: a change of 2nm 5
(com pare Fig. 67) results in a shift of m ore than m eV 010  for levels near the Ferm i energy,
w hich is already of the order of expected level distances. Therefore especially the w idth of
the distribution decides w hether discrete peaks are still observable in the sim ulated D O S.
A s a starting point w e choose a log-norm al distribution equivalent to Eq. 41 for W  w ith an
average value of 2nm 5.19=W  as determ ined from  the m easured facet areas, and treat
the w idth Ws  as a free fit param eter. The log-norm al distribution w ith the best fit value Ws�
can then be com pared w ith the m easured distribution in Fig. 67b.
  The sim ulation is perform ed by generating a sam ple of m  pairs of log-norm al
distributed random  num bers, representing m  different clusters w ith height ih  and facet
area iW . Typically 510=m  clusters are generated, w hich is enough to avoid visible
statistical noise. For each cluster i the first five energy levels niE , are determ ined using

Eq. 8 and Eq. 9. The line shape of an individual energy level niE , is assum ed to be

Lorentzian, thus the D O S is calculated using

                       ( )

           � �

            =

                                         -

                                        �
                                        �

                                        �

                                        �

                      �
                      �

                      �

                      �

                                      �

                                      �

                                      �

                                 �

                                 �

                                 �G

                                +

                         -

                   G

         μ
           m

           i n

                                    ni

                             ni

                     ni

                  ni E
                       E

                a

      E

    D

            1

                                         1

                                       2

                                    ,
                              2

                            ,

                    ,

                 ,

                                   2
        )

     (  ; 10 7, 4, 2, 1,=n , (42)
w here nia ,  is a w eighting factor. In a first step only levels w hich could be observed by STS

(i.e. high sym m etry m odes, cf. Sec. 6.1.1) are considered. H igher m odes are neglected
since their energetic positions are far beyond the Ferm i level m aking them  inaccessible for

U PS. For the level w idth w e use a constant value of m eV 20, =G ni . It should be
em phasized that this w idth does not necessarily correspond to the inverse lifetim e. It is
chosen in order to sm ooth the gaps betw een the M onte C arlo generated levels, and it
roughly gives a low er lim it to the m inim um  peak w idth in the STS curves. For hexagonal

A g adatom  islands on A g(111) an energy dependent w idth ( )0,,, 2.0 inini EE -=G  has been
found in the dV

           dI/  spectra [32]. From  our STS results of faceted A u clusters on H O PG
such a behavior is not evident (cf. Fig. 26 and Fig. 31). H ow ever, the final peak w idth of
the sim ulated D O S w ill be essentially determ ined by Ws , rather than by ni,G . In addition,
also the choice of the w eighting factors is not crucial for the result. H ere w e assum e that
the photoem ission probability from  a specific cluster i is proportional to its facet area, i.e.,

       i

  nia Wμ, . W e do not include an additional dependence on the quantum  num ber n . This is
justified by the fact that for the levels below  the Ferm i energy the STS curves do not show
a clear trend in the peak intensities (cf. Fig. 31). B ut also other m odels like consta ni =,
hardly change the shape of the resulting spectrum .

  A s pointed out above, the log-norm al distribution of the facet areas used for the
sim ulation w ith W×

                 =W 25.0

              s  can now  be com pared a posteriori w ith the experim ental
histogram , w hich is done in Fig. 71a. Though the m easured areas seem  to be spread over a
broader range, w e w ould like to stress that the overall w idth is essentially determ ined by
the largest m easured facets. Taking into account the N  uncertainty the applied w idth of

          W×

   =W 25.0
s  is not im plausible w ithin the statistical lim its. In Fig. 71b a set of 410=m
random ly distributed heights and facet areas as generated by the sim ulation algorithm  is
show n in com parison w ith the m easured values. A lso in this plot the experim ental points
are covered by the M onte C arlo sam ple quite w ell w hich justifies the chosen value for Ws
a posteriori.

   Fig. 71. (a) Probability density function used for the sim ulation (black line) together

           w ith the experim ental histogram  (cf. Fig. 67b).

           (b) M onte C arlo set (sm all dots) of random ly distributed cluster heights and

           facet areas. The closed curves represent lines of constant values of the

           corresponding probability density function. For com parison the values as

           m easured m y m eans of STM  are added (circles).

  A s discussed above, the sim ulations and the com parison w ith the U PS curves hint to the
existence of a contribution from  the 3=n  m ode w ithin the m odel of a free particle in a
hexagonal box. This state could not be identified in the STS m aps (cf. Fig. 27) so far. A
possible explanation w ould be that the 3=n  signal is suppressed by the intensity arising
from  the 4=n  peak because of the low  energetic distance (cf. Table 4) and the low  D O S
of the 3=n  m ode near the facet center (cf. inset in Fig. 72). To check this w e elim inate

the dV
   dI/  signal from  the center region of the facet by subtracting a fraction of the center

spectrum  from  the averaged spectrum  (see Fig. 26):

    ( ) ( ) ( )center
                       average

           outer /

                   /

       / dVdIa

                    dV

                 dI

        dV

    dI ×-

              μ . (43)

The w eighting factor a  is varied until the first peak com pletely vanishes, here 35.0=a .

Since the 4=n  state also exhibits an intensity m axim um  in the center, this procedure

should stress the outer regions. A s show n in Fig. 72 the difference ( )outer/dVdI  is still

nearly identical to the average curve, except for the fist peak and the peak around

        V 2.0-»V . W hereas in the averaged spectrum  the latter peak exhibits an asym m etry, it

now  has a sym m etric shape and is shifted to a low er energy position, w hich roughly

corresponds to the 3=n  state.

                    -0.6 -0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0

                                                 center
                                                 averaged
                                                 outer region

                                    7

                               43

                          2

                  dI

                  /dV

                   [arb. units]

                                    Voltage [V]

                        1

                                               n = 3

                                    7

                          2

                        1

   Fig. 72. dV
           dI/  spectra for sam e cluster as in Fig. 26 ( nm 9.3=h , 2nm 37=W )
           m easured in the center (red dots) and averaged over the total facet area (black
           circles). The low er curve (blue triangles) is the w eighted difference according
           to Eq. 43 and represents the LD O S in the outer region of the facet (see text). It
           is shifted vertically for clarity. The inset show s the w eighted difference of the
              dV

           dI/  m aps at V 148.0-=V  and V 199.0-=V  (left) w hich enhances the
              3=n  m ode. O n the right the calculated LD O S for the 3=n  state (from
           R ef. [36]) is show n for com parison.

  The spatial sym m etry of the m ode can be checked by subtracting dVdI/  m aps at the

voltages corresponding to the 4 ,3=n  states from  each other. A gain a w eighting factor is

included in order to elim inate the intensity in the center. The result is added in the inset of

Fig. 72 together w ith the theoretically expected sym m etry as presented in R ef. [36].

C onsistently, in both cases an enhanced intensity is visible at the corners of the facet. In
sum m ary, this analysis allow s to draw  the conclusion that the 3=n  level of the confined
surface state probably contributes to the experim ental photoelectron spectra. Including this
m ode to the theoretical sim ulation w e achieve a consistent description of both, the U PS
and STS results of large, faceted A u clusters on graphite.

1 0  S u m m a ry  a n d  O u tlo o k

  Throughout the w ork the interplay betw een the m orphology and the electronic structure
of gold nanoclusters on graphite has been dem onstrated. The know ledge of the
m orphology is a necessary ingredient for the understanding of the experim ental spectra.
C onsequently, the STM  and U PS m easurem ents for a large range of cluster sizes have been
analyzed thoroughly in C hapter 5. A s show n in Sec. 5.2 large clusters consisting of several
thousand atom s exhibit flat top facets parallel to the substrate surface. W ith the STM  data a
geom etric m odel has been developed w hich allow ed the param eterization of each cluster
by its height h  and its facet area W . Sm aller clusters w ithout a m easurable facet have been
described w ith a sim pler m odel, taking into account a constant w idth-to-height ratio of
          4.1»

     h

 d  (cf. Sec. 5.1). The different m orphology com pared to large A u clusters
indicates a transition from  a three-dim ensional tow ards a predom inant tw o-dim ensional
grow th w ith increasing cluster size. These investigations form ed the basis of the
subsequent analysis of the electronic structure and the grow th process.
  The com bination of the tw o com plem entary spectroscopy m ethods STS and U PS is an
efficient tool for studying the electronic properties of nanostructures on surfaces. A s a first
step the spatial dependent dVdI/  spectra on top of the faceted A u clusters have been
analyzed in Sec. 6.1. W e have show n that the pronounced patterns of standing w aves in the
   dV
dI/  m aps are caused by a Shockley surface state confined to the facet area. B y
com paring the energetic positions of the m odes for different clusters w e w ere able to
deduce a form ula w hich allow s to predict all energy levels of cluster w ith given height and
facet area. The confined surface state is also evident in angle resolved photoelectron
spectra w hich average over a large am ount of clusters (Sec. 6.1.2).
  For sm aller, non-faceted clusters the shape is less w ell defined and the interpretation of
the dV
   dI/  spectra is com plex. In Sec. 6.2 w e have presented a data set for a large num ber
of single clusters w ith different sizes. Though the features of the dVdI/  curves are not
analyzed on a quantitative level, w e have show n the m ain effects involved in the tunneling
spectra, i.e., a quantized electron structure, electronic shell effects, and single charge
transport effects.
  The know ledge of the grow th m echanism  is advantageous for the targeted preparation
of clusters w ith w ell-defined m orphology. In C hapter 7 the com bination of STM  and U PS
has been used for the investigation of different aspects of the cluster grow th. W e have
show n that the pits serve as condensation centers (cf. Sec. 7.1) and that the cluster centers

SUM M ARY AND O UTLOOK 105
are located at the pit edges, leading to clusters partially grow n on the upper and on the
low er plane of the graphite step (cf. Sec. 7.2). The evolution of the electronic structure in
the photoelectron spectra can be used for the investigation of the cluster grow th process
starting from  sm all, non-faceted clusters up to large clusters w ith pronounced top facets

(see Sec. 7.3). The confined Shockley surface state discussed in Sec. 6.1 em erges in
coincidence w ith the detailed d-band structure of the (111) facets, additionally pointing to
the m entioned m orphology change. The quantitative treatm ent of the photoelectron signal
of the d-bands is not straightforw ard. H ow ever, a careful analysis gives evidence for an
increasing condensation coefficient during the grow th. Furtherm ore, the integrated
intensity is in excellent agreem ent w ith the projected area calculated using a sim ple
geom etric m odel based on STM  data, particularly in the lim it of large clusters, w here the
finite electron escape depth becom es less im portant. The com parison of the U PS and STM
results w ith a sim ple kinetic grow th m odel in Sec. 7.4 confirm s the assum ed grow th
m echanism  and the obtained condensation coefficients.

  The analysis of photoelectron spectra of clusters coupled w eakly to the substrate
requires the consideration of the dynam ic final state effect (see C hapter 8). It is related to
the dynam ics of the C oulom b interaction betw een the photoelectron and the charged
cluster and leads to an asym m etric broadening of spectral features. This effect has been
previously dem onstrated for U PS m easurem ents of low  tem perature Ferm i edges but here
its influence could also be extracted for room  tem perature U PS data using sophisticated
deconvolution techniques. The explicit dependence on the photoelectron velocity has been
checked by com bined U PS and X PS experim ents utilizing the large difference of the
respective photon energies.

  Finally, all previous investigations and results have been com bined in C hapter 9. For the
new  sam ple w e have chosen optim ized preparation param eters using the results of the
form er sam ples. W e could observe the discrete surface state levels also in the angle
resolved photoelectron spectra and the asym m etric broadening due to the dynam ic final
state effect has been corrected by deconvolution based com pletely on experim ental data.

The cluster m orphology has been determ ined by STM  m easurem ents of the sam e sam ple.

W ith this inform ation it w as possible to calculate the average energetic positions of the
quantized surface-state levels for the total sam ple. The consideration of additional
eigenstates w hich could not be resolved before in the STS data revealed an excellent
agreem ent w ith angle-integrated photoelectron spectra.

SUM M ARY AND O UTLOOK 106

  In sum m ary w e achieved a fram ew ork of STM , STS, and U PS results, w hich allow s a
com plete and self-contained view  of the electronic structure of A u clusters on graphite near
the Ferm i level. O nly for sm all, non-faceted clusters the direct com parison of tunneling
spectroscopy on individual clusters and photoem ission results has not been successful
because the U PS data consist of an average over several 910  different clusters. W ith an
electronic structure w hich show s a very strong change w ith varying cluster size this sm ears
out all sharp spectral features.
  Tw o different m ethods are feasible to overcom e this problem . The first one is the
photoelectron spectroscopy on individual clusters w ith a Photoem ission Electron
M icroscope (PEEM ). U nfortunately it is extrem ely dem anding to com bine high lateral
resolution w ith high energy resolution. In addition the signal intensity is very low  w hich
requires large signal accum ulation tim es and thus increases contam inations. The second
possibility is the m ass-selected deposition of free clusters produced in a gas aggregation
source. C urrently, a m agnetron sputter source is being built in cooperation w ith the
U niversity of Freiburg (C . Y in, B . v. Issendorff) w hich allow s to extract clusters w ith a
narrow  m ass range and deposit them  onto nearly arbitrary surfaces under soft landing
conditions. The deposition of clusters w ith different w ell-defined sizes allow s the
system atic investigation of finite-size effects for m etal clusters on surfaces even for
averaging spectroscopic techniques like U PS.

1 1  A p p e n d ix

1 1 .1  U P S  L in e  S h a p e s  fo r a  F in ite  A n g u la r R e s o lu tio n

  In Sec. 6.1.2 the Shockley surface state of a bulk A u(111) surface has been investigated
by U PS. In particular the values for the surface state onset 0E  and the effective m ass *m
are needed for the m odeling of the confined surface state on the (111) facets of large A u
clusters. In a sim ple analysis one w ould determ ine the low est peak position of the A R U PS
spectra, w hich results in m eV 432

                       0 -=
                     E  for the spectra of Fig. 34. The inaccuracy of the
m anipulator angle w ith respect to the analyzer direction is less than °5.0  and m ay thus
result in a shift of m eV 5<  tow ards higher peak positions. This system atic error can be
avoided by a careful adjustm ent of the surface norm al of the sam ple. A dditionally,
how ever, the finite angular resolution of the analyzer affects the peak shape and therefore
the position of the peak m axim um  [93,94]: the lim ited ||k  selectivity induces an energetic
broadening, particularly for highly dispersive states, such as the Shockley surface state
w ith its low  effective m ass of em

                             m 26.0
                              * = . In this section w e deduce an analytical
m athem atical expression for the expected line shape. Together w ith the consideration of
the finite lifetim e, the Ferm i cutoff, and the energetic analyzer resolution it allow s to
determ ine 0E  and *m  m uch m ore accurately by fitting the theoretical curves to the
photoelectron spectra.

   The energy dispersion of the surface state can be w ritten as (cf. C hapter 3)

                   *

               2

               ||

             2

         0 2m
              k

        E

    E �+

      =  . (44)

The w ave-vector parallel to the surface is qsin/2 2kin|| �m Ek = , kinE  is the kinetic
energy of the photoelectrons after leaving the surface, m  is the free electron m ass, and q
is the angle of electron em ission. In U PS only the parallel part of the k  vector can be
m easured directly (see Sec. 2.3). The finite angular resolution of the electron analyzer
applies not only for the angle a , w hich w e are able to change by rotating the m anipulator,
but also for the angle b  corresponding to the direction perpendicular to the m anipulator
axis, w hich is in our experim ent adjusted at zero. W e suppose that the distribution of the
angles is G aussian, because the aperture of the analyzer is sm all. A  tw o-dim ensional

G aussian function gives the distribution around the adjusted angles 0a  and 0b :

A PPENDIX 108

                        ( ) ( )
                                         �
                                         �

                                         �
                     �
                     �

                     � -
                                +

                          -
                      -

           = 2

                                        2
                                       0

                               2
                             0
                 2
                              2

                  exp
            2

               1
          )

       ,

     (
                                 a

                a s

                                     b

                                  b

                            a

                        a

             ps

        b

      a

    P . (45)

In this form ula as  is the angular resolution of the analyzer, w hich is in the follow ing

assum ed to be isotropic ( ba ss = ). For a realistic com parison betw een theory and

experim ent all angles have to be considered. The probability distribution of Eq. 45 can be

transform ed into an energetic one:

                       dE

                    E

                  P

             d

           d

    P )(

          )

       ,

     ( =ba

        b

      a . (46)

B ecause for the surface state both angles 0a  and 0b  are sm all and 1<<as , it is

              1

          2

      2

  2 <<
       +

   = b

    a
q  and the energy (Eq. 44) can be approxim ated as

              2
         0 qc

       E

    E +

      »   w ith  *
                                kin /m

                                   m

                               E

                           c ×

                             =  . (47)

The use of cylinder coordinates ( jqa cos=  and jqb sin= ) gives:

                       ( )
                  �

               ×

           =

                  p
                          j

                        q

                    j

                q

              q

                  2

                  0

                         ,

       )

     ( Pd

             d

        dE

      E

    P  (48)

w ith

                       ( ) ( )
                                                 �
                                                 �

                                                 �
                     �
                     �

                     � -
                                    +

                              -
                      -

          = 2

                                                2
                                              0

                                  2
                                 0
                 2
                                  2

                                       sin

                         cos
                  exp
            2

              1
         )

       ,

     (
                                    a

                a s

                                             b

                                          j

                                      q

                               a

                            j

                        q

             ps

        j

      q

    P . (49)

N ow  w e get for ( )dEEP ,

     ( )

                                        j
                          s

                                    j

                              qb

                         j

                   qa

                                 s

                                     b

                                 a

                             q

                   ps

                q

              q

             p

                            a

                                   a

                     a

                                      d

             d

        dE

      E

    P

             � �

                                     �
                                     �

                                     �
                 �

                 �
                 �

                 � +
           ´

                                        �

                                        �
                                        �

                                        �
                          �

                          �
                          �

                          � +
                                +
                           -

               ×

           =

             2

             0

                             2

                                0

                      0

                                    2

                                       2
                                       0

                                   2
                                  0

                              2

                      2

                         2

                                 sin

                             2

                       cos

                  2
              exp

                                2

                       exp
                  2

                    1

                                         . (50)

Solving the integral in Eq. 50 leads to [95]

     ( ) �
                                                       �

                                                       �
                                          �

                                          �
                                          �

                                          �
                                                   +

                                        ×�
                                       �

                                       �
                         �

                         �
                         �

                         � +
                              +
                          -

                 ×

               ×

           = 202020
                                  2

                                     2
                                     0

                                 2
                                 0

                             2

                     2
                               2

                      exp

                   1
                                                     b

                                                a
                                           s

                                            q

                                s

                                    b

                               a

                           q

                  s

                q

             q
                                             a

                                 a

                    a

                                        I

            d

        dE

      E

    P . (51)

In this form ula 0I  is the regular m odified cylindrical B essel function of the order zero.

A fter the substitution of ( ) cEE /0-=q  from  Eq. 47 and F-+= nhEEE )(kin , w here

F is the w ork function, the probability distribution finally transform s to

     ( )

                                                    �
                                                    �

                                                    �

                                                    �

                                  �
                                  �

                                  �

                                  � +

                                           ×
                                      -

                              ´

                                                    �

                                                    �

                           �
                           �

                                             �

                                             �
                                             �

                             �

                             �
                             �

                                         +

                                     +
                                -

                           -

        =

                                                2
                                                   2

                                                  0
                                              2

                                              0

                                         0

                                 0

                                                   2

                                            2

                                            0
                                        2

                                        0
                                   0

                  kin
                      0

                 kin

               2 2
                       exp

                      )

                    (
                      )

                   (

          2
            1

                                               a

                                                  a

              a

                                              s
                                                 b

                                             a

                                                 s

                                           b

                                      a

            s

                                       c
                                        E

                                    E

                                I

                                 c
                                  E

                              E

                     E

                 E
                    E

                E

           c
      E

    P

                                                      . (52)

This function is plotted in Fig. 73 for the tw o angles °= 00a  and °= 30a , respectively,
using the param eters m eV 445

                      0 -=
                    E , em

                                    m 25.0=* , °= 00b , and °= 5.1as  (solid
curves). In order to take into account the finite lifetim e of the surface state, Eq. 52 has to
be convoluted num erically w ith a Lorentzian. Since only occupied states contribute to the
spectra, the result is then m ultiplied w ith a Ferm i function corresponding to the sam ple
tem perature T . Finally a convolution w ith a G aussian is perform ed due to the finite energy
resolution of the analyzer. The corresponding curves are additionally show n in Fig. 73

(dashed curves). N ote that due to the asym m etric shape of ( )EP  the peak m axim um  of the
dashed curve for norm al em ission, i.e. °= 00a , is located about m eV 30  above the surface
state onset 0E .

                     -0.6 -0.4 -0.2 0.0 0.2

               Intensity [arb. units]

                                   Energy [eV]

                                      a0= 0°

                                           a0= 3°

   Fig. 73. Solid Lines: ( )EP  according to Eq. 52 for °= 00a  and °= 30a , respectively.

           The other param eters are given in the text.

           D ashed Lines: the sam e ( )EP  after the convolution w ith a Lorentzian

           ( m eV 20

              =G ), m ultiplication w ith a Ferm i function ( 0F =E , K 45=T ), and

           a second convolution w ith a G aussian ( m eV 20Gauss =s ).

A PPENDIX 110

  To fit the calculated set of spectra to the experim ents w e varied the follow ing
param eters: the energetic position 0E , the effective electron m ass *m of the surface state,
the start angle starta , from  w here the others follow  in the sam e distance (here 1°), the
angular resolution as , the w idth of the Lorentzian G , and the energy resolution Gausss .
  To com pare the m easured data of the surface state to the calculated, w e first have to
subtract a background intensity. The background can be induced for exam ple by satellites
from  the photon source or by signal from  defects and it is approxim ated by a linear
function. The structure of the background is assum ed to be angle independent for sm all
angles. So w e use the zero degree angle to fit a Ferm i function m ultiplied w ith a linear
function in a region w ithout signal from  the surface state. In addition a second linear
function is subtracted to account for the signal above the Ferm i level. This is show n for
one exam ple in Fig. 74. W ith this fit w e get the position of the Ferm i energy FE  very
accurately as w ell, w hich is needed to calculate the absolute energetic position of the
surface state.

                           16.2 16.4 16.6 16.8 17.0

                           0

                        2000

                        4000

                        6000

                        8000

                      Counts

                                    Kinetic Energy [eV]

   Fig. 74. The dots are the m easured photoem ission data for the angle nearest to zero
           (spectrum  m arked w ith a thick line in Fig. 34). The blue solid line represents
           the background fit as described in the text. The region betw een the vertical
           lines w as excluded for the fit.

  For the angle resolved U PS spectra of the A u(111) surface show n in Fig. 34 just one set
of param eters as described above is used to fit all spectra for different angles
sim ultaneously. O nly a constant factor is adjusted autom atically for each curve to m atch
the peak am plitudes. The theoretical m odel is im plem ented as a m acro w ithin the program

^O rigin~, w here the com plete set of calculated spectra is displayed sim ultaneously together
w ith the experim ental data. In this w ay the optim um  set of param eters can be adjusted
m anually in a few  steps. The agreem ent betw een the m anually fitted theoretical curves and
the experim ent is alm ost perfect. The resulting param eters m eV )5445(0 ±-=E  and

                01.0

          25.0

   /* ±

       »em
m  w ere already given in Sec. 6.1.2. The errors result from  the range of
fitting param eters w hich still give a reasonable agreem ent w ith the A R U PS curves.

  W ith the fitting routine w e are m uch m ore sensitive for calculating the energetic
position and the effective electron m ass for the dispersion relation of the surface state than
by sim ply m easuring peak positions. The deduced 0E  is m ore than m eV 01  low er than the
value m eV 432

       0 -=
      E  obtained by sim ply m easuring the peak positions (see above). W e
note that the angular resolution for the spectra of Fig. 34 is °» 7.0as  (value for best fit),
w hich is the lim it of our analyzer. For other, m ore com plicated system s like rare gas layers
on A u(111) the angular acceptance is increased in order to obtain higher count rates [20].

For these system s the consideration of the finite angular resolution results in an even larger
correction of the onset energy by up to m eV 30 .

A PPENDIX 112

1 1 .2  M a x im u m  E n tro p y  D e c o n v o lu tio n  T e c h n iq u e s

  The analysis of m easured data )(xd  is often m ade difficult by the influence of the
experim ental setup. In m any cases this influence can be described m athem atically by a
convolution of the ^intrinsic~ spectrum  )(xf  w ith the apparatus function )(xa :

                      �

                      +¥
                      ¥-

                               -

                    =

              Ä

        = dyyxayf

                  x

                a

            x

          f

      x

    d )()(

                   )

                 (

             )

           (

       )

     ( . (53)

The quantity of interest is )(xf , reflecting the intrinsic physical properties of the system .
C om m only, )(xf  is determ ined by convoluting a param eterized m odel w ith a m easured or
assum ed apparatus function )(xa  and selecting those param eters w hich result in the best fit
to the experim ental data. The m ore interesting w ay, how ever, is the direct inversion of
Eq. 53, i.e., a deconvolution of the m easured spectrum  w ith the (ideally also m easured)
apparatus function. A s show n by exam ple in Sec. 8.2.2 and Sec. 9.1 this procedure can
provide an extended insight into the physical properties of various system s. In general the
deconvolution requires sophisticated m ethods due to the unavoidable experim ental noise.
In particular techniques based on the M axim um  Entropy principle have turned out to be
extrem ely successful in the fields of spectroscopy [86,96-98], crystallography [99],
astrophysics [100-102], m edical physics [96,103,104] and other, partly non-physical
applications.

  11.2.1 M o tivatio n
A  sim ple ansatz of solving Eq. 53 becom es obvious if the problem  is discretized into N
data points, resulting in a m atrix representation:

        �
        =

            -

      =

        N
        j

              iji

     i f

          a

    d
         1

               . (54)

Thus the convolution is equivalent to the m atrix m ultiplication

         f

       A

    d

         �

    �
      =   w ith jiij aA -= . (55)

This rew riting suggests a sim ple m atrix inversion to obtain the intrinsic function f

                                                                   �
                                                                    :

           d

        A

    f

           �

    � 1-
      = . (56)

Even if the experim ental spectrum  consists of several hundred data points, the duration of
the m atrix inversion is below  s 1  on a standard desktop com puter. Furtherm ore, the
solution of Eq. 56 is equivalent to a division in Fourier space, w hich additionally allow s to
im prove the com putation speed significantly using the Fast Fourier Transform  (FFT)
algorithm  [105]. H ow ever, the problem  arising w ith this ansatz is the fatal sensibility to
experim ental noise. This is im pressively docum ented in R ef. [106], starting from  an ideal
spectrum  w ithout any noise (see Fig. 75a). A n artificial spectrum  (solid line) is generated
by convolution of a test (^m ock~) function (dotted line) w ith a G aussian apparatus
function. In Fig. 75b the Fourier deconvolution is applied on the sam e spectrum , except for
the change of the right-hand peak by one count. This ^noise~ of a relative am plitude of

   6

10-  results in a w ildly oscillating curve w ith m uch larger am plitudes than the actual
signal. In contrast, the Fourier-deconvolution result of the first, unchanged peak m atches
exactly the m ock function.

                                                                        (b)

                                    (a) (b)

                                    (a)

   Fig. 75. (a) The initial function (m ock spectrum , dashed line) is convoluted w ith a

           G aussian to yield the solid curve.

           (b) D irect inversion result according to Eq. 56 after the rem oval of one count

           from  the right-hand peak. From  R ef. [106].

  Som e extensions have been m ade to the sim ple Fourier m ethod in order to suppress the
oscillating behavior. A  com m on procedure is to apply low  pass filters, w hich is particularly
convenient in Fourier-space. A s a consequence, how ever, the bandw idth of deconvoluted
spectra is accordingly lim ited, giving rise to a blurred output. Thus the original intention,
the ^deblurring~ of the experim ental data is partly destroyed. In practice the appropriate
choice of the filter function and the cutoff frequencies is difficult and often spectral

  The evidence )(dP
                 �

                    represents a norm alization constant, w hich can be obtained by a N
dim ensional integration over the joint probability cloud (cf. Eq. 60):

                       f

                     d

                  f

                d

              P

      d

    P N

               f

            ff N
             �
        =

             ,...,

           ,21
                    )

                 ,

               (

       )

     (
                  �

                �

      �

                         . (64)

  The prior probability )(fP
                          �

                             is the probability of getting f
                                                          �

                                                            w ithout any data
inform ation. The derivation of )(fP
                               �

                                  follow s the ^m onkey argum ent̃  argum ent (see

R ef. [108] and references therein): let a team  of m onkeys throw  balls at N  different cells

( N

 i ,...,

     2,1= ) independently and at random  w ith Poisson expectations im . The probability
to get exactly the com bination n
                           �

                             of occupation num bers in  is know n (from  sym m etry and
straightforw ard counting of possible outcom es [108]) to be

             Õ

              =

                       -

           =
              N

             i i

                         i
                  n

                 i

                    n
      n

    P
                  i

              1 !

                          )

                   exp(

          )

       |

     (
                        m

                m

        m
         �

      �

                           . (65)

In order to allow  for continuous functions w e define a/ii nf =  and am /iim = , w here a
is a positive, constant scaling factor. Together w ith Stirlingś form ula (large in ) Eq. 65
becom es

                             )

                           (

                              )

                       exp(

            )

          ,

        |

     (

                 1
                     21

                           a

                           a

           a

                          S

                N

                i
                   i

                        Z

                             S

                  f

         m

      f

    P ×

              = Õ

                =

                    -
         �
      �

                                  (66)

           w ith
                               2

                          2

                      )

                    (

                              N

                   SZ �

                             �

                             �

                         �

                         �

                         �

                       =

                          a

                           p

                    a  and �

                                             =
                                                     -

                                                 -

                                           =
                                             N

                                             i i

                                                           i

                                                       i

                                                    i

                                                i

                                                          m

                                                           f

                                                       f

                                                  m

                                               f

                                         S

                                              1
                                                        ln .

The quantity S  is called ^entropy~ in analogy to the sim ilar definition in the fields of
therm odynam ics and inform ation theory. D ue to the entropic prior the entire technique
described here is called ^M axim um  Entropy M ethod~ (M EM ).

  The expectation values m
                        �

                          can be in principle chosen arbitrarily, thus m
                                                                �

                                                                  is called the

^m odel̃  for the result. U sually there is no reason to favor certain data points, hence w e
choose m

       m i= . M oreover, in the case of a convolution w ith a norm alized apparatus
function the total intensity is conserved, therefore w e use for the m odel the average value
of the spectrum :

              �

               =
          =

      =
               N

               i
                  i

     i d

            N
        m

    m

                1

            1

                   . (67)

W e henceforth keep m

                  �
                     fixed and do not consider anym ore the dependency in ),|( amfP

                                                                        �

                                                                     �

explicitly. In practice the choice of m

                                 �
                                   is not crucial for the result, in particular if the
adaptive kernel m ethod is applied (cf. A ppendix 11.2.4), due to its large num ber of internal
degrees of freedom .
  The entropy S  is positive, convex w ith respect to f

                                                �
                                                  , and has a single m axim um  at
 f

 �
  = m

    �
      . It does not involve any correlations betw een the different if  since arbitrary
perm utations do not change its value. These properties facilitate the application of effective
algorithm s and are thus im portant for the im plem entation of the M axim um  Entropy
M ethod.
  It should be m entioned that Eq. 66 can also be derived from  m ore fundam ental
considerations [107]. The product

    Õ
            =

                -
          =

            N
            i

               if

        f

    M
             1

                 21
         )

      (

        �
                    (68)

in the left hand part of Eq. 66 has been interpreted in term s of the entropy m etric, rather
than assigning it to the entropy, because )ln( if  is not an additive quantity [108]. It is
possible to ignore this ^m easure~ )(fM

                                  �
                                     if it is taken into account again as a volum e
elem ent in integrals (or sum s) over the f

                                   �
                                     space [109]. Then the insertion of Eq. 63 and
Eq. 66 into B ayes´ theorem  (Eq. 62) yields

                  ( )L

                    S

         d

      f

    P -

             μ a

          a exp

            )

          ,

        |

     (

         �

      �
                         . (69)

The m ost probable solution maxf

                         �
                             can be obtained by m axim izing LS -a  over all if . D ue
to the special properties of S  and L  (see above) this N  dim ensional optim ization is
feasible in an acceptable short tim e.
  The rem aining scaling param eter a  acts as a regularization param eter betw een the pure
m axim um  entropy solution mf

                              �

                        �
                            =
                         max  (for ¥®a ) and the m axim um  likelihood result of
Eq. 56 (for 0®a ). U nfortunately the solution is strongly dependent on a . A  sim ple w ay
to determ ine a reasonable value for the regularization param eter is the ^H istoric M axim um
Entropy ^ approach: starting from  the fact that the difference betw een the actual data points
and the ideal (noiseless) convolution (Eq. 55) is of the order of is , it suggests to m axim ize
S  under the constraint N=2c , i.e., to select that a  resulting in a maxf

                                                          �
                                                              w hich satisfy this
constraint [109]. A lthough this m ethod has been successfully used in different applications,

H istoric M axim um  Entropy is not B ayesian and hence im perfect. It system atically tends to
overestim ate the regularization param eter a  w hich leads to a larger entropy w eighting in

Eq. 69. The result is a sm oother output, biased artificially tow ards the original data d
                                                                       �

                                                                         (see

R ef. [109] for a discussion).

  A  decisive advantage of the B ayesian form ulation is the capability of param eter
estim ation. If the problem  contains free param eters, the posterior probability cloud can be
used to determ ine e.g. the m ost probable values for the param eters. This also holds for the
regularization param eter a . The dependence on a  in ),,|( amdfP
                                                      �
                                                    �

                                                 �

                                                           can be elim inated by
integrating the joint probability in analogy to Eq. 64:

                           �

             �

                           ¥

             ¥

                          =

           =

                            0

             0
                                            )

                                         |

                                       (

                                     )

                                   ,

                                |

                              (

                      )

                    |

                 ,

               (

          )

        |

     ( aaa

                        a

                  a ddPdfP

                       d

                     d

                f

              P

        d

      f

    P
                                           �

                                    �

                               �

                     �

                �

         �

      �

                                               . (70)

A pplying B ayes´ theorem  on )|( dP
                              �

                          a  yields

             �

             ¥

           μ

             0
                                 )

                               (

                             )

                           |

                        (

                      )

                    ,

                  |

               (

          )

        |

     ( aaa

                  a d

                              P

                         d

                       P

                     d

                 f

              P

        d

      f

    P
                          �

                     �

                 �

         �

      �

                                     . (71)

In practice, for realistically large datasets the evidence )|( adP
                                                 �

                                                       is strongly peaked around
its m axim um  value a�, hence the integration in Eq. 71 m ay be replaced by the contribution
at a

   a �=  [109]. Furtherm ore, w e do not need to assign the prior probability )(aP
explicitly since any plausible prior is overw helm ed by )|( adP
                                                     �

                                                         . W ith this ^evidence
approxim ation~ Eq. 71 becom es

                     )

                   ,�|

              (

          )

        |

     ( d

               f

             P

        d

      f

    P
                    �

               �

         �

      �

                 a

           μ , (72)
and the rem aining task is to find the m ost probable regularization value a�, i.e., to
determ ine the m axim um  of the evidence )|( adP
                                     �

                                          . The com bination of Eqs. 61, 63, 64 and

66 results in

                              ( )

               �

               �

                                    -

           =

           =

                 N

                 N

                 f

              ff

                                            N

                         L

                    S

                 f

              ff

                                N

                                             f

                                           d

                                        f

                                      L

                                  f

                                S

                        Z

                   Z

                       f

                    M

                                 f

                              d

                          f

                       d

                     P

                   f

                M

      d

    P

               ,...,

              ,

               ,...,

              ,

               21

               21

                                         )

                                       (

                                   )

                                 (

                           exp

                       )

                     (

                        )

                      (

                             )

                           |

                         ,

                       (

                    )

                  (

          )

        |

     (

                                        �

                                  �
                       �

                          �

                        �

                   �

      �

                              a

                      a

                            a

        a

                                               .  (73)

The num erical solution of the m ultidim ensional integral is not possible on appropriate tim e
scales for large data sets. Therefore the joint probability )|,( afdP
                                                              �

                                                           �

                                                                   is usually

approxim ated by a G aussian about its m axim um  maxff

                                               �

                                            �
                                             =  and the integral in Eq. 73 is

calculated analytically by extending the low er integration lim it to ¥-  [108]. The errors

im plied by this approxim ations are rather low  for typical deconvolution applications and

can be even accounted for by the introduction of a correction factor [110] or by m ore

sophisticated integration m ethods [111].

  The basic algorithm  for this ^C lassic M axim um  Entropy M ethod~ can be sum m arized

as follow s:

     1. input data are the spectrum  d

                                   �
                                    , its errors s

                                               �
                                                , and the apparatus function a

                                                                           �
                                                                            .

         Start w ith 0ff

                      �

                  �
                    = , e.g. d

                             f

                                 �

                             �
                               =0 , and 0a

                                       a = .

     2. m axim ize LS -a  w ith respect to f

                                     �
                                       .

     3. use maxf

              �
                  from  step 2 to com pute the evidence )|( adP

                                                            �
                                                                 in G aussian

         approxim ation.

     4. change a  and go back to step 2; iterate a  tow ards the m axim um  of )|( adP

                                                                       �
                                                                            ,

         yielding a�.

W ith a� the posterior probability is given by

                ( )

                           )�|

                      (

                  )�(

                           )

                         (

                     )

                   (

                 �
             exp
          )

        |

     (
                         a

                a

                a

                       d

                     P

                   Z

              Z

                          f

                        L

                    f

                  S
        d

      f

    P
                    L

               S

                        �

                          �

                    �
         �

      � -
           = , (74)

and its m axim um  w ithin the G aussian approxim ation is located at maxff

                                                           �

                                                       �
                                                         = .

  It should be em phasized that the solution of the M EM  is the entire N  dim ensional

posterior probability cloud )|( dfP

                             �

                           �
                               . The m axim um  posterior (M A P) maxf

                                                              �
                                                                   is only one

particular representation for )|( dfP

                               �

                            �
                                 . A nother interpretation is given by the pointw ise

expectation

           � ×

       =
              Nf

           ff

                        N
              i

      i fddfPf

     f
            ,...,

          ,21

                     )

                   |

                 (

                    �

                  �
                           , (75)

w hich results in generally sm oother functions [86]. A ccordingly, the variance

                                                                           2
                                                                     2
                                                                          i

                                                                    i f

                                                                   f -

provides an estim ate of the accuracy of the solution. U nfortunately, the N  dim ensional

integrals require sophisticated num erical integration techniques, such as the M arkov C hain

M onte C arlo m ethod (M C M C ). H ow ever, a rough estim ation of the statistical error can be

obtained from  the G aussian approxim ation of )|,( afdP
                                            �

                                          �

                                                  (see above) through the w idths

  G

  is  of the N  dim ensional G aussian in the
                                        thi  direction. Each w idth G

                                                                is  is inversely
proportional to the corresponding diagonal elem ent of the H essian

                [ ])|,(

              ln
           2

                       a

                     f

                  d

                P

            f

          f
    H

             j

          i
      ij
                     �

                   �

           ¶

         ¶

          ¶

       = , (76)
w hich is anyw ay com puted in every iteration for the G aussian approxim ation (step 3 in the
algorithm  above). The evidence approxim ation and the extension of the low er integration
lim it usually result in an overestim ated w idth of the posterior probability distribution

[110]. H ence, the confidence interval calculated from  Eq. 76 represents an upper lim it of
the actual uncertainty.

  11.2.4 A d ap tive K ern els

  The C lassic M axim um  Entropy M ethod as described in the previous section has been
successfully used for various applications. C om pared to Fourier m ethods the am plitude of
the residual oscillations are significantly reduced. H ow ever, for noisy data and near sharp
features the rem aining ringing phenom enon m ay still be of the sam e order of m agnitude as
the signal itself (cf. Fig. 76 below ). Probably it is this unreliability w hich resulted in a
w idespread skepticism  tow ards M axim um  Entropy based deconvolution techniques am ong
experim entalists. The ^A daptive K ernel̃  M EM  [86,87] essentially overcom es these
problem s and is sum m arized in this subsection.

  A t first glance a decisive property of the C lassic M EM  is the absence of any free
param eters. In contrast to Fourier based m ethods or so-called M axim um  Likelihood
techniques the result cannot be tuned by adjusting param eters and it thus seem s to be
objective. B ut at closer inspection artifacts like the ringing phenom enon are dependent on
the data point distance, rather than on details of the experim ental output like the noise
contribution. C hanging the data point density affects the M EM  result. Therefore, from
theoretical point of view , the detailed experim ental settings during the data acquisition
serve as hidden free param eters. The reason is the num ber of degrees of freedom  (D O F) of
the problem : the algorithm  as described above optim izes all N  values of the posterior
function f
         �

          , but the effective num ber of degrees of freedom  (ED O F) of the problem  is
usually low er due to correlations of neighboring data points [87]. The entropy (cf. Eq. 66)
neglects such intrinsic correlations, leading in practice to an underestim ation of the

A PPENDIX 121

inform ation content. A  com m on w ay to introduce correlations w ithin the M EM  is the

concept of a ^hidden function~ h

                            �
                              [109]. The M EM  analysis is perform ed on h

                                                                    �
                                                                      and the
posterior function is replaced by

         hB

    f

         �

    �
      = .  (77)

The correlation m atrix B  typically represents a convolution of the hidden function w ith a
G aussian of the w idth b  (the so-called intrinsic correlation function, IC F) in analogy to the

definition in Eq. 55. The entropy is evaluated from  the uncorrelated h

                                                                 �
                                                                  , w hile the
likelihood contains the deviations from  the ideal data set

              h

            AB

         fA

    d

               �

         �

    �
          =

      = . (78)

The entire algorithm  is still valid if the m atrix A  is replaced by AB . The rem aining
param eter b  w hich determ ines the degree of intrinsic correlations can be calculated in
com plete analogy to the regularization param eter a  (see A ppendix 11.2.3). The
com putational cost increases essentially due to the tw o-dim ensional optim ization (a  and
b ) instead of the one-dim ensional case for the C lassic M EM .
  A  m ajor disadvantage of the hidden-function concept is a sim ilar one as for constrained
Fourier m ethods: the intrinsic correlation function restricts the frequency space of the
posterior function, thus the reconstruction of sharp spectral features (com pared to the w idth
of the IC F) is im possible.
  B esides a few  sharp features a typical spectrum  contains sm ooth regions w ith high
intrinsic correlations. In the ^A daptive K ernel̃  (A K ) approach the w idth of the IC F is
perm itted to vary w ith i, i.e., the IC F is adapted to the local characteristics of the data. The
introduction of a convolution w ith a varying G aussian kernel changes the IC F m atrix to

                            �

                            �
                            �

                            �

                 �

                 �
                 �

                 �
                          �
                          �

                     �

                     � -
                  -

       =

                           2

                    2

                    1
              exp
          2

          1
                        i
             i

     ij
                       b

                         j

                      i
            b

    B
           p

                              ; 0>ib . (79)

This definition does only m ake sense if b  varies sm oothly com pared to the data point

distance. Such a ^constraint̃  can be included via the prior probability for a set b

                                                                   �
                                                                     of kernel
w idths. W e choose the G aussian prior for the distances betw een tw o neighboring kernel
w idths [86]:

                    ( ) �
                            �

                            �
             �
             �

             �
                      -

              -

        μ � -

                           2
                         1
                2

                1
          exp

       )

     (
                  i

                        i

                     i b

                    b

      b

    P

      �
                              ; 0>ib . (80)

  The A daptive K ernel m ethod allow s to reconstruct sharp peaks as w ell as sm ooth
regions in the sam e spectrum  (see Fig. 76b). O nly at extrem ely sharp edges a residual
ringing phenom enon is observable. The disadvantage com pared to the C lassic M EM  is the
com putational cost: w e now  have to optim ize 1+N  param eters (a  and ib )
sim ultaneously. Sophisticated techniques have to be applied to achieve a stable solution in
an acceptable tim e. For the exam ples in this w ork w e used a m odified conjugate gradient
m ethod. The tim e needed for the deconvolution of a 100-point data set is about 20 m in on a
standard desktop com puter (1.4 G H z A thlon). D ue to determ inant calculations and m atrix
inversions the com putational cost increases according to 4...3N . Therefore, large data sets
w ith 200

       >

     N  should be split before deconvolution. H ow ever, in contrast to other m ethods
w here m ultiple deconvolutions are necessary in order to optim ize free param eters, it is
sufficient to apply the A K -M EM  only once since free param eters do not exist.

                                          0 50 100 150 200

                                                                mock

                                                                data

                                                                deconvolution

                                                                check

                                                                kernel widths (x500)

                                                          Bin
      0 50 100 150 200

     0

   5000

  10000

  15000

  20000  mock

                              data

                              deconvolution

                              check

 Counts

                      Bin

        Classic MEM AK-MEM

     0

   Fig. 76. C om parison of the deconvolution by the C lassic M EM  (left) and the A K -

           M EM  (right), respectively. The intrinsic m odel function (^m ock~, red dashed

           line) consists of a Lorentzian and a step function. The ^experim ental̃

           spectrum  d
                    �

                      (dots) w as obtained by convolution of the intrinsic function w ith

           a G aussian apparatus function a
                                     �

                                       ( 7=s  data points) and subsequently adding

           G aussian distributed random  noise. The result f
                                                  �

                                                    of the deconvolution of d
                                                                        �

           and a
               �

                 is indicated by a blue thick line and should ideally m atch the m ock

           function. The convolution of f
                                    �

                                      and a
                                          �

                                            (^check~, thin solid line) can be used

           for a reliability check since it should m atch the data d
                                                      �

                                                         apart from  the noise.

           The local kernel w idths b
                               �

                                  (dash-dotted line) in the A K -M EM  plot exhibit tw o

           distinct m inim a at the positions of the Lorentzian and the edge, respectively.

A PPENDIX 123

  The A K -M EM  is com pletely B ayesian and in general all extensions m ade originally for
the C lassic M EM  are applicable. The algorithm  im plem ented in this w ork includes as
additional features autom atic noise scaling [109] and the consideration of positive and
negative functions [112]. The first one allow s to determ ine autom atically an overall error
scaling factor w hich is im portant if the absolute num ber of counts and therefore the errors
  is  are not available or if the counter output does not reflect the correct statistics (e.g.
m ultiple pulses per count). Though it appears to be unphysical to take into account
negative probability functions, there are at least tw o reasons: first, in m any practical cases
a background signal is subtracted from  the raw  spectra w hich often results in negative data
points due to noise. Secondly, even if all data are expected to be positive it m ay m ake
sense to allow  for negative values in order to check the reliability of the outcom e. A  further
advantage is the num erical stability. Since ( ) -¥=® if fi lnlim 0 , the evaluation of quantities
containing the entropy (or one of its derivatives) causes problem s for sm all if , w hereas the
redefinition of the entropy allow ing for negative distributions according to [112]

       �
        =

                        +
                 -

            -

      =

        N
       i i

                           i

                       i
                   i

                i

           i
                        m

                          f

                       f
                   f

              m

          f

    S
        1 2

                      ~
                    ln

             2

          ~
                             ;

                                               2

                                          2
                                            4

                                   ~
                                               i

                                         i

                                    i m

                                        f

                                   f +

                                     =  (81)

does not show  the critical behavior.

  11.2.5 S m o o th in g
  A  slightly surprising application for the A K -M EM  is the data sm oothing in the absence
of any free param eters. In the context of the B ayesian probability theory sm oothing m eans
to find the best estim ator for the corresponding noiseless data. Instead of ^sm oothing~ a
m ore appropriate description w ould be ^rem oving noise~. The entropic prior and the
adaptive kernel naturally im pose sm oothness on the posterior function. B y setting the
convolution m atrix to unity ( E=A ) the inverting aspect is suppressed and the A K -M EM
acts as a pow erful sm oothing tool [87]. A gain the decisive advantages are the objectivity
(no free param eters) and the ability to account for sharp features and sm ooth regions
sim ultaneously. The high com putational effort how ever restricts the application to selected
problem s w here the correct consideration of the statistical properties is crucial.

                     -0,8 -0,6 -0,4 -0,2 0,0 0,2

              -2

               0

               2

               4

               6

               8

              10

             Signal [arb. units]

                                     Energy [eV]

                      Data

                      AK-M EM  smoothing

                      Savitzky-Golay sm oothing

   Fig. 77. Exam ple data set (dots) for the A K -M EM  sm oothing technique. The A K -

           M EM  result (M A P) is indicated by a blue solid line together w ith the

           confidence interval (hatched area). For com parison an optim ized Savitzky-

           G olay sm oothing result is show n (red dashed line).

  In Fig. 77 an exam ple data set is show n (dots) w hich w as generated by the
deconvolution of tw o step-like functions using the ^Edge D econvolution~ technique (see

A ppendix 11.3). The noisy data can effectively be sm oothed by the A K -M EM  (thick solid
line) w ithout suppressing the m ain peak. This exam ple indicates the afore m entioned
overestim ation of the confidence interval (hatched area) deduced from  the H essian of the
posterior probability distribution (see A ppendix 11.2.3), since the true noiseless curve as
determ ined ^by the eye~ rem ains clearly inside the hatched area. O ne of the m ost pow erful
and w idely used conventional sm oothing techniques is the Savitzki-G olay algorithm  [113]
w hich is based on a fit of local polynom ials. It requires tw o param eters, the degree of the
polynom ial and the local fitting interval. The result of this algorithm  w ith optim ized
param eters (second order polynom ial; 21 points interval) is added in Fig. 77 (dashed line).

It is clearly visible that the peak is significantly dam ped, w hereas in the sm ooth region a
considerable noise am plitude rem ains.

  A n attractive application of the A K -M EM  sm oothing technique is the determ ination of
the apparatus function a
                    �

                      [87]. U sually m easured apparatus functions are not suited for a
direct deconvolution because in contrast to the noise in the spectrum  d
                                                            �

                                                              the uncertainty of

A PPENDIX 125

the ia  values is not taken into account. The A K -M EM  sm oothing rem oves the noise of the
m easured apparatus function and the result is appropriate for a subsequent A K -M EM
deconvolution. This procedure is com pletely based on the B ayesian probability theory and
is thus self-consistent. It has been suggested to include the error of the apparatus function
explicitly [114] but this extension is not im plem ented in the present algorithm .

1 1 .3  ^ E d g e  D e c o n v o lu tio n ~  T e c h n iq u e

  For the experim ental determ ination of the distribution of energy shifts )(WP  w ithin the
dynam ic final state effect (cf. C hapter 8) or of the apparatus function )(Eg  (cf. Sec. 9.1)
one can use the m easured U PS Ferm i edges. A t low  tem peratures the intrinsic therm al
broadening is negligible com pared to the experim ental resolution and )(Eg  is the result of
a deconvolution of tw o step-like functions. For extrem ely sharp steps the A K -M EM  (cf.

A ppendix 11.2.4) induces ringing artifacts around the edge, hence the result )(Eg  is
hardly useful for a subsequent utilization. If the density of states w as constant near the

Ferm i level, the low  tem perature lim it of the Ferm i edge w ould be the step function

                   )

             (

       )

     ( F E

              E

          b

      E

    f -

           Q

         = , (82)
w here b  is the density of states at the Ferm i energy FE . The convolution of )(Ef  w ith the
apparatus function )(Eg  is then the sim ple integral

                        �

                         ¥-
                             -

                     =

               Ä

        =
                         F ~

                                )
                               ~

                           (

                    )

                  (

              )

           (

       )

     (
                        E

                                  Ed

                               E

                            E

                          g

                       b

                   E

                 g

            E

          f

      E

    d , (83)
thus the apparatus function can be directly obtained from  the derivative of the m easured
data )(Ed . U nfortunately in m ost U PS m easurem ents the signal am plitude is not constant
w ithin the w idth of the Ferm i edge. B ut often the linear approxim ation

                         )

                   (

                )

          (

       )

     ( F EE

               b

           aE

      E

    f -

                 Q

              +

         =  (84)
is able to describe the data sufficiently (see e.g. Fig. 60). The insertion of Eq. 84 into the
convolution yields

          �

          ¥

           ¥-
                               +

                            -

                       Q

                   +

               -

        = EdEgEEE

                     b

                  Ea

            aE

      E

    d
                                         ~

                                       )
                                     ~

                                    (

                                  )
                                 ~

                        (

                      )
                  ~

           (

       )

     ( F . (85)

B y differentiating w ith respect to E  w e obtain

                       ( ) )

                               (
                    ~

                  )
                ~

               (

        )

      ( F

                          F

              F
                                   E

                                E

                              g

                            b

                       aE

                   Ed

                E

              g

          a

      E

    d

             EE
                                  -

                           +

                     -

         =
     ¢ �
             ¥

             -
                                      . (86)

This integral equation can easily be solved w ith an iterative procedure in order to extract

    )

  (E
g . A n explicit application is presented in Sec. 9.1. Since the num erical derivatives
increase the relative noise, usually either the experim ental spectrum  )(Ed  or the result

A PPENDIX 127

    )

  (E
g  has to be sm oothed. If the A K -M EM  (cf. A ppendix 11.2.5) is applied for this
purpose, in practice it turns out to be m ore efficient to sm ooth )(Eg  subsequent to the
deconvolution because this function is norm ally rather sym m etric in contrast to the Ferm i
edge )(Ed  (cf. discussion in A ppendix 11.2.4). A  decisive advantage of the ^Edge
D econvolution~ m ethod is the low  com putational effort.

1 2  R e fe re n c e s

  [1] N . E. C hristensen and B . O . Seraphin, Phys. R ev. B  4, 3321 (1971); P. Pyykkö,

    C hem . R ev. 88, 563 (1988).

  [2] W . D . K night, K . C lem enger, W . A . de H eer, W . A . Saunders, M . Y . C hou, and

    M . L. C ohen, Phys. R ev. Lett. 52, 2141 (1984); M . M . K appes, R . W . K unz, and

    E. Schum acher, C hem . Phys. Lett. 91, 413 (1982).

  [3] O . Echt, K . Sattler, and E. R ecknagel, Phys. R ev. Lett. 47, 1121 (1981).

  [4] U . H eiz and W .-D . Schneider, in M etal C lusters at Surfaces ed.

    K .-H . M eiw es-B roer (Springer, B erlin H eidelberg, 2000).

  [5] J. A . B arker, J. Phys. 38, C 2-37 (1977).

  [6] G . B innig, H . R ohrer, C h. G erber, and E. W eibel, Phys. R ev. Lett. 49, 57 (1982).

  [7] G . B innig and H . R ohrer, H el. Phys. A cta 55, 726 (1982).

  [8] H .-J. G üntherodt, R . W iesendanger, Scanning Tunneling M icroscopy I (Springer

    B erlin H eidelberg N ew  Y ork, 1994).

  [9] M . H enzler and W . G öpel, O berflächenphysik des Festkörpers (B . G . Teubner,

    Stuttgart, 1991).

  [10] J. Tersoff and D . R . H am ann, Phys. R ev. Lett. 50, 1998 (1983).

  [11] J. Tersoff and D . R . H am ann, Phys. R ev. B  31, 805 (1985).

  [12] R . S. B ecker, J. A . G olovchenko, D . R . H am ann, and B . S. Sw artzentruber,

    Phys. R ev. Lett. 55, 2032 (1985).

  [13] J. Lehm ann, M . M erschdorf, A . Thon, S. V oll, and W . Pfeiffer, Phys. R ev. B  60,

    17037 (1999).

  [14] B . G rim m , Ph.D . thesis, U niversity of D ortm und (2000).

  [15] S. H üfner, Photoelectron spectroscopy (Springer, B erlin H eidelberg N ew  Y ork,

    1995).

  [16] W . Shockley, Phys. R ev. 56, 317 (1939).

  [17] A , Zangw ill, Physics at Surfaces (C am bridge U niversity Press, C am bridge,

    1996).

  [18] N . V . Sm ith, Phys. R ev. B  32, 3549 (1985).

  [19] W . B erthold, F. R ebentrost, P. Feulner, and U . H öfer, A ppl. Phys. A  78, 131

   (2004).

  [20] T. A ndreev, I. B arke, and H . H övel, Phys. R ev. B  70, 205426 (2004).

[73]  S.-T. Lee, G . A pai, M . G . M ason, R . B enbow , and Z. H urych, Phys. R ev. B  23,

  505 (1981).

[74] J. R . A rthur and A . Y . C ho, Surf. Sci. 36, 641 (1973).

[75] R . B . B arker and H . W . B erry, Phys. R ev. 151, 14 (1966).

[76] V . Schm idt, R ep. Prog. Phys. 55, 1483 (1992).

[77] H . K jeldsen, T. D . Thom as, P. Lablanquie, M . Lavollée, F. Penent, M . H ochlaf,

  and R . I. H all, J. Phys. B  29, 1689 (1996).

[78] B . K assühlke, R . R om berg, P. A verkam p, and P. Feulner, Phys. R ev. Lett 81,

  2771 (1998).

[79] O . B jörneholm , A . N ilsson, A . Sandell, B . H ernnäs, and N . M årtensson, Phys.

  R ev. Lett. 68, 1892 (1992).

[80] M . A struc H offm ann, G . W rigge, and B . v. Issendorff, Phys. R ev. B  66, 041404

  (2002).

[81] M . Seidl, J. P. Perdew , M . B rajczew ska, and C . Fiolhais, J. C hem . Phys. 108,

  8182 (1998).

[82] K . W ong, S. V ongehr, and V . V . K resin, Phys. R ev. B  67, 035406 (2003).

[83] M . Seidl, K .-H . M eiw es-B roer, and M . B rack, J. C hem . Phys. 95, 1295 (1991).

[84] H . H övel, I. B arke, H .-G . B oyen, P. Ziem ann, M .G . G arnier, and P. O elhafen,

  Phys. R ev. B  70, 045424 (2004).

[85] Landolt-B örnstein, N ew  Series, G roup III: C ondensed M atter, V olum e 23,

  Subvolum e C 1, C hapter 2.9.3 (Springer, H eidelberg, 2003).

[86] R . Fischer, M . M ayer, W . von der Linden, and V . D ose, Phys. R ev. E 55, 6667

  (1997).

[87] R . Fischer, W . von der Linden, and V . D ose, Proceedings of the M axim um

  Entropy C onference 1996, page 21 (N M B  Printers, Port Elizabeth, South A frica,

  1997).

[88] G . N ihoul, K . A bdelm oula, and J. J. M etois, U ltram icroscopy 12, 353 (1984).

[89] W . C hen, V . M adhavan, T. Jam neala, and M . F. C rom m ie, Phys. R ev. Lett. 80,

  1469 (1998).

[90] L. B ürgi, H . B rune, and K . K ern, Phys. R ev. Lett. 89, 17 (2002).

[91] F. R einert, G . N icolay, A ppl. Phys. A  78, 817 (2004).

[92] A . G erlach, R . M atzdorf, and A . G oldm ann, Phys. R ev. B  58, 10969 (1998).

[93] R . Paniago, R . M atzdorf, G . M eister, and A . G oldm ann, Surf. Sci. 331, 1233

  (1995).

R EFERENCES 132

  [94] R . M atzdorf, Surf. Sci. R ep. 30, 153 (1998).
  [95] I. S. G radshteyn and I. M . R yzhik, Tables of Integrals, Series and Products
    (A cadem ic Press, O rlando, 1980).
  [96] W . von der Linden, A ppl. Phys. A  60, 155 (1995).
  [97] A . M oham m ad-D jafari, J. F. G iovannelli, G . D em om ent, and J. Idier,
    Int. J. M ass Spectrom . 215, 175 (2002).
  [98] S. Sibisi, J. Skilling, R . G . B rereton, E. D . Laue, and J. Stauton, N ature 311, 446
    (1984).
  [99] C . L. G ilm ore, A cta C ryst. A 52, 561 (1996).
  [100] S. F. G ull and G . J. D aniell, N ature 272, 686 (1978).
  [101] E. Pantin and J.-L. Starck, A stron. A strophys. Suppl. Ser. 118, 575 (1996).
  [102] R . M olina, J. N únez, F. J. C ortijo, and J. M ateos, IEEE Sign. Proc. M ag. 18, 11
    (2001).
  [103] S. F. G ull and T. J. N ew ton, A ppl. O ptics 25, 156 (1986).
  [104] A . Jannetta, J. C . Jackson, C . J. K otre, I. P. B irch, K . J. R obson, and R . Padgett,
    Phys. M ed. B iol. 49, 4997 (2004).
  [105] W . H . Press, S.A . Teukolsky, W . T. V etterling, and B . P. Flannery, N um erical
    Recipes in C , online version, http://w w w .library.cornell.edu/nr/bookcpdf.htm l
    (C am bridge U niversity Press, C am bridge, 1992).
  [106] V . D ose, R ep. Prog. Phys. 66, 1421 (2003).
  [107] E. T. Jaynes, Probability Theory: The Logic of Science (C am bridge U niversity
    Press, 2003).
  [108] J. Skilling, in M axim um  Entropy and Bayesian M ethods ed. P. F. Fougere
    (K luw er A cadem ic, D ordrecht, 1990), pp. 341-350.
  [109] S. F. G ull and J. Skilling, Q uantified M axim um  Entropy, ^M em Sys5~ U sers´
    M anual (M axim um  Entropy D ata C onsultants Ltd., 1999).
  [110] W . von der Linden, R . Fischer, and V . D ose, in M axim um  Entropy and Bayesian
    M ethods ed. R . N . Silver and K . M . H anson (K luw er A cadem ic, D ordrecht,
    1996), p. 443.
  [111] W . von der Linden, R . Preuss, and V . D ose., in M axim um  Entropy and Bayesian
    M ethods ed. W . von der Linden, V . D ose, R . Fischer, and R . Preuss (K luw er
    A cadem ic, D ordrecht, 1999).
  [112] M . P. H obson and A . N . Lasenby, M on. N ot. R . A stron. Soc. 298, 905 (1998).
  [113] A . Savitzky and M . J. E. G olay, A nal. C hem . 36, 1627 (1964).

[114] V . D ose, R . Fischer, and W . von der Linden, in M axim um  Entropy and Bayesian

  M ethods ed. G . Erickson (K luw er A cadem ic, D ordrecht, 1998), p. 147.

PUBLISHED PAPERS

                            P u b lis h e d  P a p e rs

   · I. B arke, H . H övel, C onfined Shockley Surface States on the (111) Facets of G old
      C lusters, Phys. R ev. Lett. 90, 166801 (2003); R ef. [34].

   · H . H övel, I. B arke, Large noble m etal clusters: electron confinem ent and band
      structure effects, N ew  J. Phys. 5, 31 (2003); R ef. [35].

   · H . H övel, I. B arke, H .-G . B oyen, P. Ziem ann, M .G . G arnier, and P. O elhafen,
      Photon energy dependence of the dynam ic final state effect for clusters at surfaces,
      Phys. R ev. B  70, 045424 (2004); R ef. [84].

   · T. A ndreev, I. B arke, H . H övel, Adsorbed rare-gas layers on Au(111): Shift of the
      Shockley surface state studied with ultraviolet photoelectron spectroscopy and
      scanning tunneling spectroscopy, Phys. R ev. B  70, 205426 (2004); R ef. [20].

   · T. Iraw an, I. B arke, H . H övel, Size dependent m orphology of gold clusters grown
      on nanostructured graphite, in press; R ef. [25].

A CKNOW LEDGEM ENTS

                          A c k n o w le d g e m e n ts

  I w ould like to thank Prof. D r. M etin Tolan for providing m e the opportunity to w ork
w ithin the Lehrstuhl für Experim entalphysik EIa. H e has a great stake in the pleasant,
hum orous, and prolific atm osphere of the group and I learned m uch from  his num erous
questions, suggestions, and discussions including topics concerning the fringes of physics.

  I am  especially grateful to m y supervisor Priv. D oz. D r. H einz H övel. H is enorm ous
physical and technical know -how  and his im pressive scientific overview  have significantly
contributed to the success of m any m easurem ents and analyses. Thanks to his friendly w ay
and his cooperative attitude I w as never afraid of asking any kind of questions w hich often
led to fruitful discussions. H e fully supported m y w ork on the (in som e respects exotic)
field of M axim um  Entropy M ethods. Furtherm ore, I w ant to thank him  for his advice and
support for planning m y future career.

  I thank Prof. D r. M anfred B ayer for his interest in this w ork and for kindly agreeing to
referee the thesis.

  M any of the experim ents have been done in close cooperation w ith Thom as A ndreev
and Thom as Iraw an, and several results are part of their diplom a theses. They contributed
w ith excellent ideas and practical w ork in the laboratory and I enjoyed the pronounced
team w ork.

  For the m ost part of m y diplom a and Ph.D . tim e I w orked together w ith m y colleague

C histian R ettig. I savored all the scientific discussions, but also the recreational activities
including the w eekly badm inton m atches. H e really m anaged to establish a good m ood in
our bureau.

  I w ould like to thank Priv. D oz. D r. H ans-G erd B oyen (U lm ), Priv. D oz. D r. B ernd von

Issendorff (Freiburg), D r. M arina Pivetta (Lausanne), D r. François Patthey (Lausanne), and

Prof. D r. W olf-D ieter Schneider (Lausanne) for the fruitful and successful collaborations. I
thank D r. Frank K atzenberg (D ortm und) for perform ing the TEM  m easurem ents.

  W ithout the reliable supply of liquid helium  and nitrogen by M r. Eberhard G all m ost of
the experim ents w ould not have been possible. M any thanks also to M rs. Susanne Fricke
and the team  of the m echanical w orkshop, as w ell as to M rs. G isela Pike and M r. D irk

Schem ionek for num erous technical w orkings.

  I thank D aniel B oecker, Farhad G haleh, and all the other m em bers of the group EIa for
the pleasant cooperation and the w onderful tim e.

  I acknow ledge the D eutsche Forschungsgem einschaft (D FG ) for the financial support.

  I am  indebted to m y fam ily for the continuous support for m y w ork. Their strong
backing w as a great help.

  W ithout the enorm ous em otional support of m y w ife N icola it w ould have been m uch
m ore difficult to cope w ith problem s and disappointm ents w hich are alw ays unavoidable in
three years of research. I am  sincerely grateful for her loving care and her m otivating spirit.