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The generalized theory of the intermediate-coupling scheme has been developed for the
many-electron systems of the second and third series of the transition-metal-ion octahe-
dral complexes. The theory has been developed for the general configuration, kd "
(k=3,4,5; n=2,...,9) but has been presented up to n=5. The transformation ma-
trices for the remaining d'°~"(n < 5) configurations can be easily found from those of
d™(n <5) by using the well-known principle of electron-hole complimentarity. To show
the enormous simplicity and great advantage over the strong-field coupling scheme so
long used in such cases, the d* configuration has been treated by this method as an appli-
cation. At the end some typical magnitudes of the parameters like Dg, §, B, and C have
been used to find the energy levels and the paramagnetic susceptibility for K,ReCls. The
beauty and importance of this scheme lies in the fact that as one switches off the spin-
orbit interaction one gets results identical with those of Tanabe and Sugano, and further,
if one also switches off the crystal field but retains only the interelectronic repulsion term
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one gets the results coinciding with those of Racah in atomic spectroscopy.

I. INTRODUCTION

It is well known that in order to adequately
describe the magnetic and optical properties of the
complexes of the rare earths and the first transition
series it is sufficient to use the weak-field and the
strong-field coupling schemes, respectively. But
for the complexes of the transition-metal ions in
the second and third series, the above schemes are
grossly inadequate since the crystal-field as well as
the spin-orbit interaction are much stronger than
the interelectronic-repulsion term. In fact, in going
through the Periodic Table, we notice that the in-
terelectronic repulsion among the outer-shell elec-
trons gets weaker while the spin-orbit interaction
becomes stronger. In atomic spectroscopy this sit-
uation is known as the breakdown of the Russell-
Saunders scheme. The appropriate coupling
scheme to use in such cases is the jj-coupling
scheme, also known as the intermediate-coupling
scheme. This exact situation is encountered in the
compounds of the palladium (4d") and platinum
(5d") groups of ions. Taking the Racah parameter
B, the spin-orbit interaction constant §, and the oc-
tahedral ligand-field parameter Dg as the indica-
tors of the respective interactions, it is easy to real-
ize that while the applicability of the weak-field
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scheme for the ions of the palladium and platinum
groups is of doubtful validity, any calculation
based on the strong-field scheme should include
the configuration mixing due to the strong spin-
orbit interaction. Alternatively, one may inquire
whether it is possible to develop a scheme analo-
gous to the jj-coupling scheme in atomic spectros-
copy. Such a procedure has been developed in this
paper and is outlined below.

The fact that the strong spin-orbit interaction
can change the magnetic behavior of the 4d” and
5d" compounds was pointed out by Van Vleck' as
far back as in 1932. While studying the
anomalous magnetic properties of the palladium
and platinum series of ions, he showed by qualita-
tive arguments that the large spin-orbit interaction
is responsible for the complicated behavior of these
ions. He also showed that, just as the electrostatic
field quenches the orbital angular momentum of
the ion, the combined action of the electrostatic
and the spin-orbit interaction can quench the total
angular momentum. Later, Liehr> and Moffitt and
his co-workers>* studied the cases where the spin-
orbit interaction is strong. Liehr considered an ion
with a single electron; he treated the electrostatic
(the cubic field and the lower symmetric crystal
fields) and the spin-orbit interactions on the same
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footing and stressed the importance of the role of
the spin-orbit interaction in the properties of the
4d" and 5d" ions. Moffitt and his co-workers,
from a similar point of view, analyzed the absorp-
tion spectra of the hexafluorides of the 54" (n =2,
3, and 4) ions. These studies may be said to have
used the intermediate-coupling scheme in the true
sense of the word, where a number of authors still
use the strong-field coupling scheme but take into
account the configuration interaction due to the
spin-orbit interaction. Contrary to the claims that
are made, such calculations cannot be considered
as truly based on the intermediate-coupling scheme
for the following reasons.

Since the wave functions belonging to different
coupling schemes are related by a unitary transfor-
mation, diagonalization of the complete matrices
using any of the schemes will give identical results.
However, the appropriateness of a particular
scheme lies in its ability to give “good” results
when only a few terms or configurations are in-
cluded in the calculation. In this sense, the basic
orbitals used to build the many-electron functions
are of importance.

The three schemes use different starting orbitals.
In the weak-field scheme, the starting orbital is d
and the zeroth-order wave functions are
|d,m;=2), |d,1), |d,0), |d,—1),and |d,—2).
The zeroth-order Hamiltonian consists of the free-
ion Hamiltonian, given by

2 2
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where the summation is over all the d electrons.
Here 57, involves the electrons in the closed
shells. In the strong-field scheme, the starting or-
bitals’>~7 are t, and e. The zeroth-order functions
are | 1,£), |t,m), |1,6), |e0), and |ee). The
zeroth-order Hamiltonian is given by

Ze? N
%SZ%core"‘z ‘7“"2 Vc(ri) . (1.2)
- ; F
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The symmetry group of %5 is Oy, whereas in the
weak-field scheme it is the full-rotation group Rj;.
In the intermediate-coupling scheme the starting
orbitals are yg;, 77, and vg,, which are explained in
the next section. The zeroth-order Hamiltonian
now includes the spin-orbit interaction:

Ze?
¥

%I:%core_z +2 Vc(f?l)
i i

"\ng Ti.gi . (1.3)

Owing to the spin operators in the above Hamil-
tonian, the symmetry group of #°; is now the oc-
taheral double group, denoted by Oy,

It follows from what has just been said that al-
though the strong-field calculations, including the
configuration mixing via the spin-orbit interaction,
can be applied to the 4d” and 5d” ions, the
strong-field scheme is not identical with the
intermediate-coupling scheme. From the computa-
tional point of view, however, the strong-field ap-
proach has certain advantages which will be evi-
dent later in this paper. The advantage is due to
the fact that the relevant transformation matrices
are readily available which are very helpful to con-
struct the intermediate-coupling scheme for the
many-electron systems. With this introduction we
now develop the intermediate-coupling scheme for
the many-electron systems.

II. THE INTERMEDIATE-COUPLING
SCHEME

We consider a single d electron in the crystal
field of octahedral (O;,) symmetry. We include the
spin-orbit interaction in the zeroth-order Hamil-
tonian along with the free-ion Hamiltonian and the
crystal-field potential:

HOZHfreeion+Vc+§T'§ . (2.1

Since spin is now included, the full symmetry
group of this Hamiltonian is the octahedral double
group (0;).>°

As mentioned earlier in the strong-field scheme,
the spin-orbit interaction is not included in the
zeroth-order Hamiltonian. In this scheme there
are two single-electron energy levels denoted by ¢,
(lower level) and e (upper level) whose spatial de-
generacies are 3 and 2, respectively. The sets of
spatial basis functions for these two levels are
(€,m,£) and (6,¢), respectively,>® which span the
T, and E, representations of the O, group. These
functions are suitable linear combinations of the
five d orbitals (d,,d;,do,d _;,d _,).>® The elec-
tronic energies for the 7, and e levels are, respec-
tively, —4Dgq and 6Dq measured from the free-ion
energy level.>~7 Each of these levels has a spin de-
generacy of 2. The complete sets of basis func-
tions are obtained by coupling the spin functions
with the spatial ¢, and e basis functions and then
symmetry adapting to the irreducible representa-
tions I'; and I'g of the double group O;. These
sets are given as follows:
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, ' 1 V2.
K=|st2K)=—%6§+——‘73‘n+—l"‘/—§§ ,
V=1 == o

— ISP S
p= 1) ===+ =",

, i - 1
V=|7812V>=-‘/L—g§ —7617 - ‘/3§+,
; 1 ; (2.2)
@)= AT A

PR I P S R
K"=|?’82K>=€~ ’
A= |yger)=—60",

.u’”= l YSe.u’>=6— ’
V'=|vgv)=—€".

We shall use the notations I'g, I'7, and I'g in-
stead of E’, E”, and U, respectively, which appear
in Ref. 5.

In deriving the above sets we note that the spin
functions | S =7,ms=+7) and
|S = %,ms = —%) span the ['g representation of
Oy,. Decomposing the direct product T, @ I'¢ we
get I's and I'; which give the first two sets in (2.2).
Similarly E, ® I'¢ gives I'g corresponding to the
last set. The coupling coefficients required here
are given in Table A 20 of Ref. 5.

_In the presence of the spin-orbit interaction term
§1-3 there will be mixing between the v, and vs,
terms. The matrix of H, between these two terms
is as follows:

Vs, Vse
Vs, (—4Dg —5& V3/2C'

Ho=y., | v3ne 6Dgq

Since the radial part of the wave function for a ¢,
electron may be slightly different from that for an
e electron, we have reasonably taken two different
spin-orbit interaction parameters, ¢ and ¢'.2

Diagonalizing the above matrix we get two
eigenvalues:

€o(vs1)=Dg — 7& —5[(10Dg + 38>+ 662172,
2.3)

€o(¥su)=Dg — 3£+ 3[(10Dg + +£)*+6£2]172

with the corresponding eigenvectors

cosf
—sind

and

sinf
cosd

’

respectively, where we have set

tan20= —@T— . (2.4)
10Dg + 5§

Now, the y5; and 7, basis sets corresponding to
the two fourfold degenerate energy levels in (2.3)
are linear combinations of the original Vs:, and Vg,

basis sets:

a;=|yya)

=cos6 | vg,a ) —sinf | yg.a) ,
(2.5)
a,= l Y8ug )

=sind | V81,4 ) +cosf | ys.a ).

The y3, level is above the yg; level and the
remaining doubly degenerate ¥, level lies in be-
tween those two. The energy value of the y; level
is

€ly7)={vma |Ho|va)
=—4Dq +¢§ . (2.6)

For a many-electron transition-metal ion Nd”,
we can make use of these three single-electron en-
ergy levels (vg;, 734, and y;) as obtained above—the
task then is to accommodate the n d electrons in
these levels in various ways and to construct the
symmetry adapted wave functions for each config-
uration; yg g2 17" (niny <4 ny <2 ni+ny
+n3=n). This configuration gives a
4C,,14C,,22C,, ,-fold degenerate level, the associated
unperturbed energy (in the absence of electron-
electron interactions and external magnetic fields)
being

Eo(ny,ny,n3)=n €y +n260(Vsu)
+n3€lyr) . 2.7

The method of construction of determinantal
(antisymmetric) wave functions for the different
configurations in the present case is very similar to
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the analogous procedure for the strong-field sition of 'y @ 'y, '3 ® 'y, and I'; @ T'; are not
scheme.’~7 The main difference here is that we found ready made; these are easily constructed by
are dealing with three basic single-electron levels using the Wigner coefficients’ in conjunction with
instead of two. The coupling coefficients used in the Table A 19 of Ref. 5. We give below only a
this construction are given in Table A 20 of Ref. 5. few examples of the determinantal wave functions
However, the sets of coefficients for the decompo- | constructed according to the present scheme:

| v 1ay >—_ (v ] — [ A )

|7/23§u:F8K>= - |Ku)‘ul‘u l ’
|v3:d1a1)=|a"B"| ,
| EWsu T Y =5 kviky | + | Mtihy | + | kiAvy | + v |)

‘/_
| VarYaYeu(T1):3 Do) = ‘/—0(— [kihpa iy | + [ kA B vy | + | kiAviB 1y | )+ —F= 1/7) [kiAviav, |
(2.8)
|‘}/§1(T2)’}/7((r3))&(T2 F8K> \/—6 — [ Ky | + | via " kypty | — [ AviB Kyt |

- IKI.U'IB“}"uVu | — [KIl-‘Ia”Ku}"u J + [KI,u'Ia”.uuVu |
+ IKI)‘IB”Ku;‘u ‘ — [ KM B 1y vy I - |.u'l'VIB”Ku}\'u ]

+ [wviB vy, ).
The notations used here to designate a state are quite obvious and clearly show the steps contained in the
construction of the state. Thus, for example, the construction of the state | ya(T 2)y7((F8))}/8u(T2 FgK)
consists of the following steps:

(i) T, states are obtained from the two-electron configuration y%,.

(ii) These two-electron T, states are combined with the one-electron y; states to get three-electron (note
the first underline) Iy states (indicated by I'y within the double parentheses).

(iii) These three-electron I'g states are finally combined with the T, states of the two-electron (note the
second underline) configuration Y3, to give the k component state of one of the two I'g levels (the direct
product I'y ® T', gives two I'g representations denoted by - 2 -T'g and Fg) 5

By using Eq. (2.5) we can express these wave functions in terms of determinants involving «',A’,u’,v';
a”,B"; k", A",u",v". Thus, for example, the fourth wave function in (2.8) becomes

I’};SI(E)’}/gu F6a >—_C30( IK’V,)""| + |}\’I " I + lKI)",V',l + |‘LL’ ’ 1,| )
+ C21( |K")»“ :| + I)‘" U}Lll + 'KII,VII)\’!| + |‘Ll," o | )
+’—C]2( IKI}\-"VHI -+ IA 'A,”I + lKlv'A”l + |“l ’ NI )

+ CO}( IK”V”)V’R + |}\’n II)\’I! + |K”}\.”V‘| + |#n "'V ‘ ) R (29)
where
C,un =cos™0sin"0 .

: U IE! : : ™y, My, M .
After this step we can-express the ¥g; vs, 77~ wave functions in terms of the Vsr,Vse ¥7~ wave functions:
n,on, n, . . . m, m, n, .
| Va1 Vsuys iTa) = 2 a"i,ny,np,ns5j,my,ma) | va,¥ee'v7 la) (2.10)
Jymy,my
(my+my=n,+n,)
where
I . m, m, n, . n, n, ny .
a®(i,ny,ny,ns5j,my,ma) = yanvse v iiTa | vaivsuys ila) .
We note that by making the replacements /—t¢,, u —e, k;, etc.—«k’, etc., k,, etc.—«k'’, etc., in the original
. . n, n, n . . n n, n
expression [such as those in (2.8)] for a g/ 7s;77° wave function we get the corresponding v, ¥se77° Wave
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function. Thus, for example, the fourth wave function in (2.8) gives

| Vae,(Ese:Toa’ ) =3 (| KVA" | + | Mp'A” | + | KAV | + | w'v'v"]) . 2.11)
As an example of the transformation (2.10), we find that Eq. (2.9) gives

| V81(EWsy:Tsa ) =Cio | Var,(EVse:Tsa )+ Cot | Ve (E)va, T ) . (2.12)

These transformations for all the wave functions of d?, d3, d*, and d° ions are given in matrix form in
Tables I A, IT A, IIT A, and IV A, respectively in Ref. 27 (Appendix B). We note that these transformation
matrices are unitary. y n

Next, we use Eq. (2.2) to express the yg,'zygfy73 wave functions in terms of determinants involving

EX ottt e ,m,67,0%,61,07,6. For example, Eq. (2.11) gives
| Ve, (EVyse:Toa’ Y=< (| 7670 | —2i |E¥n=6% | +2i |[¥E=0% | + [+ n =67 |
+ 6 ErOT | —i |ntEret | — |§7ETOY | —i [§TnTOT [ +2(57ET6T )
S5 |6 et [+ It | = [67ETe i |6 .13
+IETETeT [ +i|nTLtet]) .
Finally we couple the space and spin parts of the usual strong-field-scheme wave functions (given in Ref.

n, n, n K i
5) to correspond to the representations of the double group Oy and express the vy, ys.7;” Wave functions in
terms of these symmetry adapted strong-field wave functions:

lyshygeysiTa)= 3 b ,ny,nyns5kmny) | tfe (% *'DykTa) (2.14)

Jkm
(m=nl+n3)

2

where
b (i,ny,ny,n555,k,mny)=(t7e"% (35 +'D):kTa | y:,’zygjy:3;il"a ).

For example, by using the coupling coefficients for the decomposition, 'y ® Tl —»I‘(, +I+5 2 I3+ %Fg,
we can3 form lllnear combinations of the twelve strong-field wave functions | t3CT))e;*T 1m,a)
(mg=+,7,—5,—7; a=1,0,—1) to correspond to the irreducible representations of the O, group:

| £3CT)e;(*Ty):Tea’ )—Titg(sTl)e;“Tl%—l)——‘-?%|t%(3T1 e;*T150) +—= ‘/3 | 3CT)e;* T —51)

11 +++_ﬁ tEtet
+ |- 1660t 1= € s e

1 V73
—E|§+17+9+|+T|§+17+€+|

L
2
— U ETOT [+ [n*Em6% |+ (£ 0% )

(&0~ |+ |t |+ &~ 6"|)

— A e 1 Enre [+ (6T D)
~Lerco |+ 16 cre |+ 166t )

%3( |§7¢7e |+ 1676 e [+[67¢7€ ), (2.152)
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” 1
| 30T )e;(*T)):Tha =T/—Z|t%(3T1)e;4T1%1) [tz( Tye;* T\ —5—1)——= 7 |t%(3T,)e;“T1—%O)

j 1 V3
=_2’73 l_3|§+,7+9+|+_21|§+,7+6+|

el [—% g+g ot =22 grgver)

i -9- —m+g— -m—g+
AL AU B IR AU S TS BCARD
—gUet e+ leTnre |+ 1gTnet )
1 +r—9— —F+g— —F—p+
+ o A UETETOT I+ E7ETOT [ +E7¢T6% )
+3UET e |+ E7¢ e [+ € LTer D mpx g0, (2.15b)
|3CT ) )e;(*Ty):5 T ) = 1/% |t§(3T1)e;4T|%O)—%lt§(3T|)e;4T1%1)

V3
=5 | METOT | — (|6t |+ | P60 [+ 6ot )

i +pte— +n—et —mtet
+2‘/§(I§n€ |+ 16 n~et |+ 5 ntet|)

ST IE e |+ 10t | + 16 et )

R S P — et
+o ST e [+ 6707 [ +]676%eT ), (2.15¢)
1 1
|t§(3T, )e;(4T1 ):%I‘gk):—ﬁ [t%("'Tl )e;4T1 )e;4T1 %0)—% |t%(3T1 )e;“T,%l)

e
——‘7_—2—|t%(3T1)e;4T1—-%—1)

—— S IOt |~ (e e 1600 |+ £ et

4‘/§(|§+ nte |+ [ET et [+ 5T ntet )
4‘/——5(l§+§+9_l+l§+§ 0t |+ |&7¢T0t])

RS H g e |+ e gret|)

V’5

iv5 | 1 Vs
t3

s |35 l6meTI—gTme |

1 e ——
167607+ EEe |
(2.15d)
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As an example of the transformation (2.14), we find that

V2

| ar,(E)yse:Tea ) = %3 |£3('E)e;(*4,):T'ea ) —% | £5CT )e;(*T ) ):Tga ) ——= | 3CT )e;(*T):Tea ) ,

3
(2.16)

where the transformation coefficients are as given in (2.14). Thus, for example, using Eq. (2.13) and Eq.

(2.15a) we find

1

(3CT)e;(T)T e’ | Vi, (E)se Do) = — 5 —

The other coefficients in (2.16) are similarly evaluated:

1
‘/3 b
(B3(T,)e;*T1)Tea’ | Vs, (EVse:Tea') =0,

(13('E)e;(*4, )T’ | Vi, (E)yge Toa' ) =

(13CT))e;(*T,):Tga’ | 3, (E)yse:Tea' ) =0,
V2

(BCTECT )T | Yoy (ENse T ) = — == .

These transformations (2.14) for the wave func-
tions of the d2, d3, d*, and d° ions are presented in
matrix form in Tables IB, IIB, III B, and IVB
respectively, in Ref. 27 (Appendix B). These
transformation matrices are unitary as they should
be.
After going through these two successive
transformations (2.10) and (2.14), the original

el V527> wave functions of our intermediate-
coupling scheme will be expressed in terms of the
wave functions of the usual strong-field coupling
scheme and thus the matrices of #°, in the
intermediate-coupling scheme can be directly
evaluated in terms of those in the strong-field
scheme. This method of taking recourse to the
strong-field-scheme results is advantageous because
the matrices of 57, in the strong-field scheme have
been fully tabulated in terms of the usual Racah
parameters, 4, B, C (Tables A 26— A 30 in Ref. 5).

We have presented the transformation matrices
of our scheme up to the d° transition-metal ion.
Similar results for the remaining ions are not given
explicitly since according to the principle of
electron-hole complementarity, the scheme can be
easily extended to embrace those ions also—the
terms and matrices for the d'°~" ion follow from
those of the d" ion (n=2,3,4).

III. APPLICABILITY OF THE SCHEME

As already stated, the intermediate-coupling
scheme developed here will be very helpful for the
ions of the second and third transition-metal series.

1

1 2
% 8 9 9 T T u T T T T3

In this case (¥, << V.~%",,), according to the
configurations of the different unperturbed states,
we can classify these states into several groups
such that the energy separation between two unper-
turbed states belonging to different groups will be
considerably large compared to the perturbations
which these states would acquire on addition of
, to the unperturbed Hamiltonian containing V,
and 57, Then, as a first approximation, we may
neglect the “mixing” (through 5,) of states in dif-
ferent groups. Of course, we can always improve
the accuracy by taking into account the effects
coming from configurations located energetically
higher and higher above the low-lying group of
states. Thus, the Hamiltonian matrix block for
any given representation of O; will break into
smaller sub blocks, each of which can be diagonal-
ized with very little computational labor. Thus the
major part of the approach consists of straightfor-

" ward and easy analytical calculations based on the

well-tabulated results given here.

Chakravarty and Desai® ' undertook the
theoretical study of the optical and magnetic prop-
erties of osmium fluoride (OsFg) to illustrate the
usefulness of the intermediate-coupling scheme.
Here Os®* is a 4d? ion situated in the octahedral
field due to the six F~ ligands. The results of this
study are in good agreement with the available ex-
perimental data.>*!! The merit of their investiga-
tion is that the results obtained in the first approx-
imation only are sufficiently close to the experi-
mental data and that these are easily derived in
simple analytical forms. Earlier Eisenstein!? tack-
led the same problem by using the conventional
strong-field coupling scheme. Naturally he had to
consider all configuration interactions through
X, + X and the matrices to be diagonalized
were of huge dimensions. Hence, although the re-
sults of Eisenstein are exact, his solution fully de-
pends on numerical computations and there is
hardly any scope for obtaining results in analytical
forms.
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The complex K,;ReClg was similarly treated by

Eisenstein'® on the basis of the strong-field scheme.

We shall apply the intermediate-coupling scheme
for the same complex and use the same set of
values for the parameters as employed by Eisen-
stein to show that the results obtained in the first
approximation of our scheme are very close to the
exact results of Eisenstein. Further, it will be evi-
dent that our procedure involves simple analytical

steps and the amount of numerical computation
necessary is very small compared to that encoun-
tered in Eisenstein’s work. Here lies the impor-
tance of our present investigation.

Re*t in K,ReClg is a 5d° ion situated in the oc-
tahedral ligand field. To investigate the ordinary
properties of the system we need only a few lower
states. So we start with the six low-lying unper-
turbed levels,

|T3)=|varTs), | T3) = | va(E)y2:Ts) , | T3) = | v&(Ta)y+:Ts)
IT$) = | vav3:Ts), | Te) = | va(T2)y2Ts), | Ty} = | v81(A)y2T) .

Usually €)(7s,) is much greater than €(yg;) and €y(y;) so that the states coming from the configurations
Y81Y7Y8u VsiVeu ,y%yg,,,yﬂﬁu,yg,, are situated much higher in energy scale and therefore can be omitted. Thus,
for the values Dg=3350 cm ™!, £=¢'=2300 cm ™!, as used by Eisenstein for K,ReCly, we get
€olys)=—14777 cm™", €y(y7)= —11100 cm ™!, and €)(ys,)=20327 cm~'. Using Tables I A(3) and I1 B(3)
given in Ref. 27 (Appendix B), we express the unperturbed states considered in terms of the strong-field-
scheme wave functions. Then, using the known electrostatic matrices in the strong-field scheme, we can
easily construct the required matrix elements of the Hamiltonian (7, being the only perturbation included),
with respect to these states of the present scheme. For the electrostatic matrices in the strong-field scheme
one may use Table A 28 of Ref. 5, where the matrix elements are given in terms of three Racah parameters
A, B, and C. However, because of the covalency effects (which are more prominent in the complexes of 4d”"
and 5d" ions), there arises the inequivalence of the Sdt, and the 5de orbitals so that it would be reasonable
to introduce several different sets of Racah parameters 4;, B;, C;, where i refers to the number of times
(0—4) that the 5de radial function occurs in the Coulomb integrals. The electrostatic matrix elements used
by Eisenstein'? are in terms of such Racah parameters. However, we cannot use those elements directly here
since our wave functions have been constructed in accordance with Griffith’s phase convention® which is
slightly different from that in Ref. 13. The proper electrostatic matrices to be used in our case are given in
Appendix C.

The perturbed energies for the I'¢ and T'; levels, with the use of Appendixes B and C are simply

EI(F6)= <')/§1(T2 )77:F6a’ l %I ')/§1(T2 )’)’7!F6(ll)

=2¢€0(ys1)+€o(v7)
+ | (349—6By+3Cy)Cap+(2V'6B,)C; +(24¢+4A4, —3By— 14B, + +Co+~+C,)Cyy
—l‘gﬁBl Ci3+(24,+A4— 5By —8B4+5C1)Co4 | » 3.1)
and
E\(T)={vi(4,)yyT7a" | # | va(4,)yzT7a")
=2¢€0(vs1)+€oly7)

+[(349+5C))Cao+(6V6B,)Cs, + (240 +44, — 5By + 12B, + 3 Co+5C,)Cry
+(2V'6B,)Cy3+(24,+A4—2B, +8B,+C,+4C4)Co4] . (3.2)

The corresponding wave functions are the original unperturbed functions | T'4) and | I';), respectively.
The energies and wave functions for the four 'y levels are obtained by diagonalizing the 4 X4 matrix of
the Hamiltonian with respect to the four unperturbed I'g states considered. This matrix is
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ry Is Iy T3
T3|Ey E;p E;y Ey
=F§ E\, Ey Ey Ey (3.3)
T3|E\s Ey Ejy Ey
T§|Eyy Ey Ey Ey
where the matrix elements are
E“ =360(731)+[(3A0 — SBO + %O‘C())Cw—(""/aBl )C31 +(6A2 —_ 1632 +4C2 )sz
4+(34,—8B4,+4+4C,)Cw], (3.4
E12=[(2BO+%CO)C30+(432)C12] , (3.5)
v'6 46 v’6
Eys= | [VBBo+52Co |Caot2BICn — | £, + 200, [Cua | 3.6
E14=[(5Bg+3Co)Cy —(2V6B,)Cy; +(2B, +C,)Cs ] (3.7)
E; =2€0(ys1) +€oly7)
+[(3A0—8Bo+%C0)C40—(2\/BBI )C31+(24¢+4A4, —5By—10B, + %C0+C2)C22
+(2V6B,)C3+(24, +A44—2B,+C,+2C4)Co4] (3.8)
v'6 2V/6
Eyy=— 1/630+-—3—6—co Cy+(4B,)Cy, — 3632 Co (3.9)
Ej=—(2By+5Co)C3—(4B,)Cy, (3.10
v'6 46 2V'6 V6
E3=— ‘/630+‘3_6C0 C30—(2B,)Cy; + 3632— 36Bo+‘3—6cz Cp, (3.11)
Es=€o(vs1)+260(y7)+ (34— 5Bo+5Co)Cao+(2V6B,)Cy, +(Ag+24, —2By + 7Co+C,)Coy . (3.12)
1
The above matrix elements can be easily derived by tain the following numerical results:
using the tables cited in Appendix C. B
With the following choice of the values of the E,(T'¢)=6778.8, (3.13)
parameters, Eisenstein'® got good agreement with E,(T;)=12836.7,
the observed energy levels of the system: q
an
D, =3350,
A0=A2’—"‘A4=0, E11=36616,
B, =380, E;,=1922.5,
B,=335, E;=2384.0,
B, =305, E,=4684.1,
B, =260, E,,=4597.4, 14
Co=1760, Ej = —2248.2, :
C,=1520, E,y = —1922.5,
C,=1300, E3;,=3779.7,
§=§'=2300 . E34=—2388.0,
With the use of the same values in our case we ob- Enu=11452.6,
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where Dg and all the 4’s, B’s, C’s, and E’s are in
cm~! and the energy levels in (3.13) and the diago-
nal matrix elements in (3.14) have been measured
from the value 3€y(yg)=—44332.5 cm~!. Diago-
nalization of the matrix (3.3) gives the following

four I'g energy levels in cm™:

E|(T'§)=—2460.4,
E(I'%)=5621.0,
E,(T§)=6476.1,
E(T')=13854.5 .

(3.15)

Relative to the lowest level T'g, the positions of

the levels in order of increasing magnitude are, in

cm™}

E(T'§)=0,

E,(T$)~8081,

E,(I'§)~8936, (3.16)
E(I'g)=~9239,

E(T'7)~15297,

E(T$)~16315 .

We note that these levels almost coincide with the
corresponding levels by Eisenstein (again, in cm™!):

“4,(Tg): 0,

2T\ (Tg): 7895,
2E(Tg): 8798,
2T (T): 9176,
IT,(I';): 14653,
2T, (Tg): 15723 .

(3.17)

Obviously, the coincidence would be exact if we
take into account the interactions with the higher
levels also. The number of higher levels whose in-
teractions with the six lower levels were neglected
is 33. The fair agreement between the two sets of
levels [our set of (3.16) and Eisenstein’s set in
(3.17)] clearly indicates that this group of higher
levels, although very large in number, have very
little interactions with the six lower levels. Of
course, this situation was evident at the very begin-
ning of the calculation in our scheme and simplifi-
cations in the subsequent steps were based on this
aspect. We note that the positions of the levels in
(3.16) are slightly higher than the corresponding
exact positions in (3.17). This is expected because
the effects of the higher levels which we neglected
here are to “depress” the lower levels, the depres-
sion of the lowest level being smaller than those of
the others. The wave functions corresponding to
the four Iy levels in (3.15) are, respectively,

| Tgy)=—0.62378 | Tgy) +0.43919 | T3y) +0.53530 | ['3y) 4-0.362 58 [Tsr),

| T8y)=—0.68225| Tly) —0.493 62 | T3> —0.50961 | T3y) 40.1765 65 |Ter),

| T§y)=—0.04076 | T'gy) 4-0.74588 | T2y ) —0.664 78 |T3y)+0.00772 | Tdy) ,

| T$y)=0.37917 | T}y ) —0.08501 | T3y ) —0.10820 | T3y ) +0.915 04 Ty (v=k,Apu,v). (3.18)

We now proceed further to find the paramagnet-
ic susceptibility of the system. The magnetic-
moment operator of the system is

Z=BKL+28)
=B3 (KT;+23,), (3.19)

where B is the usual Bohr magneton and K is the

orbital reduction factor arising out of the covalen-
cy effect.!*=2! Since the system has cubic symme-
try, it is sufficient to evaluate the z component of

susceptibility. In the present case, the appropriate
formula to use is

NB? a
X= 4ka§ [{T§|N,|Tg)|?
+2Nﬁzz |<¢lelegi>|2

b
ij E;

(3.20)

where N is the Avogadro number and kj is the
Boltzmann constant. Here, the first sum over the
index i, is required to distinguish the four degen-
erate ground-state wave functions. The second
sum is over i and also over all excited states; E ;s
the excitation energy for the state whose wave
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function is ;. Thus we require the matrix ele-
ments of the operator

N,=KL,+2S,
= E (KI,Z +2S,'z) .
i
First we evaluate the matrix elements of the
single-electron operator 7, =KI, +2s, with respect

to the single-electron states x;,A;,u;,vp,a@”,8”. The
nonzero elements are as given below:

(ki mz ey =—=Cve g | vp)
4H"2
=“%(1“K2)C20+‘—‘/§ K,Cyy—Cp, ,
Az [ A== |0, | )
=—(1-K;,)Cx»+Cyp, ,

(3.21)
(k| | B Y=V |n.|a”)

V2 2
="T(K2+2)C10+T/—§K1Cm ,
(a"|n,|a)=—(B"|7.|B")
=—+(2K,+1).

Here, in view of the inequivalence of the 5dt, and
the 5de orbitals we have used two different orbital
reduction factors—we have put K=K when 7,
has nonvanishing matrix elements between a ¢, or-
bital and an e orbital and K =K, when 7, has non-
vanishing matrix elements between two ¢, orbitals.

With the use of these results in (3.21) and the
determinantal expressions (given in Appendix A)
for the wave functions

)=l varTsr)
|72)= | val(E)ysTy) ,
|73) = |73 T)yTsr) ,
|7a)= | var3:Tsr)
lay)=|va(T)y:Tea) ,

and
[b1)=|78i(4,)y2T7b) ,

where y=«,A,u,v; a=a','; b=a",B", we can
easily obtain the matrix elements of the operator
N,= 3, m;; with respect to these unperturbed
many-electron wave functions. The nonvanishing

matrix elements required in Eq. (3.20) are given in
the following:

(KllNz!K1)=~(V1|Nz|V1>

1 472
=—§(1—K2)C20+-‘7—3‘K1C11 —Cop

(A |Nz‘)\1)=“(#1 [N 1)
=—(1-K;3)Cy+Cp, ,
<Kl INz |K2)=“<Vl |Nz|v2)

V2
(K, +2)C10—73K1Co1 ,

1
3
<7~1 |Nz|}"2)='—(“‘1 | N, |IL2>

1 V2
:*3—(K2+2)C1()“‘—‘7"§K1C01 ’
(A |Nz|k3>=*(ﬂl | N, |:u'3>
_22

=33 (K2+2)C10—‘;‘K1Co1 ,
(k1| N; | BY={v{| N, | a])
1 V72
=~§(K2+2)C10+73K1C01 ,

(AIINzlall)=(l"1,Nz’B'l>

1 ‘ V2
=——“37_3'(K2 +2)C10+TK1C01 ’
(M| N, | &) =(ps | N, | BY)
4 e)
=—-—*373(1—K2)C20+‘_3—"K1C11 ’
(A3 N, |ay)=(us|N; | B))
2v2 8
= T(l—K2)C20+§“/—§K1Cu
Vi 23
—_ 232C02—%(2K2+1) ’

(k4 |N; |BI)=(vq|N;|a})
1 V2
=_§(K2+2)C10+—\7—3’K1C01 )
(A4|N;|a))={pus| N, | B))

1 V2
ZE(KZ +2)C10—-—TK1C01 .

(3.22)
Finally, using the energy values in (3.16), the
wave functions in (3.18), and the matrix elements

in (3.22), we find that Eq. (3.20) reduces to the fol-
lowing expression:
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X =(0.37523/2T)(9.36108—1.504 56K ; —0.231 70K, +-0.062 27K 3 +-0.018 61K , K,

+0.00143K%)+1.043 32X 10~%(0.2168 +0.0123K, +0.2170K,,

This expression almost coincides with the corre-
sponding expression obtained by Eisenstein.!* In
Eisenstein’s paper the notations a=(x, Kke)!/? and
K¢ appear in place of K| and K, respectively.

IV. CONCLUDING REMARKS

In this paper we have worked out in full detail
the intermediate-coupling scheme and its relation
with the strong-field scheme. A truncated inter-
mediate-coupling scheme especially meant for the
ions of the second and third transition-metal series
was earlier developed by Moffitt and others>!! in a
different way. They neglected the 73, orbital and
used the fact that the j =% state of spherical sym-
metry (for example, %P3, state or 2Ds, state in a
free ion) transforms as a 'y representation in Oy,
and also that the product of a function transform-
ing as A, in Oy, with a spherically symmetric
J =7 state, transforms as I'; in O;. Then, denot-
ing the yg, and y; orbitals by ¢3,, and ¢, ,, they
reduced the intermediate-coupling scheme for a d”
ion in a crystal field to that of a j-j coupling
scheme for a free p” atom. This is similar to ¢,-p
isomorphism first discussed by Abragam and
Pryce!® and more rigorously shown later by Grif-
fith.!

Here we have constructed the intermediate-
coupling scheme for the octahedral transition-
metal complexes purely from the crystal-field ap-
proach in that only the metal d orbitals have been
considered. It is now well established!”!® that
some form of allowance for covalency is usually
necessary; the d electrons are somewhat delocalized
from the central metal ion and participate in the
formation of chemical bonds. This has given way
to modern ligand-field theory. We have incor-
porated this covalency effect phenomenologically:
It has been shown on the basis of the molecular or-
bital theory” '#=25 that we need not change the
basic model (i.e., we can still use the pure d orbi-
tals), and the effects of covalency may be almost
fully reflected in the usual key parameters Dg,¢,
A,B,C and in the orbital reduction factor K. Dg

+0.0949K?% +0.0211K,K, +0.0544K3) . (3.23)

now has a somewhat different interpretation and
the values of £, 4,B,C usually get reduced from
the corresponding free-ion values. As we have seen
in the preceding section, it is reasonable to use
more parameters in order to take account of the
inequivalence of the dt, and the de orbitals, this
inequivalence being also a consequence of the co-
valency effects.

The scheme developed here is meant for the
transition-metal ions (4d” and 5d") in perfect octa-
hedral stereochemistry. By changing the sign of
Dgq it can also be applied to the tetrahedral com-
plexes.>~7 In reality, however, for a number of
reasons, amongst which are the Jahn-Teller effect
and crystal-packing considerations,>® it is almost
impossible to have complexes with perfect octahe-
dral or tetrahedral stereochemistries. The devia-
tion from perfect cubic symmetry can be treated as
a perturbation over the ideal situation. Thus, for
example, De, Desai, and Chakravarty?® took ac-
count of the axial distortion (reflected by the
parameters Ds, Dt) in investigating the magnetic
properties of Mo * (4d! ion) in RbMoF;, KMoFg,
CsMoFg, NaMoF, and also of Mo®* impurity in
CaWO,. Such departure from the cubic symmetry
is also found in the case of hexachlororhenium
compounds.!?

In condensed systems there may be the presence
of superexchange interactions leading to deviations
from strict-paramagnetic behavior which could be
observed in the corresponding dilute systems.
Thus, for example, the superexchange interaction
in K,ReCl¢ leads, at sufficiently low temperatures,
to antiferromagnetism of the compound. Also, be-
cause of the same effect, the temperature-depen-
dent susceptibility of K,ReClg in its paramagnetic
phase obeys the Curie-Weiss law rather than the
Curie law. The susceptibility calculated here and
also in Ref. 13 applies only to a magnetically di-
lute system; for example, to K,ReClg in K,PtClg.
In subsequent papers we shall deal with the indivi-
dual cases of the 4d” and 5d" complexes in order
to understand their complicated optical and mag-
netic properties, which are not well understood at
present.
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APPENDIX A

The wave functions in the intermediate-coupling scheme are given below.

1. d? system

Configuration y3,(p=1 or p=u)

1
I?’gp:Alal):—\/'—E( |Kpr | — “"p“p |)

1

l?ﬂsp:Ee):_\/—i( [kpvp | + [ Apptp |)
1

|y§p:Ee>=~—‘/§( | kpAp | + | 1pvp |)

|Y3p:T21) = | A |

|7 T20y == [y | = [Hp¥y |)
l'};Sp:TZ—1>=_‘ ‘Kpﬂp‘

Configuration ‘y%

|y5dia,)=|a"B" |

Configuration Yg;Vsy

l?’SIYSuZAlal):%( |K1Vu l - IVIKu | - “‘l,uu I + Iﬂlku | )
| VarVauidaas ) = 5| kidy | + | Aaky | — vy | = [vipta )

1

IYSIVSu::;:Tll): zm(—‘/-j IKlﬂ'u ‘ -3 II"'IKu l _3|}"1Au I _SIVIVu I )
1

|7817’8u:3:T10>= 2\/3( IKI'Vu l + IVIKu l +3|)‘l.u'u l +3 “‘Iku l )

1
|7’8178u:3:T1—1>=m(_5 |y | =V3 | Avy | =V 3 vidy | =3 | gty |)

1
|Yst1’3u=3iT21>=?‘/—§(—‘/§IKzKu |4+ [ Ay |+ [vidy | +V3 | gy |)

178178u:3:T20>=%( ‘KI)"u l + ileu l + lﬂl"u l + |Vl#'u | )

1
H’sl?’su=3:T2—1>=—27—2'( |kt | + [ paku | +V3 | My | V3| vw, )

| varvsu:EOY =5 kvy | — | viky | + | Mty | — | 1hy |)
| Var¥eu: E€) =5 kihy | — | Miky | + [ v | — [Vitha |)

4339
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1
|‘}’81‘}’su12=T21>=72( | vy | — [ vidy |)
| V81¥su 2:T20) = 3| kihy | — [ Aascy | — | v | + | vitty )

1
| Yarvsu2:To =1y = (= [ty | + | pacy |)
1
I'}/SIYBu:l:Td):V—‘_(‘/g 'Kl.u'u I +‘/§ I.U'IKu i —2“\'1}"1: I )
17817/814 L: TO)‘- \/—(3|K1Vul+3'VIKu I —lll”'ul_l.u'l)"u“

| varveu:1:T1 — 1) =—= (\/?»I?»zvu | +V3 [ vidy | =2 g |)

Configuration Y7vg, (p=1 or p=u)

Iyﬂ/Sp:Tll)— Ia |+ IB I
|1 Ti0) == oy | = | B |
V3 1
IY77/8p Tl-'l)—-————z—l )\'P|__|B“Kp|
Iy71/8p:T21>=— Ia”)\, I+ |Bu |
17778p:T20>= —*‘/—i la"'u,p l +72 IB,’)\'p |
V3
Iy',‘ySp:TZ‘—'l):————Ia |_+_ IBH pl
1 ” ’e
|7/7YSp:E9>=72|a Kp|+72-|BVp|

1 ” l e
Iymsze>=—72 la"w, | -3 [B"A, |

2. d? system

Configuration yg,, (p=I1orp=u)

IY?;pirsK)——— — [rpApity |
| 72p:Tsh) = — | KpAp, |
| Vap: Tty = — | kphtp v |
l?’gpirsv)= — [ Apttpvp |
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Configuration y%,,ygq (p=1 q=u or p=u,q=I)

1
lfsp(Al)?’Sq‘rB")z‘ﬁ( | KpVpKa | — [ Aphtpiy | )

1
Iﬁp(Al)ySq:FS}‘):T/‘-z_( | KpVphg | — | Apttphq |)

1
]ﬁp(Al)VBq‘rW)=}7‘E( [kpVphq | — | Aphtptiq |)

oA s Tor) == vpv | = [hptipyg )

| Vap(ENsqiTea Y = 3| kpvphy | + | Aphtphy | + | kpApvg | + [1pvp¥g |)
IV%p(EWBqTﬁ’):_%( [ KpVpliq | + | Aphipttq | + | KpApq | + | 1pVpKy |)
| Vap (ENsgiToa) = (= | ipvpvg | — | Aphtp¥y | + | Kpdphy | + [tp¥phg |)
ng(E)YSq:nB”):%( [ kpVpky | + [ Aphtpky | — | KpAptiq | — | HpVphtq |)
|7§p(E)7’8q’r8">=%( | kpVpke | + | Apttpig | + | kpAphtq | + | pVpiig )
|V§p(E)7’Sq‘F8M=%( — [kpVphg | = [Apttphg | + [ KpApvg [ + [pVpvg |)
| Vap (ENsqiTat) = 3(— | kpvphtg | = | Aphtphtq | + [ Kphpky | + | 1p¥pky | )
‘ﬁp(E)VSqTSV)=%( LkpVpvg | + [ Apttpvy | + [ kpAphg | + [Hpvphg |)

, 1

Iygp(TZ)YSq:rﬁa )=7—g( | Apvpky | +v73 | Kphtphiq | — [ KpApvy |+ [ppvpvy 1)
) 1

Iygp(T2)?’8q:F63 >=—\/_6(_ [kpApkq | + [ KpVpKy | —-V3 [ Apvphq | — | KpttpVg )
” 1

| V3p(T2)vs4: Tt )=‘—/-g(——\/§ [Kpttpiq | — [KpAphg | + [pVphy | + [ Apvpg |)

2 1
ly%p(TZ)qu:r7B )=7—g(— thF"p}"q I - le)"pf"q I + ].u'pvp“q | +‘/§ | )"pvpvq | )

1
lygp(Tz)}/gqi%lrgK>=ﬁ(4|Kpﬂp)»q | + | kpApitq | — | pVpltg +2V3 | Ayvpvg | )

1
ny;p(Tz)ygq:%:ng)=—‘7_16(—2]Kppppq | =V3 KA,y | +V3 | ppvpvg )

) 2 1
|,/§,,(T2)ygq:;;r8y>=7_l_6(x/§ | Kk Apkq | — V3| ppVpky | =2 Ap¥phq |)

1
|‘};gp(T2)’}/gq:%:rgv)=~\/—3_-_6(2\/§|Kp,uqu | = [ kphphg | + | pVphy | +4 | Apvpig |)
1
lygp(TZ)YSq:'z_:FSK):T/_I—E(—‘/j | kphtphq | +V3 | Kooty | —V3 | pVplig | + | Apvpvg |)

1
I?’%p(TZ)VSq:T:FX}">=73—6(5 | ApvpKy l -V3 | Kphtphtq |+ [kpApvg | — | LpVpVe 1

1
|);8P(T2)y8q:-2—:1“8u)=~‘7_5(— | kpApicq | + | pVpKy | — V3| ApVphg | +51 Kpttpvg | )

5

1
| Vp (T2)¥sgi 5 Tav) = ——= (| kpttphy | —V3 | kpAphq | +V3 | ppvphg | =V3 [ Apvphig |)

V10

4341
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Configuration ‘ygp Y1 (p=lorp=u)

| Vap(A1 7T ) =—= <|xpvpa | — [ Aptpe | )

| V341 )y2T4B") =72( | kpvpB" | — | AptpB"|)

| 3 (E)yy:Tgk) =‘—/l_—2~( 1,%B" | + | ApppB” |)

| EXrTsh) = —=[ K" | + |itypac” )

| Vap(E)ysTgu) = —%2( | kpAB" | + | pvpB” )

|73 (E)yyTyv) = _%2( K vpa” | + | Apptpar” |)

| (T3 )yrTea’) =%6< kAo | — | ppvpe | —2| Ay, B"|)

| V3 (T2 )y7TsB’ —75 —2[Kptpa” | — | KA B" | + | v, B |)

| Vap(T2)y7Ter) = | A, Vpa"

| 73(T2)ys: FS)‘)_ ( |kpApa” | — | pvpa” | + [ ApvpB” |)

|7’2 (T2)7’7FBIJ'>—‘/§("| l"pa |+|Kp pB,’|_|.u'p pB’ I)

| 1;8p(T2 Jy7:Tgv) =— | KpttpB” |

Configuration ysp‘y; (p=lorp=u)

| 78p7/'27:F8K> =] Kpa"B" l
| Y8 75:TsA) = | Apa”B" |
| vep V3T o) = | ppaB” |
| v V5 Tgv) = | v,a”B" |

Configuration ¥y Vs, V7

| Yarvsu(A)yTra" Y =3[ kvaa” | — |vikea” | — | Mpga” | + | mhga”|)
| ar¥su(A4)yTsB") =5 (| kv B" | — [vikuB” | — | AipsyB” | + | iAuB" | )
| Yar¥su(42)yrTee Yy =3 ( [ kihya” | + | My | — | ppve” | — | vipaa” |)

| Yar¥su(42)77:T6B Y =3[ kA B | + | MuB” | — | B | — | vipeuB” )

| varvsu(BVyrTsc) =5 | kv B” | — [vikuB” | + | AppuB” | — | mahuB” )
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| varvew EWrTsh) = 3( | kiAua” | — | Ay | + | pvae” | — [vipua’|)
l YSIYSu(E)'}’ﬂFB#): _%( | KI)‘uB” | - l }‘Ikuﬁ" | + |.uIVuB" ‘ - |'Vl.u'uB” [ )
| YaYsu (E)yrTev) = —3 (| kv | — [vikua” | + | Ay’ | — | phua |)
”n 1 ”n ”n ” ”n
17/817/814(3:711 yy7:a >=T‘/'—1——5_( |K1Vua I + lVIKua l +3 ( )\I.uua i +3 “‘I}"ua |
+V3 kB | +V3 |k B" | +3 [ MAB” | +5|vvuB”|)
7 _1 " " " ”
| Y81Y8u(3:T1)y7: 7B >=—271—§(5 |k e | +V3 | v | +V3 [ vida | +3 | pipaa” |
+ [kvuB" | + | vikuB" | +3 [ M B | +3 [wiAuB”|)
1 ”n ”n ”n "
| varveu (3:Ty )'}’71rsK>=57§—6(5|K1Kua +V3 | ava” | +V3 | viAa | +3 | ppge
2|k B’ | =2 |vik,B" | —6 | My B | —6 | Ay B |)

1 2 i’ '’ '’
l}’sl‘}’su(32T1 )7’7:F8A>=W( =5 IKlKuB | _‘/3 | }"IVuB ’ —‘/3 | VI}"uB | -3 |.u'lll'uB | )

| V81Vsu(3:Ty )Y7:F8y)=ﬁ(—\/§ | ki | -3 [uik | =3 | MAa” | =5 |vva” |)
| Yt BTV = s (=2 kvaa” | =2 vy | =6 Aipa” | =6 | e |
+V3 ki B | +V3 |k, B | +3| LA B | +5|viv B |)
|ty T2 rTea) = 5| | + | A | + [ rvaa” | + [ vipa”|
+V3 ki B | — | AviB' | — | viAuB' | —=V3 | B |)
| Yt BTl =5 gt | + | ikaa” | +3 [ ke | —V3 | vva|
— |KiAB" | = [ M B” | = | v B | = [vipu B )
Pt BT To) =3 (V3 k@ |+ [ |+ [vihaa” |4V ||
IMB:TZ)WFSA):TI/EQ kA | 42 Ay | 42| pvae” | +2 | vigtae” |
—V3 kB | + [ AviB’ | + [vikuB' | +V3 | B )
| VarVsu (3:T2)y7:Tau ) =ﬁ( |k’ | + |k’ | +V3 | MAa” | —V3 | v,

+2[khuB" | +2 | M B | +2 | viB” | +2 [ vipuB” |)

1 U U 1’ U
'7’817’8u(3:T2)?’7:r8V>=E‘7—?( | KipuB” | + | ikuB" | +V3 | MAB" | —V3 v B ])
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| Y8178, (2:T> )7’7¢F6a'>=ﬁ( |kiAya” | — | My | — (v’ | + [vip,a”
=2[AvB" | +2|viAB"|)
| s Tyl =5 (=2 [ Kptaa” | +2 | ik | = KA | + | A |
+ |pvuB” | = [vipuB” 1)
| Y TPl == | Ay | = [y )
|Z_sn/i(2=T2)?’73F87~>=%6(K17»ua"l = [Akya” | — |pva” | + | vip,e” |
+ [ A B’ | — | vihuB”|)
oy T T s ) = (= [rpua” | + [ | + B | = | Ak
—uvuB" | + [vipuB” 1)
| Zata T2y Tew) === LB + | kikaB” )
| Lura (T YTy = (3 v | = | At | = |k | +3] viya”
—2V3 |, B" | —2V3 |y B” | +4 | MA,B"|)
| Lt (T 7T =5 (V3 | v | +2V3 | viha” | 4 |psa” | =3 | kv
—3|vikuB’ | + | MppaB | + | a8 )
| Zara (1T 7y Te) == (= V3 [ v | =V [ vk | +2| g’ =3 k78" |
+ 1 MptaB | + | ke | =3 Vi, B ])
| Zutea (LT Teh) == (V3 | A | +V3 | kB | =2 i)
| Yot (T pTn) == (V3 [ kg | +V3 | ma” | —2| Mkga” )
| Lt (LT To) = s (=3 Ky | =3 [vika” | + gty | + | pghact”|
—V3|kp B’ | =V3 | B | +2 | MAB" |)
3. d*system

The wave function for the first component of each irreducible representation has been given. Other wave
functions can be similarly constructed by combining those of the d', d2, and d* systems through proper cou-
pling coefficients.
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Configuration ygp (p=lorp=u)

|7’gp:Alal y=— |Kp7‘pl"'pvp |

Configuration 'ygp Ysq =L q=uorp=u,q=I)

Iygp?’Sq lal)— (“|K pﬂqu|+|Kp P p.uql—l pHp p}‘ [+ A oHpVp q|)

[7;81:7’841:/4202>=— | kphptiphg | — [ KpApvpky | + | Kpttpvpvg | + | ApipVplty |)
1

|7;8p7’8q:E9>=_ - |Kp pﬂqu|_|Kp Vp/"'ql+ IKp”pvpk [+l I“PVPKIII)

| Vap¥sq:3:T11) =——= ‘/_ ——=(V3 | kpApiptiy | +3 | KphpVphg | +V3 | Kppipvpky | +5 | Apppvpvy |)
|728,,y8,,;3::r21>=—2 5 (V3 phpttpky | — [kphpVpvy | =3 | Kttty | — | ApbtpVphg |)

1
| VapYsq 2 T2 1) = 7= (— [1pApp¥y | + | Apttpphy |)

1
|7’§p7’8q’1:T11>=7T6(_‘/§ | KpAphtpttq | +21KpApvphy | —V/3 | Kphtpvphy |)

Configuration ﬁ,yﬁ,,
|Y§I(A1)7§u(AI):A1aI>=%( |KIVIKuVu l - IKIVI)"u.uu | - l)"I.lLIKuVu | + I}‘I.ul}"u.“'u I )
lygl(Al)Vgu(E):E9>=—;—( | kv, vy ' + IKIVI;"uﬂ'u I - |)"1“1Kuvu | — [ AiAypy I )

1
| Va4 Vau(T2)To 1) = = (lvikav | = [ Mapsihav )

I?’%I(E)'}’%u(Al):Eo>=l( IKIVIKuVu | — |KIVI;\u“u | + |}"I.u'1KuVu | — [ Aty | )

|781(T2)78u(E) Tll)— 2‘/5 ‘/3 |Kl.u'IK;LVu I _‘/3 [KI“I}"u.U“u [ - “"IVlKu)‘u ’ - I}"Ivluuvu | )

| Ya(T2)73u (BT 1) = f = [Avica vy | = | Mvikapta | +V3 [ kipuiud | +V3 | kipgp v |)

!Ygl(TZ)Ygu(TZ):Alal>=—27§(_2 | Avikuty | — IKI)"IKuA'u I + iKI}"IﬂuVu I + |.u'IVIKu7\'u |
- I!“'lvl.uuvu | _ZIKI/J'I)\'uVu I )

1

|};st(Tz)Y§u(T2)=E9>=“7—g(— [Avikypey | + [ KiAik Ay | — | KiAgpy vy | — | iviKy Ay |
+ I#IVIP'uVu | - ]Kl.u'l}‘uvu | )

1
|7/21(T2)7’2u(T2):T11>=_( I)‘IVIKu)"u | - |}"Ivlﬂuvu | - |KI7\'I)"uVu I + I.uivl)‘uvu 1)
| 78Ty §u(To): T21>—-(— [ kidkupiy | + | vikup | — | K1y Ay | + | Kippe vy )

| Y81 E)V3u (E):A a, >- ( [kviky vy |+ [kvidgpty | + [ Mk vy |+ [ Mg gy |
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+ [kidaky Ay | + [ KMV | + [ ivike Ay |+ [vipuva |)
| V3B 5u(E)dray ) === ‘/— (lrepviryhy |+ [kevipty v | + | kg Ay | + | Mgy vy |
— [kihgiey vy | — [kiMidypy | = ik vy | = [ pvidapa |)
| RUEIRMENED) ===~ | kivpkyva | = avidutty | — | v | = |t

+ |y Ay | + | K Aty Vy ' + vk Ay | + | rVipy Vy 1)

|7/§I(E)y§u(T2 ):T11)=2—\1/§(_‘/§|K1V1Ku#u ‘ -3 | AMppkypey | - |KI}"I}‘uVu | - IIU‘I'VI}"uVu | )

1

!V%I(E)?’%u(TZ):TZI)=7:(_ Lkvidgvy | — | Mpihg vy | +V3 | KiAikupta | +V/3 | mvikapsy |)

R T2 R4 Ty == 5 v | = [hvikapsa |)
Configuration }/gp'}ﬁ (p=I orp=u)

1 ” i’
f?’gp7’7=E9)=—72( [ kpApptpa” | + | ApptpvpB”|)
\/5 "
| Vap 17 T\1)=—7]|A plpVp@’ | — | KphtpvpB” |

1 ” ‘/—.3 i’
lVgp?’ﬁTZl):T | kpApvpa” | - | kpAptp B |

Configuration yﬁ,,y% (p=lorp=p)

l,yép(A yzAla1>_ ([vap IIBIII_' ﬂpa” nl)

[ ng(E)ﬁ:Eo) =72( Ivapa"B” | + I )\’P“panﬁu [ )

l Y%p(Tz WWAT,1) = | ApvpaB” |

Configuration y%,, Y8qV7 (p=Lg=u or p=u,q=I)

| 7ap(4, WYsg(T1:T11) = (| kpvpvga” | +V 3| pvpttgB” | — | Apptpvga” | —V/3 A

1 i’ ”
I_’}ég(Al ?’77’81(T2)T21>"‘—‘7-— ‘vap}" a' |+‘/§le KqB |+ A f‘p}‘qa I"ﬂlk

| V3p(E)y1vsq(E):A 101)=m( [Kpvpia@” | + [1pvp VB | + | Aptpiga” | + | Appty v, B”

plpitgB’|)

ppKgB |)

— [KpApttga” | — [ KphpAgB" | — | upvppqa” | — |pvpheB”|)
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| B ENsa BVdrar) = <=~ | kypbtg@” | = | kyvphaB” | — | dphiphtg@” | = | AphiphoB”|
Ky hptig@” | — [ Ky aB” | — |y ¥pkg@” | — | vy vgB° 1)
| Yeo(E)Y17sq(E):E0) = 5 ﬂ — Ky vpkg@ | = | KV vgB" | — | Apptphg@” | — | ApptpvgB” |
— L hpttg@” | = 5 hphgB" | — |ty ¥phig@” | = | p¥phgB”|)
|y Yap(E)Y7Ysq(T1):T 1)————2(— | KpVpva@” | =V 3 [ kpvptgB" | — | Apptpvea” | —V3 | AppippgB” |
+3 [ kphpAge” | +V 3| kphpkgB" | +3 | ppvphea” | +V3 | vk, B |)
'&(E)m(ﬂ )’T21>=4_1‘/‘-2—(_3|"p"p)‘qa"| — V3| kpVpkgB" | =3 | Appiphga” | —V'3 | AyppipicgB” |
— Liphpvg@” | =V [ohpttgB" | = | ¥y g | =3 |ty vpitg B )
| By TT1 1) = (=3 [y vyvg@” | +V3 vt | =3 tpvga” | +3 | Ayt
+ [ kphphga | —V3 | kyApk,B" | + |pvphga' | —V3 | vk, B |)
| v Yep(E)Y1vsq(T2): Tzl)— ( [ Kpvphga | —V73 | kpvpkgB' | + | Appphga’ | —V73 | Appipig B |
+3 [ kpApve@” | =V 3 [ kpApptgB | +3 | pvpvea” | —V'3 | ppvppeB |)
| Vap(T2)¥2Vsq (E): T11>_—7( —V3 | kpptpkg@” | =V 3| KpptyVgB" | + | ApVphtg@” | + | ApvpA B |)
| Bl T (EVT1) = f/ | Apvpiga” | = [ AgvpveB" | V3| pitphiga” | =V3 | kpitphgB |)
| Ve (T2 )y17ag(T1):d2a) = - ‘, — | kpbtp¥g@” | =V3 | KpptptgB" | — | Kphpkga” | + | KpApvyB' |
+ [ BpVpka@ | — | pvpVeB' | =V 3| Apvphea” | — | ApvpkgB' |)
I&(Tz)m(Tl):EG)— 2\/5( | Apvpvga | +V3|A pVpitgB' | +V3 |k Kpttphga' | + | KpppkoB” |)

|ﬁ(T2 V1vsq(T1): Tll)—— —2 | kpppicga” | +2 | kpptpve B | —V73 [KpApAga’” | — | KphpkyB” |
+‘/§ I.upvp}‘qa” | + ll‘prKqB" | )

"

| Vo T2)7_7[§1(T1):T21>=%( | pApva@” | +V3 | kphptgB" | — | tpvpve@” | —V3| tpvpiigB
=2 | Apvpiga” | +2 | Apvpv B |)

1 ”n " " '’
]ﬁz(T,_)‘yﬂgg(Tz):Ala, )=-273(—\/§ [Apvpve@” | + | ApvppegB" | + | kpAppga” | — | KpApAgB” |
- ‘,u'pvp.u'qa” | + l,u'pvp}‘-qB” | + IKp.“'p}"qa" I V3 | KpttpkgB' |)

B 1 ” ul ”n u
|ﬁz<rz)y7ygg(r2):Ee>=57g(—\/§1xpvpvqa |+ [ ApvptgB" | =2 | Kphppiga | +2 | kyhpAgB” |
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+2 l:u'pvp.uqa” | —2] ‘u'pvp)“qB” |+ ]Kp.up}‘qa“ I —V3 iKp.uquB” D)
| Vo T avsa( T2):Th 1) = 5(—=2 | Ayvppga” | +2| XvyAgB' | + | kphpAga” | —V/3 | KkpApiy B |
— |ppvphqa” | +V3 | pvpka B )
lﬁg( T2 )7/77/85(T2)3T21>=%( —‘/3 ‘ kapvqa” | + | Kp}‘p“qB” I +‘/§ I:u“pvpvqa” | - |:U‘pvp.qu” i

+2 | kptpitga” | =2 | kppphgB’|)

Configuration Yg; Vs, y%

| vavsuridiar) =5 kv,a'B' | — | vik,aB" | — | Mpya'B" | + |mh,aB"|)
| YarYsuVidaa:) =5 | kihy @B | + | Ay B | — |pvyB” | — | vipuaB" |)
| Varvs V3O =5 (| kv, a'B" | — | vk, @B | + | hpuaB" | — |mihya'B" |)
1 " u " '’ n '’ ”n s
|7817/8u7'27:3:T11>:W(_‘/§ ‘ Kb, o B ‘ _\/:—; |“1Kua B t -3 | }‘I}‘ua B t =5 | Vv, Q B | )

1 e " i o
| Varrsa 33 Ta1) = om (= V3 [ kikya B | + [ Avua B | + [vidua B | +V/3 | upuaB" |)

1 1 1’ ”n 1’
|7’817’8u7’%123T21)=72( | Avy@”B" | — [vikya"B"|)

1 " ”n n n ” ”n
|7’817’8u7/'27:1:T11>:7—‘i6(‘/§[Kl:u'ua B |+1'/§“"1Kua B [—2l}\'l)"ua B ‘)

4. d° system
The wave function for the first component of each irreducible representation has been given. Other wave

functions can be similarly constructed by combining those of the d’, d?, and d* systems through proper cou-
pling coefficients.

Configuration y‘épysq (p=l,q=u or p=u,q=I)

| V§p78q1F8K> =— | KpApllpVpKg |
Configuration y%,,y%,, (p=Il,q=u or p=u,q=I)

1
!yépﬁq_(Al):I‘gk>=—‘/—§—( [kpApttphgtiy | — | KpAptipkgVy |)
ngﬁq_(E):Qa’) = _%( | kpApVpkavy | + [KpApvphatty | + | ApttpVpkohy | + | ApttpVpriqvy |)
Iﬁpﬁlw):rﬂ”):%( | ApttpVpkaVg | + [ ApttpVpAatt | — [KpApVpkghy | — [KpApvptgvy |)

Iygpf&(E):FSK>:"';'( | KpApttpkqVy | + [ KphptipAakty | + | KpttpVpkaha | + | KpttpVpiigVq | )
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17’31’@1( 2):Tea’ )—76— — [ kpAprphgvy | "/ji"p”p"p"q”q |+ [ Apppvpkghg | — | AptipvpliqVy |)

” 1
| V3pYag (T2):Tex >=76(‘/3 | KpApttpiahtq | + [ KpApvpkohe | — [ KpApVpitqVy | — | KphtpVphavy |)

3 1
|7’gpﬁ1(T2)57r8">= ‘/3—0(‘“4|Kp}‘p"p"q:“q | — [ KpttpVpKahg | + | KptpVphigVy | —2V3|A plpVorgVy )
| v3pYig 3Ty =—— \/_O (V3| KphpVpkattq | =V3 | KphtpVpkohg | +V3 [ KphtpVptigvg | — | AphtpVphgvg |)

Configuration yﬁpygqy% (p=Lg=u or p=u,q=I1)

| Vo (BVag T’ Y = 3| v hea”B" | + | ptphgaB" | + | kpdyveaB” | + | 1y vpveaB” |)
|7§p( 7/8""1/7 l"7a”)——(—- | kpVpvg@ "B | — [ Appipvea "B | + | KpAphga"B" | + | upvphea"B" |)
I‘}'ﬁp(E)nq‘y-z,:ng)_—y | KpVpa@ " B" | + | Apppkqa”B" | + | KpApriga’B” | + | pvppea’B” |)
lygp(Al)'ysqV%:FSK>=72( | kpvpkqa "B | — | Appipkga’B” | )
Iygp(TZ)YSqﬁirsa’>—— ( | Apvpka@ B | +V3 | Kpipptg@”B" | — | Kphpvea B | + | upvpveaB’|)
| T Ysg PiTsa") = == (V3 |iphighig@”B" | — | Ky k@B | + |ty %y g B | + | Rpvipit g8 )
| Vap(T2)ysg V75 Tok) = \/_O (4| kppphga”’B” | + | kpAppga”B” |

— [ pVpttg@B" | +2V3 | ApvpveaB”|)
|V (T2)7sg7 73 FsK)“_‘IT ~V3|kpttphg@ "B" | +V3 | kphppiga”B" | —V3 | 1y vpuga”B” |

+ |A-pvpvqa”B”| )

Configuration ygpy% (p=Ilorp=u)

‘ ygp?%:F8K> = | kap,upa”B” ‘
Configuration 'y‘;p Y1 (p=lorp=u)
| ?’§p7’71r7a"> =— | KpApppvpa”

Configuration yﬁ,,yng (p=Lqg=uorp=u,q=I)
ngm(E):FW'):%( | kpApVpka@ | + | KphpvpvgB” | — | Apttpvptiq” | — [ AppipvpheB” |)

”n 1 ” i’ ”n i’
l?’ngﬂ’Sg(E)irﬂ Y= (= [ Apppvpg@” | — [ Apppvp Ve B | — [ KpApvppg@'” | — [KpApvpAg B |)
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|7’3pm(m:r8">=% | Kphptiphg@” | + [ KpApttpveB” | — [ KphtpVphtq@” | — | KphtpVphgB” |
| Vap¥1Ysg(T1):Tea’ ) = 2—\1/3( =3 KpAptphga@” | =V 3| KpApppky B | —2 | KpAyvprga |
+2 [ kp Ay vy B | + | KpttpVpve@” | +V3 | KppipvptgB' |)
| Vap¥aag(TOTra") =2 (| hppipvga | +V/3 | kphphtphigB” | +3 | kprpvphea” |
V3| kpttpVpkgB' | —2 | Atk | +2 | Appipvpve B |)
| VapYYsq(T1): STk )= ‘/11—0 (V3| kphpppka@ | =V 3| kpyAppipvyB' | — | KpApvpvea” |
— V3| kphpyVpui B |)

| VapY1¥sqg(T1): TT) = —2 | KpAptphg @ | +2 | KpApttyvy B | —V'3 | Kphyvpvea |

1
2\/30
=3 KkpApVpigB" | +5V3 | ApppvpAga” | +5| AppipvpigB’ |)
‘Vgpl’ﬁ’m(T2):F6a’>=—2176( — [ KpAphtphga” | +V3 | KphppiphgB | +3 | KphtpVpvea” |
V3| kphtpVpttg B | +2| MppipVptiga” | =2 ApptyvpheB”|)
|78p£71§1 T,)I'a” >="7‘( 3| kpApupvea | +v73 3| kphpttptigB" | +2 | KpApvppga”
—2 [ kphpVphg B | — | KpttpVphe@ | +V3 | KpptpVpk B )
| 78pﬁ7_81( T,): F8K> = \/_6 —=(2V3] KphpVpva @ | =2 KpApvipigB" | — | Kplipvppga” |
+ [ KpttpVphg B | =V 3| Appipvphe@'” | +3 | Aptpvpk B |)
| VapY1Ysq(T2): F8K> 2\/1F) (=3 [ kphpvpvea@” | +V3 | kpApvpptgB” | —2V3 | Kppipvprga” |

+2V73 |k KpltpVphgB" | — [ Appipvphga” | +V73| AptipVpKgB” |)

Configuration y%,yg,, Y7
I y%I(Al)y77/§u(Al):r7a”> :%( | KIVIKuVua” | - | Klvlku.u'ua" ! - | }‘I;U'IKuvua” I + | }\’IIJ'I}‘u.uua” | )
1 i’ i’ ! 1
| var(E)yo((T))yau (A1 ):Tsr) =5 (| kpviky v B | — [ kpvidupn B | + | Mtk v B | — | MpiAgpe, B |)

1
| T )ys(To))au(A )T ) = o | kihamyvaa” | — [ ppviy v | =2 | hyvir, v B |

— kMA@ | + | ppvidypa” | +2 | Avidyp, B )
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| BTV (TR AT = (| Avikyvu” | = [vidapaa” |)
| Y8 ADY17 3 E)Tar ) = 3| kpviku v B” | + | kividupeuB” | — | Mk vuB” | — | MaptsdupruB” )
| BB (TR BT’y = 5= ki | + [ kihhatta” | + | apviky @
+ |uvidupu@” | — vk Ay’ | — | kvipy v,
= [ My Ay | — | Mgy v |)
|M((Fg))_};g_u(E):I‘7a”)=-2—l‘/—§( | Kvik v | + | Kvidgpu @’ | + | Mgk, v |
T | Attt o |+ ki@ | + | A vy

+ |/"'IVIKu)‘ua"I + Ilu'lvl.u'uvuanl )

1 i’ i’y 1’
| a1 E)ys((Te)) 73y (E):ng)=5—ﬁ( | kivikavi B | + | KividattaB” | + | Maptirca v B |
+ I AIF"I)"ul‘l'uB” | - IKI}"IKu)"uB” I - IKI}‘I.u'uVuB" I

- |,u'IV1KuAuB" | - I#IVI,uuVuB”I )

1 ”n U i’
l?’gz(Tz)h((rs))&(E)irsK)=3“/—§('—2|K1M1Ku7\ua | — |kihry A B” | + | iy A B |

=2 kv’ | — | KAy v B | + | wvip v B |)
1 ” ” i’
| BUT (T (EXToa’ Y == [kihmegvaa” | = | pvimuvae” | + [ Apviku v |
+ | kAR, @ | — | mvidapae” | + | Avidypy B |

~V73 l Kl,u'lKu}‘uB” | -V3 | KI/J'I.L‘uVuB” | )

| B TV (PRl N7y = 5 (V3 ity | +33 | iptihattu B | + Ak, A |

— lpvikg Ay | + | Ay, Ay B | + | kA v |
- |“Ivl.u'uvua”| + 1)‘11’1“14"1“3”' )
1 . ” ” "
|7;81(T2)Z7((F8))fQ(E):F8K>=2_‘/—§t V3| Mvikyvea” | +V3 | Mvidgpaa” | — |k Aya |

+ | ki Ay B | — vk Ay B | — | Kty vy |

+ |KI;"IAu'uVuB"I - i”lVI“uVuB"l )
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TABLE I. The 2E electrostatic matrix block in the strong-field coupling scheme for the d*
system.
2E 13 t3('4,)e t3('E)e e’
t3 349—6By+3C, —6V2B, 3V2B, 0
t3('4))e 24,+4, —10B, V3(2B,+C,)
—2B,+10B,
+C,+5C,
3('E)e 24,+4, —2V3B,
—2B,+By
+C,+2C,
o3 34,—8B,+4C,

| 3104 1)y173u(T2)Tea’ ) = ‘/—( | kiviky Ay | — [kvipvea” | — | Mg, Aya |
I }\,1[1.1/1.“1'“(1" I -2 , KIVI}‘uVuB” l +2 I }‘Iﬂl}‘uVuB” | )

| BV T =~ kv’ | = | v |)
|7§I 7’7((1‘8))7%:4(7‘2) Tea’ Y=—r 2‘/3 = IKIVIA' vuB"’ ' + |}~1,LL17\, vuB" ] -3 I Ky B’ i
_‘/3 I.U'IVIKuﬂ'uB” | + IK[V]K,,)\.,,(Z"| - |KIVI.u'uVua”

+ | A'I.u'lKuA'ua” | - ' }"Il-l'l.u'uvua” I )
[k Ay@” | + | KAy v @’ | — | vk, Ay |

"my __ 1
| 7a1(E)y,((Tg))7E, (T3):Tha )_—2\/3 (
+ | uvipy v’ | —V3 | kpviku ity B | — V73 | My ey B |

- ‘Kl}‘l}"uqu”I - |:U'IVI}"uVuB"| )

TABLE II. The 2T electrostatic matrix block in the strong-field coupling scheme for the d * system
T, 3 t23T))e 31T, )e 1,e¥(*4,) t,e¥('E)
3 34,—6B,+3C, 3B, —3B, 0 —2V3B,
33T)e 24, +A4, —3B, 3B, —3V3B,
+5B,—5By+3C,
t%('Tz)e 2A2+Ao —-3B1 1/§B1
—7B,+B,
+C,+2Cy
t2e2(3A2) A4+2A2 —2‘/332
—8B4 +2B2+3C2
tzez(lE) As+24,
—2B,+2C4+C,
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TABLE III. The 2T, electrostatic matrix block in the strong-field coupling scheme for the d* system.

T, t3 t2(3T))e t2('T,)e te%('4;) t,e'E)
t3 340+5C, —3V3B, 5V/3B, 4B, +2C, 2B,
23T )e 24,44, —3B, —3V3B, —3V3B,

—B,—5By+3C,
t%(sz)e 24,+Ay ‘/SB] —‘/BB]
+3B,+B,
+C,+2C
tzez(lAl) A4+M2 IOBZ
+8B,—2B,
+4C,+C,
t,e*('E) As+24,
—2B,+2C4+C,

1 ”n ”n U
| BB (Lo T2):3 Tok) = (4 kAt @” | +4 | mpvimupsa” | = | kidinc, A B |
+ [ KiAp Vi B” | — | mviku My B | + | vitty v B |
—-2V73 | kiviAyv,a” | —-2V73 | Mg Ay vy @'’ |)
1

| e EYyo((Tg))yau(T):3 Tk ) = '2“7—'5‘( —V3|khkup,a” | =V 3 | wvikpaa” | —V3 | kihk,AuB |

+V3 kA vuB' | =V 3 | ik, AuB | +V3 | mvip v B |
- lKIVI)"uVua"l - Ikl.ul}"u"ua” )

| U Ty (Te)Vau(T2)Ta”) =5 | kihmu Ay | — | kihipyvea” | — | pvik, Ay |
+ l.ulvll"'uvua" I +2 I Avipy vy B | -2 | AMvik, Ay B’ I
+4 | KAy v, a” | +2 | KiMAy v, B” I -2 |.u‘lvl}‘uVuB” | )

1 ”n ” i’
l7’!231(T2)77((F6))f§g(T2)5r8K>=m( | kiduppa” | — | pvikupga” | =2 | i, B |
+2 | ke’ | — | 2ppvea” | + | kihe, Ay B |

= IKI}‘I.u'uVuB"I - Il-"lVIKu}‘uB”’ + I#lvl“uvuﬂul )

TABLE IV. The *T electrostatic matrix block in the
strong-field coupling scheme for the d3 system.

TABLE V. The 24, electrostatic matrix block (ele-

4 2.3 3
_ T, 12T Je 1e’CA,) ment) in the strong-field coupling scheme for the d? sys-
t30CT))e 24,44, 6B, tem.
+2B;—38, 2 t3('E)e
tzez(sAz) Ay+24, ! 2
—8B,—4B, t3('Ee 24;+A40—12B,+Bo+C,+2C,
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TABLE VI. The 24, electrostatic matrix block (ele- TABLE VII. The “4, electrostatic matrix block (ele-
ment) in the strong-field coupling scheme for the d* sys- ment) in the strong-field coupling scheme for the d* sys-
tem. tem.

24, t3('E)e ‘4, 1
t3('E)e 24;+A0+8B;,+By+C,+2C, 3 340—15B,

| AU TV T2 o) == [ Apviy v | = | gty | + ||
— |pvikypuB" | + | kit My B | — | Kipapiy vy )
| A T2)ys((T))yay (T2):T7a" ) = 371;24 =3 | Avikapa @ | — | KAk Ay @ | + | ki v |
+ |pviky Ay’ | — | pvipve@” | — | Mk, Ay B |
+ [ AvipvuBY | — | ki v’ | + | KiA A v, B |
— il v B |)
| Bl Ty (TR (T )3 Tk ) = 34‘/;—5 4| kA @ | —4 | prvikap,a” | +4| vk |
— | Ay |+ | kppy v | + | KAk, Ay B |
— [kt vB | = | pvikuhaB” | + | Vit vaB' |
—6|kipihyvu B )
| Y& T2)y7(Te)y iy <T2>:%rsx>=—‘}1—5( ~ [ KAy | + | pvikgpy@” | — | Mvikypu B |
— [k Ay’ | + [y v @” | + | kA, Ay B |
— | khpyviB” | — [viky Ay B | + | vipy v B |
— [ kA vi B |)

APPENDIX B

n n n n n n . . . .
The transformation matrices between the g/ ¥y Y7’ and va,7s.¥; (wave functions are given in Appendix

n, n, n m . . .
A) and those between the vy, ys.v;° and 1, 'e™2 wave functions are given in Ref. 27.

TABLE VIII. The *T, electrostatic matrix block (ele-
ment) in the strong-field coupling scheme for the d* sys-

tem.

APPENDIX C
‘T, 30T ))e The electrostatic matrices for the d> system in
2CThe 24, + Ay 10B,— 5B, the strong-field coupling scheme are given in Tables

I-VIIL
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