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The complete theory of Liehr and Ballhausen for d2 and d8 electronic configurations immersed 
in cubic fields has been extended to include noncubic ligand fields of quadrate, trigonal, and 
cylindrical symmetry. The complete set of symmetry adapted eigenvectors for the three symmetries 
have been derived in various coupling schemes in which the spin-orbit interaction, electron cor-
relation, and ligand field in turn are varied from minor to dominant perturbations. The cor-
responding energy matrices as a function of the parameters of the ligand field, electron correlation, 
and spin-orbit constant have been constructed in all the representations. Unitary transformations 
connecting different formalisms were obtained. The energy matrices have been solved for represen-
tative sets of parametric values and energy diagrams have been plotted in all the symmetries as well 
as in the square planar limit of the quadrate crystalline field. The secular determinants, the eigen-
functions, the energy diagrams, and the unitary transformations presented here are extremely useful 
in the study of the various aspects of spectroscopic, magnetic, and other properties of appropriate 
systems. The theory is applicable to quadrately distorted or substituted, trigonally distorted or sub-
stituted, octahedral and tetrahedral complexes and to compounds of cylindrical symmetry of d2 and 
d8 electronic configurations. 

I. Introduction 

Although the ligand field theory of cubic fields 
for all dn, n = 1 to 9, electronic configurations has 
been developed with the inclusion of spin-orbit per-
turbation 3, such has not been the case with the the-
ory of noncubic ligand fields. The noncubic theory 
advanced so far with a very few exceptions4 has 
been mainly either with complete or part neglect of 
spin-orbit perturbation or configuration interaction 
or both. Even such restricted calculations have been 
limited to a few of the dw configurations. Spin-orbit 
interaction acts as a minor perturbation in the case 
of the first members of the 3dw iron group elements 
but becomes dominant for the last members of the 
3d" and for all members of the 4dn palladium and 
the 5d" platinum group metal ions. Exact calcula-
tions including spin-orbit perturbation and full con-
figuration interaction will be necessary for a thor-
ough interpretive investigations of the spectral and 
magnetic properties of the appropriate complex com-
pounds. 

In this series of reports we will undertake to 
study the d2 and d8 electronic configurations im-

mersed in various noncubic ligand fields. The pre-
sent paper will cover the underlying theory for the 
fields of quadrate (tetragonal), trigonal and cylin-
drical (axial) symmetry. Applications of these cal-
culations to actual experimental situations will be 
the concern of the future series, with interpreting 
the vast amount of available spectroscopic data on 
nickel (II) complexes 5 exemplifying the d8 configura-
tion as the beginning. 

In order that the basic theory presented be ap-
plicable to all the transition-metal ions including 
lanthanides and actinides, we shall consider various 
coupling schemes in which the role of the ligand 
field, electron correlation, and spin-orbit interaction 
is varied each in turn from minor to dominant per-
turbation. 

The appropriate compounds of d2 and d8 elec-
tronic configurations that can be studied by the 
theory expounded here are the following: 1) tetra-
gonally distorted or substituted octahedral and tetra-
hedral complexes, including five coordinate square 
pyramidal and four coordinate square planar sys 
tems, 2) trigonally ditorted or substituted octa-
hedral and tetrahedral complexes, and 3) cylindri-
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cal [D0oh, Cxv) and n polygonal prismoidal ( n > 4 , 
Dnh, Dnd , Dn> Cny, Cn h , Cn) compounds which in-
clude gaseous dihalides and metallocenes. 

II. Theory 

A) The Perturbation 

We are concerned with the total perturbation 

:H'=FL-F-(r,G,(p) + Ze*/rij+ 2 f(n) Ir* (1) 
i > j i 

where VL-F- represents the nonspherical potential 
field of the encompassing ligands, 2 e2/r,;- the elec-

i>) 
tron correlation, and 2 £(rt-) lr®i the spin-orbit in-

i 
teraction. The various coupling schemes refer to the 
diagonal nature of these individual perturbations. 
If the basiis functions are so chosen that the ligand 
field potential is diagonalized, construction of sym-
metry eigenfunctions from this basis set to incorpo-
rate the remaining perturbations is known as the 
strong field formalism. We note in the case of qua-
drate and trigonal symmetry the ligand field can be 
expressed as the sum of cubic and axial fields so 
that the cubic ligand field potential alone can be 
made diagonal and the axial ligand field potential 
is added as minor perturbation or the complete li-
gand field potential can be made diagonal as is pos-
sible in the case of quadrate fields. The former 
scheme is applicable in te study of the substituted 
and slightly distorted cubic complexes and the latter 
scheme is applicable in the study of the substituted 
in the study of the highly distorted cubic complexes 
of which square planar systems will form a special 
case. If the basis set in which the electron correla-
tion is digonal is used to include the ligand field 
and spin-orbit perturbations, such a procedure is 
called the weak-field or the free-ion formalism. Utili-
zation of a basis set that diagonalizes the spin-orbit 
interaction to carry out the ligand field and electron 
correlation perturbations is called (/, j) coupling 
scheme. In addition to these, there is one other for-
malism which may be employed in the case of qua-
drate and trigonal fields to determine the final eigen-
functions and eigenvalues. This method is to use 
one electron spin-orbital functions, which are the 
symmetry eigenfunctions for the ligand field and 
spin-orbit perturbations, as the basis set to carry 
out electron correlation perturbation. The cubic li-
gand field is diagonal in this (y, y) scheme and al-
though the axial ligand field and the spin-orbit in-

teraction are not completely diagonal, they act as 
major perturbations compared to electron correla-
tion 6. 

For reasons which will become apparent in the fol-
lowing, we choose to call the strong field, weak-
field, (j,j), and the (y, y) coupling schemes of the 
quadrate and trigonal fields the {X, S, t*g, eg, JTj}, 
{L, S, J, J"1,}, { ; , / ' , / , r 7 ) , and {y^Ug), y8(tSg), 
Y8(eg)> F } } representations, respectively. The strong 
field, weak-field ,and the (/', ; ) formalisms in the case 
of cylindrical fields are called {£, 6, TZ, o, A ' } , 
{A, Q, Tj), and {co, co, Q, A ' } representations, 
respectively, to conform to the quantum mechanical 
notation of the diatomic molecules. The additional 
scheme of the quadrate fields for which the one elec-
tron quadrate functions form the basis set is named 

b2g, alg, blg, Tj) representation. 

B) Octahedral Orientation in Quadrate 
and Trigonal Fields 4a 

Except in the case of the four coordinate square 
planar and perhaps five-coordinate square pyrami-
dal complexes, axial fields of the quadrate and of 
the trigonal compounds are usually of smaller mag-
nitude compared to the cubic fields so that the qua-
drate and trigonal systems under consideration can 
be treated as slightly deviated from cubic symmetry. 
This means that the symmetry adapted wave func-
tions in all representations except {X , S, eg, b2g, 
a l g , 6 l g , r a r e constructed in octahedral orienta-
tion and properly decomposed on going to quadrate 
and trigonal symmetry as shown in Table 1 7. 

Table 1. Decomposition of the Representations of Cubic 
Symmetry Relative to Quadrate and Trigonal Symmetries. 

Cubic Quadrate Trigonal 

A c A Q A T 

r2 c A Q A T 
A a C A Q A aT 

r 3 b c AQ A b T 
r4 a c A Q A T 

A(b ) T 

AaC A Q A T 

A & c r5(S) Q 
A T 

C) Symmetry Adapted Wave Functions 

1. {X, S, Ug, eg, r^} Representation of Quadrate 
and Trigonal Fields 

The basis functions are the crystal field eigen-
functions of cubic symmeary, i. e., the Ug and eg 



Table 2. Crystal Field Eigenfunctions of Cubic Symmetry in Tetragonal and Trigonal Orientations. 

Cubic Tetragonal Trigonal 

12ga dxy da> = dZ'i 

J " l / ^ J "1 / 2 , - , / T [dz-x'+idyz] -l/T [dx>t-y.l-idx'y'] 

2 g° ^ y •y y t 1 3 v t — - y 3 V 2 — 

, . 1 / 2 , , i / l , - i / T [dz'x'+i dyg,] -. / T 

e g b y 3 y - 3 i s V2 ~ + y 3 7 2 -

orbitals. These orbitals in tetragonal and trigonal 
quantization 3 b are given in Table 2 . 

In Table 2, da ' , d ^ ' i , and d<5'± denote the J I, mi ) 
functions j 2 , 0 ) , + | 2 , ± 1 ) , and | 2 , ± 2 ) , respec-
tively, pr ime refer ing to trigonal quantization. The 
trigonal oriented orbitals in Cartesian coordinates 
are related to the tetragonal oriented orbitals b y 

means of the orthonormal transformation 

The two electron symmetry eigenstates are con-
structed f r o m this set b y using their symmetry 
transformation properties, which along with those 

Cubic Quadrate C4(z) C2(y) C3(z') 

«lua = (2) «2 «lua — «lua «lub 
«lub = (y) <?a «lue «lub «lue 
«luc = (z) eb — «lub — «lue «lua 
«2ga = (xy) b2 — «2ga «2ga «2gb 
«2gb = (zx) ea — «2gc «2gb «2gc 
«2gc = (yz) eb t2g b — «2 gc «2ga 
ega = (z2) «1 ega ega — J e g a — 
egb= (x2~y2) - e g b egb - 1 egb + 
ai = (aß - ß a) 1 V2 <*1 flj flj 
tU=(aß+ßa)/V2 a2 «ia — «la «lb 
tlh=i(aa+ßß)IV2 ea tu «lb «lc 
« l o = - ( a a - ß ß ) / V 2 eb — «lb — «lc «la 

Table 3. Symmetry Transformation 
Properties of Cubic and Quadrate 
Functions in {X, 5 } Representation. 

Table 4. Symmetry Transformation Properties of Cubic and Trigonal Functions in {X, S } Representation. 

Cubic Trigonal C3(z') C2(y') C4(z) 

«lua = (z') a2 «lua — «lua h «lua+§ «lub+ § c u ' ^ l u c 

«lu(c) e± ft*11 «lu(c) — «lu(b) § «lua+J «lu(b) + § CO±1/1 «lu(c) 
«2ga = (z'2) <*i «2ga «2g a J «2ga + f £U - « 2 g b + § ft>Vl «2gc 
«2g( c) e± «2g(b) § CO + ̂ f 2 g a - J «2g(S) § ft>±,/l«2g(c) 
eg(S) = v § + n (<5;) e± (o±1 eg(S) eg(a) 
ay = (a'ß'-ß' a') IV2 a i «1 
«la = {a'ß'+ß' a') IV2 a2 «la - « l a S / l a + § CO + ' / ' f l c 
«lb = - ( a ' a') e + ft) +1 «lb — «lc § co - 1 / ! « la+J <lc+§ w + , / ,« lb 
«lc =ß'ß' e _ ft»-1 «lc — «lb ! co +1/1 « la+3 « l b + § CO"1/8 «lc 



Table 5. Quadrate Wave Functions and Energy Matrices in { X , S, t2g , eg , A ' } Representation, 

(a) | X, S, t2g , eg , Tj) Functions 
[W0=(aß+ßa)lV2; W,=i{aa+ß ß)jy 2, W . ^ - (a a-ßß)/V2] 

A Q Representation 
| l> = A C [ M l g ( e g 2 ) ] =iVU\(z2) (z2)\ + \ ( x 2 - y 2 ) ( x 2 - y 2 ) |] (aß-ßa)/y2 
\2) = r1C[3T1g(t2geg)]= VU\{xy)tf-y*)\W0 + [-\ \ (z x) ( x 2 - y 2 ) | + ( j/3/2) | (z x) (z2) |] A 

+ [ - * | (yz ) ( x* -y* )| - ( j /3/2) |(yz)(z2)|] 
I 3) = A C [ 3 y l g ( f 2 g 2 ) ] = l / i { | ( z x ) ( y « ) | y , + | ( y z ) ( » y ) | A " 1 (z x) (x y) \ W-i} 
| 4) = A C [lAle (*2g2) ] =iyi[\(zx)(zx)\ + \ (y z) (y z) | +1 (x y) (x y) \](aß-ßa)/ ]/2 
|5> = r 3 a C[l£ : g (e g 2)] = VH|(x2—y2) (x2 —y2)| - | (z2) (z2) |] (a / ? - / ? a ) / j / 2 
|6> = r 3 aC[3r 2 g ( f2geg) ] = *V'i{ [ - i I ( » ) (z2) | - V ^ / 2 - [ - J | (y z) (z2) |+ ( j/3/2) | (z x) ( x 2 - y 2 ) |] ^ | (y z) ( x 2 - y 2 ) |] 
|7> = r 3 a C [ 3 r i g ( * 2 g e g ) ] = « Y J { 2 | ( x y ) ( x 2 - 2 / 2 ) | ? / 0 - [ - * | (z x) ( z 2 - y 2 ) |+ ( j /3/2) | (z x) (z2) |] A 

- [ - i \ { y z ) (x2—y2) I - ( j /3/2) I (y z) (z2) |] y _ !> 
I 8> = A a c [ 3 r i g («2g2) ] = < • f a { - 2 | (y z) (z x) | A - 1 (y z) (x y) | A +1 (z x) (x y) | W_ i ) 
|9> = r 3 a C [ l f : g ( ^ g 2 ) ] = l /J[|(zx)(zx)| + |(yz)(yz)| - 2 | (xy) (xy) |] (a ß-ß a ) / ^ 2 . 

A ^ Representation 
I 1) = r 4 a c [ ^ g (I2g eg) ] = I(z x) (z2) I - ( j /3/2) | (z x) ( x 2 - y 2 ) |] ^ _ i + [ - i | (y z) (z2) | + ( j /3/2) | (y z) ( x 2 - y 2 ) |] A ) 
| 2) = A a C [3Jig (t2g eg) ] = fa'{[-| |(2«) (x2—y2) | + ( j /3/2) | (z x) (z2) |] W _ i - [ - * ] (y z) ( x 2 - y 2 ) | - (yS/2) | (y z) (z2) |] A ) 
|3> = r4ac[3rig(f2g2)] = VU\(yz) (xy)\W.1+\(zx) (xy)| A l 
14>=r 4 aC[ i r i g ( f 2 geg ) ] = « V H I ( * y ) (x2—yz)I + l ( * 2 - y 2 ) (*y)|] ( a / ? - / ? a)/ j/2 . 
r 3 Q Representation 
| l ) = r 2C[3r2g(f2ge g ) ] {| (x y) (z2)| A + [ - J | (z x) (z2) | - ( 1 / 3 / 2 ) |(zx) (x2 -y2 )|] A 

+ I M (*2)| + ( j /3/2) I (y z) (x2 —y2) |] 
I 2> = r 3 b C [ l £ g ( e g 2 ) ] = j / l [|(z2) (x2 —y2) | + •|(x2-y2) (z2) |] ( a £ - / ? a ) / V 2 
|3) = r 3 b C [ 3 r 2 g ( f 2 g e g ) ] = i j / H 2 | ( x y ) ( z 2 ) | y 0 ~[~h\(z x) (z2) | - ( j / 3 / 2 ) | (z x) (x2-y2).|] IP, 

~[-h\(yz)(z*)\ + ( j /3/2) |(yz)(x 2 -y 2 )|] 
|4> = r 3 b C [ 3 r i g ( f 2 g e g ) ] = i j / | { [ l | ( z x ) ( x 2 - y 2 ) | - ( j / 3 / 2 ) |(zx) (z2)|] A + [ - J | (y z) ( x 2 - y 2 ) | - (J/3/2) | (y z) (z2) |] V _ i } 
1 5 > = r 3 b c [3r l g («;,) ] = i y f [ _ | (y z) (x y> | A - 1 <«,) (x y) | w _ i ] 
| 6 > = r 3 b C [ l £ g ( f 2 % ) ] = j/J[|(zx) (z x)| — | (y z) (y z) |] (a ß — ß a) / j/2 

Representation 

| 1) — 2g (eg2) ] = - | (z2) ( x ^ y 2 ) ! A 
|2> = r5aC[37 ,2g(f2geg)] - j/J { [ J | (z x) (z2) | + ( j/3/2) | (z x) ( x 2 - y 2 ) ]] S>_i + [ - £ | (y z) (z2) | + ( j/3/2) | (y z) ( z 2 - y 2 ) |] A ) 
| 3 ) = r 5 a C [ 3 r 1 g ( f 2 g e g ) ] = Vh{[~h\(zx) (x2 y2) i + ( j / 3 / 2 ) |(z x) (z2) |] + [ - J | ( y Z ) ( x 2 - y 2 ) - (^3/2) | (y z) (z2) |] A ) 
I 4> = AaC[12-28 («2* eg)] = < [| (x y) (z2) | + | (z2) (x y) |] (a ß-ß a)/ V2 
| 5 > - r 5 a C [ 3 r i g O L ) ] = > / | [ - | ( y z ) ( x y ) | F _ i + | (z x) (x y) | A l 
| 6 > = r 5 a c [ 1 7 , 2 g ( ^ g ) ] =iVh[\(zx) (yz)| + | (y z) (zx)|] (aß-ßa)/V2 

r 5 a Q Representation 
|l> = A b c [ 3 r 2 g ( f 2 g e g ) ] = j / H |(xy)(z2 )|3 /_i + [ - | | (y z) (z2) | + (^3/2) | (y z) ( x 2 - y 2 ) |] 
| 2 > = A b c [ 3 r i g ( f 2 g e g ) ] = j / | { - | ( x y ) ( x 2 - y 2 ) | ^ _ i + | (y z) ( x 2 - y 2 ) | ~ ( j ^ / 2 ) | (y z) (z) |] A ) 
I 3 ) = A b C [ 3 7 ' i g ( f l g ) ] = j/g[| (x y (z x) | W0 + | (y z) (z x) i] 
I 4> = r4hC[lTle(t2e eg)] = i [ - i \ (zx) ( x 2 - y 2 ) | + (j /3/2) | (z x) (z2) |] (a ß-ß a) / j ^ 
I 5 ) = >r5bC[3^2g(eg2)] = - |(z2) (x 2 -y 2 )| A 
|6>=r5 bC[372g(*2geg)] = j / | { | ( x y ) ( 2 2 ) | ^ - l " [ - I |(y «) (z2)|+( j/3/2) |(yz) (x 2 -y 2 )|] A ) 
| 7 > = r 5 b C [ 3 r i g ( f 2 g e g ) ] = j / H I ( x y ) ( x 2 - y 2 ) | ! F _ i + [ - i | (y z) ( x 2 - y 2 ) | - (^3/2) | (y z) (z2) |] W0} 
I 8> = A b C [lT2g (ts g eg) ] =i[~ l\(zx) (z2) | - ( j /3/2) | (z x) ( x 2 - y 2 ) |] (a ^ a) / j /2 
I 9> - r 5 b C [ 3 j l g ( f2g2) ] = YU -1 (x y) (z x) | A +1 (y z) (z x) | W - 1 ] 

| 10> = r5 bC[ir2g(*2g2)] - l Y H I ( y z ) ( x y ) | + |(xy)(yz)|] (aß-ßa)/y2. 
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Tab. 5. (b) {X, S, t2g , eg , Tj} Energy Matrices. 

7\Q Representation 
<1 1> = 1 2 Ö 9 + 7Z)f + 8 ß + 4 C 
<1 2) = —1/3 £ 
<1 3) = 0 
<1 4) = 1/6(2 B + C) 
<1 5> = i(4 D s + 5 D t) 
<1 6) = <1|7) = <1|8) = <1|9> = 0 

<2 2) = (1/6) (12 D 9 + 7 D t) + 4 B-(1/2) £ 
<2 3) = - 6 ß + £ 
<2 4> = -V2C 
<2 5> = 0 
<2 6) = ( - i 1/2/4) (4Ds + 5Dt) 
<2 7) = (i 1/2/12) (—24 D s + 5 D t) 
<2 8) <2|9> = 0 

<3 3) : - (2/3) (12 D 9 + 7 D t)-5 B + C 
<3 4> = V2 £ 
<3 5> = <3 | 6> = <3 | 7> = 0 
<3 8> = (i 1/2/3) (3Ds-5Dt) 
<3 9) = 0 

<4 4> = - (2/3) (12 D 9 + 7 D t) + 1 0 ß + 5 C 
<4 5> = <4 | 6> = <4 | 7> = <4 | 8) = 0 
<4 9) = — (i 2 1/2/3) (3Ds-5Dt) 

(5 5> = 12 D 9 + 7 D t + 2 C 
<5 6> = (1/6/2) £ 
<5 7) = (1/6/2) £ 
<5 8) = 0 
<5 9> = 2 Y3 B 

<6 6> = (1/4) (8 D 9 - 7 D t) - 8 B+ (1/4) £ 
<6 7) = (1/4) (4 D s + 5 D t) — (3/4) £ 
<6 8) = ( - 3 / 2 ) £ 
<6 9) = 0 

<7 7) = (1/12) (24 D 9 - 2 4 D s + 19 D t) + 4 B+ (l/< 
<7 8) = - 6 B-(1/2) £ 
<7 9) = -V2 £ 

<8 8) = (1/3) ( - 2 4 D q + 3 D s - 1 9 D t) - 5 B-(1/i 
<8 9) = (— 1/2/2) £ 

<9 9) = ( - 2 / 3 ) (12 D q + 3 D s + 2 D t) +B + 2 C 

R2 Q Representation 

<1 1> = (1/4) (8 D 9 - 7 D t) —8 B+ (1/4) £ 
<1 2) = ( - 1/3/4) (4 D s + 5 D t) + (1/3/4) £ 
<1 3) = (1/3/2) £ 
<1 4> = (1/6/4) £ 

<2 2) = (1/4) (8 D 9 + 8 D s + 3 D t) + 4 B- (1/4) £ 
<2 3) = — 6 B + (1/2) £ 
<2 4) = (1/2/4.) £ 

<3 3) = - 8 D q-D s-3 D t-5 B+ (1/2) £ 
<3 4) = (1/2/2) £ 

<4 4) = 2 D 9 - 4 D s + 2 D f + 4 ß + 2 C 

r 3Q Representation 
< 1 | 1 > = (1/6) (12 D 9 + 7 D 0 - 8 B- (1/2) £ 

<1|2> = 0 
<1 | 3> = (35 1/2/12) D t 
<1 | 4) = ( | /2/4) ( 4 Ö 5 + 5 Ö 0 

<1|5> = (1 | 6) = 0 

<2 |2> = 1 2 D g + 7Z) f + 2 C 

<2 | 3> = (1/6/2) £ 

<2|4> = (1/6/2) £ 
<2 | 5> = 0 

<2 | 6> = 2 1/3 0 

<3 | 3> = (1/12) (24 D g + 4 9 D t) —8 B+ (1/4) £ 

<3|4> = ( — 1/4) (4 D s + 5 D t) — (3/4) £ 

<3 | 5> = ( - 3 / 2 ) £ 

<3 | 6> = 0 

<4 | 4) = (1/4) (8 D 9 + 8 D s + 3 D t) + 4 B+ (1/4) £ 

<4|5> = —6 5 — (1/2) £ 
<4|6> = -V2C 

(5 | 5) = - 8 D q-D s - 3 D t-5 B-(1/2) £ 

<5 | 6> = ( - 1/2/2) £ 

(6 [ 6) = - 8 D 9 + 2 D s - 8 £ > f + 5 + 2 C 

P4Q Representation 

<1 | 1> = 12 D 9 + 7 D t-8 ß 

<1! 2> = V2 £ 
(1 I 3) = 0 

<1 I 4> = £ 

<1|5> = (1 j 6) = 0 

<2[2> = (1/4) (8 D 9 - 7 D t)-8 B- (1/4) £ 

<2|3> = (1/3/4) (4 D s + 5 D t) + {|/3/4) £ 

<2 | 4> = ( - 1/2/4) £ 

<2 | 5> = J/3/2) £ 

<2|6> = (1/6/2) £ 

<3 ! 3> = (1/4) (8 D 9 + 8 D s + 3 D t) + 4 S + (1/4) £ 

<3 | 4> = ( - 1 / 6 / 4 ) £ 

(3 | 5) = 6 5 + ( 1 / 2 ) £ 

<3 1 6> = (1/2/2) £ 

<4 | 4) = 2 D 9 + 7 D t + 2 C 
<4 | 5> = ( - 1/6/2) £ 

<4 | 6> = 2 V3B 

<5 | 5> = - 8 Dq-D s - 3 D t-5 B-(1/2) £ 

<5|6> = (1/2/2) £ 

<6|6> = — 8 D 9 + 2 Ö S — 8 D f + B + 2 C 

r 5 Q Representation 
<1|1> = (1/8) (16 D 9 + 2 1 D t) — 8 B+ (1/4) £ 

<1|2> = = (1 /3 /8 ) ( 4 D s + 5D<) + (> /3/4) £ 

<1 1 3> = (1/3/2) £ 

<1 j 4) = (1/6/4) £ 



<1 5> = 0 
<1 6> = (35/8) D t 
<1 7> = (1/3/8) (4 D s + 5 D t) 
<1 8> = <1|9> = <1|10> = 0 

<2 2) = (1/8) (16 Dq-8D s+11 D t) + 4 B-(1/4) £ 
<2 3) = - 6 5 + ( 1 / 2 ) C 
<2 4> = (1/2/4.) £ 
<2 5> = 0 
<2 6> = (— 1/3/8) (4 D s + 5 D t) 
<2 7> = (1/8) ( 2 4 Ö S - 5 Dt) 
<2 8> = <2 | 9> = <2 | 10> = 0 

<3 3) = = (1/2) ( - 1 6 D q + D 5 - 1 1 D t) - 5 B + (1/2) f 
<3 4> = (1/2/2) f 
<3 5> = <3 I 6> = <3 | 7> = <3 | 8> = 0 
<3 9> = (1/2) (3 D s—5 D t) 
<3 10) = 0 

<4 4) = (1/4) (8 D q + 8 D s + 3 D t) + 4 5 + 2 C 
<4 5> = <4 | 6> = <4 | 7 ) = 0 
<4 8) = ( - 1/3/4) ( 4 ö s + 5 D ( ) 
<4 9> = <4 | 10) = 0 

5 b 
<5 5> = 12D q + 1 Dt-8B 
<5 6> = V2 £ 
<5 7) = 0 
<5 8> = c 
<5 9) = <5 | 10> = 0 

<6 6> = (1/8) (16 D 9 + 2 1 D t) - 8 B-(1/4) £ 
<6 7) = ( - 1/3/8) (4 D s + 5 D t) + (1/3/4) £ 
<6 8) = ( - 1/2/4) C 
<6 9) = ( - 1/3/2) £ 
<6 10) = (1/6/2) £ 

<7 7) = (1/8) (16 Dq-8D s + 11 D t) + 4 B+ (1/4) £ 
<7 8) = ( - V6/4) C 
<7 9) = 6 5 + ( 1 / 2 ) C 
<7 10) = (1/2/2) £ 
<8 8) = (1/4) (8D q-1 Dt)+2C 
<8 9) = ( - 1 / 6 / 2 ) f 
<8 10) = 2 Y3B 

<9 9) = (1/2) (-16 D q + D s-ll D t) -5 B- (1/2) £ 
<9 10) = (1/2/2) £ 

<10 10) = -8D q-D s - 3 D t + B + 2 C 

of the other states are given in Tables 3 and 4. The 
symmetry transformation properties of linear com-
binations of spin functions follow from those of the 
single spin functions | 1/2, 1/2) and | 1/2, - 1 / 2 ) 
denoted by a and ß. The transformation matrices 
of the spin functions can be obtained by the sub-
stitution of angular values into the spinor array of 
GOLDSTEIN 8, once the angles are fixed by identify-
ing the transformation matrix of the symmetry ope-
ration with the Eulerian matrix of Goldstein. For 
instance, C3 operation results in the following spi-
nor matrix: 

' a " r i e"{ß " ' a 

= 
V2 

i e - "iß 
n 

e-nil 4 

. V2 1/2 - J* 

(3) 

It should be noted that the spin functions of Table 4 
are also azimuthally quantized along the three-fold 
z'-axis rather than along the tetragonal z-axis. Thus, 
the transformation matrices of the symmetry opera-
tions on the trigonally quantized spin functions are 
as follows. 

0 
co-1 / . 

c 2 (y) 
o 

- l o j\ß' r 

(4 a) 

(4 b) 

y§ 
iVl i / i 

y\ e -
(4 c) 

where co = e-T!' . The triplet spin function trans-
forms as tx representation and the linear combina-
tions are so constructed with exactly the same be-
havior under symmetry operations as the tx orbital 
representation. Construction of two electron sym-
metry adapted wave functions in both spin and co-
ordinate space is best illustrated by considering an 
example. For this purpose we choose the 3 r l g ° of 
t.2g2 configuration and discuss the quadrate and tri-
gonal cases separately. 

The sT lg(t2g2) state under inclusion of spin-orbit 
interaction gives rise to the cubic spin-orbital states 
r 1 C + r 3 C + .T4c + r s c which on going to quadrate 
symmetry further decompose to J 1 ^ + (J^Q + -Z"^) 
+ (r2Q + r5Q) + (r4Q + r5Q) quadrate states. The or-
bital components of the 3 r l g state are, a = \(zx)(y z)\, 
b = \(y z) (x y) \, and c= — \(zx)(xy)\. The a, b, c 
components of tx representation to which the triplet 
spin function transforms are listed in Table 3. Those 
quadrate states which occur only once can be writ-
ten down immediately by identifying with the trans-
formation behavior of orbital-spin determinants. 
Thus, since [| tlh tlc | - | tu tlh |], [| tlh f l b | - | tu tle|). 
and [| t-[b <ic I + I <ic |] transform, respectively, as 
r2Q, r3Q, and r4Q, the corresponding wave func-
tions, including normalization, are: 



AQ {r^c[sTig(t2g2) ]} = y2 11 (yz) 0zy) | 

AQ{Abcmg(%2)]} = [|(yz) (xy)I 

( A a C [ 3 r i g ( % 2 ) ] } = ^ j I ( y z) ( x y ) I 

One of the r x®, namely the ^ ' ^ { A a 0 } can be im-
mediately obtained by carrying out C3(z') opera-
tion on and equating the result with 
- 1 / 2 r 3 b +1/3/2 r 3 a . The other i . e . , 
r i Q { r i c [ 3 r l g ( t 2 g 2 ) ] } should be orthogonal to 
A Q { A a C } . The correctness of this orthogonal func-
tion can be checked by its deportment under C4(z) 
and C 3 ( / ) operations by which it should be trans-
formed into itself. The a component of the JT5Q sta-
tes of r 4 C and .T5c can be derived by C3(z') opera-
tion on JT2Q and JT4Q, respectively. Further C3(z') 
operation on the a component will yield the other 
component of the -T5Q state. The complete set of 
symmetry adapted octahedrally oriented quadrate 
d2 wave functions thus obtained are given in Table 
5 a 9 . 

The A 0 + r 3 ° + r 4 c + r 5 c cubic spin-orbital 
states of 3TXg{t2g2) in trigonal symmetry give rise 
to A T + r 3 T + ( r 2 T + r 3 T ) + ( j y + r 3 T ) states. 
By an examination of the transformation behavior 
of the determinantal products under symmetry ope-
rations, the orbital components of sTXg (^g2) are 
seen to be 4 a '1 0 

a: |e+(fog) e_ («2g)|, b : - | ax (fog) e+ {t2g) |, 

and c : | ax {t2g) e_ (^g) | . 

Now the triplet spin function transforms as tx, the 
three components of which along with their sym-
metry properties are included in Table 4. Denoting 

(aa-ßfi 
V2 

. (aa+ßß) 
V2 

_ (aoL-ßß) 
V2 

+ |(zx) {xy) j (aa+ßß) 
V2 

+ \(zx) ( x y ) | f -

- I (zx) {xy) I 
(a a+ßj) 

V2 

the a, b, c components of tx (both spin and space) 
as a2{tx), e + ( ^ ) , and e_{tx), we investigate the 
symmetry properties of the determinantal products 

Table 6. Transformation Properties of Trigonal Orbital-Spin 
Determinants. 

Function C5(z') C2(y') 

1 «2 Ol) «2 Ol) 1 = ^1 <Pi <Pi 
|o20i) e+ Ol) l = 992 CO + 1 (p2 <P3 

|a20i) e_ (ij) | = «j93 CO-1 (p3 <Pz 
1 e+ Oi) e+ (fi)| = 9?4 (O-1 Cpi <Ps 
| e_ e_ Oi) 1 = ^5 co + 1<p5 Ti 
1 (tt) e_ (fi)| = 9?e <Pe cp7 

| e_ e+ («1)1=^7 <P-
Vi Vl 

cpe-qp7 = y2 V« - V 2 

' «2(*i)|> I M ' i ) e ± ( ' i )| f a n d ! e± (<i) e ± ( ^ ) | 
arriving at the results collected in Table 6. 

It is immediately obvious that y>2 is the desired 
function correctly transforming as the unique r 9 T 

state. Thus, 

r2T = r4ac=1/V2 [-|Bl(t2g) e+ I ( f p) 

— I «1 («2b) ( f 2 g ) | ( - a a ) ] . 

The two components of JT3t corresponding to -T4b,cC 

can be obtained by carrying out C4 (z) operation on 
r 2 T . Thus, after some algebraic manipulation, it 
can be shown that 

c 4 (z) [ r 2 T ( r 4 a c ) ] = C4 (Z) {1/1/2 [ - I d (is,) e + {t2g) I <ß ß') - ! 0 l ( % ) e_ {t2g) I ( - a a ) ] } 

= 1/1/2 j 1/3 [ - I fll {t2g) e+ I {ß' ß') - I A! {t2g) e_ (^ g ) | ( - « ' a') ] 

+ 2 /3o j - 1 / l [|e + ( f 2 g ) c_(«2g)| ( - a a ) +1 ax (fog) | " ^ 

+ 2/3 co - 1 e + (fog) (fog) I (/T ß') +1 a ] (fog) e_ (fog) I ^ y f ^ 

which when compared with the transformation properties of Table 4 yields the result that 

l / l / 2 j J e+ fag) e_(fog)| ( - « ' a ' ) + | f l l(fog) e+ (fog)\{a'ß'+f = A a T ( r 4 b C ) 

and l / f / 2 [ - \e+ (fog) e _ ( f o g ) | ( / T / T ) + k ( f o g ) (fog) } ] 



It can also be noted from Table 6 that a general-
ized combination of functions for a / \ T state is 
c i fi + c-2 Wi • The coefficients cx and c2 in the 
A T ( A C } state are obtained by insuring that the 
C4(z) operation carries it into itself. The J ' 1 T { ^ a c } 
state is then formed as the orthogonal combination 
to A T ( A C } - The C4 ( z ) operation on / ^ { l y 3 } 

state yields the two components of JT3t correspond-
ing to r5htCp. Finally, the -T3T state resulting from 
the -T3c can be gotten by making it orthogonal to 
the other two r s T states. The complete set of sym-
metry adapted spin-orbital wave functions thus 
derived are listed in Table 7 a 9 . 

Table 7. Trigonal Wave Functions and Energy Matrices in {X, S, t2g, e g , Fj) Representation. 

(a) | X, S, f2g, e g , Tj) Functions 

r 1T Representation 

|l> = r i C [ M l g ( e g 2 ) ] =Vi[\e+(eg) e_ (e g )| + |e_(eg ) e + (e g )|] (a' ß'-ß' a')/ j /2 
|2) = A c [ 3 7 , l g ( « 2 g e g ) ] =Vi{[-\e+(t2g) e-(eg)} +| e_ (f2g) e + (eg) |] (a' ß'+ß' a ' ) / ] /2 

+ [|<*l(«2g) e_ (e g )| + |e+ («2 g ) e + ( e g ) |] ( - a ' a ' ) 
- [| (f2g) e + (eg) | +1 e_ («2g) e_ (eg) |] (£' /? ')} 

| 3 ) = rtC [B^ig («2g2) ] = VU-1 e + (t2g) e _ («2g) | (a' ß'+ß' a') / 
_ - 1 ai («2g) e _ (t2g) | ( - a ' a ') + 1 ai («2g) e + (« 2 g ) | (ß' ß') ] 

|4> = r i C [ U l g ( f 2 g 2 ) ] =y^[\ai(t2g) a\ (t2g) | +1 e + (t2g) e _ («2 g) | + ! e _ ( « 2 g ) e + ( « 2 g ) | ] {a' ß ' - ß'a') j V2 

I 5> = r 5 a c [ ^ 2 g ( e g 2 ) ] e + (eg) e _ (e g ) | (a' ß'+ß' aO/j/2 
I 6> = r5ac[37'2g(«2g e g ) ] = H f ! ai(«2g) e _ ( e g ) | - | e+(<2g) e + ( e g ) | ] ( - a ' a ' ) 

- [| ai («2g) e+ (eg) | - | e_ («2g) e_ (eg) |] (/?' ß') } 

I 7> = r^ap [3Tig («2g eg) ] = ^ {2[| e + («2g) e_ (e g )| e_ («2g) e+ (e g )|] (a' ß' + ß' a') / j/2 

+ [|ai(«2g) e_(e g )| +1 e + («2g) e + (eg) |] ( - a ' a ' ) - [|ax(«2g)e+(eg)|+| e_ («2g) e_(eg)|] (ß' ß')} 
I 8> = r 5 a C [ir2g (<2g eg) ] = HI e + («2g) e _ (eg) | +1 e _ (eg) e + («2g) | 

+1 e _ («2g) e + (eg) | +1 e + (eg) e _ («2g) |] (a' ß'-ß' a') / ]/2 
|9> = r 5 a C[3ri g ( « 2 g 2) ] = H [ - 2 | e + ( « 2 g ) e - ( « 2 g )| (a' ß'+ß' a ' ) / ] /2 

+ 1 ai («2g) e _ (f2g) | ( - a' a') — | ai («2g) e + («2g) | (ß' ß') ] 
I 1 0 > = r 5 a C [ l r 2 g ( f 2 g 2 ) ] = VH-2 | ai(«2g) ai(«2g)| +| e + (<2g) e_ («2g) | +| e_ («2g) e + (f2g) |] (a' ß'-ß' a ' ) /^2" 

/ * 2 t Representation 
I l ) = r 2 C[3r 2 g ( « 2 g eg)] = 1/HEl e+ (*2g) e_ (eg) | +| e_ («2g) e + (eg) |] (a' ß'+ß' a')/V2 

- [| ai(«2g) e_ (eg)| — | e + («2g) e+ (eg) |] ( - a ' a ' ) 
- [| ai («2g) e + (eg) | - 1 e _ («2g) e _ (eg) |] (ß' ß')} 

| 2> = r4ac[37'2g(«2g e g ) ] = {2[| e + (t2g) e_ (eg) | + [ e_ («2g) e + (eg) |] (a'ß'+ß' a ' ) / j / 2 

+ [| oi («2g) e _ (eg) | - 1 e + (f2g) e + (eg) |] ( - a' a') 

+ [| Ol (tag) e + (eg) | - 1 e _ (f2g) e _ (eg) |] (ß' ß') } 
|3> = r 4 a C [ 3 r i g ( « 2 g e g ) ] = H[|ai(«2g) e_(e g )| + | e + ( « 2 g ) e + (e g )|] ( - a ' a ' ) 

+ [| fll («2g) e + (eg) | +1 e _ (f2g) e _ (eg) |] (ß' ß') } 
I 4> = r 4 a C [3Tig («2g2) ] = - Vi[\ ai («2g) e _ («2g) i (•- a' a') + \ m (t2g) e + («2g) | (ß' ß') ] 
|5> = r 4 a C [ i r l g ( « 2 g e g ) ] = i [ - \ e + ( « 2 g ) e_ (e g )| - | e _ ( e g ) e + ( « 2 g )| 

+1 e_ («2g) e + (eg) | + | e + ( e g ) e_(«2 g)|] (a'ß'-ß' a')/V2 

/^3aT Representation 

| l ) = r 3 a c [ ^ g ( e g 2 ) ] = | e _ ( e g ) e_(e g )| (a' ß'-ß' a')/V2 
|2)=r3a c[37 '2g(«2geg)] = >/H[|ai(«2g) e + ( e g ) | - | e_ («2g) e_(e g )|] (a'ß'+ß'a') / V2 

- [| e+ («2g) e_ (eg)| +| e_ («2g) e+ (eg) |] ( - a ' a ' ) 
_ - [ - | a i ( « 2 g ) e_ (e g )| +1 e + («2g) e + (eg) |] (ß'ß')} 

|3) = r3ac[37'ig(«2geg)] = >/H-[|ai(«2g) e + ( e g ) |+| e_ («2g) e_(eg )|] (a' ß'+ß' a')/j/2 
- [| e+ («2g) e_ (eg) | —| e_ (f2g) e+ (eg) ]] ( - a ' a ' ) 
+ [| ai («2g) e_ (eg) | +| e + («2g) e + (eg) |] (ß' ß') } 



Tab. 7 a 

|4> = r3aC[3rig(f2g2)] = Vi[|«l('2g) e+ (t2g) | (a' ß'+ß' a')/1/2"-| e+ (f2g) e_ (t2g) | ( - a ' a ' ) - \ a i ( t 2 g ) e_J*2g)| (/?'/?')] 
| 5 ) = r 3 a c [ 1 ^ ( « 2 g 2 ) ] =Vh[-\ai (t2g) e + (t2g) | — | e + (t2g) a\ (t2g) | +| e_ (feg) e_ (tig) |] (a' ß'-ß' a')/"j/2 

I 6) = r4bc[372g(feg e g ) ] - { [| ai(t2 g) e+(eg)\ - | e_(feg) e_(eg)|] (a' ß'+ß' a')/\'2 

~[| e+ (t2g) e_ (eg) | +| e_ (feg) e+ (eg)|] ( - a ' a ' ) 
+ 2[ -|aiteg) e_(eg)! +| e+ (feg) e+ (eg) |] (A' /?') } 

|7>=r4 bC[37'ig(«2geg)]=H-[|ai02g) e+(eB)| + | e_ (feg) e.(eg)\] (a' ß'+ß' a')/]/2 
_+[| e + (feg) e_ (eg) | —| e_ (feg) e+ (eg)|] ( - a ' a ' ) } 

|8> = r4bC[3rig ( f2g2 ) ] = VKl ai(*2g) e + « 2 g ) | (a' / ? ' + £ ' a') / ^Z + l e + (feg) e_(feg )| ( - a ' a ' ) ] 
|9> = r4bC[lrig(*2geg)] = -H|ai('2g) e+(eg) |+ | e+ (eg ) ai(feg) | +1 e - (feg) e_ (eg)|+| e_ (eg) e_(feg)|] (a' ß'-ß'a')! yZ 

| l 0 ) = r5b c [ 3 ^2g (eg2 ) ] = - | e + ( c g ) e_ (e g )| ( - a ' a ' ) 
|l l ) = r 5 b C[3r2g0 2 geg)]=H[-|ai02g) e + (eg) | +1 e_ (t2g) e_(eg)|] (a'ß'+ß'a')/V2 

~[| e+ (t2g) e_ (eg)| + | e_ (t2g) e+ (eg) |] ( - a ' a ' ) } 

|l2) = r 5 b c [ 3 7 , i g ( f 2 g e g ) ] = ^ = H [ | a i 0 2 g ) e + (eg) | + | e_ (t2g) e_(eg)|] (a'ß'+ß'a')/ ]/2 

+ [|e+(feg) e_ (eg) | - | e_ (t2g) e+(eg)\] ( - a ' a ' ) 
+ 2 [| ai (feg) e_(eg)| + |e+(feg) e+(eg)|] (ß' ß') } 

| 13) = r5bc[17 ,2g(«2g eg)] = *[[ai('2g) e+(eg) | + | e+(eg) ai (feg) | - 1 e _ (feg) e_(eg)| - | e_ (eg) e_ (feg) |] (a' ß'-ß' a')/}/2 
| 14> = r5bc[37'lg02g2)] =VU\ ai(t2g) e+ (feg) | (a' ß'+ß' a')/V2 

- | e + (t2g) e _ (feg) | ( - a' a') + 2 | ai (feg) e _ (feg) | (ß' ß') ] 
|l5) = r5bc[1? ,2g(f2g2)] =J/T[|ai(f2g) e+(feg)| + |e+(feg) ai(feg)| + 2 | e_ {t2g) e_ (feg) |] (a'ß'- ß'a') / ]/2 

Table 7. (b) { X , S, t2g, eg, Tj) Energy Matrices. 

7\T Representation 

<1 1> = (2/3) (18 D <7-7 D r) + 8 ß + 4 C 
<1 2) = - V 3 C 
<1 3) = 0 
<1 4> = (1/6) (2 B + C) 
<1 5> = <1 | 6> = <1 1 7> = 0 
<1 8> = = (2/3) (3 D o—5 D r) 
<1 9) = <1|10>=0 

<2 2) (1/9) (18 D q-1 D r) + 4 B- (1/2) f 
<2 3) = - 6 B + C 
<2 4) = -V2C 
<2 5> = ( - 2 1 / 3 / 9 ) (3 D o—5 D r) 
<2 6> = (1/6/18) (9 D o+ 20 D T) 
<2 7> = (1/2/18) ( 9 ö o + 2 0 D T ) 
<2 8> = 0 
<2 9) = (] /2/3) (3 D o—5 D r) 
<2 10) = 0 

<3 3) = ( - 4 / 9 ) (18 D q-1 D r) - 5 B + C 
<3 4) = 

<3 5> = 0 
<3 6> = ( - 1 / 6 / 9 ) (3 D o—5 D r) 
<3 7> = (— 1/2/3) (3 D <7—5 D r) 
<3 8) = 0 
<3 9) = ( - 1/2/9) (9 D o+20 D x) 
<3 10) 0 

<4 4> = ( - 4 / 9 ) (18 D q-1 D r) + 1 0 B+5 C 
<4 5> = (4 | 6) = (4 | 7) = 0 

<4 8) = (2]/6/9) (3 D o—5 D r) 
<4 9) - 0 
<4 10) = ( - 2 1 / 2 / 9 ) (9 D a + 2 0 D r) 

<5 5 ) = (2/3) (18 D q — 1 D r) —8 B 
<5 6) = V 2 £ 
<5 7) = (21/6/9) (3 D o—5 D r) 
<5 8) = t 
<5 9) - <5 | 10> = 0 

<6 6) - (1/6) (12 D q + 3 D o+2 Dr)-8B-(1/4) f 
<6 7 ) = (1/3/18) (9 D O+20 D r) + (1/3/4) C 
<6 8) = ( - 1 / 2 / 4 ) C 
<6 9) = (1/3/9) (3 D o-5 D r) — (1/3/2) f 
<6 10) = (1/6/2) C 

<7 7 ) = (1/18) (36 D q-9 D o-34 D r) + 4 ß + (1/4) f 
<7 8) ^ ( - 1/6/4) C 
<7 9) = ( - 1 / 3 ) (3 D CT—5 D t) + 6 ß + (1/2) C 
<7 10) = (1/2/2) C 

<8 8) = 2 ö g - D a - 3 D r + 2 C 
<8 9) = ( - W ) C 
<8 10) = (2 j/3/9) (3 D o—5 D r) + 2 Y3 B 

<9 9) = (1/9) ( - 7 2 D q-9 D 0+8 D r)-5 B- (1/2) f 
<9 10) = (1/2/2) C 

(10 | 10) = (2/9) ( - 3 6 D 9 + 9 D o + 3 4 D r) +B+2 C 



Tab. 7 b 
Representation 

r 

1 1> = (1/9) (18 D q-1 D x) - 8 B- (1/2) f 
1 2> = ( - j/2/18) (9 D 0 + 2 0 D x) 
1 3) = ( - j/6/18) (9 D 0 + 2 0 D x) 
1 4> = (1/6/9) (3 D o —5 D x) 
1 5> = 0 

2 2> = (1/18) (36 D q-9 D a - 3 4 D x) - 8 B + (1/4) f 
2 3) = (1/3/18) (9 D o+20 D r) + ( 1/3/4) £ 
2 4> = ( - 1/3/9) (3 D a - 5 D x) + (^3/2) £ 
2 5> = (1/6/4) C 
3 3) = (1/6) (12 D q + 3 D o+2 D x) + 4 B- (1/4) £ 
3 4> = ( - 1 / 3 ) (3 D a—5 D r) —6 B + (1/2) f 
3 5> = (1/2/4) C 

4 4> = (1/3) ( - 2 4 D q + 3 D o +16 D x) - 5 S + (1/2) £ 
4 5> = (1/2/2) £ 

5 5> = 2D q-D o-3 Dr + 4 ß + 2 C 

T Representation 

1 1> = (2/3) (18 D q-1 Dr) +2 C 
1 2> = (1/6/2) f 
1 3) = (1/6/2) C 
1 4> = 0 
1 5> = 21/3 ß 
1 6> = (1 I 7) = (1 | 8) = 0 
1 9> = ( - 1 / 2 / 3 ) (3 D o—5 D r) 
1 10) = <1|11> = <1 |12> = 0 
1 13) = ( - 1 / 2 / 3 ) (3 D a—5 D r) 
1 14) = (1 1 15) = 0 
2 2) = (1/9) (18 D q-1 D T) - 8 B + (1/4) f 
2 3) = ( - 3 / 4 ) f 
2 4) = ( - 3 / 2 ) C 
2 5) = 0 
2 6) = ( - 1 / 2 / 3 6 ) (9 D a + 2 0 D r) 
2 7) = (— 1/6/36) (9 D a + 2 0 D r) 
2 8) = (1/6/18) (3 D 0—5 D t) 
2 9) = <2 | 10) = 0 
2 11) = ( - 1 / 6 / 3 6 ) (9 D 0 + 2 0 D r) 
2 12) = (1/2/12) (9 D 0 + 2 0 D r) 
2 13) = 0 
2 14) = ( j /2/6) (3 D 0—5 D x) 
2 15) = 0 

3 3) - (1/9) (18 D q-1 D r) + 4 ß + (1/4) £ 
3 4) = — 6 B— (1/2) C 
3 5) = -yz'c 
3 6) = ( - 1 / 2 / 1 2 ) (9 D 0 + 2 0 D r ) 
3 7) = (1/6/36) (9 D 0 + 2 0 Dx) 
3 8) - (— 1/6/6) (3 D 0—5 D x) 
3 9) = 0 
3 10) = (2 1/3/9) (3 D 0 - 5 D r ) 
3 11) = (1/6/36) (9 D 0 + 20 D r) 
3 12) = (1/2/36) (9 D 0 + 2 0 D r) 
3 13) = 0 

<3 14) = (1/2/6) (3 D 0—5 D x) 
<3 15) = 0 

<4 4) - ( - 4 / 9 ) (18 D q-1 D x) - 5 B- (1/2) £ 
<4 5) = ( - 1/2/2) £ 
<4 6) = (1/2/6) (3 D o—5 D x) 
<4 7) = ( - 1 / 6 / 6 ) (3 D 0—5 D x) 
<4 8) - (1/6/18) (9 D 0 + 2 0 D x) 
<4 9) = <4 | 10) = 0 
<4 H> = ( - 1 / 6 / 1 8 ) (3 D o—5 D x) 
<4 12) = ( - j / 2 / 6 ) (3 D 0—5 D x) 
<4 13) = 0 
<4 14) = ( - 1 / 2 / 1 8 ) (9 D 0 + 2 0 D x) 
<4 15) = 0 

<5 5) = ( - 4 / 9 ) (18 D q-1 Dx) +B+2 C 
<5 6) = <5|7> = <5|8> = <5|9> = <5|10) = <5|11) <5 

= <5 i 12> = 0 
<5 13) = ( - 2 1 / 6 / 9 ) (3 D 0—5 D x) 
<5 14) = 0 
<5 15) = ( - 1 / 2 / 9 ) (9 D 0 + 2 0 D x) 

<6 6) = (1/36) (72 D q + 9 D 0 - 8 D x) - 8 B+ (1/4) f 
<6 7) = ( - 1/3/36) (9 D 0 + 2 9 D x) + (1/3/4) f 
<6 8) = (1/3/18) (3 D 0—5 D x) + (1/3/2) £ 
<6 9) = (1/6/4) £ 
<6 10) = 0 
<6 11) = ( - 1 / 3 / 3 6 ) (9 D 0 + 2 0 D x) 
<6 12) = ( - 1 / 1 2 ) (9 D 0 + 2 0 D r) 
<6 13) = 0 
<6 14) = ( - 1 / 6 ) (3 D 0—5 D r) 
<6 15) = 0 

<7 7) = (1/12) (24 D q-3 Do-\6D x) + 4 B-(1/4) f 
<7 8) = (1/6) (3 D 0 - 5 D x) - 6 B+ (1/2) f 
<7 9) = (1/2/4) C 
<7 10) = (— 1/2/3) (3 D 0—5 D r) 
<7 H ) = (1/12) (9 D 0 + 2 0 D r ) 
<7 12) = ( - 1 / 3 / 3 6 ) (9 D 0 + 2 0 D r ) 
<7 13) = 0 
<7 14) = ( - 1 / 3 / 6 ) (3 D 0—5 D r) 
<7 15) = 0 

<8 8 ) = (1/2) ( - 1 6 D 9 - D 0 + 4 D r) - 5 B+ (1/2) £ 
<8 9) = (1/2/2) ? 
<8 10) = 0 
<8 11) = ( - 1 / 6 ) (3 D 0—5 D r) 
<8 12) = (1/3/6) (3 D 0—5 D r) 
<8 13) = 0 
<8 14) = (1/3/18) (9 D 0 + 2 0 D r ) 
<8 15) = 0 

<9 9) = (1/6) (12 D q+3 D o + 2 D r) + 4 5 + 2 C 
<9| 10) = <9|11) = <9|12) = 0 

<9 13) = ( - 1 / 6 ) (9 D 0 + 2 0 D x) 
<9 14) = 0 
<9 15) = ( - V 3 / 3 ) (3 D 0—5 D r) 



Tab. 7 b 

<10 | 1 0 ) = (2/3) (18 D q — 1 D x) —8 B 
<10 | 1 1 ) = V2C 
<10 | 1 2 ) = ( - 1 / 6 / 9 ) (3D 0 - 5 Dr ) 
<10 | 1 3 ) = £ 
<10 | 1 4 ) = <10 | 15) = 0 

<11 I 1 1 ) = (1/12) (24D q-3 D a —16 D r) - 8 B-(1/4) £ 
<11 j 1 2 ) = ( - 1/3/36) (9 D o+20 D r) + (1/3/4) £ 
<11 I 1 3 ) = ( - 1 / 2 / 4 ) £ 
<11 | 1 4 ) = ( - 1 /3 /18 ) ( 3 D o - 5 D T ) - ( 1 / 3 / 2 ) £ 
<11 | 1 5 ) = (1/6/2) C 

<12 | 1 2 ) = (1/36) (72 D g + 9 D a - 8 D r ) + 4 5 + ( 1 / 4 ) £ 
<12 | 1 3 ) = ( - 1 / 6 / 4 ) £ 
<12 | 1 4 ) = (1/6) (3D 0 - 5 Dx) + 6 0 + (1/2) £ 
<12 | 1 5 ) = (1/2/2) £ 
<13 | 1 3 ) = (1/6) (12 D g + 3 D o + 2 D r) + 2 C 
<13 | 1 4 ) = ( - 1 / 6 / 2 ) £ 
<13 | 1 5 ) = ( - 1 / 3 / 9 ) (3D 0 - 5 D r ) + 2 j / 3 ß 
<14 | 14) = (1/18) ( — 144 D <7 + 9 D 0 + 7 6 D r) — 5 ß — (1/2) £ 
<14 | 1 5 ) = (1/2/2) £ 
<15 | 1 5 ) = (1/9) ( — 7 2 D < 7 ~ 9 D o + 8 D r ) + ß + 2 C 

2. { X , S , e g , b2g, a l g , 6 l g , .T,} Representation of 
Quadrate and 2, D, TT, o, Tj} Representation 
of Cylindrical Fields 

The quadrate one electron basis functions which 
diagonalize the total ligand field are b\g(dxt_y1), 
aig(^z2)> b2s(dxy), and e g (d y z , dzx). Since octa-
hedral orientation is not maintained in this repre-
sentation, suffice it to use the transformation pro-
perties of the orbital and spin functions under C4(z) 
and C2(y) symmetry operations (Table 3) in manu-
facturing the two electron symmetry adapted wave 
functions. The same spin functions of the quadrate 
{X, S, t2g, es, .Tj} representation can be used here 
also. The procedure of fabricating the wave func-
tions in this representation had been described al-
ready elsewhere11, hence will not be repeated here. 
The complete set of symmetry adapted wave func-
tions derived by us 12 are listed in Appendix A.l 
(a) 13. 

The orbital and spin functions of the cylindrical 
case along with their transformation properties14 

under oy symmetry operation are given in Table 8. 
The complete set of two electron symmetry adapted 
wave functions arise from the configurations (<52), 

Table 8. Transformation Properties of Orbital and Spin 
Functions in Cylindrical Symmetry. 

Function 0V 

d± = ] 2, ± 2 ) 
71 + = + | 2, ± 1 ) 71 x 

0 + = 1 2, 0) 0 + 
0 + = (1/V2) (aß-ßa) 0 + 
0 " = (1/1/2 )(aß+ßa) — 0 -
71 + = (a a) 
71 _ = (ßß) 71 + 

(n2), (o2), (bn), (do), and (rro). As an example, 
the (<52) configuration gives rise to the orbital states 
2" (spin triplet), 2+ (spin singlet), and J1 (spin 
singlet), which when combined with their corre-
sponding spin functions yield the spin-orbital states 
/ y + r x , r 0 + , and r 4 , respectively. The two com-
ponents of r ± 4 [ i r ( a 2 ) ] are obviously 15 

[(ö±)(d±)]-(aß-ßa)/V2. 

Since the orbital combinations 

[ ( < 3 + ) ( < U + ( M ( < U ] 
and 

[(ö + )(ö_)-(ö_)(d + ) ] , 

respectively, transform as 2+ and 2~, the remain-
ing spin-orbital states are obtained as follows: 

i/V2[(d+)(d_) 
+ (ö_)(d + )](aß-ßa)/V2, 

ro+[*2~(d2)] = l/V2[(d + )(d_) 
-(ö_)(d + )](aß + ßa)IV2, 

r±1[S2-(d2)] = ±l/V2[(d+)(ö_) 

The wave functions thus derived are given in Table 
9 a. 

3. {L, S, J, rj} Representation of Quadrate and 
Trigonal Fields and {A, 2, Q, Tj} Representa-
tion of Cylindrical Fields 

In this representation, the \ j ,Mj ) wave func-
tions of the free-ion serve as the basis functions. 
The atomic Mj is a good quantum number in cylin-
drical symmetry. Thus -T4 comes from Mj = 4 of 
3F4 and 1G4 , R 3 from My = 3 of 3F4>3, and *G4, T.> 
from Mj = 2 of 3F4 .3 ,2 , JG4, 3P 2 , and JD2 , from 
Mj = 1 of 3F4; 3> 2 , JG4, 3P2. i and , , T 0 + from 



Table 9. Cylindrical Wave Functions and Energy Matrices 
in {£, 2, 8, si, o, rj} Representation, 

(a) I E, 8, 3I, O, TJ) Functions 
[W0={aß+ßa)IV2, Y + i = aa, V-i=ßß] 

r o+ Representation 

1)=877(<5sr) =VT[|(<5 + ) (sr_)l y _ i + | ( « _ ) (sr+)| y + i ] 
2) = "77(na) = Vi[\ (TI +) (o) | W_i +1 (n-) (o) | W +1] 
3 >=32-(<52) = | ( 3 + ) ( 3 . ) | Y , 
4 > = ' ^ ( , t 2 ) = I(* + ) ( * _ ) I y , 
5) = 12'+ (<52) = \(8 + )(8-) \ (aß-ßa)/V2 
6)=12+(sii) = |(sr + ) (sr_)| ( a / ? - / ? a ) / V Z 
7>= 12'+ (o2) = 1 ( o ) ( a ) | ( a £ - j M 

T V Representation 
1 ) = s / 7 = y T [ | ( 3 + ) ( J t . ) \ y _ i - | ( a . ) ( n + ) \ w + i \ 
2) = 377 (no) 

n + l Representation 

1}=*2-(P) = \(8±)(8,)\W±1 

2>=377(<5sr) = ± \ ( 8 ± ) ( 3 Z , ) \ W 0 

3 ) = 3 A ( 8 o ) = |(<5±) (0)15**1 
4)=3-2,~(.T2) = \(7l± ) (7l , )\W±X 
5 )=*n(jio)= ± | ( W ± ) ( f f ) | y 0 

6) = 1IJ(8ji) = \(d±)(n*)\(aß-ßa)/V2 
7) = m(7 io ) = |(3r±)(o)| ( a / ? - / ? a ) / V Z 

n±2 Representation 
1> = » 0 ( ^ ) = |(<5±)(sr±)| A i 
2 ) = * I I ( 8 J I ) = K a i M w o S S A i 
3>=M(«5a) = ±\(d±)(a)\W0 

A)=ZIJ(no) = |(sr±) (a)I W±1 
5 )=iA(8o) = \(d±)(a)\(a~ß-ßa)IVZ 
6> = = |(sr±)(sr + )| (a/?—/? a)/"[/2 

^ + 3 Representation 
l>=3£(<5sr) = ± ] (6 ±) (sr +) | S^ 
2> = M(<5<7) = |0± ) ( 0 )15^1 
3>=»«P(3sr) = |(<5±)(sr + )| (aß—ßa)jy% 

r ± 4 Representation 
l>=»£(<5sr) - | (5 ±) (sr ±) j V7 ± i 
2 > = i r ( 6 2 ) = | ( « ± ) 0 ± ) | M - j M / V Z 

Table 9. (b) .T, sr, 0, J*;} Energy Matrices. 

.To + Representation 

<1 1) = -D 5 - 3 D t—2 B- (1/2) C 
<1 2) = 3 ] /6 B 
<1 3) = c 
<1 4) = <1 I 5> = <1 I 6> = - C 
<1 7) = 0 

<2 2) = 3 D 5 + 2 D t + ß — (1/2) C 
<2 3) = 0 
<2 4) = (1/6/2) C 
<2 5) = 0 

<2 6) = ( - 1/6/2) C 
<2 7) = - 1 / 3 C 

<3 3) = - 4 D s + 2 D t + 4 ß 
<3 4) = 6 B 
<3 5) - 2£ 
<3 6) = (3 | 7) = 0 

<4 4) - 2 D 5 — 8 D t —5 B 
<4 5) = 0 
<4 6) = c 
<4 7) = 0 

<5 5) = —4 D 5 + 2 D t + 4 (ß + C) 
<5 6) = 2(3 B+C) 
<5 7) = Y2(4,B+C) 

<6 6) = 2 Z ) 5 - 8 D t + 7 ß + 4 C 
<6 7) = 1/2(B + C) 

<7 7) = 4 D 5 + 1 2 D t + 4 ß + 3 C 

/ V Representation 

<1 1) = —D 5 — 3 D t—2 B— (1/2) 
<1 2) = 31/6 ß 

<2 2) = 3 D 5 + 2 D t + B— (1/2) £ 

r i Representation 

<1 1) = - 4 Z > 5 + 2 D t + 4 ß 
<1 2) = (1/2/2) ? 
<1 3) = 0 
<1 4) = 6 B 
<1 5) = 0 
<1 6) = (1/2/2) £ 
<1 7) = 0 

<2 2) — D 5 — 3 Dt —2 B 
<2 3) = (1/3/2) f 
<2 4) - ( - 1/2/2) f 
<2 5) = 31/6 5 
<2 6) - = (3/2) £ 
<2 7) = 0 

<3 3 ) = 7 D t—8 ß —£ 
<3 4) — - 0 
<3 5) = ( - 1/2/2) f 
<3 6) = ( - 1/3/2) C 
<3 7) = ( - 1/2/2) f 

<4 4) = 2 D 5 — 8 Dt—5B 
<4 5) = (1/3/2) C 
<4 6) - (1/2/2) C 
<4 7) = (1/3/2) £ 

<5 5) = 3 D5 + 2 Dt+ß 
<5 6) = 0 
<5 7) = (1/2) f 

<6 6) = — D 5 — 3 D t — 2 Ö + 2 C 
<6 7 ) = - 1/6 ß 

<7|7> = 3 D 5 + 2 D t + 3 ß + 2 C 



r 2 Representation 
<1 | 1) = - D 5 - 3 D t - 8 ß - ( 3 / 2 ) £ 
<1|2> = 0 
<1 | 3) = ( - T/3/2) C 
<1 | 4) = 0 
<1 | 5) = (1/3/2) £ 
<1 I 6) = C 

<2 | 2) = - f l 5 - 3 D t - 2 B + ( l / 2 ) £ 
<2 | 3) = (1/3/2) £ 
<2 | 4) = 31/6 B 
<2 | 5) - (1/3/2) £ 
<2 I 6) = 0 

<3 | 3) = 7 D t —8 B 
<3 | 4) = ( - 1/2/2) £ 
<3 | 5) = £ 
<3 | 6 ) = 0 

<4 | 4) = 3 D 5 + 2 D t + 5 + (1/2) £ 
<4 | 5 ) = (1/2/2) £ 
<4 | 6) = (V6/2) £ 

<5 | 5) = 7 D t + 2 C 
<5 | 6) = — 2 ]/3 Z? 

<6 | 6) = 2 D s - 8 D t + ß + 2 C 

A Representation 
<1 | 1) = —D 5 — 3 D t —8 Z? 
<1 | 2 ) = ( - 1/3/2) f 
<1 I 3) = (1/2) £ 

<2 |2> = 7 D t —8 Z? + t 
<2 | 3 ) = ( - 1/3/2) C 

<3 ! 3> = - D s - 3 D t + 4 ß + 2 C 

r A Representation 
<1|1> = —D 5 — 3 D t —8 Z? + (3/2) £ 
<1|2> = - C 

(2 | 2) = - 4 D S + 2 D t + 4 ß + 2 C 

M j = 0 o f 3 F 4 > 2 , * G 4 , 3 P 2 , 0 , * D 2 a n d ^ o , a n d / Y 

from Mj = 0 of 3F3 and 3PI . The formation of these 
I/, Mj) functions as linear combinations of j L, S) 
and the construction of \ L, 5 } functions from the 
one electron 11, mi) | s, ms) functions have been de-
scribed elsewhere 16. 

For the quadrate and trigonal representations, 
the I J, Mj) wave functions are linearly combined to 
form the symmetry wave functions of the cubic 
{JFj} representation by the use of tetragonal17,18 

and trigonal oriented cubic harmonics19, respec-
tively, and then properly decomposed. The various 
transformations involved in this scheme are given 
in Appendix13, A . l . (b ) , A.2.(a), and A.3.(a). 

4. {/', j, J, rj} Representation of Quadrate and Tri-
gonal Fields and {co, co, D, IRepresentation 
of Cylindrical Fields 

The procedure here is similar to the above scheme 
except the \] ,Mj) functions are obtained from cou-
pling of the /', mj) of one electron functions. The 
process of finding the allowed levels in (j, j) cou-
pling 16 also follows that in the (L, S) coupling. 
Considering the configuration red2, the j and / may 
take on values 5/2 and 3/2. In Table 10 are given 
all possible values of (m, m) for different (j, j ) 
combinations. The resulting / values are given at 
the foot of each column of the Table. These J values 
check, as they should, with those obtained in (L, S) 
coupling, namely, 1G4, 3F4 ,3 ) 2 , ^ 2 , 3P2,I.O? AN(L 

The symmetry eigenfunctions are constructed 
from the one electron ' j,rrij) basis functions which 
are related to the \l,m{) Is, ms) basis by the Clebsch-
Gordon or Wigner coefficients16. In the 11, mi) 
[ s,ms) functions listed in the Appendix, the I and 5. 
being common to all, are suppressed and denoted 
by (mi) for the orbital part with + or — sign over 
mi to indicate | 1/2,1/2) or [ 1/2, —1/2) spin co-
ordinates. The two electron ! , j2, J, Mj) functions 
are related to the ' , j2 , , m7-2) functions also by 
the Wigner coefficients. For j.2 = 3/2 and 7̂  = 5/2 
and 3 / 2 Table 3 3 of CONDON and SHORTLEY 16 

can be used for this purpose. For j2 = 5/2 and 
jx = 5/2, these transformations have been derived 
by others 20. 

Once the J, Mj) functions are available, the lin-
ear combination of these to satisfy the symmetry 
requirements of quadrate and trigonal fields is 
achieved again by the use of tetragonal and trigonal 
oriented cubic harmonics, respectively, in exactly 
similar manner to the procedure used in {L, S, J, jTy} 
coupling. Appendix13, A.l.(c), A.2.(b), and A.3.(b) 
contain the necessary transformations in this repre-
sentation. 

5- {77(^)5 7 8 7 8 R e p r e s e n t a t i o n of 
Quadrate and Trigonal Fields 

The single electron spin-orbital functions used in 
this scheme 3b are given in Table 11. The transfor-
mation properties of these functions under 
C.2(y), and C 3 ( / ) symmetry operations for qua-
drate case and under C^z ' ) , C, (y )9 and 
for trigonal case are listed in Tables 12 and 13. 



THE d2 AND d8 NONCUBIC LIGAND FIELD SPECTRUM, I 

Table 10. J Values of n d2 Configuration in (;', j) Coupling. 

n d2 
(h f ) 

( i I) ( i -I) ( i I ) 

4 (l, i) ( i I) 

3 ( i i) ( i i) (I, I) 
2 ( * , - * ) ( ! , * ) (I, - i ) ( i 2) (h I) ( Ü ) 
1 ( i - D ( i - i ) ( i - i ) ( i - i ) ( i i ) ( - i f ) ( i - i ) 

My 0 ( i - | ) ( i - f ) ( i - i ) ( i - l ) ( i - i ) ( - i i ) ( - i f ) ( i - D ( i - i ) 

- 1 ( - i f ) ( - i £ ) ( - i f ) ( - i i ) ( - i - i ) ( i - f ) ( - i i ) 
- 2 ( _ f , i ) ( _ | , _ i ) ( - i i ) ( - i - i ) ( - i - t ) (— i — i ) 
- 3 ( - i - i ) (— i — i ) ( - i — f ) 
- 4 ( - i - $) ( - i - f ) 

/ Values 4, 2, 0 4, 3, 2, 1 2, 0 

Table 11. Cubic Single Electron 
Cubic Quadrate Trigonal a Spin-Orbital Functions in Quadrate 
Represen- a n ( j Trigonal Orientations, 
tation 

77a (*2g) - i / ] / 3 [ ( i y ) ( ß ) + i V % J i + (a ) ] - Viai ( / ? ' ) - H e - ( a ' ) 

77b (*2g) -i/yS[(xy) (a) n- m V s ai (a') — V T e + ( / ? ' ) 

78a (*2g) —i/ [ (x y) (ß)-i* + (a ) ] l / § ai ( / ? ' ) - e_ (a') 

78b (t2g) — i/ j /3 [ j /2 (x y) (a) —i Ti-0?) ] - VI ai (a') -

78c (t2g) ll- (a) e - W 4 / l / 2 [ e + ( a ' ) + i « _ ( / ? ' ) ] 

78d(«2g) JI+ [ß) eW 4 / ] /2 [e + (a') - i e _ ( / ? ' ) ] 

78a(eg) (x 2 - * , 2 ) (ß) e - (a') 

78b (eg) - (x2 y2) (a) e+( / ? ' ) 

78c(eg) (z2) (ß) eW4/ ] /2 [e + (a') e_ (/? ')] 

78d (eg) ~ (z2) (a) e - W 4 / ] / 2 [ e + ( a 0 — ie - ( /? ')] 

a The exponential terms in ysc, d » containing the tetrahedral angle ß, are introduced as phase factors. 

Table 12. Symmetry Transformation Properties of Cubic and 
Quadrate Functions in {7 ,7 } Representation. 

Cubic Quadrate C4 (2) C2(y) C3(z') 

77a 77ad) — e - y7 a 77b n t e - 77a—e + ?ri/477b 

77b 77b (!) — e + ^74 77b ~77a H t e - JtJ74 77a + e + --"74 77b 

78a 77a(2) _ e - » f / 4 y 8 a 78b - V U e - JlJ74 78a -e + ^/4 78b 
Ät74 7 8 c - e + « / 4 7 8 d 

78b 77b(2) — e + .-rt/4 y 8 b ~78a - V H e - j r i/478a + e + ; r i /478b 
' l i /478c + e + ^ / 4 78d 

78c 76a e-^74 y8c 78d 
- V H e -

'tJ74 78a — e + 78b 
Jr,74 78c — e + --»74 78d 

78d 76b e + ^i/4 78d - 7 8 c 
- n t « -

78a + e + ^ / 4 78b 
*'74 78c + e + 3li/478d 

Examination of the transformation behavior of the 
two electron determinantal products will (then aid 
in the formation of the symmetry eigenfunctions. 
W e will discuss the quadrate and trigonal cases in-
dependently by considering examples. 

The ( k g ) 2 configuration yields the cubic states 
7 \ c , r s c , and r 5 c which in quadrate symmetry de-
compose to + and r 4 Q + r 5 Q states. 
The r 3 Q ( r 3 b c ) and r 4 Q ( r 5 a c ) states are f o u n d to 
b e : 

A Q { A b c [ 7 s ( ^ ) 2 ] } = l / l / 2 [ | 7 8 a ( % ) y s d t e * ) | 

- ! 7 8 b ( « 2 g ) 78c (kg) |] , 

A Q { A a C [ 7 8 ( « 2 g ) 2 ] } = 1 / 1 / 2 [| 78a (*2g) 78d(*2g)| 
+ |78b(<2g) 78c ( k g ) I] • 



Table 13. Symmetry Transformation Properties of Cubic and Trigonal Functions in {7, 7} Representation. 

Cubic Trigonal C3 (z') C2 (y') C4 (z) 

77a 7 6 a d ) e---"73 77a 77b 
77b 76b1'1) e + -""V3 77b 77a 

78a 76a(2) e - **/3 78a 78b 

78b 76b(2) e + 78b -78a 
78c 75 - 7 8 c i 78c 

78d 74 — 78d + i 78d 

- y\ to -1 /4 7 7 a - Vh co''* 77b 
- Vi COV« 77a- V§ CO1'* 77b 

V l oj1/' [w1'* 7 8 b + e - W4 7 8 C + e W 7 8 d ] 
V i CD1/» [ÖJ1/« 78a - e - W4 78 c + etf/4 7 8 d ] 
V i C0V4 ei/?/4 [78a + co1/4 78b - CO "1/4 eW4 78d] 
VI OJ1/' e - W4 [78a - <w1/4 78b + co - V« e - tf/4 r 8 c ] 

The corresponding quadrate components - / ^ ( ^ a 0 ) 
and -T'sa.t/H-^öb, cC) a r e obtainend immediately by 
C , ( / ) operation. The other J P i . e . , / 1 1 Q ( / ' 1 C ) can 
then be formed by orthogonalization to a c ) . 
A check on this P 1 <5( / , 1 c ) is provided by 
symmetry operation which carries it into itself. 

For the trigonal case let us consider the configu-
ration 78 (fog) 78 (eg) which gives rise to the cubic 
states J1!0, r 2 c , r 3 c , 2 r 4 c , and 2 T 5 C . These cubic 
states on going to trigonal symmetry yield r ± T , r 2 T , 
r 3 T , 2 ( r 2 T + r 3 T ) , and 2 ( r i T + r 3 T ) states. Since 
the determinantal products | a 6 |, \ b a |, \cd\, and 
I d c J, where a, b, c, d are the four components of 
78, correctly transform as a linear combination 
of all of these can be chosen in such a way that the 
combination is invariant under C4(z) operation. 
Once this combination is found, the other two / \ T 

coming from i\ i C can be obtained as orthogonal 
functions to r i T ( r i c ) and to each other. A check is 
provided on these orthogonal functions as they 
should transform properly as T 1 T , i. e., 

Z [ C 3 ( / ) ] = 1 and z [ C 2 ( 2 / ' ) ] = 1 . 

The C4 (2) symmetry operation on the r^gp com-
ponents and comparison with the symmetry proper-
ties of Table 13 produces the remaining components 
of these states, i. e., rSsL<hr ( r 5 h c c ) . Similarly once 
the linear combination of two electron determinan-
tal products that transform as T 9 C is found (note 
that * [ C 8 ( / ) ] - l , z[C2(y')] = - 1 , and X[CM] 
= — 1) the other two JT2t states of -T4C can be 
formed as orthogonal functions to it. The T3a>bT 

{Fib, Cc) components can then be generated by 
C4(z) operation as above. The a T state coming 
from a c can be found immediately as the ortho-
gonal function to the two i~3aT states. The correct-
ness of this i\ n T state can be checked by carrying 
out the Co(y') a n d the C4(z) symmetry operation 

both resulting in the formation of its second com-
ponent -T3bT (cf. Table 4 ) . 

The complete set of symmetry adapted quadrate 
and trigonal wave functions obtained by the above 
procedure are listed in the Appendix13, A . l . (d ) 
and A.2. (c) , respectively. 

D) Parameters 

If the quadrate and trigonal ligand field poten-
tials, VQ and VI, are taken to be the resultant of a 
cubic and an axial potential, VQ and VX , i. e., 

f / Q,T=^C+^oo Q ' T (5) 

the cubic potential has the alternant forms 21 

i 

+ Y4~4{OI, ] } /?
4
 (FI) (6) 

or 

Vc=-2/3 2 { y 4 « ( 0 / , c p ( ) + yy [Y^(0{,<p{) 

- y 4 - 3 ( 0 i > / ) ] } / ? 4 ( r i ) ( 7 ) 

in quadrate and trigonal orientations, respectively, 
and 

V<x=2 [ Ä f ( r , ) Y 2 » ( Ö i , V i j + Ä 4 / ( n ) V ( 0 , ^ ) 1 
i 

(8) 

where {Oi cpt) = {Oi, <Pi) for quadrate and {Oi, %) 
= (0{, cp{) for trigonal. The ligand field parameters 
have been defined as the matrix elements 4 a : 

(2, ±2\VC\±2,2) 

= (1/14 Vn) (RAn)) =Dq, (9a) 
( 2 , ± 2 | F o o ( y 4 0 ) | ± 2 , 2 ) 

= {l/UVn) (R/(n))=Dv, (9b) 
and 

( 2 , ± 1 I VOC(Y2°) I ± 1 , 2 ) 

= (V5/UVti) (R2(ri))=Dlu ( 9 c ) 



where /< = s, o, and <o, and v = t, r, and t , respec-
tively for quadrate, trigonal, and cylindrical sym-
metries. With these definitions, the nonvanishing 
one electron matrix elements become: 

quadrate: 

(2, ±2\VQ\±2,2) =Dq-2Ds + Dt, 
(2, ± 1 | FQ | ± 1 , 2 ) = — 4Dq + Ds — 4>Dt, 

(2, 0 j F Q | 0, 2 ) = 6Dq + 2Ds + 6Dt, 
(2, ± 2 | F Q | +2,2) = 5 D q, (10a) 

( ( X 2 - ? / 2 ) I F Q I (x2-y2)) =6D q-2Ds + Dt, 
((z2) | FQ I (z2) )=6Dq + 2Ds + 6Dt, 

{{xy) | FQ| (xy))=-4Dq-2Ds + Dt, 

{{zx) |FQ| (zx)) = ((yz)\VQ\(yz)) (10b) 
= - 4 Z ) q + Ds-4Dt. 

trigonal 22: 

(2, ± 2 | F T | ± 2 , 2 ) = — % D q — 2 D a + D r , 
(2, ± 1 | F T j ± 1 , 2 ) = §Dq + Do-4Dr, 

(2, 0 | FT | 0, 2) = —4Dq + 2Do + 6Dr, 
(2, ± 2 | F t | + 1 , 2 ) = (2, + 1 1 F T | ± 2 , 2 ) 

= ± 1 0 3 f - D q , (11a) 

(ö l (hg) | F T I a! teg)) = - 4 D q + 2 D o + 6 D r , 
( e ± t e g ) | F T | e ± t e g ) } = -4Dq-Do-\Dx, 
(e±(eg)\VT\e±(eg)) = 6Dq-iDr, ( l i b ) 
( e ± ( e g ) | F T | e ± ( f o g ) ) = (V2/3) (SDa-SDr). 

cylindrical 23: 

(2, ± 2 | Foo | ± 2, 2} = ( + | Foo | <5 +) 
= - 2 DZ + Dt, 

(2 , ± 11 Foo | ± 1, 2 ) = ( n + | Foo \n± ) 
= Z ) 3 - 4 Z > t , (12 ) 

(y7a(«2g)| VQ I 77a (feg) 
( 78a (feg) | VQ I 78a (feg) 
(78c(«2g)| FQ|78c(«2g) 

(77a (feg) | FQ|Y 8a(<2g) 

(y8a(cg)| FQ| 78a (e g ) 
( 7 8 C ( E G ) | F Q I 78c ( e g ) 

( 77a(feg)| FT I 77a(feg) 
(78a(feg)| F T | 78a (*2g) 
( 78c(feg)| ^T|y8c(«2g) 
(YSA(EG)L F T | 7 8 a ( E G ) 

(78c(eg)| F t I 78c(eg) 

( 2 , 0 | Foo | 0, 2 ) = ( o | Foo | o ) 
= 2D§> + 6Dt. 

The radial portion of the spin-orbit and electron 
correlation integrals of the matrix elements in the 
atomic case are parametrieally substituted as C, the 
spin-orbit coupling constant24, and A, B, C, the 
Racah electron correlation parameters25. Purely 
symmetry arguments require more generalized 5 
such spin-orbit interaction parameters and 23 elec-
tron correlation parameters in the theory of qua-
drate fields, 6 spin-orbit and 27 electron correlation 
parameters in trigonal fields, and 4 spin-orbit and 
14 electron correlation parameters in cylindrical 
fields4a. Assuming that the relative differences 
among these various sets of parameters are small, 
we shall still use only one spin-orbit interaction 
parameter and three electron correlation parameters 
as in the free-ion case26 but as adjustable parame-
ters as in the cubic case. 

E) Energy Matrices 

The appropriate secular determinants can be 
easily derived with the necessary matrix elements of 
the ligand field, electron correlation, and spin-orbit 
perturbations expressed in terms of the correspond-
ing parameters, using the symmetry wave functions 
derived above. 

The ligand field matrix elements in all represen-
tations of the cylindrical and in all except the {7, 7} 

representation of the quadrate and trigonal symme-
tries are calculated by using Eqs. (10) , (11) , and 
(12) . The one electron matrix elements of Eqs. 
(13 a) and (13 b) simplify the calculation of ligand 
field matrix elements in the {7, 7} coupling scheme 
of the quadrate and trigonal symmetries. 

= (77b teg) I ^ Q ^ b t e g ) ) = - 4 Dq-iDt, 
= (78b teg) I PQ I 78b teg) > = - 4 Dq-Ds- f Dt, 
= (78dteg)I VQ I 78dteg)) = -4Dq + Ds-4Dt, 

= (77b teg) I VQ 178b (kg)) (3D s — 5 D t), 

= ( 78b (eg) I FQ I 78b ( % ) ) =6Dq-2Ds + Dt, 
= (78D (ßG) I FQ I 7sd (e g ) ) =6Dq + 2Ds + 6Df, 

= ( 7 7 b teg) I F T 177b teg)) = - 4 D ? + V 4 D r , 

= (78bteg)I FT I 78bteg) ) = — 4 D q + D o + V Dr 
= (78dteg)|rT|78dteg)> = - 4 Dq-Do-ZDr 
= (78b(eg) I Ft I 78b(eg)) = 
= (78d(eG)|FT|78d(eg)) =6Dq~lDx, 

(13 a) 

( 1 3 b ) 



( 7 7 a ( k f r ) ! ^ | ? ' 8 a ( < 2 g ) ) = ( ? ' 7 b ( « 2 g ) | ^ T | > ' 8 b ( ^ ) ) = ~ Vg (9 D O + 20 D r) , 

(?'7a ( k g ) I VT I 7sa ( e g ) ) = (77b ( f eg ) ' | 7sb ( e g ) ) = - 2 J ' 3 ( 3 Ö o - 5 D r), 

{78a ( k g ) i VT I 78a ( e g ) ) = (78». ( % ) ! VJ | 7 s b ( e g ) ) = -

{78, ( k , ) I F T I 78c ( e g ) ) = eW • ',2 (3 D a - 5 D r ) , 

(78,i(kg)|FT|78d(eg))=e-W2- (3Do-5Dr). 

-1-6 (3 D o — 5 D x), 

The matrix elements due to electron correlation 
can be obtained bv the use of the coulomb (J) and 
exchange (K) integrals of I,mi) s,ms) functions 
in both {L, 5 } 27 and { j , j} representations of qua-
drate and trigonal fields and in the corresponding 
{A, 2 ' and {/'), ro) representations and also in 
the {£", representation of cylindrical fields. The 
J and K integrals of tetragonal oriented U? and eg 

orbitals28 aid in the calculation of the electron cor-
relation matrix elements of the quadrate fields in 
both the {X, S) representations as well as in the 
{ 7 , 7 } representation. In the latter case, the ' 7 ,7 } 
wave functions have to be expanded in terms of the 

, eg orbitals by the relations given in Table 11. 
Calculation of the electron correlation matrix ele-
ments in the case of the trigonal fields in the {X , 5 } 
representation (and also in the {7, 7} scheme, once 
the \ y,y) functions are expanded in terms of the 
trigonal oriented />., , orbitals by the relations of 
Table 11) is facilitated by the use of the nonvanish-
ing coulomb and exchange integrals of the trigo-
nally quantized d-orbitals29 listed in Table 14. 

Table 14. The Nonvanishing Electron Correlation Integrals 
of Trigonally Quantized d Orbitals. 

J(t 2ga, 
/(*2gb, 
J (f2ga, 
J(ega , 
/(*2ga, 
J (*2gb, 
K(t2ga 
K (<Ogb 
K(t2g a 
K («2gh 
K (ega • 

«2ga.) 
2̂gb) 

t2gb) 
ega) 
ega) 
egb) 

, *2gb) 
• '2gc) 
• e g a ) 

. egb) 
egb) 

- .4 + 4 0 + 3 C 
= /tage, /äifi-) /(<2gb, *2gc) =A+B+2C 
= /(<2ga.%c) =A-2B+C 
— J(egb - eKi,) J(ega> egb) =A+2 C 
= J C-2sa . e-i,) = /(«2gb > ega) = 
= J ('2ge • e<ra) = /(«2gc , egb) = A+C 
= + C 
= 6 B + 2C 
= K(t2i;.\ , ('-!,) = K(t2gb • ega) = 
= K(t2gv • <Va) =K(t2gc • egi,) =2 B + C 
= 8 5 + 2 C 

(13 b I 

a b r d (a b | e2/r12 | 
U2gn) (t2-r 1,) (ega) 2 }/lB 
(«2g. a) (t2gc) (egb) 2\rlB 
(*2gb) (f2gc) (ega) 2 y1B 

(<2gc) («2gb) («2gb) (egb) 2]/2 B 
(*2g a) (<2gb) (ega) ('2ga) -Y2B 
('2ga) <t2gc) (egb) (t2 ga) -Y2B 
(*2gb) («2gc) (ega) ('2gc) -V2B 
(*2gc) (f2gb) (egb) («2gb) - 1/2 Z? 
(fega) («2ga) («2gb) (egb) - 1/2 ß 
(*2ga) («2ga) ('2gc) (ega) - Y2B 
('2gb) (f2gb) ('2gb) (ega) -yiB 
(<2gc) (<2gc) («2gc) (egb) 
(*2ga) (f2gb) («2gc) (egb) Y1B 
(«2ga) («2gc) («2Kb) (ega) 1/2 B 
(*2gb) («2gb) («2ga) (egb) |/2 ß 
(t2 gc) (f2gc) (<2ga) (ega) 
(«2ga) (*2gb) (egb) (' 2gc) — 2 1/2 ß 
('2 ga) («2gc) (ega) (<2gb) - 2 1 / 2 5 
(<2ga) (ega) («2gc) (egb) 4 ß 
(*2ga) (egb) (<2gb) (ega) 4 ß 
(<2ga) (ega) (egb) (<2gc) - 2 ß 
(fcga) (egb) (ega) (<2gb) - 2 ß 
(ega) (ega) ('2ga) («2g c) - 2 ß 
(egb) (egb) («2ga) (<2gb) - 2 ß 
(*2gb) (*2gc) (ega) (egb) 2 ß + C 
(*2«rb) (f2gc) (egb) (ega) 2 ß + C 
(t2ga) (f2ga) (ega) (egb) 2 ß + C 
U 2gb) (egb) (<2gc) (ega) — 4 ß 
('2gb) (egb) (ega) (<2gc) 2 ß 
tegb) (<2gb) (ega) (ega) 2 ß 
(<2gc) (*2gc) (egb) (egb) 2 ß 
(*2ga) (t2g a) («2gb) (t2gc) 3 ß + C 

The spin-orbit matrix elements in the {X, S } and 
{L, 5 } representations of the quadrate and trigonal 
fields and the corresponding and {A, 2) 
representations of the cylindrical fields have been 
calculated from the expanded functions in th;1 

I, mi) s,ms) form. Spin-orbit is diagonal in the 
(j, j) coupling scheme of all the three symmetrie-
and the diagonal element is given by 16a 

I// {/,(ji + 1) - h(h + 1) - 5;(Si + l) } / 2 I 

which depends only on the values of n ; , , and j . 
Thus, the spin-orbit energies for the states (/-



are: (5/2, 5/2) = 2 £nd , (5/2, 3/2) = - 1/2 £wd , 
and (3/2, 3/2) = - 3 . Calculation of the spin-
orbit matrix elements in the (7, y) scheme of the 
quadrate and trigonal fields is easily carried out by 
the use of the nonvanishing single electron matrix 
elements of Eq. (14) 

( 77a (feg) ! I S | 77a (feg) ) 
= (77b (feg) | IS ! 77b ( f e g ) ) = C , 

( 78a (feg) | I ' S | 78a (feg) ) = ( 78b (feg) | I ' « | 78b (feg) ) = 
(78c (feg) I ^" ® | 78c (feg) ) (14) 

= (78d (feg)! I • s 178d (feg)) = - C/2 , 
(78a(feg) | !•« | 78a(eg)) = (78b(feg)11• 8 I 78b(eg)) = 
(78c(feg) I ^ I 78c(eg)) 

= ( 7 8 d ( f e g ) | l - s | 7 8 d ( e g ) > - V26 £ • 

In the case of the cylindrical fields, the strong-
field scheme diagonalizes the ligand field parame-
ters, the weak-field scheme diagonalizes the electron 
correlation parameters, and the (co, co) coupling 
diagonalizes the spin-orbit parameter. The energy 
matrices 30 of the strong field formalism are given 
in Table 9 b and those of the weak field and (co, co) 
representation are included in Appendix 13 A.3 (a) 
and (b) . 

In the representations of the quadrate and tri-
gonal fields in which octahedral orientation is main-
tained, cubic ligand field, electron correlation, and 
spin-orbit will be diagonal in cubic quantum num-
ber { r p } but not the axial part of the ligand field. 
The members in each pair of the cubic states, T 1 C 

and jT3 a c , A c and r 3 b c , and r 4 b , C c and r 5 b > C c 

transforming as the quadrate T ^ , and T-Q 
representations, respectively, will be connected by 
nonzero offdiagonal axial field parameters D s and 
D t. Similarly, the members in each set of the cubic 
states, r ! C and J^a c , r<f and r A a c , and 
rlb, cC5 a n d Foh, cC transforming as the trigonal -T'1T, 
r.2T and r 3 r representations, respectively, will be 
connected by nonzero offdiagonal axial field para-
meters d o and d r . Complete ligand field, including 
axial, will be diagonal in the quadrate {X, S, , b2g, 
aig, b\g, T j } coupling scheme. The energy matrices 
in the form of matrix elements 30 in the {X, S, Ug, 
e g , Tj) representation for both quadrate and tri-
gonal symmetries are given in Tables 5 b and 7 b 
and in all other representations are listed in Appen-
dix 13, A. l and A.2. It should be noted that in the 
limit of the cubic crystalline field, i. e., zero axial 

ligand field parameters, btoh quadrate and trigonal 
energy matrices in the {X, S, , e g , T j ) and 
{L, S, J, -T ;} representations reduce to the corre-
sponding cubic energy matrices of L IEHR and BALL-
HAUSEN3a. If, in addition, the spin-orbit coupling 
constant also vanishes, the energy matrices in the 
{X, S, t2g, eg, rj) representation will be identical 
to those of the T A N A B E and S U G A N O 3 1 . 

F) Unitary Transformations 

The various transformations connecting different 
coupling schemes in the three cases of symmetry are 
as follows: 

Quadrate 

Trigonal 

Cylindrical 

{S, 21 , <5,71, o, r,} ^ {A, 2 \ o , r ; . } 

1 

^ {oj,co,Q,r}} 

The above unitary transformations can be promptly 
derived when the separate basis vectors are expand-
ed, one in terms of the other. Appendix B 13 in-
cludes transformation matrices 1, 2, 3, and 4 of 
quadrate, 1, 2, and 3 of trigonal, and 1 and 2 of 
cylindrical symmetry. It is a straightforward matter 
to obtain the remaining connections in each case 
from these transformations. 

The relationship Jja = T ( I 1 j )J-lhT(/"j )* conjoin-
ing the transformations a and b by the transforma-
tion matrices T(Tj) enables one to derive the com-
plete set of energy matrices of scheme a from the 
known energy matrices of scheme b, and vice versa 
(1. c. 3b' 4 a ) . Such a computation has been carried 



out by the author for all the transformations discus-
sed, thus, providing an independent check on the 
calculation of perturbation matrices of all represen-
tations. Other checks available on the derived energy 
equations are described below. 

In each symmetry, the energy matrices of differ-
ent representations will give exactly the same eigen-
values for the same set of parametric values. In ad-
dition, for a given set of B, C, D q, and t with 
DS = DO = 0 and Dt = D r = 0, identical (cubic) 
eigenvalues will be obtained from both quadrate 
and trigonal energy matrices (in any representa-
tion), providing a check on all except the axial li-
gand field parameters. Finally, if we set D q = 0, 
with Ds = Do = D§> and D t = D r = Dt and same 
set of B, C, and £ parameters, the same set of (cy-
lindrical) eigenvalues will result from cylindrical, 
quadrate, and trigonal energy matrices (in any re-
presentation), thus, providing a check on the axial 
ligand field parameters also. 

G) Wave Functions and Energy Matrices 
of d8 Configuration 

The symmetry adapted wave functions of d8 elec-
tronic configuration in any representation can be 
easily written down, if needed, from the two elec-
tron functions given here by recourse to electron-
hole conjugation. The appropriate energy matrices 
can be obtained by simply reversing the sign of 
all parameters of one electron operators, namely, 
C, D q, D /x, and D v. There will be a constant en-
ergy difference, 27,4 — 42 Z? + 21 C, only in the 
diagonal elements with respect to electron correla-
tion terms. It need not concern us, however, since 
our interest is in energy differences and not in abso-
lute eigenvalues. 

H) Energy Diagrams 
From the secular determinants we see that the 

characteristic functions and values of Schroedinger's 
equation are parametrically dependent upon six 
quantities f , B, C, D q, D /u, and D v in the case of 
quadrate and trigonal symmetries and five quanti-
ties B, C, D /u, and D v in the case of cylindrical 
symmetry. It is well-known that the spin-orbit cou-
pling constant t and the electron correlation para-
meters B and C are, in general, reduced in magni-
tude in complexes relative to the free-ion. We have 
thus fixed the t values to be 130 c m - 1 and 550 c m - 1 

for d2 and d8 configurations, respectively, appro-
priate to trivalent vanadium and divalent nickel 32. 
The corresponding B values were chosen to be 

600 cm - 1 and 800 c m - 1 considering again the va-
nadium (III) and nickel (II) compounds as exem-
plary systems 32. We have also assumed the relation 
C = 4 ß which is fairly well fulfilled within the ele-
mentary theory of atomic term values 32. 

The parametric set of secular equations in the 
quadrate and trigonal {X , S, t2g, eg, Tf) and qua-
drate {X, S, eg, b2g ? a\g •> frig » F'j} representations 
have been programmed 33 to obtain the energy levels 
as a function of D q which is varied from 0 c m - 1 to 
±4 ,000 cm - 1 . Positive Dq values correspond to 
quadrate and trigonal fields of octahedral d2 and 
tetrahedral d8 and the negative D q to those of the 
tetrahedral d2 and octahedral d8 configurations. The 
D v and x, which is the ratio of D f.i to D v, are fixed 
in the {X, S, Ug, eg, rf} representation of the 
quadrate and trigonal fields whereas the relation 
Dt = —4/9 D q, appropriate to square planar geo-
metry 34, has been used in the quadrate {X, S, eg, 
b2g, a\g, blg, rj) representation with a fixed value 
of x. The selected values of D t (quadrate) and D r 
(trigonal) in c m - 1 for various distortions and sub-
stitutions35 in the {X,S,t2g,eg, Tj} representation 
of quadrate and trigonal fields are listed below: 

d2 d8 

Octahedral Tetrahedral Octahedral Tetrahedral 
Quadrate ±250 ±125 ±125 ±60 
Trigonal ± 7 5 ± 3 5 ± 3 5 ±15 

Such diagrams have been constructed for x values 36 

of i 2 and i 5. The energy plots 37 with one set of 
D v values, and a x value of 2 are shown in Figures 
1 to 8 and 49 to 56. The d8 square planar energy 
diagram is displayed in Figure 41. All other plots, 
Figures 9 to 40, 42 to 48, 57 to 80 are included in 
Appendix 13 C. 1 and 2. 

The energy diagrams of cylindrical fields in the 
{iE, 2} representation are obtained by varying D t 
for a fixed value of x. The value of D t is varied 
from — 2000 c m - 1 to + 2000 c m - 1 and once again 
x values of + 2 and ± 5 have been used for both 
d2 and d8. The plots with x = 2 for d2 and d8 are 
shown in Figs. 81 and 85 and the others in Figs. 
82 to 84 and 86 to 88, Appendix 13 C.3. 

III. Summary 

Complete theory of d2 and d8 electronic configu-
rations immersed in quadrate, trigonal, and cylin-
drical fields including spin-orbit perturbation and 
full configuration interaction has been detailed. Such 
a treatment has been carried out in five different re-
presentations for quadrate fields, four representa-



tions for trigonal fields and three representations 
for cylindrical fields. The symmetry adapted spin-
orbital wave functions in all the representations, the 
corresponding energy matrices, and the unitary 
transformations connecting the various representa-
tions have been derived. The energy levels in the 
strong field scheme have been obtained for appro-
priate sets of parametric values in all three sym-
metries. The symmetry adapted wave functions, the 
secular determinants, the unitary transformations, 
and the energy level diagrams will be useful in a 
precise study of optical and magnetic properties of 
quadrately or trigonally distorted or substituted 
octahedral or tetrahedral complexes and of com-
pounds of cylindrical symmetry of d2 and d8 elec-
tronic configurations. 
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Appendix A 13 

Wave Functions and Energy Matrices 30 

1. Quadrate 
(a) {X, S,eg, &2g > oig, &lg, Tj) Representation 
(b) {L, S, J, 71 ;} Representation 
(c) { / , j, J, Tj} Representation 
(d) {77 (t2g), 78 (*2g), 78 (eg). r j } Representation 

2. Trigonal 
(a) {L, S, J, 71 ;} Representation 
(b) { / , / , / , r j } Representation 
(c) {77 (t2g), 78 (t2g), 78 (eg), A - } Representation 

3. Cylindrical 
(a) {A, 2, Q, rj} Representation 
(b) {co, co, Q, .T;} Representation 

Appendix B 13 

Unitary Transformation Matrices 
1. Quadrate 

(a) ( L , S , J , r } \ X , S , t 2 g , e g , r j ) 
(b) (j,j,j, r}\L, s, j, rj) 
(c) (77 (t2g), 78 (t2g), 78 (eg), Tj I X, S, t2g , eg , Tj) 
(d) (X, S, t2g, eg, Pj I X, S, eg, &2g, &lg, aig, T j ) 

2. Trigonal 
3. Cylindrical 

(a) (A, 2, Q, rj I E , 2, <5,71, o, Tj) 
(b) (co, co, q, r} 1 a, 2, q, rj) 

Appendix C 13 

Energy Level Diagrams 37 

[d2: B = 600 c m -
d8 : ß = 800cm~ 

1. Quadrate 
Figures 9 — 11 
D t = 250 c m -

Figures 12 — 14 
D t = —250 c m -

Figures 15 — 17 
Dt = 125 c m -
Figures 1 8 - 2 0 
D t = —125 c m -

Figures 2 1 - 2 3 
D t = 125 c m -
Figures 24 — 26 
Dt = —125 c m -

Figures 2 7 - 2 9 
D t = 60 c m -
Figures 30 — 32 
D t = —60 c m -
Figures 33 — 36 

Figures 37 — 40 

Figures 42 — 44 

Figures 45 — 48 

2. Trigonal 

C\B=4, and £=130 c m " 1 ; 
C\B = 4, and £ = - 5 5 0 c m " 1 ] . 

d2 Octahedral-Quadrate; 
x = - 2 , 5, —5. 

d2 Octahedral-Quadrate; 
* = —2, 5, —5. 

d2 Tetrahedral-Quadrate; 
x = —2, 5, —5. 

d2 Tetrahedral-Quadrate; 
* = —2, 5, —5. 

d8 Octahedral-Quadrate; 
x = —2, 5, —5. 

d8 Octahedral-Quadrate; 
x = —2, 5, —5. 

d8 Tetrahedral-Quadrate; 
x = —2, 5, —5. 

d8 Tetrahedral-Quadrate; 
x = —2, 5, —5. 

Octahedral d2-Square Planar; 
x = 2, —2, 5, —5. 

Tetrahedral d2-Square Planar; 
x = —2, 5, - 5 . 

Octahedral d8-Square Planar; 
x = 2, —2, 5, —5. 

Tetrahedral d8-Square Planar; 
x = 2, —2, 5, —5. 

Figures 57 - 5 9 d2 Octahedral-Trigonal; 
Dx = 75 c m - 1 , x = —2, 5, —5. 
Figures 60 - 6 2 d2 Octahedral-Trigonal; 
Dx = - 75 c m - 1 , x = —2, 5, —5. 

Figures 63 - 6 5 d2 Tetrahedral-Trigonal; 
Dx = 35 cm" 1 , * = - 2 , 5, —5. 
Figures 66 - 6 8 d2 Tetrahedral-Trigonal; 
Dx = - 35 c m - 1 , x = —2, 5, —5. 
Figures 69 - 7 1 d8 Octahedral-Trigonal; 
D r = 35 c m - 1 , x = —2, 5, —5. 
Figures 72 - 7 4 d8 Octahedral-Trigonal; 
Dr = - 35 c m - 1 . TC — 2) 5) 5. 
Figures 75 - 7 7 d8 Tetrahedral-Trigonal; 
Dx = 15 cm" 1 , x = —2, 5, —5. 

Figures 78 - 8 0 d8 Tetrahedral-Trigonal; 
D x = - 15 c m - 1 , x = —2, 5, —5. 

Cylindrical 

Figures 82 - 8 4 d2 Cylindrical; 
TC — 2,5) 5. 

Figures 86 - 8 8 d8 Cylindrical; 
x = —2, 5, —5. 
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Figs. 49 and 50. Energy level diagrams for a d2 electronic 
system immersed in an octahedral field with a trigonal com 

ponent; 5 = 600 cm" 1 , C/5 = 4 , £ = 1 3 0 cm" 1 , x=2, 
D T = + 7 5 and - 7 5 cm" 1 . 

Figs. 51 and 52. Energy level diagrams for a d2 electronic 
system immersed in a tetrahedral field with a trigonal com-

ponent; 5 = 600 c m - 1 , C/5 = 4 , £=130 cm" 1 , x=2, 
D r = + 3 5 and —35 c m - 1 . 

Figs. 53 and 54. Energy level diagrams for a d8 electronic 
svstem immersed in an octahedral field with a trigonal com-

ponent; 5 = 800 cm" 1 , C/5 = 4, £ = — 5 5 0 cm- 1 , « = 2 , 
D r = + 3 5 and - 3 5 c m - 1 . 

Fig. 55. Energy level diagrams for a d8 electronic system 
immersed in a tetrahedral field with a trigonal component; 

5 = 800 cm" 1 , C/5 = 4, £ = - 5 5 0 cm" 1 , x = 2 , 
Dr= + 15 and - 1 5 cm" 1 . 

Figures 1 — 8, 41, 49 — 56, 81 and 85 (see the following pages 
1841 — 1856) have already been reduced from a large size. 

The other Figures are only mentioned in Appendix C. 
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