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A New Weak-Field Coupling Scheme for Cubic Complexes

Jayarama R. Perumareddi and John A. Collins
Department of Chemistry, Florida Atlantic University, Boca Raton, Florida 33431, USA

In the presence of spin-orbit interaction, in addition to the well-known weak-
field coupling scheme for cubic complexes in which the ligand field perturbation
is applied last, we show that it is possible to devise a second weak-field coupling
scheme in which the spin-orbit perturbation is applied last by constructing
the corresponding energy matrices for d*® electronic configurations. We also
show that for the parameters applicable to actual experimental systems, the new
weak-field coupling scheme yields purer eigenfunctions than the well-known
weak-field coupling scheme.
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1. Introduction

In the absence of spin-orbit perturbation, the coupling scheme for cubic transition-
metal complexes in which the ligand field perturbation is carried out after the
perturbation due to interelectronic repulsions is known as the weak-field coupling
scheme. Defining the scheme in which the perturbation due to interelectronic
repulsions is applied first as a weak-field coupling scheme then, two weak-field
coupling schemes should be possible for cubic complexes in the presence of spin-
orbit interaction, depending upon the sequence of perturbations of the ligand field
potential and spin-orbit interaction. Only one of these, the one in which spin-orbit
perturbation precedes that of ligand field has been worked out for all the 4%,
n = 2 to 8, electronic configurations so far [1-4]. It is possible, however, to devise
in general the second weak-field coupling scheme also in which the ligand field
perturbation precedes that due to spin-orbit interaction. We show the derivation of
this new scheme by constructing the energy matrices for d® electronic configura-
tions. We find that the new weak-field scheme presented here is more appropriate
not only to systems with minor spin-orbit interaction such as the 3d transition-
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metal complexes but to other systems in which the spin-orbit interaction can be
dominant as well.

2, Theory

Representing the perturbations due to electron repulsions, cubic ligand field poten-
tial and spin-orbit interaction as > ,..; €?/r,;, VEF and £(r)) - s,, respectively, the well-
known weak-field scheme which employs the sequence of perturbations >,.;
efr,; > U(r)l-s; > VEF will be designated {LSJT'$} representation and the new
scheme employing the sequence of perturbations > ;.; €*/ry; > VEF > {(r)l;-s; will
be designated {LSX®I'¢} representation’.

There are obvious reasons for the use of the sequence of perturbations >;.;
ery > L(r)l-s, > VEF. The (LSJ) spin-orbital levels of the Russell-Saunders (or
LS) terms become the basis for the ligand field perturbation and thus the electron
repulsion and the spin-orbit energy terms are same as those of the atomic problem
which are either known or can be calculated easily by the well-known methods
[5]. Thus by connecting the spherical {JM,} representation to the cubic {I'{}
representation, the matrix elements which need to be explicitly computed in this
basis are those involving the ligand field potential VE*.

2.1. The New Weak-Field Coupling Scheme

The second weak-field coupling scheme possible is with the >,.; e¥/r,; > V& >
L)l s, sequence of perturbations. The (LS) terms resulting from electron repul-
sions perturbation of a given electronic configuration are still the basis functions
in this scheme to start with. These terms, however, will be split first into the cubic
(XS) levels by the ligand field perturbation which are then split into the final cubic
' levels by spin-orbit perturbation. The connection of the atomic {LMy} repre-
sentation to the cubic {X°} representation is exactly same as the {JM}-{I'} con-
nection mentioned above, where the {JM,} representation is replaced by {LM}
representation. This part of the coupling scheme is, of course, well known because
it is same as the weak-field scheme in the absence of spin-orbit perturbation.

The connection of the cubic @S+ D X(LS) levels to the I' representation is carried
out as follows. Using the symmetry transformation properties of the spin (S)
and coordinate (X) functions, these functions are made to combine in exactly the
same way as in the strong field approach [6] to form the I'$ representations.
The coefficients in the connection thus become the well-known cubic coupling
coefficients (or Clebsch-Gordon coefficients), <I'¢ | XS(LM)X§(SMy)).

The two coupling schemes are related by the unitary transformation
KI§ | XELM)XE(SM))y | <IF | IMp)

where
|JM;> = |LSIM;>

1 Weshall use the I'¢, j = 1 to 8, notation for cubic representations including coordinate and
spin space and the X©, X = 4,, 4, E, T, T, notation for cubic representations of coordinate
space only.
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and the [LSJM;) functions are given by an expansion of |LM;SM) functions in
terms of the Wigner coefficients or the 3-j symbols

(LSIM; | LM SM.), i.e.

- (_1)S-L-M, 1/2 L S J )
(LSIM; | LM SMs> = (—1) ML%S Q@J+ 1 (M,-, Mo M)

The mixing of a given I'Y wave function from one scheme to the other will take place
only if it arises out of different J levels of a certain (LS) term. If an (LS) term does
not give rise to the same I'{ level from its different J values, the wave functions of
the I'§ levels arising out of that term will be same in both the coupling schemes,
i.e. the wave functions in the two schemes are related at most by a phase factor. It is
obvious that in the case of the singlet spin functions (i.e. S = 0), the ' X and the I'
representations become identical.

The explicit formation of the wave functions in the {LSX°I'?} scheme can be carried
out either directly or indirectly. In the direct formation, first the cubic coordinate
functions @S+ X(LS) are obtained with the use of the |[LM, SM;> functions with
Mgy = S. These coordinate functions are then combined with the many-electron
spin functions to form the final I'? levels. While combining, of course, the spins of
the individual electrons have to be suppressed from the |LM SM;)> functions. The
indirect procedure of obtaining the wave functions involves the application of the
unitary transformation on the wave functions of the {LSJM,} scheme.

2.2. Application to d*® Electronic Configurations

The d? and d°® electronic configurations perturbed by the electron repulsions give
rise to the terms 3F, 3P, 1G, 1 D and S. The splittings of these terms in the two weak-
field coupling schemes and the correlation of energy levels in the two schemes are
shown in Fig. 1. The wave function of any I'¢ level generated by the terms 'G, ' D,
1§ and 3P is same in both the coupling schemes. Similarly I'; level will have the
same wave function whether it is produced from 8F; or 3F(®T},,). This is also true
for the T, level of F, and 3F(°Ty,). The only levels that scramble on going from
one scheme to the other are the two I's, two I’y and three I';, all produced by 3F.
The unitary transformations connecting the two schemes for these scrambled I'; levels
are as follows.

Ty SF, 3F, I, 1 3F, SF,

T, (F) | V914 —V514  °T,(F)| iV3)8 —V358

To,(°F) | —V5/14 —V9[1d  3T,(F) | —ivV38 —V3[8
T, SF, 3F, 3F,

S4.,CGF) | V3 V3T —V521

ST,CF) | —iV58 V3556 —V2[7

°T,,(PF) | —i/vV24 2756 +/10/21
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Fig. 1. Correlation of d2® cubic energy levels in the two weak-field coupling schemes. The
unconnected levels are the ones that are scrambled between the two schemes

The I's, T'y, I's energy matrices of the d2 configuration in the new coupling scheme,
{LSX°I'S}, are given in Table 1. The corresponding matrices in the {LSJT¢}
scheme are well known {1]. The I'; energy matrix as well as the I'; matrix will be
same in both the schemes because there is no mixing of levels from one scheme to
the other in these representations. It is only the T';, I', and I'y matrices that will be
different between the two schemes. In the case of these matrices also, in a given
T'; matrix, that part of the matrix involving levels which are related only by a phase
factor in the two coupling schemes will be same. It is the diagonal and the off-
diagonal elements of levels thatare scrambled on going from one scheme to the other
that will be different in the two schemes. In addition, the off-diagonal elements
between scrambled and unscrambled levels will also be different. Thus, for these
scrambled levels the Dg parameter is diagonalized in the {LSX°T'S} representation,
whereas the spin-orbit { parameter is diagonalized in the {LSJI'¢} representation.

2.3. Advantages of the {LSX°T'$} Coupling Scheme

An obvious advantage of the new weak-field coupling scheme is in the use of its
levels in the limit of zero spin-orbit interaction. In this limit, the levels of this



319

Weak-Field Coupling Scheme for Cubic Complexes

Lbaor — T+ gy — v

Lib@agpor  LIB@9T — DT +gE -V
0 QIA/IITA T+ AL+ V
LANIEN LANIT 0 bgzi +48—V
9SAJIENE LATAT— 0 tA v —baT + g8 — v
ISANISH SEANIONT bay— 0 PSIA P2 — Bd9 — g8 —~ ¥
(D)L« (@™ (de)" Le (do)%F ¢ (de)eLe o) Le
51
bay + 0T+ g+ ¥
0 Ui—-4qgL+V
SALIEN — 0 Vvi+bar+ds-—v
SALSA— bay— VIISIA b€+ BA9 — g8 — ¥
(D) Ly (de)”"Le (de)8Le Je)" L
*a
LIbay + ot + gy + v
LIBa@EprOr—  LIPGYT + DT+ g€ -V
0 OIADRIZA T+ EgL+ VYV
YIAlE— Lty p 6 vr+bar+gs-v
YINISA — SEAIONE~ bay— PIISAE b€ —-Dba9 — g8 — ¥V
(O1)°H+ (@)’ (de)*Le () Le () Le
51

uoneIuasardar {5 1o X §7} Ul sadorewr AS10U0 oI1qn)) ,p *I JIqBL



J. R. Perumareddi and J. A. Collins

99§ 9'¢Es  S6k  98Y Sk SPS VL, €L 8°06 v'E6 888 0OL8 696 S'L8 €v6 L8 0002

695 0SS 1€ 6'8P s'6v  S'LS L'oL" 089 8'¢6 I'L6 066 S'68 886 988 L'L6  9°68 0521

6'SS €vb TS I'8h £ss  LT9 9'59 009 6'S6 666 866 906 0'00T T'06 6'66 906 012

§'6S 6T S99 9Ly $'9¢  $'T9 £€¥9  1'8¢ 656 0001 0001 06 0001 +°06 0001 V06 0

y=g[D w0009 = g t-wo 0081 = ~g :uonensyuo) ;p (q)

€79 68L 97 T 818 86L €IL  €6F 0'¥9 $T8  ¥T9  Léb 0L 679 STL  €9F 000F —

¥'8S VEL VIE YO 09L €TL TIL T L'L9 6'L8 LY.L LLS $°08  §°69 S'sL €8T 000¢ —

89§ 959  60F 89€ 799 809 I'IL 09§ L'9L v'E6 V98  6'SY 668 ¥9L 108 Lbb 0002 —

TS '8 668 TP 09§ S'6¥ TIL 809 ¥'€8 I'L6 6¢€6 I'TL 6S6 €08 868 065 0sZ1—

6'ZS 86 6k 99 gy SHS 90L V65 1'68 v'66 L'86 TLL 766 €18 rve  9EL 0SS —

LTS 6Ty 005 9Ly 00$ $79 €99 IS 16 0001 0001 008 0001 008 0001 008 0

y=4g/0 - w008 = & 1-Wwo 0] — = bg :uoneinsyuo) 4 (€)

o8e e e e e e e e oge W) (do) (o) e (e ) (de) p-wo

=I0AY ~I0AY s %2 e 521 e %le g
me «.rH nr._” mr.m v—H arH

uoneiuesardoy {£1£S7T}

uoneIuesaIdey {4 T,x ST

320

suonounyuasie jo sanLng *7 Iqel



Weak-Field Coupling Scheme for Cubic Complexes 321

scheme become the proper eigenfunctions while the levels of the {LSJ} scheme are
completely scrambled. In other words, the |LSX®) functions are the proper labels
of energy levels in the absence of spin-orbit interaction. As we will show below the
eigenfunctions of the {LSX°I'?} scheme remain purer even in the presence of the
spin-orbit interaction.

The scrambling of eigenvectors from one scheme to the other affects the purities
of eigenfunctions of only these levels. The purities of eigenfunctions of levels
involving eigen\}ectors that are related only by a phase factor in the two schemes
will not be different. Hence in comparing the purities of eigenfunctions of the two
schemes we are only interested in those eigenvectors that mix on going from one
scheme to the other.

The eigenvector \components of the eigenfunctions obtained for d2 and d® electronic
configurations using V*® and Ni*? ions as examples are presented in Table 2. The
values used for .Dg, B and C parameters are those of the aquo complexes. The
values of 210 and — 550 cm 1 correspond to the average values found for the com-
plexes of Vanadium(III) and Nickel(IT), respectively. For these values of { and in
the limit of zero spin-orbit interaction the {LSX°I'¢} representation yields eigen-
functions of much greater purity than the {LSJI'S} representation. In the case of
d? configuration, even for increased values of £ up to 2000 cm ™, the |[LSX°T¢)
levels remain of much higher purity. For d® configuration, it is at a { value of
—4000 cm ~1, the |LSXCT?) levels become of similar purity as the |[LSJI'S) levels.
It should be noted that the levels at increased { values have been obtained at the
same Dg value. An increase in Dg value which is applicable to the elements of 4d
and 5d transition series should give rise to a better purity in {LSX°I'¢} representa-
tion as can be seen from a comparison of the |[LSXT¢) levels for the d2 and d°®
cases of +2000cm~!{ value. Thus, we conclude the new weak-field coupling
scheme presented here is the more appropriate scheme than the well-known weak-
field coupling scheme of cubic complexes, not only for the weak-field complexes of
3d series but for the weak-field complexes of 4d and 5d series as well.
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