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A systematic investigation was conducted on the effects of the effective and magnetic interactions
on the energy-level schemes of the 3d” configurations (N =2,3, ..., 8) in the fifth spectra of the
iron group. The interactions considered were the effective electrostatic interaction described by a, 3,
T, and T, the mutual magnetic spin-other-orbit and spin-spin interactions parametrized by M° and
M?, and the effective electrostatic—spin-orbit (effective EL-SO) interaction represented by Q2 and
Q*. The values of the various radial integrals were determined by using both ab initio and semi-
empirical methods. The introduction of all above-mentioned ‘“weak” interactions greatly improved
the fit between theory and experiment, concerning both the term values and the multiplet splittings.
Close agreement prevails between corresponding parameter values obtained in the semiempirical and
in the ab initio methods. All parameters vary with N (along the row) in a smooth and regular
manner; in particular, the variations of the spin-dependent parameters agree with their theoretical
dependence on the effective nuclear charge. All the above results crucially depend on the simultane-
ous introduction of all parameters representing perturbations of the same type and order, that is, all
effective electrostatic parameters should simultaneously be introduced in one stage and all the spin-
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dependent weak interactions should simultaneously be introduced in a subsequent stage.

I. INTRODUCTION

In the years 1968—1974, systematic investigations were
conducted on the effects of the effective and mutual mag-
netic interactions on the energy-level structure of the 3d”
configurations (N =2,3, ..., 8) in the third and fourth
spectra of the iron group.!~* The interactions considered
(in addition to the conventional electrostatic and  spin-
orbit interactions) were the following.

(1) The two- and three-electron effective electrostatic
interaction described, respectively, by dL (L +1)+BQ
(Refs. 5—13) and ¢T +t, T, (Refs. 12—19). This interac-
tion represents, to second-order perturbation theory, elec-
trostatic interaction with distant configurations.

(2) The spin-spin (ss) and the spin-other-orbit (soo) in-
teractions, described by the parameters M and M2
These belong to the category of the mutual magnetic in-
teractions;?°~2% they, respectively, represent the mutual
interaction between the magnetic dipole moments of the
electrons, and between the dipole moment of one electron
and the orbital motion of the other.

(3) The effective electrostatic—spin-orbit (effective EL-
SO) interaction, described by Q2 and Q"; it represents, to
second-order perturbation theory, the mixed
electrostatic—spin-orbit interaction with distant configu-
rations.

The effective electrostatic interaction is spin-
independent, and affects the term structure of an LS-
coupled configuration. On the other hand, the mutual
magnetic and effective EL-SO interactions are spin-
dependent, thus affecting the multiplet splittings; in the
present paper, these interactions will be referred to as “ad-
ditional spin-dependent interactions” (additional SDI).
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Generally, the effective electrostatic interaction is stronger
than the additional SDI; this relation is to be expected on
considering the origin of these two groups of interactions.
The effective electrostatic and the additional SDI will
from now on be grouped together under the title “weak
interactions.”

In the above-mentioned investigations it was shown
that the inclusion of the “weak” interactions in the
energy-level calculations greatly improves the fit between
theory and experiment, concerning both the term struc-
ture and the multiplet splittings. Furthermore, consistent
and reliable values were obtained for the various radial in-
tegrals (parameters); these values exhibit a regular and
smooth variation with the number N of the d electrons.

Investigations on the effects of the weak interactions on
the following nf” configurations in lanthanide and ac-
tinide ions were also carried out: the 4f2 configuration in
Priv (Refs. 1, 4, 27, and 28) and Ceni,?”?® the 4f3 con-
figuration in Prii,+2%2 and the 5f? configuration in
Uv.3%31 A survey of the studies in the field of the addi-
tional SDI in heavy atoms, up to the beginning of 1970,
was published by Judd.>?> A detailed discussion of the ef-
fects of the weak interactions on various lanthanide spec-
tra is included in Ref. 28. However, because of the lack
of experimental data in the lanthanide and actinide ions,
none of these investigations was: comprehensive so as to
include a complete group of configurations, as compared
to the above-mentioned investigations on the 3d¥ configu-
rations of the third and fourth spectra of the iron group.

Recently, the experimental analyses of the fourth to
sixth spectra of the iron group have been greatly extended
by measuring spectral transitions in the vuv region. Thus,
the energy level lists of the ground 3d”™ configurations of
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these spectra have become almost complete. It is, there-
fore, possible to extend the theoretical investigation of the
weak interactions to these newly measured spectra.

In the present work, the configurations chosen for this
investigation are the 3d” configurations of the fifth spec-
tra of the iron group. These are Crv 3d%3* Mnv 3d3,%
Fev 3d*,% Cov 3d°,3 Niv 3d%3 Cuv 3d7,% and Znv
3d8.3° 160 out of 161 levels belonging to these configura-
tions were experimentally located (see Refs. 33—39). The
only missing level is Niv 3d°}S,.

Since, as mentioned above, the effective electrostatic in-
teraction is stronger than the additional SDI, the study of
the effects of the weak interactions on the energy-level
structure of these configurations was carried out in two
stages: in the first stage only the effective electrostatic in-
teraction represented by aL (L +1)+BQ +tT +1t, T, was
included, in addition to the traditional “real” electrostatic
and spin-orbit interactions. The additional SDI, described
by the M* and Q¥, were introduced in the second stage.

Energy-level calculations of these configurations were
carried out by several authors: Crv 3d?%,% Mnv 3434
Fev 34434 Cov 3d°% Niv 3d%3% Cuv 3d7,%% zZnv
3d®.* The results of these calculations, with the excep-
tion of Znv 3d?®, are summarized and discussed in a re-
cent paper by Hansen and Raassen.*’ In all these calcula-
tions, only «, 3, and T were included, whereas T, and the
additional SDI were neglected. Since a, 8, T, and T, are
neither orthogonal to each other nor to the real electro-
static parameters,*! the omission of T, was reflected in
the calculated values of all real and other effective electro-
static parameters. In particular, it resulted in an irregular
behavior of the values obtained for f3, along the group,
and also obscured the mode of change of T, as specified
below.

In the first stage of the present work, it is shown that
the introduction of T, is important from two points of
view: (1) it results in values for all electrostatic parame-
ters which vary regularly and smoothly with N; (2) in all
configurations where T, is meaningful (that is, in d3, d*,
d® and d7), it significantly improves the fit between ob-
served and calculated levels. Thus, in order to obtain
meaningful results, all effective electrostatic parameters
should be introduced simultaneously.

In the second stage of the present work, the subsequent
inclusion of the additional SDI greatly improved the fit
between observed and calculated multiplet splittings. Re-
liable and consistent values of the appropriate parameters
were determined, which agree remarkably well with
theoretical predictions.

II. OPERATORS AND RADIAL INTEGRALS
(PARAMETERS) FOR (nl)¥ CONFIGURATIONS

A. Effective electrostatic interaction

The properties of this interaction, from a theoretical
point of view, were extensively studied by Rajnak and Wy-
bourne,'? by Racah and Stein,'* and by Judd.*> Five types
of perturbing configurations contribute to the effective
electrostatic operator of a perturbed configuration (nl)".
These are as follows:
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L), (n)¥ ~2n'l')%; 1Ub), (nD)N ~2n'I'n"1" |
2(a), (n'IN* (DN +2;

2(b), (0’ + gy H gV +2

3, (n' I+ YN

4, (nh)N-1p'1

5, (0’1 (N +1

Each perturbing configuration belonging to types 1—3 has
two “new” electrons (holes) compared with (nl)¥ (a new
hole plays the same role as a new electron). Consequently,
its contribution to the effective electrostatic interaction is
described by a two-electron operator. For instance, for a
perturbing configuration of the type 1(a) this operator is
given by

HR=—F @+ DMLY wPu?, ()
t

i<j
where 4 is the unit tensor operator defined by Racah,*?

(nl||u?||nD)=1, 2)

and M (¢;11,1'l') is defined by the following formula:'?

M(¢t;1,1,,1.15) A YL
Glalolel)= 2 11,1y 1 [l 1 1

X P(kk's1 0, L1) 3)

where

P(kk';1 1y, L1;) =RM(I 1y, 11;)R* (L1, 1.1;)
X (L [|[CRN I | [CP| 1)
X I [|CH )L | |CH*| 1) /AE , &)

R¥1,1y,1.1;) and R¥(I,1,,1.1;) being Slater integrals, and
AE is the (positive) energy separation between the perturb-
ing and the perturbed configurations. In formula (1), ¢
may take the values 0 <t <2/. However, for even values
of t, the coefficients of M (¢;11,1'l') have the same angular
dependence as the coefficients of the Slater integrals
describing the real electrostatic interaction within the IV
configuration. Therefore, only M (¢;l,1'l’) with odd
values of ¢ constitute independent parameters. The num-
ber of these parameters is /, compared with [/ +1, the
number of real Slater parameters. For d” configurations,
t may take the values 1 and 3. Following Trees®> and Ra-
cah,® the two-electron effective electrostatic operator is
written in the form

aL(L+1)+8Q,
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where Q stands for the eigenvalues of the seniority opera-
tor** o and B are given by the following expressions:!'%4°

a=[M(LILI'")-M(3;11,I'l")] /20,
(5)
B=—M3;ILI'l")
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(the expression given in Ref. 12 should be divided by a
factor of 2). In semiempirical (SI) calculations, @ and S8
are treated as adjustable parameters.

Each perturbing configuration of type 4 or 5 has only
one new electron (hole), compared with (nl)". Conse-
quently, its contribution is described by a sum of three-,
two-, and one-electron terms:

k ’ "
Hg(V ==~ 3 P(kk’ILI) l(Zk"-H)[l 1r ][g<k>xg<k">xg<k'>]<°>

Kk k"

+ [87 /1L +DIUR-UR) + (U UK N /(2] +1)]

= 5’P(kk’;ll,ll’)qSe(kk’;ll,ll') , 6)
H[ N+ =— 3 P(kk’;ILI)
KKk
" k kl k" R ) .
X [(=1)F +12k" 4+ 1) 11 [I_J""XQ”‘ )Xg(k )](0)__[28kk,/(2k+1)](Q(k).g(k))
=%’P(kk';ll,ll’)q&;,(kk’;ll,ll’) . -
[
In these formulas which gives
UR=3Fu®; t = —17504,(22;22,20) . ©)
i

k and k' may take all even nonzero integer values that
obey the triangular conditions required by the 6; symbol.
k' may assume all nonzero integer values consistent with
the same triangular conditions.

Judd!® and Feneuille!” have shown, that for d” config-
urations, only two of the P(kk';ll,ll') appearing in (6) and
(7) constitute independent parameters. Following Trees!*
and Shadmi et al.,'® H2; is given as 1T +1, T, ; these two
terms were chosen for 3d”¥, so as to represent interactions
with the special perturbing configurations 3s3p%3d"+!
and 3dV~1n'd, respectively. Thus, the expression for ¢T
is obtained from formula (7) by the substitutions
k =k'=2, =2, I'=0; more specifically, T is defined as

In the same manner the expression for z, T, is obtained by
substituting in formula (6) k =k’'=2, [ =1'=2; T, and t,
are then defined as

T,=—P(22;22,22)/1750 , (10)
t, =—17504,(22;22,22) . (1n

In SI calculations, T and T, are treated as adjustable pa-
rameters.

B. Mutual magnetic interactions

The operators representing the ss and the soo interac-
tions for (nl)V configurations are given, in tensor-operator

T =—P(22;22,20)/1750, (8)  form, by the following formulas:*>3428:30
|12 X l
Hss=—Bz(5)"1/2§(—l)k (*2(@2—;5,5—) 2 —;—’;g([gi-"*”xg}k)]n).[giXij]m)
izj | Ti .
N r}cl+3 ([CHFIx C D1 [5 x5 ;1) ] i (12)
k—2

Hsoo=322(3)—l/22(“‘1)k2
k oy

k

v,
:%ﬁ(Zk +1)(2k __I)I/Z[Q‘(ik)x[Q(k)xl]$k—l?](l)
J

r; :
- r,'kj+_3 (2k +1)(2k +3)17[C P [CPxI]F+HI ]'(£f+2;,-> (13)
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TABLE 1. Electrostatic parameters, “real” and effective, in cm ! (ab initio, LS2, and GLS2). »
Crv 3d? MnvV 3d3 Fev 34*
Parameter ——PGLS —~PGLS ——-PGLS
Pyr Pyr Pyr
AL 8754+0 17384+1 25714421
AgLs 8762121 17385420 25736+17
Big 1108+0 1161+0 1212+1
Bais 1109 1161 1213 .
Bor 1266 (0.876) 1333 (0.871) 1400 (0.866)
Cis 4039+0 4293+1 4559+6
CoLs 4033 4296 4559
Crr 4779 (0.844) 5024 (0.855) 5268 (0.865)
ars 33.940.0 37.6+0.1 40.8+1.0
aGLs 33.6 37.1 40.6
Bis —444+0 —419+42 —396+15
Bors —443.0 —426.5 —410.0
Tis [—7.57] —7.33+0.01 —7.14+0.09
ToLs —7.57 —7.37 —7.17
(To)is [—0.15] —0.81+0.02 —0.82+0.13
(Tx)gLs —0.15 —0.52 —0.89
Fig 82565 86940 91301
F%is 82572 86961 91350
F!Z-IF 95466 (0.865) 100 500 (0.865) 105 482 (0.866)
Fis 50891 54092 57443
Fés 50816 54130 57443
e 60210 (0.844) 63307 (0.855) 66373 (0.865)
(F*/F*) s 1.62 1.61 1.59
(F?/F*)g1s 1.62 1.61 1.59
(F?/F*)yr 1.59 1.59 1.59

3,28

with B=e#i/2mec.
The appropriate radial integrals (parameters) describing
these interactions are those defined by Marvin:?

2 ) © rk

where » . =min(r,r,) and »_, =max(r,r,). For d elec-
trons k may take the values 0,2.

C. Effective EL-SO interaction

At the outset, three types of perturbing configurations
may contribute to the effective EL-SO operator, each of
them differing from (/)" by the principal quantum num-
ber n of one electron only. These are

(i) ()N~ 1n'1
(i) (n' ¥+ (nN +1
(iii) (n'1I"Y¥' Y nl)¥n"1 .

After omitting terms proportional to the spin-orbit in-
teraction, it is found that only the contributions of (i) and
(ii) remain, whereas that of (iii) vanishes. In the present
work, with investigated configurations of the type 3d%,
configurations of type (ii) do not exist; thus, only the con-
tribution of (i) should be taken into account. In this case,

Hygy 5o is given by the following expression:

Hprso =—2 3 QMIU+1)(21 +1)]22k +1)-172

k even>0

1 k¢
> (21+1){1 p I}

t odd

X(Q(k)'z(“)k) , (15)

where T =3 119 =3 [s.xu{"]*. The parame-
ters QF are defined as follows:

R¥ninl,nln'DEy o
QF=(I]|CWI[1? 3~ ntn' (16)
n’ n,n’

with R*ninl,nin’l) and Cnnn1 being, respectively, Slater
and spin-orbit parameters, and AE, , is the (positive) en-
ergy separation between the perturbing and the perturbed
configurations. For d electrons, k may take the values
2,4. Formulas for the matrix elements of the additional
SDI for (nl)" configurations are given in Refs. 3 and 28.
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CoV 3d° Niv 3d¢. Cuv 3d’ Znv 3d?®
Pgys Pgis Pgrs Pgis
PHF PHF PHF PHF
43 644+35 27860+17 21204+7 1242010
43597+11 27861t16 21251+11 12433+18
1265+1 1316+1 1365+0 1419+0
1264 1318 1368 1420
1467 (0.862) 1532 (0.860) 1598 (0.856) 1663 (0.854)
4817+5 5086+5 5359+3 562010
4822 5085 5348 5611
5509 (0.875) 5749 (0.885) 5987 (0.893) 6223 (0.902)
44.6+0.7 47.1+0.6 51.8+0.4 54.9+0.0
44.1 47.6 51.1 54.6
—396+8 —379+12 —367+4 —351+0
—393.5 —377.0 —360.5 —344.0
[—6.97] —6.83+0.06 —6.51+0.04 [—6.37]
—6.97 —6.77 —6.57 —6.37
[—1.26] —1.73£0.10 —1.53+0.06 [—2.37]
—1.26 —1.63 —2.00 —2.37
95704 100086 104 398 108 871
95 690 100177 104468 108 857
110423 (0.867) 115328 (0.869) 120203 (0.869) 125053 (0.870)
60 694 64084 67523 70812
60757 64071 67 385 70699
69413 (0.875) 72432 (0.885) 75432 (0.893) 18416 (0.902)
1.58 . 1.56 1.55 1.54
1.58 1.56 1.55 . 1.54
1.59 - 1.59 1.59 ) 1.59

III. ENERGY-LEVEL CALCULATIONS

A. Ab initio evaluation of the various
interaction parameters

In order to obtain a preliminary and independent infor-
mation on the values of the various interaction parame-
ters, Hartree-Fock*® (HF) and parametric potential*’ (PP)
calculations were performed for all 3d” configurations of
the fifth spectra of the iron group. These calculations re-
sulted in numerical values for £33, M° M?, and also for
the Slater parameters F*(3d,3d) (k =2,4), from which
the parameters B and C, defined by Racah,* could be
evaluated. Since the use of both methods resulted in very
close values for all corresponding parameters, only those
obtained by the HF method are listed in Tables I and II.

For estimating the orders of magnitude of the effective
EL-SO parameters Q2 and Q* for each investigated con-
figuration 3d" (N =2—8), the contributions of the per-
turbing configurations 3d” ~!'nd (n =4—9) were evaluat-
ed, through a further use of the PP program: numerical
values were obtained for the parameters R*(3d 3d,3dnd),
$3dna> and for the energy difference AE3;,4 (k=2,4;
n =4—9); these were then used to evaluate Q¥(3d,nd)
(k =2,4; n =4-9) according to the definition given in

formula (16) above. All these values are listed in Tables
XVI—XXII at the end of this paper. Each of these tables
also includes, in its lower row, the sum of all contribu-
tions to the Q¥s, to the right of the heading “Q¥ total.”
Since the individual Q¥ values strongly decrease with n, it
is assumed that the Q¥-total values reasonably approxi-
mate the orders of magnitude of the respective Q%s.
These values are also listed in Table II.

No attempt was made here to evaluate the effective
electrostatic parameters through the use of the HF and
the PP methods. Detailed discussion of this subject can
be found in Ref. 40.

B. Semiempirical calculations

The energy levels and the parameter values of the inves-
tigated configurations were then calculated, in the SI
method, by using the diagonalization—least-squares pro-
cedure. As mentioned in the Introduction, these calcula-
tions were performed in two stages: in the first stage,
only the effective electrostatic interaction was introduced,
in addition to the traditional interactions; the additional
SDI were added in the second stage, when the effects of
the effective electrostatic interaction on the energy-level
structure of these configurations were completely under-
stood.
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TABLE II. SDI parameters, in cm ™! (ab initio, LS2, and GLS2).
Crv 3d? MnvV 3d3 Fev 3d*
Parameter _Pars _Pars _Pors
P, ab initio P, ab initio P, ab initio

Eis 335+0 427+1 54049
SoLs 336 425 534
. 333 (1.009) 426 (0.998) 537 (0.994)
MY 2.003+0.000 2.118+0.069 2.701+1.007
M 1.564 1.943 2.332
Moy 1.653 (0.946) 1.962 (0.990) 2.305 (1.012)
Mig 1.012+0.000 0.987+0.054 1.864+1.099
Mg 0.714 0.917 1.120
My 0.916 (0.779) 1086 (0.844) 1275 (0.878)
0 8.8+0.0 34.1+2.3 452+31.8
Qbrs 19.4 29.2 39.0
oL, 234 (0.83) 254 (1.03) 343 (1.14)
Ot [6.0] [23.2] [30.7]

Q&is [13.2] [19.1] [26.5]

ip 16.0 19.4 23.4

(M°/M?) 1.98 2.15 1.45
(M°/M?)g1s 2.19 2.12 2.07
(M°/M?)yp 1.80 1.81 1.81
(Q*/Q%)pp 0.68 0.68 0.68
Arsz 0.00 2 33
AgLs:
Ars 14 21 39
AGLS!

In each of these stages, the calculations were conducted
in two steps. In the first step, each configuration was
treated separately. Such calculations will from now on be
referred to as LS calculations. In these calculations, in ei-
ther stage, it was found that the parameters representing
the various interactions vary regularly from one spectrum
to the other along the row. This conclusion was also con-
firmed on inspecting the ab initio values obtained for the
various parameters. Thus it was possible in the next step
to perform a general least-squares (GLS) calculation,
treating all the 3d” configurations as a single problem,
the radial parameters being restricted to change from one
spectrum to another according to a simple interpolation
formula. For any interaction parameter P, the interpola-
tion formula was of the form

P=P0+P1x +P2y

in which x =N —5 and y =x2—4. The coefficients Py,
P, and P, of the interpolation formulas now served as
free parameters. In most cases a linear change was suffi-
cient (P,=0). From now on, the results relating to the
first and second stages will be referred to as LS1 and
GLS1, and LS2 and GLS2, respectively.

In the separate LS1 and LS2 calculations of d2, d°, and
d8 T and T, had to be fixed, because in the two-electron
(hole) configurations and, to a good approximation, also
in half-filled-shell configurations, these parameters are
linear combinations of other electrostatic parameters. In

all second-stage calculations the following restrictions
were imposed on the additional SDI parameters:

(i) ME=ME,, ,
(ii) Q*/0%*=0.68 .

The first restriction follows directly from the definition of
the M*s; the second restriction is suggested by the con-
stancy of the ratio (Q*/Q?)pp obtained in the PP calcula-
tions for the various d” configurations [see row entitled
(Q*/Q%)pp in Table II], and from a set of LS and GLS
calculations performed with free Q*’s.

In both GLS1 and GLS2 calculations all the parameters
except 34 were constrained to change linearly with N; for
{34 a quadratic correction term was also included.

The parameter values obtained in GLS1 and GLS2 are
given in Table III, together with their appropriate mean
errors A. Inspection of this table shows that the electro-
static parameters both real and effective, and the spin-
orbit parameters, have not changed significantly on the
introduction of the additional SDI.

The electrostatic and spin-dependent parameter values
obtained in LS2 and GLS2 for the individual configura-
tion are listed in Tables I and II respectively, in consecu-
tive rows with the corresponding ab initio values. For
each of the real electrostatic and spin-dependent parame-
ters, the ratio Pgrs/Pupiniio 1S also shown (in
parentheses). Table I also includes the ratios F2/F*
Table II includes the ratios M°/M? and Q*/Q? and the
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TABLE II. (Continued).
CovV 3d°® Niv 34d°¢ Cuv 3d’ ZnV 3d°®
Pois Pgis Pcrs PgiLs
Pab initio Pab initio Pab initio Pab initio
654+11 810+6 978+2 1166+0
664 813 982 1171
668 (0.994) 820 (0.991) 996 (0.986) 1198 (0.977)
2.288+0.792 3.297+0.642 3.785+0.241 4.457+0.000
2.701 3.080 3.459 3.838
2.684 (1.006) 3.100 (0.994) 3.554 (0.973) 4.049 (0.948)
1.374+1.023 1.847+0.754 1.619+0.164 2.196+0.000
1.323 1.526 1.729 1.932
1.483 (0.892) 1.712 (0.891) 1.962 (0.881) 2234 (0.865)
32.5+£30.0 63.2+21.4 72.0+6.4 131.8+0.0
48.8 58.6 68.4 78.2
40.5 (1.20) , 46.1 (1.27) 532 (1.28) 61.2 (1.28)
[22.1] [43.0] [49.0] [89.6]
[33.2] [39.8] [46.5] [53.2]
27.5 31.4 36.1 41.2
1.67 1.79 2.34 2.03
2.04 2.02 2.00 1.99
1.81 1.81 1.81 1.81
0.68 . 0.68 0.68 0.67
37 22 S 0
27
44 34 33 47
35

mean errors Arg, and Agrsy; Ars; and Agrs; are also
given, for comparison.

The calculated values of the energy levels as obtained in
GLS2 are given in Tables IV—X, together with the ob-
served levels, the deviations O; — C; between observed and
calculated levels, and the composition percentages of the
eigenstates. The last column of each of these tables
comprises the O;—C; values as obtained in GLSI1, for
comparison.

IV. RESULTS AND CONCLUSIONS

A. Stage 1: The need for a complete set
of effective electrostatic parameters

1. Improvement of the fit between observed
and calculated levels

In stage 1, the GLS1 calculations were carried out with
160 levels against 22 parameters (see the second column of
Table III). The good agreement obtained between theory
and experiment is reflected in the small mean error, being
35cm™1.

Table XI includes both the mean errors Ayg;, obtained
in the individual LS1 calculations, and the mean errors
Aypr, obtained on neglecting T,.3*=*% On comparing the
corresponding values of Arg; and Ag,gr, the importance of
T, can immediately be deduced: in all configurations

where the introduction of this parameter is meaningful,
that is in d3, d*, d°, and d’, the mean errors significantly
reduced, as shown below.

For d?3,

27 ecm~ ' 21 cm~!'=78% of its former value ,

for d*,

58 cm~!'—39 cm~'=67% of its former value ,

for d,

78 cm~!'—34 cm~!'=44% of its former value ,

and for d7,
{37} em~'>33.cm™

= {7} of its former value .

1

In the present work, no attempt was made to perform
LS or GLS calculations in pure intermediate coupling,
that is, on completely neglecting the effective electrostatic
parameters «, 3, T, and T,. A performance of such cal-
culations would bring us back to the 1950s, when Trees’
[before introducing his aL (L +1) correction] obtained,
for Fe111 3d°%, a mean error of 988 cm ™!l
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TABLE III. Interaction-parameter values, in cm~! (GLS1 and GLS2).

Parameter GLS1 GLS2
A, 8759  +28 8762  +21
A, 17382  +26 17385 20
Ay 25741  +22 25736  +17
As 43611 +14 43597  +11
Ag 27876  +20 27861  +16
A, 21261 +14 21259  +11
Asg 12444  +23 12433 +18
B, 1264.39 +0.42 1264.38 +0.32
B, 51.72 +0.33 51.66 +0.25
Co 4820.1 +4.1 4821.8 +3.1
C, 2622 +2.7 262.8 +2.1
o : 44.18 +0.59 44.12 +0.45
a 3.39 +0.42 3.51 +0.32
Bo —392.3 +8.2 —393.5 +6.3
B 16.8 +5.0 16.5 +3.8
To —6.966+0.061 —6.973+0.046
T, 0.182+0.042 0.199+0.032
(Tx)o —1.27740.089 —1.264+0.068
(T —0.391+0.063 —0.370+0.047
o 707.8 +3.6 703.5 +5.0
& 148.7 1.9 139.2 +2.0
& 113 +1.2 100 +1.3
(M3)o=(M2%)o 2.701+0.336
(M3)1=(Mg), 0.37940.282
(M3)o=(M%)o 1.32340.333
(M%) =(MZ%), 0.20340.200
F 48.8 +11.2
2 9.78 +8.91
Qs [33.2]
Qi [6.65]
A . 35 27

2. Variation of the parameter values
with N (along the row)

Table XI lists the values of the various electrostatic pa-
rameters, real and effective, obtained in three different SI
calculations: (a) LS1 calculations, (b) GLS1, (c) calcula-
tions including e, 8, and T but omitting 7T’,.3*~*° Inspec-
tion of this table leads to the following conclusions.

(1) In calculations (c) performed without T, the pa-
rameters change along the row in an irregular fashion, as
can be seen by a close inspection of Table XI. This irreg-
ular behavior is so pronounced for B, that its mode of
change with N remains completely undefined. To some
extent this phenomenon also occurs for 7. The deviations
from regularity reach their peak in CuVv 3d’ (see again
Table XI). In trying to overcome this problem, Hansen

TABLE IV. Observed and calculated energy levels of CrV 3d?in cm~! (GLS2).

Term o-C

Obs. Calc. o-C J composition (GLSY1)
0.0 —12 12 2 3F (100%) -5
508.2 499 9 3 (100%) 8
1141.7 1139 3 4 (100%) 10
13188.0 13182. 6 2 'D (100%) -1
15491.8 15505 —13 0 3P (100%) -5
15676.6 15687 —10 1 (100%) 4
16041.0 16 060 —19 2 (100%) —26
22019.2 22015 4 4 1G (100%) 2
51146.4 51138 8 0 1S (100%) 14
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TABLE V. Observed and calculated energy levels of MnV 34 in cm~! (GLS2). ‘
Term o-C

Obs. Calc. o-C J composition (GLS1)
0.0 11 ~11 3 ‘F (100%) 1
359.0 367 -8 = (100%) 2
835.1 844 -9 7 (100%) —8
14122 1422 —10 3 (100%) —29
16434.0 16425 9 B ‘P (100%) 7 —18
16 594.6 16581 14 3 (98%) 1
17048.6 17034 15 3 (100%) 28
17892.4 17 889 3 I %G (100%) 3
18398.8 18393 6 5 (98%) -2
22918.8 22918 1 3 2P (62%)+31D (28%)+1D (8%) —6
23081.6 23076 6 5 (100%) 5
24630.0 24626 4 : iD (80%)+iD (20%) 2
24670.5 24663 7 3 (49%)+2P (36%)+1D (14%) 27
24974.8 24962 13 3 2H (98%) 28
25333.8 25321 13 & (100%) 4
404233 40420 3 I 2F (100%) —24
40707.1 40699 8 3 (100%) 44
62 608.2 62637 —29 3 iD (80%)+3D (20%) —26
62853.5 62886 —32 3 (17%)+3D (23%) —34
MnV 3d3 2F Fe V. 3d% 34

O-C spread reduction

O-C spread reduction
8g8cm’' —» 2cm-!

68cm™ —»5cm™!

40+
- 40 T 20
T 5
§ 20 |- Q ot
O o
)
O Of -20
-20 -40
q0L—1 1 -60 | | L
- 7
J=2 £ J=4 5 6
FIG. 1. Improvement of the Mn V 3d32F splitting due to the FIG. 2. Improvement of the FeV 3d*3H splitting due to the

additional SDI (O, without the SDI; @, including the SDI). additional SDI (O, without the SDI; @, including the SDI).
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TABLE VI. Observed and calculated energy levels of FeV 3d* in cm ™! (GLS2).

Term oO-C

Obs. Calc. o-C J composition (GLSY1)
0.0 —25 25 0 5D (100%) 42
142.1 120 22 1 (100%) 38
417.3 397 20 2 (100%) 31
803.1 786 17 3 (100%) 14
1282.8 1267 16 4 (100%) —14
24055.4 24074 —19 0 IP (60%)+3P (40%) —30
24972.9 24988 —16 1 (60%)+3P (40%) —8
26468.3 26483 —15 2 (60%) +3P (40%) —21
24932.5 24935 -2 4 3H (97%) 34
25225.9 25229 -3 5 (989%) 0
25528.5 25533 —4 6 (100%) —54
26760.7 26776 —15 2 IF (78%)+3F (22%) -2
26842.3 26856 —14 3 (75%)+3F (20%) -8
26974.0 26985 1 4 (75%)+3F (19%) —31
29817.1 29834 —17 3 3G (95%) 17
30147.0 30166 —19 4 (94%) —21
30430.1 30450 —20 5 (98%) —45
36586.3 36550 36 4 iG (65%)+1G (33%) 41
36630.1 36657 —27 3 3D (100%) —44
36758.5 36787 —28 2 (99%) —37
36925.4 36950 —25 1 . (100%) —4
37511.7 37488 24 6 17 (100%) 23
39633.4 39590 43 0 iS (78%)+4S (21%) 37
46291.2 46270 21 2 iD (18%)+1iD (21%) 24
52732.7 52727 6 3 IF (99%) 0
61854.4 61847 7 2 3P (60%)+3P (39%) -5
62914.2 62898 16 1 (60%) 43P (30%) 36
63420.0 63403 17 0 (60%) + 3P (40%) 29
62238.1 62292 —54 4 3F (80%)+3F (20%) —45
62321.1 62374 53 2 (78%) +iF (22%) —69
62364.4 62415 51 3 (78%) +iF (21%) —49
71280.3 71256 24 4 1G (66%)+iG (34%) 23
93832.3 93833 1 2 iD (78%)+iD (22%) -3
121130.2 121030 100 0 88 (719%)+1S (21%) 101

0 carried out two different least-squares cal-

and Raassen
culations: one with T fixed on some extrapolated value,
whereas in the other all parameters were free to change—
see Table XI. Since neither of these calculations gave sa-
tisfactory results, they concluded that the 3d’ configura-
tion “seems to give an example of the breakdown of the
linear theory,” a theory ‘“which predicts that the parame-
ters vary regularly with N.”

(2) The parameter values obtained in LS1 and in GLS1
closely agree with each other. Moreover, the values ob-
tained in GLS1 always (with only one exception) lie
within the range of uncertainty of the LS1 parameters.
This leads to the conclusion that the mere introduction of
T,, in the individual energy-level calculations (LS1), re-
sults in a regular variation with N, of all electrostatic pa-
rameters. The only remaining role of the GLS is to

smooth out the N dependence, and also to fix the values
of indeterminate parameters in special cases: for example,
T and T, for N=2,8, or any parameter depending on
(partially) missing experimental data. Returning to 3 and
T, their mode of variation with N is now completely
determined: the absolute values of both parameters de-
crease with N.

(3) Contrary to the behavior of B and T, the absolute
values of T, increase with N, in analogy with a. This
property of T, explains the fact that the irregular
behavior of the parameters, in calculations without T, is
more pronounced on the right-hand side of the row. It
also accounts for the greater reductions of the mean errors
(Ars; as compared with A,gr) on the right-hand side of
the row, on the inclusion of T, (see Sec. IV A 1 above).
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TABLE VII. Observed and calculated energy levels of CoV 3d° in cm ™! (GLS2).
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Term o0-C
Obs. Calc. o-C J composition (GLS1)

0.0 —128 128 3 5S (100%)- 116
37217.5 37209 8 A *G (100%) - 57
37288.8 37279 10 5 (100%) —1
37289.5 37272 17 3 (100%) 83
37304.0 37291 13 I (100%) 46
40753.2 40792 -39 3 1P (92%) —49
40890.9 40932 —41 3 (94%) -39
41023.8 41072 —48 T (98%) —47
44709.1 44712 -3 - ‘D (100%) —25
44907.5 44912 —4 T (98%) 30
44984.1 44993 -9 5 (93%) —20
44986.7 44994 -7 3 (94%) 5
54339.2 54316 23 L 2] (100%) 68
54376.6 54358 19 2 (100%) —25
57082.6 57059 24 3 D (55%)+3F 27%)+1D (18%) 35
57823.2 57803 20 3 (72%)+1D (22%) 12
59454.9 59 444 11 I IF (95%) —14
60532.2 60537 -5 Z (55%) +*F (29%)+3D (11%) 8
60830.3 60 890 —60 5 iF (97%) —80
60973.6 61029 —55 I " (96%) —50
61213.2 61264 —51 3 (94%) —41
61284.5 61315 —30 3 (69%) +3F (17%)+31D (10%) —12
64742.3 64741 1 3 3H (78%)+3G (20%) 23
65283.8 65284 0 4 (98%) —25
66228.7 66222 7 I G (98%) -1
66760.4 66755 5 5 (16%)+3H (21%) 13
70502.5 70495 7 3 3F (99%) 29
70652.8 70 648 5 I 97%) —14
76864.5 76871 —6 - 2S (100%) -9
85573.5 85593 —-19 3 3D (100%) 24
85636.2 85650 —14 3 (100%) —43
95708.7 95738 —29 5 3G (100)% —16
95726.5 95752 —25 7 (100%) —42
115437.1 115408 29 3 P (100%) 49
115468.5 115435 33 1 (100%) -5
125022.7 124986 37 5 iD (76%)+3D (23%) 68
125068.8 125022 47 3 (76%)+3D (23%) 7
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TABLE VIII. Observed and calculated energy levels of NiV 3d®in cm~! (GLS2).

Term O-C

Obs. Calc. o-C J composition (GLS1)
0.0 —27 27 4 5D (100%) —13
889.7 869 21 3 (100%) 15
1489.9 1471 19 2 (100%) 28
1871.5 1854 17 1 (100%) 36
2057.6 2040 18 0 (100%) 40
26153.0 26157 —4 2 IP (62%)+3P (37%) —12
28697.6 28708 —10 1 (62%)+3P (36%) —4
29 640.0 29657 —17 0 (62%) 43P (36%) —24
27111.2 27114 -3 6 3H (100%) —61
27578.2 27577 1 5 (97%) 14
27858.8 27851 8 4 (89%) 70
29123.7 29128 —4 4 3F (68%)+3F (20%) —14
29570.8 29574 -3 3 (76%)+3F (20%) 8
29899.2 29902 -3 2 (80%) +3F (20%) 14
33256.5° 33277 —20 5 3G (97%) —61
34061.7 34085 —23 . 4 (93%) —35
34416.4 34435 —19 3 (96%) 15
41252.2 41217 35 6 7 (100%) 32
41626.9 41638 —11 2 3D (97%) —22
41701.1 41710 -9 1 (100%) 18
41920.2 41933 —13 3 (100%) —27
42208.1 42180 28 4 iG (65%)+3G (32%) 18
47699.7 47658 42 0 1S (16%)+4S (22%) 42
48 607.0 48583 24 2 iD (16%)+3D (21%) 27
57924.1 57905 19 3 IF (98%) 22
66737.8 66758 —20 0 3P (63%)+3P (36%) —22
67547.9 67566 —18 1 (63%)+1P (36%) 3
69.156.1 69177 —21 2 (62%)+iP (38%) —37
68632.1 68 654 -22 2 3F (80%)+3F (20%) —52
68718.7 68751 —32 4 (78%) +iF (21%) —23
68854.7 68879 —24 3 (78%)+F (20%) —30
77899.5 77909 -9 4 1G (65%)+ 4G (33%) —1
104 420.5 104 392 28 2 1D (78%)+ 1D (22%) 27

134313 0 oS (T7%)+iS (22%)

3. Conclusion A

The above discussion clearly shows that consistent and
reliable values for all electrostatic parameters can only be
obtained through the introduction of the complete effec-
tive electrostatic interaction represented by a, 8, T, and
T,.

B. Stage 2: The additional SDI

1. Improvement of the calculated multiplet splittings

On inspecting the O; —C; deviations obtained in GLS1
and listed in the last column of Tables IV—X, one can see
their pronounced magnetic character, thus calling for the
inclusion, in the energy-level calculations, of the addition-
al SDI. The GLS2 calculations, which included the addi-

tional SDI, were carried out with 160 levels against 28 pa-
rameters (see the third column of Table III). Indeed, the
introduction of the additional SDI greatly improved the
fit between observed and calculated multiplet splittings, as
can be seen on comparing the third and the last columns
of Tables IV—X. As demonstrated in these tables, the ef-
fects of the SDI is to practically equalize the deviations
between calculated and observed levels, for all levels be-
longing to the same multiplet. Thus, the deviations of
magnetic character are almost entirely eliminated, and the
remaining deviations are mainly of a purely electrostatic
character. These remaining deviations prevent the mean
errors obtained in the LS2 and GLS2 calculations from
fully reflecting the improvement in the fit due to the addi-
tional SDI. In GLS2 the mean error Agys; is 27 cm ™! as
compared with Agrs; =235 cm™!; the mean errors A g, ob-
tained in the separate LS2 calculations are compared with
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Term O0-C
Obs. Calc. o-C J composition (GLS1)
0.0 13 —13 > *F (100%) —45
1615.9 1631 —15 7 (100%) —14
2759.3 2776 —17 5 (100%) 0
3528.1 3546 —18 3 (100%) 8
20826.8 20816 11 5 4P (100%) 32
21065.9 21050 16 3 (90%) 13
21935.1 21923 12 3 (96%) —33
225753 22572 3 3 %G (97%) 14
24099.8 © 24097 3 T (100%) 6
27015.9 27008 8 3 2P (18%)+*P (10%) 43D (9%) 15
28366.6 28359 8 5 (96%) -3
30401.7 30392 10 L 2H (100%) 1
31823.4 31807 16 5 (97%) 20
30966.0 30966 0 = 3D (16%)+1D (23%) —1
33292.4 33294 -2 3 (70%)+3D (18%)+2P (11%) —11
49490.0 49496 —6 3 2F (100%) 54
50071.9 50086 —14 1 (100%) —59
76 838.2 76837 1 > iD (80%)+3D (20%) —14
77 668.0 77671 -3 3 (76%)+3D (23%) 17
' CoV 3d® %G NIV 3d° 34
O-C spread reduction O-C spread reduction
140 cm=! —=9 cm-! 131 cm=! —= || cm-!
80+
60
60~
401
40 - "'F
? 20 § ®r
£ 2ol
L S ot
O ot ©
o -20}
20+
-40
-40
-60F+
-60 | | ] ) _—
-5 7 S 1
Uz oz 7 o3 Jra s

FIG. 3. Improvement of the CoV 3d°*G splitting due to the
additional SDI (O, without the SDI; @, including the SDI).
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FIG. 4. Improvement of the NiV 3d°3H splitting due to the

additional SDI (O, without the SDI; @, including the SDI).
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TABLE X. Observed and calculated energy levels of ZnV 3d® in cm~! (GLS2).

Term o—-C

Obs. Calc. o-C J composition (GLS1)
0.0 11 —11 4 3F (100%) —6
2466.0 2468 -2 3 (100%) —8
4036.0 4035 1 2 (98%) —16
18400.0 18 409 -9 2 'D (78%)+3°P (20%) -5
22663.0 22670 -7 2 3P (80%)+'D (20%) -73
23107.0 23108 -1 1 (100%) 40
23510.0 23514 —4 0 (100%) 28
30 600.0 30590 10 4 'G (100%) 7
69904.0 69 880 24 0 1S (100%) 33

A;g; at the bottom of Table II.

In order to measure the improvement in the calculated
multiplet splittings due to the inclusion of the additional
SDI, a different criterion is used. This criterion is re-
ferred to as “observed minus calculated (O —C)
spread.2=*+2%3% This is defined as the absolute value of
the difference between the maximum and the minimum
deviations, for levels belonging to the same multiplet.

Table XII and Figs. 1—6 demonstrate the reductions in
the O —C spreads of several multiplets. The overall im-
provement in the calculated multiplet structure due to the
inclusion of the additional SDI can be seen by comparing
the sums of the O —C spreads for all the terms of all the
investigated configurations: this sum reduced from 2219
cm~!in GLSI1 to 294 cm~! in GLS2, that is, by a factor
of 7.5!

TABLE XI. Electrostatic parameters, “real” and effective, as obtained in (a) LS1 calculations, (b) GLS1, (c) calculations including

a, B, and T, but neglecting Ty (Refs. 35—40). Incm~L

Parameter Crv 34d? Mnv 34° Fev 3d* CovV 3d° Niv 3d° Cuv 3472 Znv 3d¥

Fis 82658 86952 91309 95709 100066 104 440 108 843

Fiis: 82587 86946 91325 95696 100065 104435 108 805

Flor 82493+53  86067+74 91393486 95815+37 1002314103  [104326+101|  108805+180
104 177+139

Fis: 50831+88  54125+78 57401492 60678+73  64076+93 67423+197 70 667+401

Fisi 50822 54126 57430 60733 64037 67341 70 644

Flor 50793+88 54257 +80 57705+117 61111472 64733+163 682124154 71510+401
67 824+299

arsi 34.5+1.1 37.7+1.2 41.2+1.2 44.6+0.9 47.0+1.0 51.542.2 57.0+4.1

acLsi 34.0 37.4 40.8 44.2 46.6 51.0 54.4

Capr 36.1+1.1 37.4+1.5 38.6+1.8 43.040.9 452422 50.4%1.9 53.0+4.0
54.9+3.5

Busi —419+10 —428+21 —392+18 —396+10 —385+18 —364+26 —327+41

Bovsi —443 —426 —409 —392 —376 —359 —342

Bapr —425+10 —476+16 —456+21 —464+10 —513+31 —414+24 —450+41
—359+43

Tyis [—7.54] —7.3240.16  —7.10£0.11  [—6.96] —6.8340.09  —6.57+0.22  [—6.31]

y —7.51 —7.33 —7.15 —6.97 —6.78 —6.60 —6.42

Topr [—7.3] —7.240.2 —7.340.2 [—7.1] —7.040.2 [—6.8] [—6.7]
—6.3 +0.4

(To)isi [—0.55] —0.70+0.25  —0.86+0.15  [—1.28] —1.70+0.16 ~ —1.84+0.38  [—2.00]

(Te)osi —0.1 —~0.50 —0.89 —1.28 —1.67 —2.06 —2.45

Arsi 14 21 39 44 34 33 47

Agpr 14 27 58 44 78 (57 ] 47
55

*For CuV 3d’ two calculations were carried out (Ref. 40): one with T fixed on —6.8 cm ™', whereas in the other all parameters were

free to change in the least-squares calculations. Both sets of results are listed here.
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TABLE XII. O —C spread for several selected multiplets (cm™?).

GLS1 GLS2
Ion and . o-C o-C
configuration Level Obs. o-C spread o-C spread
MnV 343 2F, 40423.3 —24 68 3 5
2Fs 40707.1 44 8
Fev 3d* *H, 24932.5 34 -2
3H s 25225.9 0 88 -3 2
3Hy 25528.5 —54 —4
CoV 3d° ‘G 37217.5 —57 8
4
Gop 37288.8 -1 10
Gp 37304.0 46 140 13 ?
4Gs 37289.5 83 17
Niv 3d¢ ’H 27111.2 —6l1 -3
Hs 27578.2 14 131 1 11
’H, 27858.8 70
CuV 34’ Fsp 49490.0 54 13 —6 g
2Fy ) 50071.9 —59 —14
ZnV 3d°® 3P, 22663.0 —73 —7
P, 23107.0 40 113 -1 6
3P, 23510.0 28 —4

2. Modes of change of the various
interaction parameters

The results of stage-2 calculations (see Tables I—III)
lead to the following conclusions concerning the modes of
change of the various interaction parameters with N
(along the row).

(1) The electrostatic as well as the spin-dependent pa-
rameters vary regularly with N.

TABLE XIII. Variations of the various interaction parame-
ters along the row, given by the expression [P(CuV
3d")/PMnV 3d*))*. x=1, +, +, and +, for the electrostatic,
spin-orbit, mutual magnetic, and effective EL-SO parameters.

[P(CuV 3d7)/PMnV 3d%)]

Parameter LS GLS HF PP
B 1.18 1.18 1.20 1.19
(o} 1.25 1.24 1.19
F? 1.20 1.20 1.20 1.18
F* 1.25 1.24 1.19 1
& 1.23 1.23 1.24 1.22
MO 1.21 1.21 1.22 1.21
M? 1.18 1.24 1.22 1.21
Q? 1.21 1.24 1.17

(2) There is a close agreement between the parameter
values obtained in the LS2, the GLS2, and the ab initio
calculations.

(3) The variation with N of the real electrostatic param-
eters F* (or B,C) and of the magnetic parameters & and
the M*’s agrees with their theoretical dependence on the
effective nuclear charge Z.. On assuming a Coulomb
potential and hydrogenic eigenfunctions, one obtains
that*® (a) the real electrostatic parameters F* are propor-
tional to Z., (b) the spin-orbit parameter §,; is propor-
tional to Z %, and (c) the mutual magnetlc parameters M
are proportional to ZJ;. A comparison of the values of
F2, F* (or B,C), &, M°, and M?in CuV 3d” and in Mn V
3d3 yields the ratios [P(CuV 3d7)/P(MnV 3d*)]* (where
x=1, %, and % for the electrostatic, spin-orbit, and mutu-
al magnetic parameters, respectively), and is given in
Table XIII. The equality of these ratios confirms the
predicted theoretical behavior of the above mentioned pa-
rameters.

(4) The Q%’s comprise sums of products of

R¥3d 3d,3dnd), &34 4, and 1/E;34q. Table XIV shows
the variations with N of R%(3d 3d,3dnd), ({34,4)"/%, and
AE '3d,nd (for n ._4 9), by listing the ratios P(CuV
3d7)/PMnV 3d?) for each of these quantities. These ra-
tios are directly obtained by exploiting the information
given in in Tables XVII and XXI. A comparison of the
ratios listed in Table XIV with those of the Table XIII
shows that R*(3d3d,3dnd), and C3d,na are, respectively,
proportlonal to Z.y and Z¥ (within the corresponding
3d" configuration), in analogy with the internal Slater
and spin-orbit parameters. AE3, 4 is found to be propor-
tional to Z.g. This leads to the conclusion that Q2 is pro-
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TABLE XIV. Variations of R*(3d 3d,3dnd), (£340a)'*, AE34.44, and (Q34,4)7* along the row, given
by the ratio P(CuV 3d7)/P(MnV 3d?). [ Pstands for R?, £/, AE, and (Q?)'/*, respectively.]

Quantity
n R*3d 3d,3dnd) (Esama)* AE3yn (Q34na)*
4 1.16 1.19 1.25 1.16
5 1.20 1.18 1.22 1.18
6 1.22 1.18 1.21 1.19
7 1.24 1.18 1.20 1.19
8 1.25 1.18 1.19 1.19
9 1.25 1.17 1.19 1.19
Quantity 1.22 1.18 1.21 1.18
average
portional to Z ot~ The same conclusion is also reached for int_ JE;
Q% The Z% dependence of the Q*’s is also confirmed AE; 2 (Pine0) 55— 3P’
int

by the results of the SI calculations listed in Table XIII.

(5) Tables I and II also give the ratios F?2/F* M°/M?,
and Q*/Q? as obtained by using both the semiempirical
and the ab initio methods. Inspection of these tables
shows that the semiempirical values of F2?/F* and
MP°/M? are almost constant along the row, and close to
the constant HF ratios. (Q2/Q*)pp are also constant.
The constancy of all these ratios is an immediate result of
conclusions (3) and (4). (Since, as mentioned above,
0*/0? was fixed in the LS2 and GLS2 calculations, these
supply no further information.)

3. 'Strengths of the additional SDI

The contribution AE/™ of each interaction to a particu-
lar energy level E; is given by the following formula:

CuV 3d7 ?F
O-C spread reduction
113cm™'— 8cm-!

60}
a0t
201

O.—.

0-C (cm-")

-20F

-40

-60

[
"
IN[3)
(NN

FIG. 5. Improvement of the CuV 3d’?F splitting due to the
additional SDI (O, without the SDI; @, including the SDI).

mt

where P, are the various parameters representing the in-
teraction under discussion, v represents their numerical
value and OE; /dP;,, is the derivative of E; with respect to
P;,,. The derivatives are computed in the diagonalization
program, together with the calculated energy levels. The
separate contributions of the various additional SDI to the
splittings of several selected multiplets are given in Table
XV. The deviations O; — C; before and after the introduc-
tion of the additional SDI are also given for comparison.
It is clearly seen how the various contributions combine to
reduce the O —C spread of the multiplets. For each in-
teraction, Table XV also lists its total contribution to the
multiplets under discussion. The total contribution,

Zn'V 3d® 3p
O-C spread reduction
113 cm~t—» 6cm-!

40}

0-C (cm™)

FIG. 6. Improvement of the ZnV 3d88P splitting due to the
additional SDI (O, without the SDI; @, including the SDI).
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TABLE XV. Separate contributions of the various additional SDI to the splittings of several selected multiplets (cm~!).
AE AE AE AE AE 0-C o0-C
Configuration Level (ss) (so0) (ss 4+ so00) (EL-SO) (total) (GLS1) (GLS2)
MnvVv 3d?3 2Fi . 0 —26 —26 2 —24 —24 3
s, 0 35 35 -2 33 44 8
2F, 5-2F3 0 61 61 —4 57 68 5
Fev 3d* *H, -3 70 67 —16 51 34 -2
3H s 3 11 14 -3 11 0 -3
*He —1 —62 —63 14 —49 —54 —4
3H,-*H -2 132 130 —30 100 88 2
CoV 3d5 4Gn/2 —1 —81 —82 18 —64 —57 8
4Gyyy 1 -7 —6 2 —4 —1 10
4Gqpy 0 54 54 —12 42 46 13
4Gs,, -5 101 96 —-23 73 83 17
4Gs 4Gy o —4 182 178 —41 137 140 9
Niv 3d° 3Hy -1 —80 —81 21 —60 —61 -3
3Hs 2 15 17 -3 14 14 1
‘H, —6 91 85 —24 61 70 8
SH-*H -5 171 166 —45 121 131 11
ZnV 3d? 3p, -2 —44 —46 21 —25 -73 -7
3p, 14 42 56 14 70 40 -1
3P, —28 85 57 11 68 28 —4
3Py-3P, —26 129 103 —10 93 101 3
Total contribution® 37 675 638 130 508

2The total contribution is defined as the sum of the absolute values of the contributions.

TABLE XVI. Configuration-interaction and effective EL-SO parameter values for Crv 3d? PP

method (cm™!).

Perturbing
configuration »
3dnd R*(3d 3d,3dnd) R*(3d 3d,3dnd) G3dnd AE34 na 0? o*
3d4d 19447 13314 188 319850 16.3 11.2
3d5d 9493 6487 119 413409 3.9 2.7
3d6d 6043 4112 85 459 857 1.61 1.1
3d7d 4331 2937 65 486327 0.8 0.5
3d8d 3321 2246 52 502 843 0.5 0.3
3d9%d 2660 1796 43 513840 0.3 0.2
Q* total 23.4 16.0

TABLE XVII. Configuration-interaction and effective EL-SO parameter values for MnV 343 PP

method (cm™?).

Perturbing
configuration
3d?nd R%(3d 3d,3dnd) R*(3d 3d,3dnd) C3d,na AE;q Q? o*
3d*4d 20420 13591 232 341670 19.8 13.2
3d?*sd 9983 6815 145 437939 4.7 3.2
3d?%6d 6368 4333 104 485385 1.9 1.3
3d?*1d 4575 3104 79 512334 1.0 0.7
3d%8d 3514 2379 63 529103 0.6 0.4
3d%9d 2818 1905 52 540247 0.4 0.3
Q* total 28.4 19.1
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TABLE XVIII. Configuration-interaction and effective EL-SO parameter values for FeV 3d% PP
method (cm ™).

Perturbing
configuration
3d°nd R*(3d 3d,3dnd) R*(3d 3d,3dnd) E3dnd AEsg 4 0? o*
3d%4d 21289 14512 282 361146 23.7 16.2
3d35d 10524 7178 176 460081 5.8 4.0
3d6d 6758 4598 125 508478 2.4 1.6
3d*71d 4874 3310 96 535860 1.2 0.8
3d38d 3753 2545 76 552856 0.7 0.5
3d39d 3015 2042 63 564130 0.5 0.3
QF total 34.3 23.4

TABLE XIX. Configuration-interaction and effective EL-SO parameter values for CoV 3d°; PP
method (cm ™).

Perturbing
configuration
3d*nd R*(3d 3d,3dnd) R*(3d 3d,3dnd) Edna AE34 g Q? o
3d*4d 22099 15036 337 381571 27.9 19.0
3d*sd 11040 7525 209 483187 6.8 4.6
3d*6d 7132 4854 148 532526 2.8 1.9
3d*7d 5162 3509 113 560333 1.5 1.0
3d*“8d 3983 2704 90 577 549 0.9 0.6
3d*9d 3204 2174 74 588950 0.6 0.4
QF total 40.5 27.5

TABLE XX. Configuration-interaction and effective EL-SO parameter values for NiVv 3dS; PP
method (cm™!).

Perturbing
configuration
3d°nd R*3d 3d,3dnd) R*(3d 3d,3dnd) G3dnd AE34 g Q? o
3d*4ad 22821 - 15505 393 404 876 31.6 21.5
3d°5d 11511 7842 242 509423 7.8 5.3
3d*6d 7476 5089 172 559759 33 2.2
3d%7d 5428 3692 131 588009 1.7 1.2
3d°8d 4196 2852 104 605 454 1.0 0.7
3d%9d 3379 2296 86 616984 0.7 0.5
QF total , 46.1 31.4

TABLE XXI. Configuration-interaction and effective EL-SO parameter values for CuV 3d’; PP
method (cm ™).

Perturbing
configuration
3d%nd R?*(3d 3d,3dnd) R*3d 3d,3dnd) $3d,na AE3gq Q? o*
3d%d 23 600 16003 461 427340 36.4 24.7
3d%5d 11959 8136 282 534 467 9.0 6.1
3d%d 7785 5295 200 585674 3.8 2.6
3d%7d 5662 3849 152 614318 2.0 14
3d°8d 4381 2976 121 631967 1.2 0.8
3d%9d 3531 2398 99 643614 0.8 0.5

Q* total , 532 361
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TABLE XXII. Configuration-interaction and effective EL-SO parameter values for ZnV 3d% PP

method (cm™}).

Perturbing
configuration
3d’nd R*(3d 3d,3dnd) R*(3d 3d,3dnd) Cidnd AE3gna Q? o*
3d’4d 24124 16314 537 446448 41.5 28.0
3d’5d 12456 8458 329 556 305 10.5 7.1
3d’6d 8191 5563 234 608411 4.5 3.0
3d"7d 5983 4063 178 637424 24 1.6
3d78d 4642 3151 142 655259 1.4 0.9
3d79d 3747 2543 116 667010 0.9 0.6
QF total 61.2 41.2

which can give an indication of the strength of the in-
teraction under discussion, is defined as the sum of the
absolute values of the contributions to the individual mul-
tiplet splittings. It is thus seen from Table XV that the
s00 is by far the strongest interaction, as compared with
the other additional SDI, and can reach 182 cm™! (for
CoV 3d’%G). The effective EL-SO interaction is weaker
than the soo by about a factor of 5 and can reach 45 cm ™!
(in Niv 3dS3H). The ss interaction is the weakest of
them all, its strength being more than 1 order of magni-
tude smaller than that of the soo. Its characteristic con-
tribution is only a few wave numbers per multiplet, its
contribution to Znv 3d® (°P,-*P,), which amounts to 42
cm™ 1, constitutes an exception.

4. Conclusion B
The great importanée of the additional SDI as a tool

for improving the calculated multiplet splittings has been
demonstrated. Consistent values for all appropriate pa-

rameters were obtained, and their dependence on the ef-
fective nuclear charge was determined. Although the
various additional SDI differ in strength, their simultane-
ous introduction is essential for obtaining the above-
mentioned results. On comparing the conclusions ob-
tained in the present work with those obtained in previous
works, >0 it is interesting to note that the additional SDI
have different relative strengths in different spectra: in
the third spectra of the iron group the soo and the effec-
tive EL-SO interactions are approximately of equal
strengths, contributing several tens of cm™! to the multi-
plet splittings. On moving to the fifth spectra of the iron
group (the present work), the soo doubled its strength,
whereas the strength of the effective EL-SO did not
change. In UV 5f2, it was shown that only the effective
EL-SO interaction was of importance and the mutual
magnetic interactions could be neglected. In all cases, the
ss was found to be the weakest interaction of all addition-
al SDI.
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