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Calculation of self-consistent-field-Xa wave functions.
Core-exchange polarization calculation

for free atoms
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Core-exchange polarization (CEP) effects in free atoms have been calculated for 15 dif-

ferent atomic configurations of Li, Be, B, C, N, 0, F, Na, Cl, K, Rb, and Cs using the
self-consistent-field-Xa wave functions. Comparison with other results from the unre-

stricted Hartree-Fock (UHF) calculations and with experiments revealed that the Xa ap-
proximation does not reproduce well the CEP effects for each s orbital, but it presents
rather a good value for the total CEP effect.
MS code no. ADJ203 1977 PACS numbers: 31.20.Lr, 35.10.Di, 35.20.Sd

The recently developed self-consistent-field-Xa
(SCF-Xa) method' has been successfully applied
to calculate such properties as electron densities,
dipole and quadrupole moments, orbital ener-

gies and ionization potentials of heavy metal com-
plexes and many atom clusters, total energy
curves giving binding energies, equilibrium separa-
tions, and vibration frequencies of diatomic mol-
ecules including first-row atoms' "or transition
metal elements. ' This method, however, raises the
following point: Since in this method the approxi-
mate exchange potential including a single parame-
ter a, is obtained from a free-electron gas model
taking no account of spin polarization, there may
be difficulties in the adequacy of the single a value
to describe the charge density and spin polarization
simultaneously. Thus it is recommended that the
SCF-Xa method be tested on the calculations of
the properties concerning the spin densities rather
than energies in order to determine the reliability
of this method. In a previous paper' we showed
that the (linear combination of atomic orbitals)
LCAO-SCF-Xa calculation of nuclear spin-spin
coupling constants presented a good agreement
with the ab initio LCAO-SCF-MO (molecular or-
bit) results. Herein we report our investigation on
core-exchange polarization (CEP) effects' in free
atoms, which has important contributions to atom-
ic hyperfine structure, nuclear spin-spin coupling
constant in molecules, ' and the Knight shift in
metals' Uia the Fermi contact term, and seems to
be a desirable property to test exchange potential

approximation in the SCF-Xa method.
In atoms in which one or more electrons belong-

ing to outer shells are unpaired with respect to
their spin direction, core electrons with spins paral-
lel to that of the unpaired electrons experience
stronger total exchange forces than core electrons
of opposite spin. This exchange polarization of the
core electrons, that is, CEP results in nonzero
values of the quantities,

p (o)=
I

0' (o)I'-
I
0' (o)I'

for each pair of s electrons in the atomic core and
these contibute to the Fermi contact term.

Atomic orbitals g,
"of Eq. (1) are solutions to

the following one-electron equation (in a.u.):

—3a[(—)p"(r)]' ' ttt'"=e"td("

where p=p'+p' and p"=g. 'I f,"I
. For the

statistical exchange parameter a we used a„values
by Schwarz. ' Equation (2) was solved numerically
with the spherically averaged potential. ' Equation
(2) has a pole at the nuclear position, so wave
functions have to be extrapolated to get P~"(0).
We used the Thomas-Fermi statistical model' to
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get the initial charge density and potential for the
self-consistent cycling. The SCF-Xa calculations
have been carried out for 15 different atomic con-
figurations and the results are given in Table I
with the UHF (unrestricted Hartree-Fock) results'
and experimental values.

There are a number of interesting features about
the results in Table I. Most obvious is the opposite
signs of CEP between the SCF-Xa results and the
UHF ones. Namely, when the unpaired electrons
are of s type, all p' (0)'s are positive in the exact
UHF results, whereas in the SCF-Xa results
p' (0)'s are alternate in signs. This discrepancy is
most striking in Li ([ S]). We could not succeed
in obtaining the positive CEP effect by neither
changing Li's a value or using different a values
for inner and outer shells.

Another observation drawn from Table I is that
the SCF-Xa results of the total spin density at the
nucleus, g„p' (0)'s show closer agreement with

experimental ones than do the exact UHF results.
Therefore, we can suppose that the Xa approxima-
tion is not a good approximation to the exchange

potential for the individual orbital, but rather it
presents a good approximation of the total ex-

change interaction effects. However, in Rb and
Cs, the calculated total spin densities are too small.
It seems because the relativistic effects are no
longer negligible in Rb and Cs.

As a conclusion the SCF-Xa method does not
correctly describe the spin-density distribution.
Recently Gunnarsson et al. ' have proposed
and extensively applied a modification of the
SCF-Xa method, the so-called local-spin-density
(LSD) approximation, in which the exchange-
correlation potential is given as the functional of
the charge density and spin polarization. We feel
that the LSD method should be tested to see
whether or not it gives the accurate spin-density
distributions.

All the calculations were performed on a HI-
TAC M-200H at the Hokkaido University Com-
puting Center. This research was supported in
part by the Scientific Research Fund of the
Japanese Ministry of Education, Grant No.
364143.
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