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F I E L D EMISSION F R O M 
SINGLE CRYSTALS O F G R A P H I T E 

by 

G. Monte t , M, Hoch, 
and G. Hennig 

A B S T R A C T 

The s u r f a c e cond i t i ons of g r a p h i t e have b e e n s tud ied 
wi th a f i e l d - e m i s s i o n m i c r o s c o p e . The e m i t t i n g t ips w e r e 
" k n i f e - e d g e s " of g r a p h i t e p l a t e l e t s m a d e by a t e chn ique d e 
v e l o p e d in t h i s L a b o r a t o r y . The e m i s s i o n s c h a r a c t e r i s t i c 
of c l e a n e d g e s and of e d g e s c o v e r e d by an oxide f i lm w e r e 
s tud i ed , and s o m e q u a l i t a t i v e i n f o r m a t i o n of r e l a t i v e w o r k 
func t ions of t h e s e s u r f a c e s w a s ob ta ined . A t t e m p t s to e x 
t end t h e s e o b s e r v a t i o n s a r e d e s c r i b e d . 

INTRODUCTION 

The f i e l d - e m i s s i o n m i c r o s c o p e h a s p r o v e d to be a v a l u a b l e too l 
in the s tudy of the s u r f a c e s of s o l i d s . (1) The m o s t i m p o r t a n t f e a t u r e of 
s u c h a m i c r o s c o p e i s the e m i t t i n g t ip , which is u s u a l l y h e m i s p h e r i c a l in 
f o r m wi th i r r e g u l a r i t i e s of a t o m i c d i m e n s i o n s only. Such s m o o t h n e s s c a n 
be a t t a i n e d only by h i g h - t e m p e r a t u r e a n n e a l i n g in an u l t r a - h i g h v a c u u m , 
and m a s s i v e field e m i t t e r s have b e e n c o n s t r u c t e d s u c c e s s f u l l y only f r o m 
c o n d u c t o r s wi th h igh m e l t i n g po in t s , a l though e m i s s i o n f r o m " w h i s k e r s " of 
v a r i o u s s u b s t a n c e s h a s b e e n o b s e r v e d . (2) Th i s r e q u i r e m e n t h a s l i m i t e d 
the a p p l i c a t i o n of the f i e l d - e m i s s i o n m i c r o s c o p e to the s tudy of such r e 
f r a c t o r y s u b s t a n c e s a s t u n g s t e n , m o l y b d e n u m , and t a n t a l u m . A d s o r p t i o n 
and d e s o r p t i o n of oxygen, b a r i u m , t h o r i u m , and m a n y o the r a d s o r b a t e s have 
b e e n s tud i ed . (3 j In add i t ion , m a n y o b s e r v a t i o n s have been m a d e of c a r b o n 
d e p o s i t e d on t u n g s t e n and t a n t a l u m , ( 4 ) and the t y p i c a l h e x a g o n a l p a t t e r n of 
e m i s s i o n f r o m the c a r b i d e p h a s e h a s b e e n d e t e c t e d . 

It a p p e a r s , h o w e v e r , t h a t no o b s e r v a t i o n s of field e m i s s i o n of e l e c 
t r o n s f r o m g r a p h i t e have b e e n r e p o r t e d ; t h u s , when, du r ing the c o u r s e of 
s o m e s t u d i e s on c a t a l y t i c ox ida t ion of s ing le c r y s t a l s of g r a p h i t e , (5j ^ t e c h 
n ique w a s d e v e l o p e d wh ich m a d e p o s s i b l e the p r o d u c t i o n of s h a r p "kn i fe -
e d g e s " of g r a p h i t e , it w a s c o n s i d e r e d d e s i r a b l e to m a k e s o m e o b s e r v a t i o n s 
on the f ield e m i s s i o n of e l e c t r o n s f r o m t h e s e s i n g l e - c r y s t a l p l a t e l e t s of 
g r a p h i t e . Since the k n i f e - e d g e s a r e r e g i o n s s h a r p in one d i m e n s i o n only, 
the c - d i r e c t i o n of the c r y s t a l , it w a s r e a l i z e d that m a g n i f i c a t i o n would be 
ob t a ined in one d i m e n s i o n only; h o w e v e r , it a p p e a r e d p o s s i b l e tha t 



s o m e t h i n g of v a l u e about the s u r f a c e cond i t i ons of g r a p h i t e m i g h t be l e a r n e d 
by o b s e r v a t i o n of the f i e l d - e m i s s i o n " p a t t e r n . " 

The k n i f e - e d g e s of g r a p h i t e , a s u s u a l l y p r e p a r e d , w e r e c o v e r e d with 
an oxide f i lm. Th i s could be r e m o v e d by hea t ing in high v a c u u m . Thus , 
both c l e a n and o x i d e - c o a t e d s u r f a c e s could be s tudied . By o b s e r v i n g the 
e m i s s i o n f r o m t h e s e s u r f a c e s and the e m i s s i o n f r o m s u r f a c e s d e l i b e r a t e l y 
c o n t a m i n a t e d with v a r i o u s s u b s t a n c e s , it w a s hoped tha t s o m e knowledge 
of the s u r f a c e s t r u c t u r e of g r a p h i t e c r y s t a l s migh t be ga ined . Such knowl 
edge would be v e r y use fu l m the i n t e r p r e t a t i o n of m a n y of the c h a r a c t e r 
i s t i c s u r f a c e p r o p e r t i e s of g r a p h i t e . 

A P P A R A T U S 

The f i e l d - e m i s s i o n m i c r o s c o p e s u sed in t h e s e e x p e r i m e n t s w e r e 
c o n s t r u c t e d in our L a b o r a t o r y by s t a n d a r d p r o c e d u r e s . \2/ The g r a p h i t e 
e m i t t e r s w e r e m a d e by s e l e c t i v e ox ida t ion of c r y s t a l s in a m i x t u r e of 
c h l o r i n e and oxygen, or by f l a m e - e t c h i n g in the c o r e of a g a s - o x y g e n t o r c h . 
E i t h e r m e t h o d p r o d u c e s a c h a r a c t e r i s t i c p l a t e l e t , such a s is shown in 
p h o t o m i c r o g r a p h of F i g u r e 1. T h e s e p l a t e l e t s w e r e moun ted in the m i c r o 
scope by u s ing v a r i o u s suppor t i ng a r r a n g e m e n t s c o n s t r u c t e d of t ungs t en . 

F i g . 1. P l a t e l e t of G r a p h i t e Used a s E m i t t i n g T ip 



The c l e a n i n g of the e m i t t i n g s u r f a c e p r e s e n t e d s o m e p r o b l e m s . 
In the e a r l y e x p e r i m e n t s the p l a t e l e t s w e r e c l a m p e d b e t w e e n r e l a t i v e l y 
m a s s i v e t u n g s t e n j a w s and the e n t i r e a s s e m b l y was h e a t e d by an induc t ion 
co i l s u r r o u n d i n g the m i c r o s c o p e . The m a x i m u m t e m p e r a t u r e a t t a i n a b l e by 
th i s m e t h o d w a s ~1200°C; t h i s p r o v e d to be insuf f ic ien t to c l ean the s u r 
f a c e s . In l a t e r e x p e r i m e n t s the p l a t e l e t s w e r e c l a m p e d wi th in a loop of 
t u n g s t e n w i r e wh ich could be h e a t e d by p a s s a g e of an e l e c t r i c c u r r e n t ; 
t h i s p r o c e d u r e r e s u l t e d in a t e m p e r a t u r e of ~2000°C at the k n i f e - e d g e -
p r e s u m a b l y h igh enough to r e m o v e the ox ide f i lm. 

In a few e x p e r i m e n t s , f inely po in ted e m i t t e r s of t u n g s t e n o r t a n t a 
l u m w e r e u s e d . T h e s e w e r e m a d e by e l e c t r o l y t i c e t ch ing in the p r o p e r 
ba th : s o d i u m n i t r i t e for t u n g s t e n , and a m i x t u r e of c o n c e n t r a t e d su l fu r ic 
and h y d r o f l u o r i c a c i d s for t a n t a l u m . Th in f i lms of c a r b o n w e r e d e p o s i t e d 
on t h e s e t i p s by v a r i o u s m e a n s to be d e s c r i b e d l a t e r , and e l e c t r o n e m i s 
s ion t h r o u g h the f i lm w a s o b s e r v e d . 

E X P E R I M E N T S AND R E S U L T S 

The e a r l y e x p e r i m e n t s c o n s t i t u t e d a s u r v e y of the effects of p r e -
t r e a t m e n t , m o u n t i n g , h e a t i n g , and ion b o m b a r d m e n t of the e m i t t e r s on 
the e m i s s i o n p a t t e r n o b s e r v e d . 

The f i r s t e m i t t e r s t r i e d w e r e s l i v e r s of g r a p h i t e c r y s t a l s e t c h e d a s 
d e s c r i b e d a b o v e . In s o m e c a s e s the p l a t e l e t s w e r e f u r t h e r ox id ized in oxy
gen or ozone , in s o m e c a s e s h e a t e d to ~700°C in an i n e r t a t m o s p h e r e ; how
e v e r , t h e s e t r e a t m e n t s did not m a r k e d l y affect the e m i s s i o n , so in m o s t 
e x p e r i m e n t s the g r a p h i t e p l a t e l e t s w e r e s i m p l y e t ched in the c h l o r i n e -
oxygen m i x t u r e o r in the ox id iz ing cone of a s m a l l g a s - o x y g e n t o r c h to 
f o r m the r e q u i r e d k n i f e - e d g e . 

O r i g i n a l l y the p l a t e l e t s w e r e s e c u r e d to a t u n g s t e n rod by m e a n s of 
a t u n g s t e n s p r i n g c l a m p f i t ted wi th a s l i d ing c o l l a r to t i gh t en the j aws a g a i n s t 
the g r a p h i t e . The p r e s s u r e so e x e r t e d c a u s e d m a n y twins(o) to f o r m , and 
the r e s u l t i n g e m i s s i o n p a t t e r n i n d i c a t e d tha t the c r y s t a l s o m e t i m e s exfo
l i a ted , i . e . , the l a y e r p l a n e s s e p a r a t e d in to d i s c r e t e p a c k e t s . The c r y s t a l s 
w e r e t hen f a s t e n e d to the t u n g s t e n r o d (in a few c a s e s , a p l a t i n u m rod) wi th 
v a r i o u s a d h e s i v e s . A m o n g the a d h e s i v e s u s e d w e r e gold, p l a t i n u m , 
s a u e r e i s e n c e m e n t , and a q u a d a g ; a l l of t h e s e gave s i m i l a r r e s u l t s excep t 
for s p u r i o u s s p o t s a p p e a r i n g in the e m i s s i o n when a q u a d a g was u s e d . Tha t 
the a q u a d a g m o u n t i n g w a s e m i t t i n g e l e c t r o n s , p r e s u m a b l y f r o m s m a l l p r o 
t r u s i o n s , w a s c o n f i r m e d by m a k i n g s o m e r u n s in which t u n g s t e n t i p s w e r e 
c o a t e d wi th a q u a d a g . T h e s e p r o d u c e d a p a t t e r n c o n s i s t i n g of m a n y double 
l i n e s o r i e n t e d in v a r i o u s d i r e c t i o n s . T h e s e p r e l i m i n a r y e x p e r i m e n t s i n d i 
c a t e d t h a t f r e s h l y p r e p a r e d e t c h e d p l a t e l e t s he ld in a s i m p l e s p r i n g c l ip of 



s h e e t t u n g s t e n e m i t t e d the m o s t c o n s i s t e n t p a t t e r n , and s u b s e q u e n t e x p e r i 
m e n t s w e r e c a r r i e d out u s ing th i s e m i t t i n g s y s t e m . The r e s u l t s of t h e s e 
e x p e r i m e n t s a r e g iven be low. 

A t y p i c a l e m i s s i o n p a t t e r n of a f r e s h l y p r e p a r e d kn i f e - edge of 
g r a p h i t e is shown in F i g u r e 2. Magni f i ca t ion in only one d i r e c t i o n is o b 

t a ined due to the l i nea r ex ten t of 
the k n i f e - e d g e . The c h a r a c t e r i s t i c 
double t p a t t e r n u s u a l l y o b s e r v e d 
(even for aquadag) i s difficult to 
u n d e r s t a n d Some p o s s i b l e e x p l a n a 
t ions a r e d i s c u s s e d below. The a p 
p l ied vo l t age a t which such a p a t t e r n 
a p p e a r e d v a r i e d f rom p l a t e l e t to 
p l a t e l e t , but u s u a l l y fell in the r a n g e 
f r o m 4 to 6 kV. 

The r e s u l t s of s o m e of the 
e a r l y a t t e m p t s to r e m o v e oxide f i lm 
f r o m the s u r f a c e by hea t ing a r e 
shown in F i g u r e 3 ( a -d ) . It is 
r e a d i l y a p p a r e n t tha t even a r e l a 
t ive ly m i l d hea t ing c a u s e s a m u l t i -

F i g . 2. T y p i c a l E m i s s i o n P a t t e r n p l i ca t ion of the p a t t e r n and tha t 
f r o m G r a p h i t e "Kni fe -edge" f u r t h e r hea t ing in tens i f i e s th i s effect. 

In a l a t e r s e r i e s of e x p e r i m e n t s , a t t e m p t s to r e m o v e the oxide f i lm 
by "field d e s o r p t i o n " a t i n c r e a s i n g l y h i g h e r v o l t a g e s w e r e c a r r i e d out. A 
t y p i c a l s e q u e n c e of p a t t e r n s , a s shown in F i g u r e 4 (a -d) , i s c l o s e l y r e m i 
n i s c e n t of the s e q u e n c e ob ta ined in the hea t t r e a t m e n t s . 

In a few c a s e s , the g r a p h i t e p l a t e l e t s w e r e b o m b a r d e d by p r o t o n s , 
oxygen, o r m e r c u r y ions in an a t t e m p t to r e m o v e the oxide f i lm without 
d a m a g i n g the e m i t t i n g e d g e s . T h e s e a t t e m p t s a l s o p r o v e d f r u i t l e s s . 

The e m i s s i o n c h a r a c t e r i s t i c s of the g r a p h i t e p l a t e l e t s w e r e m o n i 
t o r e d by m e a s u r i n g the e m i s s i o n c u r r e n t a s a function of vo l tage app l ied 
to the anode . The r e s u l t s of the m o s t s u c c e s s f u l r u n of th i s type a r e g iven 
in F i g u r e 5 in which log I/V^ is p lo t t ed v s . l / V . A c c o r d i n g to the F o w l e r -
N o r d h e i m equa t ion , ( l ) the s l o p e s of t h e s e l ines a r e p r o p o r t i o n a l to the 
w o r k function r a i s e d to the 3 /2 p o w e r . F i g u r e 5 thus shows that the w o r k 
funct ion of the e m i t t i n g p l a t e l e t of g r a p h i t e is i n c r e a s e d by hea t ing to 1075°C, 
is unaffec ted by f u r t h e r hea t ing to 1200°C, and is d r a s t i c a l l y r e d u c e d by e x 
p o s u r e to a i r . 

The e x p e r i m e n t s in which the g r a p h i t e p l a t e l e t s w e r e hea ted to h i g h e r 
t e m p e r a t u r e s (up to 2000°C) in a b e t t e r v a c u u m gave v e r y n e a r l y the s a m e r e 
su i t s a s t h o s e c a r r i e d out at l ower t e m p e r a t u r e s . A t y p i c a l s equence of the 
p a t t e r n s o b s e r v e d is shown in F i g u r e 6 ( a -d ) . 



a. Heated to 600°C b Heated to 789°C 

c. Heated to 840°C d. Heated to 990°C 

Fig. 3. Effect of Heating on Emission Pattern 
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a. Emiss ion at 6.7 kV b. Emiss ion at 7.9 kV 

c. Emiss ion at 8.5 kV d. Emiss ion at 9-3 kV 

Fig. 4. Effect of E lec t r i c Field on Emiss ion Pa t te rn 



1000 

100 

lO'^/V 

F i g . 5. F o w l e r - N o r d h e i m P l o t 
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a. Heated to 900°C b. Heated to 1500°C 

c. Heated to 1800°C d. Heated to 2000°C 

Fig. 6. Effect of Heating on Emiss ion Pat tern 



In the c o u r s e of the e x p e r i m e n t s , m a n y a t t e m p t s w e r e m a d e to 
" c y c l e " the cond i t i ons , tha t i s , a f t e r c l e an ing the su r f ace by hea t ing to a 
h igh t e m p e r a t u r e in v a c u o , oxygen w a s d e l i b e r a t e l y i n t r o d u c e d to c o n 
t a m i n a t e the s u r f a c e once m o r e and the p a t t e r n c o m p a r e d with the i n i t i a l 
p a t t e r n o b s e r v e d b e f o r e h e a t t r e a t m e n t . In a l l c a s e s , the two p a t t e r n s w e r e 
d i f fe ren t ; an e x a m p l e i s shown in F i g u r e 7 ( a - c ) . The f a i l u r e of t h e s e 
cyc l ing e x p e r i m e n t s r e n d e r s diff icult the i n t e r p r e t a t i o n of the da ta . 

a Af te r C lean ing at 1200°C b . After E x p o s u r e to 1 -mic ron 
A i r P r e s s u r e 

c. Af te r C lean ing at 1200°C 

F i g . 7. Effect of Oxygen on E m i s s i o n P a t t e r n 

In a f u r t h e r s e r i e s of e x p e r i m e n t s , a t t e m p t s w e r e m a d e to g r o w a 
g r a p h i t e c r y s t a l (or w h i s k e r ) on a s h a r p l y poin ted t ip of t ungs t en . A glow 
d i s c h a r g e , wi th the t ip a s anode , t h r o u g h a low p r e s s u r e of c a r b o n m o n o x 
ide r e s u l t e d in a d e p o s i t of c a r b o n subox ide on the t ip . After pumping 



down to a h igh v a c u u m , the t ip w a s h e a t e d to a h igh t e m p e r a t u r e to con 
v e r t the suboxide to c a r b o n . It w a s hoped tha t a c h a r a c t e r i s t i c e m i s s i o n 
f r o m g r a p h i t e would be o b s e r v e d ; h o w e v e r , in a l l c a s e s but one , only the 
t u n g s t e n p a t t e r n w a s a p p a r e n t . In one c a s e , a hexagona l ly s y m m e t r i c 

p a t t e r n , shown in F i g u r e 8, w a s 
o b s e r v e d ; t h i s is p r o b a b l y due to 
e m i s s i o n f rom t u n g s t e n c a r b i d e , C )̂ 
wh ich p o s s e s s e s h e x a g o n a l s y m 
m e t r y . Since t a n t a l u m c a r b i d e h a s 
cubic s y m m e t r y , the e x p e r i m e n t s 
w e r e r e p e a t e d with a t a n t a l u m t ip 
a s s u b s t r a t e ; de sp i t e m a n y v a r i a 
t i ons in the e x p e r i m e n t a l cond i t i ons , 
no h e x a g o n a l p a t t e r n w a s o b s e r v e d . 

DISCUSSION 

The p a t t e r n s o b s e r v e d in 
field e m i s s i o n f rom k n i f e - e d g e s of 
g r a p h i t e a p p e a r to have the r u d i 
m e n t a r y s y m m e t r y expec ted for 
e m i s s i o n f r o m a l i n e a r s o u r c e . The 
fact tha t doub le t s a r e c o m m o n l y o b 
s e r v e d in the in i t i a l e m i s s i o n m a y 
be due to the " c h a i r " s t r u c t u r e of 
the p l a t e l e t s , that i s , the edge s u r -

F i g . 8. H e x a g o n a l E m i s s i o n P a t t e r n f ace s deve loped du r ing b u r n i n g in 
d r y oxygen a r e p r e d o m i n a n t l y [ l l 2 0 ] 

and e q u i v a l e n t p l a n e s . ( ° / Double t s could c o n c e i v a b l y r e s u l t f r o m e l e c t r o n 
e m i s s i o n f r o m the c o r n e r s of such a h e x a g o n a l face; howeve r , it is diffi
cul t to s e e why e m i s s i o n should be s u p p r e s s e d a long the s t r a i g h t e d g e s , 
s i n c e t h e s e too a r e s h a r p in one d i m e n s i o n . The d e v e l o p m e n t of the 
s a t e l l i t e l i ne s due to h e a t t r e a t m e n t o r field d e s o r p t i o n would then be a 
r e s u l t of a d d i t i o n a l s t r u c t u r e r e s u l t i n g f r o m the above t r e a t m e n t . It is 
not c l e a r w h e t h e r such a d d i t i o n a l s t r u c t u r e a c t u a l l y developed , s ince no 
e v i d e n c e of f o r m a t i o n w a s found upon o p t i c a l m i c r o s c o p i c e x a m i n a t i o n 
of the p l a t e l e t s . 

E v i d e n c e for the d e v e l o p m e n t of f u r t h e r s t r u c t u r e is found when 
the p l a t e l e t s a r e f u r t h e r ox id ized (in d r y oxygen) , and e x a m i n e d in an 
e l e c t r o n m i c r o s c o p e . An e l e c t r o n p h o t o m i c r o g r a p h of such an edge is 
shown in F i g u r e 9; i t i s ev iden t t h a t m a n y o v e r l a p p i n g p a c k e t s of g r a p h i t e 
p l a n e s a r e p r e s e n t . 

An a l t e r n a t i v e r e a s o n for the c h a r a c t e r i s t i c e m i s s i o n of a double t 
m a y be the p r e s e n c e of a twin l ine runn ing b a c k p e r p e n d i c u l a r l y f r o m the 
s u r f a c e . A s w a s m e n t i o n e d e a r l i e r , s u c h twins a r e induced by the 



c l a m p i n g of the p l a t e l e t ; in addi t ion , 
t hey a r e often o b s e r v e d in thin 
l a y e r s of g r a p h i t e . (9) Such twin 
b o u n d a r i e s m a y lead to the f o r m a 
t ion of i n t e r n a l c r a c k s v ia a m e c h 
a n i s m s u g g e s t e d by S t roh .HOj 
E m i s s i o n f r o m the two edges of 
such a c r a c k could r e s u l t in the 
double t so often o b s e r v e d , s ince the 
w o r k function of g r a p h i t e m a y be 
l o w e r e d by the o c c u r r e n c e of such 
c r a c k s . The p r o l i f e r a t i o n of l ines 
r e s u l t i n g f r o m hea t t r e a t m e n t o r 
field d e s o r p t i o n could then be due to 
f u r t h e r f o r m a t i o n of c r a c k s . 

i The sudden c h a n g e s which 
w e r e s o m e t i m e s o b s e r v e d in the 

F i g . 9. "Deve loped" S t r u c t u r e of e m i s s i o n p a t t e r n s a r e , p e r h a p s , 
" K n i f e - e d g e " of G r a p h i t e due to the b r e a k i n g up of p a c k e t s of 

g r a p h i t e l a y e r p l anes into s m a l l e r 
p a c k e t s . T h i s is m a d e m o r e p l a u s i b l e by the fact tha t a sudden i n c r e a s e 
in c u r r e n t f r e q u e n t l y w a s o b s e r v e d to a c c o m p a n y the p a t t e r n change . Such 
b r e a k i n g - u p m i g h t be due to e i t h e r of the m e c h a n i s m s s u g g e s t e d above , o r 
to e l e c t r o s t a t i c r e p u l s i o n s , evolu t ion of occ luded g a s e s , e tc . 

The o b s e r v e d c h a n g e s in e m i s s i o n p a t t e r n s and in the s l o p e s of the 
F o w l e r - N o r d h e i m l i ne s i nd i ca t e tha t the oxygen a b s o r b e d on the s u r f a c e s 
of the g r a p h i t e p l a t e l e t s i s a t l e a s t p a r t i a l l y d e s o r b e d by the h e a t t r e a t 
m e n t . Unfo r tuna te ly , it i s i m p o s s i b l e to dec ide w h e t h e r the oxygen is 
c o m p l e t e l y r e m o v e d b e c a u s e t h e r e is no c h a r a c t e r i s t i c s y m m e t r i c a l p a t 
t e r n o b s e r v e d . The e x p e r i m e n t s would be m u c h m o r e def ini t ive in th i s 
r e g a r d if it w e r e p o s s i b l e to v iew the p a t t e r n r e s u l t i n g f r o m e m i s s i o n of 
e l e c t r o n s in the c - d i r e c t i o n of the g r a p h i t e l a t t i c e , but inducing such e m i s 
s ion a p p e a r s to be v e r y diff icult . The ex t en t of the r e a b s o r p t i o n of oxygen 
in the " c y c l i n g " e x p e r i m e n t s s i m i l a r l y cannot be eva lua t ed due to the i r 
r e v e r s i b l e c h a n g e s which t ake p lace in the p a t t e r n du r ing d e s o r p t i o n . 

T h e r e is i ndependen t e v i d e n c e ! ^1) tha t e s s e n t i a l l y a l l of the e x 
t e r n a l l y a b s o r b e d oxygen is r e m o v e d by hea t ing g r a p h i t e to about 900°C. 
T h i s be ing the c a s e , the da ta of F i g u r e 5 m a y be i n t e r p r e t e d a s fol lows: 
the g r a p h i t e k n i f e - e d g e is c o v e r e d by a c h e m i s o r b e d l a y e r of oxygen or 
c a r b o n monox ide (and, p r e s u m a b l y , s e v e r a l p h y s i s o r b e d l a y e r s which, 
h o w e v e r , a r e r e m o v e d by the v a c u u m s y s t e m ) af ter p r e p a r a t i o n a s d e 
s c r i b e d above ; hea t ing the edge to 1000-1200°C r e m o v e s the c h e m i s o r b e d 
g a s , so tha t the l a r g e n e g a t i v e s l o p e s c o r r e s p o n d to the w o r k function of 
an e s s e n t i a l l y c l e a n g r a p h i t e s u r f a c e ; e x p o s u r e of t h i s s u r f a c e to a i r 



r e s u l t s in the r e a b s o r p t i o n of oxygen and a l o w e r i n g of the w o r k function. 
The fact t ha t the s lope of the F o w l e r - N o r d h e i m l ine is lowes t a f t e r the 
r e a b s o r p t i o n of g a s m a y be exp la ined by the p r e s e n c e of a c o m p l e t e m o n o 
l a y e r , w h e r e a s the s a m p l e p r e p a r a t i o n m a y r e s u l t in only p a r t i a l c o v e r a g e -
or p e r h a p s in c o v e r a g e by a m i x t u r e of c h l o r i n e and oxygen. 

It is g e n e r a l l y o b s e r v e d ( 2 j tha t a c h e m i s o r b e d l a y e r of oxygen on 
a m e t a l i n c r e a s e s the w o r k funct ion of the m e t a l s u r f a c e ; j u s t the o p p o s i t e 
effect is o b s e r v e d h e r e . T h i s m a y be due to a q u a l i t a t i v e d i f fe rence in the 
type of c h e m i c a l bonding in the c h e m i s o r p t i o n . The m e t a l - o x i d e bond r e 
s u l t s in a d ipo le l a y e r on the s u r f a c e , wh ich i n c r e a s e s the w o r k function; 
the c a r b o n - o x i d e bond is n o n p o l a r (or , p e r h a p s , as s u g g e s t e d by t h e s e e x 
p e r i m e n t s , p o l a r i z e d in the o p p o s i t e s e n s e ) and does not affect the w o r k 
funct ion, wh ich m a y then be d e c r e a s e d by s e c o n d a r y c a u s e s . F u r t h e r m o r e , 
it m u s t be r e a l i z e d tha t the c h a n g e s in s lope of the F o w l e r - N o r d h e i m l i ne s 
m a y be due to s p u r i o u s e f fec t s , s u c h a s field e n h a n c e m e n t due to c h a r g e 
e x c h a n g e and p o l a r i z a t i o n , o r to an u n o b s e r v e d i n c r e a s e in the e m i t t i n g 
a r e a ; the l a c k of a r e p r o d u c i b l e p a t t e r n m a k e s it i m p o s s i b l e to r u l e out 
t h e s e v a r i o u s p o s s i b i l i t i e s . 

If i t i s a s s u m e d tha t e m i s s i o n c o r r e s p o n d i n g to a c l ean g r a p h i t e 
s u r f a c e w a s o b s e r v e d in the e x p e r i m e n t s p lo t t ed in F i g u r e 5, it i s p o s s i b l e 
to d e r i v e v a l u e s of the w o r k func t ions f r o m the s l o p e s by us ing the "bes t 
v a l u e " of 4.60 eV for c l e a n g r a p h i t e to c a l i b r a t e the s y s t e m . In th i s m a n n e r 
we ob t a ined 3.93 eV for the f r e s h l y p r e p a r e d s u r f a c e and 3.25 eV for the 
s u r f a c e e x p o s e d to a i r . It is t h e o r e t i c a l l y p o s s i b l e ( l ) to d e r i v e the w o r k 
funct ion f r o m the s l o p e s of the F o w l e r - N o r d h e i m l i n e s by c a l c u l a t i n g the 
f ield s t r e n g t h f r o m the o b s e r v e d v o l t a g e and the r a d i u s of the e m i t t i n g t i p . 
T h i s p r o c e d u r e is s a t i s f a c t o r y for w e l l - d e f i n e d h e m i s p h e r i c a l t i p s , but 
fa i l s u t t e r l y for a r a g g e d k n i f e - e d g e of g r a p h i t e wi th an unknown effect ive 
r a d i u s . 

The i n t e r c e p t s of the F o w l e r - N o r d h e i m l ines at v e r y high f ie lds 
shou ld a l l have the s a m e v a l u e if one a s s u m e s tha t the w o r k funct ion is not 
a funct ion of the f ield s t r e n g t h . T h i s is a p p r o x i m a t e l y the c a s e for the l i ne s 
of F i g u r e 5, excep t for the u p p e r m o s t ; the fact tha t t h i s l i e s w e l l above the 
o t h e r t h r e e l i n e s i s p r o b a b l y to be i n t e r p r e t e d a s an e n h a n c e m e n t of e m i s 
s ion due to an i n c r e a s e in e m i t t i n g a r e a - p e r h a p s a p r o t r u s i o n deve loped 
by the h e a t t r e a t m e n t . It w i l l be no ted tha t f u r t h e r h e a t i n g b r o u g h t the 
e m i s s i o n b a c k to the p r o p e r r a n g e - p e r h a p s by r e m o v i n g the p r o t r u s i o n . 

It is b e l i e v e d tha t m i g r a t i o n of a t o m s on the s u r f a c e of g r a p h i t e 
t a k e s p l a c e at t e m p e r a t u r e s above 1500°C.( l2) It would be i n t e r e s t i n g to 
c o n f i r m th i s by i n v e s t i g a t i n g the r o u n d i n g of the t ip of a g r a p h i t e e m i t t e r . 
It a p p a r e n t l y i s p o s s i b l e to h e a t a g r a p h i t e t ip to a suf f ic ien t ly h igh t e m 
p e r a t u r e , bu t the i r r e v e r s i b l e c h a n g e s of the p a t t e r n d i s c u s s e d above m a k e 
it i m p o s s i b l e to o b s e r v e any r o u n d i n g of the t i p . 



F i e l d e m i s s i o n f r o m w h i s k e r s of v a r i o u s s u b s t a n c e s , even m e r c u r y , 
h a s been o b s e r v e d , ' 1 3 ) ^nd p r e s u m a b l y could be o b s e r v e d with g r a p h i t e 
w h i s k e r s . The s c r o l l - l i k e n a t u r e ( 1 4 ) of the g r a p h i t e w h i s k e r , h o w e v e r , 
m a k e s it v e r y l ike ly tha t such e m i s s i o n , if o b s e r v e d , would be f r o m the 
edge of l a y e r p l a n e s and, h e n c e , s i m i l a r to tha t d i s c u s s e d above . It w a s 
for t h i s r e a s o n tha t an a t t e m p t w a s m a d e to g r o w a s m a l l c r y s t a l l i t e of 
g r a p h i t e on a m e t a l l i c s u b s t r a t e ; it w a s hoped the e m i s s i o n in the c -
d i r e c t i o n could be o b s e r v e d . No s u c c e s s w a s a t t a i n e d in t h e s e i n t r i c a t e 
e x p e r i m e n t s . 
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