
Chemical Physics 39 (1979) 75-90 

0 North-Holland Publishing Company 

FIRST-PRINCIPLES PSEUDOPOTENTIAL IN THE LOCAL-DENSITY.FUNCTIONAL FORMALISM 

Alex ZLJNCER z 
Department of Physics and Materials Research Center, Norrl~rvestertt University, Ewmrm, IIlBzois 60201. USA 

and 

Sid TOPIOL and Mark A. RATNER 
Deparnnenr of Chemistry and Materials Research Ceutcr, Northwestem Utliversity, Evanston, Illinois 60201, USA 

Received 13 September 1978 

A first principles approach to the pseudopotential method is developed in the local density formalism (LDF). As an 
example, tests on the carbon and tungsten atom potentials are given. Comparison of the energy eigcnvalues and total 

energy differences obtained in accurate self-consistent numerical solutions of the allzlcctron problem with those of the 
pseudopotential problem reveals an error smaller than 1O-3 au for a very wide range of electronic configuration nnd exci- 

tation states. Charge density observables such r~.s moments ofr and X-ray scattering factors nre also accurately obtained. 
Apllications to large-scale electronic structure calcuhtions BS well as compnrison of the results lvith the empirical pscudo- 

potential scheme are discussed. 

1. Introduction 

The Hartree--Fock (HF) model provides a widely 
used and well accepted scheme for obtaining electronic 
ground state or the non-interacting atoms limit in a 
molecule or solid) are mainly brought about by the 
outer “valence” orbit& while the inner “core-like” 
orbita!s remain largely unchanged. These latter orbi- 
tals are not only of little direct interest for many 
electronic-structure problems, but also necessitate an 
additional substantial computational effort particu- 
larly in methods that expand the wavefunctions in a 

$ Present address: Department of Physics, University of Cali- 
fornis, Berkeley, California 94720, USA. 

fared basis set (e.g. linear combination of atomic o:bi- 
tals or LCAO). Although for many electronic struc- 
ture problems it is desirable from the computational 
point of view to eliminate these core orbit& (the 
computation time increasing as about the third to 
fourth power of the basis set size), it is impossible 
simply to discard these orbitals and the electrons 
occupying them due to their indistinguishability from 
all other electrons. To overcome this difficulty the 
pseudopotential scheme is often introduced [4]. The 
basic idea is then to remove the constraint of the 
standard canonical HF theory which requires the 

valence orbitals to be orthogonal to the core orbitals. 
This is accomplished by adding to the hamiltonian a 
term (Phillips-Kleinman pseudopotential [4]), which 
projects out the core components of a valence type 
wavefunction. This permits the use of smooth and 
nodeless valence “pseudo-orbitals” which are usually 
obtained by a transformation of the atomic HF orbi- 
tals. A second term, approximating the coulombic 
and exchange effects of the missing core electrons 
(without having explicitly to introduce core orbit& 
into the problem) is then added and the core elec- 
trons are removed. This transformation on the wave- 























Table 1 
Comparision bctwccn all-electron (full SW) and pscudopotcntial (effective potential) results for the carbon atom in different elec- 
tronic canfi~uratioos. Et is the total cncrgy and A!?, is the difference in total energy relative to the ground SKIN s2p2. Energies in 

atomic units 

Configuration Full SCF Effective 
potential 

ELIOr Conti~uration Full SCF Effective 
potential 

Error 

co : szp2 f2S 
0.6829869 

-0.6601143 
-0.3520554 
-5.0717439 

0.1260370 

-0.6676590 

-0.3593705 
-4.9236569 

0.2801240 

-0.0942194 
-0.0093402 

-4.520895 
0.6828861 

0.001 
0.0005 

0.0001 

0.003 

0.001 
- 

0.001 

0.00014 
0.00001 

0.0001 

strutted to have the lnaxinlunl possible si~nilari~y 
with the exact ~~~avefun~ri~n in the region p3st the 
node, still the accuracy of orbital observables is fun- 
damentally limited [c.f. eq. (6)]. This point should be 
emphasized in the context of discussing bonding 
effects and core-sensitive observables in molecules 
and solids using pseudo wavefunctions, see also ref. 

[40] $. On the other hand, once the pseudo-orbital is 
orthogonalized to the (frozen) core orbital (last col- 

unm in tables 2 ml 3) a remarkably high accuracy is 
obtained in the 3s orbital moments (errors less than 
10w4% for the ground state and less than 1% for the 
excited species). This ort~lo~onalizat~on is simple to 
perform even in polyatomi~ systems once the all-eiec- 
tron SCF problem has been replaced by the simpkr 

f The nuclear magnetic shielding constant = $a* 
X($ I Zjrj-*I 9) (where Q is the fine-structure constant, $ is 

’ This is in contrast with the results obtained by Euwcma 
and Green [ 141 in their pseudopotential calculation on 

the all-electron wavcfunction and the sum extends on all elec- 
trons) is 25.8320 x low5 ZIU-~ using the exact LDI’ car- 

diamond structure factors in which the use ofpscudo-orbi- 
tals produced structure factors in very good agreement with 

bon wavefunctionsand, 25.4254 x 10m5 u-t using the these obtained from 










