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Infinite screening and cluster calculations of ionization potentials 
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Using beryllium as a model system it is suggested that cluster simulations of core-electron ioniza- 
tion potentials in metals should be carried out with the same number of electrons in the initial and 
final states. 

INTRODUCTION 

Along with the rapid development of quantum- 
chemical methods there has been a growing interest in 
cluster simulations of metal properties as well as cluster 
properties that converge towards those of the solid as the 
size of the cluster increases. The main difference between 
these two approaches is that, when carrying out calcula- 
tions, the geometry of the solid is used for the clusters in 
the simulation case. This is the approach we have chosen 
in the present work. Hereby symmetry-related proper- 
ties, like orbital structure, selection rules, etc., will be 
more closely related to the solid than if the structure of 
the equilibrium conformation is adopted. Since band- 
structure calculations presuppose a periodic lattice they 
are not directly fit for analyzing, e.g., properties of point 
defects or local impurities. This opens a broad niche for 
cluster calculations, containing many interesting topics, 
for example, crystallization of materials, chemisorption, 
and other studies relating to the formation and breaking 
of chemical The chemical stability and 
geometry of clusters4p6 is a popular topic for quantum- 
chemical calculations as well as electronic structure and 
ionization potentials,798 etc. There is also an increasing 
number of experimental investigations of the properties 
of metal-atom c l u ~ t e r s . ~ ~ ~ ~  The papers referred to are 
only a few examples of the work performed in these fields 
of research. 

In the present work we address how the core-electron 
ionization energies can be simulated by cluster calcula- 
tions. Such calculations are performed in order to ac- 
count for the extraatomic screening of the core ionized 
atom. Nicolaides et a l . "  have simulated the Be 1s ion- 
ization potential (IP) in beryllium bulk metal, using a 
Bel3 cluster. The I P  of the cluster is claimed to be a good 
approximation to the one of the metal. Recently the 
same method has been applied for Mg and Ca by 
zdetsis.12 In the present work we suggest that cluster 
simulations of metallic core ionization potentials should 
be carried out with an equal number of electrons in the 
initial and final states of the photoionization. In this way 
the complete screening of the core-hole state is simulated 
in the cluster calculation by assuming a neutral, core ex- 
cited final state. We have chosen beryllium and a self- 

consistent-(ASCFi level of approximation to demonstrate 
the validity of the model. The model we present should 
apply for all metal clusters. 

We also investigate the validity of the Z + 1 approxi- 
mation13 for Be, which is not evident due to the facts that 
the 1s orbital is comparatively shallow and that, consider- 
ing the core excited case, the single electron in the 2p or- 
bital is easily polarizable and sensitive to the change in 
the core. We investigate in this paper the cluster 
Bel-Be,, Be,,, and Bel3. One motivation for this investi- 
gation is also that the experimental surface core-level 
shift14 is of opposite sign relative to the theoretically pre- 
dicted shifts. 

COMPUTATIONAL 

Beryllium 1s ionization and excitation potentials for 
cluster sizes 1-6, 10, and 13 are presented in this paper. 
The clusters have the same geometry as solid beryllium. 
All calculations were performed on a ASCF level using a 
Dunning-Hay double-c (6 1 1 l/4 1) basis set, consisting of 
four S-type and two p-type contracted Gaussians, on the 
Be atom chosen as the site of the core hole and a Pople 
single-< (631/3) basis set, consisting of three S-type and 
one p-type contracted Gaussians, on the remaining atoms 
in the cluster. The basis sets are displayed in Tables I 
and 11. 

Calculations were performed with a fully second-order 
optimization algorithm.15 Using this algorithm a relaxed 
core-hole state was produced by first performing a calcu- 
lation where the singly occupied core orbital is kept 
frozen, making the core-hole state correspond to the first 
root in the limited variational space. This is a necessary 
measure in order to avoid variational collapse, since with 
free variation the core-hole state corresponds to an 
infinite root, or, in a basis set, a root with an unknown or- 
der number. The resulting wave function is in the local 
energy region of the full variational space and a second 
calculation relaxing the core orbital will take the energy 
to the final minimum by a Newton-Raphson procedure 
which does not require knowledge a priori of the root in- 
dex.16 For the systems calculated in this work the contri- 
bution to the total energy from the core-hole orbital re- 
laxation is of the order of 0.03 a.u. 
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