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Abstract

Using the spin-Hamiltonian formalism the magnetic parameters are introduced through the components of theΛ-tensor involving only
the matrix elements of the angular momentum operator. The energy levels for a variety of spins are generated and the modeling of the
magnetization, the magnetic susceptibility and the heat capacity is done. The strategy in dealing with binuclear and polynuclear systems is
explained. Experimental data on the zero-field splitting (ZFS) are reviewed; the extensive tabulations involve data from different sources: the
magnetic susceptibility and magnetization measurements, the electron paramagnetic resonance (EPR), calorimetry, far-infrared spectroscopy,
circular magnetic dichroism, and some other experimental methods. The limits of the spin-Hamiltonian formalism are shown.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Magnetism; Zero-field splitting; Magnetic susceptibility; Magnetization; Transition metal complexes

1. Introduction

1.1. Motivation

In recent years, considerable attention was paid to
molecular magnets and single-molecule magnets[1–10].
This effort is motivated by the idea of having denser
information-recording media which would allow data stor-
age several orders of magnitude greater than at present. To
have the magnetic productivity (the magnetization) large
enough, molecules possessing a large value of the molecu-
lar spin S are desirable. Then for temperature low enough
the only populated state could be that ofMS = −S (Fig. 1).
However, with respect to retaining the recorded informa-

tion there is a competitive magnetic tunneling effect which
will degrade the information (the antiferromagnetic state is
thermodynamically more stable). The energy barrier must
be large enough to prevent such degradation of information
and therefore the magnetic anisotropy need to be high.

The design of high-spin molecules possessing a tunable
value of the zero-field splitting (ZFS) parameterD is far from
a routine objective at present. The conditions that determine
the sign and value of theD-parameter are, so far, unclear.
Motivated by the above considerations we went back to sim-
ple mononuclear complexes where the magnetic anisotropy
(the D-parameter) is easy to investigate. The investigation
of the axial ZFS parameter is a long story. This subject is
incorporated in monographs dealing with magnetism to a
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Fig. 1. Thermal population of only theMS = −S state (left); a scheme
of the magnetic tunneling (right).

varying extent and complexity (from almost nothing to a
very broad presentation)[11–34]. However, the main exper-
imental source for ZFS is electron paramagnetic resonance
(EPR)[35–43]. As will be seen later, owing to internal lim-
itations the bracketing the ZFS parameters is limited to only
small values by the EPR.

Both, the magnetochemical and EPR sources utilize exten-
sively the operator equivalent approach in treating the ZFS
along with the crystal field of lowered symmetry. Such an
approach, however, is limited to the ground electron terms
obeying the Hund rules. The ZFS parameters (D,E, a andF )
are considered as parameters of the theory that are fixed
by fitting the experimental data for each system under in-
vestigation. Until now, there has been no rational approach
that could correlate the ZFS parameters to some other, more
fundamental data (integrals). A tailoring and tuning of the
ZFS parameters is a dream which is not yet fulfilled. What
could help to reach this objective is an intensive theoretical
analysis. This is the main target of the present work. How-
ever, a sufficient description of the situation requires much
more effort and we will see later that there is a demand for
combining the information from the electronic structure of
atoms[44–49], the crystal/ligand field theory[50–58], fun-
daments of the angular momentum[59–62], and finally the
irreducible tensor operator (ITO) approach[63–70]as a real
working tool. Let us note that contemporary monographs uti-
lize the ITO approach as a common standard[32,33,42,56].

1.2. The scope of review

Section 2deals with the spin-Hamiltonian formalism for
mononuclear systems. The magnetic parameters are intro-
duced through the components of theΛ-tensor involving
only the matrix elements of the angular momentum opera-
tor. The energy levels for a variety of spins are generated
and the modeling of the magnetization, the magnetic sus-
ceptibility and the heat capacity is done.

The strategy in dealing with binuclear and polynuclear
systems is explained inSection 3.

Experimental data on the ZFS are reviewed inSection
4. The extensive tabulations involve data from different

sources: the magnetic susceptibility and magnetization mea-
surements, the EPR, calorimetry, far-infrared spectroscopy,
circular magnetic dichroism, and some other experimental
methods. Notice, the majority of the experimental data are
interpreted in terms of the spin-Hamiltonian formalism.

1.3. Notations used

1. The SI units are used consistently through the paper;
χmol[SI] = 4π × 10−6χmol (cgs and emu).

2. The energy quantitiesE (like ε, J, D, E, a, F, etc.) are
presented in the form of the corresponding wavenumber,
i.e. E/hc and given in units of cm−1.

3. The isotropic exchange constants are uniformly thought
in the form−Jij(�Si · �Sj). The data from original sources
differing from this definition have been rescaled to the
above form.

4. The angular momentum operators bring the reduced
Planck constant ¯h when operating to a corresponding
wavefunction (a ket).

5. The fundamental physical constants (c, ε0, µ0, NA, k =
kB, R,µB, e, h, h̄) adopt their usual meaning. The reduced
Curie constantC0 = NAµ0µ

2
B/k is met in the paper.

2. Spin-Hamiltonian for mononuclear complexes

2.1. Occurrence of the ZFS

The essence of ZFS lies in a weak interaction of the spins
mediated by the spin–orbit coupling. ZFS appears as a small
energy gap of a few cm−1 between the lowest energy levels.
In magnetism, the ZFS becomes visible when the thermal
population of energy levels is considerably unequal and thus
it can be detected on temperature lowering so thatkT is
lower than the energy gap 2D (Fig. 2).

The ZFS case is met in transition metal complexes having
spinS ≥ 1 and with no first-order contribution to the angular
momentum. The last statement means that

(2.1)

2D > 0

ZFS

kT

B
Bc

MS = −1/2

MS = −3/2

MS = +1/2

MS = +3/2

Fig. 2. Example of a ZFS system withS = 3/2.
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Table 1
Examples of the ZFS systems

dn Tetrahedral Octahedral

Configuration Term Type Example Configuration Term Type Example

d2 e2 3A2 S = 1 Ti(II), V(III)
d3 t32g

4A2g S = 3/2 Cr(III)
d5 e2t32

6A1 S = 5/2 Mn(II), Fe(III) t32ge
2
g

6A1g S = 5/2 Mn(II), Fe(III)
d7 e4t32

4A2 S = 3/2 Co(II)
d8 t62ge

2
g

3A2g S = 1 Ni(II)

holds true where |0〉 is the ground electronic state, in fact
the A- or B-state for octahedral and tetrahedral complexes
(Table 1).

2.2. Formal spin-Hamiltonian

The Hamiltonian which describes the interaction of the
single magnetic center with the external magnetic field in-
volves the spin Zeeman term, the orbital Zeeman term and
the operator of the spin–orbit coupling, i.e.

Ĥ ′ = h̄−1µBge(�S · �B) + h̄−1µB(�L · �B) + h̄−2λ(�L · �S)
(2.2)

The above Hamiltonian acts as a perturbation operator so
that perturbation theory yields the first- and the second-order
corrections

Ĥ(1) = 〈0|Ĥ ′|0〉 (2.3)

Ĥ(2) = −
∑
K �=0

〈0|Ĥ ′|K〉〈K|Ĥ ′|0〉
EK − E0

(2.4)

It is assumed that the state vectors are represented by or-
thonormal kets of spatial variables, viz.|K〉 = |α,L,ML〉.

The first–order correction can be rewritten as follows:

(2.5)

where the last term vanishes in the absence of the first-order
angular momentum and thus

Ĥ(1) = h̄−1µBge(�B · �S) (2.6)

The second–order correction contains the terms

(2.7)

where the last contribution vanishes owing to the orthogo-
nality of the state vectors. The complete second-order cor-
rection is

Ĥ(2) = −h̄−2
∑
K �=0

[(µB �B + h̄−1λ�S) · 〈0| �L|K〉][(µB �B + h̄−1λ�S) · 〈K| �L|0〉]
EK − E0

(2.8)

and after introducing theΛ-tensor

Λab = −h̄−2
∑
K �=0

〈0|L̂a|K〉〈K|L̂b|0〉
EK − E0

(energy−1) (2.9)

it can be rewritten in the form

Ĥ(2) = (µB �B + h̄−1λ�S) · ¯̄Λ · (µB �B + h̄−1λ�S) (2.10)

(One should be careful in the definition of the sign of the
Λ-tensor since the opposite sign can be met in the literature.)
The overall result of perturbation theory up to second order
becomes

ĤS = Ĥ(1) + Ĥ(2)

=
∑
a

∑
b

{µ2
BΛabBaBb+h̄−1µBBa(geδab + 2λΛab)Ŝb

+h̄−2λ2ΛabŜaŜb} (2.11)

or

ĤS = −1
2(

�B · ¯̄κ · �B) + h̄−1µB(�B · ¯̄g · �S) − 1
2h̄

−2(�S · ¯̄∆ · �S)
(2.12)

where we introduced theκ-tensor (reduced, temperature-
independent paramagnetic susceptibility tensor) as

−1
2κ

para
ab = µ2

BΛab (energy× induction−2) (2.13)

theg-tensor (magnetogyric ratio tensor) as

gab = geδab + 2λΛab (dimensionless) (2.14)

and theD-tensor (spin–spin interaction tensor) as

−1
2∆ab = λ2Λab = D′

ab (energy) (2.15)

(The numerical prefactors, like−1/2 are the matter of the
convention.)

The operatorĤS is termed thespin-Hamiltonian: it acts
only on the spin kets|S,MS〉. It yields eigenvalues identical
with those produced by the perturbation operatorĤ ′ acting
on the full set of variables|α,L,ML, S,MS〉—seeTable 2.

The temperature independent paramagnetic term is
omitted hereafter (this can be included into the empirical
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Table 2
Explanation of the magnetic Hamiltonian and the spin-Hamiltonian

Extended problem for spin–orbit kets Truncated problem to spin kets

〈L,M ′
L, S,M

′
S |Ĥ ′|L,ML, S,MS〉 diagonalization−−−−−−−→ εi 〈S,M ′

S |ĤS |S,MS〉 diagonalization−−−−−−−→ εi

Hamiltonian matrix Energy levels Hamiltonian matrix Energy levels

correction of the experimental data, together with the dia-
magnetic term) so that we arrive at

ĤS = h̄−1µB(�B · ¯̄g · �S) + h̄−2(�S · ¯̄D′ · �S) (2.16)

The ZFS Hamiltonian which includes the spin–spin inter-
action, in its bilinear form, is

Ĥs–s = h̄−2(�S · ¯̄D′ · �S) (2.17)

and contains nine components of theD-tensor. Their exper-
imental determination is an unrealistic task and thus some
simplifications are desirable. Assuming a diagonal and trace-
less form of theD-tensor, the ZFS Hamiltonian can be rewrit-
ten to an equivalent form

Ĥs–s = h̄−2[D(Ŝ2
z − 1

3Ŝ
2) + E(Ŝ2

x + Ŝ2
y)] (2.18)

where we introduce the axial ZFS parameter

D = 1
2(−D′

xx − D′
yy + 2D′

zz) = 3
2Dzz (2.19)

and the rhombic ZFS parameter

E = 1
2(D

′
xx − D′

yy) (2.20)

Normally, it is assumed that the ZFS parameters obey a
relationship

|D| ≥ 3E ≥ 0 (2.21)

One can interchange the Cartesian axes (which cannot influ-
ence the properties of the system) but the above relationship
will still be fulfilled. The various conventions are compiled
in Table 3.

2.3. Bilinear ZFS

As the ZFS Hamiltonian acts only on the spin kets |S, M〉,
its matrix elements can easily be evaluated with the help of
shift operators as follows:

Ŝz|S,M〉 = Mh̄|S,M〉 (2.22)

Ŝ+|S,M〉 =
√
(S − M)(S + M + 1)h̄|S,M + 1〉 (2.23)

Ŝ−|S,M〉 =
√
(S + M)(S − M + 1)h̄|S,M − 1〉 (2.24)

Then we get

〈SM′|Ŝx|SM〉 = 1
2〈SM′|(Ŝ+ + Ŝ−)|SM〉 (2.25)

〈SM′|Ŝy|SM〉 = −1
2i〈SM′|(Ŝ+ − Ŝ−)|SM〉 (2.26)

〈SM′|Ŝz|SM〉 = Mh̄δM′,M (2.27)

The spin–spin (zero-field) interaction matrices are compiled
in Table 4.

Now the application of the spin Zeeman term

ĤZ
a = h̄−1µBgaBaŜa (2.28)

will yield

(a) diagonal corrections for thez-direction;
(b) off-diagonal corrections for thex-direction (real, sym-

metric) andy-direction (complex, Hermitean).

Then the energy levels are obtained through the standard
eigenvalue problem.

When we seek an analytical expression for the energy
levels, the Taylor expansion could be applied

εi = ε
(0)
i + ε

(1)
i B + ε

(2)
i B2 + O3 (2.29)

where the van Vleck coefficientsε(n)i occur.
With neglect of the rhombic component(E = 0) the x-

andy-directions become equivalent and the zero-field inter-
action matrix stays diagonal. The advantage of such a sit-
uation lies in the fact that the Zeeman term can be consid-
ered as a small perturbation (whenD is large enough). This
allows an application of the perturbation theory according
to which the zero-field eigenvalues can be corrected by the
second-order PT formula for non-degenerate states

ε
(2)
M,x = −

∑
M′ �=M

(h̄−1µBgxBx〈SM′|Ŝx|SM〉)2
ε
(0)
M′ − ε

(0)
M

(2.30)

Just this formula, when applied to the perpendicular direc-
tion, yields the second-order van Vleck coefficients
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Table 3
Interrelations among the spin-Hamiltonian parameters

Property Formula

(a) Negative sign convention
Angular momentum unquenching tensor Λab = −h̄−2∑

K �=0 〈0|L̂a|K〉〈K|L̂b|0〉/(EK − E0)

Magnetogyric ratio-tensor gab = geδab + 2λΛab

Spin–spin interaction tensora − 1
2Dab = D′

ab = λ2Λab

D = 1
2(−D′

xx − D′
yy + 2D′

zz) = + 1
2λ

2(−Λxx − Λyy + 2Λzz)

E = 1
2(D

′
xx − D′

yy) = 1
2λ

2(Λxx − Λyy) > 0

Temperature-independent paramagnetic susceptibility tensor − 1
2κ

para
ab = µ2

BΛab

χ
para
ab = NAµ0κ

para
ab = −2NAµ0µ

2
BΛab

Temperature-independent paramagnetism χTIP = − 2
3NAµ0µ

2
B(Λxx + Λyy + Λzz) > 0

(b) Positive sign convention
Angular momentum unquenching tensor Λab = +h̄−2∑

K �=0 〈0|L̂a|K〉〈K|L̂b|0〉/(EK − E0)

Magnetogyric ratio-tensor gab = geδab − 2λΛab

Spin–spin interaction tensora − 1
2Dab = D′

ab = −λ2Λab

D = 1
2(−D′

xx − D′
yy + 2D′

zz) = − 1
2λ

2(−Λxx − Λyy + 2Λzz)

E = 1
2(D

′
xx − D′

yy) = − 1
2λ

2(Λxx − Λyy) > 0

Temperature-independent paramagnetic susceptibility tensor − 1
2κ

para
ab = −µ2

BΛab

χ
para
ab = NAµ0κ

para
ab = +2NAµ0µ

2
BΛab

Temperature-independent paramagnetism χTIP = + 2
3NAµ0µ

2
B(Λxx + Λyy + Λzz) > 0

(c) Interrelations gz = ge + 2D′
zz/λ = ge + (4/3)D/λ

gx = ge + 2D′
xx/λ

gy = ge + 2D′
yy/λ

gx − gy = 2(D′
xx − D′

yy)/λ = 4E/λ

a The tracelessD-tensor is introducedDab = D′
ab − 1

3δab(D
′
xx + D′

yy + D′
zz); thenDxx + Dyy + Dzz = 0.

ε
(2)
M,x = −

∑
M′ �=M

(h̄−1µBgx〈SM′|1
2(Ŝ+ + Ŝ−)|SM〉)2

ε
(0)
M′ − ε

(0)
M

= −(µBgx)
2
{
(S − M)(S + M + 1)

4D(1 + 2M)
δM′,M+1

+ (S + M)(S − M + 1)

4D(1 − 2M)
δM′,M−1

}

= (µBgx)
2M

2 + S(S + 1)

2(4M2 − 1)D
(2.31)

For the Kramers doublet|S,±1
2〉, however, the zero-field

energies are degenerate and thus the perturbation theory for
degenerate states needs first to be applied. This yields the
first-order PT correction (equal to the first-order van Vleck
coefficient) in the form

ε
(1)
M=±1/2,x = ±

〈
SM′

∣∣∣∣∣h̄−1µBgx
(Ŝ+ + Ŝ−)

2

∣∣∣∣∣ SM

〉

= ±µBgx

(
1

2

)[(
S + 1

2

)(
S − 1

2
+ 1

)]1/2

= ±µBgx
(S + 1/2)

2
(2.32)

and finally the second-order correction becomes

ε
(2)
M=±1/2,x = −(µBgx)

2
{
(S ∓ M)(S ± M + 1)

4D(1 ± 2M)

}

= −(µBgx)
2 (S − 1/2)(S + 3/2)

8D
(2.33)

Having determined the van Vleck coefficients (Table 5)
evaluation of the magnetic susceptibility components pro-
ceeds via the van Vleck formula

χ̄mol = NAµ0

∑
i [((ε(1)i )2/kT) − 2ε(2)i ] exp(−ε

(0)
i /kT)∑

i exp(−ε
(0)
i /kT)

(2.34)

The involvement of the rhombic components creates the
difficulty that perturbation theory can no longer be applied.
Thus, the energy levels must then be obtained by a numeri-
cal solution of the eigenvalue problem. Three values of the
“working field” are needed to evaluate the van Vleck coef-
ficients for each component (x-, y-, andz-) of the magnetic
susceptibility. Alternative ways for the treatment of the ZFS
systems are compiled inTable 6.

The energy levels for a set of ZFS systems are plotted in
Fig. 3. One can see that
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Table 4
Spin–spin interaction matrices (left) and Zeeman matrices (right) for a ZFS system

S = 1


(1/3)D 0 E

0 −(2/3)D 0

E 0 (1/3)D







Gz (1/
√

2)G− 0

(1/
√

2)G+ 0 (1/
√

2)G−
0 (1/

√
2)G+ −Gz




S = 3/2


D 0
√

3E 0

0 −D 0
√

3E√
3E 0 −D 0

0
√

3E 0 D







(3/2)Gz (
√

3/2)G− 0 0

(
√

3/2)G+ (1/2)Gz G− 0

0 G+ −(1/2)Gz (
√

3/2)G−
0 0 (

√
3/2)G+ −(3/2)Gz




S = 2


2D 0
√

6E 0 0

0 −D 0 3E 0√
6E 0 −2D 0

√
6E

0 3E 0 −D 0

0 0
√

6E 0 2D







2Gz G− 0 0 0

G+ Gz (
√

6/2)G− 0 0

0 (
√

6/2)G+ 0 (
√

6/2)G− 0

0 0 (
√

6/2)G+ −Gz G−
0 0 0 G+ −2Gz




Biquadratic ZFS correction, tetragonal axis


(1/10)a 0 0 0 (1/2)a

0 −(4/10)a 0 0 0

0 0 +(6/10)a 0 0

0 0 0 −(4/10)a 0

(1/2)a 0 0 0 (1/10)a




S = 5/2


(10/3)D 0
√

10E 0 0 0

0 −(2/3)D 0
√

18E 0 0√
10E 0 −(8/3)D 0

√
18E 0

0
√

18E 0 −(8/3)D 0
√

10E

0 0
√

18E 0 −(2/3)D 0

0 0 0
√

10E 0 (10/3)D




1

2




5Gz

√
5G− 0 0 0 0√

5G+ 3Gz

√
8G− 0 0 0

0
√

8G+ Gz 3G− 0 0

0 0 3G+ −Gz

√
8G− 0

0 0 0
√

8G+ −3Gz

√
5G−

0 0 0 0
√

5G+ −5Gz




Biquadratic ZFS correction, tetragonal axis:


+(1/2)a′ 0 0 0 (
√

5/2)a 0

0 −(3/2)a′ 0 0 0 (
√

5/2)a

0 0 +a′ 0 0 0

0 0 0 +a′ 0 0

(
√

5/2)a 0 0 0 −(3/2)a′ 0

0 (
√

5/2)a 0 0 0 +(1/2)a′




Biquadratic ZFS correction, trigonal axis:


−(1/3)a 0 0 −(
√

20/3)a 0 0

0 a 0 0 0 0

0 0 −(2/3)a 0 0 (
√

20/3)a

−(
√

20/3)a 0 0 −(2/3)a 0 0

0 0 0 0 a 0

0 0 (
√

20/3)a 0 0 −(1/3)a




Gz = gzµBBlz; G± = Gx ± iGy = µBB(gxlx ± igyly), with lx, ly and lz representing the direction cosines for the vector�B relative to the symmetry
axes;a′ = a + (2/3)F .
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Table 5
van Vleck coefficients for mononuclear ZFS systems

Spin M BM = ε
(0)
M

a CM,z = ε
(1)
M,z/(µBgz) CM,x = ε

(1)
M,x/(µBgx) DM,x = ε

(2)
M,x/(µBgx)

2

S = 1b +1 D +1 0 +1/D
−1 D −1 0 0

0 0 0 0 −1/D

S = 3/2 ±3/2 2D ±3/2 0 +(3/8)/D
±1/2 0 ±1/2 ±1 −(3/8)/D

S = 2 ±2 4D ±2 0 +(1/3)/D
±1 D ±1 0 +(7/6)/D

0 0 0 0 −3/D

S = 5/2 ±5/2 6D ±5/2 0 +(5/16)/D
±3/2 2D ±3/2 0 +(11/16)/D
±1/2 0 ±1/2 ±3/2 −1/D

S = 3 ±3 9D ±3 0 +(3/10)/D
±2 4D ±2 0 +(8/15)/D
±1 D ±1 0 +(13/6)/D

0 0 0 0 −6D

S = 7/2 ±7/2 12D ±7/2 0 +(7/24)/D
±5/2 6D ±5/2 0 +(11/24)/D
±3/2 2D ±3/2 0 +(9/8)/D
±1/2 0 ±1/2 ±2 −(15/8)/D

a Zero-field levels can be uniformly shifted.
b For S = 1, the secular equation has analytical solutions and the perturbation theory need not be applied. Then the square roots are expanded into a

Taylor series in powers ofB.

Table 6
Processing of the eigenvalue problem for a ZFS system

1. Analytical working out for the Hamiltonian̂Ha(D, ga); E = 0
(a) Perturbation theory,D � g⊥µBB⊥, spin S > 1

εi,z = ε
(0)
i + ε

(1)
i,z Bz

εi,x = ε
(0)
i + ε

(1)
i,x Bx + ε

(2)
i,x B

2
x

}
Table 5

(b) Variation method,x � 1, spinS = 1, 3/2, 5/2
εi,z—straightforward (already diagonal)
εi,x ∼ √

1 + x = 1 + x/2 − x2/8 + O3 (Taylor expansion of the square root), wherex ∼ µBB/D � 1 for a small field limit and
x ∼ D/µBB � 1 for the strong field limit

Mean susceptibilityχ̄a (for linear magnetics)—by the van Vleck formula

2. Analytical development for the Hamiltonian̂Ha(D,E, ga)

Restriction: spinsS = 1, 3/2; directionsa = x, y, z

The secular equation (of the order of 3× 3 or 4 × 4) has an analytical solution in the form ofεi,a = α + √
β + γ irrespective of the

parameters and field magnitude
Partition functionZa(B, T) = ∑

i exp(−εi,a/kT)
MagnetizationMa(B, T) = NAkT(T1a/Za)

Differential susceptibilityχ̃a(B, T) = NAµ0kT(T2aZa − T 2
1a)/Z

2
a with the termsT1a ≡ ∂Za/∂Ba andT2a ≡ ∂2Za/∂B

2
a

3. Numerical solution of the secular equation;S, B, andD—arbitrary
(a) the HamiltonianĤa(D, ga) for E = 0 has two sets of eigenvalues:εi,z and εi,x

(b) the HamiltonianĤa(D,E, ga) has three sets of eigenvalues:εi,z, εi,x, andεi,y

Mean susceptibility (for linear magnetics) is obtained through the sequence: three (more) sets of eigenvalues around a reference fieldB0 → parabolic
(polynomial) fit → van Vleck coefficients for each levelc(0)i,a , c(1)i,a , andc(2)i,a → van Vleck formula

Magnetization: one set of eigenvalues and eigenvectors at the fieldB → thermal average of the spin〈Sa〉T → Ma = NA〈µa〉T = −NAga〈Sa〉T ;
differential susceptibility through a numerical derivative of the magnetizationχ̃a = µ0(∂Ma/∂Ba)

Three (more) sets of eigenvalues nearB → parabolic (polynomial) fit→ derivatives for each levelε(0)i,a , ε(1)i,a , andε(2)i,a → magnetization

Ma(B, T) = NAkT(T1a/Za) = NA

∑
i (−ε

(1)
i,a − 2Bε(2)i,a )exp(−ε

(B)
i,a /kT)∑

i exp(−ε
(B)
i,a /kT)

Susceptibility either by a numerical derivative or using firstε
(1)
i,a and secondε(2)i,a derivatives as̃χa(B, T) = NAµ0kT(T2aZa − T 2

1a)/Z
2
a



R. Boča / Coordination Chemistry Reviews 248 (2004) 757–815 765

Fig. 3. Effect of the sign of theD-parameter and the rhombic ZFS component to the energy levels.

(a) the application of the magnetic field in the parallel di-
rection results in a linear development of the magnetic
energy levels;

(b) in the perpendicular direction the levels develop
non-linearly;

(c) the reverse sign of theD-parameter inverts the level
diagram;

(d) theE-parameter manifests itself in an additional splitting
of energy levels.

2.4. Biquadratic ZFS

More complex spin–spin interaction can be treated with
the help of the equivalent operators[36–41]. The concept
of equivalent operators originates in the fact that the matrix
elements of two different spherical tensor operators of rank
k are reduced analogously according to theWigner–Eckart
theorem, i.e.

〈jm|T̂ k
q |jm′〉 = (−1)j−m

(
j k j

−m q m′
)

〈j||T k||j〉
(2.35)

and

〈jm|Ôk
q|jm′〉 = (−1)j−m

(
j k j

−m q m′
)

〈j||Ok||j〉
(2.36)

The 3j-symbol involved represents an integral over the an-
gular momentum functions common for both matrix ele-
ments; the reduced matrix elements〈j||T k||j〉 no longer de-
pend upon the magnetic quantum numbers. Therefore the
replacement theorem makes it possible to write

〈jm|T̂ k
q |jm′〉 = 〈j||T k||j〉

〈j||Ok||j〉 〈jm|Ôk
q|jm′〉 = γ(k, j)〈jm|Ôk

q|jm′〉
(2.37)
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Table 7
Equivalent operatorŝOn

k , k—spherical tensor rank,n—component

Ô0
0 = J(J + 1)

Ô0
2 = 3h̄−2Ĵ2

z − J(J + 1)

Ô1
2 = 1

4 h̄
−2[Ĵz(Ĵ+ + Ĵ−) + (Ĵ+ + Ĵ−)Ĵz]

Ô2
2 = 1

2 h̄
−2(Ĵ2+ + Ĵ2−)

Ô0
4 = 35h̄−4Ĵ4

z + [−30J(J + 1) + 25]h̄−2Ĵ2
z − 6J(J + 1) + 3J2(J + 1)2

Ô1
4 = 1

4 h̄
−2{[7h̄−2Ĵ2

z − 3J(J + 1) − 1]Ĵz(Ĵ+ + Ĵ−) + (Ĵ+ + Ĵ−)Ĵz[7h̄−2Ĵ2
z − 3J(J + 1) − 1]}

Ô2
4 = 1

4 h̄
−2{[7h̄−2Ĵ2

z − J(J + 1) − 5](Ĵ2+ + Ĵ2−) + (Ĵ2+ + Ĵ2−)[7h̄
−2Ĵ2

z − J(J + 1) − 5]}
Ô3

4 = 1
4 h̄

−4[Ĵz(Ĵ3+ + Ĵ3−) + (Ĵ3+ + Ĵ3−)Ĵz]

Ô4
4 = 1

2 h̄
−4(Ĵ4+ + Ĵ4−)

Ô0
6 = 231h̄−6Ĵ6

z + [−315J(J + 1) + 735]h̄−4Ĵ4
z + [105J2(J + 1)2 − 525J(J + 1) + 294]h̄−2Ĵ2

z − 5J3(J + 1)3 + 40J2(J + 1)2 − 60J(J + 1)

Ô1
6 = 1

4 h̄
−2{[35h̄−4Ĵ4

z − (30J(J + 1)− 15)h̄−2Ĵ2
z + (5J2(J + 1)2 − 10J(J + 1)+ 12)]Ĵz(Ĵ+ + Ĵ−)+ (Ĵ+ + Ĵ−)Ĵz[35h̄−4Ĵ4

z − (30J(J + 1)− 15)h̄−2Ĵ2
z +

(5J2(J + 1)2 − 10J(J + 1) + 12)]}
Ô2

6 = 1
4 h̄

−2{[33h̄−4Ĵ4
z − (18J(J + 1) + 123)h̄−2Ĵ2

z + J2(J + 1)2 + 10J(J + 1) + 102)](Ĵ2+ + Ĵ2−) + (Ĵ2+ + Ĵ2−)[33h̄−4Ĵ4
z − (18J(J + 1) + 123)h̄−2Ĵ2

z +
J2(J + 1)2 + 10J(J + 1) + 102)]}

Ô3
6 = 1

4 h̄
−4{[11h̄−2Ĵ2

z − 3J(J + 1) − 59]Ĵz(Ĵ3+ + Ĵ3−) + (Ĵ3+ + Ĵ3−)Ĵz[11h̄−2Ĵ2
z − 3J(J + 1) − 59]}

Ô4
6 = 1

4 h̄
−4{[11h̄−2Ĵ2

z − J(J + 1) − 38](Ĵ4+ + Ĵ4−) + (Ĵ4+ + Ĵ4−)[11h̄−2Ĵ2
z − J(J + 1) − 38]}

Ô5
6 = 1

4 h̄
−6[Ĵz(Ĵ5+ + Ĵ5−) + (Ĵ5+ + Ĵ5−)Ĵz]

Ô6
6 = 1

2 h̄
−6(Ĵ6+ + Ĵ6−)

The shift (raising and lowering) operators interrelate to their Cartesian analogues
1
2(Ĵ

2+ + Ĵ2−) = Ĵ2
x − Ĵ2

y

1
2(Ĵ

3+ + Ĵ3−) = Ĵ3
x − ĴxĴ

2
y − ĴyĴxĴy − Ĵ2

y Ĵx

1
2(Ĵ

4+ + Ĵ4−) = Ĵ4
x + Ĵ4

y − Ĵ2
x Ĵ

2
y − Ĵ2

y Ĵ
2
x − ĴxĴ

2
y Ĵx − ĴyĴ

2
x Ĵy − ĴxĴyĴxĴy − ĴyĴxĴyĴx

Now the matrix element of a tensor operator is proportional
to that of an equivalent operator. The angular momentum
operators serve in the role of equivalent operators: instead of
the irreducible tensor components a proper combination of
the angular momentum operators(Ĵz, Ĵ+, Ĵ−) is applicable.
However, the expansion coefficients (the potential constants)
need to be redefined accounting for the proportionality factor
γ(k, j). A set of equivalent operators is compiled inTable 7.

It is quite practical to handle the equivalent operators since

1. they can be easily constructed by matrix multiplications
with the help of computers;

2. no need of an explicit form of the kets.

Important note: it is conventional to write the equiva-
lent operators in the form̂On

k , k—spherical tensor rank,
n—component. This notation is just opposite to the irre-
ducible tensor approach (ITO) where the tensor rank is the
superscript.

A more general form of the zero−field splitting operator
is written as

Ĥzfs =
∑
k=0

k∑
n=0

Bn
kÔ

n
k (2.38)

where only even terms (k = 0, 2, 4 and 6) can contribute;Ôn
k

are the operator equivalents andBn
k the interaction constants.

The maximum power is determined by the value of the spin
number since the restrictions are:k ≤ 2 for S = 1 and 3/2,

k ≤ 4 for S = 2 and 5/2,k ≤ 6 for S = 3 and 7/2. Now
we can see that forS ≥ 2, in addition to the second–order
equivalent operators, the fourth–order equivalent operators
can contribute. These, in fact, correspond to higher–order
spin–spin interaction—a biquadratic spin–spin interaction,
like

Ĥbq = b(Ŝ · Ŝ)2 (2.39)

The biquadratic ZFS involves the case ofS = 5/2, e.g.
the Fe(III) or Mn(II) complexes. The second relevant case of
S = 2 is of lower applicability since the orbital contribution
(e.g. in the high-spin Fe(II) complexes) dominates.

In the case of a perfect octahedral symmetry (thez-axis
being coincident with thêC4 rotational axis) the biquadratic
term is

Ĥbq = B0
4Ô

0
4 + B4

4Ô
4
4 = B4(Ô

0
4 + 5Ô4

4)

= 1
6a{h̄−4(Ŝ4

x+Ŝ4
y+Ŝ4

z )−1
5S(S + 1)(3S2 + 3S − 1)}

(2.40)

with the relationship among the Hamiltonian parameters as
follows a = 120B4 = 120B0

4 = 24B4
4. The corresponding

matrix elements forS = 5/2 were included inTable 4giving
the zero–field eigenvalues:ε1,2 = −2a andε3,4,5,6 = +a.
The separation of the quartet state from the ground doublet
is 5ε = 3a. Such a result is correct from the viewpoint of
the double group theory: the groupO′ can have only the dou-
bly degenerateΓ 7 or quadruply degenerateΓ 8 irreducible
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representations. The above result is well fulfilled either for
perfect octahedral symmetry or perfect tetrahedral symme-
try of the coordination polyhedron.

However one can pass from the fourfold axis coordinate
system to a threefold one (thez-axis being coincident with
the Ĉ3 rotational axis); the matrix elements are contained
in Table 4and they yield exactly the same eigenvalues as
before.

The addition of the Zeeman term along either the fourfold
or threefold axes leads to the eigenvalues listed inTable 8.
The expansion of the square roots, restricted to the quadratic
terms, yield approximate expressions for the energy levels.
In this step it is assumed that the magnetic field is much
lower than the cubic zero–field splitting parameter:G‖ =
µBg‖B � a. Fig. 4 displays the information of how the
energy levels are split under the influence of the magnetic
field. As a consequence of the cubic symmetry the energy
levels in the perpendicular direction should be the same as
in the parallel direction and theg-values are isotropic.

In the case of the distorted cubic symmetry of the co-
ordination polyhedron the zero–field splitting Hamiltonian

Table 8
Hamiltonian and energy levels for ZFS systems withS = 5/2

System Exact energy levelsε1 throughε6 Approximate energya

(a) Octahedral symmetry,B = 0 Ĥbq(Oh, Ĉ4) = B0
4Ô

0
4 + B4

4Ô
4
4 = B4(Ô

0
4 + 5Ô4

4), a = 120B4 = 120B0
4 = 24B4

4

Ĥbq(Oh, Ĉ4) = 1
6a{h̄−4(Ŝ4

x + Ŝ4
y + Ŝ4

z ) − 1
5S(S + 1)(3S2 + 3S − 1)}

Ĥbq(Oh, Ĉ3) = − 2
3B4(Ô

0
4 + 20

√
2Ô3

4), a = −80B0
4 = −1600

√
2B3

4

ε1,2 = −2a; ε3,4,5,6 = a

(b) Magnetic field applied along thêC4 axis ± 1
2G‖ + a a ± (1/2)G‖

1
2(±G‖ − a) + [(a ± 2G‖)2 + 5

4a
2]1/2 a ± (11/6)G‖ + (20/27)(G2

‖/a)
1
2(±G‖ − a) − [(a ± 2G‖)2 + 5

4a
2]1/2 −2a ± (5/6)G‖ − (20/27)(G2

‖/a)

(c) Magnetic field applied along thêC3 axis ± 3
2G‖ + a a ± (3/2)G‖

±G‖ − 1
2a + (1/6)[(a ± 9G‖)2 + 80a2]1/2 a ± (7/6)G‖ + (20/27)(G2

‖/a)

±G‖ − 1
2a − (1/6)[(a ± 9G‖)2 + 80a2]1/2 −2a ± (5/6)G‖ − (20/27)(G2

‖/a)

(d) Tetragonal distortion,D4h, B = 0 Ĥzfs(4)(D4h, Ĉ4) = B0
2Ô

0
2 + (B2

2Ô
2
2) + B0

4Ô
0
4 + B4(Ô

0
4 + 5Ô4

4)
b

Ĥzfs(4) = D{h̄−2Ŝ2
z − 1

3S(S + 1)} + Eh̄−2(Ŝ2
x − Ŝ2

y ) + 1
6a{h̄−4(Ŝ4

ξ + Ŝ4
η + Ŝ4

ζ ) − 1
5S(S + 1)

(3S2 +3S−1)}+ 1
180F {35h̄−4Ŝ4

z −30S(S+1)h̄−2Ŝ2
z +25h̄−2Ŝ2

z −6S(S+1)+3S2(S+1)2}
a = 120B4, D = 3B0

2, E = B2
2, F = 180B0

4

a′ − 8
3D

− 1
2a

′ + 4
3D + [(a′ + 2D)2 + 5

4a
2]1/2

− 1
2a

′ + 4
3D − [(a′ + 2D)2 + 5

4a
2]1/2

with a′ = a + 2
3F

(e) Trigonal distortion,D3, B = 0 Ĥzfs(4)(D3, Ĉ3) = B0
2Ô

0
2 + (B2

2Ô
2
2) + B0

4Ô
0
4 − 2

3B4(Ô
0
4 + √

800Ô3
4)

b

a = 120B4, D = 3B0
2, E = B2

2, F = 180B0
4

a′′ − 2
3D

− 1
2a

′′ + 1
3D + 1

6 [(a′′ + 18D)2 + 80a2]1/2

− 1
2a

′′ + 1
3D − 1

6 [(a′′ + 18D)2 + 80a2]1/2

with a′′ = a − F

a After expansion of square rootε = c0 + c1G + c2G
2 + O3 for G‖ = µBg‖B � a.

b ξ, η and ζ—the fourfold axes for the cubic part of the crystal field. Thez-axis is chosen along either the tetragonal axis (whenx, y and z coincide
with ξ, η and ζ) or the trigonal [1 1 1] axis of the crystal.

Fig. 4. Exact energy levels of anS = 5/2 system in the cubic symmetry:
a/k = 0.1 K (left) and 1 K (right).

adopts the form again contained inTable 8. (One must be
careful of definitions of the Hamiltonian parameters when
comparing different sources since other notations can also
be met in literature.) TheF-term enters only the diagonal
matrix elements; thea-term enters the off-diagonal matrix
elements situated by four positions outside the main diago-
nal (seeTable 4).
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The g-values of the overall spin-Hamiltonian should re-
tain axial symmetry:gz = g‖ andgx = gy = g⊥. Having
the energy levels determined and the van Vleck coefficient
identified, one can proceed with the van Vleck formula for
the mean magnetic susceptibility of a linear magnetic mate-
rial. Alternatively, one can proceed with the solution of the
eigenvalue problem for three input fields and a numerical
determination of the van Vleck coefficients.

2.5. Modeling the magnetization

Having determined the magnetic energy levels, the parti-
tion function is defined

Za(B, T) =
∑
i

exp

(−εi,a

kT

)
(2.41)

from which the molar magnetization is calculated as

Ma(B, T) = NA
1

Za

∂Za

∂Ba

= NA
1

Za

∑
i

(
−∂εi,a

∂Ba

)
exp

(−εi,a

kT

)
(2.42)

Table 9
Exact eigenvalues and magnetic functions for some ZFS systemsa

Spin Direction Shifted eigenvaluesεia

For E �= 0 For E = 0

S = 1 z ε1z = D + (E2 + G2
z)

1/2 ε1z = D + Gz

ε2z = 0 ε2z = 0

ε3z = D − (E2 + G2
z)

1/2 ε3z = D − Gz

x ε1x = D + E ε1x = D

ε2x = 1
2(D − E) − [ 1

4(D − E)2 + G2
x]

1/2 ε2x = 1
2 [D − (D2 + 4G2

x)
1/2]

ε3x = 1
2(D − E) + [ 1

4(D − E)2 + G2
x]

1/2 ε3x = 1
2 [D + (D2 + 4G2

x)
1/2]

y ε1y = 1
2(D + E) + [ 1

4(D + E)2 + G2
y]1/2

ε2y = 1
2(D + E) − [ 1

4(D + E)2 + G2
y]1/2

ε3y = D − E

S = 3/2b z ε1z = D + 1
2Gz + [(D + Gz)

2 + 3E2]1/2 ε1z = D + 1
2Gz + |D + Gz|

ε2z = D − 1
2Gz + [(D − Gz)

2 + 3E2]1/2 ε2z = D − 1
2Gz + |D − Gz|

ε3z = D + 1
2Gz − [(D + Gz)

2 + 3E2]1/2 ε3z = D + 1
2Gz − |D + Gz|

ε4z = D − 1
2Gz − [(D − Gz)

2 + 3E2]1/2 ε4z = D − 1
2Gz − |D − Gz|

x ε1x = D + 1
2Gx + [(D − 1

2Gx)
2 + 3(E + 1

2Gx)
2]1/2 ε1x = D + 1

2Gx + (D2 + G2
x − DGx)

1/2

ε2x = D − 1
2Gx + [(D + 1

2Gx)
2 + 3(E − 1

2Gx)
2]1/2 ε2x = D − 1

2Gx + (D2 + G2
x + DGx)

1/2

ε3x = D + 1
2Gx − [(D − 1

2Gx)
2 + 3(E + 1

2Gx)
2]1/2 ε3x = D + 1

2Gx − (D2 + G2
x − DGx)

1/2

ε4x = D − 1
2Gx − [(D + 1

2Gx)
2 + 3(E − 1

2Gx)
2]1/2 ε4x = D − 1

2Gx − (D2 + G2
x + DGx)

1/2

y ε1y = D + 1
2Gy + [(D − 1

2Gy)
2 + 3(E − 1

2Gy)
2]1/2

ε2y = D − 1
2Gy + [(D + 1

2Gy)
2 + 3(E + 1

2Gy)
2]1/2

ε3y = D + 1
2Gy − [(D − 1

2Gy)
2 + 3(E − 1

2Gy)
2]1/2

ε4y = D − 1
2Gy − [(D + 1

2Gy)
2 + 3(E + 1

2Gy)
2]1/2

a Substitution:Ga = gaµBBa.
b The constant value ofD can be omitted in the partition function (a shift of the energy origin).

Since the exact eigenvalues for some ZFS systems are
available (Table 9) they permit an exact modeling of the
magnetizationMa(B, T) = f(D,E, ga) in the whole range
of variables and parameters. The corresponding closed for-
mulae are listed inTable 10.

In the case ofE = 0, modeling of the magnetization in the
parallel direction is an easy task since there exists a closed
formula for the magnetic energy levelsε‖ = f(D,Bz). In
this case for positiveD, wave-type behavior is observed
(Fig. 5). This effect originates in a level crossing: with in-
creasing field a magnetically more productive level becomes
the ground state and this is going to be saturated unless
an even more magnetically productive state is crossed (see
Fig. 2 for the explanation). The resolution of the steps on
the magnetization curve depends upon the balance between
T, B andD. For fixedT and lowD no resolution is observed.
With increasingD the steps become readily visible at higher
fields.

In the perpendicular direction, however, the situation is
different. A complete modeling using a numerical approach
is given byFig. 6. The magnetization curves were generated
at a fixed temperature as parametric functions ofD. We can
conclude that:
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Table 10
Exact magnetization formulae for some ZFS systems

For S = 1

Mz = 1

2

NAµBgz

Zz

〈
exp


−

D +
√
E2 + G2

z

kT




 −2Gz√

E2 + G2
z


+ exp


−

D −
√
E2 + G2

z

kT




 2Gz√

E2 + G2
z



〉

Mx = 1

2

NAµBgx

Zx

〈
exp

{
− (D − E)/2 −√

(D − E)2/4 + G2
x

kT

}{
2Gx√

(D − E)2/4 + G2
x

}

+exp

{
− (D − E)/2 +√

(D − E)2/4 + G2
x

kT

}{
−2Gx√

(D − E)2/4 + G2
x

}〉

My = 1

2

NAµBgy

Zy

〈
exp


−

(D + E)/2 +
√
(D + E)2/4 + G2

y

kT




 −2Gy√

(D + E)2/4 + G2
y




+exp


−

(D + E)/2 −
√
(D + E)2/4 + G2

y

kT




 2Gy√

(D + E)2/4 + G2
y



〉

Zz = exp


−

D +
√
E2 + G2

z

kT


+ 1 + exp


−

D −
√
E2 + G2

z

kT




Zx = exp

{
−D + E

kT

}
+ exp

{
− (D − E)/2 −√

(D − E)2/4 + G2
x

kT

}
+ exp

{
− (D − E)/2 +√

(D − E)2/4 + G2
x

kT

}

Zy = exp

{
−D − E

kT

}
+ exp


−

(D + E)/2 +
√
(D + E)2/4 + G2

y

kT


+ exp


−

(D + E)/2 −
√
(D + E)2/4 + G2

y

kT




For S = 3/2

Mz = −1

2

NAµBgz

Zz

〈
exp

{
−+Gz/2 +

√
(D + Gz)2 + 3E2

kT

}{
+1 + +2(D + Gz)√

(D + Gz)2 + 3E2

}

+exp

{
−−Gz/2 +

√
(D − Gz)2 + 3E2

kT

}{
−1 + −2(D − Gz)√

(D − Gz)2 + 3E2

}

+exp

{
−+Gz/2−

√
(D+Gz)2 + 3E2

kT

}{
+1 − +2(D + Gz)√

(D + Gz)2 + 3E2

}
+ exp

{
−−Gz/2 −

√
(D − Gz)2 + 3E2

kT

}{
−1 − −2(D − Gz)√

(D − Gz)2 + 3E2

}〉

Mx = −1

2

NAµBgx

Zx

〈
exp

{
−+Gx/2 +

√
(D − Gx/2)2 + 3(E + Gx/2)2

kT

}{
+1 + −(D − Gx/2) + 3(E + Gx/2)√

(D − Gx/2)2 + 3(E + Gx/2)2

}

+exp

{
−−Gx/2 +

√
(D + Gx/2)2 + 3(E − Gx/2)2

kT

}{
−1 + +(D + Gx/2) − 3(E − Gx/2)√

(D + Gx/2)2 + 3(E − Gx/2)2

}

+exp

{
−+Gx/2 −

√
(D − Gx/2)2 + 3(E + Gx/2)2

kT

}{
+1 − −(D − Gx/2) + 3(E + Gx/2)√

(D − Gx/2)2 + 3(E + Gx/2)2

}

+exp

{
−−Gx/2 −

√
(D + Gx/2)2 + 3(E − Gx/2)2

kT

}{
−1 − +(D + Gx/2) − 3(E − Gx/2)√

(D + Gx/2)2 + 3(E − Gx/2)2

}〉

My = −1

2

NAµBgy

Zy

〈
exp


−

+Gy/2 +
√
(D − Gy/2)2 + 3(E − Gy/2)2

kT




+1 + −(D − Gy/2) − 3(E − Gy/2)√

(D − Gy/2)2 + 3(E − Gy/2)2




+exp


−

−Gy/2 +
√
(D + Gy/2)2 + 3(E + Gy/2)2

kT




−1 + +(D + Gy/2) + 3(E + Gy/2)√

(D + Gy/2)2 + 3(E + Gy/2)2




+exp


−

+Gy/2 −
√
(D − Gy/2)2 + 3(E − Gy/2)2

kT




+1 − −(D − Gy/2) − 3(E − Gy/2)√

(D − Gy/2)2 + 3(E − Gy/2)2




+exp


−

−Gy/2 −
√
(D + Gy/2)2 + 3(E + Gy/2)2

kT




−1 − +(D + Gy/2) + 3(E + Gy/2)√

(D + Gy/2)2 + 3(E + Gy/2)2



〉
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Table 10 (Continued )

Zz = exp

{
−+Gz/2 +

√
(D + Gz)2 + 3E2

kT

}
+ exp

{
−−Gz/2 +

√
(D − Gz)2 + 3E2

kT

}

+ exp

{
−+Gz/2 −

√
(D + Gz)2 + 3E2

kT

}
+ exp

{
−−Gz/2 −

√
(D − Gz)2 + 3E2

kT

}

Zx = exp

{
−+Gx/2 +

√
(D − Gx/2)2 + 3(E + Gx/2)2

kT

}
+ exp

{
−−Gx/2 +

√
(D + Gx/2)2 + 3(E − Gx/2)2

kT

}

+ exp

{
−+Gx/2 −

√
(D − Gx/2)2 + 3(E + Gx/2)2

kT

}
+ exp

{
−−Gx/2 −

√
(D + Gx/2)2 + 3(E − Gx/2)2

kT

}

Zy = exp


−

+Gy/2 +
√
(D − Gy/2)2 + 3(E − Gy/2)2

kT


+ exp


−

−Gy/2 +
√
(D + Gy/2)2 + 3(E + Gy/2)2

kT




+ exp


−

+Gy/2 −
√
(D − Gy/2)2 + 3(E − Gy/2)2

kT


+ exp


−

−Gy/2 −
√
(D + Gy/2)2 + 3(E + Gy/2)2

kT




Fig. 5. Parallel magnetization per atom vs. magnetic field for zero-field splitting systems:T = 4.2 K; D/k = 5, 10, 15 and 20 K.

Fig. 6. Magnetization curves for various ZFS systems modeled as a powder average atT = 4.2 K; top panel:D/k = −5 K (solid), −10 K (long dashed),
−15 K (medium dashed),−20 K (short dashed); bottom panel:D/k = +5 K (solid), 10 K (long dashed), 15 K (medium dashed), 20 K (short dashed).
Brillouin function for a Curie paramagnet—dot-dashed.



R. Boča / Coordination Chemistry Reviews 248 (2004) 757–815 771

(a) with increasing |D| the magnetization curves clearly de-
cline from the Brillouin function (that refers to a Curie
paramagnet with no ZFS);

(b) the sign of theD-parameter is unambiguously deter-
mined if single crystal experiments are undertaken;

(c) the powder average is less able to distinguish the sign
of the D-parameter as the behavior of the parallel and
perpendicular components are opposite each to other;

(d) the lowering of the magnetization is more pronounced
for negativeD (except theS = 1 system).

The Brillouin-function behavior mentioned above means

M = (NAgeffµBS)

{
S + 1/2

S
coth[η(S + 1/2)]

− 1

2S
coth

(η
2

)}
(2.43)

for the argumentη = geffµBBz/kT.

2.6. Modeling the magnetic susceptibility

As discussed above, the magnetic susceptibility can be
probed to several degrees of the complexity as classified
below.

For low magnetic fields the van Vleck formula is appli-
cable and perturbation theory yields the energy levels and
susceptibility formulae presented inTable 11. In such a case,
the closed formulae were derived for the individual compo-
nents and these are listed inTable 12. One should be careful

Table 11
Formulae for the zero-field splitting systems

Derivation
Hamiltonian:Ĥa = Dh̄−2(S2

z − Ŝ2/3) + µBh̄
−1gaBaŜa

Perturbation theory for eigenvalues (exceptS = 1, where the variation method is applied)
van Vleck equation (linear magnetics)

Restrictions
D—not too small,D � gxµBB , otherwiseχx diverges
B—not too high (B < 1 T)

Formula: χ̄a = C0g
2
a

T

Numa

Den
Directions:a = x, z , denominator: Den= ∑+S

M=−Sexp(−BMδ) , argumentδ = D/kT

Parallel direction Perpendicular direction

Numz = ∑+S
M=−SCM,zexp(−BMδ) Numx = ∑+S

M=−S(CM,x − 2DM,x/δ)exp(−BMδ)

van Vleck coefficients
BM = ε

(0)
M = D[M2 − S(S + 1)/3] BM = ε

(0)
M = D[M2 − S(S + 1)/3]

CM,z = ε
(1)
M,z/(µBgz) CM,x = ε

(1)
M,x/(µBgx)

ε
(1)
M,z = µBgzM DM,x = ε

(2)
M,x/(µBgx)

2

ε
(1)
M,x = 0, except the Kramers doublet|S,±1/2〉

ε
(2)
M,x = (µBgx)

2M
2 + S(S + 1)

2(4M2 − 1)D
, except the Kramers doublet|S,±1/2〉

For Kramers doublet|S,±1/2〉 :

ε
(1)
M=±1/2,x = ±µBgx(S + 1/2)/2

ε
(2)
M=±1/2,x = −(µBgx)

2
[
(S − 1/2)(S + 3/2)

]
/8D

in the application of these formulae as they were derived
on the basis of perturbation theory. The principal assump-
tion that the ZFS is much larger than the spin Zeeman term
should not be avoided: otherwise the perpendicular compo-
nent of the susceptibility diverges for smallD.

The modeling of the product functions for the individual
ZFS systems is shown inFig. 7. We observe that

1. the product functions (obeying the Curie law at higher
temperature) drop as the temperature is lowered;

2. the magnetic anisotropy manifests itself not only in the
different values of the susceptibility components but also
in their different curvature;

3. when the temperature is not low enough it might be dif-
ficult (or even impossible) to determine the sign of the
D-parameter from the powder data alone;

4. for D > 0 the parallel,χz, component decreases
monotonously and the perpendicular,χx component
passes through a maximum on lowering the temperature;
for D < 0 theχx component drops to zero whereas the
χz component reaches a plateau (variation method was
applied in modeling in order to avoid singularities).

Modeling of non-linear magnetic behavior is shown in
Fig. 8. It is seen that the parallel component of the suscep-
tibility for D > 0 shows an oscillating behavior. This origi-
nates in the correct derivatives of the magnetization obtained
via the formula

χ̃a(B, T) = NAµ0kT
T2aZa − T 2

1a

Z2
a

(2.44)
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Fig. 7. Product functions for the ZFS systems(E = 0); top panel:D/k = 20 K; dot-dashed—χ‖; short dashed—χ⊥; solid—χav; bottom panel:
D/k = −20 K; dot-dashed—χ‖; short dashed—χ⊥; solid—χav.

with the terms

T1a ≡ ∂Za

∂Ba

= 1

kT

∑
i

(
−∂εi,a

∂Ba

)
exp

(−εi,a

kT

)
(2.45)

T2a ≡ ∂2Za

∂B2
a

= 1

kT

∑
i

[
1

kT

(
∂εi,a

∂Ba

)2

−
(
∂2εi,a

∂B2
a

)]

× exp

(−εi,a

kT

)
(2.46)

It was assumed so far that the powder average could be
performed by a simple formula

χav = 1
3(χx + χy + χz) (2.47)

For a more precise average of the powder molar suscep-
tibility a numerical integration over the polar angles is pos-
sible

χav = 1

4π

∫ π

0

∫ 2π

0
χ(ϑ, ϕ) sinϑ dϑ dϕ

= − 1

4π

∫ +1

−1

[∫ 2π

0
χ(ϑ, ϕ)dϕ

]
d(cosϑ) (2.48)

The (spin) Zeeman term entering the total magnetic Hamil-
tonian is expressed as

Ĥ ′(ϑk, ϕl) = µBBmh̄
−1(gx sinϑk cosϕlŜx

+gy sinϑk sinϕlŜy + gz cosϑkŜz) (2.49)

and this generates the angular dependent susceptibility. In
practice a sphere is cut into several discrete grid points,

say 25 values forϑk and 25 values forϕl, at which the
susceptibility is evaluated. Then the integral is substituted
for the finite sum formula

χav =
∑

k

∑
l χ(ϑk, ϕl)∆k(cosϑ)∆l(ϕ)∑
k

∑
l ∆k(cosϑ)∆l(ϕ)

(2.50)

WhenE = 0 the powder average runs only over the angleϑ

χav =
∑

k χ(ϑk)∆k(cosϑ)∑
k ∆k(cosϑ)

(2.51)

whereas the average over the angleϕ results in the factor 2π.

2.7. Modeling the heat capacity

Temperature dependence of the magnetic susceptibility
and field(temperature) dependence of the magnetization re-
flect the Boltzmann population of the lowest energy levels
in the system under study. However, there is the third ther-
modynamic function reflecting the separation of the lowest
energy levels—the heat capacity. Thus, from calorimetric
data one can subtract theD-values as well[16,22].

In classical thermodynamics (the volume work is dw =
−pdV (J)) we are left with two kinds of heat capacities,
namely

CV =
(
∂U(S, V)

∂T

)
V

= NA
∂

∂T

[
kT2

(
∂ lnZ

∂T

)
V

]
V

(2.52)

Cp =
(
∂E(S, p)

∂T

)
p

= NA
∂

∂T

[
kT2

(
∂ lnZ

∂T

)
V

+ kT

(
∂ lnZ

∂ lnV

)
T

]
p

(2.53)
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Table 12
Formulae for the susceptibility components of an axial ZFS system (D �=
0, E = 0)a,b

S = 1

χ‖ = (C0g
2
‖/T)(2d)/Z0

χ⊥ = (C0g
2
⊥/T)(2/δ)(1 − d)/Z0

Z0 = 1 + 2d

S = 2

χ‖ = (C0g
2
‖/T)2(d + 4d4)/Z0

χ⊥ = (C0g
2
⊥/T)(2/δ)[3 − (7/3)d − (2/3)d4]/Z0

Z0 = 1 + 2d + 2d4

S = 3

χ‖ = (C0g
2
‖/T)2(d + 4d4 + 9d9)/Z0

χ⊥ = (C0g
2
⊥/T)(2/δ)[6 − (26/6)d − (16/15)d4 − (6/10)d9]/Z0

Z0 = 1 + 2d + 2d4 + 2d9

S = 3/2

χ‖ = (C0g
2
‖/T)(1/4)(1 + 9d2)/Z0

χ⊥ = (C0g
2
⊥/T)[1 + (3/4δ)(1 − d2)]/Z0

Z0 = 1 + d2

S = 5/2

χ‖ = (C0g
2
‖/T)(1/4)(1 + 9d2 + 25d6)/Z0

χ⊥ = (C0g
2
⊥/T)[9/4 + (2/δ) − (11/8δ)d2 − (5/8δ)d6]/Z0

Z0 = 1 + d2 + d6

S = 7/2

χ‖ = (C0g
2
‖/T)(1/4)(1 + 9d2 + 25d6 + 49d12)/Z0

χ⊥ = (C0g
2
⊥/T)[4+(15/4δ)−(9/4δ)d2−(11/12δ)d6−(7/12δ)d12]/Z0

Z0 = 1 + d2 + d6 + d12

a Argumentδ = D/kT; d = exp(−D/kT); C0 = NAµ0µ
2
B/k.

b Restriction:D � g⊥µBB⊥; D—not too small,B—not too high,
T—not too low.

In magnetism (the magnetic work is dw = µ0H dM
(J m−3)) again two functions can be distinguished

CM =
(
∂U(S,M)

∂T

)
M

= NA
∂

∂T

[
kT2

(
∂ lnZ

∂T

)
M

]
M

(2.54)

Fig. 8. Parallel differential susceptibility function for zero-field splitting systems:T = 4.2 K; D/k = 5 (solid) and 10 K (dashed).

CH =
(
∂E(S,H)

∂T

)
H

= NA

∂

∂T

[
kT2

(
∂ lnZ

∂T

)
M

+ kT

(
∂ lnZ

∂ lnM

)
T

]
H

(2.55)

(The symbolE is used for enthalpy instead ofH which is
used for the magnetic field strength; units:µ0 (J A−2 m−1),
H (A m−1), M (A m−1), B (J A−1 m−2); the expression dw =
µ0H dM has the dimension of (J m−3)—the volume energy.)

In systems with discrete, well separated energy levels,
the contribution to the heat capacity is termed theSchottky
anomaly. Let us consider a two-level system with energies
ε0 = 0 andε1 > 0 with associated degeneraciesg0 andg1,
respectively. The partition function is

Z = g0 + g1 exp

(−ε1

kT

)
(2.56)

and then the molar internal energy adopts the form of

U = NAkT2
(
∂ lnZ

∂T

)
= NA

g1ε1

Z
exp

(−ε1

kT

)
(2.57)

Consequently the contribution to the molar heat capacity is

CSh
V =

(
∂U

∂T

)
V

= R
( ε1

kT

)2 g0

g1

exp(ε1/kT)

[1 + (g0/g1)exp(ε1/kT)]2

(2.58)

Such a function is plotted inFig. 9 (left) for several values
of the degeneracy ratio.

The function increases for low temperatures according to

CSh
V ≈ R

( ε1

kT

)2 g1

g0
exp

(−ε1

kT

)
for T � ε1

k
(2.59)

then passes through a maximum atT ≈ 0.42ε1/k and then
escapes at high temperature according to

CSh
V ≈ R

g0g1

(g0 + g1)2

( ε1

kT

)2
for T � ε1

k
(2.60)

For a multi-level system one can utilize a result that the
heat capacity, in fact, is a thermal fluctuation of the total
energy. Hence,
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Fig. 9. Left—the Schottky heat capacity of a two-level system for several
values of the degeneracy ratio,rg = g1/g0 = 0.5 (solid), 1 and 2;
ε1/k = 100 K; right—contribution to the heat capacity of zero-field
splitting systems forD/k = 50 K; individual curves correspond toS = 1
(solid), 3/2 (long-dashed), 2 (medium-dashed) and 5/2 (short-dashed).

CSh
V = R

1

(kT)2
(〈ε2〉 − 〈ε〉2) (2.61)

with the thermal averages

〈ε〉 = 1

Z

∑
i

giεi exp

(−εi

kT

)
(2.62)

〈ε2〉 = 1

Z

∑
i

giε
2
i exp

(−εi

kT

)
(2.63)

and the partition function

Z =
∑
i

gi exp

(−εi

kT

)
(2.64)

The Schottky anomalies may originate in the presence of
lattice defects, existence of the ZFS of electronic levels or
splitting of nuclear spin levels (due to the electron-nuclear
hyperfine coupling and quadrupole interaction, respec-
tively).

The energy levels for a system with the spinS = 1 are split
into a singlet (MS = 0) and a doublet (MS = ±1) separated
by an amountD. Then the electronic partition function is

Z = 1 + 2 exp

(−D

kT

)
(2.65)

The particular result of interest is(
lnZ

∂T

)
V

= 1

Z

(
∂Z

∂T

)
= 1

Z

(
2
D

kT2
exp

(−D

kT

))
(2.66)

and then the heat capacity results in the form

CZFS
V = NAk

(
D

kT

)2 2 exp(−D/kT)

Z2
(2.67)

This function is displayed inFig. 9(right) and it can be seen
that it passes through a single maximum.

The formulae for the other cases withS = 3/2, 2 and
5/2 can easily be derived by an analogous procedure taking
into account the relevant partition function (Table 13). For a
vanishing ZFS and for theS = 1/2 system the contribution
to the heat capacity vanishes at zero field.

Table 13
Heat capacity for the zero-field-splitting systemsa

S Z CZFS
V /R (dimensionless)

1 1+ 2d (D/kT)2(2d)/Z2

3/2 2+ 2d2 (D/kT)22[4d2Z − 2(2d2)2]/Z2

2 1+ 2d + 2d4 (D/kT)22[(d + 16d4)Z − 2(d + 4d4)2]/Z2

5/2 2+ 2d2 + 2d6 (D/kT)22[(4d2 + 36d6)Z − 2(2d2 + 6d6)2]/Z2

a Substitutiond = exp(−D/kT).

3. Binuclear and polynuclear complexes

3.1. Formal spin-Hamiltonian for polynuclear systems

The Hamiltonian which describes the interaction of a set
of magnetic centers with the external magnetic field involves
the spin Zeeman term, the orbital Zeeman term, the operator
of the local spin–orbit coupling, and the operator of the
direct spin–spin interaction

Ĥ ′ = h̄−1µBge(�B ·
∑
A

�SA) + h̄−1µB(�B ·
∑
A

�LA)

+h̄−2
∑
A

λA(�LA · �SA) + h̄−2
∑
A

∑
B<A

(�SA · ¯̄D(1)
AB · �SB)

(3.1)

This Hamiltonian is regarded as a perturbation that
yields the first-order and the second-order corrections
to the zero-field and zero-interaction energy. The rele-
vant kets could correspond to the uncoupled basis|K〉 =
|α,LA,MLA, LB,MLB, . . . 〉, whereα includes other degrees
of freedom (e.g. spin). Alternatively, one can write the spin
part explicitly, i.e.|K〉 = |LA,MLA, LB,MLB, . . . 〉|SA,MSA,

SB,MSB, . . . 〉. The ground state is denoted simply as |0〉.
The first−order correction can be rewritten as follows:

(3.2)

where the last two terms vanish assuming the absence of
first-order angular momentum. The second-order correction
contains the matrix elements

(3.3)
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and the orthogonality of the state vectors shows that the
first two terms do not contribute. Then the second-order
correction is

Ĥ(2) = −
∑
K �=0

〈0|Ĥ ′|K〉〈K|Ĥ ′|0〉
EK − E0

= −h̄−2
∑
K �=0

1

EK − E0[
µB �B ·

∑
A

〈0| �LA|K〉 + h̄−1
∑
A

λA�SA · 〈0| �LA|K〉
]

[
µB �B ·

∑
A

〈K| �LA|0〉 + h̄−1
∑
A

λA�SA · 〈K| �LA|0〉
]

(3.4)

which can be rearranged as follows:

Ĥ(2) = −h̄−2
∑
A

∑
B

(µB �B + h̄−1λA�SA)

·
∑
K �=0

〈0| �LA|K〉〈K| �LB|0〉
EK − E0

· (µB �B + h̄−1λB�SB)

(3.5)

By introducing theΛ-tensors (with the given sign con-
vention)

¯̄ΛAB ≡ −h̄−2
∑
K �=0

〈0| �LA|K〉〈K| �LB|0〉
EK − E0

(3.6)

we get the expression

Ĥ(2) =
∑
A

∑
B

(µB �B+h̄−1λA�SA) · ¯̄ΛAB · (µB �B + h̄−1λB�SB)

= �B ·
(∑

A

∑
B

µ2
B

¯̄ΛAB

)
· �B

+h̄−1µB �B ·
(∑

A

∑
B

¯̄ΛABλB

)
· �SB

+h̄−1µB �B ·
(∑

A

∑
B

¯̄ΛABλA

)
· �SA

+h̄−2
∑
A

∑
B

�SA · (λAλB ¯̄ΛAB) · �SB (3.7)

The final spin-Hamiltonian for a polynuclear system be-
comes

ĤS = Ĥ(1) + Ĥ(2)

= −(1/2)(�B · ¯̄κ · �B) + h̄−1µB(�B ·
∑
A

¯̄gA · �SA)

−(1/2)h̄−2
∑
A

∑
B

(�SA · ¯̄5AB · �SB) (3.8)

where the magnetic parameters (tensors) result:

(a) theκ-tensor (reduced, temperature-independent param-
agnetic susceptibility tensor)

−1

2
κ =

(∑
A

∑
B

µ2
B

¯̄ΛAB

)
, (energy× induction−2)

(3.9)

(b) theg-tensors (magnetogyric ratio tensors) as

gA = ge1 + 2
∑
B

¯̄ΛABλB, (dimensionless) (3.10)

(c) theD-tensors (spin–spin interaction tensors) as

−1

2
¯̄D(2)

AB = λAλB
¯̄ΛAB, (energy) (3.11)

∆AB =
[

1 − δA,B

2

]
¯̄D(1)

AB + ¯̄D(2)
AB, (energy) (3.12)

The spin–spin interaction consists of two terms: the

first-order contribution ¯̄D(1)
AB involves the direct spin–spin

operators (that are thought to be small), and the second-order

contribution ¯̄D(2)
AB, which covers the dominatinḡ̄ΛAB tensor

due to spin–orbit coupling.

3.2. Binuclear systems

The spin-Hamiltonian that describes the spin–spin (ex-
change) interaction in a dinuclear system is

ĤAB = −1
2h̄

−2�SA · ¯̄5AB · �SB = h̄−2�SA · ¯̄D′
AB · �SB

(3.13)

The Cartesian spin−spin interaction tensor̄̄D
′
AB (that ab-

sorbs the conventional numerical prefactor−1/2) can
be decomposed into its irreducible components and the
spin-Hamiltonian rewritten as follows

ĤAB = h̄−2[J ′
AB(

�SA · �SB) + �dAB · (�SA × �SB)
+�SA · ¯̄DAB · �SB] (3.14)

Here:

1. the first term represents anisotropic exchange with a
scalar (an exchange coupling constant)

J ′
AB = 1

3(D
′
AB,xx + D′

AB,yy + D′
AB,zz) (3.15)

2. the second term—anantisymmetric exchange with three
parameters forming an antisymmetric vector�dAB =
(dAB,yz, dAB,zx, dAB,xy), i.e.

dAB,ab = 1
2(D

′
AB,ab − D′

AB,ba) = −dAB,ba (3.16)

3. the last term—theasymmetric exchange with five param-
eters forming a traceless symmetric tensor

DAB,ab = 1
2(D

′
AB,ab + D′

AB,ba) − J ′
AB = DAB,ba (3.17)
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The isotropic exchange is met in several sign conventions
and numerical prefactors in front of the scalar product of the
spin operators, e.g.

Ĥ iso
AB = J ′h̄−2(�SA · �SB)

= −Jh̄−2(�SA · �SB) = −2J ′′h̄−2(�SA · �SB) (3.18)

HereafterĤ iso
AB = −Jh̄−2(�SA · �SB) is applied.

The antisymmetric exchange is usually neglected and the
only added contribution is the asymmetric exchange term

Ĥ
asym
AB = h̄−2(�SA · ¯̄DAB · �SB) (3.19)

Then the complete spin-Hamiltonian appropriate for the
ZFS problem in binuclear complexes also contains the local
asymmetry terms

Ĥ
asym
A + Ĥ

asym
B = h̄−2(�SA · ¯̄DA · �SA + �SB · ¯̄DB · �SB)

(3.20)

and on adding the spin Zeeman terms it adopts the form of

Ĥ
spin
AB = Ĥ iso

AB + Ĥ
asym
AB + Ĥ

asym
A + Ĥ

asym
B + ĤZ

A + ĤZ
B

= −JABh̄
−2(�SA · �SB) + h̄−2(�SA · ¯̄DAB · �SB

+�SA · ¯̄DA · �SA + �SB · ¯̄DB · �SB)
+µBh̄

−1�B · ¯̄gA · �SA + µBh̄
−1�B · ¯̄gB · �SB (3.21)

There are two alternative routes that can be followed:

1. In the strong-exchange limit it is assumed that the
isotropic exchange is much larger than the asymmetric
exchange, i.e.|JAB| � |DAB|, |DA|, |DB|. Consequently
the isotropic exchange dominates the energy levels which
are grouped into well-separated blocks. Then the effect
of the asymmetric exchange+ local anisotropy refers to
a small perturbation, whose off-diagonal contributions
could be neglected.

2. In the weak-exchange limit the isotropic exchange, asym-
metric exchange, and the local anisotropy effects inter-
fere strongly and no simplification is permitted. The cou-
pling (as a kind of the unitary transformation) brings no
longer an advantage and can be regarded as redundant.
Then better to work in the basis set of uncoupled spin
functions.

In the strong exchange limit the two local-Zeeman terms
can be combined into a single term

ĤZ = µBh̄
−1�B · ( ¯̄gA · �SA + ¯̄gB · �SB) → µBh̄

−1�B · ¯̄gS · �S
(3.22)

In other words, we seek for the expression of the
molecular-stateg-factor in terms of the localg-factors

¯̄gS = cA ¯̄gA + cB ¯̄gB (3.23)

Analogously, the threeD-terms can be combined into a sin-
gle molecular-state term

Ĥ
asym
S = h̄−2(�SA · ¯̄DAB · �SB + �SA · ¯̄DA · �SA + �SB · ¯̄DB · �SB)

= h̄−2(�S · ¯̄DS · �S) (3.24)

with

¯̄DS = CA
¯̄DA + CB

¯̄DB + CAB
¯̄DAB (3.25)

The combination coefficients (cA, cB, CA,CB,CAB) depend
only upon the spin numbers(SA, SB, S). They fulfill the
relationships

cA + cB = 1 (3.26)

CA + CB + 2CAB = 1 (3.27)

Their values can be generated with explicit formulae pre-
sented elsewhere[33,42]andTable 14offers their compila-
tion.

All the D-tensors involved are symmetric and traceless,
each having five independent components. If we assume
a diagonal form of theD-tensors, the scalar products are
expanded as follows:

�SA · ¯̄D · �SB = DxxŜAxŜBx + DyyŜAyŜBy + DzzŜAzŜBz (3.28)

A diagonal and tracelessD-tensor obeys

Dxx + Dyy + Dzz = 0 (3.29)

and one can proceed with the expression

DxxŜAxŜBx + DyyŜAyŜBy + DzzŜAzŜBz

= 1
3D(3ŜAzŜBz − �SA · �SB) + E(ŜAxŜBx − ŜAyŜBy)

(3.30)

where theaxial zero-field splitting parameter

D = 3
2Dzz (3.31)

and therhombic zero-field splitting parameter

E = 1
2(Dxx − Dyy) (3.32)

have been introduced.
The matrix elements of theD-tensors are then evaluated

according to

〈S′M ′|�SA · ¯̄D · �SB|SM〉
= 1

3D〈S′M ′|3ŜAzŜBz − �SA · �SB|SM〉
+E〈S′M ′|ŜAxŜBx − ŜAyŜBy|SM〉 (3.33)
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Table 14
The g-tensor coefficients,cA, the second-order coefficients,dS , and theD-tensor coefficients,CA, CB, andCAB, in the dinuclear systemsa

SA SB S cA dS CA CB CAB

1/2 1/2 0 1/2 +3/4 0 0 0
1 1/2 −1/4 0 0 1/2

1/2 1 1/2 −1/3 +4/9 0 0 0
3/2 +1/3 −2/9 0 +1/3 +1/3

1/2 3/2 1 −1/4 +5/16 0 +3/2 −1/4
2 +1/4 −3/16 0 +1/2 +1/4

1/2 2 3/2 −1/5 +6/25 0 +7/5 −1/5
5/2 +1/5 −4/25 0 +3/5 +1/5

1/2 5/2 2 −1/6 +7/36 0 +4/3 −1/6
3 +1/6 −5/36 0 +2/3 +1/6

1/2 3 5/2 −1/7 +8/49 0 +9/7 −1/7
7/2 +1/7 −6/49 0 +5/7 +1/7

1/2 7/2 3 −1/8 +9/64 0 +5/4 −1/8
4 +1/8 −7/64 0 +3/4 +1/8

1 1 0 +1/2 +2 0 0 0
1 +1/2 −1/4 −1/2 −1/2 +1
2 +1/2 −1/4 +1/6 +1/6 +1/3

1 3/2 1/2 −2/3 +10/9 0 0 0
3/2 +4/15 −44/225 −4/15 +1/5 +8/15
5/2 +2/5 −6/25 +1/10 +3/10 +3/10

1 2 1 −1/2 +3/4 +1/10 +21/10 −3/5
2 +1/6 −5/36 −1/6 +1/2 +1/3
3 +1/3 −2/9 +1/15 +2/5 +4/15

1 5/2 3/2 −2/5 +14/25 +1/15 +28/15 −7/15
5/2 +4/35 −124/1225 −4/35 +23/35 +8/35
7/2 +2/7 −10/49 +1/21 +10/21 +5/21

1 3 2 −1/3 +9/4 +1/21 +12/7 −8/21
3 +1/12 −11/144 −1/12 +3/4 +1/6
4 +1/4 −3/16 +1/28 +15/28 +3/14

1 7/2 5/2 −2/7 +18/49 +1/28 +45/28 −9/28
7/2 +4/63 −236/3969 −4/63 +17/21 +8/63
9/2 +2/9 −14/81 +1/36 +7/12 +7/36

3/2 3/2 0 1/2 +6 0 0 0
1 1/2 −1/4 −6/5 −6/5 +17/10
2 1/2 −1/4 0 0 +1/2
3 1/2 −1/4 +1/5 +1/5 +3/10

3/2 2 1/2 −1 +2 0 0 0
3/2 +1/5 −4/25 −3/5 0 +4/5
5/2 +13/35 −286/1225 −3/70 +3/14 +29/70
7/2 +3/7 −12/49 +1/7 +2/7 +2/7

3/2 5/2 1 −3/4 +21/16 +3/10 +14/5 −21/20
2 +1/12 −11/144 −5/14 +10/21 +37/84
3 +7/24 −119/576 −1/20 +11/30 +41/120
4 +3/8 −15/64 +3/28 +5/14 +15/56

3/2 3 3/2 −3/5 +24/25 +1/5 +12/5 −4/5
5/2 +1/35 −34/1225 −33/140 +99/140 +37/140
7/2 +5/21 −80/441 −1/21 +10/21 +2/7
9/2 +1/3 −2/9 +1/12 +5/12 +1/4

3/2 7/2 2 −1/2 +3/4 +1/7 +15/7 −9/14
3 0 0 −1/6 +5/6 +1/6
4 +1/5 −4/25 −3/70 +39/70 +17/70
5 +3/10 −21/100 +1/15 +7/15 +7/30

2 2 0 1/2 +15/4 0 0 0
1 1/2 −1/4 −21/10 −21/10 +13/5
2 1/2 −1/4 −3/14 −3/14 +5/7
3 1/2 −1/4 +1/10 +1/10 +2/5
4 1/2 −1/4 +3/14 +3/14 +2/7

2 5/2 1/2 −4/3 +28/9 0 0 0
3/2 +2/15 −26/225 −1/10 −4/15 +17/15
5/2 +12/35 −276/1225 −3/14 +1/10 +39/70
7/2 +26/63 −962/3969 +1/21 +2/9 +23/63
9/2 +4/9 −20/81 +1/6 +5/18 +5/18

2 3 1 −1 +2 +3/5 +18/5 −8/5
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Table 14 (Continued )

SA SB S cA dS CA CB CAB

2 0 0 −4/7 +3/7 +4/7
3 +1/4 −3/16 −11/60 +19/60 +13/30
4 +7/20 −91/400 +3/140 +9/28 +23/70
5 +2/5 −6/25 +2/15 +1/3 +4/15

2 7/2 3/2 −4/5 +36/25 +2/5 +3 −6/5
5/2 −2/35 +74/1225 −51/140 +3/4 +43/140
7/2 +4/21 −68/441 −16/105 +7/15 +12/35
9/2 +10/33 −230/1089 +1/132 +53/132 +13/44
11/2 +4/11 −28/121 +6/55 +21/55 +14/55

5/2 5/2 0 1/2 +35/4 0 0 0
1 1/2 −1/4 −16/5 −16/5 +37/10
2 1/2 −1/4 −10/21 −10/21 +41/42
3 1/2 −1/4 −1/45 −1/45 +47/90
4 1/2 −1/4 +1/7 +1/7 +5/14
5 1/2 −1/4 +2/9 +2/9 +5/18

5/2 3 1/2 −5/3 +40/9 0 0 0
3/2 +1/15 −14/225 −22/15 −3/5 +23/15
5/2 +11/35 −264/1225 −29/70 −3/70 +51/70
7/2 +25/63 −950/3969 −4/63 +1/7 +29/63
9/2 +43/99 −2408/9801 +19/198 +5/22 +67/198
11/2 +5/11 −30/121 +2/11 +3/11 +3/11

5/2 7/2 1 −5/4 +45/16 +1 +9/2 −9/4
2 −1/12 +13/144 −17/21 +5/14 +61/84
3 +5/24 −95/576 −1/3 +1/4 +13/24
4 +13/40 −351/1600 −29/385 +423/1540 1233/3080
5 +23/60 −851/3600 +1/15 +3/10 +19/60
6 +5/12 −35/144 +5/33 +7/22 +35/132

3 3 0 1/2 +12 0 0 0
1 1/2 −1/4 −9/2 −9/2 +5
2 1/2 −1/4 −11/4 −11/4 +9/7
3 1/2 −1/4 −1/6 −1/6 +2/3
4 1/2 −1/4 +9/154 +9/154 +34/77
5 1/2 −1/4 +1/6 +1/6 +1/3
6 1/2 −1/4 +5/22 +5/22 +3/11

3 7/2 1/2 −2 +6 0 0 0
3/2 0 0 −2 −1 +2
5/2 +2/7 −10/49 −9/14 −3/14 +13/14
7/2 +8/21 −104/441 −4/21 +1/21 +4/7
9/2 +14/33 −266/1089 +1/66 +1/6 +9/22
11/2 +64/143 −5056/20449 +18/143 +3/13 +46/143
13/2 +6/13 −42/169 +5/26 +7/26 +7/26

7/2 7/2 0 1/2 +63/4 0 0 0
1 1/2 −1/4 −6 −6 +13/2
2 1/2 −1/4 −8/7 −8/7 +23/14
3 1/2 −1/4 −1/3 −1/3 +5/6
4 1/2 −1/4 −3/77 −3/77 +83/154
5 1/2 −1/4 +4/39 +4/39 +31/78
6 1/2 −1/4 +2/11 +2/11 +7/22
7 1/2 −1/4 +3/13 +3/13 +7/26

a The mean magnetic susceptibility, in terms of the van Vleck formula is

χ̄mol = C0

3T

∑SA+SB
S=|SA−SB |[g

2
SS(S + 1) + 2dS/x](2S + 1)exp(−bSx)∑SA+SB
S=|SA−SB |(2S + 1)exp(−bSx)

with bS = S(S + 1)/2 andx = J/kT.
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The D-tensor, in fact, represents the irreducible second-
rank tensor since it is true that:

�SA · ¯̄D · �SB

=
+2∑

q=−2

(−1)qD2,−q T̂2,q(�SA ⊗ �SB)

= D2,+2 T̂2,−2(�SA ⊗ �SB) − D2,+1 T̂2,−1(�SA ⊗ �SB)
+D2,0 T̂2,0(�SA ⊗ �SB) − D2,−1 T̂2,+1(�SA ⊗ �SB)
+D2,−2 T̂2,+2(�SA ⊗ �SB) (3.34)

where T̂2,q(�SA ⊗ �SB) refers to theq-component of the
second-rank tensor composed of the spin operators. The
Cartesian and spherical components of theD-tensor are
interrelated through the formulae[33,42]

D2,2 = 1
2[(Dxx − Dyy) + i(Dxy + Dyx)]

→ 1
2(Dxx − Dyy) = E (3.35)

D2,1 = −1
2[(Dxz + Dzx) + i(Dyz + Dzy)] → 0 (3.36)

D2,0 = 1√
6
(2Dzz − Dxx − Dyy)

= 1√
6

[3Dzz − (Dxx + Dyy + Dzz)]

→ 3√
6
Dzz = 2√

6
D (3.37)

D2,−1 = 1
2[(Dxz + Dzx) − i(Dyz + Dzy)] → 0 (3.38)

D2,−2 = 1
2[(Dxx − Dyy) − i(Dxy + Dyx)]

→ 1
2(Dxx − Dyy) = E (3.39)

where the simplifications (denoted as→) are obtained for
the traceless diagonalD-tensor.

Fig. 10. Magnetic energy levels in the parallel direction for ferromagnetically coupled systems(J > 0) and positive zero-field splitting parametersD1

and D2. Left—SA = SB = 1/2, right—SA = SB = 1.

Table 15
van Vleck coefficients for the asymmetric exchange in homospin binuclear
systems

Level M ε
(0)
i

b ε
(1)
i,z /(µBgz) ε

(2)
i,x /(µ

2
Bg

2
x)

SA = SB = 1/2
S = 0 0 0 0 0
S = 1 −1 −J + (1/3)D1 −1 0

0 −J − (2/3)D1 0 −1/D1

+1 −J + (1/3)D1 +1 +1/D1

SA = SB = 1, as above plus new group
S = 2a ±2 −3J + 2D2 ±2 +(1/3)/D2

±1 −3J − D2 ±1 +(7/6)/D2

0 −3J − 2D2 0 −3/D2

SA = SB = 3/2, as above plus new group
S = 3a ±3 −6J + 5D3 ±3 +(3/10)/D3

±2 −6J ±2 +(8/15)/D3

±1 −6J − 3D3 ±1 +(13/6)/D3

0 −6J − 4D3 0 −6D3

SA = SB = 2, as above plus new group
S = 4a ±4 −10J + (28/3)D4 ±4 +(2/7)/D4

±3 −10J + (7/3)D4 ±3 +(29/70)/D4

±2 −10J − (8/3)D4 ±2 +(4/5)/D4

±1 −10J − (17/3)D4 ±1 +(7/2)/D4

0 −10J − (20/3)D4 0 −10/D4

SA = SB = 5/2, as above plus new group
S = 5a ±5 −15J + 15D5 ±5 +(5/18)/D5

±4 −15J + 6D5 ±4 +(23/63)/D5

±3 −15J − D5 ±3 +(39/70)/D5

±2 −15J − 6D5 ±2 +(17/15)/D5

±1 −15J − 9D5 ±1 +(31/6)/D5

0 −15J − 10D5 0 −15/D5

a Perturbation formula is used to get the approximate eigenvalues.
b The energy levels can be arbitrarily shifted.

In order to obtain the van Vleck coefficients the procedure
outlined inSection 2.3is applicable and the results are com-
piled inTable 15. Table 16lists a few closed formulae based
upon the van Vleck coefficients. The final energy levels are
sketched inFig. 10. The modeling of the product functions
is shown inFigs. 11 and 12. Notice, all these presentations
refer to the strong-exchange limit.
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Table 16
Formulae for the magnetic susceptibility in homospin-binuclear complexes
with asymmetric exchange in the strong-exchange limit

For SA = SB = 1/2: A = exp(J/kT), B = exp[(1/3)D1/kT]

χz = C0g
2
z

(TZ0)
2(A1B−1)

χx = C0g
2
x

Z0(D1/k)
2A1(−B−1 + B2)

Z0 = 1 + 2A1(B−1 + B2)

For SA = SB = 1: A = exp(J/kT), B = exp[(1/3)D1/kT],
C = exp(D2/kT)

χz = C0g
2
z

(TZ0)
2(A1B−1 + 4A3C−2 + A3C1)

χx = C0g
2
x

Z0(D1/k)
2A1(−B−1 + B2) +

C0g
2
x

Z0(D2/k)
A3

[
−
(

4

3

)
C−2 −

(
14

3

)
C1 + 6C2

]
Z0 = 1 + 2A1(B−1 + B2) + 2A3(C−2 + C1 + C2)

For other spinsSA = SB

χz = C0g
2
z

TZ0

SA+SB∑
S=0

+S∑
M=−S

M2 exp

(−ε
(0)
S,M

kT

)

χx = C0g
2
x

TZ0

SA+SB∑
S=0

+S∑
M=−S

M2 + S(S + 1)

2(4M2 − 1)DS

exp

(−ε
(0)
S,M

kT

)

Z0 = ∑SA+SB
S=0

∑+S
M=−Sexp

(−ε
(0)
S,M

kT

)

ε
(0)
S,M = − 1

2JS(S + 1) + DS [M2 − 1
3S(S + 1)]

3.3. Trinuclear systems

For trinuclear systems, in the strong-exchange limit, the
molecular–stateg-tensor andD-tensor are defined as

¯̄gS = c1 ¯̄g1 + c2 ¯̄g2 + c3 ¯̄g3 (3.40)

¯̄DS =C1
¯̄D1 + C2

¯̄D2 + C3
¯̄D3 + C12

¯̄D12

+C13
¯̄D13 + C23

¯̄D23 (3.41)

where the combination coefficients depend upon the spin
numbers (S1, S2, S3, S12, S), including the intermediate

Fig. 11. Temperature dependence of the product function for a ferro-
magnetically coupled dimer withSA = SB = 1/2, J/k = +100 K,
g‖ = g⊥ = 2.0; χ‖T—long dashed,χ⊥T—short dashed,χavT—solid.

Fig. 12. Temperature dependence of the product function for a fer-
romagnetically coupled dimer withSA = SB = 1, J/k = +100 K,
g‖ = g⊥ = 2.0; χ‖T—long dashed,χ⊥T—short dashed,χavT—solid.

states, and fulfill the relationships

c1 + c2 + c3 = 1 (3.42)

C1 + C2 + C3 + 2C12 + 2C13 + 2C23 = 1 (3.43)

The evaluation of the matrix elements of the spin-
Hamiltonian

Hij = 〈S1S2S
′
12S3S

′M ′|ĤS |S1S2S12S3SM〉 (3.44)

is a complex task and the best way is to use irreducible tensor
algebra. The final interaction matrix takes a band structure
where each band is accompanied by some sub-bands[33,42].

In the case ofS′ = S and S′
12 = S12 the combination

coefficients for the triple can be obtained through recurrence
relationships yielding

¯̄DS =C1(S12S3S)C1(S1S2S12)
¯̄D1

+C1(S12S3S)C2(S1S2S12)
¯̄D2

+C1(S12S3S)C12(S1S2S12)
¯̄D12 + C2(S12S3S)

¯̄D3

+C12(S12S3S)c1(S1S2S12)
¯̄D13

+C12(S12S3S)c2(S1S2S12)
¯̄D23 (3.45)

which implies that the triad-combination coefficients can
be composed of the pair-combination coefficients as shown

Table 17
Recurrence formulae for evaluating the combination coefficients ofg- and
D-tensors for a trinuclear clustera

(a) Combination coefficients of theg-tensors
c1(S1S2S12S3S) = c1(S12S3S)c1(S1S2S12)

c2(S1S2S12S3S) = c1(S12S3S)c2(S1S2S12)

c3(S1S2S12S3S) = c2(S12S3S)

(b) Combination coefficients of the localD-tensors
C1(S1S2S12S3S) = C1(S12S3S)C1(S1S2S12)

C2(S1S2S12S3S) = C1(S12S3S)C2(S1S2S12)

C3(S1S2S12S3S) = C2(S12S3S)

(c) Combination coefficients of the pair-interactionD-tensors
C12(S1S2S12S3S) = C1(S12S3S)C12(S1S2S12)

C13(S1S2S12S3S) = C12(S12S3S)c1(S1S2S12)

C23(S1S2S12S3S) = C12(S12S3S)c2(S1S2S12)

a Combination coefficients for the dinuclear systems are collected in
Table 14.
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Table 18
Recurrence formulae for evaluating the combination coefficients of
molecular-stateg- and D-tensors for a general tetrad[42]a

(a) Combination coefficients of theg-tensors
c1(S1S2S12S3S4S34S) = c1(S12S34S)c1(S1S2S12)

c2(S1S2S12S3S4S34S) = c1(S12S34S)c2(S1S2S12)

c3(S1S2S12S3S4S34S) = c2(S12S34S)c1(S3S4S34)

c4(S1S2S12S3S4S34S) = c2(S12S34S)c2(S3S4S34)

(b) Combination coefficients of the localD-tensors
C1(S1S2S12S3S4S34S) = C1(S12S34S)C1(S1S2S12)

C2(S1S2S12S3S4S34S) = C1(S12S34S)C2(S1S2S12)

C3(S1S2S12S3S4S34S) = C2(S12S34S)C1(S3S4S34)

C4(S1S2S12S3S4S34S) = C2(S12S34S)C2(S3S4S34)

(c) Combination coefficients of the pair-interactionD-tensors
C12(S1S2S12S3S4S34S) = C1(S12S34S)C12(S1S2S12)

C34(S1S2S12S3S4S34S) = C2(S12S34S)C12(S3S4S34)

C13(S1S2S12S3S4S34S) = C12(S12S34S)c1(S1S2S12)c1(S3S4S34)

C14(S1S2S12S3S4S34S) = C12(S12S34S)c1(S1S2S12)c2(S3S4S34)

C23(S1S2S12S3S4S34S) = C12(S12S34S)c2(S1S2S12)c1(S3S4S34)

C24(S1S2S12S3S4S34S) = C12(S12S34S)c2(S1S2S12)c2(S3S4S34)

a Combination coefficients for the dinuclear systems are collected in
Table 14.

in Table 17. Analogous relationships exist for tetranuclear
clusters as shown byTable 18.

The simplest trinuclear systems is a triangle formed of
spinsS1 = S2 = S3 = 1/2. The structure of the asymmetric
exchange matrix is[33]

(3.46)

where “a” through “e” mean individual types of the reduced
matrix elements and the subscript the degree of the corre-
sponding 3j-symbol occurring in the Wigner–Eckart theo-
rem. In the limit of the strong exchange coupling (J-large)
the matrix elements of the d- and e-type are neglected. The
molecular-stateD-tensors are composed with the help of
Tables 17 and 14. Since the localD-tensors forSi = 1/2 all
vanish, the only contribution arises from the pair-interaction
D-tensors with

D3/2 = 3
2D3/2,zz = 3

2 · 1
2DAB.zz (3.47)

E3/2 = 1
2(D3/2,xx − D3/2,yy) = 1

2 · 1
2(DAB.xx − DAB,yy)

(3.48)

After the evaluation of the matrix elements one gets the
contribution of the asymmetric exchange in the form pre-
sented inTable 19.

Also the Zeeman matrix adopts a complex structure

(3.49)

and it requires the evaluation of the molecular−state
g−tensors with the help ofTables 17 and 14where we
assumed identical localg-tensors¯̄gA (which does not nec-
essarily be fulfilled). The remainingg−tensors (̄̄g

′
(c; d) =

¯̄g1 − ¯̄g2 and ¯̄g′′
(c) = ¯̄g2 − ¯̄g3) vanish as well in this particu-

lar case since they are introduced through the difference of
the local ones.

The eigenvalues can be easily obtained by assuming no
rhombic anisotropy (i.e.,E3/2 = 0) and no general triangle
(i.e.,B1/2 = 0, which is equivalent toJ13 = J23):

(1) In thez-direction
(a) the block forS = 3/2 is already diagonal and it

yields eigenvalues indicating a ZFS similar to the
case of mononuclear complexes;

(b) the two sub-blocks forS = 1/2 are also diagonal;
they become degenerate forA1/2 = A′

1/2 (an equi-
lateral triangle).

(2) In thex-direction
(a) the sub-block forS = 3/2 reduces to the standard

treatment for the ZFS. There are two degenerate lev-
els (H(0)

ii = A3/2−D3/2) coupled by an off-diagonal
element (Hij = µBBgA,x) so that the first-order per-
turbation theory is applied first and after solving
the corresponding secular determinant the first-order
energies are obtained:ε(1)i = ±µBBgA,x. Then the
second-order perturbation theory is used for all four
energy levels.

(b) the two sub-blocks forS = 1/2 are solved sepa-
rately yielding only the first-order van Vleck coef-
ficients (Table 20).

Having determined the van Vleck coefficients, one can
then apply the van Vleck formula for the parallel and the per-
pendicular components of the magnetic susceptibility, hence
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Table 19
Matrix elements of the spin-Hamiltonian for theS1 = S2 = S3 = 1/2 triada

Isotropic exchange

A3/2 = − 1
4J12 − 1

4(J13 + J23) → − 1
4J − 1

2J
′

A1/2 = − 1
4J12 + 1

2(J13 + J23) → − 1
4J + J ′

A′
1/2 = + 3

4J12 → 3
4J

B1/2 = − 1
4

√
3(J23 − J13) → 0

Asymmetric exchange

¯̄D(a3/2) ≡ ¯̄DS=3/2 = 1
6

¯̄D12 + 1
6

¯̄D13 + 1
6

¯̄D23 = 1
2

¯̄DAB

¯̄D(a1/2) ≡ ¯̄DS=1/2,S′
12=1,S12=1 = 0

¯̄D(a′
1/2) ≡ ¯̄DS=1/2,S′

12=0,S12=0 = 0
¯̄D(b1/2) ≡ ¯̄DS=1/2,S′

12=0,S12=1 = 0

Zeemanz-term:

¯̄g(a3/2) ≡ ¯̄gS=3/2 = 1
3(

¯̄g1 + ¯̄g2 + ¯̄g3) → ¯̄gA
¯̄g(a1/2) ≡ ¯̄gS=1/2,S′

12=S12=1 = 1
3(2

¯̄g1 + 2¯̄g2 − ¯̄g3) → ¯̄gA

Zeemanx-term

¯̄g(a′
1/2) ≡ ¯̄gS=1/2,S′

12=S12=0 = 0 · ¯̄g1 + 0 · ¯̄g2 + 1 · ¯̄g3 → ¯̄gA
¯̄g(b1/2) ≡ ¯̄gS=1/2,S′

12=0,S12=1 = 1
3(−

√
3 · ¯̄g1 + √

3 · ¯̄g2 + 0 · ¯̄g3) → 0

Zeemany-term (complex-Hermitean)

¯̄g′
(c; d) = ¯̄g1 − ¯̄g2 → 0

¯̄g′′
(c) = ¯̄g2 − ¯̄g3 → 0

a Only the upper triangle of the symmetric matrices is shown (→ means a passage from a general to the isosceles triangle).
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Table 20
van Vleck coefficients for the isosceles triangle (J12 = J andJ13 = J23 =
J ′) with S1 = S2 = S3 = 1/2

i ε
(0)
i ε

(1)
i,z /(µBgA,z) ε

(1)
i,x /(µBgA,x) ε

(2)
i,x /(µBgA,x)

2

1 A3/2 + D3/2 +(3/2) – +(3/8)/D3/2

2 A3/2 − D3/2 +(1/2) +1 −(3/8)/D3/2

3 A3/2 − D3/2 −(1/2) −1 −(3/8)/D3/2

4 A3/2 + D3/2 −(3/2) – +(3/8)/D3/2

5 A1/2 +(1/2) +(1/2) –
6 A′

1/2 +(1/2) +(1/2) –
7 A1/2 −(1/2) −(1/2) –
8 A′

1/2 −(1/2) −(1/2) –

χz = NAµ0µ
2
B

k

g2
A,z

T

2

Z0

1

4

{
9 exp

[−A3/2 − D3/2

kT

]

+ exp

[−A3/2 + D3/2

kT

]
+ exp

[−A1/2

kT

]

+exp

[−A′
1/2

kT

]}
(3.50)

χx = NAµ0µ
2
B

k

g2
A,x

T

2

Z0

1

4

{
−
(

3

x

)
exp

[−A3/2 − D3/2

kT

]

+
[
4 +

(
3

x

)]
exp

[−A3/2 + D3/2

kT

]

+exp

[−A1/2

kT

]
+ exp

[−A′
1/2

kT

]}
(3.51)

where

Z0 = 2

{
exp

[−A3/2 − D3/2

kT

]
+ exp

[−A3/2 + D3/2

kT

]

+exp

[−A1/2

kT

]
+ exp

[−A′
1/2

kT

]}
(3.52)

x = D3/2

kT
(3.53)

Fig. 13. Temperature variation of the product functions for an isosceles triangle withS1 = S2 = S3 = 1/2 including asymmetric exchange:gA = 2.0,
J/k = 50 K, J ′/k = 25 K, solid—χavT ; dotted—pure isotropic exchange(D = 0).

The corresponding plots are shown inFig. 13for the op-
posite sign of theD-parameter. It is worth noting that the av-
eraged product function (or the effective magnetic moment)
is absolutely insensitive to the sign of theD-parameter. This
effect originates in the values of the second-order van Vleck
coefficients in this particular case (an analogous situation
has been met for the mononuclearS = 3/2 system). The net
effect of the axial asymmetry parameter is also seen from
Fig. 13 where, for comparison, the case of the pure ferro-
magnetic isotropic exchange is also included. The upturn of
the product function and/or effective magnetic moment on
the lowering of temperature is due to the depopulation of
the magnetically productive|3/2,±3/2〉 state.

The effect of the axial asymmetry is less pronounced for
the case of the antiferromagnetic exchange coupling as seen
from Fig. 14. For such a situation it is risky to determine
theD-values from the susceptibility data alone.

The most important messages of this theoretical section
are summarized as follows:

1. For binuclear and polynuclear magnetoactive systems the
exchange interaction of the local spins should be con-
sidered. This consists of the isotropic part (theJAB con-
stants) and the asymmetric part (theDAB constants). The
DAB constants refer to the pair-wise axial ZFS parame-
ters.

2. There are some other interactions which are usually ne-
glected: the pair-wise rhombic ZFS parameters (EAB) the
antisymmetric exchange and the biquadratic exchange.
In some cases also the double exchange occurs[33].

3. Each magnetic centre contributes to the spin-Hamiltonian
by its local axial ZFS parameter (DA) and the local mag-
netogyric tensorgA taken in the diagonal form (gAx, gAy,
gAz). The local rhombic ZFS parameter (EA) is usually
neglected.

4. Spin-Hamiltonian formalism for polynuclear systems
says that thegA-components are shifted from the

spin-only value ofge by the local ¯̄ΛAA and all pair-wise
¯̄ΛAB components of the angular momentum unquenching
tensor—seeEq. (3.10). At the same time theseE-tensor
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Fig. 14. Temperature variation of the product functions for an isosceles triangle withS1 = S2 = S3 = 1/2 including asymmetric exchange:gA = 2.0,
J/k = 50 K, J ′/k = −25 K.

components enter the local and pair-wise components
of the D-tensor—Eq. (3.11). This means that the (gAz,
gAx, gBz, gBx) set is constrained with (DA, DB, DAB)
set throughΛAAz, ΛABz, ΛBBz, ΛAAx, ΛABx, ΛBBx. In
the other words, with non-zeroDA, the pairgAz andgAx
should be split. Such a constraint is, as a rule, overlooked.

5. The strong exchange limit (when|JAB| � |DAB|,
|DA|, |DB|) can be treated by combining the local and
pair-interaction tensors into the molecular-state tensors
¯̄gS and ¯̄DS using, for instance,Eqs. (3.23) and (3.25)
for a binuclear system. Then the effect of the asym-
metric exchange+ local anisotropy refers to a small
perturbation with respect to the isotropic exchange. The
level-splitting for eachS-multiplet is analogous to the
mononuclear systems.

6. In the weak-exchange limit the isotropic exchange, asym-
metric exchange, and the local anisotropy effects strongly
interfere. The level-splitting needs be evaluated by the
diagonalization of the interaction matrix.

7. For ferromagnetically coupled systems the effect of the
ZFS can be well determined from the low-temperature
data of the magnetic susceptibility. For antiferromagnet-
ically coupled systems this effect superimposes the de-
crease of the magnetic susceptibility on temperature low-
ering.

4. Experimental data on ZFS

4.1. Data analysis

Several experimental techniques allow one to measure the
ZFS parameters (D, E, a, F) directly: (a) magnetic suscep-
tibility measurements on single crystals, (b) magnetization
measurements, (c) calorimetric measurements on Schottky
anomalies, (d) electron spin resonance, (e) magnetic circular
dichroism, (f) far infrared spectroscopy, (g) inelastic neutron
scattering.

The two ZFS parameters (D andE) are a measure of the
magnetic anisotropy. WhenE = 0, thex- andy-directions

are equivalent. Also, when theD-parameter vanishes, the
system becomes isotropic and is well modeled by a Curie
paramagnet (its magnetization is reproduced by the Brillouin
function and the magnetic susceptibility follows the Curie
law).

In terms of the spin-Hamiltonian the set of magnetic pa-
rameters (gx, gy, gz, D, E andχTIP) are interrelated through
the Λ-tensor components (the sign convention is impor-
tant hereafter) as compiled inTable 3. Thus theΛ-tensor
represents a more fundamental magnetic quantity. The
D-parameter

D ∼ λ ∼ (5E0→K)
−1 ∼ κ〈0| �L|K〉 (4.1)

could increase in the following circumstances:

(i) the spin–orbit coupling constantξd entering the
spin–orbit splitting parameterλ = ±ξd/2S increases
with the proton number;

(ii) the spin value entering the splitting parameterλ =
±ξd/2S is small, e.g.S = 1;

(iii) the Λ-tensor components are rather big owing to the
synergy effect of the ligand field asymmetry;

(iv) the d-d transition energies entering the denominator of
the Λ-tensor components are rather small (less than
10 000 cm−1);

(v) the covalency is small so that the orbital reduction fac-
tor κ → 1;

(vi) asymmetry of the covalency is large, i.e.κ‖ �= κ⊥.

With the conditionΛzz < Exx the angular momentum
distribution can be represented through an oblate ellipsoid
giving rise to a positiveD-parameter; while in the reverse
case ofΛzz > Λxx a prolate ellipsoid matches the angular
momentum distribution and consequentlyD < 0 applies.

The interpretation of the recorded data (temperature de-
pendence of the magnetic susceptibility measured at low
fields) is usually done within thespin-Hamiltonian formal-
ism

Ĥa = h̄−2D(Ŝ2
z − 1

3Ŝ
2) + h̄−2E(Ŝ2

x − Ŝ2
y) + h̄−1gaµBBŜa

(4.2)
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(for Cartesian componentsa = x, y, z) as reviewed in
Section 2. In this way, the free parameters fixed by the
optimization routine are:D, gz, (synonym for the paral-
lel componentg‖) and gx (synonym for the perpendicular
componentg⊥). Rarely theE-parameter is also determined
(very exceptionally alsogy) using the magnetic data. Some-
times the correction to the molecular field created by the
nearest neighbors(zj) is applied in the form

Ĥ = Ĥzfs − (zj)h̄−1〈Sz〉Ŝz (4.3)

(the convention for the numerical prefactor−1 is important
as commonly−2 is also applied). This leads to the formula
for the corrected magnetic susceptibility

χcor = χav

(1 − Z · χav)
(4.4)

where

Z = zj

(NAµ0µ
2
B/k)g

2
av

(4.5)

The average is usually as simple as

χav = 1
3(χx + χy + χz) (4.6)

but a more advanced powder average can also be applied.
The fitting procedure can be based on a more general

spin-Hamiltonian that utilizes the operator equivalent ap-
proach, where in addition to the usual bilinear ZFS the bi-
quadratic ZFS correction is also considered.

The value of the ZFS energy can be read off directly by
knowing the lowest energy levels of the system. The calcu-
lation can be performed at different levels of sophistication:

(a) by utilizing the crystal field theory as outlined by König
and Kremer[68,69],

Fig. 15. Modeling the molar magnetic susceptibility for ZFS systems (E = 0); top panel:D/k = 20 K; bottom panel:D/k = −20 K; parallel component
(χ‖)—dot-dashed, perpendicular component (χ⊥)—short dashed, and the average (χav)—solid.

(b) within the angular overlap model of Gerloch and Slade
[71,72].

Having the energy levels reconstructed (by an appropriate
parametrization) calculation of the magnetization, magnetic
susceptibility and the heat capacity proceeds through the
partition function.

4.2. Magnetic susceptibility

A modeling of the temperature variation of the magnetic
susceptibility components for a set of spins is shown in
Fig. 15. The following observations can be withdrawn.

1. With D-positive:

(a) The parallel components approach zero forS = 1
andS = 2. This happens because the ground state is
then non-magnetic,|S,MS = 0〉.

(b) For S = 3/2 and S = 5/2 the ground state is a
Kramers doublet|S,MS = ±1/2〉. With decrease in
temperature, the magnetically more productive states
|S,MS = ±3/2〉 and eventually|S = 5/2, MS =
±5/2〉 are depopulated and thus the parallel suscep-
tibility tends to reach a plateau. However, at a low
enough temperature the|S,MS = +1/2〉 state also
becomes depopulated so that the only remaining con-
tributing level is|S,MS = −1/2〉 which is now sat-
urated. The parallel susceptibility rises abruptly.

(c) The perpendicular component increases rapidly on
cooling because the ground level possesses a large
negative 2nd-order van Vleck coefficient in (2.29),
i.e. ε(2)ground/(µ

2
Bg

2
x) = −3/8D, −3/D and−1/D for

S = 3/2, 2, and 5/2 (seeTable 5).
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Fig. 16. Modeling of the susceptibility anisotropy: solid—D/k = 20 K; dashed—D/k = −20 K.

(d) Consequently the averaged susceptibility follows the
Curie-Weiss law (the negative Weiss constant ac-
counts for theD-parameter).

2. With D-negative:
(e) The ground state is always a Kramers doublet with

the maximum spin projection,|S,MS = ±S〉. There-
fore, the parallel susceptibility on cooling increases
rapidly and is not influenced by the depopulation of
the magnetically less productive states.

(f) The perpendicular energy levels possess small
positive the 2nd-order van Vleck coefficients in
Eq. (2.29), i.e. ε(2)ground/(µ

2
Bg

2
x) = +3/8D, +(1/3)D

and+(5/16)D for S = 3/2, 2, and 5/2 (seeTable 5).
The corresponding susceptibility component on
cooling reaches a plateau.

The measurements of the susceptibility anisotropy
∆χ = χ‖ − χ⊥ (4.7)

clearly distinguishes between the signs of theD-parameter at
relatively high temperature as modeled atFig. 16. The defi-

Table 21
ZFS parameters based upon the single-crystal susceptibility data

System Experimental Magnetic parameters (cm−1) Reference

[C(NH2)3]V III (SO4)2·6H2O, S = 1 T = 1.5–20 K D = 3.74, gz = 1.94, gx = 1.66 [74,75] Y
Cs3VIII Cl6·4H2O, S = 1 T = 1.5–20 K D = 8.05, gz = 1.93, gx = 1.74 [76] Y
[VIII (urea)6]I 3, S = 1 T = 1.5–300 K B0

2 = −162,B0
4 = −99, B3

4 = 2595,� = 45,
λ/λ0 = 0.43, κ = 0.40; D* = 5.86

[77] O

T = 80–300 K λ = 45, 5 = 450, κ = 0.50 [77] O
[CrIII (NH3)6](ClO4)2Br·CsBr, S = 3/2 T = 0.04–4.2 K D = 0.18, gz = 1.985,gx = 1.995,zj = −0.049 [78] #N
[MnIII (TPP)Cl]·2C6H6, cn = 5, S = 2 T = 80–300 K D = −2.3, g = 2 [79] O
[MnIII (TPP)Cl(py)]·C6H6, S = 2 T = 80–300 K D = −3.0, g = 2 [79] O
[FeIII (TPP)Cl], cn= 5, S = 5/2 T = 80–300 K D = 5.9, g = 2 [80] O
[FeIII (acac)3], S = 5/2 T = 80–300 K D = −0.11 [81] O
K3[FeIII (ox)3]·3H2O, S = 5/2 T = 80–300 K D = −0.55 [81] O
HgCoII (NCS)4, cn = 4, S = 3/2 T = 1.7–300 K,B = 0.5 T D(z) = +10.2,

gz = 2.168,D(x) = +10.8,
gx = 2.251,zj = −0.19

[82] #Y

[Ni II (pyO)6](ClO4)2, S = 1 T = 1.5–20 K D = +4.35,gz = 2.32,gx = 2.33, zj = −2.08 [83] #Y
[Ni II (pyO)6](NO3)2, S = 1 D = +3.95,gz = 2.25,gx = 2.29 [84] Y
[Ni II (H2O)6]SO4, S = 1 T = 0.4–4.2 K,B = 0–9 T D = +4.74,gz = 2.216,gx = 2.249 [85] Y
[Ni II (H2O)6][SnCl6], S = 1 T = 0.35–4.2 K,

M(B → 4 T, T = 1.3–4.2 K)
D = 0.45, g = 2.25 [86] O

NiII Cl2.4H2O, S = 1 T = 1.5–20 K D = −7.99, E = 0.07, g = 2.28, zj = −7.30 [87] #O

General notes: The symbol ‘#’ shows that a different definition of theJ-parameter has been applied in the original source whereas here−zj and/or−J
constants precede the spin operators; the coordination number (cn) is displayed when different from 6. The consistency criterionD/λ = (gz − gx)/2:
Y—fulfilled, N—violated, O—cannot be judged.

nition of the local coordinate system at which the magnetic
parameters, theg- and theD-tensor, are evaluated, however,
remains a bit questionable. It is frequently assumed that their
principal axes coincide and, moreover, that they are repre-
sented by the crystal directions:z- or l‖ = (0 0 1).

The magnetic anisotropy measurements on oriented
single crystals are capable of directly distinguishing
the parallel and the perpendicular magnetic susceptibil-
ities [73]. Such measurements were done, for instance,
for [C(NH2)3]V(SO4)2·6H2O salt between 1.5 and 20 K
[74,75]. It was found that on lowering the temperature,
the perpendicular component of the magnetic susceptibility
increases whereas the parallel component passes through a
maximum at ca 4 K and then approaches zero. Such a sit-
uation indicates thatD > 0. Some more experimental data
are collected inTable 21.

These data show rather moderate values of the axial ZFS
parameter bracketed with the interval of ca.D = ±10 cm−1.
With the exception of HgCoII (NCS)4 the complexes listed
are hexa- (penta-) coordinate. In terms of the formal pertur-
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Table 22
ZFS parameters (cm−1) based upon the powder susceptibility data for Ni(II) compounds,S = 1

System Experimental D E gz gx Other Reference

[Ni(iz)4(κ1:ac)2] T = 4.2–140 K,BAC ≈ 0,
M(B → 6 T, T = 4.3 K)

−22.34 2.181 2.039 [101] Y

[Ni(dmiz)2(κ2:ac)2] T = 4.2–140 K,BAC ≈ 0 −9.94 2.263 2.175 [102] Y
Ni(dien)(mea)Ni(CN)4,

chain structure
T = 4.2–140 K,BAC ≈ 0 −6.98 2.145 2.101 [103] Y

[Ni(terpy)2](PF6)2 T = 1.5–250 K,B = 0.5 → 5.5 T −6.10 0.12 2.095 [104] O
M(B → 5 T, T = 1.9 K) −6.25 2.15 [104] O

[Ni(aepn)2]Ni(CN)4·H2O T = 4.2–140 K,BAC ≈ 0 −1.90 2.156 2.144 [103] Y
+1.77 2.140 2.151

[Ni(tren)(NCS)2], Si = 1 T = 4.2–289 K −0.76 2.181 zj, −1.52 [160] #O
[Ni(bipy)3]Cl2·5.5H2O T = 2–300 K Small 2.12 [105] O
[Ni(teta)(µ-N(CN)2)]·(ClO4),

chain structure
T = 4.2–40 K,BAC ≈ 0 Small 2.066 Jchain, 0 [106] O

[Ni(iz)2(µ-NCS)2], chain structure T = 2–290 K,B = 1 T 0.2 2.18 Jchain, 8 [107] #O
Ni(tn)2Ag2(CN)4, chain

structureS(AgI ) = 0
T = 2–10 K, B = 0.1 T; 2.36 2.11 [108] O

2.33 0.52 2.11 Jchain, 0 [108] O
M(B → 5 T, T = 2 K) −1.77 0.97 2.11 Jchain, 0 [108] O

[Ni(NH3)4(NO2)2] T = 2–300 K 2.18 [88]
M(B → 5 T, T = 4.2 K) <2 2.18 zj, −5.4 [89] #

Ni(NO3)2·6H2O T = 1.5–20 K 4.46 1.13 2.25 zj, −0.43 [109] O
[Ni{L15

NNNSSS}ZnCl] S(ZnII ) = 0 T = 2–300 K 4.9 2.2 [110] O
Ni(en)2Ni(CN)4 chain structure T = 0.05–20 K,M(B →

6 T, T = 4.27 K)
6.6 2.24 Jchain, −0.06 [111] O

[Ni(pz)4Br2] T = 2–30 K, B = 0.5 T 5.5 2.12 2.20 [112] Y
[Ni(pz)4Cl2] T = 2–30 K, B = 0.5 T 7.2 2.14 2.21 [112] Y
[Ni(mpz)4I2] T = 2–80 K, B = 0.5 T

M(B → 5.2 T)
2.5 2.16 2.13 0.60 [114] N

[Ni(mpz)4Br2] T = 2–80 K, B = 0.5 T,
M(B → 5.2 T)

5.3 2.16 2.13 0.65 [114] N

[Ni(mpz)4Cl2] T = 2–80 K, B = 0.5 T,
M(B → 5.2 T)

7.4 2.19 2.13 0.85 [114] N

[Ni{L6
NNOO}2(H2O)2] T = 2–160 K,B = 0.1 T +9.47 1.54 2.067 2.125

gy, 2.145
zj, −2.03 [113] Y

D∗ ξ κ a

[Ni(py)4Cl2] T = 4.3–300 K 4.8 480 0.74 [115] O
[Ni(py)4Br2] T = 4.3–300 K 6.9 475 0.90 [115]
[Ni(pz)4Cl2] T = 4.3–300 K 7.7 540 0.95 [115]
[Ni(pz)4Br2] T = 4.3–300 K 6.0 420 0.90 [115]
[Ni(miz)4Cl]Cl, cn = 5 T = 4.3–300 K 11.0 400 0.95 Jchain, −2.2 [115] #
[Ni(miz)4Br]Br, cn = 5 T = 4.3–300 K 8.2 380 0.85 Jchain, −2.6 [115] #
[Ni(en)2(NO2)2] T = 4.3–300 K −1.6 550 0.90 Jdim, 0.9 [115] #

cn = 4 or 10 D gz gx

Ni(azurin), cn= 4 T = 5–120 K,B = 0.1 T 17.7 1.98 [116] O
[Ni{L1

NNSS}], cn = 4 T = 4.2–300 K,B = 1 T 36 2.09 [117] O
[Ni{L2

NNSS}], cn = 4 T = 4.2–300 K,B = 1 T 53 2.09 [117] O
[Ni(Cp)2], cn = 10 T = 4.2–200 K 33.6 2.00 2.11 [118] Y

General notes: The symbol ‘#’ marks that a different definition of theJ-parameter has been applied in the original source whereas here−zj and/or−J
constants precede the spin operators; the coordination number (cn) is displayed when different from 6. The consistency criterionD/λ = (gz − gx)/2:
Y—fulfilled, N—violated, O—cannot be judged.D∗ refers to the difference of the lowest energy levels.

a AOM parameters optimized to electron spectra.

bation theory theg-factor asymmetry should be consistent
with the sign of theD-parameter as the simple PT theory
says

D = 1
2λ(gz − gx) (4.8)

With one exception this prediction is fulfilled.
The magnetic susceptibility measurements on powder

samples where theD-values have been reported are reviewed

Table 23
SelectedD-values for Ni(II) complexes

Compound Cl Br I Reference

[Ni(pz)4X2] 7.2 5.5 [112]
[Ni(mpz)4X2] 7.4 5.3 2.5 [114]
[Ni(py)4X2] 4.8 6.9 [115], D∗
[Ni(pz)4X2] 7.7 6.0 [115], D∗
[Ni(miz)4X]X 11.0 8.2 [115], D∗
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Table 24
ZFS parameters based upon the powder susceptibility data for Mn(III) compounds,S = 2

System Experimental D gz gx Jdim Reference

cn = 6
[Mn(acac)3] T = 2–20 K, B = 0.1 T +3.1 2 [119]
[Mn(trop)3] T = 2–20 K, B = 0.1 T −2.6 2 −0.18 [119]
Na5[Mn(tar)2(H2O)2]·9H2O T = 1.3–26 K −3.5 1.96 1.99 [120]
[Mn(dedtc)3] T = 4.2–300 K,B = 0.3 T Small [121]
[Mn(sal-N-Ph)3] T = 4.2–300 K,B = 1 T,

M(B → 5 T, T = 4.2–20 K)
−2.1 1.99 0 [122] #

[Mn(sal-N-Benz)3] T = 4.2–300 K,B = 1 T,
M(B → 5 T, T = 4.2–20 K)

−2.6 1.99 −0.16 [122] #

[Mn(salen)SCN], cn= 6, assumed dimer T = 4.2–300 K,B = 1 T −3.8 1.97 −0.88 [122] #
[Mn(salen)Br], cn= 6, assumed dimer T = 4.2–300 K,B = 1 T −1.0 1.95 −3.68 [122] #
[Mn(TPP)(miz)2]ClO4·THF T= 1.2–300 K,M(B → 1.5 T, T = 4.2 K) −2.5 2.00 [123]
[Mn(TPP)Cl(py)].C6H6 T= 4–300 K −3.5 2.00 [79]

M(B → 5 T, T = 2–20 K) −3.0 2.00 0 [124]

cn = 5
[Mn(acen)Cl] T = 4.2–300 K,B = 1 T,

M(B → 5 T, T = 4.2–20 K)
−1.6 2.00 −0.20 [122] #

[Mn(TPP)Cl]·2C6H6 T= 4–300 K −2.5 2.00 [79]
M(B → 5 T, T = 2–20 K) −1.9 2.00 zj, −0.05 [124] #

[Mn(TPP)ClO4] T = 1.2–300 K,M(B → 1.5 T, T = 4.2 K) −2.0 2.00 [123]
[Mn(OEP)Cl]·H2O T = 4.2–300 K,B = 1 T −1.6 2.02 −0.06 [125] #
[Mn(OEP)Br]·H2O T = 4.2–300 K,B = 1 T −1.0 2.02 −0.08 [125] #
[Mn(OEP)(OAc)]·H2O T = 4.2–300 K,B = 1 T, M(T,B → 5 T) −1.9 1.97 0 [125] #
[Mn(OEP)ClO4]·H2O T = 4.2–300 K,B = 1 T, M(T,B → 5 T) −2.3 1.96 −0.34 [125] #

+3.0 1.96 −0.38
[Mn(TPP)ClO4]·H2O T = 4.2–300 K,B = 1 T −2.3 2.00 −0.14 [125] #
[Mn(TTP)Cl]·C6H6 T = 4.2–300 K,B = 1 T, M(T,B → 5 T) −1.8 2.01 −0.04 [125] #
[Mn(TTP)Cl]·H2O T = 4.2–300 K,B = 1 T −1.8 2.00 −0.08 [125] #

Chain structures, cn= 6 D gz gx Jchain

{K2[Mn(mal)2(EtOH)2][Mn(mal)2]}n T = 4.2–100 K,B = 1 T −7.9 1.99 1.98 −0.36 [126] #
{(NH4)2[Mn(mal)2(EtOH)2][Mn(mal)2]}n T = 4.2–100 K,B = 1 T −7.6 2.09 2.03 −0.18 [126] #
{Na2[Mn(mal)2][Mn(mal)2EtOH]·EtOH}n T = 4.2–100 K,B = 1 T −7.8 1.96 2.02 −0.48 [126] #
{K2[Mn(sal)2(EtOH)2][Mn(sal)2]}n T = 4.2–300 K,B = 1 T −9.0 2.00 2.00 −0.46 [127] #
{(NH4)2[Mn(sal)2(EtOH)2][Mn(sal)2]}n T = 4.2–300 K,B = 1 T −7.0 2.09 2.03 −1.40 [127] #
{Na2[Mn(sal)2][Mn(sal)2EtOH]·EtOH}n T = 4.2–300 K,B = 1 T −20.3 2.00 2.00 −0.46,

zj, −1.62
[127] #

General notes: The symbol ‘#’ marks that a different definition of theJ-parameter has been applied in the original source whereas here−zj and/or−J
constants precede the spin operators; the coordination number (cn) is displayed when different from 6. The consistency criterionD/λ = (gz − gx)/2:
Y—fulfilled, N—violated, O—cannot be judged.

separately inTables 22–25. A few critical notes follows:

1. The magnetic field at which the data were taken should
be small enough to avoid features due to magnetic sat-
uration at low temperature. This is not always the case.
The choice ofB = 0.1 T with the SQUID apparatus (that
scans the static magnetization) is a good setting. Errors
could result using a Faraday balance and a field ofB =
1.5 because the measured force

Fz = 1

µ0

m

Mr

d

dz

[∫ Bz

0
χ̃mol(Bz)BzdBz

]

≈ 1

µ0

m

Mr

χ̄mol
d

dz

[
1

2
B2
z

]
= 1

µ0

m

Mr

χ̄mol

[
Bz

dBz

dz

]
(4.9)

is no longer proportional to susceptibility and a calibra-
tion coefficientBz(dBz/dz). The best method is to col-

lect data with an alternating current susceptometer which
scans the differential magnetic susceptibility directly at
low fields (BAC ≈ 0.001 T).

2. To report large values of theD-parameter without ac-
counting for theg-factor anisotropy can lead to error
because both effects have the same origin. The sign of
the D-parameter should be consistent with theg-factor
anisotropy, i.e. positiveD appears whengz > gx for
shells less than half full (λ > 0) and, negativeD ap-
pears whengz < gx for shells more than half full
(λ < 0).

3. TheD-values are meaningful only when the ground state
is orbitally non-degenerate, i.e. when there in a guarantee
that the magnetic angular momentum is absent within the
ground state.

4. Usually, the issue of whether using the opposite sign of
D would yield a similar fit, is not tested.
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Table 25
ZFS parameters based upon the powder susceptibility data

Compound Experimental Magnetic parameters (cm−1) Reference

d2

[V III (urea)6](ClO4)3, S = 1 T = 1.75–300 K B0
2 = −163,B0

4 = −99,
B3

4 = 2595,λ = 47, λ/λ0 = 0.45,
κ = 0.40, D* = 5.86

[77] O

[VIII (acac)3], S = 1 B = 0.1 T D = 7.7, gz = 1.96, gx = 1.78 [119] Y

d3

[CrIII (dedtc)3], S = 3/2 T = 2.2–300 K,B = 0.3 T D = 0.6 [121] O
[CrIII ({L15

NNNSSS}FeII )2]PF6, S = 3/2 T = 2–300 K,B = 1.0 T D = 1.0, g = 1.97,
EPR:D = 1.0, gz = 1.976,gx = 1.973

[129] Y

d5

[MnII (Me6tren)Br]Br, S = 5/2 T = 4–300 K,B = 1.2 T D = 0.24, gz = 1.97, gx = 2.07 [130] O
[MnII (bzimpy)Cl2].0.5MeOH, cn= 5, S = 5/2 T = 4–300 K,B = 1.4 T D = −2.73, E = 2.23, zj = 0.385 [131] O

gz = 1.944,gx = 2.057,gy = 1.880
[FeIII (Pydtc)3], S = 5/2 T = 2.2–300 K,B = 0.3 T D = −2.14;

B0
2 = −0.72, B0

4 = −0.24, B3
4 = ±1.4

[121] O

[132] O
[FeIII (hemin)], S = 5/2 T = 2–200 K,B = 1.8 T D = 12; B0

2 = 4.84,
B0

4 = −2.71, B4
4 = −5.78

[133] O

[134]
[FeIII (TPP)(SCN)], cn= 5, S = 5/2 T = 2–200 K,B = 1.8 T D = 10 [133] O

[FeIII (TPP)Cl], cn= 5, S = 5/2 T = 2–200 K,B = 1.8 T [133] O

D = 6 [135] O
[FeIII (TPP)Br], cn= 5, S = 5/2 T = 2–200 K,B = 1.8 T D = 5 [133] O

T = 2–100 K,B = 1 T,
M(B → 5 T, T = 2–20 K)

D = 13, g = 2 [135] O

[FeIII {L13
NNOO}Cl]·CH3CN, cn = 5, S = 5/2 T = 4–300 K,B = 1 T D = 10.2, E = 3.4, g = 2.0 [136] O

[FeIII {L14
NNOO}Cl(H2O)]·1/3CH3Cl, S = 5/2 T = 4–300 K,B = 1 T D = 7.2, E = 2.4, g = 2.0, zj = 1.0 [136] #O

cis-[FeIII (cyclam)(NO)I]I, S = 3/2 T = 4–300 K,B = 1 T D = +12.6, g = 2.0 [147] O
[FeIII {L19

NNN}(NO)(N3)2], S = 3/2 T = 4–300 K,B = 1 T D = +13.6, g = 2.1 [147] O
d6

[FeII (H2O)6]SiF6, S = 2 D = 10.9, gz = 2.00, gx = 2.12 [203,204]
[FeII (py)4(CF3SO3)2], S = 2 T = 4.2–310 K D = 6.1, g = 2.15 [205] O
[FeII (py)4(CH3SO3)2], S = 2 T = 4.2–310 K D = 3.4, g = 2.08 [205] O
[FeII (py)4(p-tolSO3)2], S = 2 T = 4.2–310 K D = 3.9, g = 2.09 [205] O
[FeII (bpy)Cl2], orange isomer, cn= 5, S = 2 T = 4.2–300 K,B = 0.51 T D = −2 [206] O
[FeII (TMC)(N3)]BF4, cn = 5, S = 2 T = 4.2–267 K D = 2.1, gz = 2.39, gx = 2.01 [207] N
[FeII (TMC)(NCMe)](BF4)2, cn = 5, S = 2 T = 4.2–267 K D = 3.4, gz = 2.63, gx = 2.00 [207] N
[FeII (TMC)(NCS)]BF4, cn = 5, S = 2 T = 4.2–267 K D = 5.4, gz = 2.58, gx = 1.96 [207] N
[FeII (TMC)(Br)]Br, cn = 5, S = 2 T = 4.2–267 K D = 5.7, gz = 2.32, gx = 1.95 [207] N
[FeII (TMC)(Cl)]BF4, cn = 5, S = 2 T = 4.2–267 K D = 6.2, gz = 2.03, gx = 2.00 [207] N
[FeII (1,7-CT)(Cl)]PF6, cn = 5, S = 2 T = 4.2–267 K D = 8.8, gz = 2.28, gx = 1.94 [207] N
[FeII (1,3,7,10-CT)(Cl)]PF6, cn = 5, S = 2 T = 4.2–267 K D = 3.1, gz = 2.22, gx = 2.01 [207] N
BaFeII Si4O10, cn = 4, S = 2 T = 4.2–298 K,B = 0.51 T D = 11.9, gz = 1.979,gx = 2.082 [208] Y
[FeII (biq)(NCS)2], cn = 4, S = 2 T = 1.5–303 K,B = 0.51 T D = 5, gz = 2.41, gx = 2.24 [209] N
(NMe4)2[FeII Cl4], cn = 4, S = 2 T = 1.5–20 K,B = 0.51 T D = 9.0, gz = 2.05, gx = 2.27 [210] Y
[FeII (PTC)], cn= 4, S = 1 T = 1.25–300 K D = 70, gz = 1.93, gx = 2.86 [137] Y
[FeII (pdca)2]·3H2O, cn = 6, S = 2 T = 6–300 K D = 8.76, g = 2.16 [138] O
(NBu4)[CoIII (bdt)2], cn = 4, S = 1 T = 2–100 K,B = 1.07 T D = 37.4, gz = 2.19, gx = 2.31 [139] Y
(Nbu4)[CoIII (tdt)2], cn = 4, S = 1 T = 2–100 K,B = 1.07 T D = 39.4, gz = 2.09, gx = 2.27 [139] Y
K[CoIII (3-Prbi)2], cn = 4, S = 1 T = 4.2–300 K,B = 1.66 T D = 40.9, g = 2 [140] O
[CoICp*2]+[CoIII {L4

NNOO}]−, cn = 4, S = 1 T = 1.9–300 K D = 45, gz = 2.5, gx = 2.2 [141] N
[FeICp*2][CoIII {L4

NNOO}], cn = 4, S = 1 T = 1.9–300 K Co:D = 45, gz = 2.4, gx = 2.2,
Fe: J = +7, gz = 4.40, gx = 1.41

[141] N

d7

HgCoII (NCS)4, cn = 4, S = 3/2, T = 1.7–300 K,B = 0.5 T D = +10.6, g = 2.220 [82] O
(Net4)2[CoII{L3

SSOO}], cn = 4, S = 3/2 T = 2–300 K,B = 1 T, 0.005 T D = 5.4, gz = 2.20, gx = 2.29 [142] #Y
[CoII{L5

NNNOO}], cn = 5, S = 3/2 T = 4.2–300 K,B = 1.4 T D = −38.9, E = 1.7, zj = −1.0,
gz = 3.21, gx = 1.67, gy = 1.89

[143] Y
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Table 25 (Continued )

Compound Experimental Magnetic parameters (cm−1) Reference

[CoII (bzimpy)Cl2], cn = 5, S = 3/2 T = 2–150 K,B = 0.1 T D = 73.4, E = 3.28, zj =−0.205,
gz = 1.506,gx = 2.501,gy = 2.622

[131] Y

(NEt4)2[CoII{L3
SSOO}].2H2O, S = 3/2 T = 2–300 K,B = 1 T, 0.005 T A = 1.4, κ = 1, λ = −160, δ = 800 [142] O

[CoII (iphos)2(H2O)2], S = 3/2 T = 1.7–260 K,B = 0.6 T,
M(B → 7 T, T = 1.8, 3, 5 K)

D = 52, E = 17, gz = 1.70,
gx = 2.53

[144] Y

[CoII (acac)2(H2O)2], S = 3/2 D* = 82.7; B = 980, ξ = 435,
10Dq = 9300,−δ = 550

[145] O

[CoII (pyO)6](ClO4)2 T = 4.2–300 K,B = 1 T D* = 25.5; B = 780, C = 3030,
ξ = 525, 105q = 8900,5ep = −665

[146] O

General notes: The symbol ‘#’ marks that a different definition of theJ-parameter has been applied in the original source whereas here−zj and/or−J
constants precede the spin operators; the coordination number (cn) is displayed when different from 6. The consistency criterionD = (λ/2)(gz − gx):
Y—fulfilled, N—violated, O—cannot be judged.

5. A reliable determination of theD-parameter requires a
low-temperature data set (T < D/k); otherwise the val-
ues reported will be highly uncertain.

6. In some cases the powder susceptibility data are patho-
logically insensitive to the sign of theD-parameter. This
is exactly the case ofS = 3/2 where the modeling is
presented inFig. 17.

7. The overall effect of theD-parameter is a reduc-
tion of the effective magnetic moment from its
temperature-independent value as the temperature de-
creases. The same effect is obtained from the nega-
tive molecular field correction which accounts for the
isotropic exchange interaction with nearest neighbors
(zj < 0). Evidently, these two effects interfere. Therefore
it is risky to interpret the experimental data discussing
only the sizableD-values without checking the para-
magnetic anisotropy by independent measurements on
oriented single crystals. An example of such a failure
is the [Ni(NH3)4(NO2)2] complex as reported by Figgis
et al. [88,89].

8. In dealing with an increasing number of free param-
eters (D, gz, gx, zj) their mutual dependence might be
questioned. Such a correlation analysis is rather rare
[90].

9. The retrieved parameter set could depend upon the op-
timization technique applied. For example, the widely
usedsimplex method is rather primitive; thesimulated

Fig. 17. The two product functions forS = 1, 3/2, 2, and 5/2 obtained withD/k = ±20 K. These are identical forS = 3/2.

annealing method or thegenetic algorithms are more ad-
vanced and capable of reaching the global minimum of
the optimized functional[91–100].

10. The final parameter set also depends on the definition
of the functional to be optimized. The least-squares
functional on the magnetic susceptibility better fits the
low-temperature data whereas such a functional on
the effective magnetic moment reproduces better the
high-temperature window of the data set.

11. The reportedD-values are model-dependent: they were
derived by analyzing the experimental data set in terms
of the spin-Hamiltonian only. An alternative procedure is
to employ all the spin–orbital basis functions leading to
all the terms (e.g. 45 functions for the Ni(II) complexes
instead only of the three pure spin states) and look for the
energy differences between the lowest states. This could
be performed either within the crystal-field theory or the
angular overlap model[68–72]. It is better to delineate
these differently derived values by a different symbol and
D* is used hereafter for the entire spin–orbital basis set
derivation.

12. At small fields (when the Zeeman term can be consid-
ered as a perturbation) an approximate analytical for-
mula of the typeχa = f(D, ga) could be applied; these
suffer from the condition|D| � µBBgS. As an alterna-
tive, the eigenvalue problem could be solved within the
framework of the linear variation method; this approach
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Fig. 18. Effect of the spin–orbit interaction leading to a positiveD on
tetragonal distortion inS = 1 d8-complexes.

is preferable. However, the result will depend upon the
selection of the size of the basis set.

4.2.1. Ni(II) complexes
The data compiled for the hexacoordinate Ni(II) com-

pounds (Table 22) show that theD-parameters adopt values
between−22 and+12 cm−1. This interval is rather broad.
All the g-factors exceed the spin-free value of 2.0023 and
typically lie between 2.1 and 2.2.

For tetracoordinate Ni(II) complexes, as well as nicke-
locene, theD-values are much larger but note that now the
ground term is3T with non-zero orbital angular momentum.
A few chain-structure compounds have also been included
and they show only moderateD-values.

A frequent claim is[115] that the positiveD-parameter
is associated with a weakening of the axial bonds: the
D-parameter is increased with axial elongation of the oc-
tahedron (geometry of the elongated square bipyramid) or
when the axial ligand is weaker in its crystal field than the
in-plane ligand (Fig. 18). Such a prediction is only partly
valid as seen from the selected data where the increased
crystal field strength over the series X= Cl, Br, and I is
not always followed by a decrease ofD (Table 23).

Fig. 19. Relationships between theg-tensor componenets and theD-parameter for anS = 1 system withλ < 0; s (w) means a stronger (weaker) crystal
field or compressed (elongated) tetragonal bipyramid.

For chelate complexes the positiveD-values prevail irre-
spective of whether the axial bonds are longer or shorter and
the axial ligands possess a stronger or weaker crystal field.
The chelate effect is associated with a considerable in-plane
covalency leading to a significant drop in the orbital reduc-
tion factorκx � 1.

A simple formula for an octahedral reference system

D = λ2(Λxx − Λzz) = λ24
(κ2

x − κ2
z )

∆o(3A2g → 3T2g)
(4.10)

will predict negativeD when κx < κz(≈ 1). Therefore, it
can be concluded that several factors come into the com-
petition and they influence the final sign and value of the
D-parameter:

1. the geometric distortion which could be influenced by
the crystal packing;

2. the crystal-field strength of the individual ligands;
3. the covalency (orbital reduction factors).

For an elongated tetragonal bipyramid the above formula
relaxes to[101]

D = λ24

[
κ2
x

∆x(3B1g → 3Eg)
− κ2

z

∆z(3B1g → 3B2g)

]
(4.11)

Within the formal perturbation theory we have interre-
lationships (the positive sign convention for theL-tensor)
gz = ge − 2λΛzz andgx = ge − 2λΛxx, and forλ < 0 as in
the case of Ni(II) complexes (λ/hc = −315 cm−1) there is

D = λ

2
(gz − gx) =

{
< 0, whengz > gx

> 0, whengz < gx
(4.12)

as sketched inFig. 19.

4.2.2. Mn(III) complexes
The g-factor anisotropy is very small for Mn(III) com-

pounds and difficult to be detected on the magnetic suscep-
tibility data alone (the EPR technique is helpful in this re-
spect). The averagedg-values range between 1.95 and 2.09.
The D-values are, also, quite small and they vary between
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Fig. 20. The lowest energy levels in octahedral Mn(III) complexes.

−3.8 and+3.1 cm−1 for mononuclear species (Table 24).
These features have an obvious root: small spin–orbit split-
ting parameterλ = ξMn(III )/2S which isλ/hc = 89 cm−1.

An expression for theD-parameter has been derived from
perturbation theory[128]

D = ±λ2
[

3

∆o(5Eg → 5T2g)
+ 4

∆′(5Eg → 3T1g)

]
(4.13)

where5o = 10Dq is the octahedral crystal field splitting
(Fig. 20). The positive sign applies when the ground state
is 5A1g (a compressed tetragonal bipyramid) whereas the
negative sign appears when the ground state is5B1g (an
elongated tetragonal bipyramid). Considering the tetragonal
symmetry lowering explicitly, the perturbation theory yields
a refined expression in the form[123]

D= ξ

16

2 [ 1

∆1(5B1g → 5Eg)
− 4

∆2(5B1g → 5B2g)

− 4

53(5B1g → 3Eg)

]
(4.14)

The analysis of magnetic data for Mn(III) complexes is
frequently carried out by assuming a pair-wise weak antifer-
romagnetic exchange interaction (Table 24). The zero-field
Hamiltonian is then postulated as follows

Ĥ = −J(�S1 · �S2) + D1[Ŝ2
z1 − 1

3S(S + 1))]

+D2[Ŝ2
z2 − 1

3S(S + 1))] (4.15)

and this form (with small negative exchange coupling con-
stant J) reduces theD-parameter to an acceptable range.
Omitting J, theD-values would be too negative.

Table 26
Lowest energy levels for d5 systems[66]

State E(6A1,±1/2,a1) E(6A1,±3/2,a1) E(6A1,±5/2,a1)

Energy for Oh −2ξ2/∆o −2ξ2/∆o −2ξ2/∆o

Energy for D4h −(6/5)ξ2/5t = −6D −(4/5)ξ2/5t = −4D 0

Fig. 21. Energy levels of a spin admixed system6A1–4A2 in the zero field.

4.2.3. V(III) complexes
As evident from Tables 21 and 25the hexacoordi-

nate V(III) complexes exhibit rather sizable values of the
D-parameter spanning positive values up to 8 cm−1. All
the g-factors lie below 2.0 and are highly anisotropic:
gx � gz < ge.

The ligand sphere of the complexes investigated was
represented by six unidentate ligands (in one case three
bidentate ones). As the ground state3T1g is subject to
the Jahn-Teller effect, either tetragonal or trigonal dis-
tortion of the coordination polyhedron is expected. With
the compressed tetragonal bipyramid, by setting the crys-
tal field parametersF4(ax) > F4(eq), the ground state
becomes3A2g. This is the case when the ZFS philoso-
phy is legitimate. On the contrary, when the axial crys-
tal field is weaker (a geometry of elongated tetragonal
bipyramid) the ground CF term is3Eg and this is split
in a more complex manner where the spin-Hamiltonian
is not appropriate any longer. Withλ/hc = +105 cm−1

there is

D = 1
2λ(gz − gx) > 0, when gz > gx (4.16)

and the situation is opposite to the case of Ni(II) when look-
ing for the g-tensor ellipsoid: now the prolate form is as-
sociated with the positiveD-value for V(III). Notice that
this prolate form applies when the interatomic distance el-
lipsoid exhibits an oblate form (a compressed tetragonal
bipyramid).

4.2.4. Cr(III) complexes
The ground CF term for hexacoordinate Cr(III) complexes

is 3A1g and it represents a typical ZFS system. The recorded
D-values are small owing to the small spin–orbit splitting
parameterλ/hc = +92 cm−1. Theg-factors are a bit below
2.0 and slightly anisotropic. PositiveD-values are consistent
with gz > gx.
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Fig. 22. Temperature variation of the magnetic susceptibility functions
(left) and the effective magnetic moment (right) for the spin admixed
system 6A1–4A2, ξ/hc = 460 cm−1, gx = gz = 2.0: left—individual
curves show magnetic anisotropy for∆/hc = 500 cm−1; right—different
energy gap∆/hc = +500 cm−1 (solid), ∆/hc = 0 (long dashed),
∆/hc = −500 cm−1 (medium dashed).

4.2.5. Fe(III) and Mn(II) complexes
The majority of studies on Fe(III) complexes were done

for the porphine-type complexes with coordination number
five. A few hexacoordinate complexes represent typical6A1g
systems having the spin–orbit splitting parameterλ unde-
fined as the6A1g term is not split by the SOI. The energy
levels are only shifted and this shift is interpreted in terms of
the true spin–orbit coupling constantξ and the energy gap
∆o = E(4T1) − E(6A1) between the ground and the first
excited state as shown inTable 26.

On tetragonal distortion the levels are split: the axial
zero−field splitting parameter isD = ξ2/55t and its sign
is determined by the sign of the energy gap5t = E(4A2)−
E(6A1). The energy gap5t is assumed to be large in abso-
lute value in order for the perturbation theory to be appli-
cable. For a small energy gap perturbation theory is not ap-
plicable and one has to diagonalize the 10× 10 zero−field
matrix (Fig. 21). This situation refers to the spin admixed
states.

The modelling of the magnetic susceptibility shows that
with decreasing energy gap the effective magnetic moment
decreases (Fig. 22). For a positive enough value of5t
the effective magnetic moment refers to the6A1 state and
D—positive. On the contrary, for large negative values of
5t the effective magnetic moment refers to the4A2 state
andD < 0.

A more detailed analysis gave the expressions that rec-
ognize the covalency effects (orbital reduction factorsκ) in
the form[57b]

D= ξ2

10

[
2κ2

z

∆z(6A1 →4 T1z)
− κ2

y

∆y(6A1 →4 T1y)

− κ2
x

∆x(6A1 →4 T1x)

]
(4.17)

E = ξ2

10

[
κ2
y

∆y(6A1 →4 T1y)
− κ2

x

∆x(6A1 →4 T1x)

]

(4.18)

Inspection ofTable 25shows that theD-values for hex-
acoordinate Fe(III) and Mn(II) complexes are rather small
and theg-factors are close to 2.0. TheD-values increase with
ligand sphere asymmetry or with a coordination number of
5 [136].

4.2.6. Co(III) and Fe(II) complexes
These d6 systems could exist in various spin states:

low-spin (S = 0), high-spin (S = 2), and with distorted
chromophore or with cn= 4 also in the intermediate-spin
state (S = 1). Often a spin crossover (transition from
the low-spin to the high-spin state) is observed for
this class of compounds. TheD-values reported for the
tetracoordinate-planar Co(III) complexes (S = 1) are really
large: up to+45 cm−1. The g-factors are larger than 2.0
and are substantially anisotropic (Table 25).

For nearly octahedral Fe(II) complexes two situations can
occur. With elongated tetragonal bipyramidal geometry the
ground CF-term is5B2g and this situation matches the posi-
tive ZFS. Consequently the axial ZFS parameter is expressed
as

D = λ2/∆ax(
5B2g → 5Eg) > 0 (4.19)

For a compressed tetragonal bipyramid the ground
CF-term is5Eg and this is further split by the spin–orbit
interaction into five equally spaced doublets.

4.2.7. Co(II) complexes
In tetrahedral geometry the ground CF term state is non-

degenerate4A2 and represents a typical ZFS system. The
D-values adopt sizable values of+10 cm−1; the g-factors
are larger than 2.0 and are anisotropic. TheD-values are
influenced by the lowest excitation energies as perturbation
theory predicts

D = 4λ2
[

1

∆x(4B1 → 4E)
− 1

∆z(4B1 → 4B2)

]
(4.20)

with λ/hc = −172 cm−1, D is rather large.
The situation is different for octahedral Co(II) complexes

The magnetic angular momentum present in the T-terms
significantly affects the energy levels and consequently the
magnetic properties. In a regular octahedral crystal field the
12-fold degenerate4T1 term splits into multiplets accord-
ing to the total quantum number|L − S| ≤ J ≤ L + S.
With the negative splitting parameterλ the ground state has
J = 5/2 and the irreducible representations (Γ 7, Γ 8) of the
double group O’ are accidentally degenerate. However, this
degeneracy is partly lifted through off-diagonal (interaction)
matrix elements.

With reduction of symmetry to D4h, further splitting oc-
curs. First, the4T1g CF-term splits into4Eg and4A2g where
4A2g is the ground state when the tetragonal field parameter
5ax is positive. When spin orbit coupling is switched on,
the ground state further splits into Kramers doubletsG6 and
G7. The difference between these states can be written as
2D. Also, the upper CF-term4Eg splits into four Kramers
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Table 27
Range ofD-values (cm−1) in mononuclear complexes based on susceptibility dataa

VIII , S = 1 CrIII , S = 3/2 MnIII , S = 2 FeIII , S = 5/2 MnII , S = 5/2 FeII , S = 2 CoIII , S = 1 CoII , S = 3/2 NiII , S = 1

λ/hc +105 +92 +89 –; ξ = 460 –; ξ = 300 −100 −290 −172 −315

cn = 6
Oh-term 3T1g,* 4A2g

5Eg,* 6A1g
6A1g

5T2g,* 4T1g,* 3A2g

D4h-term 3A2g/c 4B1g
5A1g/c, 5B1g/e 6A1g

6A1g
5B2g/e 4A2g/c 3B1g

Minimum +3.7 +0.2 −3.0 −2.1 −5 +25 −22.3
Maximum +8.0 +1.0 +3.1 +7.2 +0.2 +12 +83 +9.5

cn = 5 and 4
Minimum −2.5 +5 −2.7 +2 +37 −38 +18
Maximum −1.0 +13 +12 +45 +73 +53
a Systems obeying the Jahn–Teller effect (through which the octahedral geometry is spontaneously distorted) are marked with a star (*); c—commpressed

bipyramid, e—elongated bipyramid.

doublets (CF-multiplets). TheD-values are very large, up to
83 cm−1 and theg-factor anisotropy is also large.

The range ofD-values reported so far on the basis of
magnetic susceptibility data is reviewed inTable 27.

4.2.8. Dinuclear complexes
In dinuclear complexes two kinds of the spin–spin inter-

action are met:

(a) the localD−tensors contributing from each centre

ĤZFS
A + ĤZFS

B = h̄−2(�SA · ¯̄DA · �SA + �SB · ¯̄DB · �SB)
(4.21)

(b) the pair−interactionD−tensor belonging to the asym-
metric exchange

Ĥ
asym
AB = h̄−2(�SA · ¯̄DAB · �SB) (4.22)

These can be combined into a single molecular−state term
¯̄DS . At the same time the localg-tensors are also combined to
¯̄gS (Chapter 3.2). All theD−tensors involved are symmetric
and traceless, each having five independent components. For
a diagonal form only two parameters survive:

(1) the axial zero−field splitting parameter

D = 1
2(−D′

xx − D′
yy + 2D′

zz) = 3
2Dzz (4.23)

(2) the rhombic zero−field splitting parameter

E = 1
2(D

′
xx − D′

yy) (4.24)

The spin-Hamiltonian appropriate to the binuclear sys-
tem contains the isotropic exchange term, the asymmetric
exchange term, the local ZFS terms, and the local spin Zee-
man terms so that it involves these magnetic parameters:
JAB, DAB, DA, DB, gA, andgB. The remaining parameters
EAB, EA, andEB are usually neglected. For a sizable local
ZFS parameterDA, the g-factor anisotropy should be also
considered, i.e.gAz andgAx and analogously for the centre
B. To this end one has 8 magnetic parameters and this set
can be eventually enriched by the molecular field correc-
tion zj. This is too much in order to be fixed unambiguously

on the basis of the temperature dependence of the magnetic
susceptibility alone. (We also assumed that all theg-tensors
andD-tensors are collinear; otherwise angles between them
should be considered.)

The set of magnetic parameters can be reduced taking
into account the results of the formal perturbation theory:
the components of theE-tensor determine the components
of theg- andD-tensors.

The magnetic parameters for binuclear complexes which
involve non-zero D-parameter values are collected in
Tables 28 and 29. In addition to twelve notes presented
along with the mononuclear complexes, some additional
remarks follow.

1. Three effects reduce the magnetic productivity at low
temperature: (i) the intramolecular antiferromagnetic
exchange, (ii) the intramolecular antiferromagnetic ex-
change treated within the molecular field correction, (iii)
the ZFS. Their correct separation is a difficult task and
without a parameter correlation analysis, the reported
data forD are very uncertain.

2. With ferromagnetic exchange the identification of mag-
netic impurities is problematic as the magnetic contribu-
tion of the impurity (Si) is lower than those of the pure
exchange-coupled substance (S1 + S2).

3. The asymmetric exchange (DAB) is usually omitted and
only the local ZFS effects (DA, DB) are considered.

4.2.9. Trinuclear complexes
In trinuclear complexes, a new aspect appears as the ge-

ometry spans several classes:

(a) an equilateral triangle, all three sides equal;
(b) an isosceles triangle, two sides equal;
(c) a general triangle;
(d) an (almost) linear assembly (the most frequent case).

The geometrical topology defines possible constraints
among the exchange coupling constants (e.g. all equal for
the equilateral triangle). Moreover, the Jahn-Teller effect
can apply. This means that the geometry for which the
ground electronic state is orbitally degenerate is unstable (it
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Table 28
ZFS parameters in homobimetalic complexes

System Experimental DM gz gx JM–M Reference

d4, MnIII

[MnIII (salen)(H2O)]2(ClO4)2, Si = 2 T = 4–300 K, B = 1.0 T −1.70 2.0 +12.6 [148]#
[MnIII (salen)(NO3)]n, chain structure,Si = 2 T = 4–300 K, B = 1.0 T −0.43 2.0 −1.01 [148]#
[MnIII

2(nsalpro)2(H2O)]·3H2O, Si = 2 T = 2–300 K −2.59 2.076 2.006 −3.86 [149]#
[MnIII

2(nsalpro)2]·2DMF, Si = 2 T = 2–300 K −2.51 2.098 2.041 −3.24 [149]#
[MnIII (3-MeO-salen)Cl]2, Si = 2 T = 2–300 K −0.96 2.105 1.980 0.66 [149]#

d5, MnII

[MnII (tren)(NCO)]2(BPh4)2, Si = 5/2 T = 4–300 K, B = 1.2 T 3.8 2.20 1.91 [130]#a

−0.29 2.0 −0.30
[MnII (tren)(NCS)]2(BPh4)2, Si = 5/2 T = 4–300 K, B = 1.2 T 2.89 2.20 1.84 [130]#a

−0.001 2.0 −0.26
[MnII (tren)(CN)]2(BPh4)2, Si = 5/2 T = 4–300 K, B = 1.2 T 0.60 2.04 [130]#

d6, FeII

(PPh4)2[FeII
2Cl6], Si = 2 T = 2–300 K, B = 0.1 T,

M(B → 5 T, T = 2, 5 K)
4.9 2.25 2.20 0.14 [150]#

(NEt4)2[FeII
2Cl6], Si = 2 T = 2–300 K, B = 0.1 T 5.2 2.31 2.23 0.20 [150]#

(ppn)2[FeII
2Cl6], Si = 2 T = 2–300 K, B = 0.1 T 6.3 2.24 0.14 [150]#

(AsPh4)2[FeII
2Cl6], Si = 2 T = 2–300 K, B = 0.1 T 4.5 2.30 2.00 −0.10 [150]#

(H-TMPP)2[FeII
2Cl6], Si = 2 T = 2–300 K, B = 0.1 T 3.7 2.20 2.00 −1.48 [150]#

[(bpym){FeII Cl2(bpym)}2], Si = 2 T = 2–300 K, B = 0.1 T −17.0 2.24 −2.2 [150]#
[(bpym){FeII Cl2(MeOH)2}2]·(NEt4)Cl, Si = 2 T = 2–300 K, B = 0.1 T −16.3 2.07 −2.0 [150]#
[FeII (alaw)2(MeOH)], dimer, Si = 2 T = 1.6–300 K 4.9 2.296 2.023 −3.2 [151]#
[FeII{L10

NNNO(O)}(MeOH)]2·(ClO4)2, Si = 2 T = 2–300 K 3.2 1.980 2.168 −3.4 [152]#
[FeII{L11

NO}2(MeOH)2Cl]2, Si = 2 T = 2–300 K 11.1 2.029 1.997 −4.2 [153]#
d7, CoII

(ppn)2[CoII
2Cl6], Si = 3/2 T = 2–300 K, B = 0.1 T 29.0 2.25 −11.6 [150]#

[CoII
2(bhmp)(ac)2]BPh4, Si = 3/2 T = 4.5–300 K,B = 0.5 T κ, 0.77, D*, 37 λ, −116,

gz*, 2.11
5, 572,
gx*, 4.73

−0.44 [154]

[CoII
2(bhmp)(bz)2]BPh4, Si = 3/2 T = 4.5–300 K,B = 0.5 T κ, 0.96, D*, 35 λ, −93,

gz*, 2.09
5, 616,
gx*, 4.91

−0.33 [154]

[CoII
2(bomp)(ac)2]BPh4 T = 1.8–300 K κ, 0.98, D*, 60 λ, −134,

gz*, 2.18
5, 749,
gx*, 4.99

−0.55 [155]

[CoII
2(bomp)(bz)2]BPh4 T = 1.8– 300 K κ, 0.84, D*, 72 λ, −138,

gz*, 2.45
5, 440,
gx*, 4.84

−0.70 [155]

[CoII (sal-tabp)]2·0.5H2O, Si = 3/2, cn = 4 T = 4–290 K −2.0 2.60 2.20 −1.2 [156]#
D g zj J

d8, NiII

[Ni II (sal-tabp)]2·H2O, Si = 1, cn = 4 T = 4–290 K 0.84 2.22 −2.4 −0.98 [156] #
[Ni II (sal-m-phen)]2·3H2O, Si = 1, cn = 4 T = 4–290 K 0.72 2.36 −3.0 −3.2 [156] #

T = 4–300 K, B = 1.8 T 0.8 2.19 −2.8 [157]
[Ni II (sal-2,4-tol)]2·3H2O, Si = 1, cn = 4 T = 4–300 K, B = 1.8 T 1.2 2.20 −2.7 [157]
[Ni II (sal-2,6-tol)]2, Si = 1, cn = 4 T = 4–300 K, B = 1.8 T 1.0 2.18 −2.9 [157]
[Ni II

2(en)4Cl2]Cl2, Si = 1 T = 1.5–300 K +6.5 2.14 −0.33 19.7 [90]b #
−11 2.12 −0.04 20.8

[Ni II
2(en)4Br2]Br2, Si = 1 T = 1.5–300 K +6.6 2.12 −0.56 17.2 [90]b #

−7.6 2.12 −0.32 15.1
[Ni II

2(en)4(SCN)2]I 2, Si = 1 T = 1.5–300 K +4.7 2.14 −0.36 9.7 [90]b #
−3.3 2.14 −0.31 9.0

[Ni II (CH2(dmpz)2)Cl2]2, dimer, Si = 1 T = 4.2–90 K, B = 0.38 T 2.17 2.310 −0.78 +5.16 [158] #
[�-BiIm(Ni II (tren))2](BPh4)2, Si = 1 T = 4.2–286 K 53 (problematic) 2.082 +2.50 −5.8 [159] #
[Ni II (tren)(NCO)]2(BPh4)2, Si = 1 T = 4.2–289 K −10.1 2.282 1.42 −8.8 [160] #
[Ni II (tren)(NCS)]2(BPh4)2, Si = 1 T = 4.2–289 K −0.45 2.255 −0.32 +4.8 [160] #
[Ni II (tren)(NCSe)]2(BPh4)2 Si = 1 T = 4.2–289 K −0.49 2.247 −0.14 +3.2 [160] #
[Ni II (tren)(N3)]2(BPh4)2 Si = 1 T = 4.2–300 K,B = 1.48 T +6.8 2.325 0.50 −70.2 [199] #
[�-(N3)(NiII (macro)(N3))2]I, Si = 1 T = 4.2–300 K,B = 1.48 T 4.9 2.233 −2.4 −24.6 [199] #
[Ni II (terpy)(NCO)(H2O)]2(PF6)2, Si = 1 T = 2–300 K, B = 0.2 T −12.2 2.21 0.40 +9.2 [200] #
[Ni II (terpy)(N3)2]2(PF6)2·2H2O, Si = 1 T = 2–100 K −12.5 2.26 0.76 +40.2 [201] #
[�-(NCSe)2(NiII (medpt)2(NCSe))2](PF6)2,

Si = 1
T = 4–300 K, B = 1.5 T 1.5 2.15 0.22 +17.6 [202] #

[�-(NCS)2(NiII (terpy)(NCS))2], Si = 1 T = 2–300 K, B = 0.2 T −4.3 2.10 0.02 +9.8 [161] #
[�-(NCS)2(NiII (terpy)(NCSe))2], Si = 1 T = 2–300 K, B = 0.2 T −10.0 2.15 0.01 +20.2 [161] #
[�-(NCS)2(NiII 2(mepn)3(NCS)2]2[Ni II (mepn)2

(NCS)2]·H2O, Si = 1
T = 4–300 K, B = 1.5 T −20.0 2.13 0.20 +8.6 [162] #

[�-(NCS)2(NiII (mepn)2(NCS))2](PF6)2, Si = 1 T = 4–300 K, B = 1.5 T −2.0 2.14 −0.14 +12.7 [162] #

General notes: The symbol ‘#’ markes that a different definition of theJ-parameter has been applied in the original source as here−zj and/or −J constants precede the
spin operators; the coordination number (cn) is displayed when different from 6.

a The first set obtained by fitting the effective magnetic moment, the second-magnetic susceptibility.
b Two sets of magnetic parameters differing in the sign of theD-parameter.
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oča
/C

oordination
C

hem
istry

R
eview

s
248

(2004)
757–815

Table 29
ZFS parameters in heterobimetalic and mixed-valence complexes

System Experimental DM gz gx JM–M Reference

[{L15
NNNSSS}FeIII CrIII FeII{L15

NNNSSS}](PF6)2, S(FeIII ) = 1/2, S(CrIII ) = 3/2,
S(FeII ) = 0

T = 2–300 K,B = 1.0 T DCr, 2.0 gCr, 1.80,gFe, 2.00 +52 [129] #

[{L15
NNNSSS}FeIII CoIII FeIII {L15

NNNSSS}](PF6)3, S(FeIII ) = 1/2, S(CoIII ) = 0 T = 2–300 K,B = 1.0 T DFe, 1.5 gFe, 2.07 +83 [129] #
[FeIII FeII{L12

N3O3N2O4}(mpdp)2].(BPh4), S1 = 5/2, S2 = 2 T = 2–300 K,B = 0.5–5 T D2, −13 g1, 2 g2, 2.09 −8.0 [163] #
[FeIII FeII{L19

NONNON}(�-ac)2]ClO4, S1 = 5/2, S2 = 2 T = 4.3–300 K,B = 0.5 T 3 1.73 2.11 −10 B, 820 [164] #
[FeIII FeII L19

NONNON}(�-bz)(bz)(H2O)]ClO4, S1 = 5/2, S2 = 2 T = 4.3–300 K,B = 0.5 T 4 1.93 1.99 −44 B, 600 [164] #
[FeIII OFeIV{L18

ONNOR1R2}2]I 3.sol, S1 = 5/2, S2 = 2 T = 4.2–300 K,B = 0.6 T zj J
sol = I2·CHCl3, R2 = Et 11.9 −35.4 [165] #
sol = I2·CHCl3, R2 = n-Pr 11.5 9.8 −46.2 [165] #
sol = I2·CHCl3, R2 = n-Bu 10.8 6.0 −41.0 [165] #
sol = 1.5I2, R1 = R2 = Me 16.1 3.2 −43.4 [165] #
sol = I2, R1 = Me, R2 = Et 9.0 4.8 −39.0 [165] #
sol = I2, R1 = Me, R2 = n-Pr 10.7 1.7 −42.0 [165] #

[FeIII (OH)2FeIV{L18
ONNOR1R2}2]BF4, R2=n-Pr 10.3 6.0 −31.2 [165] #

[FeIII (OEP•)Cl]2(SbCl6)2, S(FeIII ) = 5/2, s(OEP•) = 1/2, cn= 5 T = 2–300 K,B = 0.2, 1 T 10 JFe-r, −63 JR-R, −4 [166] #
[FeIII (OEP•)Br]2(SbCl6)2, S(FeIII ) = 5/2, s(OEP•) = 1/2, cn= 5 T = 2–300 K,B = 0.2, 1 T 10 JFe-r, −83 JR-R, −4 [166] #
[(phen)2CrIII (�-OH)2NiII (Me2-tpa)](ClO4)3·2H2O, S(CrIII ) = 3/2, S(NiII ) = 1 T = 4.2–300 K D5/2, 0.051 gNi , 2.09 gCr, 2.0 +4.07 [167]
[(phen)2CrIII (�-OH)2NiII (Me3-tpa)](ClO4)3·3H2O, S(CrIII ) = 3/2, S(NiII ) = 1 T = 4.2–300 K D5/2, 0.065 gNi , 2.06 gCr, 2.0 +7.58 [167]
[{L16

NNOOO(O)}FeII (MeOH) GdIII (NO3)3](MeOH)2, S(FeII ) = 2, S(GdIII ) = 7/2 T = 2–300 K,B = 0.7 T,
M(B → 5 T, T = 2 K)

DFe, 2.06 gFe, 2.18 gGd, 2.00 1.00 [168] #

[{L16
NNOOO(O)}FeII (Me2CO)GdIII (NO3)3, S(FeII ) = 2, S(GdIII ) = 7/2 T = 2–300 K,B = 0.7 T DFe, 3.22 gFe, 2.01 gGd, 2.00 0.82 [168] #

[{L17
NNOOO(O)}FeII (Me2CO)GdIII (NO3)3, S(FeII ) = 2, S(GdIII ) = 7/2 T = 2–300 K,B = 0.7 T DFe, 4.43 gFe, 2.10 gGd, 2.00 0.16 [168] #

[RuII ClRuIII (�-O2C·Et)4], Si(Ru2) = 3/2 T = 2–300 K,B = 0.3, 1.0 T 47 1.90 −16.1 [169] #a

21 1.66 −14.8
[RuII ClRuIII (�-O2C·C(Me)=CHEt)4], Si(Ru2) = 3/2 T = 2–300 K,B = 0.3, 1.0 T 48 2.04 −14.9 [169] #a

19 1.84 −14.4
[RuII ClRuIII (�-O2C·CMePh2)4], Si(Ru2) = 3/2 T = 2–300 K,B = 0.3, 1.0 T 38 2.06 −26.6 [169] #a

35 1.82 −24.0
[MnII{L15

NNNSSS}CoII Cl] T = 2–300 K DMn, 3.0, DCo, 10 gMn, 2.0, gCo, 2.48 −114 [110] #
[MnII{L15

NNNSSS}NiII Cl] T = 2–300 K DMn, 3.7, DNi , 7.0 gMn, 2.0, gNi , 2.17 −98 [110] #
[Ni II{L15

NNNSSS}NiII Cl] T = 2–300 K Do, 5, Dt, 7 go, 2.2, gt, 2.2 −270 [110] #
[CuII (fsa)2enCrIII (H2O)2]Cl·3H2O, S(CrIII ) = 3/2, S(CuII ) = 1/2 T = 4.2–300 K,B = 0.2 T +4.5 g2, 1.98 g3, 1.95 105 [170]b

−5 g2, 1.98 g3, 1.95 105
[(MeOH)CuII (fsa)2enFeIII Cl(H2O)]·MeOH, S(FeIII ) = 5/2, S(CuII ) = 1/2 T = 4.2–300 K,B = 0.2 T +7.8 g2, 1.99 g3, 1.97 −78, [170]b

−8.7 g2, 2.00 g3, 2.00 −84
[Ni II (fsa)2enFeIII Cl(MeOH)]·H2O, S(FeIII ) = 5/2, S(NiII ) = 0 T = 4.2–300 K,B = 0.2 T DFe, 11.8 gFe, 1.99 [170]
{CoII

2CuII
2-SOD}, cn = 4, S(CoII ) = 3/2, S(CuII ) = 1/2 T = 6–300 K,B = 0.8 T D1, 2.2 g1, 2.54 g2, 2.08 −16.5 [171]

{E2CoII
2-SOD}, cn = 4, S(CoII ) = 3/2 T = 6–300 K,B = 0.8 T D1, 11.5 2.24 [171]

General notes: The symbol ‘#’ markes that a different definition of theJ-parameter has been applied in the original source as here−zj and/or−J constants precede the spin operators; the coordination
number (cn) is displayed when different from 6.

a The first set obtained by fitting the effective magnetic moment, the second-magnetic susceptibility.
b Two sets of magnetic parameters differing in the sign of theD-parameter.
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oča

/C
oordination

C
hem

istry
R

eview
s

248
(2004)

757–815
797

Table 30
ZFS parameters in trinuclear complexes

System Mt–Mc–Mt
a Experimental D gc gt Jc–t Reference

[MnIII
2MnII (sal)2(salH)2(H2O)4(mpy)6]+[MnIII (sal)2(mpy)2]−,

Sc = 2, St = 5/2, S1 = 2
T = 4–300 K, B = 5 T −3.50 2 2 −1.06 [172] #

[CoII
3(HAT)(N(CN)2)6(H2O)2], monomer-like,S = 3/2 T = 2–300 K 38.9 2.01 [173]

Ni–M–Ni complexes,St = 1 DNi gNi,z gM,z JM–Ni

DNi–M gNi,x gM,x

DM

Ni–Cr–Ni complex,Sc = 3/2 [Cr(CN)4{(CN)Ni(trenen)}2](BF4)·H2O T = 2–300 K, B = 0.1 T −22.2 2.24 1.99 +9.02 [174]b

+21.8 2.10 1.99
0
−9.2 2.16 1.99 +9.65 [174]b

+13.4 2.10 1.99
0

Ni–Mn–Ni complex,Sc = 5/2, [MnII{Ni(NO2)(L2-)(dmf)}2] T = 4.2–300 K,B = 1.5 +8.38 1.99 2.00 −1.98 [175]
−0.64 2.04 2.00
0

Ni–Co–Ni complex,Sc = 3/2, [CoII{Ni(NO2)(L2-)(dmf)}2] T = 4.2–300 K,B = 1.5 +6.11 2.36 2.68 −2.11 [175]
−15.71 2.39 2.66
−1.65

Ni–Ni–Ni complex, Sc = 1, [NiII{Ni(NO2)(L2-)(dmf)}2] T = 4.2–300 K,B = 1.5 +11.52 2.14 2.14 −13.45 [175]
+4.22 2.22 2.22
+11.52

Ni–Cu–Ni complex,Sc = 1/2, [CuII{Ni(NO2)(L2-)(dmf)}2] T = 4.2–300 K,B = 1.5 +43.1 2.34 2.23 −15.27 [175]
−43.6 2.61 2.23
0

Ni–Cu–Ni complexes,St = 1, Sc = 1/2 DNi gNi gCu JCu–Ni

[Cu{L8
NNNN}(H2O)(Ni(hfac)2(H2O)2)2] T = 4.2–300 K,B = 1.5 T ±4.0 2.07 2.01 −25.4 [176]

[Cu(pbaOH)(Ni(cth))2](ClO4)2 T = 4–300 K, B = 1.5 T ±4.1 2.20 2.29 −90.0 [177]
[Cu(Me2pba)(Ni(cth))2](ClO4)2 T = 4–300 K, B = 1.5 T ±8.3 2.13 2.10 −99.4 [177]
[Cu(pbaOH)(Ni(Me3[12]N3))2](ClO4)2 T = 4–300 K, B = 1.5 T ±15.1 2.20 2.14 −118.7 [177]
[Cu(Me2pba)(Ni(Me3[12]N3))2](ClO4)2 T = 4–300 K, B = 1.5 T ±11.7 2.32 2.30 −110.0 [177]
[Cu(pbaOH)(Ni(Me4[12]N3))2](ClO4)2 T = 4–300 K, B = 1.5 T ±14.8 2.21 2.20 −115.0 [177]
[Cu(Me2pba)(Ni(Me4[12]N3))2](ClO4)2 T = 4–300 K, B = 1.5 T ±17.1 2.19 2.16 −130.0 [177]
[Cu(pba)(Ni(cth))2](ClO4)2 T = 2–300 K ±2.4 2.24 2.18 −124.5 [178]
[Cu(pba)(Ni(cth))2](ClO4)2 T = 4.2–300 K ±1.6 2.13 2.15 −109.2 [179]
[Cu(opba)(Ni(cth))2](ClO4)2·H2O T = 4.2–300 K ±3.8 2.13 2.18 −104.2 [179]
[Cu(pba)(Ni(bispictn))2](ClO4)2·2.5H2O T = 4.2–300 K ±3.3 2.15 2.19 −107.2 [179]
[Cu(pbaOH)(Ni(bispictn))2](ClO4)2·H2O T = 4.2–300 K ±2.7 2.13 2.15 −102.0 [179]

CuII –FeIII –CuII complexes,St = 1/2, Sc = 5/2
[Fe(acac)(Cu(Mesalen))2](NO3)2 T = 30–300 K 2.05 −63 [180]

T = 4.2–30 K D3/2, 7.2 2.08 [180]
CuII –CuII –CuII complexes,St = 1/2, Sc = 1/2 DCu

c gCu Jt–t Jc–t

[Cu3EtBz·2MeOH] T = 2–300 K, B = 0.03 T;
M(B → 2.5 T, T = 2), 4, 8, 15 K

1 (2) 2.07 −4.4 38.6 [181] #

[Cu3BuBz·2EtOH] T = 2–300 K, B = 0.004,0.03 T;
M(B → 2.5 T, T = 2), 4, 8, 15 K

1.6 (3) 2.05 0 44 [181] #

[Cu3BuNaEs·2MeOH] T = 2–300 K, B = 0.2 T;
M(B → 2.5 T, T = 2), 4, 8, 15 K

1.2 (1.3) 2.02 −12 94 [181] #

[Cu3EtBz·H2O] T = 2–300 K, B = 0.2 T;
M(B → 2.5 T, T = 2), 13 K

0 2.08 −14 72 [181] #

[Cu3BuBz·H2O] T = 2–300 K, B = 0.2 T;
M(B → 2.5 T, T = 2), 13 K

0 2.06 −11 92 [181] #

General notes: The symbol ‘#’ markes that a different definition of theJ-parameter has been applied in the original source as here−zj and/or−J constants precede the spin operators.
a St : terminal, Sc: central ion.
b Data set-1: perturbation theory; data set-2: variation method (matrix diagonalization).
c First value—from magnetization, second—from susceptibility.
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Fig. 23. Side view of the cantilever torquemeter.

does not refer to a minimum of the adiabatic potential sur-
face). Consequently a distortion mode removes the orbital
degeneracy.

Magnetic data which involveD-values are collected in
Table 30.

4.3. Magnetization studies

Magnetization measurements at low temperature are ca-
pable of identifying the steps on the magnetization curve
(seeFig. 5) which directly reflect the magnitude ofD. For
negativeD, the ground state possesses eitherMS = 0 or
MS = −1/2. With increasingB it is crossed by the state
MS = −1 orMS = −3/2 and consequently a magnetization
step occurs. Such experiments were done in large (pulsed)
fields, for instance, for FeSiF6·6H2O [182,183]. Some more
data are compiled inTable 31.

In common experiments the magnetization vector is mea-
sured along the direction of the applied magnetic field. There
exists an alternate version of magnetometry that records a
torque when the sample is exposed to the magnetic field.
The torque�T experienced by a magnetically anisotropic sub-
stance in a uniform magnetic field is

�T = �M × �B (4.25)

In the usual configuration (Fig. 23) the rotation axis of
the torquemeter is set parallel toy while �B is applied in the
xz-plane (at an angleϑ from z). Then they-component of
the torque vector becomes expressed as

Ty = B2(χzz − χxx)sinϑ cosϑ (4.26)

Table 31
ZFS parameters for mononuclear complexes based upon single-crystal and powder magnetization data

System Experimental Magnetic parameters (cm−1) Reference

Cs3VIII Cl6·4H2O, S = 1 B → 15 T, pulsed D = +7.85, gz = 1.94, gx = 1.80 [184]
(Zn:CrII )Te, S = 2 T = 4.2 K, � = 20 GHz, EPR:D = +2.30, a = 0.14, gz = 1.97, gx = 1.99 [185]

x = 0.001,T = 0.6 K, B → 16 T Consistent magnetization steps [186]
FeII SiF6·6H2O, S = 2 B → 45 T, pulsed D = +12.3 [182,183]
(Cd:CoII )S, S = 3/2 x = 0.005,T = 30 mK D = 0.66, gz = 2.269 [187]
(Cd:CoII )Se,S = 3/2 x = 0.005,T = 30 mk D = 0.47, gz = 2.295 [188]
[Ni II (H2O)6][SnCl6], S = 1 T = 1.35, 2.16, 4.18 K,B → 4 T D = +0.45, g = 2.25 [86]
[Ni II (terpy)2](PF6)2, S = 1 T = 1.9 K, B → 5 T D = −9 K, E = 0, g = 2.15 [104]
[Cu(salen)NiII (hfa)2], S = 1 T = 1.42, 4.2 K,B → 20 T, powder D = +12.5,E = 0.75,ϑg(Cu)−D(Ni) = 67◦, gNi = 2.26,

gCu,z = 2.24, gCu,x = 2.025, JNi-Cu = −23.6
[189]

[Ni II (ac)2(iz)4], S = 1 T = 4.2 K, B → 6 T, powder D = −22.34,gz = 2.181,gx = 2.175 [101]

and this directly measures the in-plane anisotropy; the
signal is increased greatly in large magnetic fields. The
torque vanishes when the magnetic field is applied along
one of the principal directions (x, y, z) of the susceptibil-
ity tensor. The torque operator is obtained by differenti-
ating the spin Zeeman term with respect to the angular
variable

T̂y = −
(
∂ĤZ

∂ϑ

)
B

= − ∂

∂ϑ

[
h̄−1µBgB

N∑
i=1

�Si
]

= −h̄−1µBgB
N∑
i=1

(Ŝi,x cosϑ − Ŝi,z sinϑ) (4.27)

A combined study ofχ = f(T, [B]) andM = f(B, [T ])
is much more informative and is capable of unambigu-
ously fixing the sign of the axial ZFS parameter, even
for powder samples. Such studies have recently appeared
with increasing frequency since progress in experimen-
tal technique have offered such parallel studies in a sin-
gle apparatus operating in different modes (SQUID- and
AC-susceptometers/magnetometers). Even better, however,
would be (dense) three-dimensional functionsχ = f(T, B)

andM = f(T, B).
The analysis of the two data sets commonly proceeds

as if they were independent. These combined studies have
become quite common forhigh-nuclearity clusters in recent
years as shown inTable 32. There is a possibility to fit
all experimental scans in one run according to the scheme
in Fig. 24. The weighted functional being optimized, for
instance, reads

F = w1

∑n
i=1|χobs

i − χcalc
i |

(1/n)
∑n

i=1|χobs
i | + w2

∑m
j=1|Mobs

j − Mcalc
j |

(1/m)
∑m

j=1|Mobs
j |

(4.28)

A procedure such as this has recently been published[101]
and the result is displayed inFig. 25. The procedure can
easily be extended to any number of input streams which
can involve more scans of the magnetization (at different
temperatures) or more scans of the susceptibility (at different
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Table 32
ZFS parameters in polynuclear complexes (clusters)

System Experimental Magnetic parameters Reference

{MnIII
6-ring} cluster,S = 12 M-powder,B → 7 T, T = 2, 4 K D = −0.12, g = 1.80 [190]

{MnIV
4MnIII

8-cubane-ring} cluster,
S = 10

D = −0.50 [191]

{MnIV
4MnIII

8-cubane-ring} cluster,
S = 10

M-powder,B → 7 T, T = 1.9–4.5 K D = −0.63, g = 1.92 [192]

{FeIII
4-cubane} cluster,Si = 5/2 χ-powder,T = 2–300 K,B = 0.1–5 T;M(B → 5 T), T = 2, 5 K J1 = 0, J2 = −2.6, J3 = 9.2, D = 6.4, g = 2.21 [193] #

{FeIII
4-cubane} cluster,Si = 5/2 χ-powder,T = 2–300 K,B = 0.1–5 T;M(B → 5 T), T = 2, 5 K J1 = 5.2, J2 = 5.0, J3 = −11.2, D = 4.5, g = 2.09 [193] #

{FeIII
4-bis-dimer} cluster,Si = 5/2 χ-powder,T = 2–300 K,B = 0.1–5 T;M(B → 5 T), T = 2, 5 K J1 = 3.0, J2 = 0.4, g = 2.14, Dcn=5 = −5.6, D′

cn=6 = 4.5 [193] #
{FeIII

4-bis-dimer} cluster,Si = 5/2 χ-powder,T = 2–300 K,B = 0.1–5 T;M(B → 5 T), T = 2, 5 K J1 = −5.2, J2 = 1.6, g = 2.18, Dcn=5 = 6.3, D′
cn=6 = 1.6 [193] #

{FeIII
6-ring} cluster,Si = 5/2 χ-powder,T = 2.3–280 K,B = 1 T j′

eff = −13.69, g = 2.00 [194] #
χ-crystal,T = 2.3–280 K,B = 1 T j′

eff = −13.69, gz = 1.965,gx = 2.020,Da = −0.050,Dab = 0.055
M(B → 20 T), T = 0.7, 1.5 K pulsedB → 52 T, T = 1.5 K j′

eff = −15.4, g = 2.00, Da = −0.050,Dab = 0.055
Crystal cantilever torque magnetometry,B → 23 T, T = 0.45–4.3 K ∆1 = 15.28 (singlet-triplet gap),D1 = 4.32,ϑ0 = −1.6◦, g = 2.0 [195]

{FeIII
10-ring} cluster χ-powder,T = 2.5–300 K,B = 0.3, 0.9 T,M(B → 20 T), T = 0.6,

4.2 K, pulsedB → 50 T, T = 0.6 K
J = −9.6, g = 2.0 [196] #

Crystal cantilever torque magnetometry,B → 23 T, T = 0.45–4.3 K ∆1 = 4.48 (singlet-triplet gap),D1 = 2.24,ϑ0 = 7.7◦, g = 2.0 [195] *
[Ni II

4{L9
NNNNNN}4](PF6)8, 2 × 2

grid cluster
χ-powder,T = 1.5–250 K,B = 0.1 to 5.5 T J = −5.56, g = 2.05 [104]

χ-crystal,T = 1.5–50 K,B = 1, 3, 5.5 T Set-1:J = −5.56, g = 2.05; Set-2:J = −5.73, D = −4.25, gz = 2.104,
gx = 2.023

[104]

{NiII 4-cubane} cluster χ-powder,T = 2–300 K,B = 1 T, M(B → 5 T), T = 2, 5 K J1 = −5.96, J2 = 29.94,J3 = 21.8, D = 0.011,g = 2.23 [197] #
{NiII 21(cit)12} cluster χ-powder,T = 2–300 K D(ac) = −0.32, g = 2.26 [198]

M-crystal,T = 140, 180 mK,B → 8 T Seff = 3 [198]

General notes: The symbol ‘#’ markes that a different definition of theJ-parameter has been applied in the original source as here−zj and/or−J constants precede the spin operators.
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Fig. 24. A scheme of the multifunctional fitting procedure.

magnetic fields). Obviously, other experimental techniques
could be involved such as calorimetry etc.

4.4. Electron paramagnetic resonance

EPR is a spectroscopic method which measuresdiffer-
ences between magnetic energy levels (Table 33). This is the
principal difference from the magnetic susceptibility mea-
surements which measures the Boltzmann occupation of all
energy levels.

The structure of the EPR spectrum depends upon[35–43]

1. theg−tensor anisotropy,
2. the presence of the hyperfine interaction of the central

atom nuclear spin with the electron spin (theAM−tensor),
3. the presence of the super−hyperfine interaction of the

ligand donor atom nuclear spins with the electron spin
(theAL−tensors),

4. the appearance of satellites among which the forbidden
transitions may occur,

5. the nuclear quadrupole effects,
6. the zero−field splitting,
7. the exchange (spin−spin) interactions of the magnetic

centers.

Either a manual analysis of the important points of the
spectrum or preferably computer simulations of the entire

Fig. 25. Temperature dependence of the effective magnetic moment (left) and field dependence of the magnetization (right) for [Ni(ac)2(iz)4]. Experimental
data—open circles, theoretical fit—filled circles. Dashed curve—the averaged magnetization according to Brillouin function forS = 1.

spectrum are capable of subtracting the magnetic parame-
ters.

Let us focus ourselves on determination of the zero−field
splitting parameterD on the basis of EPR spectra for a
mononuclear transition metal complex.

For anS = 1 system (e.g. a complex of Ni2+) with D =
0 the Zeeman term causes the energy levels to be equally
spaced. The two allowed EPR transitions occur at the same
energy (Fig. 26)

−1 ↔ 0 : ∆E = hν = g‖µBBz (4.29)

0 ↔ +1 : ∆E = hν = g‖µBBz (4.30)

so that a single, doubly degenerate line is observed. For
D �= 0 the energy levels are modified and consequently two
separate lines appear

−1 ↔ 0 : ∆E = hν = g‖µBBz − |D| (4.31)

0 ↔ +1 : ∆E = hν = g‖µBBz + |D| (4.32)

The inclusion of the rhombic zero−field splitting parameter
E �= 0 alters the energy levels and consequently the EPR
transitions occur at

−1 ↔ 0 : ∆E = hν = g‖µBBz − |D| + E2

2g‖µBBz

(4.33)
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Fig. 26. Simulated powder X-band EPR spectrum forS = 1 with D/hc = 0.1 cm−1.

0 ↔ +1 : ∆E = hν = g‖µBBz + |D| − E2

2g‖µBBz

(4.34)

The absorptions in the perpendicular direction are much
more intense relative to those in the parallel direction. This
effect originates in the geometrical factor dB = B sinϑdϑ
where ϑ is the angle in polar coordinates that describes
deviation from thez-direction.

For anS = 3/2 system (e.g. a complex of Co2+) with
D = 0 only one triply degenerate line is observed at∆E =
hν = g‖µBBz. This corresponds to the allowed transitions
−3/2 ↔ −1/2, −1/2 ↔ +1/2 and+1/2 ↔ +3/2. For
D �= 0, however, the energy levels in zero field are split into
two doublets separated by 2D. The addition of the Zeeman
term requires that the allowed transitions occur at the ener-
gies:

−3/2 ↔ −1/2 : ∆E = hν = g‖µBBz − 2|D| (4.35)

−1/2 ↔ +1/2 : ∆E = hν = g‖µBBz (4.36)

+1/2 ↔ +3/2 : ∆E = hν = g‖µBBz + 2|D| (4.37)

Table 33
Key features of the EPR spectra

Microwave source X-band:ν = 9.3 GHz; ν̃ = 0.31 cm−1

Q-band:ν = 35 GHz
W-band:� ∼ 100 GHz
The microwave source is oriented perpendicular to the magnetic field
The magnetic field is swept for a constant microwave frequency

Energy levels E(MS,MI) = µBgBMS + AMIMS

Fundamental resonance condition ∆E = hν = gzµBBz(∆MS)

Allowed (intense) transitions ∆MS = ±1, ∆MI = 0
The quantization along thez-axis holds true only for the parallel magnetic field; for the perpendicular
field the quantum numberMS is not operative. In very large fields thez-axis becomes that which is
parallel to the field.

Forbidden (low-intensity) transitions ∆MS = ±2 or 0
Shape of the spectrum Predominantly the first derivative of the absorption curve vs. the ramping magnetic fieldBz is scanned;

the absorption curve matches to a Lorenzian shape

Randomly oriented sample For polycrystalline samples a random orientation is provided by integrating the field direction over a sphere

The model EPR spectrum, when the magnetic field is par-
allel to the axis of quantization, will have a central absorp-
tion band surrounded by two lines at±2|D|.

The sign of theD−parameter cannot be determined via
this simple experiment; its determination requires intensity
data collected at variable temperature. At X−band, with a
frequency of the microwave radiation of some 9 GHz, the ab-
sorption occurs at caBz = 0.34 T and the energy separation
involved is approximately 0.3 cm−1. At Q−band the mea-
sured energy separation spans the order of 1 cm−1. There-
fore EPR absorption cannot be observed between energy
levels whose splitting is large than these values. This can
happen with non-Kramers ions (S = 1 or 2): the zero−field
splitting leaves a spin−singlet ground state.

A frequent task is comparison of theD (or eventuallyE)
parameters obtained by magnetic measurements and by the
EPR method. The magnetochemicalD-values are not re-
stricted by the experimental method and values of|D|/hc =
1 to 70 cm−1 can be determined. However, the reliable deter-
mination of values less than 1 cm−1 suffers from the lack of
low-temperature data. On the contrary, the EPR resonance
is absent forD-values large enough.
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Table 34
EPR of zero-field splitting systems

Energy levels and allowed (intense) EPR transitions (5MS = ±1); Simulated powder X-band EPR spectrum withν = 9.3 GHz and allg
= 2.0023

S = 1, D < hν; D/hc = 0.1 cm−1 Transition fields,B (10−4 T): 1: 2248; 2: 4388; 3: 2732–2766; 4:
3785–3819

S = 1, D > hν, D/hc = 0.5 cm−1 Transition fields,B (10−4 T): 2: 8666; 3: 4890–4923

S = 3/2, 2D < hν, D/hc = 0.1 cm−1 Transition fields,B (10−4 T): 1: 1178; 2: 3319; 3: 5458; 4: 2240–2274;
5: 3052–3086; 6: 4362–4396; 5′: 3751–3787

S = 3/2, 2D > hν, D/hc = 0.5 cm−1 Transition fields,B (10−4 T): 2: 3318; 6: 8641–8675
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Table 34 (Continued )

Energy levels and allowed (intense) EPR transitions (5MS = ±1); Simulated powder X-band EPR spectrum withν = 9.3 GHz and allg
= 2.0023

S = 2, 4D < hν, D/hc = 0.05 cm−1 Transition fields,B (10−4 T): 1: 1713; 2: 2784; 3: (3852); 4: 4923; 5:
2540–2574; 6: 2945–2980; 7: 3471–3501; 8: 4127–4161; 7′: 3816–3855

S = 2, 4D > hν, D/hc = 0.5 cm−1 Transition fields,B (10−4 T): 4b: (2035); 4: 8667

S = 5/2, 6D < hν, D/hc = 0.05 cm−1 Transition fields,B (10−4 T): 1: 1177; 2: 2249; 3: 3319; 4: 4387; 5:
5458; 6: 2326–2358; 7: 2667–2701; 8: 3137–3171; 9: 3599–3633; 10:
4448–4482; 9′: 3719–3754

S = 5/2, 6D > hν, D/hc = 0.5 cm−1 Transition fields,B (10−4 T): 3: 3318; 6: 1250; 8: 6732
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Table 34 (Continued )

Energy levels and allowed (intense) EPR transitions (5MS = ±1); Simulated powder X-band EPR spectrum withν = 9.3 GHz and allg
= 2.0023

S = 3, 9D < hν, D/hc = 0.04 cm−1

S = 7/2, 12D < hν, D/hc = 0.04 cm−1

Key features of the EPR spectra are modeled inTable 34
for individual spin systems.

Magnetic parameters derived from EPR data in high-field/
high-frequency experiments, for species with relatively
large values ofD are compiled inTable 35. These data
do not include extensive tabulations from earlier investi-
gations which can be found in EPR books, such as[35].
Moreover, the basic source of EPR data on exchange
coupled systems is a book by Bencini and Gatteschi
[42]. Makinen et al. [228,229] utilized the spin lattice
relaxation time as a basis for the determination of the

lowest energy gap in a series of Co(II) complexes with
cn = 4, 5, and 6. His tabulations are also not reproduced
here.

4.5. Calorimetry

Calorimetric measurements on Schottky anomalies were
introduced in Chapter 2.7. Some data which involveD values
are reviewed inTable 36. A disadvantage of the calorimetric
measurements is that a large amount of the sample (several
grams) is required by common apparatus.
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Table 35
ZFS parameters based upon the high-field/high-frequency EPR

System Experimental Magnetic parameters (cm−1) Reference

Cs[(Ga:VIII )(H2O)6](SO4)2·6H2O, S = 1 T = 5–20 K, x = 0.01, crystal,ν = 95, 190, 285 GHz,B → 12 T D = 4.86, gz = 1.950,gx = 1.866,
deuteriated sample,D = 4.77, gz = 1.955,gx = 1.869

[211]

[CrII (H2O)6]2+(aq) T = 10 K, ν = 90–440 GHz,B → 14.5 T D = −2.20, g = 1.98 [216]
[MnIII (TPP)Cl], cn= 5, S = 2 T = 5, 10 K, ν = 109, 280, 374 GHz,B → 15 T D = −2.29, gz = 1.98, gx = 2.005 [212]
[MnIII (PC)Cl], cn= 5, S = 2 T = 5 K, ν = 220–550 GHz,B → 15 T D = −2.31, gz = 2.00, gx = 2.005 [212]
[MnIII (cor)], cn = 4, S = 2 T = 4.2 K, ν = 291–544 GHz,B → 15 T D = −2.64, E = 0.015,gz = 2.00, gx = 2.02 [212]
[MnIII (cor)py], cn= 5, S = 2 T = 4.2 K, ν = 97.7, 277 GHz,B → 15 T D = −2.78, E = 0.030,gz = 2.00, gx = 2.02 [212]
[MnIII (tpfc)(OPPh3)], cn = 5, S = 2 T =5, 30 K, ν = 285, 345 GHz,B → 12 T D = −2.69, E = 0.030,gz = 1.980,gx = 1.994 [213]
[MnIII (dbm)3], S = 2 T =4.2–30 K,ν = 245, 349 GHz,B → 12 T D = −4.35, E = 0.26, gz = 1.97, gx = 1.99 [214]
[MnIII (terpy)(N3)2], S = 2 T =5–15 K, ν = 190–475 GHz,B → 12 T D = −3.29, E = 0.48, gz = 2.010,gx = 2.000,gy = 1.980 [215]
TiO2:MnIII crystal,T = 4.2 K, ν = 2–70 GHz D = −3.4, E = 0.116,gz = 1.99, gx = 2.00 [128]
[(Mg:MnII )(pyO)6](ClO4)2, S = 5/2 x = 0.005, crystal,ν = 9.45, 35.09 GHz,T = 77, 300 K D = 0.038,g = 2.002 [217]
[(Zn:MnII )(acac)2(H2O)2], S = 5/2 x = 0.005, crystal,ν = 9.4, 35.1 GHz,T = 77, 300 K D = 0.065,E = 0.019,g = 1.98 [217]
(Cd:CoII )S, S = 3/2 x = 0.016, crystal,ν = 96 GHz,T = 4.2 K D = 0.64, g = 2.269 [187]
(Cd:CoII )Se,S = 3/2 x = 0.004, crystal,ν = 9.56, 9.25 GHz,T = 4–35 K D = 0.47, gz = 2.295,gx = 2.294 [188]
[(Fe:NiII )(H2O)6]SiF6, S = 1 T = 1.5, 4.2 K,x ∼ 0.0001, crystal,ν = 14.0–16.5 GHz D = −3.05, E = 0.17, g = 2.255 [218]
[(Zn:NiII )(H2O)6]SiF6, S = 1 T = 4.2–302 K,x = 0.005, crystalν = 12–18 GHz T = 4.2: D = −0.13, g = 2.233 [219]

T = 77: D = −0.19, g = 2.235
T = 201: D = −0.47, g = 2.25
T = 302: D = −0.64, g = 2.26

[Ni II (H2O)6]SnCl6, S = 1 T = 4.2–370 K, X-band, crystal T = 4.2: D = 0.46, gz = 2.26, gx = 2.19 [220]
T = 77: D = 0.40, gz = 2.27, gx = 2.17
T = 195: D = 0.25, gz = 2.35, gx = 2.38
T = 273: D = 0.25, gz = 2.33, gx = 2.35
T = 298: D = 0.078,gz = 2.28, gx = 2.30
T = 338 K, D = 0, g = 2.33

[Ni II (H2O)6]SO4, S = 1 T = 300 K, crystal D = 4.85, E = 0.06, g = 2.25 [221]
[Ni II (H2O)6](BrO3)2, S = 1 T = 4.2 D = −2, g = 2.29 [222]
[(Zn:NiII )(dmiz)2�-(ox)]∞, S = 1, zig-zag chain T = 5–40 K, x = 0.07, 0.09,ν = 110–440 GHz,B → 13 T D = 1.87, E = 0.38, gz = 2.230,gx = 2.220,gy = 2.215 [223]
[Ni II (en)2�-(NO2)]∞(ClO4), S = 1, chain T = 4.2 K, ν = 160–1042 GHz,B → 21 T Zero-field Haldane gaps atq = π: 5y = 9.45,5x = 10.9,5z = 20.1 [224]
[Ni II (iz)6](NO3)2 D = 0.88, g = 2.19 [225]
[Ni II (iz)6](ClO4)2 ν = 9.5, 33–35 GHz D = 0.46, g = 2.20 [226]
[Ni II (pz)6](ClO4)2 ν = 9.5, 33–35 GHz D = 0.07, E = 0, g = 2.19 [226]
[Ni II (CH3CN)6](GaCl4)2 ν = 9.5, 33–35 GHz D = 0.19, E = 0, g = 2.195 [226]
[Ni II (4-Cl-pz)6](ClO4)2 ν = 9.5, 33–35 GHz D = 0.26, E = 0, g = 2.180 [226]
[Ni II (CH3CN)6](SbCl6)2 ν = 9.5, 33–35 GHz D = 0.26, E = 0.026,g = 2.190 [226]
[Ni II (CH3CN)6](InBr4)2 ν = 9.5, 33–35 GHz D = 0.27, E = 0.046,g = 2.198 [226]
[Ni II (CH3CN)6](ClO4)2 ν = 9.5, 33–35 GHz D = 0.38, E = 0.018,g = 2.195 [226]
[Ni II (5-Me-pz)6](ClO4)2 ν = 9.5, 33–35 GHz D = 0.40, E = 0, g = 2.178 [226]
[Ni II (5-Me-pz)6](BF4)2 ν = 9.5, 33–35 GHz D = 0.47, E = 0, g = 2.175 [226]
[Ni II (4-Me-pz)6](ClO4)2 ν = 9.5, 33–35 GHz D = 0.51, E = 0.17, g = 2.190 [226]
[Ni II (N-Me-iz)6](BF4)2 ν = 9.5, 33–35 GHz D = 0.82, E = 0, g = 2.180 [226]
[Ni II (N-Me-iz)6](ClO4)2 ν = 9.5, 33–35 GHz D = 0.90, E = 0, g = 2.185 [226]
[{L20

NNNSSS}CoIII CuIII CoIII {L20
NNNSSS}]

(ClO4)3·2Me2CO, S = 1
T = 10 K, ν = 9.65 GHz D = 0.20, g = 2.051 [227]
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Table 36
ZFS parameters based upon calorimetry

System Experimentala Magnetic parameters (cm−1) Reference

[VIII (urea)6]Br3·3H2O, S = 1 T = 1–19 K D = 5.84 [236]
NH4VIII (SO4)2·12H2O, S = 1 T = 1.3–21.7 K D = 4.9 [237]
Cd1−xCoII

xS, S = 3/2 T = 0.4–4 K D = 0.67 [238]
Cd1−xCoII

xSe,S = 3/2 T = 0.4–4 K D = 0.50 [238]
NiII SO4·6H2O, S = 1 T = 1.1–20.8 K D = +4.76, E = 0.28 [239]
[Ni II (H2O)6][SnCl6], S = 1 T = 0.37–4.2 K D = 0.45 [86]
NiII Cl2·4H2O, S = 1 T = 0.85–25 K D = −7.99, E = 0.07 [87]
NiII (NO3)2·6H2O, S = 1 T = 0.55–11.9 K D = +4.46, E = 1.13 [109]
[Ni II pz4Cl2], S = 1 T = 1–80 K D = 7.2 [112]
[Ni II pz4Br2], S = 1 T = 1–80 K D = 5.4 [112]
[Ni II (en)2(NCS)2], S = 1 T = 0.3–20 K Set-1:D = +6.24, E = 1.13 [240]

Set-2:D = −4.81, E = 2.55
[Ni II (Cp)2], cn = 10, S = 1 T = 6.8–50 K INS:D = 31.6a [118]

a INS: inelastic neutron scattering.

Table 37
ZFS parameters based upon FIR

System Experimentala Magnetic parameters (cm−1)a Reference

Al2O3:VIII T = 4.2 K, B → 5.5 T D = 8.25, gz = 1.92, gx = 1.74 [230]
[FeII (H2O)6]SiF6, S = 2 T = 6, 20 K, B → 7 T D = 11.78,E = 0.67 [231]

MS: D = 11.8, E = 0.85 [232]
(PPh4)2[FeII (SPh)4], cn = 4, S = 2 T = 6, 20 K, B → 7 T D = 5.98, E = 1.42 [231]

MS: D = 7.55, E = 1.69 [233]
[FeIII (DP)F], S = 5/2 T = 4.2 K, B → 5 T 2D = 11.1 [234]
[FeIII (DP)Cl], S = 5/2 T = 4.2 K, B → 5 T 2D = 17.9 [234]
[FeIII (DP)Br], S = 5/2 T = 4.2 K, B → 5 T 2D = 23.6 [234]
[FeIII (DP)I], S = 5/2 T = 4.2 K, B → 5 T 2D = 33 [234]
[FeIII (DP)(OMe)], S = 5/2 T = 4.2 K, B → 5 T 2D = 9.3 [234]
[FeIII (DP)(OPh)],S = 5/2 T = 4.2 K, B → 5 T 2D = 10.9 [234]
[FeIII (DP)(ac)],S = 5/2 T = 4.2 K, B → 5 T 2D = 13.8 [234]
[FeIII (DP)N3], S = 5/2 T = 4.2 K, B → 5 T 2D = 14.8 [234]
[FeIII (PP)Cl], S = 5/2 T = 4.2 K, B → 5 T 2D = 13.9 [234]
[FeIII (daDP)Cl],S = 5/2 T = 4.2 K, B → 5 T 2D = 15.78 [234]
FeIII in Ferrichrome-A,S = 5/2 T = 4.2 K, B → 5 T D = −0.27, E/D = −0.25, g = 2.0 [235]
[FeIII (S2CNR2)3], NR2 = pyrrolidyl, S = 5/2 T = 4.2 K, B → 5 T D = −2.14, E/D = −0.10 [235]
[FeIII (S2CNR2)2Br], NR2 = pyrrolidyl, cn = 5, S = 3/2 T = 4.2 K, B → 5 T D = +8.17 [235]
[FeIII (S2CNR2)2Cl], NR2 = pyrrolidyl, cn = 5, S = 3/2 T = 4.2 K, B → 5 T D = +2.60 [235]
[FeIII (S2CNMe2)2Br], cn = 5, S = 3/2 T = 4.2 K, B → 5 T D = +7.30 [235]
[FeIII (S2CNMe2)2Cl], cn = 5, S = 3/2 T = 4.2 K, B → 5 T D = −2.10 [235]
[FeIII (S2CNEt2)2Br], cn = 5, S = 3/2 T = 4.2 K, B → 5 T D = +7.50, E/D = 0.067 [235]
[FeIII (S2CNEt2)2Cl], cn = 5, S = 3/2 T = 4.2 K, B → 5 T D = −1.93 [235]
[FeIII (S2CNi-Pr2)2Cl], cn = 5, S = 3/2 T = 4.2 K, B → 5 T D = −2.35, E/D = 0.036 [235]
[FeIII (PP)F],S = 5/2 T = 4.2 K, B → 5 T D = 5.0 [235]
[FeIII (PP)Cl], S = 5/2 T = 4.2 K, B → 5 T D = 6.95 [235]
[FeIII (PP)N3], S = 5/2 T = 4.2 K, B → 5 T D = 9.10, E/D = 0.085 [235]
[FeIII (DP)F], S = 5/2 T = 4.2 K, B → 5 T D = 5.55 [235]
[FeIII (DP)Cl], S = 5/2 T = 4.2 K, B → 5 T D = 8.95 [235]
[FeIII (DP)Br], S = 5/2 T = 4.2 K, B → 5 T D = 11.8 [235]
[FeIII (DP)I], S = 5/2 T = 4.2 K, B → 5 T D = 16.4 [235]
[FeIII (DP)N3], S = 5/2 T = 4.2 K, B → 5 T D = 7.32, E/D = 0.036 [235]
Ferrimyoglobin-H2O T = 4.2 K, B → 5 T D = 9.5 [235]
Ferrimyoglobin-F T = 4.2 K, B → 5 T D = 5.94 [235]
Ferrihemoglobin-F T = 4.2 K, B → 5 T D = 6.30 [235]
[MnIII (DP)Cl], S = 2 T = 4.2 K, B → 5 T D = −2.53 [235]
[MnIII (DP)Cl], S = 2 T = 4.2 K, B → 5 T D = −1.10 [235]
[MnIII (DP)N3], S = 2 T = 4.2 K, B → 5 T D = −3.08 [235]

a MS: Mössbauer spectroscopy.
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Fig. 27. Energy levels for anS = 2 system showing some infrared
transitions that could be observed.

The data analysis requires a subtraction of the lattice
(Debye) part of the heat capacity. For this purpose a sim-
ple polynomial function, some more advanced theoretical
model functions, or the measured line for an isomorphous,
Schottky-silent (e.g. the Zn) crystal, are applied.

As with other techniques, the calorimetric data do not
provide a unambiguous determination of the sign of the
D-parameter as tested by Murakawa et al.[240].

4.6. Far infrared spectroscopy

Far infrared spectroscopy is another technique which can
be used to measure the energy gap− the zero−field splitting
parameterD, directly. In order to identifymagnetic dipole
transitions, the magnetic field (up to several T) is applied:
the Zeeman effect modifies the energy levels and systemat-
ically alters the allowed transitions,∆M = ±1 (Fig. 27).
Experimental data are collected inTable 37. A key reference
to this technique, which involves transition probabilities, is
Brackett et al.[235].

The absorption coefficient (the power absorbed per unit
length) between the initial electronic state|an〉 and the final
state|bn〉 may be written

αn(ν) =
(

4π2e2N0

h̄m2
ec

3

)
νρ(ν − νn)|〈an|�k × �π · �S|bn〉|2

(4.38)

where N0—the concentration of paramagnetic ions,ρ—a
line-shape function,�k—unit vector in the direction of propa-
gation,�π—unit vector in the direction of electric field polar-
ization, νn—the frequency corresponding to the difference
of the eigenvalues of the initial and final states. The temper-
ature average is

α(ν) =
∑
n

αn(ν) · Pn(T) (4.39)

wherePn(T)—is the difference in the thermal population of
the two states. For unpolarized radiation the average over�π
and�k is done analytically

ᾱ(ν)=
(
πe2N0ν

h̄m2
ec

3

)∑
n

∫ π

ϑ=0

∫ 2π

ϕ=0
ρ(ν − νn)Pn(T)

× 1

3
[〈an|Ŝx|bn〉2 + 〈an|Ŝy|bn〉2

+〈an|Ŝz|bn〉2](sinϑdϑ dϕ) (4.40)

and the remaining average is over the magnetic fieldB(ϑ, ϕ)

in polar coordinates for a polycrystalline sample. Conse-
quently:

1. high-frequency transitions are increased as an effect ofn;
2. the solid angle enhances transitions perpendicular to the

field (x,y),
3. transitions from states elevated more thankT are sup-

pressed byPn(T),
4. all transitions are suppressed at high temperature when

D � kT.

This technique is also called “Far-Infrared Magnetic
Resonance”. However, the magnetic field here is kept con-
stant and the frequency of the radiation is varied. Typically
the Fourier-transform technique combined with the Michel-
son interferometer, low-temperature (helium-cooling) unit
and the high-sensitive detector (Ge bolometer) are used.
There are also some limitations to the character of the
sample (absorption yield, background transmission)[235].

There is a considerable progress in new technique termed
the “frequency domain spectroscopy”. In fact this is the
infrared spectroscopy using tunable lasers in the magnetic
field; with the constant frequency and sweep field, however,
it could be considered as a terra-hertz electron spin reso-
nance. This technique allows a direct determination of the
ZFS gap[263–266].

4.7. Inelastic neutron scattering

Thermal neutrons provided by nuclear reactors can be ex-
ploited for inelastic neutron scattering—INS. (Due to the
large incoherent scattering contribution of1H, undeuteriated
samples are not well suited for the study of magnetic ex-
citations by thermal neutrons.) The magnetic moment of a
neutron interacts with the magnetic moment of an electron
and the electron transition is induced. The differential cross
section of a transition|S〉 → |S′〉 in an INS experiment is

d2σ

dΩdω
=
(

γe2

mec2

)2(
1

2
gF( �Q)

)2
kout

kin
exp[−2W( �Q)]

×

 ∑
a=x,y,z

(1 − Q2
a/Q

2)
∑
λ,λ′

exp

(−Eλ

kT

)

×〈λ|Ŝa|λ′〉2δ(h̄ω + Eλ − Eλ′)


 (4.41)

with �Q—the scattering vector;kin andkout the wavevectors
of the incoming and outgoing neutrons, respectively;g =
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Fig. 28. Allowed energy gain (A) and energy loss (A′) transitions for
the S = 1 system in the zero magnetic field (left) and a hypothetical
neutron-energy loss and gain spectrum (right).

−1.913 is the gyromagnetic ratio of the neutron (the neu-
tron magnetic moment in units of the nuclear magneton);
g—the Landé factor, |λ〉 and |λ′〉—the initial and final elec-
tronic states with energiesEλ andEλ′ ; exp[−2W( �Q)] is the
Debye-Waller factor;F( �Q)—the magnetic form factor. The
allowed transitions are restricted to∆M = 0,±1 (Fig. 28).

There is an analogy between the INS and Raman
spectroscopy (inelastic photon scattering): the neutron is
scattered at a higher or lower energy than that of the
incident (monochromated) beam. The INS discriminates
unambiguously between transitions of vibrational and
magnetic origin: for magnetic excitations, with increasing
modulus of the scattering vector�Q the intensity of the
scattered neutrons decreases asF2( �Q). The INS offers
an unique information that is the energy functionE(�k).

The usual record is represented byI vs. 5E functions
(I—intensity, 5E—energy transfer, or energy loss/gain).
Unfortunately, several grams of the (deuteriated) sample
are required for the INS experiment.

4.8. Nuclear magnetic relaxation dispersion

The magnetic moment associated with the unpaired elec-
trons of a paramagnetic particle interacts strongly with
the nuclear magnetic moments through the hyperfine in-
teraction. In solution this interaction provides a highly
efficient relaxation mechanism for nuclear spins leading to
a paramagnetic relaxation enhancement (PRE) [261,262].
In the nuclear magnetic relaxation dispersion (NMRD) the
PRE is studied as a function of the magnetic field using
an NMR apparatus equipped with a relaxometer. The nu-
clear spin—lattice relaxation rate of ligand nuclei bound
to the paramagnetic site depends analytically upon several
contributions[241,242]. These also involve thestatic ZFS
interaction which represents an average over fast processes
(like vibrations, collisions). Additionally, thetransient ZFS
interaction contributes; it originates in the distortion of the

paramagnetic particle because of collisions with surround-
ing solvent molecules.

4.9. Magnetic circular dichroism

Circular dischroism (CD) spectra show a difference be-
tween absorption of the left (L) and right (R) circularly po-
larized light,∆ε = εL − εR, during the electron excitation.
The molar extinction coefficients (ε [cm−1 mol−1 dm3])
are obtained from absorbance (A), molar concentration
(c [mol dm−3]) and the path length (l [cm]) as usual:
κl(loge) = εcl = log(I0/I) = A. (Right circularly polar-
ized light (RCP) corresponds to light propagating towards
an observer with its electric vector rotating in a clockwise
direction; left circularly polarized light (LCP)—in an anti-
clockwise direction.) The CD feature is natural for chiral
centers in the absence of a magnetic field.

Magnetic circular dichroism (MCD) involves a longitudi-
nal magnetic field (applied parallel to the direction of prop-
agation of the CP light). The selection rules for allowed
transitions are∆M = −1 for RCP and∆M = +1 for LCP
(Fig. 29). Such transitions occur for any substance having
energy levels split by the magnetic field. There are a num-
ber of key references to MCD[243–247]. A consistent con-
vention is also of great importance as discussed elsewhere
[245].

The profile of the MCD spectrum depends upon temper-
ature and applied magnetic field. The usual presentation is
the function[245]

(4.42)

where a—electric permeability,n—index of refraction,
E = hν—energy of the light,f(E)—absorption bandshape
(e.g., a Gaussian-shaped function); the rest of the symbols
adopt their usual meaning. The difference in the number of
molecules between the ground and excited state (NI and
NJ , per cm3) collapses toNI since at room temperature and
belowNJ ∼ exp[−(EJ − EI)/kT] ≈ 0. The electric dipole
operators in electric dipole transitions are defined with the
convention

m̂±1 = ∓(m̂x ± im̂y)√
2

= ∓m̂± (4.43)

where

�m(m̂x, m̂y, m̂z) =
∑
k

ek�rk(x, y, z) (4.44)

Under certain approximations (Born-Oppenheimer ap-
proximation, Franck-Condon principle, rigid-shift approxi-
mation) three contributing terms (Ã, B̃, C̃) appear
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Fig. 29. Examples of the MCD transitions.
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= cl

8NAπ
3α2 loge

1000hcn
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×
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Ã

(
−∂f(E)

∂E

)
+
(
B̃ + C̃

kT

)
f(E)

]
(4.45)

The three MCD terms depend upon the electronic and
magnetic structure of the system under investigation. For
the electronic transition from theI-th electronic state (with
i-th componente when degenerate) to the excited state
J (with the componentej) the transition energy equals
EIi→Jj = EJ−EI and the three MCD terms are expressed as
follows

Ã= + 1

dI

∑
i,j

[|Ii〈|m̂−1|Jj〉|2 − |Ii〈|m̂+1|Jj〉|2]

× [〈Jj|µ̂z|Jj〉 − 〈Ii|µ̂z|Ii〉] (4.46)

B̃= + 2

dI
Re
∑
i,j



∑
Kk �=J

[〈Ii|m̂−1|Jj〉〈Kk|m̂+1|Ii〉

− 〈Ii|m̂+1|Jj〉〈Kk|m̂−1|Ii〉] 〈Jj|µ̂z|Kk〉
EK − EJ

+
∑
Kk �=I

[〈Ii|m̂−1|Jj〉〈Jj|m̂+1|Kk〉

−〈Ii|m̂+1|Jj〉〈Jj|m̂−1|Kk〉] 〈Kk|µ̂z|Ii〉
EK − EI


 (4.47)

C̃ = − 1

dI

∑
i,j

[|〈Ii|m̂−1|Jj〉|2 − |〈Ii|m̂+1|Jj〉|2]〈Ii|µ̂z|Ii〉

(4.48)

Here, dI—degeneracy of the ground state (number of the
componentsi), |Kk〉 is another electronic state not involved
in the transition but being mixed either with the ground or
the excited state in the magnetic field. The magnetic pertur-
bation is given by the Zeeman term which is exhibited by a
magnetoactive (paramagnetic) particle

Ĥ ′ = µ̂zB = µBh̄
−1(L̂z + 2Ŝz)B (4.49)

Another form of the basic MCD equation reads[249]

∆ε= − K∑
I exp(−EI/kT)

∑
i,j,k

εijkAzk

×
∑
I

∑
J

Im[〈I|m̂i|J〉〈J |m̂j|I〉]exp

(−EI

kT

)
fIJ(E)

(4.50)

whereK contains all the constants,εijk is the Levi-Civita
antisymmetric tensor (εxyz = εyzx = εzxy = 1, εyxz = εzyx =
εxzy = −1, and zero otherwise). The band-shape function
can be expanded into a Taylor series where only the linear
terms are kept. The directional parameters (in polar coor-
dinates)Azx = sinϑ cosϕ, Azy = sinϑ sinϕ, Azz = cosϑ
relate the orientation of the magnetic field relative to the
molecule-fixed coordinate system. A thermal and orienta-
tional average of any quantity is given by integration

〈Ok〉 = 1

4π

∫ π

ϑ=0

∫ 2π

ϕ=0

∑
I

〈I|Ôk|I〉

× exp(−EI/kT)

Q
Azk sinϑdϑdϕ (4.51)

with
Q =

∑
I

exp

(−EI

kT

)
(4.52)

The theory of MCD intensities is an active research area
as documented by many recent, important contributions
[248–250]. One of the simplest approaches applied to the
ZFS systems utilizes the equation

∆A = p1B + p2C

kT
(4.53)

with the fractional populations of the components

p1 = d1

d1 + d2 exp(−∆/kT)
(4.54)

p2 = d2

d1 + d2 exp(−∆/kT)
(4.55)

For theS = 1 system:d1 = 1, d2 = 2, ∆ = D; for the
S = 3/2: d1 = 2, d2 = 2, and∆ = 2D. Some data are
collected inTable 38.
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Table 38
ZFS parameters based upon MCD

Systema Experimental Magnetic parameters (cm−1)b Reference

[Mn4
IV Mn8

III O12(ac)16], S = 10 T = 4.2 K, B = 5 T, λ = 555, 475 nm D = −0.42 [253]
[FeII (H2O)6]SiF6, S = 2 T = 1.6–40 K,B = 7 T, λ = 550 nm D = 11.9, E = 0.67 (fixed) [254]
(NH4)2[FeII (H2O)6](SO4)2, S = 2 T = 1.6–12 K,B = 6 T, λ = 1000 nm δ = 8.3, gz = 8.6, 5a = −250, |V| = 150 [255]
[FeII (TMC)Br]Br, S = 2 T = 1.6–12 K,B = 6 T, λ = 900 nm δ = 1.33, gz = 9.01,5a = −2000, |V| = 600 [255]
FeII in superoxide-dismutase, cn= 5, S = 2 T = 1.6–12 K,B = 6 T, λ = 950 nm δ = 2.9, gz = 8.78,5a = −1200, |V| = 648 [255]
FeII in soybean lipoxygenase,S = 2 T = 1.6–12 K,B = 6 T, λ = 900 nm δ = 7.24, gz = 8.20,5a = −450, |V| = 270 [255]
FeII in SLO-1, cn= 5, S = 2 T = 1.6–35 K,B = 6 T, λ = 1786 nm δ = 7, gz = 9, 5a = +700, |V| = 270 [256]
FeII in SLO-1, cn= 6, S = 2 T = 1.6–35 K,B = 6 T, λ = 1163 nm δ = 9.6, gz = 10.5,5a = +450, |V| = 150 [256]
FeII in 15-RLO, cn= 5, S = 2 T = 1.6–35 K,B = 6 T, λ = 1163 nm δ = 4.4, gz = 9.0, 5a = −500, |V| = 270 [256]
FeII in 15-HLO, cn= 5, S = 2 T = 1.6–35 K,B = 6 T, λ = 1163 nm δ = 4, gz = 9, 5a = −500, |V| = 270 [256]
FeII

2 in deoxy-N3
−-hemerythrin,Si = 2 T = 1.7–49 K,B = 6 T, λ = 940 nm J > 1, D1 = −3, D2 = −3 [257]#

J > 1, D1 = −7, D2 = +7
FeII

2 in deoxy-OCN−-hemerythrin,Si = 2 T = 1.7–49 K,B = 6 T, λ = 1040 nm J > 1, D1 = +5, D2 = +5 [257]#
J > 1, D1 = −13, D2 = +10

CoII in Co(c)Zn(n)-HLADH,a cn = 4, S = 3/2 T = 1.5–300 K,B = 5 T, λ = 662 nm 5 = 33, gz = 6.6, gx = 1.9 [258]
CoII in Co(c)Zn(n)-HLADH/NAD+/pyrazole,

cn = 4, S = 3/2
T = 1.5–300 K,B = 5 T, λ = 674 nm 5 = −56, gz = 7.1, gx = 0.3 [258]

CoII in Zn(c)Co(n)-HLADH, cn= 4, S = 3/2 T = 1.5–300 K,B = 5 T, λ = 733 nm 5 = 7, gz = 2.2, gx = 4.6 [258]
(Ph4P)2[Ni II (SPh)4], cn = 4, S = 1 T = 4.2–293 K,B = 4.5 T, λ = 664 nm D = 44.3 [259]
NiII in rubredoxin, cn= 4, S = 1 T = 4.2–293 K,B = 4.5 T, λ = 664 nm D = 55.5 [259]
NiII in Me-CoM-reductase,S = 1 T = 1.6–98 K,B = 4.5 T, λ = 420 nm D = 8.9 [260]

a HLADH = horse liver alcohol dehydrogenase; LO-lipoxygenase; 15-RLO= rabbit reticulocyte; 15-HLO= mammalian 15-LO human recombinant.
b Axial crystal-field splitting for d6 systems:5a = E(5B2g → 5Eg); |V|—rhombic CF splitting,δ—rhombic ZFS splitting; overall ZFS for d7 systems:

∆ = |2D(1 + 3E2/D2)1/2|.

A unique feature of the MCD experiment is that only a
small concentration of the substance is required. This allows
bioinorganic studies of enzymes which are difficult to obtain
in larger amounts.

There are two extensive tabulations ofD-parameters
derived from MCD data but not reproduced here. First,
Solomon et al. ([251], p. 3957) presented data for FeII

distorted complexes spanning the cn= 4, 5, and 6.
Analogously, Larrabee et al. ([252], p. 4186) collected

data for a number of CoII distorted complexes, spanning the
cn = 4 and 5. These cover metalloproteins as well as model
compounds.

5. Conclusions

The ZFS originates in a fine structure of the lowest
crystal-field multiplets: the electronic states in the given
symmetry point group (the crystal-field terms) are further
split owing to the spin–orbit interaction so that a small
energy gap appears above the ground state.

The spin-Hamiltonian approach abstracts from the orbital
part of the wave functions and utilizes only the spin kets
|S,MS〉. In the space spanned by the spin functions, the
bilinear spin–spin interaction operatorĤs−s = h̄−2[D(Ŝ2

z −
Ŝ2/3) + E(Ŝ2

x + Ŝ2
y)] leads to the intreaction matrix which

after diagonalization yields the zero-field energy levels. The
energy gapD dictates regularity in evolution of the remain-
ing energy levels of the same spin manifold (forS > 3/2).
On including the spin-Zeeman term̂HZ

a = h̄−1µBgaBaŜa,
the diagonalization of the spin-Hamiltonian matrix yields

the magnetic energy levels for a given field:εi(B). When
the energy levels can be taken in an analytic form (S = 1
or 3/2), the partition functionZ(B) can be treated by means
the apparatus of the statistical thermodynamics and then the
magnetic functions (magnetization, magnetic susceptibility,
heat capacity) can be obtained in the form of closed for-
mulae. Otherwise the second-order perturbation theory in
conjunction with the van Vleck equation brings a set of ap-
proximate, but closed formulae for the magnetic functions.
Numerical diagonalization in the space spanned by the spin
functions is no longer a problem so that the eigenvalues,
partition function, and its derivatives leading to the mag-
netic functions is an easy task for computers. When desired,
also the biquadratic spin–spin interaction can be involved.

The spin-Hamiltonian approach offers a powerful appa-
ratus for analysis of experimental data as generated by dif-
ferent experimental techniques: the magnetic susceptibil-
ity and magnetization measurements, the EPR, calorimetry,
far-infrared spectroscopy, circular magnetic dichroism, and
some other experimental methods. The majority of experi-
mental data published so far are interpreted in terms of the
spin-Hamiltonian formalism: the magnetic parameters of in-
terest (gx, gy, gz, D, E, andχTIP) are taken as “constants”
of the system under study. Nevertheless, such characteris-
tics are model-dependent. Moreover, the spin-Hamiltonian
formalism is of a little help when there is the first-order an-
gular momentum present in the ground electronic state (like
octahedral and tetrahedral T- terms).

The spin-Hamiltonian formalism involves theE-tensor,
and evaluation of its components brings simple formulae
in which the magnetic parameters are functions of the
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Table 39
Range ofD-values (cm−1) as detected by susceptibility measurements for hexacoordinate mononuclear complexes

System Compressed bipyramid Octahedron Elongated bipyramid Minimum Maximum λ (cm−1)

VIII , S = 1 3A2g, ZFS case 3T1g
3Eg +3.7 +8.0 +105

CrIII , S = 3/2 4B1g, ZFS case 4A2g, ZFS case 4B1g, ZFS case +0.2 +1.0 +92
MnIII , S = 2 5A1g, ZFS case 5Eg

5B1g, ZFS case −3.0 +3.1 +89
FeIII , S = 5/2 6A1g, ZFS case 6A1g, ZFS case 6A1g, ZFS case −2.1 +7.2 ξ = 460
MnII , S = 5/2 6A1g, ZFS case 6A1g, ZFS case 6A1g, ZFS case +0.2 ξ = 300
FeII , S = 2 5Eg

5T2g
5B2g, ZFS case −5 +12 −100

CoII , S = 3/2 4A2g, ZFS case 4T1g
4Eg +25 +83 −172

NiII , S = 1 3B1g, ZFS case 3A2g, ZFS case 3B1g, ZFS case −22.3 +9.5 −315

spin–orbit splitting parameterλ = ±ξ/2S for a given term
and the lowest excitation energies to terms bearing compo-
nents of the angular momentum. This concept has been ex-
tended to involve different orbital reduction factors (κx, κy,
κz). As seen fromTable 39, the values of theD-parameter
correlate with the magnitude ofλ. In a regular octahedral
geometry theD-parameter should vanish but the crystal
structure counterparts usually bring some perturbation of
the regular geometry.

No doubt that beyond the spin-Hamiltonian formalism is
the calculation of the zero-field or magnetic energy levels in
a complete dn-space spanned, for example, by the basis set of
atomic terms. (Equivalently, the basis set of the crystal-field
terms, atomic multiplets, or the crystal-field multiplets can
be applied when all the relevant operators, i.e. the interelec-
tron repulsion, the crystal-field potential, and the spin–orbit
coupling, are considered. These basis sets are interrelated
through a unitary transformation that leaves the eigenvalues
invariant.)Fig. 30shows such a modeling of theD-parameter
for Ni(II), Cr(III) and Re(IV) systems. The first case of Ni(II)
shows sizable values of theD-parameter on the axial dis-
tortion of the octahedron. With strong axial and weak equa-
torial crystal field the spin-Hamiltonian predicts a value of
aboutD/hc = −37 cm−1 (dark surface) but the exact multi-
plet splitting is only−30 cm−1 (white surface). This shows
limits of the spin-Hamiltonian formalism. In the second case
of Cr(III) the predictedD-values are much lowered in con-

Fig. 30. CalculatedD-parameters for Ni(II)—left, Cr(III)—centre, and Re(IV)—right systems at different tetragonal crystal fields. Two sets ofD-values
refer to the spin-Hamiltonian approach (dark) and the exact multiplet splitting (white).

formity with decrease ofλ2. In the last example of Re(IV),
which is isoelectronic with Cr(III), the enhancement ofλ2

reflects into a tremendous increase of theD-parameter. Such
type of calculations will be a subject of the different presen-
tation.

With binuclear and polynuclear complexes the situation
is less transparent. The experimental data are exclusively in-
terpreted in terms of the spin-Hamiltonian that involves the
isotropic exchange (JAB constants) and the local anisotropy
parameters (DA). The pair-wise contributionDAB to the
D-tensor is, as a rule, omitted. Its effect, however, could be
as substantial as the contribution of the local anisotropy pa-
rameters. No a reasonable correlation of theD-parameter
values has been published so far. Moreover, the limits of the
strong-exchange approach are often overlooked.

As pointed out at individual experimental techniques, each
of them has certain limitations and no one can be declared
as a best tool in determining theD-values. The suscep-
tometry and calorimetry can determine larger values ofD;
otherwise very low temperatures are required. Commercial
X-band EPR spectrometers are limited to small values ofD;
otherwise high-frequency/high-field experiments are neces-
sary. Far-infrared spectroscopy, inelastic neutron scattering
but also calorimetry require a massive sample and MCD is
restricted to transparent (no black) samples. Therefore all
these techniques could be viewed as complementary one to
the other.
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814 R. Boča / Coordination Chemistry Reviews 248 (2004) 757–815

[132] V.R. Marathe, S. Mitra, Chem. Phys. Lett. 21 (1973) 62.
[133] C. Maricondi, W. Swist, D.K. Straub, J. Am. Chem. Soc. 91 (1969)

5205.
[134] V.R. Marathe, S. Mitra, Chem. Phys. Lett. 19 (1973) 140.
[135] D.V. Behere, S.K. Date, S. Mitra, Chem. Phys. Lett. 68 (1979) 544.
[136] H.-L. Shyu, H.-H. Wei, G.-H. Lee, Y. Wang, J. Chem. Soc., Dalton

Trans. (2000) 915.
[137] B.W. Dale, R.J.P. Williams, C.E. Johnson, T.L. Thorp, J. Chem.

Phys. 49 (1968) 3441.
[138] C.L. Klein, C. O’Connor, R.J. Majeste, L.M. Trefonas, J. Chem.

Soc., Dalton Trans. (1982) 2419.
[139] P.J. van der Put, A.A. Schilperood, Inorg. Chem. 13 (1974) 2476.
[140] P.J.M.W.L. Birker, J.J. Bour, J.J. Steggerda, Inorg. Chem. 12 (1973)

1254.
[141] D.M. Eichhorn, J. Telser, C.L. Stern, B.M. Hoffman, Inorg. Chem.

33 (1994) 3533.
[142] N. Duran, W. Clegg, L. Curucull-Sanchez, R.A. Coxall, H.R.

Jimenez, J.-M. Moratal, F. Lloret, P. Gonzalez-Duarte, Inorg. Chem.
39 (2000) 4821.
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