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ABSTRACT 

An inner-shel l  e lec t ron  vacancy i n  atomic o r  molecular systems can 

be f i l l e d  by one of two modes: 

e lectron emission. The Auger e lec t ron  r e s u l t s  from an Auger t r a n s i t i o n  

which can be described as an electron-electron coulombic in te rac t ion  be- 

tween two electrons of lower binding energy than t h e  inner-she11 vacancy. 

Usually t h e  i n i t i a l  state, an inner-shel l  vacancy, i s  created without 

addi t iona l  exc i ta t ion .  

t i o n ,  t he  process i s  re fer red  t o  as normal. 

i n i t i a l  s tate with addi t iona l  exc i ta t ion  other than a hole i n  t h e  K-level 

r e s u l t s  i n  sa te l l i t e  processes. The normal processes r e su l t  o rd inar i ly  

i n  t h e  most intense l i n e s  and t h e i r  character izat ion i s  t h e  main i n t e r e s t  

t o  t h e  Auger spectroscopist .  

cha rac t e r i s t i c  x-ray emission or  Auger 

If t h i s  vacancy i s  f i l l e d  with an Auger t r a n s i -  

An Auger readjustment t o  an 

If the  K- and L-shell e lectrons are involved i n  the  Auger t r a n s i -  

t i on ,  the  in te rac t ion  i s  re fer red  t o  as a K-LL Auger process. The high 

resolut ion K-LL Auger spectra of some simple gaseous molecules were 

recorded and analyzed. The molecules t h a t  w e r e  studied are: N2, 02, CO, 

NO, H20, C02, CH4, CH F, CH2F2, CHF3, CF4, SiH4 and SiF4. 

w a s  excited by electron impact. In addi t ion t o  e lectron exc i ta t ion ,  so:me 

portions of each spectrum were induced by x-ray i r r ad ia t ion .  Also, t h e  

Is-photoelectron spectra  i n  a f e w  cases were recorded. 

Ea.ch spectrum 3 

In t h e  analysis  of an Auger spectrum t h a t  w a s  exci ted by electrons 

The divis ion of a spectrum four  d i f f e ren t  energy regions were located.  

i n  four  regions w a s  accomplished by using a very simple s h e l l  model. 

incorporating auxi l ia ry  experiments, i . e . ,  t he  Is-photoelectron and Auger 

q y  

i v  



V 

spectra  t h a t  were excited by photons, t h e  normal and some of t h e  satel- 

l i t e  Auger processes i n  each spectrum could be distinguished. 

l i t e  processes that  were considered i n  the  analysis  a r e  (1) Auger e lec-  

t rons  tha t  resul ted from the  decay of ( a )  autoionization and ( b )  monopole 

exci ted and ionized s t a t e s  and ( 2 )  Auger l i n e s  that  appear from ioniza- 

The satel- 

t i ons  and exci ta t ions by the  normal Auger e lectrons.  

From t h e  ident i f ica t ion  of t h e  normal l i n e s  i n  t h e  Auger spectra ,  

energy values were calculated fo r :  

double e lectron removal f o r  the ground state of a neutral  molecule and 

( 2 )  t he  second ionization energy for a given molecular o r b i t a l .  

(1) t h e  minimum energy required f o r  
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CHAPTER I 

INTRODUCTION 

In  t h e  past  century qua l i ta t ive  and quant i ta t ive  chemical analysis 

and the  nature of t h e  chemical bond have been increasingly explored by 

many spectroscopic techniques (see Figure 1). One of these  techniques, 

which i n  t h e  last few years has proven t o  be a powerful and exc i t ing  

instrumental t o o l  with great p o t e n t i a l i t i e s , i s  high resolut ion electron 

spectroscopy. This technique measures the  k i n e t i c  energy of e lec t rons .  

The four main divis ions of e lectron spectroscopy s t e m  from t h e  manner i n  

which exci ta t ion i s  induced: e lectron impact spectroscopy (EIS) - sca t -  

t e r ed  electrons fram monoenergetic e lectron impact with t h e  t a r g e t  gas; 

penning ionizat ion spectroscopy (PIS) - electrons resu l t ing  from' a process 

of t h e  form A* + M + A + M' + e- i n  which t h e  t a rge t  gas M i n t e rac t s  with 

A*, an excited atom and of ten a metastable species; photoelectron spec- 

troscopy (PES) - photoelectrons from t h e  photoelectr ic  e f f ec t ;  and Auger 

spectroscopy (AS)  - secondary electrons from t h e  Auger e f f e c t .  EIS i s  

useful  f o r  studying normally empty e lec t ronic  l eve l s  

studying "forbidden" t r ans i t i ons  of op t ica l  spectroscopy. The r e s u l t s  of 

PIS s tudies  y i e ld  information concerning f i l l e d  valence l eve l s  of a mole- 

tule and the  intermediate states of the  A + M in te rac t ion .  When applied 

and pa r t i cu la r ly  f o r  

* 

t o  molecules, PES can be subdivided i n t o  measurements depending on whether 

t he  ejected electrons originated from t h e  "inner" or "valence" s h e l l  of 

t h e  atom. Since inner s h e l l  e lectrons are highly local ized on a par t icu-  

l a r  atom of a molecule, inner-shel l  binding energy measurements give 

1 
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information f o r  each atom i n  a molecule. Changes i n  t h e  chemical environ- 

ment about a n  atom, such as a change i n  the  oxidation s t a t e ,  a r e  r e f l ec t ed  

i n  these inner-shel l  measurements. Valence s h e l l  binding energy measure- 

ments are descr ipt ive of t he  electrons involved i n  chemical bonds, and 

these measurements have been re la ted  t o  theory, op t i ca l  data, s t a b i l i t y  of 

t he  r e su l t i ng  s ingly  posi t ive ion, and a l s o  t o  the s t rength of t h e  chemi- 

c a l  bond. For fu r the r  discussions on EIS, PIS and PES t h e  reader i s  re-  

f e r r e d t o  references 1, 2, t o  2, 3, and t o  2, 4, 5, 6, respect ively.  

The last  main divis ion of e lectron spectroscopy, Auger spectroscopy, 

has been used for surface s tudies  on so l ids ,  such as surface composition 

and contamination, pa r t i cu la r ly  f o r  t he  iden t i f i ca t ion  of low atomic num- 

ber  elements.’ A l s o  t h e  Auger technique has been used t o  study gaseous 

molecules where the  Auger data can be re la ted  t o  the  f i n a l  e lec t ronic  

s t a t e s  of the  r e su l t i ng  pos i t ive  This divis ion of e lectron 

spectroscopy w i l l  now be discussed i n  detail. 

A. History of Auger Phenomenon - The Auger Effect 

12 I n  1925 while studying the  photoradiation of i n e r t  gases, Auger 

reported paired t racks  as seen i n  a Wilson expansion chamber. The two ob- 

served t racks  were the  r e s u l t  of ionizat ion caused by the inner-shel l  

photoelectron and the  secondary Auger e lectron.  The longer of the  t racks  

w a s  ascribed t o  the  photoelectron which depended on the  magnitude of hv 

i s  the  energy of t he  photoelectron Ee- and s a t i s f i e d  equation (1-1). 

which i s  d i r e c t l y  proportional t o  the  amount of ionizat ion that occurs i n  
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t h e  cloud chamber and, therefore ,  t o  t h e  length of t h e  fog t rack;  hv i s  

t h e  energy of t h e  impinging monochromatic photon; and b i s  t h e  binding 

energy of t h e  electron being ejected.  The shor te r  t rack  was assigned t o  

t h e  Auger e lectron whose path length w a s  independent of t h e  energy of t h e  

hv beam. 

associated with t h e  decay of an exci ted atom following t h e  e;jection of 

the  photoelectron from an inner  s h e l l .  

Auger supposed cor rec t ly  t h a t  t h e  shor te r  t rack  electrons were 

An inner-shel l  vacancy can be created i n  an atom by photons, as i n  

t h e  case of Auger's experiments, o r  by charged pa r t i c l e s ,  suc:h as elec-  

t rons .  Within - second t h i s  vacancy w i l l  be f i l l e d  by one of two 

modes: cha rac t e r i s t i c  x-ray emission o r  Auger e lectron emission. The 

Auger e lec t ron  r e s u l t s  from t h e  Auger process which can be described as 

an electron-electron coulombic in te rac t ion  between two electrons of lower 

binding energy than t h e  i n i t i a l  inner photoelectron. This in te rac t ion  i s  

regarded as a per turbat ion under the  ac t ion  of which a t ransj- t ion takes 

place where one of t h e  electrons f i l l s  t h e  inner-shel l  vacancy and t h e  

other i s  raised in to  the  continuum outside t h e  atom. 

Auger process can simply be described as a non-radiative readjustment t o  

an inner-shel l  vacancy. Figure 2a represents t h e  in te rac t ion  of a mono- 

chromatic photon with a K-electron of a N e  atom. The r e s u l t s  of t h i s  i n -  

t e r ac t ion  are (1) a K-photoelectron and (2 )  t he  formation of a s ingly posi- 

Consequently, the  

t i v e  ion, NeK+. Figure 2b shows t h e  two modes of de-excitatlon of N e  K+ . 
The number of t r ans i t i ons  r e su l t i ng  from a non-radiative readjustment 

t o  an inner-shel l  vacancy can be expressed i n  terms of a matrix element, 

M, where M i s  described by equation (1-2).  13 

h 
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Is, describes the  r a w  eigenfunction 

from a given coupling scheme (L-S, 
f 

of t h e  f i n a l  e lec t ronic  stete derived. 

j - j ) ,  and IL. describes t h e  eigenfunc- 
1 

t i o n s  of t h e  i n i t i a l  vacancy plus the  Auger e lectron,  again coupled. 

r(r ,r * * * )  i s  the  r a d i a l  coordinate f o r  an electron ( a , @ , * * * )  which in- 
a B  

1 I corporates t he  Auger t r a n s i t i o n .  i s  a coulombic operator re- 
Ira - 

lated t o  t h e  coordinates of the  i n i t i a l  and f i n a l  states. 

B. Different Types of Auger Processes 

Usually the  more intense l i n e s  t h a t  appear i n  an Auger slpectrum are 

the  r e s u l t  of "normal" Auger processes and are referred t o  as "normal" 

l i n e s .  

Auger processes forming "satellite" Auger e lectrons.  

Frequently, t he  less intense peaks are due t o  the "satellite" 

Ordinarily an i n i -  

t i a l  inner-shel l  vacancy i s  created without addi t iona l  exc i ta t ion .  If 

t h i s  vacancy i s  f i l l e d  with an Auger t r ans i t i on ,  t h e  process :is referred 

t o  as normal. However, there  i s  a high probabi l i ty ,  f o r  neon a t  least 2!0 

percent 14'15 and probably higher f o r  molecules, for the  occurrence of i r i i -  

t i a l  exc i ta t ion  - v ia  promotion of one or more less t i g h t l y  bound electroris 

e i t h e r  i n t o  the  continuum causing multiple ionizat ion or i n t o  d i sc re t e  

leve ls .  I n i t i a l  ionizat ion or exci ta t ion  i s  caused by monopo.le t r a n s i -  

t i ons  resu l t ing  from a sudden change i n  t h e  shielding as t h e  inner-shel l  

e lectron i s  being ejected.  I n i t i a l  monopole ionizat ion has been referred 

t o  as the  "shake-off" process, l6'l7 and a non-radiative readjustment t o  a 

state formed by t h e  shake-off process r e s u l t s  i n  t h e  formation of low 

energy sa te l l i t e  Auger e lectrons.  I n i t i a l  monopole exc i ta t ion  has been 

P 
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4 re fer red  t o  somewhat awkwardly as t h e  llshake-upll process, 

ments t o  shake-up states usual ly  r e s u l t  i n  high energy satel l i te  l i n e s .  

Additional high energy satel l i te  processes can occur as t h e  r e s u l t  

An autoionization state i s  formed by t h e  

and readjust-  

of an autoionization process. 

resonance absorption of an inner-shel l  e lectron i n t o  an unoccupied molecu- 

lar  o r b i t a l .  With electron exci ta t ion t h e  inner-shel l  resonance absorp- 

t i o n  evolves from t h e  i n e l a s t i c  co l l i s ions  of t h e  incident e lec t ron  beam 

with t h e  molecule during which the  high energy electrons i m p a r t  t o  t h e  

molecule only the  necessary energy needed t o  exc i te  t h e  inner-shel l  e lec-  

t ron  i n t o  t h e  vacant excited leve l .  

a non-radiative t r ans i t i on  r e s u l t s  i n  high energy Auger satel l i te  electrons.  

Decay of an autoionization state by 

Additional low energy s a t e l l i t e  e lectrons can occur from sudden mono- 

pole exci ta t ions and ionizations ( "double-Auger" processes)18 when t h e  

Auger e lectron i s  ejected.  

confision i n  ident i fying the  normal l i ne ,  as w i l l  be seen la ter  i n  t h e  

analysis  section, Chapter 111, page 87. 

These satel l i te  l i n e s  do not i n  general cause 

Also charac te r i s t ic  of each of t h e  d i f f e ren t  processes i s  t h e  charge 

on the  resu l t ing  ion following the Auger t r ans i t i on :  

a + 2; high energy s a t e l l i t e  processes, a + 1 from autoionization and 

a+ 2 from monopole exci ta t ion;  low energy s a t e l l i t e  processes, a + 3 or  

greater  from monopole ionizat ion and a + 3 from the  double Auger process. 

normal processes, 

C .  Nomenclature f o r  t h e  Auger Electron 

For atoms, normal Auger processes tha t  result i n  t he  formation of 

doubly charged ions are labeled K-LL, K-IX, L-MM, e t c .  The first l e t t e r  

indicates  t he  main e n e r a  l e v e l  where the  i n i t i a l  hole w a s  made i n  t h e  
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atom, and t h e  last  two le t ters  r e f e r  t o  t h e  o r ig ina l  l eve l s  01: t h e  two 

loosely bound electrons that  are involved i n  the Auger process. Roman 

numeral subscr ipts  are provided t o  denote t h e  sublevels involved i n  t h e  

t r ans i t i on ,  i .e . ,  K-L L 

Figure 2b, page 5, has been labeled K-5LIII, s ignifying one electron 

each from the 5 and LIII sublevels were involved i n  the  Augei: t r a n s i t i o n .  

Also included with each Auger e lectron,  i f  known, w i l l  be the  f i n a l  e lec-  

o r  LIII-%%. I 1  The Auger e lectron shown i n  

t ron ic  state of t he  charged ion. 

The nomenclature f o r  high and low energy sa te l l i t e  Auger e lectrons i s  

similar. A KL-LLL sa te l l i t e  electron would indicate  an i n i t i a l  KL ioniza- 

t i on ,  formed by a shake-off process, followed by a t r a n s i t i o n  promoted by 

t h e  coulombic in t e rac t ion  of t h ree  L-shell  e lectrons.  

ionizat ion electron means i n i t i a l  K t o  M exc i ta t ion  followed by M,L 

electron-electron in te rac t ion .  

A KM+l--ML auto- 

The nomenclature for Auger processes i n  molecules t o  be used i n  t h i s  

The normal Auger d i s se r t a t ion  follows the general scheme used f o r  atoms. 

processes involving only weakly bonding electrons,  w, w i l l  be labeled 

Is-ww ( l i k e  K-LII , I I I~I , I I I  for neon). 

weakly and one s t rongly bonding electison, s, w i l l  be labeled 1 s - w s ;  

Those processes involving one 

processes involving two t i g h t l y  bound electrons w i l l  be labeled Is-ss. 

An autoionization process, f o r  example 

t h e  excited o r b i t a l ,  e, and a weakly bonding electron,  w i l l  be labeled 

+1 lse  -ew. 

KL++, w i l l  be labeled lsw-www. charged ions, such as X 

one which involves an electron i n  

S a t e l l i t e  processes t h a t  r e s u l t  from t h e  decay of multiply 

2 

I n  t h i s  d i s se r t a t ion  atoms i n  molecules w i t h  atomic number of less 

than 11 are studied (except f o r  t h e  two sil icon-containing molecules which 
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w i l l  be given spec ia l  a t t en t ion  later,  page 139); therefore ,  Auger pro- 

cesses involving only the  K and L s h e l l s  are of i n t e r e s t .  From an atomic 

point of view, LII and LIII l eve l s  f o r  these elements can be considered 

degenerate. Table I l i s t s  t h e  s i x  possible normal K-LL Auger l i n e s  t h a t  

can r e su l t  from a neon atom. The f i n a l  e lec t ronic  s t a t e s  of the  doubly 

charged ion are a l s o  given i n  the t ab le .  These states arise by using the  

proper L-S coupling scheme f o r  t he  doubly pos i t ive  ion. A similar coup- 

l i n g  scheme can be applied t o  diatomic molecules t o  derive the  d i f f e ren t  

possible f i n a l  e lectronic  states. These f i n a l  states w i l l  be given i n  

t h e  discussion of the  spectra of individual molecules. 

D. Energy of t he  Auger Electron for a Normal Auger Process 

The k ine t i c  energy of t he  electrons r e su l t i ng  from K-LL Auger pro- 

cesses are approximately d i r ec t ly  proportional t o  Z2, and the  normal pro- 

cesses f o r  atomc are given by equation (l-3).lg i s  the  Auger e lec t ron  E A 

E = EK - EL - EL1 A (1-3) 

energy, E 

t i v e l y ,  and EL' i s  the  binding energy of an L-shell electron appropriate 

t o  an element s ingly ionized. 

E 

Auger e lectron energies t h a t  r e su l t  from a free atom of each element from 

carbon through neon as taken from Appendix 4 of reference 4. These Auger 

and EL a r e  the  binding energies of the  K and L shells,  respec- K 

Since E and ELI a r e  s m a l l  compared t o  E K J  
Table I l i s t s  t h e  calculated 

L 

i s  the  same order of magnitude a s  %. A 

electron energies were obtained as a difference between separate calcula- 

t i ons  on t h e  t o t a l  energy of an atom w i t h  a hole i n  t h e  K-shel l  and the 

t o t a l  energy of t he  f i n a l  doubly charged ion. For these calculat ions 

r e l a t i v i s t i c ,  self -consis tent  wave functions w e r e  used. 



TABLE I 

AUGER ELECTRON SYMBOLS, ENERGIES AND INTENSITIES 
FOR DIFFERENT TRANSITIONS I N  A FREE ATOM 

Final Electronic Auger Energies Experimentally 
State  of the  General from Free A t o m  Determined 

Possible Normal Doubly Charged "SP" Calculations (ev lb In t ens i t i e s  
Auger Electrons I ona Formalism C N 0 F N e  from Neon 

ls-2s2s 243 356 474 610 761 1. ooc K-4LI lS0 

K-441-III 3~0, 1,2 

K-~I-IIILII-III IS0 

K-41-IIILII-III 'PO, 1,2 Is -2p2p 267 377 509 657 816 < o.02$d 

K-L141-III % ls-2s2p 252 362 486 627 781 2.87 k 0.05' 1 
Is -2s2p 258 369 495 638 794 1.06 k 0.05~ 

ls-2p2p 265 373 504 650 808 1.5 k 0.1' 

LD Is -2p2p 266 375 507 654 813 10.00 k 0.18' 2 K-LII-IIILII-III 

a 
de gene rat e. 

These states are  derived from L-S coupling assuming t h e  L II and LIII levels  t o  be 

bValues were taken from reference 4. 
C Values were taken from reference 15. The in t ens i t i e s  are re la ted  t o  t h e  K- 

A A L L b  l i m n  ~ r h 4 - h  * l & l b L L  is se t  eqwl t o  xiiitji. 

dValues were taken from reference 20. 

' 8  I 
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s 

a 

Auger energies, EA, f o r  normal Auger l i n e s  i n  molecules can be de- 

scribed as the  difference i n  t h e  binding energy of t h e  Is she l l ,  Els, and 

t h e  t o t a l  energy of an e lec t ronic  state of the  doubly charged ion r e l a t i v e  

t o  the ground e lec t ronic  state of the neut ra l  molecule, %+2 (equation 1-4) .  

E = E  (1-4) A Is 

However, %+2 values are generally unknown and have been calculated only 

i n  a l imited number of cases; 21’22 therefore ,  t o  estimate t h e  Auger t ran-  

s i t i o n  energies f o r  d i f fe ren t  elements i n  molecules, equation (1-3)  and/or 

Table I are of ten used. 

E. Selection Rules - Transit ion Rates 

In t ens i t i e s  of peaks or bands obtainable i n  spectroscopy are gener- 

a l ly  governed by se lec t ion  ru les .  

processes f o r  atoms23 and f o r  molecules. 

Mehlhorn has l i s t e d  t h e  ru les  f o r  Auger 

a For atoms: (1) Ji = Jf, 

( 2 )  Si = Sf and ( 3 )  Li = Lf, where S, L and J a re  quantum numbers defin- 

ing t h e  i n i t i a l ,  i, and f i n a l ,  f ,  states involved i n  t h e  Auger process. 

For molecules: 

the  i n i t i a l  and f i n a l  states, i . e . ,  + + +  allowed, but + + -  not allowed, 

(1) Ji = Jf, ( 2 )  no change i n  t h e  symmetry propert ies  of 

( 3 )  i n  t he  case of homonuclear molecules IJ. -+ IJ. and g -+ g a re  t he  only 

t r ans i t i ons  allowed, (4 )  Si = S 

t o  t o t a l  angular momentum of an i n i t i a l  or f i n a l  s t a t e .  

and ( 5 )  A. = Af, hi k 1 where hrefers 

In using these 

f 1 

select ion rules ,  t he  f i n a l  states, f ,  are derived from e lec t ronic  states 

of t he  doubly charged ion, and the  i n i t i a l  state, i, evolves from t h e  A-S 

coupling between the  inner-shel l  vacancy and t h e  emitted Auger e lectron.  

The r e l a t i v e  Auger i n t e n s i t i e s  have been calculated f o r  K-LL processes 

f o r  a la rge  number of atoms. Generally good agreement is found between 
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t h e  calculated and experimental t r a n s i t i o n  rates except f o r  l i g h t  

elements . 24 The addi t ion of configuration in te rac t ion  i n t o  t h e  theo- 

r e t i c a l  calculat ion by A ~ a a d ~ ~  seems t o  lead t o  b e t t e r  agreement with t h e  

experimental values, but  t h e  s i t ua t ion  i s  s t i l l  far from sa t i s f ac to ry .  

A rough in t ens i ty  d i s t r ibu t ion  can be obtained from the  s t a t i s t i c a l  OCCUL- 

pation of t h e  d i f f e ren t  o r b i t a l s  involved i n  t h e  Auger t r ans i t i on ,  e.g., 

ls-2p2p processes are more probable than a l s - 2 ~ 2 ~  process. 

page 10, gives the  experimental re la t ive i n t e n s i t i e s  f o r  t h e  normal K-LI, 

Auger process i n  neon. 

2 6 

Table I, 

15 

F. Instruments Used and Compounds Studied by Auger Spectroscopy 

Basically,  t h e  instruments ava i lab le  f o r  studying t h e  Auger spectrum 

of atoms or molecules can be divided i n t o  two groups: l o w  resolut ion 

instruments su i tab le  f o r  elemental i den t i f i ca t ion  of s o l i d  sui-faces, and. 

high resolut ion machines usable f o r  de ta i l  analysis  of gases and so1id.s. 

Three companies, Varian, Veeco and Physical Electronics,  make low reso1u.- 

t i o n  instruments f o r  surface analysis  of so l id s .  Two companies, Varian 

and Picker, have on t h e  market high resolut ion dispersion type spectro- 

meters which i n  pr inc ipa l  are capable of achieving d e t a i l  Auger s t ruc ture .  

Thus far a l l  t h e  high resolut ion spectra  have been taken on non-commercial 

dispersion spectrometers. 

samples t h a t  have been s tudied by Auger spectroscopy using these deflec- 

t i o n  type instruments. 

Table I1 l is ts  some of t h e  gas and s o l i d  

G. Proposed Problem 

In  addi t ion t o  a s s i s t i n g  i n  t h e  ca l ibra t ion  of a high resolut ion 

x 

electron spectrometer used a t  Oak Ridge National Laboratory (ORNL) and i n  



TABU I1 

MOLECULES WHOSE K-LL AUGER SPECTRA HAVE BEEN STUDIED 
BY HIGH RESOLUTION ELECTRON SPECTROSCOPY 

Sample Phase Reference Sample Phase Reference 

Ne Gas 4, 15, 20, 23 Mg Solid 29 

Ar 

O2 

N2 

CH4 

cF4 

co 

C6H6 

C2H6 

&S 

Gas 

Gas 

Gas 

Gas 

Gas 

G a s  

Gas 

11, 27 

11, 28 

8, 11 

11 

4, 11 

11 

11 

11 

K 

cu 

m2° 

C”u0 

Ge 

K C 1  

K2s04 

Na S 0 

NaCl 
2 2 3  

NaF 

w* 
LiF 

T i  O2 

Solid 

Solid 

Solid 

Solid 

Solid 

Sol id  

Sol id  

Solid 

Solid 

Solid 

Solid 

Sol id  

Solid 

30 

31, 32, 33 

33 

33 

31 

34 

34 

35 

4 

36 

36 

36 

4 
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t h e  design and construction of i t s  exc i t a t ion  sources, t h i s  author  became 

in t e re s t ed  i n  Auger spectroscopy l a rge ly  through t h e  p r i o r  endeavors of 

Drs. Thomas A. Carlson and Manfred 0. Krause a t  ORNL. Under t h e  d i r ec t ion  

of Drs. G. K.  Schweitzer and W .  E. Bul l  a t  t h e  University of Tennessee and 

Drs. Carlson and Krause, t h e  study of t h e  Auger spectrum exci ted  by elec-  

t r o n  impact of each element i n  d i f f e r e n t  molecules w a s  proposed. The 

molecules were N,, 02, CO, NO, C02, H20, CH4, CH 3 F, CH2F2, CHF3, CF4, 

SiH4 and SiF4. The first four  were chosen because they are simple homo- 

nuclear and heteronuclear diatomic molecules. The addi t iona l  spec t ra  of 

CO and H20 allowed f o r  t h e  study of t h e  Auger spectra  o f ' t r i a t o m i c  mo:Le- 

cules and, i n  addi t ion,  permitted t h e  comparison of t h e  oxygen K-LL Auger 

2 

spectrum i n  d i f f e ren t  chemical environments. The recording of t h e  spectra  

i n  the  fluoromethane series allowed one t o  observe t h e  ove ra l l  change i n  

t h e  spectrum of a given element i n  a homologous s e r i e s .  In  order t o  

e luc ida te  some of t h e  i n i t i a l  states ava i lab le  for Auger processes, t h e  

photoelectron and t h e  Auger spectra  exc i ted  by AIKa x-rays of a f e w  of 

t he  above l i s ted  compounds w e r e  recorded. 

b 



CHAPTER I1 

INSTRUMENTATION JAD TECHNIQUES 

A. Electron Spectrometer 

Figure 3 displays t h e  electron spectrometer t h a t  was i n s t a l l e d  a t  

The hear t  of t h e  spectrometer i s  exhibited i n  Figure 4 and i s  ORNL. 

i l l u s t r a t e d  by a schematic diagram i n  Figure 5 .  The la t te r  two f igures  

show: 

exci ta t ion source in t e rac t s  with the  sample; ( 2 )  t h e  two spherical  sec tor  

(1) the  t a r g e t  chamber, where the  x-ray or  e lectron beam from the  

p la tes  (contained i n  an aluminum housing) where electrons are analyzed 

according t o  t h e i r  k ine t i c  energies; and (3 )  t h e  detector .  In  b r i e f ,  t h e  

Auger e lectrons produced i n  the t a rge t  chamber a re  separated according t o  

t h e i r  k ine t i c  energies by the  e l e c t r i c a l  f i e l d s  applied t o  t h e  p l a t e s  and 

then counted by t h e  detector .  

The region where in te rac t ion  of t he  electron beam and the  sample gas 

occurs i s  shown as an i n s e r t  of Figure 5 .  Also shown i n  t h e  same f igure  

are t h e  entrance s l i t s  used t o  define t h e  resolut ion of t h e  spectrometer. 

The s l i t s  a re  adjustable  and Table I11 gives the  spectrometer resolut ion 

f o r  t he  various s l i t  s i zes .  

The ejected Auger electrons produced i n  the  t a rge t  chamber enter  t h e  

region of t he  two aluminum e l e c t r o s t a t i c  p l a t e s .  Predetermined voltages 

of opposite po la r i ty  a r e  applied t o  t he  e l e c t r o s t a t i c  p la tes .  

tooth voltages, a l s o  of opposite po lar i ty ,  are superimposed on the e lec t ro-  

Two saw-  

s t a t i c  p l a t e s ,  and the  sweep of t he  sawtooth i s  kept i n  synchronization 

with t h e  channel advance ofaRIDL 400 channel analyzer. Thus, f o r  a given 



16 

PHOTO 90773A 

Figure 3. High reso lu t ion  e l e c t r o s t a t i c  e lec t ron  spectrometer 
i n s t a l l e d  a t  Oak Ridge National Laboratory. 

a 



PHOTO 96779A 

Figure 4.  Heart of e lectron spectrometer. 
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Figure 5.  Schematic diagram of e lectron spectrometer and associated equipment. 
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SLIT SYSTESIS USED FOR DIFFERENT 
SPECTROMETER RESOLUTIONS 

Dimensions of S l i t  Observed 
Baffle Percentage b 

m Energy Resolution 

1.5 x 15 0.39 

mm 

1.0 x 10 

0.5 x 10 1 x 15 0.17 

0.2 x 10 0.6 x io 0.09 

0.1 x 10" 0.5 x i o  0.06 

The defining s l i t  t h a t  w a s  used t o  obtain 0.06 a 

percent resolut ion w a s  curved t o  a 20 cm radius.  

bThe percentage resolut ion w a s  obtained by 
measuring t h e  full width a t  half  maximum (FWHM) of 
t h e  most intense l i n e  ('D2 l i n e  at  804.15 e V )  i n  t h e  
neon K-LL Auger spectrum. Loss of resolut ion w a s  
noted a t  higher target chamber pressures and higher 
i n t e n s i t i e s  of t h e  exc i ta t ion  beam. 



20 

voltage on t h e  plates, only e lec t rons  of spec i f i c  k i n e t i c  energy are 

allowed t o  f a l l  on the  Mmlard Model No. B419BL e lec t ron  multj-plier.  

s igna l  i s  amplified p r i o r  t o  reaching t h e  multichannel analyzer.  

diagram of t h e  experimental apparatus i s  shown i n  Figure 6. 

The 

A block 

While t r ave l ing  i n  the  region between t h e  e l e c t r o s t a t i c  plates, t h e  

gauss).  4 e lec t rons  move through a magnetic f i e ld  free space (< & 2 x 10- 

To obtain t h i s  f i e l d  free space the  e a r t h ' s  and s t r a y  magnetic f i e l d s  were 

cancelled with t h r e e  pairs of Helmholtz c o i l s .  

reference 37 f o r  more de t a i l ed  information on the  spectrometer, such as 

the type of voltage suppl ies  nsed and t h e  dimensions of t h e  a:Luminum 

e l e c t r o s t a t i c  plates. 

The reader i s  r e fe r r ed  t o  

B. Exci ta t ion Sources 

Two exc i t a t ion  sources were used t o  exc i te  Auger processes: (1) an 

e lec t ron  gun and ( 2 )  an x-ray tube.  

mately f i f t y  t i m e s  t he  a c t i v i t y  i n  a peak as t h e  x-ray tube but w i t h  four  

t i m e s  the  background compared t o  peak in t ens i ty .  

The e lec t ron  gun produced approxi- 

1. Electron G u n  - 

The e lec t ron  gun i s  shmn i n  Figure 7. The main s t ruc tu re  of the gun 

consis ts  of a Tektronix cathode-ray tube which i s  mounted t o  f lange A -- v i a  

g lass  stand-offs e The cathode-ray tube cons is t s  of four  metal electrodes 

labeled (l), ( 2 ) ,  (3)  and ( 4 ) .  A tungsten filament taken from a General. 

E lec t r i c  No.  1630 l i g h t  bulb s i t s  ins ide  electrode (1). 

gun is i n  operation these four  e lectrodes are a t  negative, ground, nega- 

t i v e  and ground poten t ia l s ,  respect ively.  For example, t o  exlcite 3 keV 

When t h e  e lec t ron  
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electrons a negative 3 kV would be applied t o  t h e  filament and electrode 

(1). Electrons are emitted by passing e i t h e r  a l t e rna t ing  or d i r e c t  cur- 

ren t  through the  filament wire. 

ment are accelerated through a one-eighth inch hole i n  e lectrode (1) t o  

The electrons leaving t h e  negative f i l a -  

ground po ten t i a l  of electrode ( 2 ) .  

where they are de-accelerated and focused i n t o  a beam source. 

(3 )  i s  operated at 2.4 kV (approximately 80 percent of t he  filament 

vol tage) .  

of electrode (4 ) .  

diameter and 1 t o  100 microamperes i n  in t ens i ty .  The maximum k ine t i c  

energy of t h e  electron beam obtainable from the  gun w a s  5 keV. 

Then they pass i n t o  electrode (3) 

Electrode 

The focused beam i s  again accelerated by t h e  ground po ten t i a l  

The resu l tan t  e lectron beam i s  one-eighth inch i n  

The inner  s t ruc ture  of t h e  electron gun attached t o  flange A can be 

inser ted  i n t o  i t s  housing - v ia  flange B. 

portholes f o r  d i f f e r e n t i a l  pumping, th ree  adjustment screws, and bellows 

f o r  e lectron beam alignment. 

pressure i n  the  electron gun, which i n  tu rn  increases the  l i f e  of the 

filament and increases t h e  maximum operating voltage.  The adjustment 

screws allow f o r  alignment of t h e  electron beam w i t h  t h e  entrance s l i t  of 

target chamber i n  order t o  obtain maximum detectable  Auger processes. The 

electron gun assembly i s  mounted t o  the t a rge t  chamber of the spectrometer 

v i a  flange C .  

The housing contains ba f f l e s  and 

The d i f f e r e n t i a l  pumping allows f o r  minimal 

- 
For some of t h e  la ter  experiments a BTI (Brad Thompson Indus t r ies )  

The Pierce38 geometry i s  used i n  model 780 electron gun w a s  i n s t a l l ed .  

the cathode-anode design. By employing t h i s  geometry no ex terna l  focusing 

of the electrons i n t o  a beam source i s  required. The gun w a s  operated a t  

5 t o  6 kV and 30 t o  100 microamperes emission, although it i s  capable 
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of obtaining 9.6 kV and 800 microamperes. Campared t o  the  e lec t ron  gun 

described previously, where two stages of d i f f e r e n t i a l  pumping were used, 

t he  BTI gun employs one addi t iona l  s tage t o  a i d  i n  obtaining higher operat- 

ing voltages.  

2 .  X-ray Tube 

An x-ray tube consis ts  of a cathode electron source whose electrons 

bombard an anode t o  produce x- i r rad ia t ion .  The x-ray tube used i n  t h i s  

study i s  shown i n  Figure 8. 

tungsten filament (General E lec t r i c  No. 1630), a vanadium window sh ie ld ,  

The cathode end of t he  tube cons is t s  of a 

leads for filament heating, high voltage pyrex glass  stand-offs,  and a 

water jacket f o r  cooling. A n  aluminum anode, t h a t  w a s  hollowed, beveled 

and insulated from ground, w a s  used. The copper cy l ind r i ca l  housing of 

t he  x-ray tube has a window t o  allow f o r  the  x-ray beam passage i n t o  t h e  

t a r g e t  chamber. 

Under normal operating conditions t h e  cathode and anode a r e  a t  anega- 

t i v e  and pos i t ive  voltage, respect ively.  Two amperes current a r e  applied 

t o  the tungsten filament r e su l t i ng  i n  20 milliamperes emission. The elec-  

t ron  beam s t r i k e s  the  aluminum anode and x-radiation i s  produced. The a:Lu- 

minum Ka rad ia t ion  i s  allowed t o  pass through a 0.07 mm aluminum window. 

The t h i n  aluminum window removes low energy Brehmsstrahlung from the  x-ray 

beam and allows foraminimal  amount of high energy Brehmsstrahlung. 

aluminum Ka l i n e  appears as an unresolved doublet (K 

= 1.48627 keV)39 with a FWHM of 0.9 eV.  

of 1.5574 keV3' and Ka,a 

cent a b ~ n d a n c e , ~ '  respectively,  of t h e  main K l i n e .  

The 

= 1.48670 keV, K 

Other detectable  l i n e s  are K 
cx2 

P 
s a t e l l i t e  of 1.4960 keV40 a t  6.5 and 13.0 per- 

3,4 
The vanadium window a 

d 
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Figure 8. X-ray tube. 



sh ie ld  decreases t h e  probabi l i ty  of tungsten,  from t h e  fi lament,  being 

deposited on t h e  t h i n  aluminum window. 

I n  t h e  lat ter s tages  of t h i s  work it was  found t h a t  t h e  x-ray tube 

worked b e t t e r  without t h e  tantalum sh ie ld ,  with t h e  cathode at ground and 

t h e  anode a t  a pos i t ive  8 kV. 

supply w a s  u t i l i z e d .  

For t h i s  work a 12 kV high-voltage Sorenson 

C. Operating Pressure of Sample Gas 

The gaseous samples were s tudied a t  constant pressure during a given 

run. The gas pressures ranged from 5 t o  10 microns i n  t h e  t a r g e t  chamber 

and approximately mm pressure i n  t h e  spectrometer housing. Indepen- 

dent pressure s tud ies ,  Chapter 111, page 56, suggest t h a t  contr ibut ions t o  

the  observed Auger spectra  from i n e l a s t i c  s ca t t e r ing  are negl ig ib le .  

D. Energy Cal ibrat ion of Spectrum 

1. Sweep Cal ibrat ion 

The Auger spectra  of t h e  materials used i n  t h i s  study were recorded 

on energy sweeps of 2, 12, 30, 68 and 96 eV. The ca l ib ra t ion  of each of 

these sweeps had t o  be made, i .e. ,  t h e  increase i n  t h e  sawtooth voltage 

over t h e  400 channels of t h e  analyzer.  Differences i n  energy between t h e  

Auger e lec t ron  peaks i n  N e  K-LL and Ar L-MM spectra  are accurately known; 

therefore ,  these were chosen t o  ca l ib ra t e  t h e  energy sweeps. The N e  K-LL 

on a 68 eV and A r  L-MM on a 30 eV sweep are shown i n  Figures 9 and 10, 

respect ively.  

and V.  

number f o r  t h e  68 eV and 30 eV sweeps from which t h e  energy per channel 

w a s  determined. 

The peak energies and differences are given i n  Tables I V  

Figures l l a  and l l b  give the  known peak energies versus t h e  channel 
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TABIJZ N 

K-LL AUGER EUCTRON ENERGIES OF NEON 

Absolute AE From 
Transit ion Energy (eV)23 'D~ Line (ev) 

748.1 k 0.65 

771 5 

782.0 

800.5 

804.15 K-LII,III 41, I11 

56.1 k 0.1 

32.7 

22.2 

3.7 

0.0 
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Figure l l a .  68 eV sweep ca l ib ra t ion  using a neon K-LL Auger 
e lectron spectrum. 
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Figure llb. 30 e V  sweep ca l ib ra t ion  using argon LMM Auger 
e lec t ron  spectrum. 
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2 .  Energy Cal ibra t ion  of Sample - 

Energy ca l ib ra t ions  fo r  t h e  peaks of t h e  sample under inves t iga t ion  

Under a constant pres- were made by using a Ne ,  A r ,  and sample mixture. 

sure  and e lec t ron  beam in t ens i ty ,  the  spectra  of t h e  individual  componeints 

i n  the  mixture were taken on a 12 eV sweep f o r  400 channels. 

f o r  an oxygen ca l ib ra t ion  are shown i n  Figure 12. 

of each spectrum, t h e  voltage on the p l a t e s  w a s  determined. 

cated plate voltage the minimum k i n e t i c  energy e lec t ron  i s  de tec tab le  i n  

channel zero of t h e  analyzer.  

of t h e  e lec t ron  a t  channel zero, Eo, t o  t h e  predetermined plate voltage,  P, 

i s  given by equation (2-1). 

The resul- ts  

Pr ior  t o  t h e  recording 

A t  t h i s  ind i -  

The r e l a t ionsh ip  between the  k i n e t i c  energy 

E 0 = W + V  0 (2-1) 

V i s  constant for each ca l ibra t ion ,  but i s  dependent upon t h e  components 

of t h e  gas mixture, the  pressure of the mixture and the i n t e n s i t y  of t h e  

ionizing e lec t ron  beam. 

value i s  dependent upon the  energy sweep and t h e  number of analyzer  chan- 

ne l s  t h a t  were used. 

0 

Alpha (a) i s  a propor t iona l i ty  constant whose 

In  the  oxygen ca l ib ra t ion  (E ) and (Eo)Ar are determined by know- o N e  

ing  the  energy of t h e  peak, the channel a t  which t h e  peak appears, and the 

sweep ca l ib ra t ion .  Alpha (a) can be found from equation (2-2). For t h e  

a =  
'Ne - 'Ar 

oxygen ca l ib ra t ion  of Figure 12, a was  determined t o  be 4.056. 

ing  P , ( E  ) can be calculated from equation (2-3) .  Then by kngwing 

By know- 

02 O 02 
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Figure E. Calibration of molecular oxygen K-T;L Auger e lectron 
peaks using neon, argon and oxygen mixture. 
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t h e  sweep ca l ibra t ion ,  t he  channel a t  which the  oxygen peaks appear, and 

(E ) , t h e  energy of t he  Auger e lectrons i n  the  oxygen peaks can be found. 
O 02 

E. Chemical Materials 

Table V I  l i s t s  t h e  gaseous mater ia ls  studied and t h e i r  p r c e n t a g e  

p u r i t i e s .  

c 
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TABLE V I  

l b  

GASEOUS MATERIALS STUDIED AND THEIR 
PERCENTAGE PURITIES 

Gas Percentage Pur i ty  

O2 99.99" 
N2 99 999a 
co 99.9& 
NO 

c02 

H20 

CH4 

CH2F2 
c*3 
CF4 

CH3F 

SiH4 

SiF4 

99 8"" 
99 9 995" 

99 99c 
99 .oc 

re-purif  i ed  b 

99 0 oc 

99 0 7c 
99 0 9999& 
99 0 6a 

98 " 0' 

The l i s t e d  percentage pu r i ty  i s  t h e  

bDissolved gases were removed from the  

a 

pur i ty  specif ied by the  manufacturer. 

d i s t i l l e d  water by heating t h e  l i qu id  water t o  
approximately 70' C i n  vacuo. -. 

Mass spec t r a l  data were taken on these 
compounds. 

C 



CHAPTER 111 

ANALYSES OF A K-LL AUGER SPECTRA INVOLVIPU'G THE VAIZNCE ELECTRONS 

I n  analyzing a K-LL Auger spectrum of an atom or molecu1.e exci ted by 

high energy electrons,  one can use the following preliminary steps i n  

order t o  iden t i fy  the  normal processes: (1) divide t h e  spect-rum i n t o  d i f -  

fe ren t  energy regions according t o  t h e  binding energy of t h e  valence elec-  

t rons  t h a t  are involved i n  t h e  Auger t r ans i t i on ,  and ( 2 )  determine t h e  

contribution of sa te l l i t e  l i n e s  with t h e  help of aux i l i a ry  experiments 

(such as, the  examination of t h e  sa te l l i t e  l i n e s  found i n  'the! photoioniza- 

t i o n  spectrum of the  K-shell or t h e  comparison of the Auger spectrum 

exci ted by d i f f e ren t  energy sources).  By following the above procedure, 

one can ascer ta in  information t h a t  i s  unattainable by other  physical  

methods, such as t h e  energy of d i f f e ren t  e lec t ronic  states of doubly 

charged ions.  With emphasis of in te rpre ta t ion  placed on nitrogen, the  

Auger spectra  of four  diatomic molecules, N2, 02, CO and NO, are discussed 

i n  detai l .  Also, the  high resolut ion K-LL Auger spectra of more complex 

molecules are presented and analyzed i n  a s imilar  fashion. P i l l  of t h e  

spectra  w e r e  taken w i t h  a t  least a t en th  of a percent resolut ion.  

A. Diatomic Molecules 

Shown i n  Figures 13-18 are t h e  K-LL Auger spectra  of each element i n  

N2, 02, CO and NO. The iden t i f i ed  peaks a re  shown i n  each spectrum by 

arrows, and Tables V I I - X I 1  l i s t  t h e  energies of t he  peaks associated 

w i t h  each f igure .  Each spectrum i s  divided i n t o  four  energy regions. 

Basically,  from highest t o  lowest e lectron k ine t i c  energies, the  main 

? 
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Figure 17. Nitrogen K-LL Auger electron spectrum of n i t r i c  oxide excited by electron impact. 



Figure 18. Oxygen K-LL Auger electron spectrum of n i t r i c  oxide excited by electron impact. 
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TABLF: VI1 

ELECTRON PEAK ENERGIES I N  K-LL AUGER 
SPECTRUM OF MOLECULAR NITROGEN 

Absolute Energy 
Peak” (4 
A- 1 
A-2 
A- 3 
A- 4 
A- 5 
A- 6 
A-7, 
B-1 
B- 1 
B-2 
B- 3 
B- 4 
B- 5 
B-6 
B- 7 
B-8 
B-9 
B-10 
B- 11 
c-1 
c-2 
c-3 
c-4 
D- 1 

384.7 f 0.4 
383.8 i- 0.2 
378.6 f 0.5 
376.7 i- 0.6 
378.3 f 0.5 
375.0 f 0.5 
371.7 f 0.6 
367.0 
366.5 f 0.2 
365.0 f 0.4 
363.5 f 0.5 
362.5 f 0.5 
360.2 k 0.2 
358.7’ f 0.2 
356.9 i- 0.3 
354.7 i- 0.6 
352.5 i- 0.6 
350.4 f 0.6 
347.8 f 0.6 
342.4 k 0.4 
339.1 i- 0.5 
337.4 i- 0.6 
332.7 f 0.7 
315.0 i- 0.9 

“ A l l  peaks except A-5, A-6 and A-7 
were iden t i f i ed  i n  the e lec t ron  exci ted 
spectrum, Figure 13. 
were seen i n  photon exci ted spectrum, 
Figure 21, page 54. 
i s  indicated by a primed number. 

A-5, A-6 and A-7 

The onset of a peak 
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TABU V I 1 1  

ELECTRON PEAK ENERGIES I N  K-LL AUGER 
SPECTRUM OF MOLECULAR OXYGEN 

Absolute Energy 
Peak" (ev)  

A-1 
A- 2 
A- 3 
A-4 
A- 5 
A-6 
A- 7 
A- 8 
A-9 
B-1 ' 
B-1 
B-2 
B- 3 
B- 4 
B- 5 
B-6 
B- 7 
B- 8 
B-9 
B-10 
B- 11 
B-12 

B-14 
c-1 
c-2 
c- 3 
c- 4 

B-13 

519.4 f 0.6 

517.1 f 0.6 
518.2 f 0.6 

512.8 k 0.4 
511.6 f 0.4 

510.0 f 0.5 

506.8 

510.4 f 0.3 

507.7 f 0.5 
511.9 f 0.6 

505.9 f 0.3 
504.0 f 0.3 
502.7 f 0.6 
501.4 f 0.2 
500.3 k 0.2 
499.7 f 0.3 
496.4 k 0.6 
495.6 k 0.5 
494.6 k 0.5 
492.8 k 0.5 
491.8 k 0.3 
486.2 f 0.6 
483.8 f 0.6 
481.4 rt: 0.7 
476.5 rt: 0.5 
470.1 f 0.6 
463.3 f 0.6 
455.9 f 0.9 

a A l l  peaks except A-9 were i d e n t i f i e d  i n  
t h e  e lec t ron  exci ted spectrum, Figure 14. 
w a s  seen i n  t h e  photon exci ted spectrum, Figure 
26, page 64. 
by a primed number. 

A-9 

The onset of a peak is  indicated 
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TABU IX 

ELECTRON PEAK ENERGIES I N  CARBON K-LL AUGER 
SPECTHUM OF CAllt3ON MONOXIDE 

Absolute Energy 
Peaka (4 
A- 1 273.0 f 0.2 

A-2 272.7 f 0.2 

A- 3 270.8 f 0.2 

A- 4 270.6 f 0.2 

A- 6 270.2 f 0.2 

A- 5 270.4 f 0.2 

A- 7 267.4 f 0.2 

A-a 264.3 rt 0.3 
A-9 262.1 f 0.3 
A- 10 259.7 k 0.2 

A- 11 259.0 k 0.3 
B-1'  256.0 f 0.3 
B- 1 254.0 k 0.2 

B-2 252.5 f 0.4 
€3- 3 250.4 f 0.2 

B- 6 246.4 f 0.4 
B- 7 245.3 f 0.4 
B- 8 242.4 f 0.4 
B- 10 239.3 f 0.5 
c-1 230.3 rt 0.8 
c- 3 220.9 * 0.9 

All peaks were iden t i f i ed  i n  Figure 15. a 
The onset of a peak i s  indicated by a primed 
number. 
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TAB1;E X 

ELECTRON PEAK ENERGIES I N  OXYGEN K-LL AUGER 
SPECTRUM OF CARBON MONOXIDE 

Absolute Energy 
Peak" (4 
A- 3 
A- 8 
A- 10 

B-1' 

B-1 

B- 4 
B- 5 
B- 7 
€3- 9 
B-11 

B- I 2  
c-2 

c-4 
D- 1 

D-2 

516.6 rtr 0.4 
510.1 f 0.5 

501.6 
505.7 k 0.5 

500.4 k 0.2 

496.1 k 0.4 
494.5 k 0.4 
491.5 rtr 0.3 
487.6 k 0.3 
485.1 rtr 0.3 

481.5 k 0.7 
469.4 k 0.5 

459.1 C 0.7 
447.2 rtr 0.6 
437.4 rtr 0.9 

All peaks were iden t i f i ed  i n  Figure a 

16. The onset of a peak i s  given by a 
primed number. 
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TABU X I  

c 

ELl3CTRON PEAK ENERGIES I N  NITROGEN K-LL 
AUGER SPECTRUM OF NITRIC OXIDE 

Absolute Energy 
Peak" (4 
A- 1 

A-2 

A- 3 
A- 4 
A- 5 

t 
B-1 

B- 1 

B-2 

B- 3 
B- 5 
B- 6 
B- 7 
B-10 
B-11 

B-12 

B-13 
B-14 
c-2 
c-3 
c-4 
c-5 

389.8 f 0.6 
388.5 f 0.6 

381.2 rf: 0.4 
377.6 rf: 0.6 
376.1 

382.5 rf: 0.4 

374.8 f 0.4 
373.1 rf: 0.4 
371.7 k 0.2 

370.0 f 0.3 
367.6 rt: 0.5 
366.9 f 0.3 

361.5 5 0.5 
360.0 k 0.6 

355.8 f 0.3 

362.7 rt: 0.3 

357.1 f 0.6 

346.6 rt 0.5 

339.1 It: 0.5 
334.2 * 0.9 
325.5 rf: 0.9 

a A l l  peaks except B-1  and B-2 were 
iden t i f i ed  i n  t h e  e lec t ron  exci ted spectrum, 
Figure 17. B-1 and B-2 were characterized 
i n  t h e  photon exci ted spectrum, Figure 33, 
page 80. The onset of a pe& i s  indicated 
by a primed number. 
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TABLE: X I 1  

ELZCTRON PEAK ENERGIES IN OXYGEN K-LL 
AUGER SPECTRUM OF N I T R I C  OXIDE 

Absolute Energy 
Peak" (ev)  

A- 4 514.6 k 0.4 
A- 6 509.9 k 0.6 
B-1 ' $08 9 
B- 1 507.2 k 0.4 
B- 4 503.3 k 0.2 

B- 5 502.9 f 0.2 

B- 8 499.2 k 0.6 
B-9 496.0 k 0.2 

B-10 495.5 k 0.6 
B- 11 494.0 k 0.6 
B-12 492.5 k 0.6 
B-13 489.8 fi 0.6 
B- 14 488.3 k 0.4 
B-15 485.0 k 0.5 
B-16 482.4 f 0.5 
c-1 480.1 fi 0.3 
c- 3 471.5 k 0.9 
c- 4 466.1 fi 0.9 

D- 1 444.5 k 0.8 
C-6 456.0 f 0.9 

All peaks were iden t i f i ed  i n  Figure 18. a 

B-1 '  was  estimated from Figure 33, page 80. 
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contributions t o  the four divis ions are: 

vacancy by an Auger process involving electrons i n  molecular o r b i t a l s  

from autoionized and monopole excited states; (2 )  B - readjustments t o  a 

Is vacancy by an Auger process involving weakly bound electrons,  w; 

(3) C - readjustments involving both weakly, w, and t i g h t l y ,  s, bound 

electrons; and (4 )  D - readjustments involving e s sen t i a l ly  only t i g h t l y  

bound electrons,  s.  For t h e  locat ion of t h e  Auger e lectron energies 

found i n  region A, Is-absorption and 1s-photoelectron data are used. 

absolute magnitude of the energies i n  regions B, C and D can be located 

by employing equation (1-4) or Table I, pages 10-11. 

however, region B i s  t h e  only region t h a t  i s  e f f ec t ive ly  located by 

employing one of the  above; C and D are more r e a l i s t i c a l l y  found by using 

equations (3-4), (3-5) and (3-6) of t h i s  chapter, page 88. 

(1) A - readjustments t o  a Is 

The 

In  pract ice ,  

1. Analysis of Region A - High Energy S a t e l l i t e  Lines - - -  

Auger e lectrons produced i n  region A r e s u l t  mainly from the  decay of 

A s  w i l l  autoionized and monopole excited states by an Auger t r ans i t i on .  

be recal led from Chapter I, page 7 , an autoionized state i s  formed by 

resonance exc i ta t ion  of a Is (or K )  e lectron i n t o  an unoccupied molecular 

o rb i t a l ;  a monopole excited state is  formed by the  exc i ta t ion  of a valence 

electron in to  an excited molecular o r b i t a l  due t o  t h e  sudden formation of 

an inner-shell  vacancy. If monochromatic photons greater  than the  Is 

binding energy are used t o  exc i te  t h e  K-L;& Auger spectrum, resonance ab- 

sorption w i l l  not occur. Thus, t h e  Auger spectrum a r i s i n g  from photon 

exci ta t ion w i l l  be absent of l i n e s  t h a t  r e su l t  from autoionization t r ans i -  

t i ons .  Monopole excited states w i l l  form with e i t h e r  e lectron o r  x-ray 



exci ta t ion .  

e lectron and an x-ray exci ted Auger spectrum. 

K-LL Auger spectrum with electrons and photons, high energy l i n e s  can bie 

iden t i f i ed  and i n  some cases characterized, which i n  t u r n  aid.s  i n  -the 

iden t i f i ca t ion  of t h e  highest  energy normal Auger process. 

Thus, t he  decay of these l a t t e r  s t a t e s  w i l l  appear i n  an 

However, by exc i t ing  the  

2 a.  Nitrogen. The electron configuration of nitrogen i s  ( l s a  ) 
g 

2 2 2 4 2 
( h a u )  (2sog) (2suu) ( 2 ~ ~ )  (2pog) . 
given i n  Figure 19. 

The molecular o r b i t a l  d.iagram i s  

41 From the  1s-absorption data  of Nakamura, e t  a l ,  

using synchroton i r r ad ia t ion ,  e ight  unoccupied molecular orbi . ta ls  are 

f i l l e d  by resonance absorption giving r i s e  t o  e ight  i n i t i a l  autoioniza- 

t i o n  s t a t e s  of 400.2, 405.6, 406.5, 406.7, 407.7, 407.9, 408.2 and 408.5 

1 eV. 

i s  the  s t rongest  i n  in t ens i ty  (by a f ac to r  of t e n  above any of t h e  other  

The Is t o  2p31 ( nu) absorption a t  400.2 eV, represented i n  Figure ;2Oa, 
€3 

t r a n s i t i o n s ) .  If we assume s imi la r  autoionization states can be formed 

by using a high energy electron beam, Auger e lectron energies would be 

expected a t  383.5, 388.9, 389.8, 390.0, 391.0, 391.2, 391.5 and 391.8 e'V. 

These energies a r e  calculated by using equation (3-1)) where EA(A) i s  the  

* Auger e lectron energy found i n  region A, E i s  the  resonance absorption 

energy -- t h e  energy avai lable  f o r  t h e  Auger t r a n s i t i o n  -- arid 

the  energy of t he  e lec t ronic  state of the  s ingly charged ion.  I n  the 

above calculat ions the  energy of t he  2prr 

Because of the  absence i n  Figure 13, page 37, of high energy Auger e lec-  

o rb i t a l ,  16.7 eV, was used. 
U 

t ron  energies above 385 eV, the re  appears t o  be only one autoionization 

e lec t ronic  s t a t e  , 'Xu, appreciably populated by resonance absorption. 
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(a ) ,  obtained from reference 37; (b) ,  obtained from reference 11. 
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(l), outer-excited process; ( 2 ) ,  inner-excited process. 



53 

P 

K* 
The autoionization states w i l l  be represented as X2 , i . e . ,  f o r  

nitrogen, N2K*. The two decay modes of N2"" by autoionization, shown 

i n  Figure 20b, are c l a s s i f i ed  as t o  whether or not t h e  electron i n  t h e  

excited molecular o rb i t a l ,  2pn i n  the  case of N2, pa r t i c ipa t e s  i n  t h e  
g 

t r ans i t i on .  For example, f o r  nitrogen, when t h e  exci ted molecular orbi-  

t a l  par t ic ipa tes  i n  t h e  Auger t r ans i t i on  the  process w i l l  be labeled 

1s(2pg)+ '  - ( 2 p  )w and w i l l  be referred t o  as an "outer-excited" auto- 

ionization t rans i t ion ;  and, a process i n  which the  2 p  e lec t ron  remains 

as a "spectator" w i l l  be labeled ls(2p11 )+' - ww and w i l l  be re fer red  t o  

as an "inner excited' '  t r ans i t i on  (again, w s ign i f i e s  t h e  weakly bonding 

e lec t rons) .  

excited" autoionization t r ans i t i ons  are bas ica l ly  normal K-LL Auger pro- 

g 

g 

g 

As pointed out for nitrogen by Carlson, e t  a l ,9  "inner- 

cesses occurring under t h e  e l e c t r o s t a t i c  s h e l l  of t he  spectator  2prr 

e lectron (see Figure 20b). 
g 

The data points designated by (+) i n  Figure 21  are derived by repro- 

ducing Figure 13, page 37, without i t s  background. The Auger e lectron 

energies A-1  through A-4 and t h e  shaded area of Figure 21  have been 

assigned t o  autoionization t r ans i t i ons .  Table XI11 compares the  energies 

of t h e  resu l tan t  s ingly charged ion EN +1, as calculated from equation 

(3-1), with known values. 

"inner-excited" s t ruc ture  

with t h e  diagram l ines  B - l  through B-6 ( the  l a t te r  l i n e s  a re  sh i f t ed  on 

2 
Qual i ta t ively,  the  general appearance of t he  

A-3 and A-4 through 370 e V  should be compared 

the  order of 10 e V  higher i n  energy). 

If the  assignments of peaks A - 1  through A-4 and the  shaded area of 

Figure 21  are correct ,  t h e  processes t h a t  r e s u l t  i n  t h i s  s t ruc ture  should 

be absent i f  t h e  energy f o r  resonance absorption (Is 3 2p7( ) i s  not ava i l -  

able. Therefore, i f  monochromatic photons of energy above t h e  Is binding 
g 
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Figure 21. High energy portion of the  K-LL Auger e lectron spectrum of molecular nitrogen 
excited 5j- e lec t rons  and alI&?;lT&Y K photons. a 

plus data  points  (+) represent t he  electron exci ted spectrum of molecular nitrogen, 
c i r c l e  data  points ( 0 )  represent the  A X  exci ted spectrum, dashed l i nes  ( - - )  represent t he  
~ q e r t l . ~ d  dpr_+ly of N K+* s ta tes ;  
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TABU X I 1 1  

ASSIGNMENTS OF THE PEAKS APPW.ING I N  THE HIGH ENERGY SATETJLITE 
REGION OF THE K-LL AUGER SPECTRUM OF MOLECULAR NITROGEN 

EN2+1 from %2+1 from %2+1 from 
I n i t i a l  This Work Other Auger Other Sources 

Peak" Stateb (eV) '  Data ( e V )  (evId AS s ignment e 

A-1 N2'* 15.5 Outer- 
exci ted 

Outer- 
16.4 16.5,8 16.011 16.693 (A2X,)42 exci ted 

Kn 
N2 A-2 

A- 3 

A- 4 

A- 5 

A- 6 

A- 7 

N;* 

K* 
N2 

21.6 

2395 

20.74 

21.1 

21.9 
23.0 

23.8 

25 .o 
24.6 

4 + 4 4  
4 44 

44 
4 44 

( xu 1 
( n,) 
(-xu) 
( "PI  
( D211)45 

(csc p , 4 5  
U 

Inner- 
exci ted 

Inner- 
exci ted 

A l l  peaks appear i n  Figure 21. Peaks A-1, A-2, A-3 and A-4 a l s o  a 

appear i n  Figure 13, page 37. 

bN2K* i s  t h e  autoionization state of nitrogen populated by reso- 

i s  populated. N2K+* 
nance absorption of t he  Is electron in to  an excited molecular o r b i t a l .  
In  t he  case of nitrogen a p p r e n t l y  only t h e  2pn 
i s  an excited state of a nitrogen ion with a hofe i n  the  Is l eve l .  

C  EN^+^ i s  the  energy of t h e  nitrogen positive-one ion r e l a t i v e  t o  
t h e  ground e lec t ronic  state of a neut ra l  nitrogen molecule. 
ent  EN^+^ values were calculated from equation (3-1), page 50. 

%e f i n a l  e lec t ronic  state i s  given i n  parenthesis.  

e 

The differ-  

Peak A-1  probably r e su l t s  from a l s (2pn  )+l- 2p11g2pa (X2Zg+) 
t r ans i t i on .  Peak A-2 r e s u l t s  from a ls(2p.l~ )$1- 2pn&?pnu(f211,) t r a n s i -  
t i on .  Peaks A-3 and A-4 are assigned t o  lsT2px )+'-WW processes. 

g 



energy of nitrogen are used t o  exc i te  t h e  K-LL Auger spectrum of nitrogen, 

t h e  peaks a t t r i b u t e d  t o  autoionization should disappear. The high energy 

portion of t h e  aluminum K 

(0  - data  poin ts )  of Figure 2 1 w i t h  background removed i s  superimposed on 

t h e  electron exci ted spectrum (+ - data po in t s ) .  

t o  obvious disappearance of A-1  and A-2, t h e  "outer-excited" peaks, and 

t o  t h e  decrease i n  t h e  in t ens i ty  of t h e  "inner-excited" struc!ture between 

A-3 and 370 eV. 

exci ted molecular nitrogen Auger spectrum a 

The reader i s  d i rec ted  

The remaining peaks, A-5, A-6 and A-7, apparently do not, result from 

resonance absorption, but r a the r  from a readjustment t o  a Is-vacancy of an 

excited nitrogen ion, t h e  monopole exci ted N K+*. The decay modes of N2K+* 2 
IC+* by an Auger process are represented i n  Figure 22. Knowledge of N2 

states can be obtained from t h e  1s-photoelectron spectrum of nitrogen 

given i n  Figure 23. The peaks on t h e  low energy side of t he  ls-photoelec- 

t r o n  peak can be a t t r i bu ted  t o  t h e  formation of monopole exci ted states. 

In  addi t ion,  s t ruc tu re  due t o  exc i ta t ions  i n  neut ra l  nitrogen molecules 

can be found. Excitations of neut ra l  nitrogen i n  t h e  Is-photoelectron 

spectrum can be accounted f o r  by: 

t rum as a function of pressure and (2 )  studying t h e  i n e l a s t i c  scattered. 

(1) studying the  Is-photoelectron spec- 

e lectrons a t  t h e  same pressure and energy as t h a t  used i n  the  photoelectron 

run. The two pressure invest igat ions gave consistent r e s u l t s .  The pres- 

sure correct ion f o r  co l l i s ion  losses  i n  neut ra l  nitrogen i s  represented. 

i n  (2)  of Figure 23. 

losses  d i f f e ren t  N2 

monopole excited s t a t e s  i n  nitrogen i s  represented i n  ( 3 )  of Figure 23.  

The energy analysis  of Figure 23 i s  given i n  Table X N .  

By subtract ing contributions for these co l l i s ion  

states could be ascer ta ined.  The contribution of K+* 

Figure 24 
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Figure 23 .  The Is photoelectron spectrum of nitrogen. 

1, r a w  data; 2, pressure correction for co l l i s ion  losses  i n  
neut ra l  nitrogen; 7, - IT~K+* states. 

9 



59 

ORNL-DWG 70-5386 
50,000 I I I I I I I I I I I I I I I I I I I I I I I 114 

t 20,000 

10,000 

5000 

- 1000 

.% 2ooo L 
t 500 200 ~ 

1070 ev SCATTERED 
ELECTRON FROM 

NEUTRAL NITROGEN 

f e 
I I 

100 

50 

20 

10 

5 

2 

1 
- 50 -40 -30 -20 -10 

A KINETIC ENERGY (ev) 

a 

t 

. .  

~ 

0 10 

Figure 24. 1070 e V  electrons elastically and inelastically scattered 
from neutral nitrogen molecules at 5 microns gas pressure. 
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TABLE X I V  

RELATIVE EKEBGIES AND INTENSITIES OF THE OBSERVED PEAKS IN 
THE Is-PHOTOELECTRON SPECTRUM OF M0L;ECULAR NITROGEN 

Energy 
from ab In t ens i ty  d A s  s i gnment - Peak" (4 Relative t o  ac 

a 

b 

0.0 

-10.0 k 0.3 

100. 

0.9 

N2K+ 

C -13.2 -+ 0.5 

d 

e 

f 

-16.3 -t. 0.4 

-19.8 k 0.4 

-23.3 -t 0.3 

-24.9 -t. 0.3 

-25.9 * 0.5 

-28.7 C 0.4 

-31.1 * 0.5 

4.6 k 1.2 

0.8 

1.9 

2.2 

1 .3  

1.2 

0.8 

.;+* 

N2K+* 

N2K+* 

a 

bPeak c i s  pressure dependent. 

Peaks were observed i n  Figure 23. 

C The peak i n t e n s i t i e s  were corrected f o r  anelastic 
sca t t e r ing  from neu t r a l  nitrogen. 

1s - leve l .  N 3 + *  represents a monopole exci ted state of' 
N represents  an exci ted nitrogen neu t r a l  molecule. 

%2Kc re resents  a nitrogen ion with a vacancy i n  t h e  

2 
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i l l u s t r a t e s  t h e  e l a s t i c  and i n e l a s t i c  sca t te red  electrons from neutral  

nitrogen, and Table XV gives t h e  r e s u l t s  of t h e  sca t te red  electron 

measurements. From t h e  analysis  of Figure 23, states of N2K+* appear at 

-10.0, -16.3, -19.8, -23.3, -24.4 and -25.9 e V  above N2K+ with t h e  peak 

at  -16.3 of greatest  in tens i ty .  

K+* Since t h e  charge on t h e  resu l t ing  ion from readjustments t o  N2 

i s  plus two, one might expect t o  see t h e  normal l i n e s  (B-1 through B-7) 

sh i f ted  some 10.0, 16.3, 20.0, 23.3 eV, e t c .  t o  higher energy a t  0.9, 

4.6, 0.8, 1.9, e t c .  percent of t h e i r  o r ig ina l  in tens i ty .  

s h i f t  of B-1  through B-7 some 10.0 and 16.3 e V  i s  consistent with t h e  

observed s t ruc ture ,  A-5, A-6 and A-7, exci ted by x-rays (see dashed l i n e s  

i n  Figure 21, page 54, 

through B-7 t o  higher energy). 

The apparent 

f o r  curve f i t t i n g  following the  s h i f t  of B-1  

b. Oxygen. The e lec t ronic  configuration of neutral  oxygen i s  
2 2 2 2 2 4 2 

(1sog) ( l sou )  (2sog) ( 2 ~ 0 ~ )  (2pog) ( 2 ~ ~ )  ( 2 p g )  Figure 25 gives t h e  

molecular o r b i t a l  diagram of oxygen with t h e  associated binding energies 

of t he  d i f fe ren t  o rb i t a l s .  Since the  2pr( l e v e l  i s  half  f i l l e d  and no 

Is-absorption data i s  avai lable ,  the formation of t h e  i n i t i a l  autoioniza- 

t i o n  s t a t e  (or states) i s  not c l ea r  i n  the  case of oxygen. 

ments of t he  autoionization Auger t r ans i t i ons  t o  d i f f e ren t  f i n a l  e lec-  

t ron ic  s t a t e s  of s ingly charged oxygen cannot be made. However, c l a s s i -  

f i ca t ion  of t he  s t ruc ture  a s  t o  inner- or outer-excited autoionization 

t r ans i t i ons  i s  considered. 

Any assign- 

The points  (+) of Figure 26 are  obtained by expanding Figure 14, 

page 38, and subtract ing t h e  background. 

a t t r i bu ted  t o  outer-excited autoionization processes i n  which t h e  exci ted 

If A-1, A-2 and A-3 are 
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TABU XV 

RELATIVE ErJERGIES AND INTENSITIES OF THE INELASTIC 
SCATTERED ELECTRONS FROM raEcTTRAL NITROGEX 

AT APPROXIMATELY 5 MICRONS PRESSW 

- - 
E n e r a  In t ens i ty  Known Energy 
From a Ratio From ab 

Peaka (ev)  Relative t o  a (4 __ 
a 0.0 100. 

b -9.1 k 0.3 0.3 

C -12.8 k 0.4 3.4 

d -13.8 k 0.4 3 -0  

e -16.0 4 0.4 1.8 

f -18.8 k 0.7 1.4 

g -22.6 4 0.4 1.1 

h -29.2 * 0.7 1.0 

-9.16 

-12 *93 

a 

bThe -9.16 and -12.93 eV were the  most intense in -  
e l a s t i c  sca t te red  peaks t h a t  occurred i n  t he  spectrum 
measured by Lasset t re  e t  a l ,  reference 46. Other peaks 
of lower i n t e n s i t y  were observed a t  -12.26 and -13.21 eV. 

Peaks were observed i n  Figure 24. 

E 
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OXYGEN 
ATOMIC 

O R B I T A L S  
O X Y G E N  

MOLECULAR ORBITALS 

2 Pa;" n 

OXYGEN 
ATOMIC 

ORB1 TALS 

2P 

.61 eV 

* 
2s U" 25.3, c4C; (b) 
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Figure 2 5 .  Molecular o r b i t a l  diagram f o r  oxygen. 

( a ) ,  obtained f r o m  reference 47; ( b ) ,  obtained f r o m  reference 11. 



(D
 

I--
‘ 

(D
 

0
 

d-
 

Y
 

0
 

Y
 

IN
TE

N
S

IT
Y

 (
co

un
ts

/s
ec

) 
1
 

in Y
 



molecular o r b i t a l  par t ic ipa tes  i n  t h e  t r ans i t i on ,  A-4 through A-8 could 

r e su l t  from inner-excited t r ans i t i ons .  Since the  inner-excited t r a n s i -  

t i ons  can be imagined as normal Auger processes occurring under an occu- 

pied excited shel l ,  a comparison of t he  l ikeness  of B-4, B-5 and B-6 

( the  normal l i n e s )  t o  A-5, A-6 and A-7 (which are sh i f ted  on t h e  order 

of 10 eV higher i n  energy) assists i n  t h e  above assignment. 

The Auger data exci ted w i t h  aluminum K radiat ion is  shown i n  a 
Figure 26 ( 0  - poin ts )  superimposed on the  electron exci ted spectrum 

( +  - poin ts ) .  

but t he  disappearance of A - 1  and A-3 could not be determined because 

the  s t a t i s t i c s  were not su f f i c i en t .  Table XVI summarizes t h e  r e s u l t s  

of t h e  autoionization s t ruc ture  seen f o r  oxygen. 

A-4 through A-7 have disappeared w i t h  x-ray exc i ta t ion ,  

Figure 27 i l l u s t r a t e s  the  Is-photoelectron spectrum of oxygen 

excited by aluminum K 

s u l t s  of the observed s t ruc ture .  Three peaks, -8.5, -10.5 and -22.3 e V  

of 5.7, 7.6 and 2.7 percent r e l a t i v e  in t ens i ty  to t h e  Is l i n e ,  could be 

ident i f ied  with monopole exci ted s t a t e s  of oxygen. The expected decay 

of these three  s t a t e s  t o  d i f fe ren t  e lec t ronic  states of 02+2 by an 

Auger t r ans i t i on  that  involves the  excited molecular o r b i t a l  i s  shown 

by the  dashed s t ruc ture  of Figure 26. 

coincide w i t h  any of t h e  0 - points .  

radiat ion,  and Table XVII gives the energy re- a 

. 

The dashed s t ruc ture  does not 

However, t he  excited molecular 

o r b i t a l  can remain occupied, and more t i g h t l y  bound electrons beneath 

t h i s  o r b i t a l  can be involved i n  the  decay of O2 K+* s t a t e s  (see Figure 

K+* 22, page 57, f o r  t h e  representation of the  two decay modes of N2 

states).  Krause, e t  a1,20 have demonstrated f o r  neon that  processes 

involving the  spectator e lectron i n  the  Auger t r a n s i t i o n  account f o r  
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TABLE XVI 

ASSIGNMENTS OF THE PEAKS APPEARING I N  THE HIGH ENEBGY 

SPECTRUM OF MOiXCULAR OXYGEN 
SATELLITE REGION OF THE K-LL AUGER 

- - 
Energy From A-1  

- Peak" ( ev>  A s s  i gnment 

A- 1 0.0 Out e r  - exc i t e d  

A-2 -1.2 Outer-excited 

A- 3 -2.3 Out e r -exc i t  ed 

A- 4 -6.6 Inne r - exc it ed 

A- 5 -7.8 Inner-excited 

A- 6 -9 .o Inner - exc it ed 

A- 7 -9.4 Inner- exc i t  ed 

A- 8 -11.6 Inner-excited 
- - 

Peaks were obtained from Figures 14  and 26, a 

pages 38 and 64, respect ively.  
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1 MOLECULAR OXYGEN I s  
PH OTO E L ECT R ON SP ECT RUM 
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I 
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I 

i 
I 

-15 -10 - 5  

A ENERGY (ev) 

0 + 5  

Figure 27. The Is photoelectron spectrum of oxygen. 

1, r a w  data;  2, gressure correction f o r  co l l i s ion  losses  i n  
neut ra l  oxygen; 3 , 0 2  +* states. 
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TABLE XVII 

RELATIVE ENERGIES AND INTENSITIES OF THE OBSERVED 
PEAKS I N  TKE Is PHOTOELECTRON SPECTRUM 

OF MOLECULAR OXYGEN 

Energy In t ens i ty  
From a b Relative 

Peak" (4 t o  ac A s  s i gnment 
d 

a 0.0 100. 02K+ 

b -1.2 * 0.3 

C -8.5 k 0.4 

d -10.5 k 0.4 

e -15.8 * 0.6 

f -22.3 k q.6 

5 -8 

7.6 

2.7 

02K+ 

02K+* 

02K+* 

O; 

02K+* 

Peaks were observed i n  Figure 27. a 

bPeak e w a s  pressure dependent. 

C The peak i n t e n s i t i e s  were corrected fo r  in-  
e l a s t i c  s ca t t e r ing  from neu t ra l  oxygen. 

K+ represents an oxygen ion with a vacancy 

02* represents  an exci ted neu t r a l  
i n  t h e  5s- level .  
c i t e d  0$+. 
molecule. 

02K+* represents  a monopole ex- 



only 20 percent f o r  t he  frequency of f i l l i n g  t h e  K-vacancy w i t h  a mono- 

pole exci ted state.  Thus, t h e  remaining Auger s t ruc ture  of Figure 26 

can be accounted fo r  by reducing t h e  dashed l i n e s  by one-f i f th  of t h e i r  

in tens i ty .  

The or ig in  of t h e  s t ruc ture  B - 1  and B-2 i s  s t i l l  questionable; i .e . ,  

they could result from the decay of monopole exci ted states by an "inner- 

excited" Auger process. The f i rs t  excited state of molecular oxygen w i t h  

an electron paired i n  the  2p1 

48 ground state. 

does not coincide with B-1  and B-2. 

the decay of monopole excited s t a t e s  by "inner-excited" t r ans i t i ons  w i l l  

l i e  20 eV lower i n  energy t o  t h e  decay involving t h e  electron i n  the 

excited molecular o r b i t a l .  Apparently B-1  and B-2 r e s u l t  ne i ther  from 

the decay of autoionization nor monopole excited states but from t h e  

o r b i t a l  l i es  approximately 4.5 e V  above the  

Shi f t ing  t h e  dashed s t ruc ture  of Figure 26 by t h i s  amount 
g 

Calculations on neon49 indica te  t h a t  

O2 K+, 4C- and 5- i n i t i a l  states. 

Carbon monoxide. The electronic  configuration of neut ra l  carbon 

Figure 28 gives the  

decay of 

C .  

monoxide 

molecular o r b i t a l  diagram of carbon monoxide w i t h  the  binding energies of 

the d i f fe ren t  o rb i t a l s .  Figure 29 i l l u s t r a t e s  the high energy side of 

Figures 1 5  and 16, pages 39 and 40, excited by electrons (+  - poin ts )  and 

aluminum Ka photons ( 0  - po in t s ) .  The absolute energy and energy separa- 

t i ons  observable i n  the carbon spectrum o f fe r  a unique opportunity t o  

study v ibra t iona l  s t ructure  by Auger spectroscopy. 

v ibra t iona l  s t ruc ture  can be determined has been seen i n  more de ta i l  by 

Siegbahn.ll Table XVIII compares the data  obtained from Figure 29 with 

The region i n  which the 
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Figure 28. Molecular o r b i t a l  diagram for carbon monoxide. 

(a ) ,  obtained from reference 37; (b ) ,  obtained from reference 11. 
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TABLE XVIII 

ASSIGNMENTS OF THE PEAKS APPEARING I N  HIGH ENERGY 

SPECTRA OF CARBON MONOXIDE 
SAmLLITE REGION OF THE K-LL AUGER 

Energy From Results 

A-8 i n  S i e  gbahn 
Energy from of 

d. 
b 

A-1 i n  
Carbon Spectrum 

Peak“ (4 Oxygen Spectrum (ev) As s i  gnment - 
A- 1 

A-2 

A- 3 

A- 4 

A- 5 
A-6 
A- 7 

A- 8 

A- 9 

A- 10 

A- 11 

0.00 

-0.28 k 0.3 

-2.20 f 0.07 

-2.40 f 0.06 

-2.60 k 0.06 
-2.80 k 0.06 
-5.60 f 0.06 

-8.7 f 0.3 

-10.9 k 0.3 

-13.3 * 0.2 

-14.0 k 0.3 

0.00 

-0.26 f 0.02 

---- 
(0.00) 
-2.51 * 0.02 

(-0.19 f 0.01) 

(-0.38 k 0.01) 

-8.7 k 0.3 

-10.9 k 0.3 

-13.3 k 0.3 

-5.65 f 0.04 

-13.9 * 0.3 

Outer - exc i t e d  

Out er- exc it ed 

Outer - exc it e d 

Outer-excited 

Out er-exci t  ed 

Outer- exc it ed 

Out e r - exc it e d 

Inner- exc i t  ed 

Inner- exc it ed 

Inner- exc it ed 

Inner-excited 

a 

bEnergy of peaks obtained from i n s e r t  of Figure 29. 

Peaks were observed i n  Figure 29. 

Dashed l i n e  
indicates  no peak observed i n  t h e  oxygen spectrum. 

Data were obtained from Reference 11. C 

!Peaks A-1 and A-2 probably r e s u l t  from a l sC(e)+l  - e 2pa hX?T’) 
t r ans i t i on ,  peaks A- 

inner-excited autoionization t r ans i t i ons  where t h e  exci ted e o r b i t a l  re- 
mains occupied during t h e  t r ans i t i on ,  although t h e  delay of a, monopole 
exci ted state might account for t h e  peak A-9. 

A-4, A-5 a d A-6 from lsc(e)+l  - e 2png ?AIL), 
and A-7  from 1sc(e)+”- e 2sa, (B  2 C’). A-8 through A - 1 1  are probably 
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Siegbnhn's r e s u l t s  .ll 

of 0.19 e V  FWHM allows one t o  set an upper l i m i t  on the lifetime of t h e  

excited autoionized state of 2 x sec.  

The observance of v ibra t iona l  s t ruc ture  with peaks 

By comparing t h e  x-ray with the  electron excited spectrum, peaks 

A - 1  through 

autoionization. Unfortunately no Is-absorption data a re  avai lable ,  and 

energies of t he  f i n a l  e lec t ronic  states can not be calculated and compared 

with known energies. 

and A-7 most probably r e s u l t  from t h e  removal of 2po , 2pt 

molecular o rb i t a l s  i n  forming t h e  d i f f e ren t  f i n a l  A', A211 and B 

electronic  states of CO+l;  therefore ,  these t r ans i t i ons  would be c l a s s i -  

f i e d  as "outer-excited" autoionization processes. The difference i n  

A-11 disappear; therefore,  they are assumed t o  r e s u l t  from 

However, A - 1  (A-1 and A-2) ,  A-4 (AL4 through A-6) 
b b and 2sa* 

2 +  

energy between A-1  and A-4 and between A-1 and A-7 agree w e l l  w i t h  t h e  

spectroscopic differences between the  X C 

(5.69) states .50 A-8, A-9 and A-10 could r e s u l t  from "inner-excited" 

Auger t r ans i t i ons  taking place under an occupied exci ted o r b i t a l  (see 

the  s imi l a r i t y  between the  normal l i nes ,  B-1, B-2 and B-3, and t h e  the  

"inner-excited" l i nes ,  A-8, A-9 and A-10, except t h a t  t h e  l a t te r  appear 

on the order of 10 eV higher i n  energy). 

2 +  - A211 (2.57) and $E+ - B2C+ 

It has been observed i n  both our and Siegbahn's'l experiments a 

2 s m a l l  peak above the  v = 0 state of the  A II electronic  s t a t e .  The 

appearance of the  v ibra t iona l  peak A-3 could r e s u l t  from the  decay of a 

vibrat ional ly  excited i n i t i a l  excited s t a t e  t o  t h e  ground v ibra t iona l  

s t a t e  of the  A II e lec t ronic  state of CO 

band. 

2 +l . This i s  analogous t o  a "hot" 

51 
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l’he following two Figures, 30 and 31, show the  Is-photoelectron 

spectra  of carbon and oxygen i n  CO. The values f o r  t h e  photoelectron 

data are given i n  Tables X I X  and XX. Since monopole exci ted states do 

form, one would expect some contr ibut ions from t h e  decay i n  the  region A 

of t h e  Auger spectrum t o  occur. However, r e s u l t s  due t o  the  decay of 

monopole exci ted states are inconclusive. 

d. N i t r i c  oxide. The e lec t ron  configuration of n i t r i c  oxide i s  

( l ~ ~ ) ~ ( l s , ) ~ ( 2 ~ 0 ~ ) ~ ( 2 p ~ ~ ~ ) ~ ( 2 p ~  b 4  ) (2pn*)’. Figure 32 gives the molecular 

o r b i t a l  diagram of n i t r i c  oxide accompanied by the  binding energies of 

t he  d i f f e ren t  o r b i t a l s .  Figure 33 i l l u s t r a t e s  the  high energy side of 

t he  K-LL Auger spectrum of n i t r i c  oxide (Figures 17 and 18, pages 41 and 

42) exci ted w i t h  e lec t rons  ( +  po in t s )  and x-rays (0  po in t s ) .  Table XXI 

l i s t s  t h e  possible  assignments of t he  observed peaks. As i n  t h e  case olf 

molecular oxygen, there are many possible  i n i t i a l  and f i n a l  states; and., 

because no 1s-absorption data i s  ava i lab le ,  assignment involving f i n a l  

states of the plus one ion i s  impossible. If A-1 and A-2 which are 

present i n  the  nitrogen spectrum a re  assigned t o  outer-excited t r a n s i -  

t i ons ,  then A-3 through A-7  would arise from inner-excited t r a n s i t i o n s .  

In  comparing t h e  oxygen and nitrogen spectra  i n  region A, t he re  a p  

pears t o  be a grea te r  i n t ens i ty  of autoionizat ion t r a n s i t i o n s  i n  the  n i t ro -  

* gen spectrum. This i s  consis tent  with the  atomic population of t h e  2p71 

molecular o r b i t a l  which has been shown by SCF  calculation^^^ and photo- 

e lec t ron  s p e c t r o ~ c o p y ~ ~  t o  have approximately 64 percent ni t rogen chamcker . 
Since peaks B - 1  and B-2 do not disappear i n  the  x-ray excitedspectrum, 

t h e i r  o r ig in  is other  than the  decay of an autoionizat ion state!. B-1  and B-2 
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Figure 30. The carbon Is-photoelectron spectrum of carbon monoxide. 

1, raw data; 2, pressure correction for co l l i s ion  losses  i n  neut ra l  
molecule; - 3, CK+*O’-states. 
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A ENERGY (ev) 

Figure 31. The oqygen ls-photoelectron spectrum of carbon monoxide. 

1, raw data; 2, pressure correction for  collision losses in neutral 
molecule; - 3, cd(+*-states. 
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TABLE X I X  

RELATIVE ENERGIES AND I N T E N S I T I E S  OF THE OBSERVED PEAKS I N  THE 
CARBON 1s -PHOTOELECTRON SPECTHUM OF CAIiBON MONOXIDE 

b Energy from a In t ens i ty  
Peaka (ev) Relative t o  a Assignment 

a 

b 

0.0 

-8.5 

-11.6 

-12.9 

-14.9 

-18.0 

-19.8 

-23 .o 

i -23.8 

j -25 .o 

k -27.5 

100. 

1.8 

0.6 

2 99 

2.4 

2 .o 

2 .o 

2 .o 

1.2 

1.5  

CK+O 

$+*0 

co* 
cK+*o 

$+*0 

CK+*O 

cK+*o 

CK+*o 

$+*0 

$+"O 

cK+*o 

a 

b$+O represents a carbon monoxide molecule w i t h  a vacancy 

represents a carbon monoxide molecule with a carbon ls- 

Peaks were observed i n  Figure 30. 

i n  &he carbon Is l e v e l  without any addi t iona l  exc i ta t ion .  
CK+ 0 
vacancy but w i t h  addi t iona l  exc i ta t ion  of valence e lec t rons .  * CO represents a neu t r a l  exci ted carbon monoxide molecule. 
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TABLE XX 

RELATIVE ENERGIES AND INTENSITIES OF THE OBSERVED PEAKS I N  THE 
OXYGEN IS -PHOTOELECTRON SPECTRUM OF CARBON MONOXIDE 

~ 

b Energy from a In t ens i ty  
Peak" (ev> Relative t o  a As s ignment 

cox:+ 

b -8.6 0.6 C#:+* 

a 0.0 100. 

C -11.9 co*. 

d -14.0 CO*' 

-15.9 

-18.0 

-23 7 

7.5 

3.8 

1 .5  

cs:+* 

h -26.4 1.2 &+* 

i -28.5 1.2 c)K:+* 

Peaks were observed i n  Figure 31. a 

bCd(+ represents  a carbon monoxide molecule with a vacancy 
i n  the  oqygen Is l e v e l  without any addi t iona l  exc i ta t ion .  
C@+* represents  a carbon monoxide molecule with an oxygen ls- 
vacancy but with addi t iona l  exc i ta t ion  of valence e lec t rons .  
CO* represents  a neu t r a l  exci ted carbon monoxide molecule. 
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NITROGEN 
,ATOMIC 
0 R B I TALS 

NITRIC OXIDE 
MOLECULAR ORBITALS 

ORNL- DWG. 70-703 

OXYGEN 
ATOM I C  
0 R B I TA LS 

' 4  

D 

404.6eV 
543.3 3r(b)  - 

@ 544.0fr(b) 532.0eV 

Figure 32. Molecular o r b i t a l  diagram for n i t r i c  oxide. 

(a), obtained from reference 54; (b ) ,  obtained from reference 11. 
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Figure 33. High energy port ions of t h e  Auger e lec t ron  spectra  of 
n i t r i c  oxide exci ted by electrons and aluminum K photons. a 

plus data points  (+) represent t h e  e lec t ron  exc i ted  spectra  of 
n i t r i c  oxide, c i r c l e  data points  ( 0 )  represent t h e  A l K  exc i ted  spec t ra .  a 
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TABU XXI 

ASSIGNMENTS OF THE PEAKS APPEARING IN HIGH ENERGY SATELLITE 
FEGION OF T€E K-LL AUGER SPECTRA. OF N I T R I C  OXIDE 

Energy From Energy From 

Spectmun Spectrum 
A-1  i n  Nitrogen A-4 i n  Oxygen 

Peak" (4 (ev> Assignment 

A- 1 0.0 ---- Outer-excited 

A-2 -1.3 k 0.4 ---- Out e r - exci ted 

A- 3 -7.3 f 0.4 ---- Inner-excited 

A- 4 

A- 5 

A- 6 

-8.6 k 0.4 

-12.2 f 0.7 

(-8.6) 
0.0 Inner-excited 

---- Inner- exc i t  ed 

(-13.3) 
4.7 Inner- exc it ed 

a Peaks w e r e  observed i n  Figure 33. 
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could arise from normal Auger processes or from t h e  decay of monopole 

exci ted states, although t h e i r  o r ig in  has not as ye t  been determined. 

However, by recording the  nitrogen Is- and oxygen Is-photoelectron spec t ra  

of NO, t h e  energy of t h e  monopole exc i ted  states can be found.. Posi t ion-  

ing  of these monopole states i n t o  Figure 33 could a i d  i n  t h e  i d e n t i f i c a -  

t i o n  of B-1  and B-2. 

2 .  Analysis of Regions 2, --- C and D - - The Diagram Lines - 

The p r inc ipa l  contr ibut ion of t he  s t ruc tu re  tha t  i s  seen i n  regions 

B, C and D can be a t t r i b u t e d  t o  normal Auger processes - Auger t r a n s i t i o n s  

that  r e s u l t  from e lec t ron  readjustments t o  an ion w i t h  a K va,cancy tha t  

has been formed without exc i ta t ion  of any of t h e  other  orb i ta , l s .  In  t h e  

case of nitrogen t h i s  state i s  designated as N '+. The decay of N2 K+ by 
2 

t h e  Auger .process r e s u l t s  i n  t h e  formation of "normal" or "diagram" l i n e s .  

Also i n  t h e  ana lys i s  of t h e  regions B through D one must be cognizant of 

processes tha t  arise from t h e  decay by an Auger process of i n i t i a l l y  

mult iply charged ions tha t  have been formed by monopole ion iza t ions ,  e.g., 

N2KL++ i n i t i a l  states. Readjustments t o  N2 KL++ r e s u l t  i n  low energy 

"satell i te" e lec t rons  t o  t h e  diagram l i n e s .  

due t o  the  exci ted processes r e su l t i ng  from t r a n s i t i o n s  involving 

(1) autoionized s t a t e s ,  ( 2 )  monopole exci ted states, (3 )  exci ted states 

caused by the  Auger e lec t ron  and (4)  "double" Auger processes can occur 

i n  these th ree  regions.  

exci ted states ((1) and ( 2 )  above) normally occur i n  region A, but when 

t h e  exci ted molecular o r b i t a l  remains occupied, and more t i g h t l y  bound 

e lec t rons  are involved i n  t h e  decay, these processes are shifted t o  lower 

energy under t he  diagram l i n e  s t ruc tu re .  

S t i l l  smaller contr ibut ions 

The processes involving autoionized and monopo:Le 
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states by Auger processes K+ KL++ 
a .  Nitrogen. The decay of N2 and N2 

involving weakly bound 2po 

Figures 34a and 34b, respectively.  

2pfl and 2sau electrons are i l lustrated i n  
€3’ u 

Such t r ans i t i ons  r e s u l t  i n  most of t h e  

s t ruc ture  seen i n  region B between 348 and 368 e V  of Figure 13, page 37. 

The more intense l i n e s  B-1  through B-7 are attributed t o  normal 1s-ww 

processes. Since these processes r e su l t  from t h e  formation of N2+2 ions,  

t he  energy of t h e  d i f fe ren t  e lec t ronic  states of t h e  doubly charged ion, 

EN2+2, can be calculated by use of equation (3-3). 

(3-3) 

This i s  equation (1-k) ,  page 11, rewri t ten.  EA(B) i s  t h e  Auger e lectron 

energy f o r  t h e  Is-ww process, E 

molecule X2, and %,+2 i s  t h e  energy of t h e  doubly charged ion (for ni t ro-  

( X  ) i s  t h e  1s-binding energy of t h e  Is 2 

c 

gen +2 = +2). The possible e lectronic  states fo r  N2+2 with ww 
2 2 

vacancies are: 

(2pog)-1(2pflu)-l - u’ 3n u 

(2sa ) - l (2so  )-l - 1z + 

U U g 

The EN2+2 values obtained from equation (3-3) by using t h e  Auger data 

from Table V I I ,  page 43, and Els(N2) = 409.9 e V l l  are l i s ted  i n  Table 

XXII along with other experimental 8’11 and calculated values. 22 



84 

ORNL-DWG 70-5!81 

-@- 2 s u g  } s  

1s- ww 

e 

N:+ N: * 

Figure 34a. Normal Auger processes r e su l t i ng  i n  diagram l i n e s  from 
t h e  decay of NZK+. 

l s w - w w w  

e 

/CONTINUUM/ 

N Z 3  KL++ 
N2 

Figure 34b. S a t e l l i t e  Auger processes r e su l t i ng  i n  l o w  energy 
s a t e l l i t e  l i n e s  from t he  decay of NZKL++ s t a t e s .  



ASSIGNMENTS OF THE PEAKS I N  DIAGRAM LINE REGION OF THE MOIECULAR NITROGEN K-LL AUGER SPECTRUM 

Poss ib le  Results Results 
of 

Siegbahn Calculat ionse 11 Of 8 Probable Final 
I n i t i a l  E l e  e t  ronic EN2+2 Stalherm 

Peak" Stateb StateC (ev) (ev) (ev) (ev) 

B-1'  

B-1  

B-2 

B- 3 

B- 4 

B- 5 

B-6 

B- 7 

B-8 

B-9 

N2K+ 

N2K+ 

N2K+ 

N*K+ 

N2K+ 

N2K+ 

N2K+ 

N2K+ 

44.9 (1.5 * 0.3) (1.8) 

46.4 (3.0 k 0.3) (2.9) (3.1) 

47.4 (4.0 k 0.3) (3.9) (4.4) 

49.7 (6.3 * 0.1) (6.4) (6.8) 

51.2 (7.8 t 0.1) (7.9) (8.1) 

53.0 (9.6 k 0.1) (9.5) (10.0) 



TABLE XXII (continued) 

Possible Result s Results 
of 

Sie  gbahn Calculat ionse 11 of 8 Probable Final 
I n i t i a l  Electronic %2+2 Stalherm 

Peak" Stateb StateC (4 (ev) (ev> (ev) 

B-10 

B- 11 

c-1 
c-2 

c- 3 
c- 4 

94.9 (+51.5 k 0.8) (+53.0) 
a3 a 

lz + 

g 
D- 1 N2K+ 

a 1 

The electron energies of these peaks are l i s t e d  i n  Table V I I ,  Page 43. B-1 i s  the  onset 
of t he  normal Auger l i n e  B-1. 

bN2K+ s ign i f ies  a molecular nitrogen ion with a hole i n  1s- level .  Peaks with corresponding 
blank spaces i n  t h i s  column probably arise from decay of N2KL++ i n i t i a l  states, although these 
peaks could. r e s u l t  from excitations caused by t h e  normal Auger electrons.  

C These a r e  f i n a l  e lectronic  states of a doubly charged molecular ion of nitrogen. 

% ~ ~ + 2  are the  energies of the electronic  states of doubly charged nitrogen ion r e l a t ive  t o  
t h e  ground electronic  s t a t e  of neutral  nitrogen. 
page 83. 
resents  t he  minimum energy required for double e lectron removal from the  ground state of a neut ra l  
nitrogen molecule. 
t i a l  of N2+2 from electron impact studies (reference 55). Another double ionization was witnessed 
a t  43.8 e V  by Dorman and Morrison. 

These values were determined from equation (3-3), 
The value of 42.9 eV rep- The values given i n  parentheses are r e l a t ive  t o  the  B-1 l i n e .  

The value l i s t e d  i n  brackets, 42.7 eV, was obtained for t he  appearance poten- 

em- - - - ---, _ _ _  - _ _ _ _ _ _  q)13 
L L l e s e  va.Lues WCLC UUbd,LLlCU I L U I l l  IC.LCJ.CllLC LL. 

d 4 II 
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Although t h e  peaks B-8 through B-11 of Figure 13, page 37, could 

r e s u l t  from processes involving N2KC, one suspects these l i n e s  t o  be due 

KL++. However, t o  s a t e l l i t e  l i nes ,  probably from Auger readjustments t o  N 

t h i s  s t ruc ture  could r e s u l t  from other excited processes, i .e.,  (1) 

2 

through (4 )  on page 82. 

t i ons  due t o  double Auger processes can be completely eliminated. 

O f  these smaller contributions only those t r a n s i -  

These 

processes have been shown t o  account f o r  7.5 percent of t he  decay of a 

N e  ion; however, they w i l l  appear as a continuous d i s t r ibu t ion  of K+ 18 

energy below t h e  normal Auger l i n e s  ( i . e .  , a t  lower Auger e lectron ener- 

gies than occur i n  region D ) .  

(l), ( 2 )  and (3)  w i l l  occur i n  t h e  three  regions B, C and D although, 

 calculation^^^ on atomic systems show t h a t  

from experimental r e su l t s  i n  t h e  K-LL Auger spectrum of neon, such t r ans i -  

t ions  appear t o  be l o w  i n  in tens i ty .  20 

Use of an exc i ta t ion  source, e i t h e r  e lectrons or photons whose 

energy i s  close t o  the  binding energy where t h e  i n t t i a l  vacancy occurred, 

has been shown t o  be usefu l  i n  reducing t h e  percentages of i n i t i a l  

multiply charged ions i n  neon 17' 56' 57 and argon. 56 Thus, choice of a 

source j u s t  above the  Is binding energy of molecular nitrogen could a id  

i n  the  ident i f ica t ion  of not only the  s t ruc ture  B-8 through B-11, but 

a l s o  substant ia te  t h e  assignment of B-1 through B-7. 

\ 

The regions C and D have been designated as t h e  regions i n  which 

one would expect I s - w s  and Is-ss normal Auger processes t o  occur, respec- 

t i v e l y .  

r e l a t ive  t o  the  main diagram l i n e s  i n  region B can be r e l a t ed  t o  t h e  dif-  

Calculations as t o  where I s - w s  and Is-ss processes would appear 

ference i n  energy of t h e  various ways of removing two electrons from a 



88 

neu t r a l  molecule. Consider an atom or molecule with s h e l l s  :L, 2. . .  where 

1 represents t h e  least t i g h t l y  bound o rb i t a l ,  2 t h e  next t i g h t l y  bound, 

e t c .  If coupling i n  t h e  f i n a l  states of t h e  doubly charged ion are 

ignored, t h e  pos i t ion  of t h e  Auger l i n e s  r e su l t i ng  from vacaiicies i n  t h e  

f irst  two o r b i t a l s  may be taken as 

E l - E  2 = E  2 - 1  (3-4:i 

El - E = 2(E2 - El) + c(E2 - El) 3 (3-5:1 

where E E and E are t h e  Auger l i n e s  or  bands with E representing t;he 

highest  k i n e t i c  energy Auger process, and c i s  a f ac to r  which i s  re la ted  

1’ 2 3 1 

t o  changes i n  t h e  configurations as electrons are successive:ly removed., 

c may be obtained empirically or from a model. For example, i f  one cori- 

s ide r s  an atom t o  be a series of r ig id ,  concentric, negative:Ly charged 

s h e l l s  of radius  r about a cen t r a l  po ten t i a l  of pos i t ive  charge, c i s  

I given by 

where q i s  the  charge of an e lec t ron  and r1 and r 

1 and 2 i n  t h e  neut ra l  atom. 

are t h e  radii of s h e l l s  2 

The above considerations can be applied t o  neon as an example where 

= 48.3 e V  f o r  t h e  2p and 2s o rb i t a l s ,  11 E = 21.6 eV and E 

By using t h e  radi i  l i s t e d  for t he  IIartree-Fock solut ions of neon,58 one 

respect ively.  1 2 

obtains from equation (3-6) a value of 0.086 for c .  In  Table XXIII t h e  

energy values obtained from the  simple model are compared with experi- 

ment, where t h e  experimental values are t h e  weighted average of t h e  t e r m  

values f o r  t h e  Auger t r ans i t i ons  l s - 2 ~ 2 ~ ~  1s-2s2p and 1s-2~2:;  i n  neon. 



TABLE XXIII 

COMPARISON OF DIFFERENCE I N  AUGER ELECTRON ENERGIES BETvJEEN 
REGIONS B AND C AND BETWEEN B AND D FOR NEON 

- E2 26.7 27.5 

55.7 56.1 - E3 

a 
The highest k ine t i c  energy A u g e r  process t h a t  appears 

i n  region B i s  represented by El. 
k ine t i c  energy of Auger processes t h a t  are present i n  regions 
C and D, respect ively.  

E2 and E3 represent t h e  

bThese values were calculated by using equations (3-4) 
A value f o r  - c of 0.086 w a s  used i n  the  calcula- and (3-5). 

t i o n s .  

C The experimentally determined values were ascer ta ined 
from the  neon K-LL Auger spectrum by using intensity-weighted 
term values for El, E2 and E 3' 



For t h e  molecular s tudies ,  c i s  a r b i t r a r i l y  chosen t o  be 0 . 1  i n  t h e  

calculat ions,  which i s  consis tent  with what one would expect for t h e  remov- 

a l  of e lectrons from o r b i t a l s  made up of atamic outer -she l l  s and p elec-  

t rons .  

t h e  weighted sum of t h e  least bound, 2pog, 2 w u  and 2sou, molecular orl3i- 

t a l s  and she11 2 t h e  2sa 

eV, respectively,  were found. 

Examining t h e  case of molecular nitrogen by assuming s h e l l  1 t o  be 

o rb i t a l ,  t h e  binding energies of 17.1 and 34.3 
g 

By using equations (3-4) and (3-5), El -- 
E and El - E 

2 3 are calculated t o  be 21  and 40 eV. Table XXIV l is ts  t h e  

energi2s where regions C and D ( r e l a t i v e  t o  region B) would appear f o r  t h e  

other s tudied diatomic molecules. 

In  t h e  nitrogen K-LL Auger spectrum, the  center  of t h e  :main s t ruc tu re  

of region B appears a t  362 eV; thus,  one would expect I s - w s  (region C )  and 

Is-ss (region D)  processes t o  appear at  342 and 320 eV, resplectively. In  

Figure 13, page 37, bands C - 1  through C-4 and D - 1  do appear in  t h e  regions 

C and D. The assignment of t h e  bands as t o  diagram or satel l i te  l i n e s  i s  

d i f f i c u l t .  Most l i k e l y  C-1 arises from Is-2so 2pa or Is-2so 2pt pro- 

cesses and D-1 i s  probably due t o  Is-2so 2 s 0  ( C The elec-. 

t ron ic  states of N +2 tha t  arise from s w  and ss configuratioiis are l istred 

below: for region C,  

g g  g u  
1 +  ) process. 

g g g  

2 

( 2 s o g ) - ~ ( 2 p a g ) - ~  

( 2sog)-l( 2pnu)-l 

( 2 s o ) -l( 2 s ou ) -1 
g 

f o r  region D, 

1 +  (2so ) - l (2sa  )-I - c 
g g g 



LOCATION OF REGIONS C AND D RELATIVE TO REGION B I N  
K-LL AUGER SPECTRA OF N2, 02, CO AND NO 

Energy Energy 
Shel l  lb Shel l  2' E -E2 E - E3e 

17.1 38.3 21.2 40.3 

18.8 40.6 21.8 41.4 

Spect raa (ev)  (ev) ev) t 4  
N2 

O2 
Carbon of CO 17- 3 38.3 21.0 39.9 

Oxygen of CO 17.3 38.3 21.0 39 -9 

Nitrogen of NO 17.1 42 .O 24.9 47.3 

Oxygen of NO 17.1 42 .O 24.9 47.3 

a The K-LL Auger spectra  of N2, 02, CO and NO are 
i l l u s t r a t e d  i n  Figures 13-18, pages 37-42. 

bThe molecular o rb i t a l s  used i n  computing t h e  

f o r  N2, 2pa , 2 p U  and 2sau; f o r  02, $pfl 
energy of s h e l l  1 f o r  t h e  d i f f e ren t  molecules are as 
follows: 
2pflu, 2pa and 2sau; $or CO, 2pab 2 p b  and 2s0 ; ghd 
f o r  NO, 2;fl*, 2-psb, 2pob and 2sa*: 
and 32, pages 51, 63, 70 and 79, give t h e  values of 
t he  d i f fe ren t  molecular o rb i t a l s .  The energy given for 
s h e l l  1 i s  computed from the  weighted sum of t h e  elec- 
t rons  i n  the  d i f f e ren t  o rb i t a l s .  

Figures 19, 25, 28 

C The molecular o rb i t a l s  used f o r  computing t h e  

f o r  CO, 2sa ; 
energy of s h e l l  2 for t h e  d i f fe ren t  molecules are as 
follows: b f o r  N2, 2sog; f o r  02, 2so g; f o r  NO, 2sob. 

page 88. 

page 88. 

$1 - E2 values were calculated from equation (3-4), 

e values were calculated from equation (3-5), El - E  3 
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If t h e  analysis  of D - 1  i n  t h e  nitrogen spectrum t o  t h e  process i s  

correct ,  an estimate f o r  t h e  second ionizat ion energy of t h e  o r b i t a l  can 

be made. 

o r b i t a l  X, equation (3-7) i s  used: 

In  ca lcu la t ing  t h e  second ionizat ion energy, I ( X ) - " ,  f o r  a given 

I ( X ) - 2  = Els(X2) - EA(P) - I ( X ) - '  ( 3-7:) 

where E ( X  ) i s  t h e  binding energy of t h e  Is e lec t ron  f o r  a molecule X 2 ,  Is 2 
EA(P) i s  t h e  Auger e lectron energy for a given peak P, and I ( X ) - '  i s  the 

f irst  ionizat ion energy f o r  t h e  o r b i t a l  X. For P = D-1,  E ('0-1) = 315,,0 A '  
-1 eV; f o r  X = 2 s 0  orb i t a l ,  I ( 2 s 0  ) = 37.3 eV; and f o r  X2 = !N2, E ( N  = 

409.9 eV.  

I ( 2 s a  )-2 was calculated t o  be 57.6 eV. 

g g Is 2 

Subst i tut ion of t h e  above energies i n t o  equation (3-7), 

g 
By subs t i tu t ion  of EA(B-1) i n t o  equation (3-3), page 83, one i s  

allowed t o  estimate t h e  minimum energy required t o  remove t h e  two least; 

bound electrons from a neut ra l  nitrogen molecule +2(min). This value 

w a s  calculated t o  be 43.4 eV.  

f i n a l  e lec t ronic  states of N2'2 of 42.7 k 0.1 eV and 43.8 f 0.1 eV by 

electron impact s tud ies .  

e V  would be the  onset of t h e  highest  normal Auger peak B-1. This i s  

labeled B-1' i n  Figure 13, page 37, and has an Auger e lec t ron  energy of' 

367.0 eV. 

mate of 42.9 eV f o r  

2 
Dorman and Morrison55 have measured two 

Perhaps a be t te r  value f o r  comparison with &!.7 

Subst i tut ion of t h i s  value i n t o  equation (3-3) gives an es t i -  

+2(min). 
2 

b. Oxygen. 

Auger (Figure 14, 

i n i t i a l  states of 

i n  an approximate 

t ron ic  states f o r  

The diagram l i n e  region of t h e  molecular o:qygen K-LL 

page 38) l i es  between 442 and 508 e V .  

O F ,  4C- and 2C- are separated by 1.2 eV :md are formed 

two t o  one in t ens i ty  r a t i o .  A f e w  of t he  f i n a l  e lec-  

02'2 have been calculated by Eurley . 22 Since t h e  

The two possible  
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s p l i t t i n g  of some of the  f i n a l  0 +2 electronic  states have approximately 

the same energy separations as t h e  i n i t i a l  two states, t h e  explanation of 

the  K-LL Auger spectrum of molecular oxygen i s  more d i f f i c u l t  than i n  t h e  

2 

analysis  of nitrogen. 

B-5, B-8 and B-9, B-10 and B-11 a r e  approximately the  s p l i t t i n g  of t h e  Is 

The energy spacings between B-1  and B-2, B-4 and 

l e v e l  i n  oxygen; and, each set i s  approximately i n  a two t o  one in t ens i ty  

r a t i o .  Therefore, these peak combinations have been assigned t o  t h e  

decay of the C and ?Z- of O2 , respectively.  4 -  K+ 

Using t h e  observed Auger data from Table V I I I ,  page 44, and equation 

(3-3), page 83, energies f o r  t he  electronic  states of 02+2, E +2, can be 

computed. Eo2+2 values are l i s t e d  i n  Table X X V ,  and assignments are made 

and compared with t h e  theo re t i ca l  calculat ions of Hurley22 and t h e  experi- 

mental r e s u l t s  of Mehlhorn. 

O2 

28 

Experimentally, four bands ( C - 1  through C-4) are observed i n  region 

C .  Characterization of these bands i s  d i f f i c u l t .  C - 1  i s  probably due 

t o  a Is-2sa 2p71 process although a ls-2sau2sau t r a n s i t i o n  might a l s o  
g u  

arise i n  t h i s  region. The Is-2sa 2sa process apparently i s  not seen i n  
g g  

our molecular oxygen spectrum e i t h e r  because of i t s  low probabi l i ty  of 

occurrence or because of the  large span of t h e  peaks observed i n  region C. 

The arrow a t  445 eV i n  Figure 14 indicates  approximately where the 

Is-2so 2sa process would be expected t o  appear. 
g g  

If the  assignment of B - 1  and B-2 i s  correct ,  then the second ioniza- 

t i o n  energy of t h e  2pn o r b i t a l  can be computed. By subs t i tu t ing  Els(02) 
g 

= 543.1 eV and EA(B-2) = 504.0 eV and I ( 2 p  )-l = 13.1 eV i n t o  equation 

(3-7), page 92, 1 ( 2 ~ , ) - ~  w a s  calculated t o  be 26.0 e V .  The value ob- 

ta ined  by subs t i tu t ion  of B-1  i n t o  equation (3-7) i s  25.2 eV; therefore ,  

g 



ASSIGNMENTS OF THE PEAKS I l V  THE DIAGRAM LINE REGION OF THE 
MOLECULAR OXYGEN K-LL AUGER SPECTRUM 

Pos s i b l e  Results 
Probable Final of 
I n i t i a l  Electronic EQ+2d Mehlhorn28 Calculat ionse 

Peak" Stateb State' (4 (ev) (4 
B-1 ' 37.4 < 36.5 > 

35.48 (0.0) 

B- 3 

(4.3) 

B-6 o>+ (4z-) 43.4 (4.7) 

B- 7 

B- 8 oC+'  (4z- ) 

B-9 O2K+ (2c-)  
(9.9) (9.5) 

48.5 

B-12 

(4.5) 

L 11 
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TABLF: X X V  (continued) 

Pos s i b l e  Results 

I n i t i a l  Electronic Of 28 Calculat ionse Mahlhorn E@+2 
Probable Final 

Peak" st at eb StateC (4 (ev) (4 
B-13 
B-14 
c-1 02K+ (4c-) 
c-2 

c-3 
c-4 

a The electron energies of these peaks a re  l i s t e d  i n  Table V I I I ,  page 44. 
onset of the  normal Auger l i n e  B-1. 

B-1'  i s  the  

b02K+ ( 4Z-) and 02K+ (s-) are the  i n i t i a l  states and denote an oxygen molecular ion 
with a hole i n  the 1s-level.  
from the decay of 0$L++ i n i t i a l  states, although they could a r i s e  from decay of 02K*, 02 
or exci ta t ions caused by the Auger e lectrons.  

Peaks B-12 through B-14 and C-2 through C - 4  probably arise 
K+* 

C These a re  the f i n a l  e lectronic  states of the  doubly charged oxygen molecular ion. 

+2 a re  the  energies of t he  e lectronic  states of 0 ~ ' ~  r e l a t ive  t o  t h e  ground elec- 
t ron ic  % s ate of neutral  owgen, as determined from equation (3-3), page 83. The values 
given i n  parentheses a re  re la ted  t o  the  B-1 l i ne .  
mum energy required for double e lectron removal from the  ground d ta t e  of a neut ra l  oxygen 
molecule. 
reference 60, fo r  the  appearance poten t ia l  of the  doubly charged ion of molecular oxygen. 

The value of 37.4 eV represents t h e  mini- 

The value l i s t e d  i n  brackets, 36.5, was obtained by Dormann and Morrison, 

eThese values were obtained from reference 22. 



an average value of 25.6 eV can be estimated f o r  t h e  second ionizat ion 

energy of t h e  2 p  o r b i t a l .  The beginning of B-1, B-l',appears a t  506.8 
g 

eV i n  t h e  Auger spectrum. 

equation (3-3), page 83, E 

By using t h e  value of B-1' and E,;(02) i n  

+2(min) w a s  computed t o  be 37.4 eV. 
O2 

c .  Carbon monoxide. I n  Figure 35, t h e  carbon and oxygen K-LL Auger 

spectra of carbon monoxide are compared i n  t h e  regions where t h e  diagram 

l i n e s  ought t o  appear. The two spectra  are compared such tha,t t h e i r  

energy scales  d i f f e r  by t h e  1s-binding energy of t h e  carbon and oxygen i n  

C0.l' This difference i n  energy should correspond t o  t h e  difference i n  

energy between t h e  i n i t i a l  states CK+O (a carbon atom with a hole i n  t h e  

1s- leve l )  and COK+ (an oxygen atom with a hole i n  t h e  Is- level)  involved 

3-2 i n  t h e  Auger t r ans i t i ons .  The f i n a l  e lec t ronic  states of CO expected 

f o r  t h e  d i f f e ren t  regions B, C and D are l i s t e d  below: f o r  region B, 

b -1 b -1 - h+ 
(2pa 1 
(2pa b ) -1 (2pnb)-l - 3n, IT 

(2pfl b ) -1 (2pz b ) -1 - la, 3c-, lc+ 

* -1 b -1 3c+ lz+ 1 (2PU 1 - > 

(2sa * ) -1 ( 2 w b ) - l  - 3n, In 

( 2 s o  * ) -1 ( 2 s o  * ) -1 - lz+ 

f o r  region C, 

%+, k+ b -1 
@PO ) 1 - 
(2pfl b ) -1 (2sob)-l  - 3n, 

(2so. * ) (2scr ) - 3c+, 5' 
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too0 

5 0 0  

2 0 0  

- I , I I  1 1 1 1  1 1 1 1  1 1 1 1  1 1 1 1  1 1 1 1  1 1 1 1 1  - - 0-3 

- 
- 

CARBON 4 
- 

* 0-1 - - 0-2, 4 .  
- * 1;: - 

2oo t 
KINETIC ENERGY (ev)  

Figure 35. Diagram l i n e  regions of t he  carbon and oxygen K-LL 
Auger e lectron spectra  of carbon monoxide exci ted by e lec t ron  impact. 



f o r  region D, 
b -1 b -1 - IC+ (2sa ) (2so  ) 

Since t h e  f i n a l  e lec t ronic  states of CO+2 for Auger t r a n s i t i o n s  are 

t h e  same regardless of whether t h e  i n i t i a l  state w a s  3 '0  or COK+, one 

might expect some similar calculated EC0+2 values t o  r e s u l t  from both t h e  

carbon and oxygen spectra .  The E +2 values can be computed by using t h e  co 
observed Auger data i n  Tables I X  and X, pages 45 and 46, and equation 

(3-3), page 83. The binding energies of t h e  Is l e v e l  were taken from 

Siegbahn's results .I1 

XXVI.  

The calculated E +2 values are l i s t e d  i n  Table co 
Since only a f e w  peaks match i n  t h e  carbon and oxygen Auger spectra, 

t h e  probabi l i ty  of f i l l i n g  a Is vacancy i n  carbon with a given Auger 

t r a n s i t i o n  t o  a pa r t i cu la r  f i n a l  e lec t ronic  state of CO+2 i s  d i f f e ren t  

than f o r  t h e  f i l l i n g  of a 1s-vacancy i n  oxygen by t h e  same process. 

Another explanation of why only a f e w  peaks are coincident i n  t h e  

comparison of the carbon and oxygen spectra  can be formulated.by considler- 

ing t h e  atomic populations of t h e  molecular o rb i t a l s  i n  neut ra l  CO. 

Nemmnn and M o s k o w i t ~ ~ ~  have calculated the  percentage character  of t he  

valence molecular o r b i t a l s  i n  CO and have found t h e  percent carbon charizc- 

t e r  i n  each o r b i t a l  t o  be as follows: 2p0 - 92, 2prr - 33, 2sa - 20 and 

2s0 - 33. Auger t r ans i t i ons  involving t h e  least bound 2po molecular 

o r b i t a l  might r e s u l t  i n  a large t r a n s i t i o n  moment for a readjustment t o  

b b * 
b b 

a carbon 1s-vacancy. The f i rs t  th ree  peaks, B-1, B-2 and B-3, i n  region 

B of t h e  carbon spectra  are strong i n  in tens i ty ,  and the  remaining l i n e s  

B-5 through B-8 are correspondingly weak. 

probably involve the  2pab electrons i n  t h e  Auger process. 

oxygen spectrum of CO t h e  strongest peaks occur between B-5 through B-7 

Therefore, B-1, B-2 and B-3 

In t h e  K-LL 
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TABLE XXVI 

* 

ENERGIES OF THE FINAL ELECTRONIC STATES FOR THE DOUBLY 
CHARGED CARBON MONOXIDE MOLECULAR ION 

EC0+2 EC0+2 
(Carbon Data)b (Oqygen Data)' 

Peaka e V  eV Assignment 

B-1 ' 39 -9 

B- 1 41.9 

B-2 43.4 

B- 3 45.5 

B-4 

B- 5 

B- 7 

B-9 

B-11 

c-1 

c-2 

D- 1 

50.6 

65.6 

40.2 < 41.8 > 

41.7 Is-2pa b b  2plr 

Is-2pa b w 

b Is-2pa w 

46.0 Is -ww 

47.6 Is-ww 

50.6 Is -ww 

54.5 Is -ww 

57.0 Is -ww 

b 

b 

b b  

Is-2sa w 

72.7 Is-2sa w 

94.9 Is-2sa 2s0 

Peaks were observed i n  Figure 35. B-1'  i s  the  onset a 

of the  normal Auger l i n e  B-1. 

b E ~ ~ + 2  values are the  energies of t he  f i n a l  e lectronic  
states of the  doubly charged carbon monoxide molecular ion.  
These values w e r e  calculated by using the  carbon Auger data 
of Table I X ,  page 45, and equation (3-3), page 83. 

C These values w e r e  calculated by using the  oxygen Auger 
data of Table X, page 46, and equation (3-3). 
given i n  brackets, 41.8 eV, w a s  obtained by Dorman and 
Morrison, reference 60, f o r  the appearance poten t ia l  of CO+2. 

The value 



100 

* b and apparently involve t h e  2pfib, 2sa The 

i n t ens i ty  of t h e  f i rs t  peak, B-1, i n  both the  carbon and oxygen spectra, 

of CO i s  strong, suggesting t h a t  t h i s  peak arises from a ls-2pfi 2po 

t r ans i t i on .  

t a l  i s  t h e  assignment of peak D - 1  t o  t h e  Is-2sa 2s0 processes. This pro- 

cess i s  present i n  t h e  oxygen but absent i n  t h e  carbon spectrum of CO. 

and 2sa molecular o r b i t a l s .  

b b  

Also consis tent  with t h e  atomic population of t h e  2pab or'cli- 

b b  

If one assumes t h e  assignment of D - 1  t o  be correct ,  t h e  second ioniza- 

t i o n  energy of t h e  2sob o r b i t a l  can be calculated similarly 1;o that de- 

scribed f o r  nitrogen on page 92. 

eV.  

a value of 40.1 eV for EC0+2(min). This value w a s  calculated t o  be 39.9 

eV from t h e  carbon data and 40.2 e V  from the  oxygen data, f o r  an average 

value of 40.1 eV. 

po ten t i a l  of 41.8 eV f o r  CO+2. 

1 ( 2 s ~ r ~ ) - ~  was ascer ta ined to be 56.6 

The onset of B-1, B - l ' ,  can be used with equation (3-3) t o  ca lcu la te  

Dorman and Morrison" have measured t h e  appearance 

d. N i t r i c  oxide. Figure 36 compres t h e  nitrogen and oxygen K-LI, 

Auger spectra  i n  t h e  diagram l i n e  region. The two spectra  are r e l a t ed  t o  

each other  by the  energy difference between t h e  i n i t i a l  3n states of n i t ro -  

gen and oxygen i n  NO. From t h e  Auger data  t h a t  were given i n  Tables X I  

and X I I ,  pages 47 and 48, and equation (3-3), energies f o r  t h e  d i f fe ren t  

f i n a l  e lec t ronic  states of  NO+^ were ascer ta ined.  

are l is ted i n  Table XXVII  and compared t o  t h e  e lec t ronic  states t h a t  have 

been calculated by Hurley.22 Also, t he  assignments for NOf2 are given i n  

Table XXVII. 

These energy values 

* b  A double hole vacancy i n  n i t r i c  oxide of 2pfi 2pa gives rise t o  a 

X 24-  .Z f i n a l  e lec t ronic  s t a t e ,  and a 2-p * 2pfib combination forms a A 2 II state.  
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ENERGIES OF THE FINAL ELECTRONIC STATES FOR THE DOUBLY 
CHARGED N I T R I C  OXIDE MOLECULAR I O N  

%o+2d %0+2d 
Final  Nitrogen Oxygen 

I n i t i a l  Electronic  Data Data Calculat  i onse 
Peak" Stateb S ta teC (ev) (4 (: @V 

B-1'  35.7 39*8> 35.1 
B- 1 X2C+ 37.0 36.1 38. io 

B- 3 3, A2, 38.6 38.72 

B-4 1, B2C+ 40.0 42 87 
B- 5 3, B2C + 40.3 40.4 42 87 

B-2 3, X2C+ 37.2 

43.4 
44.1 
47.3 

B- 10 3, 47.6 47.8 
B-14 3, 54.5 
c-2 63.7 
c-3 71.2 71.8 
c- 4 76.1 77.2 
D- 1 98.8 

Energies of t h e  peaks w e r e  obtained from Figures 33, pa.ge 80, 
and 36, page 101. B - 1 '  i s  t h e  onset of peak B-1. 

b311 and III a r e  t h e  i n i t i a l  states f o r  NK+O (an NO molecu.le with 
a Is vacancy i n  t h e  nitrogen atom) and f o r  Nd(+ (an NO molecule with 
a Is vacancy i n  t h e  oxygen atom). 
t r i p l e t  states are separated by 1 . 5  eV.  
and t r i p l e t  states a r e  separated by 0.7 eV.  

a 

For NK+O t h e  i n i t i a l  s ing le t  and 
For N d ( +  t h e  i n i t i a l .  s ing le t  

These are t h e  f i n a l  e lec t ronic  states of C 

dEN0.2 are t h e  energies of t he  e lec t ronic  states of re la t ive 
t o  t h e  ground e lec t ronic  state of neut ra l  NO. These values were cal-  
culated by using t h e  Auger data  i n  Tables X I  and X I I ,  pages 47 and 48, 
and equation (3-3), page 83. The values of 35.7 and 33.9 eV are t h e  
calculated values from t h e  nitrogen and oxygen Auger data f o r  t h e  min- 
imum energy required f o r  double energy of NO (%0+2(min)). The value 
l i s t e d  i n  brackets,  39.8, w a s  obtained by Dorman and Morrison, refer- 
ence 60, for t h e  appearance po ten t i a l  of 

e These values were obtained from reference 22. 
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BL 

Atomic populations of t h e  d i f f e ren t  molecular o r b i t a l s  for neu t ra l  NO 

have been theo re t i ca l ly  obtained by Brion e t  

following percentages of nitrogen character: 

and 2so - 50. 

1s-2pfl*2pab(X?Z+) t r a n s i t i o n  t o  have a la rge  in t ens i ty  i n  t h e  nitrogen 

spectrum and a smaller one i n  t h e  oxygen spectrum and ( 2 )  a t r a n s i t i o n  t o  

t h e  A II electronic  state of t o  appear with equal probabi l i ty  i n  both 

spectra .  

They ar r ived  a t  t h e  

* b b l  
2pn - 64, 2p71 - 33, 2pa - 60- 

* 
From t h e  above percentages, one might expect (1) t h e  

2 

Peak B-3 i n  t h e  nitrogen spectrum does not have a counterpart 

i n  t h e  oxygen spectrum, suggesting t h a t  B-3 could have or iginated from a 
* b 2 +  1s-2pfl 2p0 ( X  C ) t r ans i t i on .  

both spectra suggests t h a t  B-5 resul ted from a 1s-2pn*2pab(A2~) t r ans i t i on .  

Likewise, t h e  la rge  in t ens i ty  of B-5 i n  

These la t te r  assignments are possible with t h e  observed Auger data from 

two addi t iona l  considerations: 

of B-1 and B-2 -- they have not been conclusively shown t o  have formed 

(1) there  i s  some doubt about t h e  or ig in  

from normal Auger processes ( these low in t ens i ty  peaks could have formed 

from the  decay of monopole excited states - see page 82) and ( 2 )  t h e  ex- 

perimentally determined value f o r  %0+2(min), t he  minimum energy f o r  

double e lectron removal from neut ra l  NO, from t h e  Auger data would be 

c loser  t o  the  appearance po ten t i a l  measured from electron impact s tud ies  

(39.8 eV).60 By using t h e  energy of B-1'  and equation (3-3), an average 

value of Emin(NO)+2 w a s  calculated t o  be 35.4 eV.  

In  addition t o  the  311 i n i t i a l  states of 8 ' 0  and NOK+ (as mentioned 

i n  t h e  f irst  paragraph of t h i s  sect ion) ,  there  e x i s t s  a s ingle t  i n i t i a l  

state, 'II, f o r  each #'O and NOK'. 

t r i p l e t  and s ing le t  s t a t e s  are separated by 1 .5  eV f o r  nitrogen and 0.7 eV 

A s  shown by Siegbahn e t  a l , l l  t h e  

i n  oxygen. The r e l a t ive  population of t h e  t r i p l e t  t o  s ing le t  s t a t e s  i s  



104 

three t o  one. Some evidence for t he  s p l i t t i n g  of t h e  i n i t i a l  state i s  

seen i n  both t h e  oxygen and nitrogen spec t ra .  

B-1 and B-2 are separated by 1.7 eV i n  approximately a t h r e e  t o  one r a t i o ;  

and, i n  the  oxygen spectrum s p l i t t i n g s  of 0.4 eV between B-4 and B-5 and 

of 0.5 e V  between B-9 and B-10 are seen. 

In  the  nitrogen s p e c t m  

B. Triatomic Molecules 

1. Water 

The e lec t ron  

molecular o r b i t a l  

configuration of water i s  Is la  ‘lb2 2 2 2 m e  2al lbl . 
diagram of water, accompanied with t h e  o r b i t a l  energies ,  

0 1  

i s  presented i n  Figure 37. The K-LL Auger spectrum of water i s  shown i n  

Figure 38. Compared t o  other  oxygen spec t ra ,  such as molecul.ar oxygen and 

n i t r i c  oxide (Figures 14 and 18, pages 38 and 42, respec t ive ly) ,  the  water 

spectrum i s  exceedingly simple. O f  the  eight bands v i s i b l e  i n  the  water 

spectrum, the four  ly ing  i n  region B involve w o r b i t a l s  (w = l b  

1b2) i n  the  Auger process, t h e  two ly ing  i n  region C involve w and s 

e lec t rons  (s  = l a  ), and the remaining two appearing i n  region D probably 

involve S e lec t rons .  Four of the  bands, B-1, B-2, C-1 and 1)-1, probably 

2al and 1’ 

1 

arise from normal Auger t r ans i t i ons ,  and the remaining four  from low 

energy s a t e l l i t e  processes.  

Since the l b  o r b i t a l  of water has t h e  lowest binding energy, one 

m i g h t  expect t h e  f i r s t  normal Auger l i n e ,  B-1, t o  have r e su l t ed  from a 

1s- lb  l b  process.  o r b i t a l  can be simply 

wr i t ten  as t h e  2p 

t a l  i s  100 percent loca l ized  on t h e  oxygen atom i n  the  water molecule. 

1 

From calculations,61 the  l b  1 1  1 
atomic o r b i t a l  of oxygen, ind ica t ing  t h a t  t h e  lbl  or’bi- X 

It a l s o  seems reasonable t o  ass ign t h e  most intense Auger l i n e ,  B-1, t o  a 
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Figure 37. Molecular o r b i t a l  diagram for water. 

eV 

(a) ,  obtained from reference 62; (b) ,  obtained from reference 11. 
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t r a n s i t i o n  involving the  maximum use of t h i s  o rb i t a l ,  i .e., t h e  ls-lbllbl  

t r ans i t i on .  

a re  given i n  Table XXVIII. 

The energies of t h e  d i f fe ren t  peaks and t h e i r  assignments 

If the  assignments of B-1 a t  498.6 zk 0.3 eV and D - 1  a t  457.4 zk 0.6 

e V  are correct ,  t he  second ionizat ion energy of t h e  lbl and lai o r b i t a l s  

can be ascertained by using equation (3-7), page 92. I(lbl)-2 and 

I(lal)-2 were calculated t o  be 28.5 and 50.1 eV, respectively.  By using 

equation (3-3), page 83, and t h e  onset of B-1, B-l', an estimate of 39.2 

eV i s  made for E 0+2(min), t h e  minimum energy required f o r  removing t h e  H2 
two l e a s t  t i g h t l y  bound 

2. Carbon Dioxide 

Carbon dioxide has 

e lectron configuration. 

of C02. The carbon and 

shown i n  Figures 40 and 

regions A, B, C and D. 

e lectrons from an unexcited water molecule. 

Figure 39 shows t h e  molecular o r b i t a l  diagram 

oxygen K-LL Auger spectra  of carbon dioxide are 

41, respectively.  Each spectrum i s  divided i n t o  

The Auger e lectron energies f o r  the  observed 

peaks i n  each spectrum are given i n  Table XXIX. 

The re l a t ive  posi t ions of the Auger l i n e s  i n  the  carbon and oxygen 

spectra are compared i n  Figure 42 as t o  the  difference i n  t h e  two Is 

binding energies of carbon and oxygen i n  C02 ( f o r  a s i m i l a r  comparison 

see CO and NO, pages s a n d 1 0 0 ) .  The peaks i n  region A have been 

attr ibuted t o  high energy satel l i te  l i nes .  Six peaks i n  region B have 

been assigned t o  normal Auger l i nes .  

s t a t e s  of C02+2 can be calculated by using equation (3-3) and the  cor- 

responding ene rm for each of t h e  iden t i f i ed  normal l i nes .  

Energies of s ix  possible f i n a l  

By using 
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TABU XXVIII 

ASSIGNMENTS AND EIXCTRON PEAK ENERGIES 
I N  WATER K-LL AUGER SPECTRUM 

Absolute 
Energy EH*O+2 

Peak (ev)a (eV)b Assignment' 

B-1 '  500.5 k 1 39 *2 

B-2 493.8 k 0.4 45.8 lso-ww 

B- 3 486.8 k 0.4 satellitec' 

B-4 482.2 k 0.4 satellite'  

B- 1 498.6 k 0.3 41.1 1s o- lbllbl 

Is -la,w 
0 

c-1 474.6 k 0.4 63.1 

C-2(sh) 469.2 5 0.6 satellite'  

D- 1 457.4 k 0.6 82.3 lso-lallal 

D-2 ( sh) 447.6 k 1.0 satellite'  

The absolute energy of the peaks l isted i n  
c o l m  1 were obtained f r o m  Figure 38, page 106. 

states os the  doubly charged water ion. 
values were calculated from equation (3-3), page 83. 

a 

bEH 0+2 i s  energy of the different  electronic 
The EH 0+2 

2 

C Refers t o  a l o w  energy satel l i te  l i n e .  

$-3 could a l s o  result  from a Is \-lb21b2 
0 t rans i t ion .  
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Figure 39. Molecular o r b i t a l  diagram f o r  carbon dioxide. 

(a) ,  obtained from reference 63; (b) ,  obtained from reference 64; 
( c ) ,  obtained from reference 11. 



Figure 40. Carbon K-LL Auger electron spectrum of carbon dioxide excited by electron i m p c t .  
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TABU XXIX 

ELECTRON PEAK ENERGIES I N  THE CARBON AND OXYGEN 
K-LL AUGER SPECTRA OF CARBON DIOXIDE 

A- 1 272.6 f 0.5 
A-2 268.2 k 0.5 511.3 k 0.3 

B-1  258.3 k 0.2 501.9 f 0.3 

B- 3 497.0 f 0.3 
B- 4 251.7 k 0.2 

B-1'  259.7 503 04 

B-2 254.2 5 0.4 498.3 f 0.5 

B- 5 249.6 k 0.3 493.3 k 0.3 
B-6 244.1 k-0.5 488.6 k 0.4 

c-1 479.7 k 0.5 

c-4 472.6 f 0.5 

c- 7 466.6 f 1.0 

B- 7 485.6 k 0.5 
B- 8 240.2 f 0.6 

c-2 235.2 f 0.5 
c- 3 231.5 k 0.5 

c- 5 228.4 k 0.6 
C-6 469.8 f 0.8 

C-8 463.4 k 1.2 
D- 1 214.1 f 0.7 
D-2 450.8 k 0.8 
D- 3 445.1 f 1.0 

a The onset of a given peak i s  indicated by 
a primed number. 

bEA(C - C02) represents the  electron ener- 
gies of t h e  different  Auger l i nes  measured i n  
t h e  carbon K-LL Auger spectrum of CQ (Figure 
40). 

C EA( 0 - C 0 2 )  represents the  electron ener- 
gies of the  different  Auger l i nes  measured i n  
the oxygen K-LL Auger spectrum of C02  (Figure 
41). 
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t h e  value f o r  B-1'  

required t o  remove 

be 37.6 eV. Table 

and equation (3-3), t h e  minimum ionizat ion energy 

the two least bound electrons of CO was  estimated t o  

XXX summarizes t he  above r e s u l t s .  

2 

C.  Polyatomic Molecules 

1. Methane and the  Fluoromethanes -- 

me K-LL Auger spectra  of t h e  carbon and f luor ine  elements i n  CH4, 

CH F, CH2F2, CHF and CF4 are shown i n  Figures 43-51; and,Tables XXXI- 

XXXIX give the  peak energies indicated by t h e  arrows i n  each of t h e  

figures. Figure 52 gives an o r b i t a l  energy diagram f o r  t h e  above l i s t e d  

compounds . 

3 3 

a. The carbon spectra .  A composite of a l l  the  carbon spectra  of - 
t he  fluoromethane series i s  i l l u s t r a t e d  i n  Figure 53. This f igure  indi-  

ca tes  an increase i n  the  complexity of the spectra  from CH4 and CH2F2 

and then a leveling-off t o  CF This observation of the  inci-easing 

complexity parallels the number of non-degenerate molecular o r b i t a l s  

avai lable  t o  form d i f f e ren t  e l ec t ron ic  states of the  f i n a l  doubly charg,ed 

ion. As  the  number of molecular o r b i t a l s  increases,  the  number of pos- 

s i b l e  double hole combinations a l s o  may be expected t o  increase,  thereby 

enlarging the  complexity of the  r e su l t i ng  Auger spectra .  

4' 

In  the  methane spectrum a broad maximum occurs a t  250.0 eV.  

2 2 2  

This can 

be assigned t o  t r ans i t i ons  involving t electrons,  i .e . ,  Is-?; t process. 

In  photoelectron spectroscopy37 t h e  appearance of a broad band has been 

a t t r i b u t e d  t o  (1) t rans i t i ons  t o  severa l  unresolved v ibra t iona l  states of 

a s t ab le  e lec t ronic  state, (2 )  t r ans i t i ons  t o  unstable e lec t ronic  states, 



TABLE XXX 

ASSIGNMENTS AND ENERGIES OF THE F I N A L  ELECTRONIC STATES FOR 
THE DOUBLY CHARGED CARBON DIOXIDE MOLECULAR I O N  

EC02+2 EC02+2 

C 
(Carbon Data) (oxygen Data) 

Peaka eV eV A s  s i gnment 

B-1 '  37.8 37.5 < 36.4 > Is -ww 

B- 1 39 02 39.0 Is -ww 

B-2 43.3 42.6 Is -ww 

B- 3 43.9 Is -ww 

B-4 45.8 

B-5 47.9 47.6 

Is -ww 

Is-ww 

B-6 53.4 52 *3  Is -ww 

c-2 60.5 Is -ws 

c- 3 67.3 Is -ws 

c-4 68.3 Is -ws 

D- 1 81.6 Is-ss 

D-2 90.1 Is-ss 

Peaks were observed i n  Figure 42. 

+2 values are the  energies of t h e  f i n a l  e lec t ronic  

a 

bE 
states %?the doubly charged carbon dioxide molecular ion.  
These values were calculated by using t h e  carbon Auger data 
of Table XXIX and equation (3-3), page 83. 

These values were calculated by using t h e  owgen data C 

i n  Table XXIX. 
obtained by Dorman and Morrison, reference 60, f o r  t h e  ap- 
pearance po ten t i a l  of C02 . 

The value given i n  brackets,  36.4 eV, was 

+2 
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TABLE: MCXI 

ELECTRON PEAK ENERGIES I N  THE K-LL 
AUGER SPECTRUM OF METKANE 

Absolute Energy 
Peaka (ev)  

B-1' 255 9 5  

B-1 250.0 * 0.5 
B-2 243.3 * 1.1 
c-1 237.3 If: 0.8 

D - 1  229.6 ~f: 0.7 

a Peaks were observed i n  Figure 43. 
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TABIJZ X X X I I  

EIJZCTRON PEAK ENERGIES I N  THE C B O N  K-LL AUGER 
SPECTRUM OF METHYL FUTORIDE 

Absolute Energy 
Peak" (ev> 
B-1 ' 258 3 

B-1 256.1 k 0.4 

B- 2 247.2 k 0.8 

c-1 242.3 f 0.5 

6-2 238.1 f 0.5 

D- 1 231.5 f 0.4 

D-2 223.2 1.0 

D- 3 217.1 k 1.2 

a 
Peaks were observed i n  Figure 44. 

I. 



TABU X X X I I I  

ELECTRON PEAK ENERGIES I N  THE FLUORINE K-LL AUGER 
SPECTRUM OF METHYL FLUORIDE 

Absolute Energy 
Peaka (4 
B-1 657.8 

1 

B-1 

B-2 

B- 3 

655.1 f 0.4 

651.0 ? 0.5 

648.1 f 0.4 

B- 4 645.4 f 0.4 

€3- 5 

B-6 

B- 7 

B- 8 

B-9 

643.0 f 0.5 

638.4 f 0.8 

635.3 f 1.0 

631.6 f 0.8 

626.8 k 0.7 

c- 1 618.1 k 0.6 

c-2 610.6 k 1.0 

D- 1 

D- 2 

599.6 f 0.7 

589.7 f 1.2 

Peaks were observed i n  Figure 45. a 
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ELECTRON PEAK ENERGIES I N  THE CARBON K-LL AUGER 
SPECTRUM OF DIFLLJOROIvEEMNE 

Absolute Energy 
Peak" (ev)  

a 260.2 k 0.7 

b 

C 

d 

e 

f 

g 

h 

i 

3 

k 

255.2 f 0.5 

252.2 5 0.7 

248.9 k 0.6 

246.9 f 0.7 

243.9 k 0.6 

239.2 k 0.7 

234.7 k 0.8 

229.8 k 1.0 

225.0 f 1.0 

216.6 k 1.2 

"Peaks were observed i n  Figure 46. 



TABLE XXXV 

EUCTRON PEAK ENERGIES I N  FIUROINE K-LL AUGER 
SPECTRUM OF DIFLUOROMETHANE 

.. Absolute E n e r a  

B-1 ’ 

B-1 

B-2 

€3- 3 

B- 4 

B- 5 

B-6 

B- 7 

B- 8 

c-1 

c-2 

D- 1 

D-2 

658.8 

656.4 i- 0.7 

651.2 i- 0.5 

647.4 * 0.6 

644.7 k 0.5 

642.4 k 0.5 

637.6 i- 0.5 

631.8 k 0.9 

625.6 k 0.9 

618.1 i- 0.5 

611.3 * 1.2 

598.0 * 1.0 
588.7 i- 1.2 

Peaks were observed i n  Figure 47. a 



TABLE XXXVI 

EIECTRON PEAK ENERGIES IN THE CARBON K-LL AUGER 
SPECTRUM OF TRIFLUOROMETKANE 

Absolute Energy 
Peak" (4 
a 265.8 k 0.5 

b 260.0 k 0.7 

C 255.5 k 0.4 

d 

e 

253.0 4 0.5 

249.8 k 0.4 

f 247.6 k 0.4 

245.0 4 0.5 

240.3 k 0.6 

229.5 * 1.1 i 

j 225.9 k 1.1 

k 217.7 k 1 . 5  

a Peaks were observed i n  Figure 48. 



TABLF: XXXVII 

EIXCTRON PEAK ENERGIES IN THE FLUORINE K-LL AUGER 
SPECTRUM OF TRIFWOROMETHANE 

A b s o l u t e  Energy 
Peak" (4 
B-1 ' 657.5 

B-1 654.0 k 2.3 

B-2 

B- 3 

B- 4 

B- 5 

B-6 

B- 7 

650.4 k 0.4 

648.9 k 0.4 

646.8 k 0.6 

644.6 rt 0.4 

643.4 k 0.5 

641.2 ? 0.6 

B- 8 636.2 k 0.6 

B-9 631.6 k 0.8 

B-10 624.4 I 0 . 7  

c-1 617.0 k 0.6 

c-2 605.6 k 0.9 

D-1 597.4 ? 1.7 

D- 2 587.8 k 2.3 

Peaks were observed i n  Figure 49. a 



TABLE X X X V I I I  

ELECTRON PEAK ENERGIES IN THE CAJXBON K-LL AUGER 
SPECTRUM OF TETRAFLUOROMETHANE 

A b s o l u t e  E n e r g y  
Peaka (ev) 

A - 1  

A- 2 

A- 3 
B- 1 

B-1 

B-2 

I 

B- 3 
B- 4 
B- 5 
B-6 
B- 7 
c-1 
c- 2 

c- 3 

278.9 k 0.5 
268.1 f 0.5 
266.7 f 0.5 
259.0 
258.5 f 0.5 

253.8 k 0.4 
250.8 f 0.3 

255.2 f 0.5 

248.2 f 0.7 
245.9 k 0.5 

240.9 f 0.7 
230.2 k 0.8 
227.1 k 0.7 
218.5 f 1.1 

a Peaks w e r e  observed i n  Figure 50. 

. 



ELECTRON PEAK ENERGIES I N  THE FLUORINE K-LL AUGER 
SPECTRUM OF TEmAFLUOROMETKANE 

Absolute Energy 
Peaka (4 
B-1 ' 657.5 

B- 2 651.0 ? 0.4 
B- 1 655.9 ? 0.8 

B- 3 
B- 4 
B- 5 
B- 6 
B- 7 
B- 8 
B-9 
B- 10 

c -1  
c-2 
D - 1  

D-2 

648.0 k 0.4 
645.5 k 0.5 
643 9 f 0.5 
642 3 f 0.4 
640 3 f 0.6 
634.8 k 0.6 
631.0 f 0.9 
623.8 rf: 0.6 
615.7 f 0.6 

596.8 f 1.3 
587.1 ? 2.0 

604.3 f 1.0 

a Peaks were observed i n  Figure 51. 
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TRIFLUOROMETHANE 
1000 

100 TETRAFLUOROMETHANE I _  

Figure 5 3 .  Composite of the  carbon K-LL Auger e lec t ron  spectra  f o r  
the fluoromethane s e r i e s .  



11 or (3)  t r a n s i t i o n s  which involve pre-dissociat ion.  

have suggested t h a t  t h e  broad band i n  methane r e s u l t s  from t h e  rap id  pre- 

d issoc ia t ion  of CHqf2. To support t h e i r  suggestion they measured the d i s -  

soc ia t ion  energy of CH 

(+l .3  eV) ;  and,they relate the observation of t h e  sharp peaks i n  t h e  beii- 

zene Auger spectrum t o  the  s t a b i l i t y  of C H +2. However, t h e  t2 elec-  

t r o n i c  configuration of CH +2 would exhib i t  Jahn-Teller d i s t o r t i o n .  

Siegbahn e t  a1 

+2 +2 ( - 1 3  ev), or  c ~ H ~ + ~  ( - 8  ev) ,  and of c6H6 4 

4 
6 6  

The 4 
degeneracy of t h e  t2 state would be expected t o  be s p l i t  and, consequently, 

Auger t r a n s i t i o n s  t o  these d i f f e ren t  states might a l s o  be t h e  reason f o r  

the observed broad band. Thus far, no ca lcu la t ions  on the ellectronic 

states of CH4+2 have been attempted. If Jahn-Teller distorteld f i n a l  

states are t h e  cause of t h e  observed broad band f o r  t h e  Is-t t process 

i n  t h e  methane spectrum, one might expect a decrease i n  t h e  FIlJHM (fill 

2 2  

width a t  half  maximum) of the  peak a t t r i b u t e d  t o  t h i s  process, as one pro- 

ceeds from CH4 t o  S i H 4  t o  CF where the amount of s p l i t t i n g  of the  elec-- 

t r o n i c  states i s  known t o  decrease. This supposit ion i s  m a d e  by analogy 

t o  the band widths observed upon the removal of a t2 elec t ron  i n  the  

photoelectron spectrum of CH4, SiH4 and CF4. 

Auger spectrum r e s u l t i n g  from t h e  Is-t t process does, indeed, decrease 

i n  t h i s  series. 

4 

The FWHM of the  peak i n  the 

2 2  

The strongest  peak appears a t  249.2 eV for CH F, 248.9 eV f o r  CH2F,,, 3 C. 

249.8 eV f o r  CHF 

broad band of 6.7 e V  f o r  CH4 t o  a sharp peak of 0.8 eV for CFl+. 

and 250.8 eV f o r  CF4; and, t h e  FWHM decreases from a 3’ 
This re- * 

duction i n  FWHM suggests a decreasing t r end  toward pre-dissociat ion or 

Jahn-Teller d i s t o r t i o n  and an increasing t rend  toward s t a b i l i t y  of t h e  
v 

f i n a l  doubly charged ion. 



P 

I -  

* 

A s  pointed out previously with t h e  diatomic molecules (Section A of 

Cha@erIII), analyses of t h e  peaks i n  a K-LL Auger spectrum are a s s i s t e d  

by the  d iv is ion  of t he  spectrum i n t o  d i f f e ren t  regions.  For example, i n  

t h e  methane spectrum (Figure 42, page 113) peaks B-1 and B-2 most l i k e l y  

involve t h e  t2 electrons i n  t h e  Auger process, C - 1  most l i k e l y  or ig ina tes  

from Is-a t processes, and D-1 from a Is-a a process. 1 2  11 

The carbon Auger spectrum of tetrafluoromethane (Figure 50, p g e  123) 

i s  a l s o  divided i n t o  d i f f e ren t  regions according t o  t h e  e lec t rons  involved 

i n  t h e  Auger process. From the  divis ion,  the Is -ww process (w = 3%,, C 

Itl, l e )  involves e s sen t i a l ly  a l l  f luor ine- l ike  e lec t rons .  

t i o n s  appear low i n  in t ens i ty  compared t o  the lsF-ww processes i n  t h e  

These t r a n s i -  

f luor ine  spectrum (see Figure 51, page 124). In  Figure 50, t he  s t rongest  

peak a t  250.8 eV possibly results from a lsC-2t23t2 process, and the  peak 

a t  230.2 e V  or iginates  from a Is -l t23t2 process.  

formulated from the  la rge  2p-carbon character  i n  t h e  It 

Peaks A-1, A-2 and A-3 are probably due t o  autoionizat ion.  

This assignment i s  C 
11 and 2 t2  o r b i t a l s .  2 

Division of t h e  carbon spectra  of mono-, d i -  and tri-fluoromethane 

i n t o  d i f f e ren t  regions i s  d i f f i c u l t  because there are many e lec t rons  with 

d i f f e ren t  energies ava i lab le  t o  f i l l  t h e  Is carbon vacancy. However, some 

t e n t a t i v e  assignments are given t o  the  methyl f luor ide  spectrum (see 

Table XL). 

If we assume t h a t  the f i rs t  peak i n  each spectrum r e s u l t s  from a 

lsc-ww process t o  lowest energy e lec t ronic  state of t h e  doubly charged 

ion, then estimates of ECB +2(min), t h e  minimum energy required t o  re- 

move the  two least bound electrons from a neu t r a l  molecule, can be made. 
X Y  

min) values of 35.2, 35.2, 36.9 and 40.3 were ascer ta lned by EC€IXFY+2( 



TABU XL 

SUMMARY OF THE RESULTS OBTAINED FROM THE K-LL AUGER SPECTRA 
OF METHANE AND THE FWOROMETHANES 

Compound Spectruma Process E( CH,F~) +2b l (x ) - lC  I ( X  ) -2d 

CH4 C l s - t2 t2  (35.2) 12.8 22.4 

CH3F 

CH3F 

CHF3 

CF4 

53.4 
(61.1) 23.1 38.0 

( 3 5 4  12.5 22.7 

62.0 23.4 38.6 

92.8 39.7 53.1 
(36.9) 
(42.8) 16.2 26.6 

51.0 

70.3 

C Is - I t 2  3t  2 71.6 
CF4 F (37 .9)  

C and F represent t he  carbon and f luor ine  K-LL Auger spectra ,  a 
respect ively,  of t he  compound l i s t e d  i n  column 1. 

bE( CHxFy)+2 represents t h e  energy of the  f inal  doubly charged 
ion of CH,F +2. 
The values g i s t e d  i n  parentheses represent t h e  minimum energy re- 
quired f o r  the  process l i s t e d  i n  column 3. 

x and y can vary from 0 t o  4, such t h a t  x + y 7 4. 

‘ I ( X ) - I  i s  the  f i rs t  ionizat ion energy for a given o r b i t a l  X. 

d I ( X ) - 2  i s  the  second ionizat ion energy f o r  a given o ~ b i t a l  X. 



* 

1 

using: 

carbon i n  CH4, CH F, CHF and CF4; and equation (3-3), page 83. 

along with some addi t iona l  calculat ions from t h e  observed carbon and 

f luor ine  data, are swrrmarized i n  Table XL. 

t h e  onset of t h e  first peak, B-1 ; t h e  Is binding energies of 

These, 3 3 

b. - The f luor ine  spectra .  Figure 54 shows a composite of a l l  t h e  

f luor ine  K-LL Auger spectra  of t h e  fluoromethane series. The main peaks 

i n  each spectrum appear a t  approximately t h e  same energy; however, small 

differences i n  s t ruc ture  appear i n  the  processes t h a t  r e f l e c t  differences 

i n  the  chemical bonding, i .e . ,  t h e  Is -ww processes. If t h e  f i rs t  peak F 

i s  due t o  t h e  removal of t h e  two least bound electrons,  then E CHxFy+2 (min) 

can be estimated (see Table XL). 

2 .  Si lane and Si l icon  Tetraf luoride - 

Thus far, we havediscussed t h e  Auger spectra  of molecules with only 

the  K and L s h e l l s  occupied. The inclusion of s i l icon-containing com- 

pounds i n  the  l i s t  of materials studied allaws f o r  t he  study of Auger pro- 

cesses involving t h e  M s h e l l .  Also the  two s i l i c o n  compounds allowed one 

t o  study Auger processes of molecules occurring beneath the  valence l eve l .  

a .  The s i l i c o n  LMM spectra .  Figures 55 and 56 i l l u s t r a t e  t he  - - 
s i l i c o n  L-MM Auger spectra  of SiH4 and SiF4, and Tables XLI and X L I I  l i s t  

t he  energies of t he  observed s t ruc ture .  In  the  s i l ane  spectrum, Figure 55, 

there  e x i s t s  a broad maximum a t  73.7 eV of approximately 2.7 eV FWHM. 

Also, some sharp peaks are observed a t  77.7, 77.0 and 76.4 eV. I n  t h e  

s i l i c o n  t e t r a f luo r ide  spectrum, Figure 56, there  e x i s t s  l i t t l e  s t ruc tu re  

superimposed on a high background. 

approximately 3.0 eV FWHM. 

The main band appears a t  66.3 eV of 
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TABLE: XLI 

ELECTRON PEAK EIEBGIES I N  THE SILICON 
L-MM AUGER SPECTRUM OF SILANE 

Absolute Energy 
Peak" (ev) 

a 84.4 k .5 
b 81.8 k .5 

77.7 k .4 
77.0 * -3  
76.4 k .3 
73.7 f .6 
n.0 f .8 
68.0 ~tr .6 
63.3 f .8 
58.5 f 1.0 

Peaks were observed i n  Figure 5 5 .  a 
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TABLE XLII  

ELECTRON PEAK ENERGIES I N  THE SILICON LMM 
AUGER SPECTRUM OF TETRAFLUOROSILANE 

0 Absolute Energy 

66.3 k 1.1 

58.5 k 1.1 

55.7 k 1.4  

46.0 ? 1.6 

“Peaks w e r e  observed i n  Figure 56. 

e 



Comparison of SiH4 with CH4 Auger spectra  (Figure 55, page 141, and 

Figure 43, page 116) presents a narrower main peak i n  the  case of SiH4, 

suggesting (1) a greater  s t a b i l i t y  of SiH4+2 compared t o  CH4 , or ( 2 )  a 
+2 smaller s p l i t t i n g  of Jahn-Teller d i s to r t ed  e lec t ronic  states with SiH4 

This la t ter  comparison w a s  discussed i n  sect ion C . l . a . ,  page 136. 

+2 

b. The s i l i con  - K-LL spectra. 

place beneath the  valence M leve l .  

Si l icon K-LL Auger processes take 

The K- and L-shell e lectrons are 

- 

local ized on t h e  s i l i con  atom, thus changes i n  t he  K-LL Auger l i n e  ener- 

gies  r e su l t  mainly from a change i n  e lectron densi ty  surrounding t h e  

s i l i con ,  such as may occur with changes i n  t he  oxidation state. 

changes or chemical s h i f t s  have been thoroughly exploited i n  t h e  case of 

photoionization and have proved t o  be a powerful t o o l  f o r  chemical analy- 

sis .  

Auger spectra  of SiH4 and SiF4 (Figures 57 and 58). 

give the energies of t h e  l i n e s  observed i n  the S i H 4  and SiF4 spectra .  

These 

A chemical s h i f t  of 5.5 -C 0.7 e V  w a s  witnessed i n  measuringthe K-LL 

Tables X L I I I  and XLIV 

c .  The f luorine spectrum - of te t ra f luoros i lane .  The f luor ine  K-LL - 
Auger spectrum of SiF4 i s  similar i n  appearance and e n e r a  

served w i t h  f luorine spectra of the fluoromethanes and f o r  t h i s  reason i s  

included i n  Figure 54, page 140. 

Figure 59 and Table XLV l i s t s  the  energies of t he  observed peaks. 

t o  t h a t  ob- 

Also, the  spectrum i s  presented i n  

D. Tabulation of Results 

The iden t i f i ca t ion  of t h e  normal l i n e s  i n  t h e  Auger spectra allows 

f o r  t he  calculat ion of (1) t h e  minimum energy required f o r  double elec- 

t ron  removal from the ground electron state of a neut ra l  molecule (Table 

XLVI)  and (2 )  t h e  second ionizat ion energy fo r  a given molecular o r b i t a l  

(Table XLVII  ) . 
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TABLE X L I I I  

ELFCTRON PEAK ENERGIES I N  THE S I L I C O N  
K-LL AUGER SPECTRUM OF SILANE 

Peaka 
Absolute Energy 

(ev)  

a 1599.8 f .3 

b 1592.7 k .4 

C 1591.0 k .4 

d 1586.5 f .6 

e 1583.8 k .5 

f 1579.2 f .5 

g 1571.8 f .6 

h 1558.8 k .4 

i 1549.7 f .6 

j 1542.0 k .3 

k 1533.0 f .4 

1 1521.4 f .8 

m 1497.7 f .6 

n 1489.6 k .8 

a Peaks were observed i n  Figure 57. 



TABU XLIV 

ELECTRON PEAK ENERGIES I N  THE SILICON K-LL 
AUGER SPECTRUM OF TETRAFLUOROSILANE 

Absolute Energy 
Peaka (ev) 

a 1593.8 f .3 

b 1587.2 f .4 

C 

d 

e 

f 

1585.5 f ,4 

1582.0 k .4 

E3 1571.0 rtr .8 

h 

i 

1537.0 F .4 j 

Peaks were observed i n  Figure 58. a 
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TABLE XLV 

ELECTRON PEAK ENERGIES IN THE FLUORINE K-LL 
SPECTRUM OF TETRAI?WOROSIW 

Absolute Energy  

B- 1 

B-2 

B- 3 

B- 4 

B- 5 

B- 6 

B- 7 

c-1 
c-2 

D- 1 

D-2 

651.6 f 1.0 

643.2 k 0.4 

641.8 f. 0.4 

637.9 k 0.4 

633.6 k 0.7 

630.2 k 0.4 

624.5 k 0.4 

615.9 k 0.4 

608.1 f 1.5 

596.3 k 0.5 

589.0 k 1.5 

a 
Peaks were observed i n  Figure 59. 



TABLE XLVI 

MINIMUM ENERGY REQUImD FOR DOUBLF: ELECTRON RENOVAL 
FOR A NUMBER OF SIMPLE MOLEEULES A S  MEASURED 

BY AUGER SPECTROSCOPY 

N2 
02 
co 
NO 

H20 

c02 

CH4 
CH3F 

CHF3 

cF4 

42.9 

37.4 

35 84 
39 -2 

37.6 

40.2 

35 -0  

35 * o  
36.9 
40.4 

a%+2(min) i s  t h e  m i n i m u m  energy required t o  
remove the  two l e a s t  bound electrons from the  ground 
s t a t e  of a neut ra l  molecule, a s  determined from t he  
onset of t he  normal Auger l i n e s .  
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TBBI;E X L V I I  

SECOND IONIZATION ENERGY OF A MOLECULAR ORBITAL FOR 
SOME SIMPIB GASEOUS MOLECUIES AS M E A S W D  

EY AUGER SPECTROSCOPY 

Process 1(x)-2 
Molecule (1s-xx) e P  

N2 

02 

%O 

CH4 

co 

CH3F 

CH3F 

CF4 

57.6 
25 03 
56.6 
26.6 

22.4 

37.8 
22.7 

53 01 
26.6 

a I ( X ) - 2  i s  t h e  second ionizat ion energy f o r  a 
given o r b i t a l  X t ha t  i s  involved i n  t h e  t r ans i t i on  
Is-xx i n  column 2.  



cwm Iv 

SUMMARY 
P 

Auger e lec t ron  emissions have been examined from some simple gaseous 

CH4, CH F, CH2F2, CHF3, CF4, SiH4 02, co, NO, H20, c o p  3 molecules ( N ~ ,  

and SiF4). 

regions so as t o  dis t inguish t h e  normal Auger processes from t h e  satel- 

l i t e  processes. 

l i t e  contributions a s implif ied shell  model (ignoring any coupling schemes) 

w a s  used i n  determining f o r  some of the molecules t he  molecular o r b i t a l  

occupancy and t h e  f i n a l  e lec t ronic  states of t he  doubly charged ion in-  

volved i n  the Auger t r ans i t i on .  Besides obtaining information about 

doubly charged ions,  high resolut ion Auger spectroscopy affords  one a 

t o o l  f o r  molecular ident i f ica t ion ;  and, it r e f l e c t s  information concern- 

ing i n i t i a l  exc i ta t ion  processes t h a t  can occur i n  molecules. 

A n  attempt has been made t o  separate each spectrum :into 

After analyzing t h e  Auger spectrum f o r  high energy satel-. 
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