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ABSTRACT

Auger E l e c t r o n  Spectroscopy (AES) has  been u sed  to  

i n v e s t i g a t e  t h e  L a n th a n id e  r a r e  e a r t h  s e r i e s .  S p e c t r a  

o b t a i n e d  w i t h  a c y l i n d r i c a l  m i r r o r  a n a l y z e r  have  been 

I d e n t i f i e d  i n  X - ray  n o t a t i o n  f o r  t r a n s i t i o n s  be tw een  

atomic e n e r g y  l e v e l s .  S y s t e m a t i c  s h i f t s  i n  e n e rg y  w i t h  

i n c r e a s i n g  a to m ic  n’umber have  been  t a b u l a t e d  and d e s c r i b e d .  

I n t e n s i t y  v a r i a t i o n s  be tween  peaks  a r e  shown i n  r e p r o d u c e d  

s p e c t r a  and d e s c r i b e d  i n  s e m i q u a n t i t a t i v e  t e r m s .

I o n i z a t i o n  l o s s  p eak s  have  been  u s e d  to i d e n t i f y  

t r a n s i t i o n s  and supp lem en t  X - ray  d a t a  f o r  t h e  lo w e r  en e rg y  

l e v e l s .  Comparison between t h e  d a t a  r e v e a l s  l a r g e  d i f f e r ­

e n ces  f o r  e n e r g i e s  l e s s  t h a n  160 eV. C a l c u l a t e d  Auger 

e n e r g i e s  a r e  shown t o  be i n  c l o s e  ag reem en t  w i t h  e x p e r i ­

ment o n l y  i f  i o n i z a t i o n  l o s s  d a t a  i s  employed.
C a l i b r a t i o n  o f  Auger e n e r g i e s  by r e f e r e n c e  to  e l a s t i c  

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

ence  o f  5 eV i s  found  be tw een  Auger e n e r g i e s  t h u s  c a l i ­

b r a t e d  and p r e v i o u s l y  r e p o r t e d  d a t a .

IX



CHAPTER I 

AUGER ELECTRON SPECTROSCOPY 

INTRODUCTION
Auger E l e c t r o n  S p e c t r o s c o p y  (AES) u s e s  t h e  c h a r a c t e r ­

i s t i c  k i n e t i c  e n e rg y  of  Auger s e c o n d a ry  e l e c t r o n s  to  

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

a r y  e m i s s i o n  sp e c t ru m  ( F i g .  1) i n c l u d e s  a t r u e  s e c o n d a ry  

b a ck g ro u n d ,  an e l a s t i c  p eak ,  c h a r a c t e r i s t i c  i o n i z a t i o n  

l o s s e s  due t o  i n t e r a c t i o n  o f  t h e  p r im a r y  beam w i t h  t a r g e t  

a tom s,  p lasm on l o s s e s  and g a i n s - - t h e  r e s u l t  o f  quantum 

t r a n s f e r s  t o  and from o u a n t i z e d  e l e c t r o n  c lo u d  v i b r a t i o n s ,  

and Auger e l e c t r o n s .  The l a s t  a r e  p ro d u c e d  d u r i n g  th e  

r e t u r n  o f  i o n i z e d  atoms to  ground s t a t e .  The p r o c e s s  

( F i g .  2) i n v o l v e s  i n  g e n e r a l  an i n i t i a l  i o n i z a t i o n  W, 

e l e c t r o n  t r a n s i t i o n  from energy  l e v e l  X, and e m is s io n  o f  

an e l e c t r o n  bound i n  l e v e l  Y. A WXY Auger e l e c t r o n  has  

k i n e t i c  e n e rg y

K E a  -  -  E% -  E y

where Ê ,̂ E^, and Ey a r e  e n e r g i e s  f o r  l e v e l s  ¥ ,  X, and Y, 

r e s p e c t i v e l y .
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To The l i r o t .  approximation W, X, and Y a r e  X-a-a,y 

;.iLo!;iic on or;:; y l e v e l : : ,  and Ihe  WXY no ia t  j on eirialoy :j X- ray 

d e s i g n a t i o n : :  X, L-^, Lo, L j ,  M]_, e t c .  The e r r o r  i n  using 
a tom ic  l e v e l s  l o r  io n s  i s  a p p a r e n t .  I'o c a l c u l a t e  Auger 

e n e r g i e s  Ey i s  g e n e r a l l y  m o d i f i e d ^ t o

E^iZ) = Ey(Z) - /kzfs%(X - 1) - &y(z3

where A Z  i s  an e m p i r i c a l l y  d e te r m in e d  v a r i a b l e  be tween  0 

and 1 . 0 - - u 3 u a l l y  0 . 7 ,  Ey(Z -- 1) and Ey(Z) a r e  t h e  e n e r g i e s  

o f  t h e  Y a to m ic  ene rgy  l e v e l  f o r  e lem en ts  Z and Z + 1, 

r e s p e c t i v e l y .  A f u r t h e r  c o r r e c t i o n ^ ^ ) sym m etr izes  t h e  

Auger energy

= E|  ̂ -  Ey -  Ey

s i n c e  t h e  a tom ic  ene rgy  s t a t e s  a f t e r  b o th  WXY and WYX 

t r a n s i t i o n s  a r e  e q u a l ,  doubly i o n i z e d  i n  t h e  X and Y 

l e v e l s .  Good agreem ent  h a s  been  shown^2,3)  be tween  em p i r ­

i c a l  and c a l c u l a t e d  d a t a .  The u s e  o f  n o t a t i o n ,  c a l c u l a t i o n s  

and X -ray  a tom ic  e n e rg y  l e v e l  d a t a  is d i s c u s s e d  f o r  t h e  

r a r e  e a r t h  s e r i e s  i n  C h a p te r s  I I ,  IV, and V.

Auger e l e c t r o n s  a r e  u s u a l l y  p rod u ced  by low ene rgy  

e l e c t r o n  or X-ray e x c i t a t i o n .  The s e co n d a ry  e l e c t r o n  

spec t rum  i s  energy  a n a ly z e d  by r e t a r d a t i o n  or d e f l e c t i o n  

o f  e m i t t e d  s e c o n d a r i e s .  The l a t t e r  method i s  u s e d  i n  t h e  

c y l i n d r i c a l  m i r r o r  a n a l y z e r  ( F i g .  k ) , which  f e a t u r e s  h i g h  

speed e n e rg y  d i s c r i m i n a t i o n  w h i l e  r e t a i n i n g  good r e s o l u t i o n . (^"9)
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A p l o t  o f  c u r r e n t  c o l l e c t e d  v s .  ene rgy  y i e l d s  the  

s e c o n d a ry  e l e c t r o n  sp ec t ru m  o f  F i g .  1 .  U n f o r t u n a t e l y ,

Auger p eak s  a r e  u s u a l l y  d i f f i c u l t  to d i s t i n g u i s h  from t h e  

b ack g ro u n d .  To r e d u c e  t h i s  p rob lem  t h e  e m is s io n  spec t rum  

i s  d i f f e r e n t i a t e d  e l e c t r o n i c a l l y ^ ^ ^ ”^ ^ ) .  The method i s  

s c h e m a t i c a l l y  r e p r e s e n t e d  i n  F i g .  3* A sm a l l  s i n u s o i d a l  

v o l t a g e  A E  i s  a p p l i e d  t o  t h e  d . c .  d e f l e c t i n g  v o l t a g e .  A 

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

t h e  r e s u l t i n g  change  i n  c u r r e n t  A  N (E ) . The c o n s e q u en t  

AN'(E)/AE v s .  E c u rv e  g r e a t l y  r e d u c e s  t h e  c o n t i n u o u s  and 

s lo w ly  v a r y i n g  background  w h i l e  enhan c in g  t h e  Auger s p e c ­

t rum .  The d i f f e r e n t i a t e d  Auger peaks  ( F i g .  6) e x h i b i t  bo th  

p o s i t i v e  and n e g a t i v e  e x c u r s i o n s - - p o s i t i v e  and n e g a t i v e  

N(E)/AE.  The minimum o f  t h e  d i f f e r e n t i a t e d  peak  i s  t a k e n  

as  t h e  Auger e n e rg y .

C h a r a c t e r i s t i c  Auger p eak s  r e s u l t  f rom e l e c t r o n s  

e m i t t e d  i n  t h e  f i r s t  few m o n o l a y e r s ^ , and s e n s i t i v i t y  

to  s u r f a c e  s p e c i e s  can  t h e r e f o r e  be enhanced u s i n g  g r a z i n g  

i n c i d e n c e  e x c i t a t i o n .  Because  AES i s  a s u r f a c e  t o o l ,  

u l t r a h i g h  vacuum i s  r e q u i r e d  to  m a i n t a i n  an a t o m i c a l l y  

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

EQUIPMENT

N e c e s s a r y  i n s t r u m e n t a t i o n  f o r  Auger s p e c t r o s c o p y  

i n c l u d e s  an e x c i t a t i o n  s o u r c e ,  an e l e c t r o n  en e rg y  a n a l y ­

z e r ,  and  t h e  a s s o c i a t e d  e l e c t r o n i c s .  A p h a s e - s e n s i t i v e  

d e t e c t o r  such  as  a l o c k - i n  a m p l i f i e r  f o r  d i f f e r e n t i a t i o n
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o f  t h e  e l e c t r o n  sp ec t ru m  i s  a l s o  r e q u i r e d .  An u l t r a h i g h  

vacuum sys tem  and some means f o r  o b t a i n i n g  c l e a n  s u r f a c e s  

co m p le te  t h e  e s s e n t i a l  a p p a r a t i .

The Auger and a u x i l i a r y  equipment  used  i n  t h e s e  

s t u d i e s  were housed  i n  an l l " - d i a m e t e r , 13" l o n g  c y l i n ­

d r i c a l  s t a i n l e s s  s t e e l  chamber .  Rough vacuum was o b t a i n e d  

by a c r y o s o r p t i o n  pump; u l t r a h i g h  vacuum was r e a c h e d  u s i n g  

200 l i t e r - p e r - s e c o n d  ( i p s )  s p u t t e r - i o n  pumping augmented 

by a 200 I p s  t i t a n i u m  s u b l i m a t i o n  pump. The sys tem  was 

c a p a b l e  o f  l e s s  t h a n  2 x  10“^^ t o r r  as  m easured  by a 

B a y a r d - A l p e r t  i o n i z a t i o n  gauge .

Arrangement  o f  e x p e r i m e n t a l  a p p a r a t u s  i n  t h e  chamber 

i s  shown i n  F i g .  h.  I n  a d d i t i o n  to  t h e  c y l i n d r i c a l  m i r r o r  

a n a l y z e r  t h e  f a c i l i t i e s  i n c l u d e  an  e l e c t r o n  gun and s p u t t e r  

bombardment gun f o r  c l e a n i n g  ( s e e  Appendix  I I I ) . Not shown 

i n  t h e  top  view o f  F i g .  i s  t h e  spec imen m a n i p u l a t o r  ( F i g .  5) 

w hich  a l l o w s  360° r o t a t i o n ,  l i n e a r  t r a v e l  b o t h  a lo n g  and 

t r a n s v e r s e  t h e  a x i s  o f  r o t a t i o n ,  and t i l t  o f  t h e  r o t a t i o n  

a x i s  up to  9° from n o rm a l .

A gas  i n l e t  sys tem  was c o n s t r u c t e d  to  a l l o w  a d m is s io n  

o f  s e v e r a l  c l e a n i n g  g a s s e s .  The i n l e t  l i n e  was s e p a r a t e l y  

pumped i n  o r d e r  t o  m a i n t a i n  gas  p u r i t y .  I t  was a l s o  conven­

i e n t  vacuum p r o c e d u r e  t o  b a c k f i l l  t h e  chamber w i t h  d ry  

n i t r o g e n  t h r o u g h  t h e  i n l e t  when c y c l i n g  to  a tm o sp h e re .

B o th  pumpdown t im e  and i n i t i a l  c o n t a m i n a t i o n  o f  t h e  sample 

w ere  t h e r e b y  r e d u c e d .  The v a r i a b l e  l e a k  v a l v e  t h r o u g h



K O )

F i g u r e  5* Specimen m a n i p u l a t o r .  Degrees  
o f  f reedom shown a r e  r o t a t i o n  and  t r a n s l a ­

t i o n  i n  t h r e e  d im e n s io n s .
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F i g u r e  6 .  Cerium Auger sp e c t ru m .  H o r i ­
z o n t a l  a x i s  i s  e l e c t r o n  e n e rg y ,  eV. 
S e n s i t i v i t y  o f  h i g h e r  r a n g e  a p p r o x i m a te ly  
2 . 5  X t h a t  o f  t h e  l o w e r .
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which  gas e n t e r e d  t h e  sys tem  f e a t u r e s  a u t o m a t i c  p r e s s u r e  

c o n t r o l  and v a r i a b l e  c o n d u c ta n c e  lO '^O _ ]_q2 s t a n d a r d  

c m 3 / s e c .



CHAPTER I I  

AES - LIGHT LANTHANIDE RARE EARTHS

The l i g h t e r  l a n t h a n i d e  r a r e  e a r t h s  a r e  t h e  e lem ents  

Ce, P r ,  Nd, Sm, and Eu c h a r a c t e r i z e d  by h a l f - f i l l i n g  o f  

t h e  ^ f  o r b i t a l s .  The a r t i f i c i a l  e lem en t  Pm has  n o t  been 

s t u d i e d ,  due to i n s u f f i c i e n t  f a c i l i t i e s  f o r  h a n d l i n g  r a d i o ­

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

s h a r e  many p r o p e r t i e s ;  t h e y  a r e  i n  g e n e r a l  t r i v a l e n t ,  

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

as  d i s s o l v e d  i m p u r i t i e s  i n  one a n o t h e r ( l 7 , l 8 ) .  The l i g h t e r  

r a r e  e a r t h s  o x i d i z e  r a p i d l y  i n  a i r  a t  room t e m p e r a t u r e ,  

w hereas  th e  h e a v i e r  e l e m e n t s  a r e  c o r r o s i o n  r e s i s t a n t .

Because  t h e  d i f f e r e n t  o x i d a t i o n  c h a r a c t e r i s t i c s  i n d i c a t e  

p r o b a b l e  d i s t i n c t i o n  i n  Auger s p e c t r a  end c e r t a i n l y  i n  

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

e le m en ts  were s t u d i e d  s e p a r a t e l y .

I n  t h i s  i n v e s t i g a t i o n  i t  was p u rp o se d  t o  o b t a i n  c l e a n  

Auger s p e c t r a  o f  t h e  l i g h t e r  r a r e  e a r t h  e l e m e n t s .  U nfor ­

t u n a t e l y ,  n o t  a l l  c o n t a m i n a t i o n  c o u ld  be removed from th e  

sp ec im e n s ,  b u t  t h e  s p e c t r a  o b t a i n e d  a r e  t h o u g h t  t o  be 

r e p r e s e n t a t i v e  o f  t h e  c l e a n  s u r f a c e .  S e c o n d ly ,  i t  was hoped 

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

12



13

Auger peak intensities might be used to determine the 
density changes of the valence orbitals with atomic 
number.

EXPERIMENT
The rapid oxidation of the samples necessitated 

several handling precautions. Specimens were received 
incased in heavy oil or under plastic seal. Inorganic sol­
vents standard to vacuum procedure^^^) vere used in an 
inert atmosphere to remove these coatings. The samples 
were transferred under inert gas to the system and mounted. 
The chamber, which had been backfilled with dry Ng, was 
evacuated. A 200^0 overnight bakeout followed which pro­
duced base pressures from $^1 0 "^^ to 5‘10~^ torr, depend­
ing on sample and peculiarities of the system.

Several in vacuo cleaning techniques were tried.
Since oxygen was the principal evident contaminant, hydrogen
reduction was attempted. The gas inlet system admitted Hp

k ^to 10"^ torr. The sample was heated by electron bombard­
ment to ^00-1200°C for time periods of 15 min. to 3 hr. 
Little improvement was observed in Auger spectra subsequent 
to these procedures. It was not unusual for the carbon peak 
to increase while the 0 peak remained undiminished.

Alternating between simple e.b. heating and argon ion 
sputtering produced improvements in the Auger spectra. Sput­
tering was normally conducted at 5*1<̂ ~̂  - 1*10"^ torr as
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d e s c r i b e d  be low.  In  t h i s  a m b ie n t ,  a s  i n  t h e  hydro g en  g a s ,  

d i f f i c u l t i e s  were e n c o u n te r e d  w i t h  t h e  e l e c t r o n  beam h e a t e r  

gun due to  e l e c t r i c a l  d i s c h a r g e  and breakdown.  I t  i s  assumed 

t h a t  t h e  c h i e f  c a u s e s  o f  t h e s e  f a i l u r e s  were v a p o r i z a t i o n  o f  

t h e  sample  o n to  t h e  gun i n s u l a t o r s  and l o c a l i z e d  h i g h e r  p r e s ­

s u re  r e g i o n s  i n  t h e  v i c i n i t y  o f  t h e  gun and sample s u r f a c e .  

For p r o p e r  f o c u s i n g  t h e  gun -sam ple  d i s t a n c e  was 1-3 cm, and 

gas e v o l u t i o n  from t h e  spec im en  s u r f a c e  was l i k e l y  r e s p o n s i ­

b l e  f o r  an o b s e rv e d  g aseo u s  b l u e  d i s c h a r g e  i n  t h e  e l e c t r o n  

gun.

Of t h e  methods  a t t e m p t e d  l o n g - t e r m  a rg o n  s p u t t e r i n g  

p rod u ced  t h e  b e s t  r e s u l t s .  S p u t t e r  t im es  ex te n d e d  from one 

to  f o u r  and a h a l f  days  ( f o r  E u r o p i m )  , a v e r a g i n g  t h i r t y  

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

a p p e a re d  to  be e x p o n e n t i a l ,  b u t  s i n c e  i n t e r r u p t i o n  o f  t h e  

s p u t t e r  p r o c e s s  t o  c o l l e c t  Auger s p e c t r a  a l lo w e d  r e c o n t a m i ­

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

S p u t t e r i n g  was co n d u c te d  u n d e r  t h e  f o l l o w i n g  c o n d i t i o n s :  

p r e s s u r e  - 5*10“ ^ - 10“^ t o r r  a rg o n ,  a c c e l e r a t i n g  v o l t a g e - -

'•+00v, i o n  c u r r e n t  d e n s i t y - - a p p r o x i m a t e l y  10~5 Min. The
cm2

c a l c u l a t e d  rem ova l  r a t e  i s  a b o u t  .1  m o n o l a y e r / s e c .

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

e le m en ts  were  n o t  o b t a i n e d .  I n  view o f  t h e  c a l c u l a t e d  

removal  r a t e  and a n a l y z e d  p u r i t y  o f  t h e  samples  t h i s  i s  

s u r p r i s i n g .  However,  t h e r e  a r e  s e v e r a l  p o s s i b l e  e x p l a n a ­

t i o n s .  F i r s t ,  t h e  rem ova l  r a t e  c a l c u l a t i o n ,  which  i s  o n ly
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a rough  a p p r o x i m a t i o n ,  may be g r e a t l y  e r r o n e o u s .  However, 

t h e  a v e ra g e  s p u t t e r  t im e  l e n g t h  s u r e l y  r e s u l t e d  i n  the 
rem oval  of s e v e r a l  m onolayers  and t h e r e f o r e  t h e  rem oval  

o f  t h e  r e g i o n  e x p l o r e d  i n  t h e  i n i t i a l  Auger sp e c t ru m .

S in ce  t h e  s u r f a c e  a n a ly z e d  a f t e r  s p u t t e r i n g  was e n t i r e l y  

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

I t  i s  p o s s i b l e  t h a t  a v e r y  t h i c k  o x id e  was formed on t h e  

sample ,  b u t  i n  t h i s  c a s e  one would  n o t  e x p e c t  t o  o b s e rv e  an 

e x p o n e n t i a l  Oxygen i n t e n s i t y  d e c r e a s e  u n t i l  t h e  o x id e s  were 

n e a r l y  removed.  A more l i k e l y  c a u s e  i s  c o n t a m i n a t i o n  t o  

t h e  sample  d u r i n g  m a n u f a c t u r e ,  s h i p p i n g ,  h a n d l i n g ,  and 

vacuum p r e p a r a t i o n .  R e s i d u a l  c o n t a m i n a t i o n  t h u s  r e p r e s e n t s  

b ase  i m p u r i t y  l e v e l s  i n  t h e  sp ec im e n .  A d d i t i o n a l l y ,  t h e r e  

i s  r e c o n t a m i n a t i o n  from t h e  vacuum a m b ie n t .  Assuming a 

u n i t y  s t i c k i n g  c o e f f i c i e n t  a p p r o x i m a te ly  one h o u r  a t  10"9 

t o r r  i s  r e q u i r e d  to  form one m ono layer  on an a t o m i c a l l y  

c l e a n  s u r f a c e .  Thus a b a s e  p r e s s u r e  o f  5*10” ^ t o r r  a l l o w s  

e x p e r i m e n t a l  t im e s  o f  ab o u t  tw e lv e  m i n u t e s .  C o n s i d e r a b l e  

r e c o n t a m i n a t i o n  o c c u r s  even d u r i n g  a normal  two to  f o u r -  

m inu te  s p e c t ru m ,  as  w e l l '  a s  t h a t  which  a c c u m u la t e s  d u r i n g  

t h e  s e t - u p  p r o c e d u r e .  Lower b a s e  p r e s s u r e s  o b v i o u s l y  

l e s s e n  t h e  d i f f i c u l t y ,  b u t  even a t  10“ 9 t o r r  t i m e s  n e c e s ­

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

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

r a r e  e a r t h s  i s  oxygen.  None o f  t h e  c l e a n i n g  t r e a t m e n t s  

d e s c r i b e d  above succeeded  i n  r e d u c i n g  t h e  oxygen 513 eV



16

Auger i n t e n s i t y  much below o n e - h a l f  t h a t  o f  t h e  m ajor  

r a r e  e a r t h  Auger p e a k .  For  t h e  h i g h l y  r e a c t i v e  e lem en ts  

Sm and Eu even t h i s  modes t  c r i t e r i o n  was n o t  a t t a i n e d .  

However,  t h e  i n t e n s i t y  r e l a t i o n s h i p s  and e n e r g i e s  o f  t h e  

r a r e  e a r t h  Auger p ea k s  were i n  a l l  c a s e s  a p p a r e n t l y  s t a b i l ­

i z e d  a t  c o n t a m i n a t i o n  l e v e l s  above t h o s e  a t  w h ich  f i n a l  

s p e c t r a  d a t a  were t a k e n .  While  c h em ic a l  e f f e c t  on t h e  

Auger s p e c t ru m  f o r  oxygen bond ing  can n o t  be unam biguous ly  

e s t a b l i s h e d ,  i t  seems t o  be s m a l l .  I t  i s  t h e r e f o r e  assumed 

t h a t  t h e  f i n a l  r e s u l t s  c o r r e s p o n d  to  c l e a n  Auger s p e c t r a .

Minor amounts  o f  ca rb o n  and n i t r o g e n  w ere  a l s o  

o b s e r v e d .  C o n ta m in a t io n  l e v e l s  were  a b o u t  t e n  p e r  c e n t  or  

l e s s  t h a n  t h a t  o f  oxygen as  m easured  by Auger i n t e n s i t y .  

S u lp h u r  was o f t e n  found  on samples  p r i o r  t o  c l e a n i n g  b u t  

was e a s i l y  removed and d id  n o t  reappear i n  t h e  s p e c t r a .  

A f t e r  s p u t t e r i n g  a v e r y  s m a l l  a r g o n  p e a k ,  due t o  imbedded 

Ar a tom s,  a p p e a r e d .  No o t h e r  t r a c e a b l e  c o n t a m i n a t i o n  was 

p r e s e n t .

RESULTS

S p e c t r a  for t h e  l i g h t e r  r a r e  e a r t h s  a r e  shown i n  

F i g s .  6 - 1 0 .  A summary o f  t h e  spectra w i t h  s e m i q u a n t i t a - 

t i v e  i n t e n s i t y  d e s c r i p t i o n s  and t r a n s i t i o n  i d e n t i f i c a t i o n  

i s  p r e s e n t e d  i n  T a b le  1.
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F ig u r e  ?• P raseodyn ium  Auger Spect rum.  
H o r i z o n t a l  a x i s  i s  e l e c t r o n  e n e r g y ,  eV. 
S e n s i t i v i t y  o f  h i g h e r  r a n g e  i s  a p p r o x i ­
m a te ly  2 . 5  X t h a t  o f  t h e  l o v e r .
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F i g u r e  8 .  Neodymium Auger Spec t rum .  
H o r i z o n t a l  a x i s  i s  e l e c t r o n  e n e r g y ,  eV. 
S e n s i t i v i t y  o f  h i g h e r  r a n g e  i s  a p p r o x i ­
m a t e l y  2 . 5  X t h a t  o f  t h e  l o w e r .
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F i g u r e  9- Samarium Auger Spect rum.  
H o r i z o n t a l  a x i s  i s  e l e c t r o n  e n e rg y ,  eV. 
S e n s i t i v i t y  o f  h i g h e r  r a n g e  i s  a p p r o x i ­
m a te ly  5 -5  X t h a t  o f  t h e  lo w e r .
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F i g u r e  10.  Europium Auger Spec t rum .  
H o r i z o n t a l  a x i s  i s  e l e c t r o n  e n e r g y ,  eV. 
S e n s i t i v i t y  o f  h i g h e r  r a n g e  i s  a p p r o x i ­
m a t e l y  5*5 X t h a t  o f  t h e  l o w e r .
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DISCUSSION

The Auger t r a n s i t i o n s  l i s t e d  i n  T a b le  1 have been 

i d e n t i f i e d  u s i n g  X-ray n o t a t i o n ^ ^ l )  f o r  a tom ic  energy  

l e v e l s .  While  i n  t h e  f i r s t  a p p r o x i m a t i o n  an Auger t r a n s i ­

t i o n  can be p i c t u r e d  as  a WXY p r o c e s s ,  a more c a r e f u l  

e x a m in a t io n  s u g g e s t s  s e v e r a l  n e c e s s a r y  m o d i f i c a t i o n s .  I t  

was found  t h a t  f o r  t h e  l i g h t e r  r a r e  e a r t h s  n e i t h e r  t h e  

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

o b s e rv e d  Auger e n e r g i e s .  The a s s i g n e d  t r a n s i t i o n  l e v e l s  a r e  

th u s  e x t e n s i o n s  o f  t h e  X-ray d e s i g n a t i o n s .

The d i f f i c u l t y  becomes im m e d ia t e ly  a p p a r e n t  i n  t h e  c a s e  

o f  Ce, f o r  wh ich  an Auger peak  o c c u r s  a t  121 eV. T h re s h o ld  

t e c h n i q u e s  d e t e r m in e d  t h e  i n i t i a l  i o n i z a t i o n  to  be l e s s  t h a n  

200 eV. Of t h e  f o u r  e n e rg y  l e v e l s  l i s t e d  i n  t h e  a to m ic  X - ray  

t a b l e s  o f  Bea rden  and Burr(22) ,  o n ly  t h e  N^ i s  i n  t h e  proper 
e n e rg y  r a n g e  to  i n i t i a t e  t h e  Auger t r a n s i t i o n .  But t h e  Nij.

i s  l i s t e d  as  110-  0 . 6  eV - t h e  maximum p o s s i b l e  Auger en e rg y

f o r  an  Ni^XY t r a n s i t i o n .  I t  h a s  b een  su g g e s te d ^ ^ S )  t h a t  

h i g h e r  en e rg y  s a t e l l i t e s  o f  Auger p eak s  r e p r e s e n t  t r a n s i ­

t i o n s  from o n c e - - o r  m u l t i p l y - - i o n i z e d  atoms o r  p lasmon 

g a i n s ,  b u t  peak m a g n i tu d e s  and en e rg y  s e p a r a t i o n  be tween  

t h e  121 eV and th e  n e x t  low er  105 eV peak  a rg u e  a g a i n s t  

e i t h e r  o f  t h e s e  e x p l a n a t i o n s .

I t  was o b s e rv e d  f rom t h e  d i s c r e t e  l o s s  s p e c t r a

( C h a p te r  IV) t h a t  t h e  Nl,. l e v e l  was 122 eV r a t h e r  t h a n  110 eV
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T a b l e  1

Auger encrgl.  e.e (eV) Cor t h e  l i g h t . or  r-:<r('. e;. r l.h::. 
C e r a i q u a n t l t a t i v e  i n t e n s i t y  d e s c r i p t i o n s  a r e  very  
s t r o n g  (Vu) ,  s t r o n g  ( S ) ,  medium (M), weak (W), 

and v e r y  weak (VW).

Ce Pr Nd Sm Eu

Ni^OiOp 67 S 71 M 74 S 81 M 84 M

NL|.Nlj.Oi 89 vs 91 VS . 94 VS 104 VS 106 S

NI+.N502 105 S 107 s 111 S 121 S 124 S

121 S 123 s 125 8 136 VS 140 VS

127 s 129 8 142 S 146 S

N3N6O2 185 % 193 M 202 M 222 M 230 M

536 W 599 M 631 ¥

U niden t­
i f i e d 651 w 704 ¥

M^NiOi 565 M 597 M 626 M 701 M 735 M

579 w 612 W 642 W 717 ¥ 758 ¥

653 VS 699 VS 73^ VS 8 l 4  VS 858 vs

676 8 71^  S 749 S 835 8 881 M

M̂ NL|.0]_ 735 W 777 ¥ 818 ¥ 904 ¥

M̂ NL|.02 752 M 794- M 839 M 927 M 950 ¥

MjN^Ng 769 S 811 S 858 S 943 S 984 S

ML|.NL).N5 787 M 830 M 877 M 965 M 1009 M

M5N5N6 879 W 926 W 975 M 1074 M 1125 M

896 W 945 W 994 ¥ 1098 ¥ 1152 M
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f o r  s u r f a c e  atoms e x c i t e d  by 2-3 keV e l e c t r o n s .  S imple  

s u b t r a c t i o n  c a l c u l a t i o n s  u s i n g  t h i s  122 eV v a l u e  and t h o s e  

f rom X - ra y  t a b l e s  f o r  y ,  , and Op ]  l e v e l s  p ro d u ced  

e x c e l l e n t  ag reem ent  be tween  e m p i r i c a l  and c a l c u l a t e d  Auger 

t r a n s i t i o n s  o f  t h e  t y p e  XX, where X = or  02,3*

One o t h e r  f e a t u r e  o f  t h e  Auger s p e c t r a  n o t  e x p e c t e d  

from X - ra y  d a t a  was t h e  d o u b l e t  s p l i t t i n g  f o r

e le m e n ts  P r ,  Nd, Sm, and Eu. Again t h e  e x p l a n a t i o n  l i e s  i n  

t h e  d i f f e r e n c e s  a t  t h e  Nl+,5  l e v e l  be tween  X - ray  and e l e c t r o n  

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

NI4 and l e v e l s  which a r e  d e g e n e r a t e  a c c o r d i n g  to  X - ray  

f i n d i n g s .  The s e p a r a t e  Nif, a cc o u n t  f o r  t h e  o b s e rv e d  

d o u b l e t  Auger t r a n s i t i o n s .

T he re  a r e  many o b j e c t i o n s  t o  t h e  q u a n t i t a t i v e  u s e  o f  

d i f f e r e n t i a l  Auger peak  i n t e n s i t i e s  be tween  p e a k s .  O ver lap  

o f  a d j a c e n t  p e a k s ,  e s p e c i a l l y  o f  t h e  low energy  t a i l ,  

i n e x a c t  c o r r e l a t i o n  be tw een  N(E) peak i n t e n s i t y  and m a x i ­

mum s l o p e ,  b a c k s c a t t e r e d  c o n t r i b u t i o n s  d epend ing  on Auger 

e n e rg y ,  c o r r e l a t i o n  be tw een  i n c i d e n t  en e rg y  and Auger 

i n t e n s i t y ,  and a d d i t i v e  background  and l o s s - g a i n  e f f e c t s  

a r e  b u t  a few.  I t  i s  a lm o s t  i m p o s s i b l e ,  however ,  t o  a v o id  

a n a t u r a l  t e m p t a t i o n  to  a t t e m p t  q u a n t i t a t i v e  u s e  o f  Auger 

i n t e n s i t i e s ,  p a r t i c u l a r l y  among peaks  i n  t h e  same en e rg y  

r a n g e .  F u r th e r m o r e ,  t h e r e  i s  e v i d e n c e ( l ^ ; l & ) 2 ^ - 2 8 )  t h a t  

such  i n f o r m a t i o n  i s  i n d i c a t i v e ,  i f  n o t  c o n c l u s i v e .  For 

t h e  r a r e  e a r t h  s e r i e s  t h e  g row th  o f  t h e  l a s t  p eak  (Ni+^j
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^ 6 , 7^ 6 , 7  ̂ o f  t h e  major group w i t h  i n c r e a s i n g  a tom ic  number 

a t  t h e  expense  o f  o t h e r s  o f  t h e  same g ro u p ,  p a r t i c u l a r l y  t h e  

second  l e a d s  t o  q u a n t i t a t i v e  s p e c u l a t i o n .  Simply,

i t  a p p e a r s  t h a t  t h e  f i l l i n g  o f  t h e  4 f  (N& y) o r b i t a l  i s  

r e f l e c t e d  i n  t h e  Auger i n t e n s i t y  most c o n n e c te d  w i t h  t h a t  

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

h a s  been made o f  t h e  e m p i r i c a l  d a t a .  F u r th e r m o r e ,  i t  i m p l i e s  

t h a t  t h e  Auger i n t e n s i t i e s  o f  t h e  m a jo r  peak  group a r e  r e s u l t s  

o f  a s im p le  num er ic  p r o b a b i l i t y  o f  t r a n s i t i o n .  U n f o r t u n a t e l y ,  

s c a l e  s t a n d a r d i z a t i o n  i s  p r e s e n t l y  i m p o s s i b l e  be tw een  samples  

due to  an  a b s e n c e  o f  any i n t e r n a l  c r i t e r i o n  and l a r g e  e f f e c t s  

on i n t e n s i t y  p ro d u ced  by c o n t a m i n a t i o n  and sample p o s i t i o n .  

T h e r e f o r e  t h e  d e s c r i p t i o n  rem ains  s t r i c t l y  s e m i q u a n t i t a t i v e .

A p l o t  o f  t h e  g e n e r a l  i n t e n s i t y  t r e n d s  v s .  a tom ic  number 

a p p e a r s  i n  F i g .  11.
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F i g u r e  11 .  P e r c e n t a g e  r a t i o  o f  t h e  p ea k  t o  peak  i n t e n s i t i e s  
Ni^NôOi/Nlt-NôOi + . Dashed l i n e  i s  t h e  t h e o r e t i c a l
I n t e n s i t y  b a s e d  upon t h e  e l e c t r o n  r a t i o s  o f  t h e  ( 4 f )  and 
0^ ( 5s) l e v e l s  t im e s  t h e  c o n s t a n t  1 . 7 2 .



CHAPTER III 

AES - HEAVY LANTHANIDE RARE EARTHS 

INTRODUCTION
In  t h i s  s tu d y  Auger s p e c t r a  f o r  t h e  heavy  r a r e  e a r t h s  

- -G d ,  Tb, Dy, Ho, E r , Tm, Yb, and L u - - h a v e  been  d e t e r m in e d .  

As a r e s u l t  o f  t h e  Af s u b s h e l l  f i l l i n g  s e q u en c e  t h e  differ­
ent atoms a p p e a r  e l e c t r o n i c a l l y  q u i t e  s i m i l a r .  The h e a v i e r  

o f  thî r a r e  e a r t h s  s h a r e  a r e s i s t a n c e  t o  c o r r o s i o n ,  as  w e l l  

as  many other c h em ica l  s i m i l a r i t i e s .  I t  wrs e x p e c te d  that 
c o n s i d e r a b l e  c o r r e s p o n d e n c e  would e x i s t  among the Auger 

s p e c t r a  f o r  the r a r e  e a r t h s ,  as  p r e v i o u s  work^^^) has  shown 

s i m i l a r i t i e s  between t h e  Auger s p e c t r a  f o r  the t r a n s i t i o n  

m e t a l s .

EXPERIMENT

After a standard d e g r e a s i n g  p r o c e s s ,  each  h ig h  p u r i t y  

r a r e  e a r t h  sample was mounted i n  the vacuum chamber .  A 

tw e lv e  h o u r ,  200° b a k e o u t  u s u a l l y  p r o d u c ed  a sys tem  p r e s ­

s u r e  a b o u t  5 X 10-10 t o r r .  High p u r i t y  a r g o n  was t h e n  

a d m i t t e d  to  sputtering pressure o f  10“^  t o r r .  Leng thy  

s p u t t e r i n g  by a 0 .5  cm d i a m e t e r  20 ma beam was r e q u i r e d  

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

26
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r e p r e s e n t a t i v e  o f  a c l e a n  s u r f a c e .  Mean s p u t t e r  t ime wes 

s i x t e e n  hours  a t  10"^  t o r r  a r g o n .

Data  was taken u n d e r  t h e  f o l l o w i n g  c o n d i t i o n s :  (1)

a c t i v e  gas p r e s s u r e - - l e s s  th a n  10“ ^ t o r r ,  ( 2 ) 2 Kv a c c e l e r a ­

t i n g  v o l t a g e ,  (3 ) beam c u r r e n t - -6 5  v a ,  (h)  m o d u la t i o n  a m p l i ­

t u d e - -  2 V  peak to  p eak .  A.n e x p e r i m e n t a l  r u n  i n c l u d e d  the 
Auger spectrum from 100-200 eV and t h e  c h a r a c t e r i s t i c  l o s s  

s p e c t r a  f o r  v a r i o u s  p r im a ry  beam v o l t a g e s .

Carbon and oxygen were  found to  be t h e  p r i n c i p a l  con ­

t a m i n a n t s .  As m en t io n ed  above lo n g  s p u t t e r  t im e s  were 

necessary to  r e d u c e  t h e  C (275 eV) and 0 (513 eV) peaks  to  

n e g l i g i b l e  i n t e n s i t i e s .  D i r t y  samples  o f  t h e  r a r e  e a r t h s  

a l s o  e x h i b i t e d  t h e  p r e s e n c e  o f  i r o n  and n i c k e l  (probably 
from t h e  s t a i n l e s s  s t e e l  sample  h o l d e r ) ,  and t h e  M (385 eV) 

peak was o b s e rv e d .  S u l p h u r ,  p r e s e n t  on t h e  spec imens  b e f o r e  

c l e a n i n g ,  was e a s i l y  removed by t h e  s p u t t e r  p r o c e s s .  A f t e r  

s p u t t e r i n g  th e  Ar (216 eV) peak, due to  imbedded Ar, 

a p p e a r e d  i n  t h e  sp ec t ru m .

RESULTS AND CONCLUSIONS 

T ab le  2 l i s t s  t h e  en e rg y  o f  t h e  Auger p eak s  f o r  each 

e l e m e n t .  The v a l u e s  have  been l a b e l e d  by t h e  c o r r e s p o n d i n g  

X -ray  energy l e v e l  d e s i g n a t i o n s .  I n c l u d e d  a r e  s e m i q u a n t i -  

t a t i v e  d e s c r i p t i o n s  o f  t h e  peak i n t e n s i t i e s .  The Auger 

s p e c t r a  o b t a i n e d  f o r  each  e lem en t  a r e  shown i n  F i g s .  12-19*



T a b l e  2

Auger e n e r g i e s  (eV) f o r  t h e  h e a v i e r  r a r e  e a r t h s .  
S e m i q u a n t i t a t i v e  i n t e n s i t y  d e s c r i p t i o n s  a r e  

v e r y  s t r o n g  (VS),  s t r o n g  ( S ) ,  medium (M), 
weak (W), and v e r y  weak (VW).

Gd Tb Dy Ho Er Tm Yb Lu

NL(.0 91 M 95 M 105 w 114 W
111 S 117 s 120 s 129 8 1 3 5 M 143 M 153 w
131 M 134 w 144 M 151 M 157 s 162 M 161 M
142 VS 149 VS i46 s 156 VS 161 VS 170 VS 172 VS 174 VS
142 VS 149 VS 155 V8 160 VS 166 VS 170 vs 177 vs 183 VS

N3N5O2 240 M 251 M 257 M 266 M 285 M 296 s 309 M 321 M
326 M 33^ M

658 W 689 W 720 VW 747 VW 780 VW 815 VW 846 VW 874 VW
Unidenti­

f ied 728 VW 759 VW 794 VW 821 VW 862 VW 895 VW 931 VW 966 VW
765 M 799 M 833 w 871 VW 906 VW 944 VW 789 VW 1023 VW
793 W 828 W 865 VW 903 VW 939 VW 980 VW 1024 VW 1061 VW

895 8 933 8 976 M 1013 M 1054 M 1096 M 1140 M 1180 M

ro
00



T a b le  2 ( C o n t in u e d )

Gd Tb Dy Ho Er Tm Yb Lu

920 M 958 M 1001 W 101+3 W 1087 W 1129 W 1179 W 1225 W
1028 S 1075 8 112^ M 1172 M 1221 M 1269 M 1323 M 1370 M

1 0 %  M 1106 M 1155 W 1207 W 1264 W 1300 W 1360 W l 4 l l  W

M^NôNô 1176 M 1222 M 1280 M 1334 M 1390 M 1446 M I 5O6 M 1560 M

M4#6N6 1200 W 1252 M 1311 M 1370 M 11+28 M 1490 W 1554 W 1611 W

IV)\o
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«MO•00 000 1000 noo 1200

F i g u r e  12 .  Gadol in ium Auger S pec t rum .  
H o r i z o n t a l  a x i s  i s  e l e c t r o n  e n e r g y ,  eV. 
S e n s i t i v i t y  o f  h i g h e r  r a n g e  i s  a p p r o x i ­
m a t e l y  2X t h a t  o f  lo w e r .
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F i g u r e  13.  Terbium Auger s p e c t ru m .  
H o r i z o n t a l  a x i s  i s  e l e c t r o n  e n e r g y ,  eV. 
S e n s i t i v i t y  o f  h i g h e r  r a n g e  i s  a p p r o x i ­
m a t e l y  5̂  t h a t  o f  l o w e r .
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F i g u r e  1^ .  Dysprosium Auger S p ec t ru m .  
H o r i z o n t a l  a x i s  i s  e l e c t r o n  e n e r g y ,  eV. 
S e n s i t i v i t y  o f  h i g h e r  r a n g e  i s  a p p r o x i ­
m a t e l y  2X t h a t  o f  lo w e r .



33

100 200 300 400 500

1400•000

F i g u r e  15* Holmium Auger s p e c t ru m .  
H o r i z o n t a l  a x i s  i s  e l e c t r o n  e n e r g y ,  eV, 
S e n s i t i v i t y  o f  h i g h e r  r a n g e  i s  a p p r o x i ­
m a t e l y  2X t h a t  o f  l o v e r .
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F i g u r e  16.  Erbium Auger  sp e c t ru m .  
H o r i z o n t a l  a x i s  i s  e l e c t r o n  en e rg y ,  eV. 
S e n s i t i v i t y  o f  h i g h e r  r a n g e  i s  a p p r o x i ­
m a te ly  t h a t  o f  l o w e r .



3 5

100 300 400 500200

IfOOMO 1300 1300MOO1000 ttoo1100

F i g u r e  17- Thulirun Auger s p e c t ru m .  
H o r i z o n t a l  a x i s  i s  e l e c t r o n  e n e r g y ,  eV. 
S e n s i t i v i t y  o f  h i g h e r  r a n g e  i s  a p p r o x i ­
m a t e l y  2X t h a t  o f  l o w e r .
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F i g u r e  l 8 .  Y t t e r b iu m  Auger s p ec t ru m .  
H o r i z o n t a l  a x i s  i s  e l e c t r o n  e n e rg y ,  eV. 
S e n s i t i v i t y  o f  h i g h e r  r a n g e  i s  a p p r o x i ­
m a t e l y  t h a t  o f  l o w e r .
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F i g u r e  19- L u te t i u m  Auger sp e c t ru m .  
H o r i z o n t a l  a x i s  i s  e l e c t r o n  e n e r g y ,  eV. 
S e n s i t i v i t y  o f  h i g h e r  r a n g e  i s  a p p r o x i ­
m a t e l y  5^ t h a t  o f  l o w e r .
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I t  can  be seen  from t h e  t a b l e  t h a t  Auger peak  e n e r ­

g i e s  i n c r e a s e  w i t h  i n c r e a s i n g  a tom ic  number.  T h is  r e l a t i o n ­

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

m a t io n  u s i n g  a tom ic  energy  l e v e l s ,  b u t  i s  o p p o s i t e  t o  

r e s u l t s  f o r  t h e  p e r i o d  6 t r a n s i t i o n  s e r i e s ( 2 9 , 3 0 ) .

Many o f  t h e  t r a n s i t i o n s ,  such  as  t h o s e  f o r  t h e  and 

N2 l e v e l s ,  a r e  a b s e n t  from t h i s  s e r i e s  o f  s p e c t r a .  T h is  i s  

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

i s t i c  l o s s  p eak s  due to  t h e s e  l e v e l s .  The t r a n s i t i o n s  a f t e r  

i n i t i a l  i o n i z a t i o n  f o r  t h e  most  p a r t  i n v o l v e  e l e c t r o n s  h av in g  

e n e r g i e s  o f  200 eV o r  l e s s  from vacuum l e v e l .  The r e a s o n  f o r  

t h e  g e n e r a l  e x c l u s i o n  o f  h i g h e r  ene rgy  l e v e l s  from t h e  second  

and t h i r d  s t e p s  o f  t h e  Auger p r o c e s s  i s  n o t  c l e a r .  These 

two f a c t o r s  combine to  l i m i t  t h e  number o f  Auger p eak s  to  

o n l y  a few o f  t h e  hundreds  p o s s i b l e  from en e rg y  c o n s i d e r a ­

t i o n s  a l o n e .

Of t h e s e  e l e m e n ts  o n l y  Tm a p p e a r s  t o  have  d e g e n e r a t e  

Ni^-N^ l e v e l s .  The o t h e r  e l e m e n t s  show t h e  s t r u c t u r e  r e p o r t e d  

i n  T a b le  1 due t o  s e p a r a t e  and e n e r g i e s .  T h i s  i s  most 

n o t i c e a b l e  f o r  Yb and Lu ( F i g s .  iB ,  1 9 ) .  Some e v i d e n c e  o f  

t h i s  same f i n e  s t r u c t u r e  was found  f o r  t h e  h i g h e r  en e rg y  

p e a k s  i n v o l v i n g  t h e  N̂_ and t r a n s i t i o n ,  b u t  r e s u l t s  were 

n o t  c o n c l u s i v e .  T h is  f i n d i n g  does  n o t  a g r e e  w i t h  a to m ic  

en e rg y  l e v e l  d a t a  f o r  Dy and Ho^^S) which show a d e g e n e r a t e  

NL).-N̂  e n e r g y .  N o n - d e g e n e r a te  N̂ _ and N^ l e v e l s  f o r  t h e  

s u r f a c e  s e n s i t i v e  Auger p r o c e s s  s u g g e s t  an e l e c t r o n i c



3 9

s t r u c t u r e  f o r  e l e c t r o n - e x c i t e d  s u r f a c e  atoms s i g n i f i c a n t l y  

d i f f e r e n t  from t h a t  f o r  t h e  b u l k ,  due t o  X-ray  i o n i z a t i o n .

From t h e  above t h e  f o l l o w i n g  c o n c l u s i o n s  may be drawn:

(1) Auger s p e c t r a  f o r  th e  l a t t e r  p a r t  o f  t h e  r a r e  
e a r t h  s e r i e s  a r e  s t r i k i n g l y  s i m i l a r .  Th is  
s i m i l a r i t y  i s  n o t  u n e x p e c te d  when t h e  c o r r e ­
l a t e d  c h e m ic a l  n a t u r e  o f  t h e  e le m e n ts  a r e  
c o n s i d e r e d .

(2) In  g e n e r a l  Auger peaks  f o r  t h e s e  e lem en ts  a r e  
w i t h i n  200 eV o f  t h e  i n i t i a l  i o n i z a t i o n  e n e rg y .

(3) The e x t e n t  o f  i n i t i a l  i o n i z a t i o n  i s  n o t  con­
t r o l l e d  s o l e l y  by en e rg y  r e q u i r e m e n t .



CHAPTER IV

IONIZATION LOSS SPECTROSCOPY 

X -ray  a tom ic  energy  l e v e l  t a b l e s ,  p a r t i c u l a r l y  t h o s e  

o f  S ieg b ah n  e t  a l ( 3 l )  and Bearden and B u r r (2 2 ) ^  have been 

u s ed  to  c a l c u l a t e  Auger e n e r g i e s  and t h e r e b y  a s s i g n  ¥XY 

t r a n s i t i o n s ’30)  t o  o b s e rv e  Auger p e a k s .  A p p l i c a b i l i t y  

o f  t h i s  t e c h n i q u e  has  r e c e n t l y  been q u e s t i o n e d ^ ^ 3 ).

An o b v io u s  e r r o r  i s  i n t r o d u c e d  by assuming  t h a t  

en e rg y  l e v e l s  o f  t h e  i o n i z e d  atom d u r i n g  Auger t r a n s i t i o n  

r e m a in  unchanged  from t h o s e  o f  t h e  n e u t r a l  atom. The w e l l -  

known m o d i f i c a t i o n s  o f  B ergs t rom  and H i l l ( l )  and Chung and 

J e n k i n s ( 2 )  a t t e m p t  to  c o r r e c t  t h i s  p rob lem  by v iew ing  c o r e  

i o n i z a t i o n  as  a. r e d u c t i o n  i n  t h e  e f f e c t i v e  s c r e e n i n g  o f  

o u t e r  s h e l l  e l e c t r o n s  from t h e  n u c l e u s .  Bergs t rom  and 

H i l l ' s  e f f e c t i v e  b in d in g  en e rg y  i s  computed as

Ey (Z) = Ey(Z) + dZ(E y(Z + l)  -  Ey(Z) )

where  EyCZ) i s  t h e  p e r t u r b e d  b i n d i n g  en e rg y  o f  t h e  Y l e v e l  

a to m ic  number Z e l e c t r o n ,  EyCZ) i t s  u n p e r t u r b e d  energy ,  

EyCZ+l) t h e  Y l e v e l  bonding  en e rg y  f o r  e lem en t  Z+1, and 

4 Z an e m p i r i c a l  c o n s t a n t .  The e x p r e s s i o n  o f  Chung and 

J e n k i n s  i s  s i m i l a r ,  symmetr ized t o  a c c o u n t  f o r  b o th  WXY and 

IaTYX t r a n s i t i o n s .

■̂0



Gran t  and H a a s ^32) have  shown t h a t  c a rb o n  can  be 

i d e n t i f i e d  a s  to  c h e m ic a l  s t a t e  by i t s  Auger s p ec t ru m .  In  

t h e i r  ex p e r im e n t  c a r b o n  p r e s e n t  i n  g r a p h i t e  form i n  CO-COp, 

o r  i n  TaC produced  d i s t i n c t i v e  f i n e  s t r u c t u r e  o f  t h e  C Auger 

p e a k .  These r e s u l t s  a r e  a t t r i b u t e d  to  a l t e r e d  e l e c t r o n i c  

s t r u c t u r e  o f  ca rbon  i n  i t s  d i f f e r e n t  c h e m ic a l  c o m b i n a t i o n s .

The r e a s o n a b l e  a s s u m p t io n  o f  d i s p a r i t y  be tween  th e  

e l e c t r o n i c  s t r u c t u r e s  o f  s u r f a c e  and b u lk  atoms has  been 

u s e d  s u c c e s s f u l l y  i n  t h e  work f u n c t i o n  c a l c u l a t i o n s  o f  

S t e i n e r  and Gyf topoulos*^33 ) .  This  s u g g e s t s  t h a t  Auger 

e n e r g i e s ,  t h e  r e s u l t  o f  s u r f a c e  e l e c t r o n i c  t r a n s i t i o n s ^ ^ , 

a r e  n o t  a d e q u a t e l y  d e t e r m in e d  by r e f e r e n c e  t o  b u lk  a tom ic  

en e rg y  l e v e l s .  The common X - ray  m easu rem en ts  -  a b s o r p t i o n  

edge ,  X - ray  f l o u r e s c e n s e , and p h o t o e l e c t r i c  e m i s s i o n  by 

h i g h  en e rg y  X -rays  - employ f a r  g r e a t e r  p e n e t r a t i o n  a n d / o r  

e s c a p e  d e p th s  t h a n  t h o s e  a s s o c i a t e d  w i t h  low en e rg y  

( 1000 eV) Auger t r a n s i t i o n s .  The X - ra y  a to m ic  e n e rg y  l e v e l  

t a b l e s  may be r e g a r d e d  as  a p p r o p r i a t e  f o r  atoms i n  t h e  b u lk  

s t a t e  b u t  q u e s t i o n a b l e  when a p p l i e d . t o  s u r f a c e  a tom s.

Haas,  G ra n t ,  and D o o l e y ^ A k s e l a ,  P e s s a ,  and 

K a r r a s ( 3 ^ ,  3?)  and Goad and R i v i e r e ^ 3 6 ) ^  i n v e s t i g a t i n g  t h e  

f i r s t  t r a n s i t i o n  s e r i e s  m e t a l s ,  have  d i s c o v e r e d  d o u b l e t  

f i n e  s t r u c t u r e  f o r  each  o f  t h e  Auger t r a n s i t i o n s  

^ 3 ^ 2 ,3 ^ 2 ,3 5  ^nd M2 ^3VV. Goad and R i v i e r e  a t t r i b u t e  t h e  

d o u b l e t  peaks  t o  s p l i t t i n g  o f  t h e  l e v e l - - l i s t e d  as

d e g e n e r a t e  i n  t h e  X - ra y  d a t a  o f  B e a rd e n  and B u r r ( 2 2 ) .
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Because  o f  t h e  s e v e r a l  q u e s t i o n s  r a i s e d  c o n c e rn in g  

u s e  o f  X - ra y  en e rg y  l e v e l s ,  t h e  d e t e r m i n a t i o n  o f  energy  

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

F o r t u n a t e l y ,  a s im p le  method can  be u sed  to  o b t a i n  n e c e s ­

s a r y  i n f o r m a t i o n .  The s e c o n d a ry  e l e c t r o n  spec t rum  i n c l u d e s  

a background  o f  i n e l a s t i c a l l y  s c a t t e r e d  e l e c t r o n s .  Auger 

p e a k s ,  t h e  e l a s t i c  p e a k ,  and l o s s  peaks  due to  plasmon 

i n t e r a c t i o n s  and to  i o n i z a t i o n s  o f  t h e  t a r g e t  atom ( F i g .  l ) . 

The l a s t  peaks  a r e  c h a r a c t e r i s t i c  o f  t h e  a tom ic  energy  

l e v e l s .  They have en e rg y  Ej = Ep - E^, where Ej i s  t h e  

i o n i z a t i o n  l o s s  peak  e n e r g y ,  Ep t h e  i n c i d e n t  e l e c t r o n  e n e r ­

gy and E^ t h e  ene rgy  o f  t h e  i n i t i a l l y  i o n i z e d  a tomic  en e rg y  

l e v e l  ( F ig .  2 0 ) .  Atomic e n e rg y  l e v e l s  a r e  e q u a l  to  Ep - Ej 

and can  be d e te r m in e d  u s i n g  common Auger equipment and 

t e c h n i q u e s .

I o n i z a t i o n  l o s s  p ea k s  a r e  e a s i l y  d i s t i n g u i s h e d  from 

Auger t r a n s i t i o n s ,  s i n c e  t h e  fo rm e r  v a r y  as  t h e  e x c i t a t i o n  

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

n o t  i n t e n s i t y ( 1 2 , 1 3 , 3 1 ) - - a s  l o n g  as  t h e  p r im a r y  energy  i s  

above t h r e s h o l d .  Once Ê  ̂ i s  g e n e r a l l y  e s t a b l i s h e d ,  Ej can 

be s e t  c o n v e n i e n t l y  by change  i n  Bp. An example o f  i o n i ­

z a t i o n  l o s s  peaks  i s  shown i n  F i g .  21.  Some o f  t h e  co n ­

s i d e r a t i o n s  i n v o l v e d  can  be s e e n  as  w e l l .  N a t u r a l l y  t h e  

e n e rg y  Ej must n o t  l i e  n e a r  o r  on Auger p e a k s .  S in ce  r e s o ­

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

0 . 6 ^ - - i . e .  c o n t r i b u t i o n  t o  n eak  w id th  i s  l i n e a r ( 5 " 9 ? 3 8 ) _ _
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F i g u r e  20.  I o n i z a t i o n  l o s s  en e rg y  d iagram .
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F i g u r e  21.  Neodymium m a jo r  Auger and i o n i z a t i o n  l o s s  
p e a k s .  P r im a r y  e l e c t r o n  e n e r g y  was 500 eV.
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low energy p r im ary  and l o s s  peaks more a c c u r a t e l y  d e t e r ­

mine Ej .

For t h e  l a n t h a n i d e  r a r e  e a r t h  s e r i e s  i n v e s t i g a t e d ,  

c o n t a m i n a t i o n - - c h i e f l y  from c a rb o n  and oxygen— i s  c o n s i d e r ­

a b l e .  Lengthy  s p u t t e r i n g  p ro d u c ed  c l e a n  s u r f a c e s  f o r  Gd-Lu, 

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

s i v e  l i g h t e r  e l e m e n ts  Ce-Eu.  S e v e r a l  c o m b in a t io n s  o f  s p u t ­

t e r i n g  and h e a t i n g  f a i l e d  t o  remove a l l  c o n t a m i n a t i o n .  

However, by m o n i t o r i n g  l o s s  and Auger peaks  f o r  d e c r e a s i n g  

c o n t a m i n a t i o n  l e v e l s  i t  c o u ld  be r e a d i l y  assumed t h a t  l o s s  

p eaks  a t  r e l a t i v e l y  low 0 c o v e ra g e s  were n e a r l y  r e p r e s e n t a ­

t i v e  o f  t h e  c l e a n  s u r f a c e  a to m ic  en e rg y  s t a t e s .

RESULTS

Atomic en e rg y  l e v e l s  Ê  ̂ d e t e rm in e d  from low energy  

e l e c t r o n  i o n i z a t i o n  l o s s  p eak s  a r e  l i s t e d  i n  T a b le  3 .  In  

g e n e r a l  t h e  p r im a r y  en e rg y  was a d j u s t e d  t o  p ro d u c e  l o s s  

peaks  i n  t h e  ^-00-500 eV r a n g e ,  s i n c e  t h i s  r e g i o n  i s  n o t i c e ­

a b l y  f r e e  o f  b o t h  r a r e  e a r t h  and c o n t a m i n a t i o n  Auger p e a k s .  

P a r e n t h e s e s  i n d i c a t e  d a t a  t a k e n  from t h e  X - ray  t a b l e s  o f  

B ea rden  and B u r r ^22) .

P lasmon l o s s  p e a k s ^37-^0)  ex c lu d e d  a t t e m p t s  t o  f i n d  

t h e  low er  en e rg y  l o s s  p e a k s .  For  t h e  r a r e  e a r t h s  t h e  Oj-O^ 

l e v e l s  a r e  l i s t e d  i n  t h e  X - ra y  t a b l e s  as  20-'k0 eV and were 

i n d i s t i n g u i s h a b l e  f rom p lasm on l o s s e s  i n  t h e  same r a n g e .
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T ab le  3

Loss  peak  and X - ra y  d a t a  f o r  
a to m ic  e n e rg y  l e v e l s

“1 N2

Ce 899(901) 881(883) 286(289) (223)
P r 947(951) 927(931) 301(304) (236)
Nd 1001(999) 979(977) 315(315) (243)
Sm 1107(1106) 1080(1080) 345(345) ( 266 )

Eu 1159(1160) 1131( 1130 ) 362(360) (284)
Gd 1212(1217) 1184(1185) 375(375) (288)
Tb 1270(1275) 1236(1241) 392(397) (310)
Dy 1326(1332) 1291( 1294 ) 407(416) (332)
Ho 1386(1391) 1347(1351) 433(438) (343)
Er 1445(1453) 1404(1409) 443(449) (366)
Tm 1509(1514) 1460(1467) 463(472) (388)
Yb 1570(1576) 1520(1527) 488(487) (397)
Lu 1633(1639) 1582(1588) (506) (410)



If?
Table 3 (Continued)

»3 N5

Ce 206(207) 122(110) 122(110)

215(217) 131 ( 113 ) 125(113)
Nd 225(224) 136(117) 128 ( 117)

Sm 247(247) 140(129) 130(129)
Eu 258(256) 145(133) 140(133)
Cd 268(270) 149(140) 149(140)

Tb 279(280) 154(147) 146(147)

Dy 290(292) 161(154) 155(154)
Ho 303(306) 166(161) 160(161)

Er 314(320) 175(176) 167(167)
Tm 326(336) 175(180) 175(180)
Yb 3 4 5(343) 196(198) 182(184)

Lu 363(359) 213(204) 202(195)
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DISCUSSION

I t  can  be s ee n  from T a b le  3 t h a t  t h e r e  i s  g e n e r a l  

ag reem ent  be tw een  X - ra y  and i o n i z a t i o n  l o s s  d a t a  f o r  ene rgy  

? e v e l s  M̂ . -  Ng. The h i g h e r  e n e rg y  Ni  ̂ and N^ p e a k s - - i . e .  

f o r  e l e m e n ts  E r - L u - - a l s o  a g r e e  w e l l .  For en e rg y  l e v e l s  

below ab o u t  160 eV, however ,  t h e r e  a r e  l a r g e  d i s c r e p a n c i e s  

be tw een  l o s s  peak  and X - ray  v a l u e s .

I t  can  be  d e m o n s t r a t e d  t h a t  i o n i z a t i o n  l o s s  d a t a  i s  

t h e  more u s e f u l  f o r  s u r f a c e  a to m s .  E m p i r i c a l  Auger peaks  

wh ich  must  be a t t r i b u t e d  to  t r a n s i t i o n s  o f  t h e  t y p e  Nl^XX 

more c l o s e l y  c o r r e s p o n d  t o  c a l c u l a t i o n s  u s i n g  i o n i z a t i o n  

l o s s  d e t e r m i n a t i o n s  o f  E]̂ j  ̂ t h a n  t h o s e  b a s e d  on X - ra y  e n e r ­

g i e s .  T h is  i s  t h e  c a s e  f o r  t h e  NI4N5N5 t r a n s i t i o n  l i s t e d  

i n  T a b le  4-, where e m p i r i c a l  v a l u e s  and s im p le  Ejj^(Z) - 

2E^^(Z) c a l c u l a t i o n s  em ploying  X - ray  and i o n i z a t i o n  l o s s  

d a t a  a r e  t a b u l a t e d .  For  t h e  e l e m e n t s  Ce-Ho t h e  X - ray  

c a l c u l a t i o n s  a r e  i n  e r r o r  by an  a v e r a g e  - lOeV. Average 

e r r o r  f o r  t h e  same e le m e n t s  u s i n g  E^ i s  +1 eV. F u r th e r m o r e ,  

e x c e p t  Sm and a s l i g h t  d i s c r e p a n c y  f o r  Dy Auger e n e r g i e s  

by t h e  l a t t e r  c a l c u l a t i o n  a r e  h i g h ,  as  one would e x p e c t ,  

s i n c e  t h e  unused  m o d i f i c a t i o n  Ejg (Z) i s  g e n e r a l l y  l a r g e r

t h a n  t h e  E^^(Z) o f  t h e  above c a l c u l a t i o n s .  On t h e  o t h e r
6

7,) nf tb A abovp (?a"i
6

h an d .  X - ra y  c a l c u l a t i o n s  a r e  low, and t h e  same m o d i f i c a ­

t i o n  would o n ly  i n c r e a s e  an  a l r e a d y  l a r g e  e r r o r .

The X - ray  t a b l e  l i s t s  N^ ^ as  a d e g e n e r a t e  l e v e l  f o r  

a l l  t h e  r a r e  e a r t h s  e x c e p t  t h e  heavy  e l e m e n t :  E r ,  Yb, and
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T a b le  4

Auger e n e r g i e s  f o r  t h e  r a r e  e a r t h s ,  e m p i r i c a l  and
c a l c u l a t e d  u s i n g  X - ra y  d a t a  and i o n i z a t i o n  l o s s  d a t a .  
C a l c u l a t i o n s  a r e  s im p le  Ej  ̂ -  2E^ s u b t r a c t i o n s .

C a l c u l a t e d

E m p i r i c a l X -ray I o n i z a t i o n  l o s s

Ce 121 110 122

P r 123 109 127

Nd 130 114 133

Sm 136 118 129

Eu 142 133 145

Gd 142 l4 o 149

Tb 149 142 149

Dy 1^^ 146 153

Ho 160 154 159

. Er 157 168 167

Tm 171 169 165

Yb 182 186 184

Lu 183 191 199
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Lu (T ab le  3)* The i o n i z a t i o n  l o s s  peaks  i n d i c a t e  no n ­

d e g e n e r a t e  and f o r  a l l  t h e  r a r e  e a r t h s  b u t  Ce, Gd, 

and Tm. Auger d o u b l e t s  o f  t h e  m a jo r  peak  group a r e  

e x p l a i n e d  by t h e  s p l i t t i n g  o f  N̂ , and l e v e l s  ( F ig .  2 2 ) .  

T h is  a g r e e s  w i t h  t h e  e x p l a n a t i o n  o f  Goad and R i v i e r e  f o r  

d o u b l e t  s t r u c t u r e  o f  Auger p ea k s  i n v o l v i n g  ^2^^ l e v e l s  i n  

t h e  t r a n s i t i o n  e l e m e n t s .

A t tem p ts  w ere  made t o  i n c r e a s e  t h e  a v e ra g e  escape  

d e p th  o f  t h e  i o n i z a t i o n  l o s s  p e a k s .  U n f o r t u n a t e l y ,  f o r  

CMA's t h e  n e c e s s a r y  i n c r e a s e  i n  en e rg y  p ro d u c e s  b r o a d e n in g  

o f  t h e  p e a k s  and c o n se q u e n t  o b l i t e r a t i o n  o f  f i n e  s t r u c t u r e .  

The r e s u l t  was a s i n g l e  Nk,5  p e a k  w i t h  energy  midway between 

t h e  d o u b l e t - - e . g .  Nd a t  p r i m a r y  energy  l4U0 eV p roduced  a 

s i n g l e  l o s s  peak  a t  1268 eV; t h e r e f o r e  ^ = 132 eV 

( F ig .  2 6 ) .  T h is  compares w i t h  = 136 eV, E^^ = 128 eV 

f o r  lower  i n c i d e n t  en e rg y  ( F i g .  22,  T a b le  3 ) -

The p o s s i b i l i t y  o f  N̂ _ ^ l e v e l  d e g e n e ra c y  i n  d ee p e r  

atoms c o n t r i b u t i n g  to  t h e  i o n i z a t i o n  l o s s  peak  can n o t  be 

d i s m i s s e d .  Th is  phenomenon c o u ld  p ro d u c e  s i m i l a r  r e s u l t s  

to  t h o s e  r e p o r t e d .  E l e c t r o n s  f rom d e g e n e r a t e  N^^^, ex p ec te d  

t o  be i n  t h e  same en e rg y  r a n g e  a s  t h e  n o n - d e g e n e r a t e  Ni  ̂ and 

N^ e l e c t r o n s ,  would add to  t h e  o v e r a l l  i n t e n s i t y  and co u ld  

be e x p e c t e d  to  augment a p o r t i o n  o f  t h e  N^^^ d o u b l e t  so as  

t o  p ro d u ce  a s i n g l e  b r o a d  p e a k .  B e t t e r  en e rg y  r e s o l u t i o n  

i n  t h e  1 -2  keV r a n g e  ough t  t o  d e t e r m in e  w h e th e r  t h e  e f f e c t  

i s  a m a t e r i a l s  phenomenon o r  due t o  i n s t r u m e n t a l  c a u s e s .
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F i g u r e  22.  Neodymium i o n i z a t i o n  l o s s  p eak s  
e l e c t r o n  e n e rg y  was ikOO eV.

P r im a r y
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CONCLUSIONS

L a n th a n id e  r a r e  e a r t h  N̂ . and N^ a tom ic  energy l e v e l s  

f o r  s u r f a c e  atoms excited by s low electrons d i s a g r e e  m ark­

e d l y  w i t h  X - ra y  t a b u l a t i o n s .  The d i f f e r e n c e s  a r e  b o th  

q u a n t i t a t i v e - - i . e .  Ni  ̂ ( e l e c t r o n )  -  N^ (X -ra y )  = 11 eV 

( a v g . ) - - a n d  q u a l i t a t i v e  ( s p l i t t i n g  o f  t h e  N̂ . and N^ l e v e l s ) .  

The good ag reem en t  f o r  t h e  Mli., M^, Nj_, N3 energy i n d i c a t e s  

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

o r  d i s c r e t e  l o s s  o r  g a i n  phenomena.

The f i n d i n g s  q u e s t i o n  Auger peak  i d e n t i f i c a t i o n s  i n ­

v o l v i n g  low e n e rg y  t r a n s i t i o n s ( 2 , 8 , 2 9 , ^ 1 A 2 ) . While  i n  

many i n s t a n c e s  i t  i s  c l e a r  from e x t e r n a l  e v id e n c e  o r  s e r i e s  

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

a r e  a p p r o p r i a t e ,  exact c a l c u l a t i o n s  and p r e c i s e  i d e n t i f i c a ­

t i o n s  must  be j u s t i f i e d  by d i r e c t  e x p e r i m e n t a l  e v id e n c e .  

X - ra y  v a l u e s  and e x t r a p o l a t i o n s  from such  d a t a  c a n n o t  be 

c o n s i d e r e d  r e l i a b l e  even g i v e n  e x c e l l e n t  ag reem en t  w i t h  

e x p e r i m e n t .



CHAPTER V

AN INTERNALLY REFERENCED CALIBRATION 

OF AUGER ENERGIES 

Auger e n e r g i e s  a r e  n o r m a l l y  c a l c u l a t e d  u s i n g  d a t a  

f rom X - ra y  a tom ic  en e rg y  l e v e l  t a b l e s ( 2 2 , 3 1 , ^ 3 ) .  S in c e  t h e  

Fermi l e v e l  i s  r e f e r e n c e d  as  z e ro  e n e rg y  i n  t h e s e  s o u r c e s ,  

t h e  c a l c u l a t e d  Auger v a l u e s  a u t o m a t i c a l l y  assume t h e  same 

r e f e r e n c e .  C o n s i s t e n t l y ,  e m p i r i c a l  Auger e n e r g i e s  must  

a l s o  be r e f e r e n c e d  t o  t h e  sample  Fermi l e v e l .

The u s u a l  Auger s p e c t r o s c o p i c  a r r a n g e m e n t  i s  shown 

i n  F i g .  23* The e l e c t r o n  gun i s  b i a s e d ,  n e g a t i v e  w i t h  

r e s p e c t  t o  a grounded sam ple ,  a c c e l e r a t i n g  t h e r m i o n i c a l l y  

e m i t t e d  e l e c t r o n s  t h ro u g h  a p o t e n t i a l  o f  g e n e r a l l y  0-3 kV. 

B a c k s c a t t e r e d  e l e c t r o n s  ( e l a s t i c a l l y  s c a t t e r e d ,  t h o s e  due 

t o  p lasm on and i o n i z a t i o n  l o s s e s .  Auger and o t h e r  i n e l a s t i c  

c o l l i s i o n s )  a r e  e n e r g e t i c a l l y  d i s c r i m i n a t e d ,  commonly by 

LEED m o d i f i c a t i o n  o r  t h e  c y l i n d r i c a l  m i r r o r  a n a l y z e r .

An e n e rg y  d iagram  o f  t h e  e x p e r i m e n t a l  a r ra n g e m e n t  i s  

shown i n  F i g .  2^ .  The sample  i s  g ro u n d e d .  The Fermi l e v e l  

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

t h e  sample  Fermi l e v e l ,  z e r o ,  by t h e  b i a s  v o l t a g e  Vg. 

E l e c t r o n s  a r e  t h e r m i o n i c a l l y  e m i t t e d  a t  t o t a l  ene rgy
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. F i g u r e  23 .  Auger s p e c t r o g r a p h i c  a r r a n g e m e n t  ( s c h e m a t i c ) .
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F i g u r e  24-. E ne rgy  d i a g r a m ,  Auger e l e c t r o n  s p e c t r o s c o p y .  
Shown a r e  Fermi l e v e l s ,  work f u n c t i o n s ,  and b i a s  v o l t a g e s  
f o r  f i l a m e n t ,  s a m p le ,  and a n a l y z e r .
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w i t h  r e s p e c t  to  t h e  f i l a m e n t  Fe rm i  e n e r g y ,  or  Vg + 

r e f e r e n c e d  to  t h e  s a m p l e ' s  Fe rm i  l e v e l .

The k i n e t i c  e n e rg y  o f  an  e l a s t i c a l l y  r e f l e c t e d  e l e c t ­

r o n  j u s t  o u t s i d e  t h e  sample s u r f a c e  i s  t h e  t o t a l  en e rg y  

minus t h e  sample work f u n c t i o n  o r  Vg + -  ^ s *

t h e  a n a l y z e r  t h e  k i n e t i c  e n e r g y  i s  m o d i f i e d  by t h e  change 

i n  t h e  work f u n c t i o n  b a r r i e r  be tw een  t h e  sample and t h e  

a n a l y z e r ,  where  i s  t h e  a n a l y z e r  work f u n c t i o n .

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

p u r p o s e  o f  k i n e t i c  en e rg y  d i s c r i m i n a t i o n .  Then k i n e t i c  

en e rg y  o f  t h e  e l a s t i c  e l e c t r o n  a t  t h e  a n a l y z e r  i s

Vg + -  <î>3 -  ((|>a -(j>g) = Vg -  4>g.

Auger e l e c t r o n s  may be  s i m i l a r l y  t r e a t e d .  L e t  t h e  

t o t a l ,  o r  Auger e n e rg y ,  be The k i n e t i c  en e rg y  o f  t h e

Auger e l e c t r o n  i n  t h e  a n a l y z e r  i s  t h e r e f o r e  E_̂  -  ^ g .  Then 

Auger ene rgy  can  be found  by a d d in g  t h e  work f u n c t i o n  o f  

t h e  a n a l y z e r  t o  t h e  k i n e t i c  e n e rg y  o f  t h e  Auger p e a k ^ ^ 3 ) .

The method o f  c a l i b r a t i o n  p r e s e n t l y  a p p l i e d  i n  t h i s  

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

t h e  r e f e r e n c e s  f o r  Auger e n e r g y  ( F i g .  25)* They p r o v i d e  

i n t e r n a l  s t a n d a r d s  w hich  do n o t  r e q u i r e  c a r e f u l  measurem ent  

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

r e c t i o n s .  M o d i f i c a t i o n s  o f  k i n e t i c  e n e rg y  e n c o u n te r e d  i n  

t h e  a n a l y z e r  a r e  c a n c e l e d ,  s i n c e  b o t h  e l a s t i c  and Auger 

e l e c t r o n s  e x p e r i e n c e  t h e  same f i e l d s .  F u r th e r m o r e ,  u s e  o f
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F i g u r e  25 .  Auger peak  c a l i b r a t i o n .  P i c t u r e d  a r e  c o n t a m i ­
n a n t  Auger p e a k s  on Y t t e r b iu m .  E l a s t i c  p ea k s  a r e  1 0 k . 5 ,  
2 0 k . 5 ,  3 0 k . 5,  kok .5 ,  and 5 0 k . 5 eV.
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t h e  d i f f e r e n t i a t e d  peak  minimum f o r  b o t h  t h e  d i f f e r e n t i a t e d  

e l a s t i c  and Auger p eaks  r e d u c e s  e r r o r s  c o n c e r n in g  t h e  N(E) 

Auger peak  maximum.

The t o t a l  e n e r g y  o f  t h e  e l a s t i c  peak  i s  i t s  maximum 

p o t e n t i a l  en e rg y  Vg Auger peaks  a r e  r e f e r e n c e d  to  t h e

e l a s t i c  p eak s  by i n t e r p o l a t i n g  b e tw een  a c c u r a t e l y  d e te r m in e d  

b i a s  s e t t i n g s .  The n e c e s s a r y  c o r r e c t i o n  f o r  t h e  work f u n c ­

t i o n  i s  a b o u t  4 .5  eV f o r  a b a r e  t u n g s t e n  f i l a m e n t ( ^ ^ ) .

Using  t h i s  c a l i b r a t i o n ,  some o f  t h e  more common Auger peaks  

a r e  l i s t e d  i n  T a b le  5*

The p r o c e d u r e  above i s  s i m i l a r  t o  t h e  one employed by 

A s k e la ,  P e s s a ,  and K a r r a s ^8*+) u s i n g  a c y l i n d r i c a l  m i r r o r  

a n a l y z e r .  Coad and Riviere^36) found  t h a t  t h e i r  d a t a  

o b t a i n e d  w i t h  a r e t a r d i n g  g r i d  a n a l y z e r  g e n e r a l l y  d i s a g r e e d  

w i t h  t h a t  o f  A sk e la  e t  a l  by t h e  c o n s t a n t  eV t u n g s t e n  

work f u n c t i o n .  T h i s  p r im a r y  d i f f e r e n c e  i n  r e p o r t e d  en e rg y  

i s  n o t  u n d e r s t o o d .  Auger e n e r g i e s  fo und  by Y in ,  Y e l l i n ,  

and A d le r ^ ^ ? )  u s i n g  X - ra y  e x c i t a t i o n  a g r e e  q u i t e  w e l l  w i t h  

t h o s e  o f  A sk e la  e t  a l .  S i n c e  X - ra y  e x c i t e d  Auger t r a n s i ­

t i o n s  were  c a l i b r a t e d  u s i n g  w e l l -know n p h o t o e l e c t r i c  p e a k s ,  

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

I n  summary Auger e n e r g i e s  from e l e c t r o n  s t i m u l a t e d  

e m is s io n  a r e  c a l i b r a t e d  f o r  r e f e r e n c e  t o  t h e  s a m p l e ' s  Fermi 

l e v e l ,  c o n s i s t e n t  w i t h  t h e o r e t i c a l  and X - ray  work,  by t h e  

a d d i t i o n  o f  t h e  f i l a m e n t  work f u n c t i o n .  E n e r g i e s  found
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Table 5
Auger E n e r g i e s  

e l a s t i c  peak  c a l i b r a t i o n

s A t C N 0

152 216 eV 275 eV 385 eV 513 eV
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u s i n g  t h i s  c a l i b r a t i o n  a r e  g e n e r a l l y  M-.5 eV above  p r e ­

v i o u s l y  r e p o r t e d  d a t a .
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APPENDIX I 

DATA

The r a r e  e a r t h  samples  u s e d  i n  t h e s e  s t u d i e s  were  one 

in c h  s q u a re  f o i l s  from .005" t o  .020" t h i c k .  The more 

r e a c t i v e  e l e m e n ts  were s h ip p e d  u n d e r  o i l  t o  p r e v e n t  o x i d a ­

t i o n .  D e g re a s in g  f o l l o w e d  s t a n d a r d  vacuum p r o c e d u r e - -  

s u c c e s s i v e  b a t h s  o f  a c e t o n e ,  t r i c h l o r o e t h y l e n e , t r i c h l o r o -  

e t h y l e n e ,  t r i c h l o r o e t h y l e n e ,  m e th a n o l ,  and a c e t o n e ^ ^ ^ ) ,  

f o l l o w e d  by d e i o n i z e d  w a t e r  r i n s e  and d r y i n g .  These p r o ­

c e d u r e s  were  c o n d u c ted  u n d e r  an a rg o n  a tm osphere  f o r  t h e  

r e a c t i v e  sp ec im e n s ,  and t r a n s f e r  made to  t h e  system i n  an 

a r g o n - f i l l e d  p l a s t i c  b a g .  The samples  were  mounted,  and 

t h e  chamber was e v a c u a t e d .  A f t e r  e s t a b l i s h i n g  b a s e  p r e s ­

s u r e  o f  5*10“ *̂̂  -  5" 10 -9  t o r r ,  a rg o n  s p u t t e r i n g  was employed 

to  c l e a n  t h e  sample s u r f a c e .

E l e c t r o n  k i n e t i c  en e rg y  d i s c r i m i n a t i o n  u s i n g  a c y l i n ­

d r i c a l  m i r r o r  a n a l y z e r  i s  s u f f i c i e n t l y  f a s t  to  a l lo w  o s c i l ­

l o s c o p e  d i s p l a y  o f  an Auger s p e c t ru m .  Th is  i s  o f  g r e a t  

c o n v en ie n c e  i n  m ax im iz ing  Auger i n t e n s i t i e s .  P a r t i c u l a r l y ,  

sample p o s i t i o n  p ro d u c es  l a r g e  e f f e c t s  on s i g n a l  s t r e n g t h ,  

and t h e r e f o r e  spec imen m a n i p u l a t i o n  w h i l e  m o n i to r in g  

o s c i l l o s c o p e  d i s p l a y  was s t a n d a r d  p r o c e d u r e .  P h ase  a d j u s t ­

ment f o r  t h e  l o c k - i n  a m p l i f i e r  o p t i m i z e s  t h e  d i f f e r e n t i a t i o n
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N (E ) /  E and t h u s  t h e  Auger spec t rum  i n t e n s i t y .  S e n s i t i v i t y  

s e t t i n g s  on t h e  l o c k - i n  a m p l i f i e r ,  X-Y r e c o r d e r ,  and o s c i l ­

l o s c o p e ,  and v o l t a g e  t o  t h e  e l e c t r o n  m u l t i p l i e r  c o u ld  be 
u sed  t o  v a r y  s i g n a l  d i s p l a y  on e i t h e r  o s c i l l o s c o p e  or  c h a r t .  

The t im e  c o n s t a n t  on t h e  LIA wa.s n o r m a l l y  t u r n e d  o f f .  Mod­

u l a t i o n  a m p l i t u d e  o f  t h e  im p re s se d  AC v o l t a g e  was s e t  a t  2 

V peak  t o  p e a k .  The i n c i d e n t  beam c u r r e n t  was t y p i c a l l y  

50 >*a.

An i n i t i a l  s p e c t ru m  was t a k e n  from 0-600 eV. T h is  

r a n g e  i n c l u d e s  t h e  m a jo r  peak g ro u p ,  a s  w e l l  as  s e v e r a l  

o t h e r  r a r e  e a r t h  Auger p e a k s ,  and t h o s e  o f  a l l  t h e  p r i n c i ­

p a l  c o n t a m i n a n t s .  Auger e n e r g i e s  were  c a l i b r a t e d ,  i n t e r ­

p o l a t i n g  be tw een  e l a s t i c  peaks  s e t  a t  100 eV i n t e r v a l s .  

F i n e - g r i d  r e c t a n g u l a r  c o o r d i n a t e  p a p e r  a i d e d  i n t e r p o l a ­

t i o n  and s e r v e d  as  a check  as t o  t h e  l i n e a r i t y  o f  t h e  

a n a l y z e r - r e c o r d e r  s i g n a l  r e s p o n s e .  Sm al l  o r  p o o r l y  

r e s o l v e d  p o r t i o n s  o f  t h e  spec t rum  w ere  r e p e a t e d  a t  g r e a t e r  

s e n s i t i v i t y .  I m p o r t a n t  p a r a m e t e r s ,  t y p i c a l l y  beam c u r r e n t , 

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

s e n s i t i v i t y ,  d a t e ,  t im e  and c l e a n i n g  p r o c e d u r e s  were 

r e c o r d e d  f o r  each  Auger sp e c t ru m .

A second  p o r t i o n  o f  t h e  Auger sp e c t ru m  was t a k e -  from 

500-1100 eV. I n  g e n e r a l  a s e n s i t i v i t y  i n c r e a s e  o f  1 rom two 

t o  f i v e  t im e s  t h a t  o f  t h e  lower  r a n g e  p ro d u c e d  l a r g e  p eaks  

a t  t h e s e  h i g h e r  e n e r g i e s .  O ther  p a r a m e t e r s  were g e n e r a l l y  

unch an g ed .  S e v e r a l  r a r e  e a r t h  Auger t r a n s i t i o n s  p ro d u ce
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e l e c t r o n s  o f  500-1100 eV; a l s o  o b s e rv e d  w ere  Fe peaks  (on 

n n c l e a n e d  s am ples )  and t h e  513 eV oxygen p e a k .  The 500-600 

eV o v e r l a p  be tw een  f i r s t  and second en e rg y  r a n g e s  p e r m i t t e d  

a d i r e c t  c o m p ar i so n  o f  r a r e  e a r t h  Auger i n t e n s i t i e s  u s i n g  

oxygen as  a r e f e r e n c e  s t a n d a r d .

The t h i r d  s p e c t ru m ,  f rom 1100-2000 eV, g e n e r a l l y  

r e q u i r e d  s e n s i t i v i t y  s e t t i n g s  n e a r  t h e  i n s t r u m e n t a l  maximum. 

R e s u l t a n t  n o i s e  i n c r e a s e d  d i f f i c u l t y  i n  d e t e r m in i n g  Auger 

e n e r g i e s  and t e n d e d  to  o b l i t e r a t e  f i n e  s t r u c t u r e .  P eak  

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

a n a l y z e r ,  was a p p a r e n t  a l s o .  However,  t h i s  l a s t  f a c t o r  p e r ­

m i t t e d  an i n c r e a s e  i n  m o d u l a t i o n  a m p l i t u d e - - a n d  c o n s e q u e n t  

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

f u r t h e r .  S e v e r a l  h i g h  en e rg y  Auger t r a n s i t i o n s  o f  t h e  

h e a v i e r  r a r e  e a r t h s  a r e  o b s e rv e d  be tw een  1100-1600 eV. Wo 

s p e c t r a  w ere  r e c o r d e d  above 2000 eV, as  b o t h  n o i s e  and s l o p e  

i n c r e a s e  to w ard  t h e  3 keV (maximum p o s s i b l e  i n c i d e n t  en e rg y )  

e l a s t i c  peak  c o v e red  Auger s i g n a l s ,  i f  an y .

I o n i z a t i o n  l o s s  p e ak s  were  u s e d  to  i d e n t i f y  Auger 

p e a k s  and f o r  c a l c u l a t i o n s  o f  t h e  e x p e c t e d  t r a n s i t i o n  

e n e r g i e s .  X - ray  a tom ic  energy l e v e l  t a b l e s  p r o v id e d  e s t i ­

m a te s  o f  l o s s  peak  e n e rg y  Ej  = - E^, where  Ej i s  l o s s

p eak  e n e r g y ,  E^ i s  t h e  p r im a r y  e n e r g y ,  and E^ i s  t h e  W 

l e v e l  en e rg y  r e c o r d e d  i n  t h e  X - ra y  t a b l e s .  S e v e r a l  c o n ­

s i d e r a t i o n s  e f f e c t  t h e  c h o i c e  o f  p r im a r y  e n e r g y .  F i r s t  

t h e r e  i s  t h e  p rob lem  o f  b r o a d e n in g  e n c o u n t e r e d  f o r  t h e
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h i g h e r  en e rg y  p e a k s .  This  r e d u c e s  l o s s  f i n e  s t r u c t u r e  

d e f i n i t i o n  and c o n s e q u e n t l y  t h e  a c c u r a c y  o f  c a l c u l a t i o n .  

S e c o n d ly ,  o v e r l a p  o f  l o s s  and Auger p e a k s  must be a v o id e d .  

T h i r d  i s  t h e  n e c e s s i t y  o f  s e n s i t i v i t y  i n c r e a s e  and a t t e n d ­

a n t  n o i s e  as  t h e  p r im a ry  e n e r g y - - a n d  t h e r e f o r e  t h e  beam 

c u r r e n t - - d e c r e a s e .  One would a l s o  l i k e  t o  o b t a i n  l o s s  

peaks  as  c l o s e  as  p o s s i b l e  t o  t h e i r  a s s o c i a t e d  Auger peaks  

so a s  to  n e a r l y  e q u a l i z e  e l e c t r o n  e s c a p e  d e p t h s .  G e n e r a l l y  

t h e  r a n g e  kOO-500 eV was u s ed  f o r  l o s s  p e a k s .  Th is  r e g i o n  

i s  f r e e  o f  c o n t a m i n a t i o n  and r a r e  e a r t h  Auger peaks  and 

r e p r e s e n t s  a compromise among t h e  o t h e r  e n e r g y  c o n s i d e r a ­

t i o n s  .

The spec imen s u r f a c e  i s  e x p e c te d  to  r e c e i v e  c o n ta m i ­

n a n t s  from t h e  am bien t  to  t h e  e x t e n t  o f  one m onolayer  p e r  

hou r  a t  an a c t i v e  gas p r e s s u r e  10"^ t o r r .  For  t h i s  r e a s o n  

t h e  v a r i o u s  s p e c t r a  d e s c r i b e d  above w ere  o b t a i n e d  over  

s e v e r a l  e x p e r i m e n t a l  p e r i o d s .  I n  o r d e r  t o  m o n i to r  c o n ta m i ­

n a t i o n  t h e  low en e rg y  r a n g e  0 -600  eV, w hich  i n c l u d e s  t h e  C 

and 0 p e a k s ,  was swept a t  t h e  b e g i n n i n g  and end o f  e x p e r i ­

m e n t s .  The v a r i o u s  s p e c t r a  c o u ld  t h e n  be  compared n o t  o n ly  

as  t o  c o n t a m i n a t i o n  l e v e l s - - r a r e  e a r t h / o x y g e n  Auger i n t e n s i ­

t i e s ,  f o r  e x a m p le - - b u t  a l s o  as  to  o v e r a l l  i n t e n s i t y .  To 

improve  r e l i a b i l i t y  o f  t h e  d a t a  s p e c t r a  w ere  r e p e a t e d  a t  

l e a s t  t w i c e .

F i n a l  Auger e n e r g i e s  r e p r e s e n t  a v e r a g e s  from s p e c t r a  

m e e t in g  c o n t a m i n a t i o n  c r i t e r i a .  For  e n e r g i e s  l e s s  t h a n  600
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eV t h e  o b s e rv e d  d i f f e r e n ' c e s  be tw een  Auger energy  f o r  t r a c e s  

o f  t h e  same spec t rum  were  l e s s  t h a n  2 eV. Above 600 eV 

t h e  maximum s p re a d  was 5 .



A P PE N D IX  I I

SPUTTER BEAM PROFILE

The r a r e  e a r t h  e l em en ts  r e q u i r e d  e x t e n s i v e  s p u t t e r i n g  

i n  o r d e r  t o  p ro d u ce  a c c e p t a b l e  Auger s p e c t r a .  To improve 

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

c u r r e n t  d e n s i t y .

There  a r e  s e v e r a l  rough  a d j u s t m e n t s  which i n c r e a s e  

s p u t t e r i n g  e f f i c i e n c y .  V i s u a l  p o s i t i o n i n g  was found to  

p ro d u ce  s u r p r i s i n g l y  r e p r o d u c i b l e  r e s u l t s .  Beam c u r r e n t  

can  be v a r i e d  by b o t h  a c c e l e r a t i n g  and f o c u s  v o l t a g e  con­

t r o l s ,  as  w e l l  as  f i l a m e n t  c u r r e n t .  N e i t h e r  t h e  c u r r e n t  

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

mined by s im p le  gun a d j u s t m e n t s ,  however .

In  o r d e r  to  p r o f i l e  t h e  s p u t t e r  beam u s e  was made o f  

a F a raday  cup ( F ig .  h ) . The one used  i n  t h e s e  e x p e r im en ts  

was c o n s t r u c t e d  from t h e  e m i t t e r  s e c t i o n  o f  an  e l e c t r o n  gun. 

The o u t e r  c y l i n d e r  h o l e  d i a m e t e r  i s  . 0 2 0 " .  Io n  c u r r e n t  

p a s s i n g  t h ro u g h  t h e  h o l e  was m o n i to re d  by an e l e c t r o m e t e r .  

T o t a l  beam c u r r e n t  was r e a d  from t h e  s p u t t e r  gun c o n t r o l  

u n i t .

A c o m m e rc ia l ly  m a n u fa c tu re d  m a n i p u l a t o r  ( F ig .  5) 

f e a t u r e s  l i n e a r  t r a n s l a t i o n  a lo n g  and t r a n s v e r s e  i t s  r o t a ­

t i o n  a x i s .  Of t h e  t h r e e  t r a n s l a t i o n s  t h a t  a r e  p a r a l l e l i n g

70



71

t h e  a x i s  i s  t h e  most  p r e c i s e  and was u s e d  to  maneuver t h e  

F a rad ay  cup d u r i n g  beam p r o f i l e  e x p e r i m e n t s .  Other  d e g r e e s  

o f  f r e e d o m - - e x c l u d i n g  t i l t  a d j u s t m e n t s ,  which  were n o t  u s e d - -  

p r o v id e d  i n i t i a l  a d j u s t m e n t s  f o r  t h e  e x p e r i m e n t s .

The p r o f i l e  was d e t e r m in e d  by s e t t i n g  s p u t t e r  gun 

c o n t r o l s  i n  an Argon am b ien t  o f  10“^  t o r r .  Common gun 

c o n t r o l  v a l u e s  were  t o t a l  c u r r e n t - - 1 0 / i a ,  a c c e l e r a t i n g  

v o l t a g e - - ^ 0 0  V. The sample  was r o t a t e d  and t r a n s l a t e d  

a c r o s s  t h e  r o t a t i o n  a x i s  t o  maximize  t h e  c u r r e n t  i n c i d e n t  

on t h e  i n n e r  c o l l e c t o r .  The cup was t h e n  low ered  by t h e  

m a n i p u l a t o r  t o  t h e  ex t rem e end o f  t r a v e l  a lo n g  t h e  r o t a ­

t i o n  a x i s .  A p r e c i s i o n  l e v e l  was employed t o  v i s u a l l y  

d e te rm in e  sample  p o s i t i o n .  Measurements  were made th ro u g h  

a v ie w p o r t  o p p o s i t e  t h e  s p u t t e r  gun ( F i g .  , and v e r t i c a l  

t r a v e l  c o u ld  be r e a d  to  .05  mm. A t a b l e  o f  c o l l e c t e d  

c u r r e n t  v s .  s p e c t ru m  p o s i t i o n  was co m p i le d .

A beam p r o f i l e  p l o t  i s  shown i n  F i g .  26.  Data p o i n t s  

were t a k e n  by moving t h e  spec imen u n t i l  a p r e d e t e r m i n e d  

c u r r e n t  change o c c u r r e d .  The o n e - d i m e n s i o n a l  p l o t s  o b t a i n e d  

from s p u t t e r i n g  a r e  a p p ro x im a te  norm a l  d i s t r i b u t i o n s ,  as  

e x p e c t e d .  The a s s u m p t io n  has  b e en  made t h a t  t h e  t r u e  beam 

p r o f i l e  i s  s im p ly  a r o t a t i o n  a b o u t  t h e  gun a x i s  o f  t h e  

o n e - d i m e n s i o n a l  d i s t r i b u t i o n .  T h is  seems r e a s o n a b l e  from 

t h e  c y l i n d r i c a l  symmetry o f  t h e  s p u t t e r  gun.  F u r th e r m o r e ,  

r o t a t i o n  o f  t h e  f l a n g e - m o u n te d  gun by 60° i n c r e m e n t s  p r o ­

duced d i s t r i b u t i o n s  s i m i l a r  t o  t h e  o r i g i n a l .
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F i g u r e  26 .  O n e - d im e n s io n a l  i o n  s p u t t e r  beam p r o f i l e ,
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A s a m p l e ' s  p o s i t i o n  b e f o r e  t h e  a n a l y z e r  co u ld  be 

d e te r m in e d  to  1mm. A 1mm o f f s e t  from s p u t t e r  beam c e n t e r  

p ro d u ces  c u r r e n t  d e n s i t y  a b o u t  80% o f  maximum. For  c a l c u ­

l a t i n g  rem o v a l  r a t e s  t h e  80^ maximum c u r r e n t  d e n s i t y  was 

u s e d .

Removal r a t e  c a l c u l a t i o n s  i n v o l v e  t h e  c u r r e n t  d e n s i t y ,  

s p u t t e r i n g  e f f i c i e n c y ,  and a tom ic  d e n s i t y  o f  t h e  bombarded 

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

r  =   m o n o l a y e r s / s e c .
ve ( ^A/W)2,3

where i  i s  t h e  i n c i d e n t  i o n  c u r r e n t  d e n s i t y ,  x t h e  s p u t t e r ­

i n g  e f f i c i e n c y  a t o m s / i o n ,  v t h e  av e ra g e  v a l e n c e  o f  t h e  

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

t h e  sam p le ,  A A v o g a d ro ' s  number ,  and ¥  t h e  spec imen a tom ic  

w e i g h t .  For  r a r e  e a r t h s  s p u t t e r e d  by a r g o n ,  x and v a r e  

assumed e q u a l  t o  1 . 0 ,  and pA/W i s  ab o u t  e q u a l  t o  3 x  10^2 

a t o m s / c m 3 ;  The rem ova l  r a t e  u n d e r  s t a n d a r d  s p u t t e r i n g  con­

d i t i o n s  i s  c a l c u l a t e d  t o  be 0 . 1  m o n o l a y e r s / s e c .
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IMPURITIES

The r a r e  e a r t h  samples  were p u r c h a s e d  from R e s ea rc h  

C h e m ic a l s ,  a D i v i s i o n  o f  N u c le a r  C o r p o r a t i o n  o f  America,  , 

P h o e n ix ,  A r i z o n a .  An o p t i c a l  e m is s io n  s p e c t r o g r a p h  had 

been  t a k e n  f o r  each  l o t  f rom which  t h e  samples  were c u t .

A summary o f  i m p u r i t i e s  i s  l i s t e d  i n  T a b le  6.

A l l  t h e  samples  a r e  r a t e d  99*9^ p u r e  e x c l u s i v e  o f  t h e  

p r o c e s s i n g  c r u c i b l e s ,  w hich  f o r  t h e s e  specimens  were  Ta. 

Im p u r i t y  l i s t i n g s  do n o t  i n c l u d e  oxygen,  a p p a r e n t l y  b ecause  

t h e  r e a c t i v e  n a t u r e s  o f  r a r e  e a r t h s  c a u s e  oxygen c o n t e n t  t o  

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

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

c ed u re s  a r e  u sed  upon r e c e i p t  o f  t h e  m a t e r i a l .  Carbon i s  

a l s o  assumed to  have  been p r e s e n t  i n  s m a l l  amounts i n  th e  

m a t e r i a l s  r e c e i v e d .

7 ^



T a b le  6

Mg Al Si Ca Mn Fe Y Pr Sm Eu Gd Td Dy Ho

Ce .01+ .01 .01+ .02 .05 .01 .05+

Pr .01+ .0] + .02 .01+ .01+ M
Nd .01+ .01 .01+ .01 .01+

Sm .01+ .01+ .01+ .01+ .05 .01+ .05+ M .05+ .05+

Eu .01+ .01+ .01+ .01+ .01+ .01+ .01+ M .01+ .01+

Gd .01+ .01+ .01+ .01+ .01+ .02 .01+ .005+ M .01+ .04

Tb .01+ .01+ .01+ .01 .01+ .01+ .01+ M
Dy .01+ .01+ .01+ .01. .01 + .005* .1 M .01+

Ho .01+ .01+ .01+ .01 .01+ .08 M

Er .005 .01+ . 005+ .02 .005* .001+ .001*

Tm .01+ .01+ .01+ .01+ .01+

Yb .01 .01 .01 .01+ .03 .005+ . 005*

Lu .01+ .01+ .01+ .02 .05 .005+

*No e v i d e n c e  o f  i m p u r i t y  a t  t h i s  t e s t  l e v e l .



Table 6 (Continued)
Er Tm Yb Lu Ta

Ce

Pr

Nd

Sm . 01*

Eu

Gd .3

Tb

Dy . 005* 1 . 0

Ho .003 .005* . 001*

Er M . 02* .003* 1 . 0

Tm . 01* M .005* .9

Yb .008 .005* M .005*

Lu .005* .005* .005* M 2 .0

-co\

*No e v i d e n c e  o f  i m p u r i t y  o f  t h i s  t e s t  l e v e l .


