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Abstract:  
An experimental and theore t i ca l  study o f  the K-shel l  photo ion izat ion i n  CO mole- 
cu les i s  reported. The 01s and Cls  s a t e l l i t e  s t ruc tu res  are found t o  be s t r i k i n g -  
l y  d i f f e r e n t  a l ready a t  low shake-up energy. As an explanation the intramole- 
c u l a r  charge t r a n s f e r  associated w i t h  T-+* and 50-nu valence e x c i t a t i o n  i s  d i s -  
cussed. 

The Cls photoelectron spectrum o f  CO was recorded a t  h igh r e s o l u t i o n  over 
a  decade ago using monochromatized X-ray l i n e  sources [I]. A thorough t h e o r e t i -  
ca l  study o f  the Cls shake-up s ta tes  by means o f  a  la rge  scale con f igu ra t ion  
i n t e r a c t i o n  (CI)  c a l c u l a t i o n  was given by Guest e t  a1 [2]. For the  case o f  the 
01s shake-up spectrum, however, n e i t h e r  experimental nor  t h e o r e t i c a l  i nves t iga -  
t i o n s  o f  comparable q u a l i t y  were avai lab le.  Here we repor t  b r i e f l y  on recent  
experimental and t h e o r e t i c a l  work on both Cls and 01s photoelectron spectra 
o f  CO. A more comprehensive account can be found elsewhere [3]. 

The experimental spectrum was run on an e l e c t r o s t a t i c  e l e c t r o n  spectrometer 
which i s  equipped w i t h  a  monochromator f o r  AaKa X-rays. The 01s shake-up spectrum 
(Fig. 1) shows a t  l e a s t  14 resolved peaks and st ructures.  The f i r s t  th ree  peaks 
a-c are i n e l a s t i c  l o s s  peaks. The-Cls spectrum shown i n  Fig. 2  i s  s i m i l a r  t o  
the previous spectrum [I] but  extends up t o  85 eV shake-up energy. The weak 
s t ruc tu res  a-c are due t o  i n e l a s t i c  scat ter ing.  

Calcu lat ions o f  ( v e r t i c a l )  i o n i z a t i o n  energies En and r e l a t i v e  i n t e n s i t i e s  
Pn ( i n  the sudden l i m i t )  were performed w i t h i n  the many-body Green's f u n c t i o n  
approach employing a  new four th-order  approximation scheme (ADC(4)). A  d e t a i l e d  
r e p o r t  on the ca lcu la t ions  i s  t o  appear elsewhere [4]. The ADC(4) i s  based on 
the zeroth-order representat ion i n  terms o f  Hartree-Fock (HF) o r b i t a l s  o f  the  
neu t ra l  molecule ("frozen" o r b i t a l s ) .  The e l e c t r o n i c  r e l a x a t i o n  i s  accounted 
f o r  on the  respect ive l e v e l  o f  approximation i n  the  ADC(4) scheme: very accurate 
r e s u l t s  are expected f o r  the s ing le  hole (1s) main states, whereas the r e s u l t s  
f o r  the shake-up sate1 l i t e s ,  i n  p a r t i c u l a r ,  f o r  the three-hole- two-par t ic le  
(3h-2p) s a t e l l i t e s  w i l l  be a f fec ted  by i n  incomplete considerat ion o f  r e l a x a t i o n  
con t r ibu t ions .  A  basis set  o f  5s. 4p and I d  contracted Cartesian Gaussian func- 
t i o n s  was used t o  generate the HF i n p u t  data. 

Cls - 
I n  Table 1 the ADC(4) r e s u l t s  f o r  the lowest 2 ~ +  Cls-hole s ta tes  are l i s t e d  

and compared w i t h  the experimental values. The f i r s t  two shake-up features corres- 
pond t o  two d i s t i n c t  2 ~ +  states a r i s i n g  from the  e lec t ron  con f igu ra t ion  ( 2 0 ) - l  
( l a ) - 1  (2n) l .  As has been found p rev ious ly  by Guest e t  a1 [2], the f i r s t  s t a t e  
has about 80% r-+* character  and i s  character ized by t r i p l e t - c o u p l e d  (S1=l )n-  
e lect rons;  the second s t a t e  represents the corresponding s i n g l e t  (S1=O) coupled 
state, i t s  T-n* character, however, i s  o n l y  50%. For the l a t t e r  s t a t e  the ca l -  
cu lated shake-up energy i s  2.2 eV above the  experimental value, a  consequence 
o f  the admixture o f  3h-2p s ta tes  n o t  p roper l y  described on the ADC(4) leve l .  
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Fig. 1: The 01s shake-up spectrum o f  CO 
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Fig.  2: The Cls  shake-up spectrum o f  CO 



At higher energy the l i n e s  3-4 can be i d e n t i f i e d  w i t h  50-nu valence-Rydberg 
exc i ta t ions .  The c a l c u l a t i o n  shows the occurrence o f  low l y i n g  double exc i ta -  
t i o n s  o f  the type ( 1 ~ ) - 2  (2*)2 and (5o)-2 (2s)Z. Although these s ta tes  may n o t  be 
d i r e c t l y  v i s i b l e  i n  the photoelectron spectrum as a consequence o f  considerable 

Table 1: Calculated CPs i o n i z a t i o n  spectrum o f  CO. V e r t i c a l  i o n i z a t i o n  energies 

En and r e l a t i v e  i n t e n s i t i e s  Pn f o r  the lowest s i x  s ta tes  o f  22+ symmetry. 

Assignment Main En P n 

(F ig.  2)  con f igu ra t ion  ADC(4) Expt ADC(4) Expt. 

Main 

1 

2 

3 
- 
4 

Table 2: Calculated 01s spectrum o f  CO. I o n i z a t i o n  energies En and r e l a t i v e  

i n t e n s i t i e s  Pn o f  the lowest 12 s ta tes  o f  Zc+ symmetry. 

No. Main con f igu ra t ion  En 
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v i b r a t i o r ~ a l  broadening t h e y  may neve r the less  i n f l u e n c e  t h e  s p e c t r a l  p r o f i l e  
by p e r t u r b i n g  t h e  valence-Rydberg s i n g l e  e x c i t a t i o n s .  

The t h e o r e t i c a l  i o n i z a t i o n  energy o f  t h e  01s main s ta t? ,  i s  1.0 eV below 
t h e  exper imenta l  value. The l e s s e r  agreement here  may be due t o  a  b a s i s  s e t  
e f f e c t  o r  due t o  t h e  cons ide rab l y  l a r g e r  r e l a x a t i o n  energy ( 21 eV) t h a t  has 
t o  be accounted f o r  i n  t h e  case o f  01s ho le  genera t ion .  

A  comp le te l y  d i f f e r e n t  p i c t u r e  i s  drawn by t h e  p resen t  r e s u l t s  (Tab le  2) 
f o r  t h e  01s shake-up spectrum. The t r i p l e t - c o u p l e d  (S'=l)w-w* shake-up s a t e l l i t e  
i s  p r e d i c t e d  14.9 eV above t h e  01s main s t a t e ,  however, w i t h  t he  ex t reme ly  smal l  
i n t e n s i t y  o f  0.02% r e l a t i v e  t o  t h e  01s main s t a t e :  such a  s t a t e  i s  h a r d l y  t o  
be seen i n  t h e  pho toe lec t ron  spectrum ( i f  t h e  sudden l i m i t  c o n d i t i o n s  app l y ) .  
The n e x t  shake-up peak i n  t h e  01s s  ectrum i s  no l o n g e r  due t o  t h e  s i n g l e t  (S'=O) 
a-IT* s ta te ,  b u t  s t a t e s  o f  t h e  (50 ) - y  (nu)1  Rydberg-type s e r i e s  a r e  p u l l e d  down 
r i g h t  above the  t r i p l e t - c o u p l e d  *-a* s a t e l l i t e .  As a  r e s u l t  o f  s t r o n g  con f i gu ra -  
t i o n  i n t e r a c t i o n  between t h e  h i g h e r  l y i n g  second a-IT* s t a t e  (S1=O) and ( 5 u ) - l  
( n u ) l  s ta tes ,  t h e r e  i s  no l o n g e r  a  s t a t e  w i t h  dominat ing  a-w* cha rac te r .  A l though 
t h e  d e t a i l s  o f  t h e  c a l c u l a t e d  s p e c t r a l  d i s t r i b u t i o n  may be n o t  taken l i t e r a l l y  
a t  t h e  p resen t  stage, t h e  major  q u a l i t a t i v e  f e a t u r e s  seem t o  be reproduced c o r r e c t -  
l y ,  t h a t  i s  t he  m i s s i n g  t r i p l e t  *-a* shake-up peak and t h e  m i x i n g  o f  t h e  s i n g l e t  
IT-n* s t a t e  w i t h  c l o s e  l y i n g  50-no valence-Rydberg s ta tes .  

The d i f f e r e n t  pho toe lec t ron  spec t ra  f o r  C l s  and 01s i o n i z a t i o n  can be r a t i o -  
n a l i z e d  by  c o n s i d e r i n g  t h e  l o c a l i z a t i o n  p r o p e r t i e s  o f  t h e  o r b i t a l s  1.ir and 50 
i n v o l v e d  i n  t h e  l ow  energy p a r t  o f  t h e  shake-up spectrum. The l a  o r b i t a l  i n  
CO i s  l o c a l i z e d  on t h e  s ide  o f  t h e  0  atom w h i l e  t h e  c e n t r o i d  o f  t h e  5u o r b i t a l  
i s  nea r  t h e  C  atom. Thus a  a-** e x c i t a t i o n  i n t roduces  a  charge t r a n s f e r  f rom 
0  t o  C, a  50-nu e x c i t a t i o n  an oppos i t e  charge t r a n s f e r ,  assuming here  t h a t  t h e  
unoccupied o r b i t a l s  IT* and no a r e  o n l y  l i t t l e  b iased t o  one o r  another  s ide .  
Depending on t h e  presence o f  a  h o l e  i n  t h e  C l s  o r  01s l e v e l ,  such a  charge t rans -  
f e r  means e i t h e r  a  screen ing o f  t h e  core  ho le  and i s  r e f l e c t e d  by a  low shake- 
up energy, o r  an a n t i s c r e e n i n g  and a  cor respond ing h i g h  shake-up energy. I n  
t he  case o f  t h e  C l s  h o l e  t h e  w-IT* s a t e l l i t e s  a r e  p u l l e d  down and t h e  5s-no s a t e l -  
l i t e s  a r e  pushed up. Reversed c o n d i t i o n s  a p p l y  t o  t he  case o f  an 01s ho le :  here  
t h e  a-a* s a t e l l i t e s  a r e  pushed up, w h i l e  t h e  50-nu s t a t e  a r e  p u l l e d  down, r e s u l t i n g  
i n  a  m i x i n g  o f  t h e  second ( s i n g l e t )  w-IT* s t a t e  w i t h  50-nu s t a t e s .  
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