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Synopsis We report an experimental and theoretical study of single-molecule inner-shell photoemission over an 
extended range of photon energies. The vibrational ratios =1/ =0  from the C 1s photoelectron spectra, although 
mostly determined by the bond length change, are shown to be affected also by photoelectron recoil and scatter-
ing on the neighboring oxygen atom. Density functional theory is used to encompass all these effect in unified 
treatment. It is also demonstrated that the DFT calculations can be used as a means to extract dynamic and static 
molecular geometry values.

     Diatomic molecules in the gas phase 
have long been of fundamental scientific inter-
est as the simplest quantum mechanical systems 
combining fast (electronic) and slow (nuclear) 
dynamics. In this study, we present an analysis 
of  inner-shell photoemission spectra of carbon 
monoxide, covering an extended photon energy 
range. The focus is on the ratio of vibrational 
intensities (the ‘v-ratio’) in the C 1s  photoemis-
sion, =1/ =0, as obtained from the experiment 
and by static-exchange density functional theo-
ry (DFT) [1].  

The v-ratios are primarily determined by a 
dynamic structural parameter – the change R
of the internu-clear equilibrium distance R0 –
and are calculated by means of the Franck-
Condon factors. But there are several effects 
modifying these v-ratios even far above the ion-
ization threshold: in the case of CO, both pho-
toelectron recoil [2] and intramolecular photoe-
lectron scattering must be taken into account for 
accurate description of the v-ratios and of their 
dependence on the photoelectron momentum.  
The former effect induces an increase in the v-
ratios as the electron momentum increases and 
the latter causes an oscillatory behavior with a 
period approximately inversely proportional to 
the internuclear distance R0. 

The v-ratios were determined from a com-
bined experimental dataset based on several ex-
periments at the SPring-8 (beamline BL27SU 
[3]) and SOLEIL (beamline PLEIADES [4])   

synchrotron radiation facilities. The theoretical 
DFT results include the conventional Franck-
Condon excitations, photoelectron recoil and 
intramolecular scattering on the neighboring 
oxygen atom.  

First, we  have demonstrated by a set of the-
oret-ical v-ratio curves (as a function of the 
electron’s momentum k), that the v-ratios are 
potentially a very sensitive means of determin-
ing both the static (R0) and dynamic ( R) geo-
metrical parameters simultaneously. Second,  
the full static exchange DFT calculation have 
been used as a tool to determine the structural 
parameters of the molecule, by performing a 
least-squares fit of the theoretical curve to ex-
perimental v-ratio data points The parameters 
optimized in this case were R0 and R. From the 
fit, we extracted the values R0=2.071 a.u. and 

R =-0.0944 a.u., and demonstrated the feasibil-
ity of using the static exchange DFT calcula-
tions for geometry determination  in molecules. 
The special feature of the approach described 
here  is its ability to determine the static and 
dynamic geometry values simultaneously, 
which is a pre-requisite for accurate determina-
tion of the Franck-Condon factors and R de-
rived from these. 
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