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Tables of the d” (n=6—10)-electron Wave Functions

in the Octahedral Crystalline Field

Many of the interesting physical and chemical properties of the ionic crystals
containing transition- metal ions can be understood by examining the behaviors of
d-electrons belonging to transition-metal ions. [n an octahedral crystalline field,
the electronic states of ions with many d-electrons must be formed so that they
form the bases of the irreducible representations of the O-group and obey the
Pauli principle.

In this note, the wavefunctions of d" (n==6,7 89, 10) are constructed accord-
ing to the method given in Tanabe, Sugano and Kamimura's book. The wave-
functions of d" (n=1, 2 3.4, 5) are obtained as Moritani-Shinada Table.

It is well known that the wavefunctions of the electrons in a symmetric field
form the bases of the irreducible representations of the group of which elements
are the symmetry operations of the field. We now consider the problem of transi
tion-metal ions placed in an octahedral (0,) symmetric field The symmetry gro-
up we presently concerned with is the Q,-group, but as far as we confine oursel-
ves to d-electrons it is sufficient to consider the O-group. The O-group has five
irreducible representations 4,, A,, £, 7T, and T, of which bases are (e,), (e,), (u. 1),
(a. 8, 7) and (& 7 ¢), respectively.

The single d-electron states, which have fivefold degeneracy ina spherical field,
split into two classes £ and T, in an octahedral symmetric field. The basic orbitals
can be taken as in the following form

" {u:, /5]16xR (r) (32°—r*) [r*,
v=x/5/162R(r) (¥ —y*) [r?,

¢ =15 [4zR(r) yz /7*
Ty { n=A/15 4z R(r) 2z /r?,

C=A/157arR(r)zy [ 7,

where R(r) is the radial part of the d-wavefunction.
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In the case of many electrons, the wavefunctions are also expressed by the ba-
ses of the irreducible representations of the O-group, ¥ (¢ SI'My ), where S and M
are the total spin quantum number and that of the z- component, respectively. I’
and y mean the irreducible representation of the O-group and their base, respecti-
vely. The quantum number ¢ denotes the electron configuration £,"e"(n=0.1,23,
4,5 6: m=0.1.234). The many electron wavefunction ¥(«SI'Mr) can be const-
ructed from the wavefunctions of less than electron number states @(a, S, M1y )
and ®(a, 8. Myr:) in the following way,

Y(aSIMr)=S0(a, S\ MMy ) ©(a:S: M 1)
X (SM S M| SMIMin M| Tr)

where (S, M\ S; M, | SM) and (I 7 I2rz| I'y) are the Wigner coefficient and Cleb:
sch- Gordan coefficient, respectively. Furthermore, the many electron wavefuncti-
ons must obey the Pauli principle and therefore the ways of the combinations of
S and I' are restricted.  The details of the constructing procedure of the many
electron wavefunctions can be found in the references'"?.

T. Moritani and M. Shinada gave only the results for the states of d"(n=1,23.
4, 5). In this note, we will give the results for d"(n=6,7.89.10). These states of
d” can be obtained as the complementary states of those of d'*". The complemen-
tary states are obtained by placing holes into the complete shell 4*° instead of ele-
ctrons. As to the detailes of the complementary states we only refer to the book
by Tanabe, Sugano and Kamimura,

In the tables, for simplicity, the following notations are used.

(1) Slater determinant

O,(1) Dy (1) voeveeve 0. (1)
0,(2) By(2) ++eeee 0.(2

AL e LY
@.(h‘)@;{ﬂ) """"" @n(ﬂ)

(2) Spin orbitals
@ implies the wavefunction which has orbital function @ and up spin fun-
ction
o implies the wavefunction which has orbital function @ and down spin
function.

(3) The numbers on the left shoulder of I mean the spin-multiplicity 2S5+ 1.
The wavefunctions for the complementary states of those of ¥s(t.°" (S5, 1) '™
(8.I';) SI'- My ) can be obtained as follows.

1) first, we think about 10x 10 Slater determinant ¥ (t,°¢*'A4,).

2) next, we replace the Slater determinant which appears in vt (S ) e™
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(S:1";) SI'My ) with its adjunct Slater determinant (cofactor).
3) we multiply the resulting Slater determinant by phase tactor (— 1) ¥
4) last, we consider the phase relation between [ state and R state, that is,
Vet "(Sy M )e™( S, ") SI'My)
:(_'1)""1!1112 ;"L(fz"(szr:) BM(S:Fz)SFJ'Vfr)
where 4, =—1(n=3 and §,I"="4A,,*E, *T,)
=1 (otherwise)
to=—1(m= 2 and S.I";=%A4,,'E)
+ 1 (otherwise)
We tabulate the L states following.

Table 20 ¥ (+,°SI"My)
Sr\ M |r v
‘A 0 € Iffvﬁff!

Table 21 ¥ (¢.%¢ SI"'Mr)

srl M| ¢ v
vl 1 | | =Gt |
Tl 1| ¢ | —|&Emeul
Ty 0 r | /g2l EBnncol — eEmiol) '
'T,| 0 ; ¢ | Wy 2lleEnniu] — |eEnmlul)
Table 22 ¥ (t,'* SI'Mr)
srl M B v

Ta| :2 |
T, 1
T 1

—|&n¢Cuv |
1/ 2{|&n¢Cuv| + | Encluv| — | éncCun | — |En{luv| )
1/ 20— |&ncCuv | + | Eq¢Cur |}

2| én¢uv |}
1/ 2{|&n¢lov | + |En¢lunl — | Enclov | — | E7¢Tun|)
1/ 21&n¢Cov | — |En¢unul — |67¢Cov | + | én¢Tuul )
1/ 24~ |&ncos | — | encCuil )
A2 (—|encEon | + | encCuil)

T, 0
| o
A
T, 1

T

¢

¢

$ :

'To| 0| ¢ | 1/ 2y3{—2|&n¢luv |+ |En¢Cuv | +|En¢Cuv |+ | En¢Tan | +| E7¢Tun |
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Sri M T v
ol 1| 1 | 1/J2(—=E&¢Cuv | + | Encluv|}
Tyl 0| 1 | 1/2(=|En¢Cuv |+ |En¢Cuv |+ | En¢Cuv | — | én¢luv | )
E | L v | 1A/6{m¢lun |+ | €8¢ Tun | — 2| E&npun | )
E| 0| o | VA6 (= lnncZun |+ | ncTur | —| 8¢Tun | + | E8Tuv | — | e&pun |
+|&&nquv |}
'E | 0| v | V/2{|mtCov |+ | an¢Cunl— | EECCvo | — | EE6¢Cuu])
'E | 0| v | 1/2y6{|nn¢Cuv| —|nmm¢Cuv | + | EECCuv | — 1 EECCuv | — 2| EEnmuy |
+2| E&nnuv | +y/ 3lnn¢Cov | —y/ 3lqn¢Tun | —n/ 3|€ECTov | +4/ 316ECTua | )
A | 1| e | LA/3(In¢Cun |+ EE¢Tun |+ | EEnpun|)
A2 0| e | 1/2y/6{|mn¢Cuv| —|nn¢Cuv| + | EECCuv | —| EECCuv | —2| EEqpun |
+ 2| E8nquv | —/3 | 7m¢Cov | +y/3| nn¢luu+y/ 31EECCvo | -/ 3168 unl
YA 0| e | VA6 UmncCon | + |l ancCun | + | EECLvv | + | EECCun | + | E&pqup |
+ | E€nnuul }
VAl O e | 1/2y6(—|nu¢lon | + | qm¢lun | — | EE¢Lov | + | EECTun | +2 | EEnpov |
—2 | e&nmuu | —/ 3| qm¢uv | +/ 3 | m¢luv | +4/3 | EE¢CCuv |
—A/3| E6¢cCuv |}
Table 23 ¥ (t,%° SI'Mr)
Sr\ M| r v
g0 2 | o ||&pcuve|
E 1| o | 1/2y3{—=|&n¢uve | —|&nCuvy | — | Eluvw | +3|Encuve |}
E 1| v | 1/2y3{—/3|&ncunv | +./3 | En¢unn | — | Encuve | — | En¢uve |
: + 2| énCuvy |}
'E 0| v | 1/2y6(/3|EnCunv|—a/3|EnCuuv |—/3|Encunr | +/3 | Encuuy |
+ 2| &n¢uvv | +2| Enluv | — | Enluve | — | Enluve | — | EnCuvy |
— | EnCuvv |}
Ty | 1| | 12— nncuos] +1EE(uuvI}
| ¥ )| 7 1/\/2{|ngcuuvl %= IEE{uuvl} R
T, 0| r 1/2{|m;(uuu|-—|£E(’uuu\-—-|m;{uwl 4~|cECuvu|}
Tl 0 = 1/2{—lnr;¢uuvl—|f£(uuvl + |mncuien | + | eEeuun|)
Ty | 1| ¢ | 1A/2 I mncuun | —| EECuuv|)
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Sr\ M| r v

T | 1| ¢ | 1A 2( mmuve | + |68 uv | )

Ty | 0| ¢ | 1/20~lgndun |+ | EZuiin | +) micuns | — | Ecuan )

o | 0| ¢ | 1/20—|mguvs — | &8uvp | +| nicuvs | + | EEcavs |}

A 1| e | 1/23(—3|En¢uve | +/3| En¢uvy | — |En¢usin | —|EnCuup |
+2|énluuv|}

YAv | 0 | en | 1/2y6{/ 3 EnCuvy | —/3| Enduvy | +2| Eqcuny | — | Enuny |
—|&nluuv | —/3 | Encuvv | +/ 3| EnCuvy | - |En¢uuv | —| Encunv |
+2| enlunv |}

Ay | 1| e | 1/293(—y31Encuiv| +y3lencuin |+ | Encuvi |+ | Excuvi |
—2|énCuvv |}

A2 | 0 | es | 1/2y6{/3|EnCunv|—/3|nCunv|—2|E¢uve |+ | EqCuvy |
+ | Enluv | —/3 | Engunv | +/ 3| EnCunv | + | Eqcuve | EnCuvy
—2|énCuvr| }

Table 24 ¥ (t,%* SI'My )

Sr| M| r v

Ty | V| 1 | | Equn |

1A, | 0 | e | VA/3UECuuvv |+ |qpuuvy | + | ¢Cuuvy |)

e | oo | 1A/2(IEEun0D|— | m7uiivn |}

T, | 0| ¢ | 1/g2{|Equinns| — | Epuis])

Table 25 ¥ (t,% SI'My)

sr| M| S

£ |1/2] v | leEmcto) -
Table 26 ¥ (¢,%* SI'My)

sr|m]|r v

‘v |3/2] 7 | —|&&mmtun|

Ty 172 ¢ | 1A/2(—eBraca) + | Brmcun )

i, |1/2] v | 1A/6(21eEmmdun | — | Emcus | — | eErmcian |)

T, | 1/2] ¢ | 1/2lleEmen] + | eEnmcuil )
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sr|{m|r
7T | 1/2] ¢ | 14/ 2{|E&qmevn| — | EEmmcunl)
Table 27 ¥ (t,%e SI'Mr)
sr|\m|r v
‘T, |3/2| v | = encZuvi)
‘T, |3/2| ¢ | |€ncluuv| .
2A, [ 1/2 | e | 1/ 2430~ mncTuvv | — | EECTuvy | +2 | EEnquve | +/ 3 |gn¢uin |
—/3| E&¢Cuuv|)
24, [1/2| e | 1/24/8 (= icGuiin | | €8cCutiv| +2| EErutiv | /3 |77cCuvp |
+4/316ECCuvr |}
£ [ 1/2| v | 1/233(—|piczunio |— | €5cTutiv | +2| Buiin | +n/3 | icCuvs]
—n3E8¢Cuvv |}
£ [1/2| v | VA3 {|mncCuiiv | + | e8cGuiin |+ Brpn|)
T V/2) v | WA 6(—2] en¢Cuvy |+ | Eq¢luvy | + | Encluvy |}
Ty | 1/2| 1 | 1A 2{1En¢Cuuv | —|éncCuun |}
Ty | 1/2| ¢ | 1A/612]éncCuuv | —| enclunv | —| EnCCuuv |}
T | 1/2( ¢ | VA/2{|En¢Cuvo| —| En¢luvr|)
Table 28 ¥ (t,%* SI'My)
sr| M| r v _
‘A2 | 3/2| ex | —|é&nCuunvy|
E 1 1/2| v | 1A/612]|EnCunve| —|Enunvy | — | EnCunvy|)
Tl 1/2| v | LA/ 2 (| ¢EEuuvy | — | tnmunvp |}
T | 1/2| ¢ | 1A/2(|¢EEuuvy |+ | Cnquuvo|)
Table 29 ¥ ({,%° SI'My)
Srim|r v N
A | 1 | e | |EEmCTun |
A 0 | e | 1A/211E8mcTuE| + | eErncZon ) . .
'E | 0 | o | 1A/2{|Enntur |+ | EEqntlur ()
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Table 30 ¥ (t.%¢° SI'My)
Sr ; T v
o | 1| r | leEmeum |
sty 1| ¢ | IeEmmeunn |
| o | 7 | A2 (=l eEmzuan |+ eErmcuiin )
| 0| ¢ | 142 (—leEmeuvn| + | eEpncavi|)
Table 31 ¥ (¢,%* SI'My)
. Sr|\ M 7 B v
| 1 —|encTunvn|
|0 | e | 1A/3U s |+ | ncuiion | +| (CeBuivs |)
g | 0| v | 142 (—|cZekumvn |+ ictunve |}
7|0 | ¢ | 142 (—lencCunnn | +| EncTunvs )
Table 32 ¥ (¢,%° SI'Mr)
srl M| v
g |i/2| o | |eEmcunn]
Table 33 ¥ (¢;%* SI'My)
sr| M| » v
o, [1/2| ¢ | |eEmeuavs | -
Table 34 ¥ (¢,%* ST My)
sr| M|+ o v
LA | 0 | e | |€EmmcCunvy)
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