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The formation of spin triplet ground states in the 3d°
configuration of transition metal complexes is investi-
gated within Dy, and Diq symmetries. Employing as
a basis the state functions resulting from the cubic
Taultz'e)), 'Ailts®), 3Tiltz'ey), and Talty’e,) terms
it is demonstrated that, in D symmetry, the triplet
states *A;, Bz, ’ECT)), and 3E(’T;) may be stabilized
as ground states. On the other hand, only the *ECT))
state may become ground state if the symmetry is Ds.
Diagrams showing the ground state boundaries, in Dy,
symmetry, as function of the parameters Dq, Dt, and
x = Ds/Dt are presented. In D;; symmetry, Dq, D=,
and x =Do /D~ are equally emploved. The relevan-
ce of the present calculations to available experimen-
tal data is discussed.

1. Introduction

In the electronic configurations d*, d°, d% and &’
within octahedral symmetry, one of two possible elec-
tronic ground states may be stabilized, depending on
the strength of the field set up by the ligands. These
states which are known as high-spin and low-spin
states are characterized by a different symmetry trans-
formation property and a different value of the total
spin S.! The configurations d*, d°, and d° are remar-
kable in that states of an additional, third, spin mul-
tiplicity are formed. As long as O, symmetry is stric-
tly preserved, it is only certain excited states to which
the total spin S = 0, S = 3/2, and S = 1 may be
assigned in d*, d°, and d°, respectively.

In the d* configuration, in particular, the possible
ground terms within a field of octahedral symmetry
are “Tap(ty'es?) and 'A(tx”) and complexes of these
ground states are well documented. In addition,
there are numerous spin triplet excited states, al-
though only two, viz. 3T (lz°eg) and 3Ty(tz’es),, have
reasonably low cnergies. Recently, the question has
been raised, whether spin triplet ground states
may be formed, provided the symmetry of the
field is lower than cubic. The S = 1 ground states
expected would then possibly arise from the excited
Te(tz'eg) and Taltz’ey) terms of the octahedral
field. The problem is stimulated by experimental

19(711) L. Konig, S. Kremer) Theoret. Chim. Acta (Berlin) 23, 12
( ).

magnetic and spectroscopic results in certain com-
plex compounds of iron(II) and cobalt(I1I). These
data which will be briefly discussed below justify a
theoretical study. Therefore, in this paper, we will
investigate the conditions for spin triplet ground state
formation within a limited basis set of the d° configura-
tion assuming that the effective ligand field is of tetra-
gonal (D) or trigonal (D) symmetry.

. 2. Single d Electron Eigenfunctions and Energies

In the ligand field model of a transition metal
complex, the complete Hamiltonian considered may
be written as

_ Vi Ze e?
H-—?(—z—m—r—i)'i'vl.i;-f“gr—ij'f';qi.s; 1)

If it is assumed that a central field solution to the
first two terms of H has been obtained, the remaining
three terms may be accounted for by a perturbation
calculation. In what follows, we will employ the so-
called strong-field approximation, i.e.

e
Vig> E’T> x4 N 1 (2)

The ligand field potential Vii; may be expanded into
spherical harmonics and is frequently expressed as a
cubic term and a perturbing term due to lower sym-
metry. Below, we will always use the combined po-
tential which may be written, in Dy, symmetry.2,

Vier = A(r)Co'?(8,9) + B(r)§Co'(0,0)—

. /%[C.“‘(O,q))—i-c_‘“’(e,q))]‘ (3)
where
x —f 4x "
Cn ’(0,q>)—( 5 +1) Yun(0,9) @

(2) S. Sugano, Y. Tanabe, H. Kamimura, Multiplets of Transition-
Mctal Ions in Crystals, Academic Press, New York, 1970.

(3) B.R. Judd, Operator Techniques in Atomic Spectroscopy, Mc-
Graw-Hill, New York, 1993.
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are Racah’s rationalized spherical harmonics.} On
the other hand, in Diy symmetry, it is

Vs = A(DCP(0,9) + D(1) {Cs*(0,9) —
L VI Icone-carenl ®

In D4 symmetry, the cubic single d electron orbi-
tals

e0=[20)=d,;

ee=-\/1—?[ [22)+[2-2)] =da_ys

tm=__\}.?[|21)—]2—1)]=du (6)
t=—r=ll2t) + 1)1 =d,,
= l2)- -,

may be employed. These orbitals transform now, in
the above sequence, according to a;, b;, €., €y, and by,
respectively. The corresponding single electron ener-
gies may be expressed in terms of the splitting para-
meters for Ya(B,0) and Yu«(0,0), Ds and Dt respec-
tively, according to the definition of Ballhausen**

E(as,) = (e8| V..uled) =6Dq—2Ds—6Dt
E(big) = (e€|V.ulee ) =6Dq +2Ds~Dt (N
E(eg)=(tE|Vieu tE)=(tm|V.cul| /)= —4Dq—Ds +4Dt
E(bzg) = (t|Viewr|t:X) =—4Dg 4 2Ds—Dt
The resulting orbital energies are depicted in Figure
1. As is well known, the center of gravity holds for
the Ds terms within the e, and t;; orbitals separately,
while for the Dt terms this is true for the whole con-
figuration only.

In Dss symmetry, the trigonally oriented single d
electron orbitals

eu+=——%[|2~2>—\/§|21 N
eu_=%[|22>+ V22-1Y] ®)
tx. =——\}=3[ V2[2-2)+(21)]

t,x-=-1vrs_-[ V2|22)—|2-1)]
t2Xo == |20>

are used to advantage. In Eq. (8), the first two or-
bitals transform now according to e(e), the following

(*)_1t should bc observed that Ds and Dt parameters (and D@
and Dt as well) differing in sign from thosc used here [4] have
been defined by Pcrumareddi [5,6].

(4) 1.C. Ballhausen, Introduction to Ligand Field Thcory, McGraw-
Hill, New York, 1962.

(5) J.R. Perumareddi, J. Phys. Chem., 71, 3144 (1967).

(6) J.R. Perumareddi, Coord. Chem. Rev.. 4, 73 (1969).
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Figure 1. Single electron orbital energies in Dy symmetry in
terms of Dq, Ds, and Dt.

two as e(t:), and t:xo according to a,. In terms
of the parameters Do and Dt of the Di field,! the
corresponding single electron energies result as

E[e(e)]={eu,|Vuileus >=6Dq+-‘;-D1
E[e(t:)] =<th_+_|V"i‘|tzxi>=—-4Dq+ Da+-§—D1 9)

E(a,) =<thnl Vm,| tha) = —4Dq—ZDU—6DT

However, in contrast to the situation in a Dy, field,
the trigonal field mixes the two e orbitals by way of
the off-diagonal matrix element

(eus | Vi thL>=i;—2_—(3DU—5DT) (10)

which has to be taken into account in calculating
E[e] according to Eq. (9).

3. Total Six-Electron States

Total d® electron states transforming according to
the irreducible representation T (in one of the point
groups considered, D4 or Dig), component v, and
possessing a total spin S with z component Ms may
be constructed from the one-electron orbitals Eq. (6)
and (8) by the application of

st”rMs'Y) = ME‘“I 'rxmﬂ}'.}}Fzmsz‘Yz>(SlmuSzm‘z,SMs )X
v (Tylova|Ty) (1)

taking two orbitals at one time. In Eq. (11), (s-
mgs:m;: | SMs) are Wigner coefficients for the elec-
tron spin and (Tyyil2v2|Ty) are coupling coeffi-
cients for the symmetry group concerned. In fact,
only total wavefunctions of the d* electron problem
are required, if the equivalency between electrons
and holes is utilized. Previous calculations indicate
that it is essentially only the lowest multiplets which
provide a major contribution to the elecronic ground
state. Therefore, we limit our calculations, in the pre-
sent study, to those states arising from the octahedral
terms “Ta(trr'es?), 'Arg(tae), *Tigltag’ee), and  Ty(treg)
comprising altogether 34 electron levels. In this case,
the interelectronic repulsion energies are diagonal to



first order and may thus be written as

Ecoutont(*T2) =0

Ecoutomt(*T15) =5B+5C

Ecoutoms(*T2g) = 13B+5C (12)
Ecoutoms('Aty) =5B 4 8C

(a) Tetragonal Symmetry Case. In Dy symmetry,
the splitting of the parent octahedral terms is accord-
ing to T2—>°B,+°E, *T1~»*A2+°E, and Gng—)sBz-i-JE,
all resulting states being g.on the basis of parity. In
addition, the !'A;, state is not affected by the change
of symmetry. Since there is a one-to-one correspon-
dence of states in On and Da, the required d* state
functions may be easily set up as’

'Ai0a,) = 0%7)

[B:2by)=["T:28) = [0*e*E*n+)

[*E2e.(es)) = [T:2n(8)) =[0*e* L n+(E+))

PAslar) =|'Tilz)=|0%"" ) (13)

3
PEleuten) = PTity(0) = — e €)= 2 prem &)

|’lebz>= rT:lC): |0+E2§+>

[Ete.(es))=/Tun(E))== l/;_\ezmwe*))— ;—le+s’n+(i+ )

In Eq. (13), only functions characterized by the ma-
ximum Ms value are listed. The remaining functions
may be easily generated by application of the step-
down operator S_. These functions, however, are
needed in calculations including spin-orbit interac-
tion, although complex functions may be prefered for
convenience.

It should be observed that, due to the use of d*
functions Eq. (13), the sign of the ligand field para-
meters Dg, Ds, and Dt (as well as that of the spin-
orbit coupling constant { to be introduced below)
has to be changed. The calculation of matrix ele-
ments of the ligand field potential Vi of Eq. (3)
then yields the term energies

E('A|)=—24Dq+ 14Dt +5B+8C

ECA;)=—14Dq+ 14Dt +35B +5C
EC1ECT))=—14Dq+Ds +121Dt—9B+5C—R1
E(B;)= —14Dq—4Ds +9Dt+ 13B+5C (14)

E(*2E(*T:))=-14Dq+Ds+§Dt+93+5c+ R,

E(*B,)= ~4Dq+2Ds—Dt
ECE)=~4Dq—Ds+4Dt

where

R, =—;-—!(2Ds +17?-Dt+88)‘+%(4Ds +5D13" (15)

(7) J.S. Griffith, The Thcory of Transition Metal fons, Cambridge
University Press 1961.
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In Eq. (14), the appropriate interelectronic repulsion
energies of Eq. (12) have been included which are
not affected by a lowering of symmetry. The square
root Eq. (15) results from a non-zero ligand field
interaction between the °E states, viz.

JE(JTI) ’E(sz)
SECT)) —14Dq+?T'Dt+5B+5c l{;(4Ds+5Dt)

SECT) —14Dq+ zDs+§4lDt+ 13B+5C

(16)

Spin-orbit matrix elements have been calculated
by application of the operator IZl; . s to the complex
functions corresponding to Eq. (13) as well as to the
functicns of lower Ms values.* The resulting 34 X 34
spin-orbit interaction matrix then factors into a matrix
of dimension 10 and three 8X8 matrices, two of
which are identical. The matrices are listed in Ap-
pendix [. Since basis functions transforming accord-
ing to the irreducible representations of T'XT's have
not been constructed, the individual matrices may be
attributed to two representations (including spin) at
a time, viz. Ty, T; Tu, T two times Tysy, Tosp ¥

(b) Trigonal Symmetry Case. In Dy symmetry, the
parent octahedral terms are split as indicated by *Ty~>
A +E, *Tig=>*A2+-E, and *T2,—3A, +°E, whereas the
'Aig=>'A; and is not split. Again, all resulting states
arc g on the basis of parity. State functions within
the d* configuration transforming according to the
resulting irreducible representations may be set up
on the basis of Eq. (11) producing

|'A0ary = |u,u-?)
PA2ary=—[u, "u.*x,*x_*)
|‘E2ul)=—\u+*u-*x;xo>

|*A:la; =——i—;|u+’u_+x-+>—|u_’u+*x++} (17
V2

ECT 1w )= Lt a5 —fu - xg)

1

V2

Aty =— —fu u_*x-*) +uu, *x,

|’E(’Tz)lut)= F _\/1__2_§lu_zu++xa+>+ |u+‘u_*x3+)}

Again we list in Eq. (17) only functions characterized
by the maximum value of Ms, functions of lower Ms
being easily generated by application of S_. The
corresponding energies then result from the matrix
elements of Viig, ¢f. Eq. (5), and the interelectronic
interaction, Eq. (12)

(*) If the rcal functions Eq (I3) arc used, much lower splitting
ofthc ovcrall spin-orbit interaction matrix is produced, viz. one 18x18
([, Ty T LW and onc 16x16 matrix (Tys,» Tisy)-

(**) In what follows wc employ the Bethe nomenclature of irredu-
cible represcniations to denote states including spin-orbit coupling.
In particular, T, refers to representations  within D, and IT to

thosec within D,, symmetry.
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E('A;)=—24Dq— Z—fD1+5B+sc

E(‘A;)=—14Dg—Do— 2321)1+5B+5c

EC1ECT)) = ——14Dq+—21—Da'— —‘3§—DT +9B+5C—R;

ECA)=—14Dg~Do—~ 33311)¢+ 13B+5C (18)

E(2E(T))=—14Dq+ —lz—Da- §D¢+9B +5C+R;
E(A;)=—4Dg—2Dc—6D~

E(CE)=—~4Dq+ DO’+%DT
where

Ri=L14(3 Do +0Dry +64BY" (19)
272 3
The square root Eq. (19) stems from a ligand field
interaction between the two ’E states, viz.

*ECTy)u, ECTo)u,

SECT)u, -—14Dq+-;—D0'—-13iD1'+5B+5C =30+ s

'E(’T)u,

—14Dq+-;—D0'—--13§—D1+13B+5C

(20)

Spin-orbit interaction may be included, in the
same way as shown in section 3a above, by applica-
tion of Zill;. s; to the complex functions correspond-
ing to Eq. (17) including those with Ms<S. The
total 34 X 34 matrix then factors into one matrix 12X
12 and two identical matrices 11 X 11 which may be
found in Appendix II. The matrices may be labeled
byT the T X Ts representations I'/T.I,"; and two times
1‘3 Uz,

4. Conditions of Ground State Formation

Obviously, the formation of possible ground states
within the problem at hand will be dependent on the
parameters Dq, Ds, Dt (or Do, Dx), B, and C if,
at first, spin-orbit interaction is disregarded. Instead
of Ds (or Do) it is convenient to introduce a new pa-
rameter x such that

x = Ds/Dt in D, symmetry

x = Do/Dt in Dy symmetry

For convenience of presentation we consider below
only states resulting from the Ty, Ty, and 'Aj,
terms. It may then be shown that, in D symmetry,
four different combinations of possible ground states
should be distinguished. These four cases are charac-
terized by Dt>0 or Dt<0 in conjunction with x>
5/3 or x<5/3. The resulting ground states are list-
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ed below.
Dt<0 Dt>0
x<i 5E, ‘A, Ay *By, ‘E, 'A,
3 2n
x>—§- By, ‘As, 'As SE, °E, ‘A

Employing the energy expressions Eq. (14), conditions
for the formation of the various ground states in Eq.
(21) may be set up. In general, there are two con-
ditions which have to be met for each single ground
state. These conditions are given below. Where one
of the equations occurs repeatedly, only the number
of the equation is listed where it shows up for the
second time. If a change of the unequal sign is in-
volved, this is indicated by a minus sign preceeding
the corresponding equation number.

() Dt<0,x<—§-.

" { Ds+ 10Dt < 20Dg—5B—8C (22)
' 0< 10Dg—3C (23)
. { Ds + 10Dt 3> 10Dq—5B—5C (24)
—(22)
—(23
A { (23)
—(24)
) Dt>0,u<-%-.
—2Ds + 15Dt < 20Dq—5B—8C (25)
A, 5
2D 10Dg-3C (26)
{ —2Ds+%§Dt>10Dq-5B—5C @7
§
B,
—(25)
—(26)
¥
e
—(27)

(3 and 4) tho,x>5?

Dt<0 Dt>0

25 22

AL { (25) A, { (22)

(23) (26)

—(25 —(22

B, { (25) E { (22)

(29) (28)

—(23 —
A, { (23) . { (26)
—(29) —(28)
where

Ds +%Dt2 10Dq—5B~5C (28)
2Ds + 15Dt < 10Dq—5B—5C (29)



If the states originating in the octahedral T term
are taken into account, essentially six different combi-
nations of possible ground states have to be distin-
guished. These cases may be characterized, in good
approximation, as shown below.

Dt<0 Dt>0
x> % 5By, 'Ay, 2E SE, 'A,, *B:
x| < % SE, 'Ay, *As 5By, A, *1E (30)
x<—3 5E, 'A,, °B; *B,, ‘A, 2E

In addition, for certain specific values of the para-
meters ¥ and Dt in the transition regions, more com-
plicated ground state combinations may arise. In
Eq. (30), the notation *1E and *2E refers to the states
SE(*Ty,) and E(°Ty), respectively. As a consequence
of the non-zero ligand field interaction between these
two °E states, viz. Eq. (16), simple conditions for
the formation of ground states similar to those given
above in absence of the *Ty-based states cannot be
set up. However, in a Dt versus Dq plot, the distri-
bution of quintet, singlet, and triplet states is not si-
gnificantly changed except for the symmetry trans-
formation property of the states involved, cf. Eq. (21)
and Eq. (30).

In Dy symmetry, two combinations of possible
ground states have to be distinguished if, at first,
again states originating in the octahedral terms °Ty,
'Aig, and 3Ty; only are considered. These combina-
tions may be characterized by x= —20/9 as shown
below.

20 _2
%>—"9— x< 9 G1)

’E, 'E, 'A, Ay, AL A

The notation in the following conditions is the same
as above.

(1) x>— %0.
- —;—Dc—SD-r < 10Dq—3C (32)
IAl
- %Dc—5D1 < 10Dg— %(53 +8C) (33
’ { —%DG—SDTZ 10Dg—5B—5C (34)
E
—(33)
E { —(34)
—(32)
@) x<— %Q.
Do— %D-: <10Dq-3C (35)
lAl
Do— %D—:g 10Dq—%(5B+8C) (36)
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{ Do— 2D 3> 10Dq—5B—5C 37
A, 3
—(36)
A, { ~(35)
-(37)

However, the situation in Dy symmetry is considera-
bly more involved than if the symmetry is Ds,. Thus,
in case (1), it is easily visualized that Eq. (33) is
sufficient to specify a 'A, ground state and, similarly,
Eq. —(33) to establish a E ground state. In addi-
tion, the conditions Eq. —(34) and Eq. —(32) for a
3E ground state (valid in absence of *T, interaction)
cannot be met at the same time. Likewise, in case
(2), Eq. (36) and Eq. —(36) are sufficient to charac-
terize the ground states 'A; and °A,, respectively.
Again, the conditions Eq. —(35) and Eq. —(37) for a
A, ground state cannot be satisfied simultaneously.
It follows that, in Dy symmetry, spin triplet ground
states are not formed if only the terms arising from
T2, 'As, and Ty, are taken into account.

Similar to Ds, symmetry, the inclusion of the states
resulting from the Ty, term complicates and modifies
the conditions listed above. However, Eq. (31) re-
mains approximately valid if the A, term under
x<-20/9 is replaced by a ’E state and if always
E = 31E. The most important change thus introdu-
ced is that now a *E(*T4) ground state may be stabi-
lized, whereas, as before, the 3A; state (and the 3A;
resulting from T, as well) cannot become ground
state.

No closed expressions concerning formation of
ground states can be given if spin-orbit interaction
is included.

5. Results: Parameter Dependence
of Ground State Regions

(a) Without Spin-Orbit Coupling. Disregarding
the *Ty, term, the conditions for ground state forma-
tion in section 4 have been written in form of a
linear equation, viz.

f(Ds(x)+Dt)=aDq+bB+cC (38)

0 000 2000 3000 Oq L]

Figure 2. Ground state regions for the d* configuration in
D, symmetry without spin-orbit coupling as function of the
tetragonal and cubic field strengths Dt and Dq, respectively
(B =730 cm™', C = 4B, x = 10).
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In Eq. (38), Dq may be considered as the independent
variable with bB--cC as the intercept on the ordi-
nate. Consequently, if f(Ds(x)+Dt) is plotted vs.
Dq, existence regions of the various ground states
are obtained for fixed values of B and C.

If, on the other hand, the 3T, term is included,
numerical solutions of the resulting equations are
required. The results are illustrated in Figure 2
for D4y symmetry and for x = 1.0 where B = 730
cm~! and C = 4B has been assumed.

(b) The Effect of Spin-Orbit Coupling. If spin-
orbit interaction is taken into account, there may
be non-zero contributions of various spin multiplici-
ties to each state in question. In addition to spin

[] 1000 2000 3000 Dg 4000
Figure 3. Ground state regions for the d* configuration in

Dy symmetry with spin-orbit coupling (B = 730 cm™!, C =
4B, £ = 420 cm™') assuming x = 1.0,

2000

1 '

0 1000 2000 3000 Dg 4000
Figure 4. Ground state regions for the d* configuration in
Ds symmetry with spin-orbit coupling (B = 730 cm™!, C =
4B, § = 420 cm™') assuming x = 3.0.

0 1000 2000 3000 Dq 4000
Figure 5. Ground state regions for the d* configuration in
Dy symmetry with spin-orbit coupling (B = 730 cm™, C =
4B, £ = 420 cm™') assuming x = —3.0.
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singlet, triplet, and quintet ground states, substantial-
ly spin-mixed ground states are thus expected. We
therefore arbitrarily define a pure spin ground state
as one having less than 2% admixture of any other
spin multiplicity (blank areas in Figures 3, 4, 5, 6,
and 7) and all other ground states as spin-mixed
(shaded areas in Figures 3, 4, 5, 6, and 7). In all
calculations comprising spin-orbit €oupling, the states
T2g, 'Atg, *Tig, and 3Ty have been included.

Figures 3, 4, and 5 show the results for Di, sym-
metry with x = 1.0, x = 3.0, and x = -3.0, re-
spectively. Similarly, the results for Dy symmetry
with x = 1.0 and x = 3.0 are displayed in Figures
6 and 7, respectively.

[ 1000 2000 3o0e Dq 4000

Figure 6. Ground state regions for the d* configuration in
Dss symmetry with spin-orbit coupling (B = 730 cm™', C =
4B, { = 420 cm™') assuming x = 1.0.

bt
1000 | A,
[}
-1000 - 5
~2000 1
0 1000 2000 3000 Dq 4000

Figure 7. Ground state regions for the d* configuration in
Dy symmetry with spin-orbit coupling (B = 730 cm™!, C =
4B, £ = 420 cm™') assuming x = 3.0.

6. Discussion

The results for Dsn symmetry demonstrate that,
if x = 1.0 (cf. Figure 2), a 3A; ground state indeed
appears at low values of Dq, i.e. specifically, if Dg <
876 cm™' and Dt < —863 cm~! where Dt is depen-
dent on Dq, viz. section 4. On the other hand, a
*1E ground state is formed at high values of Dq, i.e.
if Dq >2200 cm™ and Dt 21300 cm™! where, in
this case, Dq and Dt are dependent on each other.
If spin-orbit interaction is included, the ground state
regions arise approximately for the same parameter
values as without spin-orbit coupling. However, the
clear boundaries between these regions are now re-
placed by spin-mixed areas (viz. Figure 3), some of
these extending over a considerable range of values



of one or two specific parameters. Thus, if x = 1.0,
the *A,-'A, spin-mixed area covers a range from Dq =
600 cm™! to Dq = 1170 cm~! and the *E-°B, area
extends over about 300 cm~! in Dq.

With x increasing, i.e. 1<x<5/3, the A, changes
little, the *1E slowly moving to lower Dq. If x =
5/3, the possible ground states change as demonstrat-
ed in section 4 above. Thus, if x = 3.0 (c¢f. Figure
4), a *2E ground state is now encountered with low
values of Dq and Dt <0, whereas if Dt>0 in conjunc-
tion with high values of Dq, a B, ground state may
form. With still larger x, the *2E and the °B, are
shifted to higher and to lower Dq, respectively. At
® ~10.0, the two triplet regions are distributed al-
most symmetrically to the singlet-quintet crossover.
Let us consider a decrease of » below 1.0, i.e. 1>
x>0. In this case, the *1E moves slowly to higher
Dq, the *A; changing little. The behavior at 0>x>
=5/3 is similar to that at 5/3>x>0, cxcept that
below x <—1/2 the *1E is shifted out of the region
considered. At x = -5/3, the B, arises at low
values of Dg and Dt<0 and moves to higher Dq if
x < =5/3 (cf. Figure 5). Finally, at x < -3.0, the
32E appears at Dt>0 and high Dq slowly shifting to
lower Dq as x becomes more negative.

In Diy symmetry, the relation between the results
obtained with spin-orbit coupling having not and
having been taken into account is similar to that in
Dy symmetry discussed above. If x = 1.0 (¢f. Fi-
gure 6), a *1E ground state is formed if Dq = 2500
cm~! and Dt < —-2000 cm™!, Dq and D~ being mu-
tually dependent to a certain extent. Again a *E-E
spin-mixed region of about 300 cm™! in Dq is found.
With increasing x, the *1E region is shifted to lower
Dq (viz. Figure 7) ariving with x ~10.0 at the sin-
glet-quintet crossover. If negative values of x are
considered, the *1E disappears below x = —1.0, and
below x = ~20/9 a new region of *1E is encounter-
ed at Dt > 0 and small Dq. This *1E slowly shifts
to larger Dq as % decreases further.

It should be observed that there is, in general, a
considerable mixing involved between the *E(’T)) =
1E and YE(’Ty) = 32E states, the actual amount of
the admixture heing dependent on Dt or Dt in Dy,
and D symmetry, respectively. For the lowest va-
lues of Dq and Dt or D= applicable, the contribution
of the 32E to the *1E is specifically 13% in Dy, and
33% in D3 symmetry if x = 1.0. On the other hand,
the *1E contributes about 40% to the *2E in Dy, sym-
metry if x = 3.0.

The effect of including a limited number of addi-
tional states originating in the next higher excited
states of O symmetry has been considered, especially
with respect to 'Tiy(t’e;) and Eg(tx’e;’). These sta-
tes are split in a field of D4, symmetry according to
T, —'A;4'E and E—°A;+°B;. However, it is found
that the T, is always by 2C higher in energy than
the *Ty; and the °Bi(’E,) is by 10 Dq higher than the
5B,(°T2). Consequently both the 'Ty, or states origi-
nating therefrom and the *Bi(’E,) are unlikely to be-
come ground state. The only additional state to be
considered, in this approximation, is *Ai(’E,). Indeed,
it may be demonstrated that for higher values of
Dt > 0 a °A, ground state replaces the °B, ground
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state in the diagrams Figures 3 and 4. Since, in this
paper, we are interested in spin triplet rather than
in spin quintet ground states, the °A; state will not
be considered further.

Within a field of Dy symmetry, the splitting is ac-
cording to 'T—!A;+'E, whereas the °E is not split.
There arises now a non-zero interaction between
ECE,) and E(°Ty) by way of the off-diagonal matrix
element + V 2/3(3Do-5D+), although the results (cf.
Figures 6 and 7) are not affected to any significant
extent.

7. Experimental Evidence for Triplet Ground
States

The first compound of iron(II) in which a spin
triplet ground state was suggested is, to the authors’
knowledge, ferrous phthalocyanine, Fe(pc).® On the
basis of magnetic measurements between 292.5 and
1.25°K® and the study of magnetic anisotropy,” the
ground state is assumed to be *B: with a zero-ield
splitting D = 64 cm~!. From section 4 it then fol-
lows that x > 5/3 and Dt > 0. Recently, a °B;
ground state has likewise been suggested in the planar
bis(biuretato)cobalt(IIT) complexes from magnetic
and optical spectral studies.!! In addition, spin triplet
ground states were tentatively assigned to a series of
bis(1,10-phenanthroline)iron(II) complexes and seve-
ral related bis(diimine)iron(II) compounds.’*®* In
this case it was demonstrated by extending magnetic
measurements and Mdssbauer effect studies to 1.2 and
4.2°K, respectively, that the ground state is *A,."*. Again
the 3A» is slightly split by 2.0 to 3.0 cm™" and is
considerably spin-mixed in addition.” It may then
be concluded that here, x < 5/3 and Dt < O is
required. There are various other occasions where
triplet ground states have been observed in iron(11).
One of the most conspicuous encounters of this sort
is the formation of an S = 1 ground state on reduc-
tion {rom iron(III) to iron(Il)} under high pressure.
This has been observed recently in biological com-
pounds like hemin, hematin, and imidazole proto-
hemichrome.'® As it stands, there has been no report
on a *E ground state in iron(II), although, as shown
above, this state should likewise be stable. Finally,
there are numerous inorganic compounds and biolo-
gical materials containing iron(Il) reported in litera-
ture where the value of the effective magnetic mo-
ment suggests that triplet ground states might be in-
volved. In a forthcoming publication,” the known
physical properties of the compounds listed above
will be compared in detail with calculated values and
predictions concerning unknown data will be made.
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Appendix 1. Complete ligand field, interelectronic repulsion, and spin-orbit coupling matrices in
cubic parent terms ‘Tr(ty'es), 'An(ty?), Tu(ts'ey), and *Tulty'e,).

Matrix A. Fn,rn(=AhA2)-
Se.11  SE41 3Bk, "Bk, P1E-11 3141 00, Re41 %644 U.Oas
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Matrix C. Fi!l,rl5b(=E ¢1)

Seo +4 Sea2:t Sgazs1 SBuitb,  MEO0H H,2a, BB, sb, 328024
-4“:‘
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- 44 Dy
+ID 3 B
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Appendix 1L Complete ligand field, interelectronic repulsion, and spin-orbit coupling matrices in Dy symmetry including
the cubic parent terms Tp(tr'es?), 'Ar(tz), *Tiltyle,), and *Ti(ty'e,).

Matrix A. T7, ,Frz( =ALA)).
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Matrix B. Thuzx(=Euzx).
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