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The paramagnetic susceptibility behaviour as well as the Mossbauer quadrupole splitting are
calculated for high-spin d6 systems with a tetragonal or an orthorhombic point-symmetry. The
calculations include a simultaneous perturbation of the 5D multiplet by spin-orbit interaction
and static octahedral-tetragonal and orthorhombic fields. The lattice contribution to the electric-
field gradient is calculated on the basis of a crystal-field model that directly relates crystal-field
energy parameters to the lattice contribution. It appears that, espacially for compounds with
large Ds values, the lattice contribution to the quadrupole splitting cannot be ignored.

Introduction

During recent years many workers have tried to
fit either or both experimentally obtained magnetic
susceptibilities1:2:3 and electric quadrupole split-
tings4-12 of high-spin iron(II) compounds, using the
results of ligand-field calculations concerning the
perturbation of the cubic field 5Ts; term. A simul-
taneous action of spin-orbit coupling and axial or
orthorhombic ligand field was used as a perturbation
on the 5Ty, cubic ground state. Gerloch3 also took
into account the mixing with excited quintet states.
Although for many high-spin iron(II) compounds
energy splitting parameters were eliminated either
from magnetic susceptibility data, or from Moss-
bauer data, only few workers® 7 compared these
data within one theoretical model. Moreover, only
a limited number of compounds was investigated.
Therefore, we decided to extend the theory on this
field into two directions:

i) refining the available theory by including mixing
with excited quintet states, orthorhombic crystal
fields, and by including a lattice contribution to
the quadrupole splitting.

Reprint requests to Dr.J. Reedijk, Department of Chem-
istry, Delft University of Technology, Julianalaan 136,
Delft | Niederlande.

ii) carrying out the calculations on quadrupole split-
ting and magnetic susceptibility within a single
model.

In Part 11, the results obtained using this proce-
dure will be compared with experimental data.

Theory
A) Energy Calculations

The basis for the calculations of the paramagnetic
susceptibility as well as the quadrupole splitting of
iron(II) high spin compounds, is formed by the
calculation of the energy levels and the correspond-
ing eigenfunctions. These calculations involve a
diagonalization of the energy matrix of the states
originating from the 5D multiplet, written in
IL, My, S, Mgs) quantization. This multiplet is per-
turbed by a crystalfield Hamiltonian and by spin-
orbit coupling effects:

H:Vc.f.+zélisi' (1)

Since only basis functions of the D multiplet are

considered, the spin-orbit interaction can be
written as:

Hs.o. =AL8 (2)
where 1 = — (/4.
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In order to develop a theory with a wide range of
applicability, a crystal-field Hamiltonian is chosen
such that it satisfies an orthorhombic symmetry
(pointgroup Dap):

-7 74 4
I70.(. - focmhodml = J tetragonal =} ¥ orthorhombic - (3)

With the aid of the method given by Hutchings13
and after evaluating the radial integrals of the
matrix elements of the energy matrix, a crystal-field
Hamiltonian can be obtained that is acting on the
angular parts of the wavefunctions:

Ver = Dg#v(040 + 5.04%)/12 (4)
+ Ds.020/3 — Dt.04%/12 + D2.02/3 — Dv.042/12.

In this expression Dg%¥, Ds and Dt have their usual
meaning 14; the coefficients of 022 and 042 are chosen
such that

(L,= F1|Du.022/3 — Dv.0g2/12| L, = + 1)

= Du+ Dv. )

This Hamiltonian does neither take into account
anisotropic spin-orbit interaction 1516, nor vibronic
coupling, nor intraionic spin-spin coupling. Especi-
ally for systems close to cubic symmetry, vibronic
coupling influences markedly the paramagnetic sus-
ceptibility 17.18,19,20_ Intraionic spin-spin coupling
was used as an additional part of the Hamiltonian
by Sams?2l. We believe that this energy contribution
will be negligebly small, because the (3d)® confi-
guration has no other multiplets having the same
spin multiplicity as the 5D multiplet. Therefore the
intraionic spin-spin coupling energy will be of the
same order of magnitude as the zero-field splitting
in high-spin Mn(II) compounds, and thus very
small 22,23, 24 with respect to the energy separations
between the populated levels that arise by the action
of the perturbation Hamiltonian as denoted in (1).

B) Quadrupole Splitting

The interaction of an electric-field gradient (EFG)
tensor with the quadrupole moment @ of a 5"mFe
nucleus, results in a quadrupole splitting AE£¢25:

ABq=1e2qQ(L + n?/3)1/2 (6)

in which ¢ and # have their usual meaning?. Al-
though the quadrupole moment  is a natural con-
stant, the reported values varied significantly up to
19704,26-31, The last few years the reported data
are close to 0.20 barn32.33, Therefore the value of
0.20 barn has been used in our calculations. The
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components of the electric field gradient tensor are
given by:

RV [Arg0ry = — > Zg(Brigrjk — Oyri2)[red  (7)
%

in which »;, r; = «, y, 2, Z is the charge of a particle

(nucleus or electron), and r is the distance to the

57Fe nucleus considered. The summation should

be performed over all charges in the lattice, except
the considered 57Fe nucleus itself. According to the
symmetry adapted in our calculations, there are no
off-diagonal elements of the EFG tensor, so that no
transformations of the axes have to be performed

for the calculation of ¢ and 7.

Following others4:9 the charges in (7) are divided
into two classes:

1) The electrons of the 3d shell of the iron nucleus,
resulting in the “valence contribution”, gy and
Mval-

2) All other charges in the lattice, resulting in the
“lattice contribution”, gia¢ and 71a¢.

Therefore:
q = Qval + Qat (8)
and

7 = val + Nlat - 9)

@va1 and 7va1 have been calculated as the ensemble
average over the 25 eigenvectors:

i=1

> {gvaryiexp{— Ei/k T}

Qval = — 355 ) ) , (10)
2. exp{—Ei|kT}
=1

Nval = = S 11
2.exp{—Ei/kT}
i=1

In the calculation of gya1 and 7ya; it has been as-
sumed that there is no anisotropic mixing between
3d orbitals and ligand orbitals and furthermore that
all five 3d metal orbitals have the same (r—3)3q
value. For (1 — R) (r=3)34, the data as calculated
by Freeman and Watson 34 for the free-ion are used.
This free-ion value is in good agreement with ex-
perimentally determined ones35.36,37 and results in
a maximum valence contribution to the quadrupole
splitting of 3.8 mm/s. In the past some investigators
calculated the lattice contribution to the quadrupole
splitting, either by applying a lattice summation 26
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in a point-charge model, or by using the analogy
that exists between this lattice contribution and the
second-order crystal-field energy distortion param-
eters4,9,38,

Both approximations are thus based on an
electrostatic concept with respect to the crystal
lattice. Moreover the lattice summation in which
ions are assumed to be point charges, includes the
presupposition that the charge distribution of the
ions is spherically symmetric. Only in that case the
electric field gradient at a point outside the charge
distribution can be thought to originate from a point
charge at the center of that charge distribution. The
difference between the real electric field gradient of
an ion, and the electric field gradient calculated
from a point-charge model, can therefore be con-
siderable, especially for the contributions of the ions
nearest to the 37Fe nucleus. Therefore, we decided
not to rely on such lattice summations, but to use a
modified version of the method introduced by
Ingalls4. According to Ingalls, only second-order
energy distortion parameters are important in the
energy calculations, so that there is a direct relation
between the ground-state splitting and qat and 71at .
We now include also Dt and Dv in the electron
energy calculations, because Dt has shown to be
significant and may even reverse the ground-state
energy levels39.

Using a crystal-field concept, there is a direct
relation between the second-order crystal-field split-
ting parameters Ds and Du and the lattice contribu-
tion to the quadrupole splitting giat and 71at:

qrat = (1 — yoo) 14 Ds/(e2 {r?)3q) ,
QatMat = — (1 — yoo) 14 Duj(e2 (r2)34) .

With  pe = —9.1437
this results in:

L e2quat @ = 0.937 Ds/103 mm/s

(12)
(13)

and (r2)gq = 0.392 A234,

(14)
and

Le2quatmat @ = — 0.937 Du/103 mm/s  (15)

in which the energy parameters Ds and Du are ex-
pressed in em~1.

As mentioned above, Eqgs. (14) and (15) have been
derived within a crystal-field model. From the inter-
pretation of Dg40, it is clear that the origin of
deduced crystal-field energy parameters is not
basicly electrostatic. Therefore the proportional
constants in (14) and (15) are not unambigious.
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Nevertheless, previous work?: 33, using (14), showed
fair agreement with experiment. Moreover (14) and
(15) permit a calculation of the quadrupole splitting
that is very easy to handle. Therefore, this method
will be used in our calculations, although it must be
kept in mind that (14) and (15) are not strict rela-
tions. However, within that framework it is possible
to discuss the trends of quadrupole-splitting values
of a series of compounds, although it may be in-
sufficient for an exact approach of a single com-
pound.

C) Paramagnetic Susceptibility

The molar paramagnetic magnetization M in the
direction of an applied magnetic field H is given by
the expression

Z(dEp/dH) exp(— Ep/kT)

T soy N p S——
M=—N Sexp(— Byl T) . (16)
»

It has been shown 41,42 that for magnetic fields H,
with S H|kT < 1, the powder magnetization is gi-
ven by

"”po“'dor = (Mz+ My + *112)/3 (17)

where z, 5 and z denote the three molecular axes.
The paramagnetic suceptibility tensor y reduces to a
tensor with only diagonal terms for systems with
orthogonal molecular axes, so that the molar sus-
ceptibility

ymm = Mm|H (18)
and the magnetic moment
pim={BkT gmm)/(N p2)}1/2 (19)

where m stands for molecular axes x, y or z.

Furthermore, for SH/kT < 1, ymm can be cal-
culated in good approximation by Van Vleck’s
formula

p.m

> (B2 T —2 B

= p — —
Zexp(—— E(po)/k T)
»

) exp{— B[k T}

me:N
(20)
where E;,O) is the energy of the p’th level in the
absence of a magnetic field,

E(pl,)m. = {yp l ﬁm| Yp)

, [<wp| fim | po) |?
Bh=2" -

(0) __ g(0)
P’ Ep Lﬂ’

with ﬁm = ﬂ(k [:m + 2 S'm)
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where k is a phenomenological parameter to account
for the partial ligand character of the metal orbitals.

Because in the following section only the para-
magnetic moments of powders are considered, k is
chosen to be isotropic. When fH/kT < 1 is not
satisfied, the calculation of ynm , and especially that
of the powder magnetization is much more compli-
cated, as has been shown before for d % systems 41,42,
For the calculation of the powder magnetization of
df compounds, an analogous procedure can be per-
formed, primarily based on (16).

Calculations, Parameters and Results

For the calculation of the energy levels and of the
quadrupole splittings the parameters Dgq, Ds, Dt,
Du, Dv and A have been introduced. The magnetic
susceptibility calculations have an additional
parameter k.

A) Relations between Parameters

Thorough theoretical considerations about Ds and
Dt, and about their relationships have been given
before39, 43,44, Within a crystalfield model Du/Dv
can be related to Ds/Dt: when the effective charges
of the ligands on the z, 7 and z axes are respectively
—Z1e, —Zse and — Zsze and the distances to the
central atom Rq, Rs and R3, then45, *

Ds = 12€2(Z1|Ri® 4 Zy| Re3 — 2Z3/ Re®)[T, (21
Dt = rie2(Zy1|R15 + Za| Re5 — 2723/ R35)/21, (22)
Du= —312e2(Z1|R13 — Zs| Ro3)|7 , (23)
Dv = 57%e2(Z1| R1® — Z»| R25)/21 . (24)

When Z;, Zs and Zg3 are equal and the differences of
R1, Ry and Rj3 are small compared to Ry, it can be
shown that

Du|/Dv = — 3 Ds[5 Dt . (25)

The same relationship holds when R;, Ry and R3
are equal and the charge differences between Z;, Z»
and Z3 are small compared to Z; .

From (21) to (24) it can be seen that the common
situations will be those, in which Ds and Dt have
the same sign and Du has a sign opposite to De.

* We assume an isotropic charge distribution of the cen-
tral atom and furthermore state that »2 and r4 have only
significant contribution to 2 and r4 for » smaller than
Ri. This latter assumption can be derived from Cle-
menti’s tables of Atomic Functions 46 for Fe2+,
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The same sign for Ds and Dt is in fact the usually
occurring event in practice3?47,48,49,

B) Discussion of the Results

The course of the curves of the quadrupole split-
ting AE and the magnetic moment y is determined
by the position of the energy levels and the nature
of the corresponding eigenfunctions.

For a tetragonal symmetry, Griffith50 has given
the positions of the energy levels of the split 5Tg,
term, assuming that there is no interaction with the
split E; term. We introduced this interaction,
although it does not change dramatically the Grif-
fith’s picture of the level positions. Thus, for Dyp
symmetry we can distinguish two cases:

1) (3Ds—>5Dt) > 0. In this case the lowest energy
term is 5E,, which is split by spin-orbit inter-
action. This spin-orbit splitting is relatively
large: about four times the spin-orbit coupling
parameter A, at least when (3Ds—5Dt) > | 4].
This large splitting introduces the possibility of
a considerable temperature dependence of the
paramagnetic and the quadrupole splitting when
the temperature increases from 0 to 300 K.

2) (3Ds—5Dt) << 0. The lowest term is 5Bjg,
which is only split by spin-orbit interaction in
second order. Therefore the splitting of 5Bsy is
much smaller than | 2], at least when |3 Ds—5 Dt|
> | 2|. These two situations are shown in Fig. 1.

An additional orthorhombic splitting separates
the |My=1) from the Mp=—1) levels, thus
splitting the SE4 (Dyy) term. See Fig. 1 left and right
hand parts.

For calculations presented in Fig.1, the values of
Dq, 7. and k were fixed at Dg = 1000 em~1, 1 =
— 75cm~! and k= 1.0. The fixation of 1 on
— 75 cm~! means a reduction of the spin-orbit
coupling of 309, compared to the free ion value. A
reduction of this magnitude has often been found
experimentallyl1,51,52,

The graphs of powder paramagnetic moments
and the absolute values of the quadrupole splitting
as a function of temperature are given in Figs.2 and
3. In these figures the Dt values were fixed by
Ds/Dt = 4. This means that, according to (25),
Du/Dv = —12/5. Figure 2 shows the tetragonal
case. Since Ds/Dt = 4, 3 Ds—>5 Dt has the same sign
as Ds. It is shown that the powder paramagnetic
moment shows significant temperature dependence
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above 50 K for positive Ds, while this is absent for
negative Ds. Moreover the magnetic moment is
lowest for negative Ds, because there is no orbital
contribution in that case.

Curves for a k value lower than 1.0 are not shown.
A lower k value lowers the powder paramagnetic
moment, especially when (3Ds — 5Dt) is positive.
In this case a lowering of k¥ from 1.0 to 0.7 may
lower the powder magnetic moment by 0.25 B.M.
The temperature dependence of the curves is also
slightly altered in that case.

Dgq=100Cem™’

cm~1) an orthorhombic sym-
metry (Du -+ Dv =150 cm™1).

A=-75cm”"

Concerning the quadrupole splitting, the valence
contribution is temperature dependent. This valence
contribution is proportional to the ensemble average
of (M12—2). Therefore, in the tetragonal case, the
quadrupole splitting is temperature dependent only
when Ds is small.

Figure 3 shows the introduction of an additional
orthorhombic splitting: Du = 300 cm~1 and, ac-
cording to (25), Dv = —125 cm~1. As an ortho-
rhombic distortion leads to a splitting of the
5Eg (Dsp) term, the influence of this distortion on
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the powder paramagnetic moment and the quadru-
pole splitting is larger when this 5E4(Dsp) term is
the ground-state (positive Ds). For positive Ds, an
additional orthorhombic splitting makes that the
powder paramagnetic moments are lower, less tem-
perature dependent above 50 K and decreasing
sharply below 10 K. The values of the quadrupole
splitting for positive Ds are higher and more tem-
perature dependent, due to an additional ortho-
rhombic distortion. This is because 7 is no longer
equal to zero.

Figures 4 and 5 show powder paramagnetic mo-
ments at 100 K as a function of Ds for various
Ds|Dt values. Figure 4 is the tetragonal case. The
magnetic moments are highest for Ds = 0. The Ds

Ds/Dt =4, Du=300 cm™1,
Dv=—125 cm™1.

and Dt ranges are limited by Dt << 4/7 Dq 39. The
magnetic moment values are — within good ac-
curacy — determined by 3 Ds — 5Dt, the energy
separation between 5Bs,(Dy4p) and SEg (Dyp), except
for such high Ds values that the 5A;, term is very
low in energy. Figure 5 shows that an additional
orthorhombic splitting lowers the magnetic moment
at 100 K, especially when (3Ds — 5Dt) is posi-
tive.

The values of the quadrupole splitting as a func-
tion of Ds are shown in Figs 6 and 7. Figure 6 shows
the tetragonal case. For Ds/Dt = 4 and for Ds/Dt
= 2, the valence contribution and the lattice con-
tribution to the quadrupole splitting have opposite
signs. Therefore these curves have a maximum and
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Fig. 4. Powder paramagnetic moments
at 100 K versus Ds for various Ds/Dt:
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—> Ds(ecm-1) Dv=— 125 cm~1.

a minimum for certain Ds values. For Ds/Dt = 1,
the valence contribution and the lattice contribu-
tion have the same sign, because of the changing
of the ground state. Therefore in this case, the
quadrupole splitting is a permanently ascending
curve. In Figure 7, the absolute value of the quadru-
pole splitting as a function of Ds has been drawn for
an orthorhombicly distorted case. Here the absolute
value of the quadrupole splitting has been used,
because there is no longer a unique axis that deter-
mines the sign. As discussed above, the influence of
the orthorhombic distortion is largest when Ds is
small or when 3Ds — 5.Dt is positive.

Figures 8 —11 show level graphs of the quadrupole
splitting at 100 K and 300 K with Ds/Dt = 4 and
Ds|Dt = 1. Du values range from 0 to 600 cm~1 and
Ds from — 1200 to 1200 cm~!, or to the value
limited by Dt. In these Figures, the curves are dotted
in the triangle between Du = — 3 Ds and Du = 3 Ds,
because every point within this triangle can, by a
transformation of axes, be represented by another
point with a lower Du value. The Figures show
again that for Ds/Dt = 1 higher quadrupole-split-
ting values are possible than for Ds/Dt = 4. When
3 Ds — 5 Dt is positive it appears that the quadrupole
splitting is strongly dependent on the orthorhombic



I

AEQ at 100 K
(mm/s)

Fig. 6. Quadrupole splittings versus

—in = 2 Ds at 100 K vor various Ds/Dt:
e Ds|Dt = 4,
L= L L 1 1 1 I L 1 DS/Dt = 2,
- 1200 -800 -400 0 400 800 1200 —.—.— Ds/Dt =1, and Du =0,
—> Ds (em-) Dy =0.

Fig. 7. Absolute values of the qua-
drupole splitting versus Dsat 100 K
for various Ds/Dt:

------- Ds/Dt = 4,
Ds/Dt = 2,
i L . . ) . . L —+—+- Ds/Dt =1, and
-800 -400 0 400 800 1200 Du = 300 cm—1,
—> Ds (em-1) Dv = 125 cm™1.
Du/100 (cm=1)
Du=3Ds
3.0 30 30
\
\
25
20
15
1.0
. p . : . . - . Fig. 8. Level graph of the absolute
12 i) 090510 4

8 12 value of the quadrupole splitting at
——>0s/100 (cm™) 100 K. Ds/Dt = 4, Du/Dv =—12/5.



A. Vermaas et al. -+ Ligand-Field Calculations on High-Spin Fe (II), Part I

T

~1
Du=-3Ds Du/100 (ecm™")

=30
25 20 15|15 20 BRi=2 0%

30

1401

25
20
15
10
A \ . L N . \ N , L Fig. 9. Level graph of the absolute value
-12 -8 -4 4 8 Sz of the quadrupole splitting at 300 K.
—>Ds/100 (cm™) Ds/Dt = 4, Du/Dy = —12/5.
Du/100 (em-1) Du/100 (cm™")
Du=-3Ds Du=3Ds Du=-3Ds Du=3Ds
4“5 40 3025/25/35 4.0 45 40 35 _[3025 [2530 35 40
Sy / L AT
. / I
/ 1ol 19y
st/ 1 S
A 4y
1! /
yer! ?- /I
g ! 1|1
/ / / / 3
3k |
/ g yau
2t 2t
AU
) /
F| L o
A
W s 4 10005 4 e o 20
——> Ds/100 (em™1) —— 5 Ds/100 (cm™1)
Fig. 10. Level graph of the absolute value of the quadrupole  Fig. 11. Level graph of the absolute value of the quadrupole
splitting at 100 K. Ds/Dt = 1, Du/Dv = — 3/5. splitting at 300 K. Ds/Dt =1, Du/Dv = — 3/5.

distortion. Secondly, even for a small orthorhombic
distortion, the total calculated quadrupole splitting
may differ significantly from the algebraic sum of
the lattice- and the valence-quadrupole splitting.
Therefore, some calculations performed in the
past 89,11 are probably less accurate.

If we compare the present results of the powder
magnetic moment and the quadrupole splitting with
those obtained by others!: 2.4, some further remarks
can be made:

i) The inclusion of the 5E,(O) term in theory,
especially influences the results of the magnetic sus-
ceptibility. This inclusion permits a partial removal
of the quenching of the orbital angular momentum
by second-order spin-orbit interaction and gives an
additional contribution to the second-order Zeeman
effect. Therefore, the powder paramagnetic mo-
ments calculated by the present theory, are higher
than those obtained by others!2. These differences
vary, for Dg = 1000 cm~1, from 0.03 to 0.15 B.M.
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The actual differences depend on the values of the
distortion parameters and the temperature.

ii) On the other hand, the inclusion of this 5E,(Oj)
term, hardly influences the results of the quadrupole
splitting. For Dg = 1000 cm~1, the differences are
less than 29%.

iii) When, contrary to Ingall’s work, Dt and Dv
are not ignored, the theory of the quadrupole
splitting is also applicable to compounds, having
Dt values of the same order of magnitude as Ds6, 8,11,

Considering the results derived in this paper, one
may question about their applicability on fitting
experimental data. It is clear that measurements of
magnetic anisotropy and Mossbauer spectra in an
applied magnetic field at distinct temperatures
vield most useful information to compare with an
extended theoretical model as derived above. The
best way to evaluate the validity of this model or
to apply the model to a particular compound, is to
perform these types of measurements. However,
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