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fective spin-spin interaction parameter p is less
easy to compare since there are quite a few con-
tributing mechanisms: (i) the actual spin-spin in-
teraction estimated by Watson and Blume to be po
=0. 18 cm ' for Fe '.' (ii) Second-order spin-orbit
coupling with the higher electronic levels of the
3d ion: In free Fe ' Pryce' estimates 0. 95 cm '
for the sum of effects (i) and (ii), so that this
would be 0. 77 cm ' for the latter. However, it is
not known how much these levels and their spin-
orbit-coupling constants change in the crystal.
(iii) The third-order spin-orbit interaction between
the 'E and the 'T2 states gives an effect of about
the same magnitude as (i) but with the opposite
sign.

The present work shows that the Mossbauer spec-
tra of Fe' at tetrahedral cubic sites, as in

Feo 0~Cdo 98Cr2S4, can very satisfactorily be de-
scribed on the basis of the simple model incorpor-
ating a crystal field, an exchange field, and a second-
order spin-orbit coupling. The serious deviations
from this picture, as observed in FeCr~S4, are
absent in the dilute system.
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We have examined two criteria for determining the exchange parameter o. which occurs in
the Xo. local-statistical-exchange approximation, an approximation widely used in energy-band
and molecular calculations. These criteria are (i) adjustment of the statistical total energy
to the Hartree-Fock total energy, leading to O'HF, and (ii) satisfaction of the virial theorem,
leading to e„&. We have calculated the values of the parameter n corresponding to these two
criteria for the neutral atoms H through Nb, and compared them with the values 0. &, corre-
sponding to the Hartree-Fock total-energy minimization criterion employed earlier by Kmetko
and Wood. While the las t-mentioned criterion leads to Q. values which show large fluctuations
across the periodic table as a function of Z, the e values obtained by either of the two criteria
used in this paper show a systematic variation as a function of Z, reflecting the shell structure
of the atoms, and varying linearly with Z within the range of Z for which a particular atomic
subshell is being filled.

Slater and Johnson' have proposed a so-called
self-consistent-field (SCF) Xn method for handling
polyatomic molecules and solids, based on the
statistical approximation for treating exchange in
form of the Xe method. In Sec. IV of that paper
they have suggested a criterion for determining a
value of the parameter a. The present paper out-

lines calculations which have been made to obtain
the n values for free atoms with atomic numbers
up to 41. The suggested scheme was to determine
the parameter a in an atomic calculation and use
the same values in molecular or solid-state calcu-
lations. The proposed criterion for determining
the exchange parameter in an atom was to choose
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TABLE I. Exchange parameters 0', t and &„F and deriva-
tives of statistical energy with respect to G' given for atoms
in their ground state.

"HF f' vt

a(z,.)
(VHF ~(Y

0.720—

H 0.978 04
He 0.772 36
1 i 0.780 87
Be 0.767 56
B 0.764 52
C 0.758 47
iN 0.751 18
0 0, 743 67
I' 0.736 51
Ne 0.729 97
Na 0.730 44
kg 0.728 50
Al 0.727 95
Si 0.726 96
P 0.725 69
S 0.724 26
C1 0.722 77
A 0.721 31
K 0.720 72
Ca 0.71941
Sc 0.717 93

0.772 98
0.781 47
0.768 23
0.765 31
0.759 28
0.751 97
0.744 47
0.737 32
0.730 81
0.731 15
0.729 13
0.728 53
0.727 51
0.726 20
0.724 75
0.723 25
0.721 77
0.721 17
0.719 84
0 ~ 718 41

~See Ref. 3.

—2.6 V
—4.5 Cr
—6.9 'AIn

—9.8 Fe
—13.2 Co
—17.2 Ni
—21.8 CU
—27. 1 Zn
—33.1 Ga
—38.4 Ge
-43.9 As
—49.6 Se
—55.7 Br
—62. 2 I~r
—69, 0 Rb
-76. 2 Sr
—83.7 Y
—90.7 Zr
—98.0 i'

—105.9

0.71648
0.715 06
0.712 96
0.712 28
0.710 94
0.709 66
0.708 43
0.706 35
0.706 19
0.706 44
0.706 45
0.706 30
0.706 06
0.705 76
0.705 44
0 ~ 700 2i)

0.704 80
0.704 40
0.703 98
0.703 57

0.716 95
0.715 56
0.713 52
0.712 79
0.71151
0.710 18
0, 708 96
0.706 97
0.706 73
0.706 90
0.706 84
0.706 65
0.706 38
0.706 06
0.705 74
0.705 53
0.705 04
0.704 65
0.704 24
0.703 &3

—114.8
—123.3
—133.2
—142. 1
—153.1
—162.7
—173.6
—186.2
—197.3
—208. 3
—219.0.
—230. 9
—242. 0
—253. 9
—266. 8
—278. 4
—290. 1
—301. )
—&1).7
—327. 0
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FIG 2 o' Q yg values of Ti for diff erent ioniciti es and

configurations are compared with the o.& values of the
corresponding neutral atoms with the same number of
electrons.
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FIG. 1. Exchange parameter G. calculated in different
ways vs atomic number Z.

n so that the statistical total energy (Ei,) defined
in Eqs. (3) and (3) of Ref. I should equal the con-
f igur ation- averaged Hart ree- Fock (HF) energy (E„r),
as determined by Mann. ~ We shall denote the re-
sulting value of n by n„F. Values of a„F for the
lighter elements are tabulated in Table I and shown
in Fig. 1. A modified Herman-Skillman program
was used to carry out the Xn self-consistent calcu-
lations. To evaluate the necessary integrals for the
total energy, Zare's integral program was incor-

porated. The calculations were performed on an
IBM 360/65 using double-precision arithmetic.
Latter's tail correction w as not used.

As we see from Fig. 1, the values of n» within
a given shell vary almost linearly with Z, always
decreasing. That Cr (ground-state configuration
3d'4s) and Cu (3d"4s) deviate slightly from the
straight line may be due to the fact that these are
the only atoms in this series with only one 4s elec-
tron. On the other hand, Kmetko7 and Wood' ob-
tained the exchange parameter a. by minimizing a
total energy which we may symbolize by (E„F(n))
as a, function of n. This quantity (Ear(n)) is com-
puted using the formula for the HF total energy, but
the Xe orbitals. This is the method suggested by
Lindgren. ' We denote this value of & by &,„.
The resulting values o,„are also shown in Fig.
1. They show an over-all decrease in magni-
tude with increasing Z, as for n», but with super-
posed irregularities. Since the minimum of

(E»(n)) vs n for each atom is very flat, the use
of n» instead of em, „resul.ts in a practically negli-
gible increase of (E„F(n)) as compared w'th the use
« ~min.

The calculation of a„F can be carried out for con-
figurations for which Mann's calculations have been
made. For other cases, it is more convenient to
have a method of calculati. on using only the Xn
computer programs, without the need of also using
the HF programs. Such a method is based on the

suggestion of Berrondo and Goscinski' and others"'
that one choose n so that if we compute the kinetic
and potential energies using the HF formulas but
the Xn orbitals, which we can denote as (T»(n))
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and (V»(n)), respectively, the virial theorem

(V„r(o))= —2(T»(n)) is satisfied. We call this
value n„, and tabulate it as well as &» in Table
I. The close agreement between n„, and n» is
clear from this tabulation. We also give in Table I
the value of S(E» )/&o!. This is of convenience to
workers who wish to take advantage of the practi-
cally linear nature of (E~„) as a function of n Th. e
linear curves obtainable from Table I are of suffi-
cient accuracy so that deviations from them in the
ra.nge —,

'
& a& l are negligible. For example, in a

band-structure calculation of NbN these derivatives
have been used to calculate an average value of the
exchange parameter for the compound solid. '

In Fig. 2 we give values of a„determined for
the Ti atom in several ionizations and configura-
tions as compared with the e„values of the cor-
responding neutral atoms of the same number of
electrons. The corresponding results for n„~
would be very similar, but more difficult to com-
pute. The reason for carrying out this calcula, -
tion was that the statistical-exchange correlation is

important for applications to solids and molecules.
Since the ionicity and configuration is often un-

certain in these cases, and is likely to vary from
compound to compound, it is important to find how

much effect the change of ionicity or configuration
will have on n. The results of Fig. 2 show that
Q.„,does not change much for different ionicities
or configurations, and it is to be assumed that the
same results will also hold for n». Therefore
it seems justified to determine the parameter &Hp

for the atom and use it for calculation in a solid
or molecule.
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