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Magnetic Properties of Transition Metal Ion Cubic °T, Terms
in Axial Ligand Fields

I. Magnetic Anisotropy and Principal Magnetic Susceptibilities
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The theory of magnetic anisotropy and susceptibility is worked out for cubic 37, terms,
the degeneracy of which is partially lifted by a ligand field component of axial symmetry as
well as by spin-orbit coupling. Matrix elements are calculated by application of the method of
ABRAGAM and PRYCE to a set of M.O. based wave-functions. The anisotropy in covalency of
the metal-ligand bond and in spin-orbit coupling is taken into account. Numerical values of
principal magnetic moments, P and P, are caleulated as function of k74, /A, and ».

The theoretical results are employed in a rigorius analysis of existing single crystal mag-
netic data on high-spin iron(II) compounds. For (NH,),Fe(SO,),-6 H,0, A = —100 cm™?,
§ = 1070 cm~and » = 0.8 to0 0.6 is obtained. For FeSiF,-6 H,0,4 = —80 em™,§ = —760cm™!
at 77.3 °K and —580 cm™? between 20.4 and 1.57 °K, and » ~0.7 is derived. No unique fit is
possible for K,Fe(S0,),+6 H;0. The data are reproduced to better than +19, in most cases.
The limitations of the approach are stressed.

Die Theorie der magnetischen Anisotropie und der magnetischen Suszeptibilitit eines
57, Grundterms im oktaedrischen Ligandenfeld wird fiir den Fall entwickelt, daf die Ent-
artung unter dem EinfluB einer axial-symmetrischen Feldkomponente sowie der Spin-Bahn-
Wechselwirkung teilweise aufgehoben ist. Eigenfunktionen werden auf der Grundlage der
M.O.-Theorie aufgestellt, Matrixelemente mittels der Theorie von ABRAGAM und PRycE er-
mittelt. Der Anisotropie der Metall-Ligand-Bindung sowie der Spin-Bahn-Kopplung wird
Rechnung getragen. Numerische Werte fiir die magnetischen Hauptmomente Pjund P
werden in Abhingigkeit von 27/, 6/A und x berechnet.

Die Ergebnisse der Theorie werden fiir eine genaue Analyse der verfiigbaren magnetischen
Daten aus Messungen an Einkristallen magnetisch normaler Eisen(Il)-Verbindungen ver-
wendet. Fir (NH,),Fe(S0,),-6 H,0 werden 4 = —100 cm3, § = 1070 cm™? und » = 0,8 bis
0,6 erhalten. Fiir FeSiFg-6 H,0 ergeben sich 1 = —80 cm™?, § = —760 cm™! bei 77,3 °K und
8 = — 580 em~?! zwischen 20,4 und 1,57 °K sowie »x ~0,7. Die experimentellen Daten kénnen in
den meisten Fallen auf +19, genau oder besser wiedergegeben werden. Bei K,Fe(S0,),-6 H,0
gelang keine eindeutige Bestimmung der theoretischen Parameter. Die Grenzen der vorliegen-
den Behandlung werden kritisch diskutiert.

La théorie de anisotropie magnétique et de la susceptibilité magnétique est développée
pour les termes cubiques 57, dont la dégénerescence est partiellement levée par une compo-
sante 4 symétrie axiale du champ de ligandes ainsi que par le couplage spin-orbite. Les é16-
ments de matrice sont calculés 4 Paide de la méthode d’ABrRAGAM et PRYCE employée sur un
systéme M.O. des fonctions d’onde de base. On a pris en consideration ’anisotropie de la
liaison entre le metal et le ligand et aussi du couplage spin-orbite. Les valeurs numériques
des moments magnétiques principaux P,et P| sont calculées en fonction de k7Y4, 4/A, et .
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Les résultats théoriques sont employés dans une analyse détaillée des données magnétiques
disponibles sur monocristaux des composés ferreux spin-élevés. Pour (NH,),Fe(SO,), -6 H,O
on a obtenu A = —100 cm™1, § = 1070 em™? et % = 0.8 & 0,6. Pour FeSiF,-6 H,0 on a eu
comme résultat 4 = —80 cm™%, § = —760 ecm™ & 77,3 °K et 6 = —580 em~! entre 20,4 et
1,57 °K avec » ~0,7. Les valeurs expérimentales sont réprésentées dans la plupart de cas
plus préeises que +1%. Au cas de K,Fe(S0,),.6 H,0O une détermination unique était
impossible. Les limites de cette approximation sont discutées.

Introduction

The principal molecular susceptibilities of cubic 57, terms with a tetragonal
distortion superimposed, were calculated previously with respect to the specific
example of iron(IT) ammonium Tutton salt by BosE et al. [1]. A trigonal field as a
distortion of cubic symmetry has been treated in a different approach based on
third order perturbation by the AL - S term by PAruvmso [2] in order to explain the
temperature dependence of the principal susceptibilities of iron(II) fluosilicate,
FeSiF, -6H,0. This treatment includes levels belonging to My =0 and My = 41
only. More recently, the susceptibility of the same compound was calculated in a
limited range of temperature by EIcHER [3]. In all these cases, a crystal field
approach was employed.

However, a recalculation by the present authors has shown that reasonable
agreement with experimental data for iron(II) Tutton salts cannot be achieved
within this approximation. Therefore, the principal molecular susceptibilities K|
and K, of 57, terms in axial fields are calculated at present using an approach
based on molecular orbitals. The axial field is considered here to include field com-
ponents of both tetragonal and trigonal symmetry. In addition, the treatment is
extended by taking into account the anisotropy in covalency of the metal-ligand
bond as well as in spin-orbit coupling. The numerical results are plotted for the
applicable range of the parameters kT[4, 6/A and x, and a comparison with the
available experimental data is presented.

Fine Structure Levels and Wave-Functions

In most high-spin compounds of iron(IT) which were investigated by methods
of structure analysis and, likewise, in those of cobalt(ILl), the microsymmetry
about the central ion is essentially octahedral with some tetragonal or trigonal
distortion*. The ligand field potential may thus be written as [9]

V = Veunic + Vaxial - (1)

The predominant cubic field splits the atomic °D ground term into 57, and the
approximately 10,000 et higher-lying °E. If the crystalline field axes are

* The X-ray structure of Fel, (tetragonal, space group Dji) shows that the Fe** ion is
surrounded by a distorted octahedron of six fluoride ions {4]. Octahedral coordination of Fe*+
jons is also involved in the Cdl,-type structure of FeBr, and Fel,, hexagonal, D};, and the
CdCl,-type structure of FeCl,, D§; [5]. In the monoclinic iron(II) Tutton salts, the coordina-
tion octahedron is tetragonally elongated [6]. In the rhombohedral FeSiF-6 H,0, the distor-
tion seems to be of trigonal symmetry [7]. X-ray structural studies have also shown octahe-
drally coordinated units to be present in FeCl,-6 H,0, FeSO0,-7 H,0, Fe(Cl0,), 6 H,0, and
in the ion [Fe(NH,),]2™ [8]. Finally, octahedral coordination is well established in iron(IT)
porphyrins.
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Fig. 1. Energy level diagram for a 5D(d%) term under the influence of a tetragonal field (§ > 0)
and of spin-orbit coupling (not to scale)

chosen to pass through the ligand ions, Vaxia1 corresponds to tetragonal symmetry.
The additional splitting of the 57', term is into 3 and 5B,, the separation being
called § (viz. Fig. 1). If the distortion is of trigonal symmetry, the z axis is usually
taken along the (1,1,1) direction of the octahedron, and the 57, term is split into
8K and 54,. Since it has been shown [10], that with distortions of both tetragonal
and trigonal symmetry, either one of the resulting levels may be lowest, in what
follows only the distinction between 6 > 0 and 6 < 0 will be made. The sign of §
will be chosen as positive, whenever the orbital doublet 3E is lowest. Also, off-
diagonal matrix elements of the trigonal potential between the low-lying and
higher % terms will be disregarded, thus limiting our discussion to 6 < 10 Dq.

An additional splitting is introduced by spin-orbit eoupling. In general, the
spin-orbit coupling constant A; used here will be different from that of the free ion,
Mo = 4 £;/28, since we assume a departure of our actual orbits from pure d
orbitals*. The only additional modification required by partly covalent bonding
involves the operator of Zeeman energy. It has been shown [11, 12] that matrix
elements of the operator L are related by

$pn | L|@m) = %nm <{dn | L | dm) , (2)

if @, designates molecular orbitals, d, the corresponding free-atom orbitals, and
%nm the components of the tensor of orbital reduction [13]. The magnetic operator
thus obtains as SH(xL + 28).

* The parametrization of A hag already been useful to rationalize the spectra of transition
metal ions. Without making specific assumptions about details of the wave-functions, it seems
to be impractical to relate matrix elements of AL- S within a M.O. basis to those calculated for
pure d orbitals [13].

11*
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The energies within the 37, term may be calculated on the basis of ABRAGAM
and PrYCE’s theory [14] using the structural isomorphism between 57, and 5P.
The matrix elements of the Hamiltonian*

H =01 — L) — A L, 8z — A (Ly Sz + Ly Sy) (3)**
have to be evaluated within the 15 states | Mz M s> of a 5P term classified accord-
ing to their values of M ;. The matrices obtained by diagonalization of the 15 x 15
matrix for 5, the resulting energy expressions and wave-functions are listed in
Appendix I.

The combined effect of an axial field and of spin-orbit interaction on a cubic
57, term thus produces nine levels, namely three singlets and six doublets. In the
case of § > 0, these levels are drawn in Fig. 1 in the order of increasing energy. If
an axial field having § < 0 is operative, the order of levels will be changed. Parti-
cularly, ¢, which is lowest for d > 0, will be replaced by ¢,, etc. Finally, the re-
maining degeneracy can be lifted by application of a magnetic field.

Principal Magnetic Susceptibilities
The energy K, of any particular level of an atom or ion may be expressed as a
power series in the applied magnetic field H
Ey=E)+ EQH+EDH +..., (4)

where B is the energy of the unperturbed atom and E(), and B2, are the first-
and second-order Zeeman energy terms, respectively. The latter two terms may be
obtained by application of the magnetic operator**

H = BH(—xL' + 28), (5)
resulting in
B = {nm | B(—#L' + 28) [ yum) (6)
and

L’ + 28) | um) |2

E.(z) — ' I('an fﬁ( -
e n.z:m En ~ Buw

Finally, the magnetic susceptibility up to second order is determined by [15]

—BO/kT
= (BRI 2B e

5 . BOET ’

n

K=N (8)

where N is the Avogadro number and % the Boltzmann constant. To obtain the
principal susceptibilities for systems with axial symmetry, Eq. (8) has to be cal-
culated both in the direction parallel and perpendicular to the principal axis
separately. The appropriate magnetic operators may be written as

My = /3( _%“L; + 28,) 9
and
ML=/3(—%%LL'_—%%LL;+S,+S+) (10)

* If the basic d orbitals are augmented by a contribution from p orbitals of the ligands,
the overlap between both charge clouds may be influenced by the asymmetry of the ligand
field. Therefore, in general both 4: and »; may be anisotropiec.

*% _J’ denotes the operator obtained according to [14]; —L’ is isomorphic to L.
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respectively, where Ly = Ly + ¢Ly, 8. = 8z + i8Sy, and where % and »x, are
defined by Egq. (2) [16].
a) Axial Field, § > 0

Performing the outlined calculation up to second order, one obtains in the case
¢ > 0 the expressions for the principal molecular susceptibilities given below.

Nﬁz 1 H G(Elll O./k B2 Lk
K, = T \T (05 + Gy lexp (O4kT) 4 G2 exp (O,/kT) +
4 G exp (O4/KT) + Giz exp (Og/kT) + szl exp (O,/kT)] +
+ 2 HOE + G oxp (O,/kT) + GF0 oxp (B,/kT) + G¥L exp (O4/kT) +
+ G oxp (O,/kT) + GF2 exp (O/kT) + GF1 oxp (O/kT) +

+ 6%0exp Q6T , (14)
K, = 232 (6B 4 B oxp (O,/T) + G2 oxp (OJKT) + G4
1=~ 0 + g exp (OJET) + Gy exp (OpfkT) + Gy exp (O,/kT) +
+ G exp (O,/kT) + G exp (O4/kT) + G2 exp (O4/kT) +

+ Gfxi exp (O,[kT) + sz(’) exp (@S/kT)} , (12)
where
@1=E1‘E0: @5=E1_‘E3’
@2=E1—E’3, @6=E’1——Eé, (13)
0,=E, — K7, 0,=E,— E,,
@4=E1‘E2: @s=E1”‘E(’)a

Z =2+ exp (O,/kT) + exp (O,/kT) 4 2 exp (O4/kT) + 2 exp (O,/kT) +
+ 2 exp (G/kT) + 2 exp (O4/kT) + 2 exp (O,/kT) + exp (OgfkT) (14)

b) Axial Field, § < 0

In the case § < 0, the corresponding expressions for the principal molecular
susceptibilities are

NgE (1 , ' 1 '
Ky = g {7 167 oxp (BifkT) + G exp (OYFT) + G oxp (O4/6T) +
+ G713 exp (O/kT) + GF2 exp (O;kT) -+ O exp (G4kT)] +
+ 21 [GF -+ G exp (OYfRT) + GE: exp (O4fkT) + GFiexp (O4fkT) +
+ GE0 exp (O4kT) + GZ0 exp (O4fkT) + GE1exp (O4kT) +
+ 6P exp (O3kT)]) (15)

2 Np? , / 1 ,
K| = 257 G + [ exp (GIJRT) + O exp (G3fET) + GE oxp (GET) +

+ G exp (O4fKT) + G20 exp (O4kT) + %1 exp (B4kT) +
+ GE2 oxp (O3[kT) + GF; exp (kT , (16)
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where
(%:EO_ED @;:‘EID‘E(’):
0, =E,— E,, Oy =E,— By, 17
Oy = E, — Iy, 0;=E,— B,
@ion“Eg: @éon“‘Ea:

Z' =1+ 2 exp (O1/kT) + 2 exp (O3/kT) + 2 exp (O3/kT) + exp (Oy/kT) -+
+ exp (O4/kT) + 2 exp (OglkT) + 2 exp (O7/kT) + 2 exp (OfkT) . (18)

The matrix elements G5 and 4; are listed in Appendix IT. All other matrix elements
of wy and u, are zero.

Results
The numerical results of our calculations are conveniently presented in terms
of the principal magnetic moments P and P,. The moments Py, ¢ = I or L, are
related to Kj and K| by
N 3k
90 7 T T I |

Py [B.M]

¥ L I ! 1 ! 1 L
0 -0.5 -1.0 -1.5 -20 -2.5 -3.0 -3.5

kT/X

Fig. 2. Principal magnetic moment P, (in B.M.) for a 7', term under the influence of an axial
ligand field and spin-orbit coupling. Values of §/4 listed at end of each curve. Full curves for
& > 0, broken curves for § < 0.2, = 1.0
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where Ky and K| are expressed by Eq. (11) to (18). The moments are unique
functions of the parameters kT4, /4, and x, which are used within the following
ranges of values:
kT[A: —0.01 to — 5.0
8fA: 0 to-—30.0,ifd>0
0 t0-+30.0,ifd<0
wandzx;: 1.0 to 05

The spin-orbit coupling constant A has always been considered to have negative
values, since these apply to the configuration 3, €. For convenience of presenta-
tion, we use in the following 4y =4, = 2. Representatlve examples of the results
are illustrated in Fig. 2 to 5*%. These plots are generally applicable to all d® high-
spin systems in axially distorted octahedral symmetry, as long as the influence of
co-operative effects remains negligible.

9.0 1 T T | T T
L Ky=06 |

]
/
17
E
2 ol»l/is { | t 1 | I

0 -0.5 ~1.0 -1.5 -20 -2.5 -30 -3.5
kT/A
Fig. 3. Principal magnetic moment Py (in B.M.) as in Fig. 2. %, = 0.6

Comparison with Experiment
Measurements of principal magnetic susceptibilities andfor magnetic aniso-
tropies are available for several iron(II) Tutton salts [17—21], the corresponding
iron(Il) thallium selenate [19], FeSO,-7 H,O [17, 20, 22], and FeSiF, .6 H,0

* Tables of numerical values for the principal magnetic moments Py and P| may be
obtained from the authors on request.
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70 T T T { T

i
(0] -0.5 ~1.0 -1.5 -20 ~25 ~3.0 -3.5
kT7x
Fig. 4. Principal magnetic moment P (in B.M.) as in Fig. 2.2, = 1.0

[23, 24]. Suitable results for our purpose are, for example, those on iron(IT) Tutton
salts which are monoclinic with two molecules per unit cell. Since the octahedron
of water molecules surrounding each Mg?+ ion in (NH,),Mg(SO,), -6 IL,0 is elon-
gated along the z axis [6], and since all Tutton salts are isomorphous, it can safely
be assumed that the symmetry around each Fe?+ ion is very nearly tetragonal.
Denoting by « the angle between the z axis of the octahedron and the ac plane of
the crystal, the principal crystal susceptibilities may be written as

y1 = Kjcos? o -+ K| sin? &
2a=KL (20)
Z3=K”sin2<x+KLeoszoc.
Here, by convention, y, > y, and, since 6 > 0, K > K. It follows that
K= K| =2 (11— 22) — (4 — 22)
Ky= (=20 + 2 (21)
K| =y,.

These relations may be used to obtain the molecular susceptibilities K and K
and thus Pjand P; from the measured quantities y;, s, and ya.
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0 ] I 1 | 1 I
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Fig. 5. Principal magnetic moment P (in B.M.) as in Fig. 2. »; = 0.6

Within the experimental results on iron(II) Tutton salts, we consider those of
Bosg [21] as the most reliable ones. These data are therefore used for a comparison
with the theory.*, **

It may be realized easily by inspection of Fig. 2 to 5 that, within the configura-
tion 48, a fitting of calculated principal moment curves to experimental data may
not always be unambiguous. The following procedure is therefore adopted to
obtain a reliable indication about the singularity of the fit. The sum of the squared
deviations of calculated and experimental magnetic moments, viz.

A=A 247, (22)

where A= P['lﬁheor — P2, A = ptheor _ pexp s computed for each pair of
values of the parameters 6/4 and x (assuming s = %, ). The results are mapped as

* We would like to point out an error which invalidates some of the conclusions of previous
work. Inspection of the Table shows that the values for P| and P | given by us differ considerably
from those employed by Bose et al. [1]. This is due to the fact that Bosk et al. used average
values derived from Bose’s experimental results [21] and those reported by Jacksow [25].
However, the values quoted by Jacksox apply in reality to FeSO,-7 H,O (cf. [17]) rather
than to the Tutton salt.

** In calculating P and P|, (3k/Np2)2 =~ 2.8273 was used. This value results if one
employs the most recent values for the constants involved (cf. American Institute of Physics
Handbook, McGraw-Hill, New York, 1963).
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Fig. 6. Curves of constant A2 for (NH,),Fe(S0O,),-6 H,0, assuming 1 = —100 cmm—. Full
curves for 296.8 °K, broken curves for 182.5 °K, dotted curves for 84.8 °K. Values of £A42x 10*
are indicated on the curves

function of the afore-mentioned parameters at each available temperature and for
an assumed value of 1. Curves of A2 = const. are then plotted and the plots
repeated for modified 4 values. If, for all the temperatures investigated, a minimum
is clearly defined on the surface >A2, the corresponding values of 4, §/A, and x are
considered as providing the “best” fit. An example of such plots is shown in Fig. 6.
However, if a “valley” is obtained rather than a minimum (cf. Fig. 7), or if the
minimum is situated outside of the range of well-defined parameter values, this
may occur for various reasons: (a) one or both of the experimental moment values,
Pyand P, may be very inaccurate or seriously in error; (b) the theory may be
inadaquate, e.g. due to large deviations from axial symmetry; (¢) a change in the
magnetic properties of the substance may take place due to co-operative pheno-
mena, crystallographic phase transitions and alike. Under these circumstances, no
general treatment is possible ; rather each problem deserves individual considera-
tion.

Turning our attention to the ammonium Tutton salt, (NH,),Fe(SO,), -6 H,O,
plots of 342 = const. are displayed in Fig. 6 for the three temperatures available.
In these plots, practically the free ion value of 4, i.e. 4 = —100 em~2, was assumed.
The resulting values of molecular parameters are listed in the Table. The best fit is
described by almost constant values of 8/4 ~ —10 and descreasing values of » with
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Fig. 7. Curves of constant %42 for FeSiF,-6 H,0, assuming 4 = ~100 cm~*. Upper curves for
3.14 °K, lower curves for 77.3 °K.. Values of XA42x10* are indicated on the eurves

decreasing temperatures. If, on the other hand, smaller absolute values of 4 are
implied, e.g. A = —90 or —80 em~1, much more negative values of §/4 are required
and, with lowering of temperature, the minimum is displaced to even larger ab-
solute &/ (taking 2 = —80 cm—1at 7" = 296.8 °K: 8/ = —20,% = 0.9; at 182.5 °K.:
8/A < —30, 2 = 0.8; at 84.8 °K: §/4 < —30, »# ~0.65). In this case, the condition
8 < 10 Dq is not obeyed and the resulting values are thus beyond the range of
applicability of the present theory.

A more complicated situation is encountered in the potassium Tutton salt,
K,Fe(S0,), -6 H,O. At temperatures of 296.8 and 185.6 °K, constant values of
8/ result and, with lowering of temperature, decreasing values of » are obtained.
However, at the lowest temperature investigated, i.e. 86.3 °K, the absolute value
of §/4 is considerably diminished and, in addition, » < 0.5 is found. Practically
the same conditions occur for all the values of 4 between —100 and —80 em~1,
Thus a ‘‘best’” fit cannot be obtained. No explanation is offered for the divergence,
since additional experimental results will be required to decide which one of the
possible reasons applies.

For the iron(I1) Tutton salts, Me,Fe(SO,), -6 H,0, where Me = Rb, Cs, Tl, and
for TL,Fe(Se0,), -6 H,O, only magnetic anisotropies at room temperature were
reported [19]. Although, according to (21), these values determine Kj— K|,
this information is not sufficient for a reliable theoretical analysis of the data.
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In FeSO, -7 Hy0, the Fe?t ion is octahedrally surrounded by six H,O ligands.
Principal molar susceptibilities are available [22], however, no theoretical evalua-
tion of the data is possible, since the unit cell contains eight molecules [26] and
their mutual orientation is presently unknown.

In rhombohedral FeSiF, -6 H,0, there is one molecule per unit cell [7], the
ferrous ion being surrounded by a presumably distorted octahedron of water
molecules. Here, of course, yy= K| and y| = K |. Principal susceptibilities are
available at and below 77.3 °K only. At 77.3 °K, a larger value of 8/4 is obtained
than the almost constant value which is found at the various lower temperatures
investigated. The value of x is practically constant at the higher temperatures
(77.3, 20.4, and 14.2 °K) and amounts to ~0.8 if 1 = —100 em~—* and to ~0.7 if
A = —80 cm™! is considered. However, at the lowest temperatures (4.2, 3.14, and
1.57 °K), the results are rather insensitive to changes in this parameter, since
valleys extending parallel to the x axis are obtained on the >A2 surface (cf. Fig. 7).
Thus the values of » are scattered between 1.0 and 0.5. Also, the results are not
extremely sensitive with respect to 4. We list therefore in the Table fits achieved
with both 1 = —100 and 4 = —80 ¢cm~1, these being considered as the limits of rea-
sonable 1 values. However, the lower total percentage deviation resulting on the
assumption of A = —80 ecm—! indicates that the smaller absolute value of 4 is more
likely to be correct. Irrespective of the accurate magnitude of the parameters
involved, our results confirm the assumption of a trigonally distorted octahedral
symmetry [24].

No investigations of the magnetic anisotropy of high-spin cobalt(I1I) com-
pounds have been reported so far.

Discussion

The present treatment of the magnetic anisotropy and susceptibility of high-
spin d® systems considers the population of all the levels resulting from a cubic 37",
ground term. This may be considered as a good approximation, since it is well
known that the next cubic term 3E iz ~10,000 em~* higher in energy*. In addition,
the °7', is split by a superimposed tetragonal field according to 57, 5B, + 3K,
whereas °F — 54, 4+ 5B;. Thus no interconnecting matrix elements occur on appli-
cation of a tetragonal distortion. This is in general not true, if a trigonal distortion
becomes effective, since the splitting is according to T, — 54, + °E, whereas the
upper 3L is not split. Spin-orbit interaction mixes these low-symmetry states. How-
ever, since spin-orbit coupling is rather small (A = —103 cm~2 for the free iron(IT)
ion [30], and usually even smaller in a complex), this mixing in of states from the
cubic 8% is completely negligible as far as the magnetic susceptibility is concerned.

It is interesting to realize that although K| contains both a “low-field” and a
“high-field”” term, K | contains only the latter. This is caused by the fact that all
the diagonal matrix elements of 44| are zero and is reflected in the value of g, = 0.
The equality of Pjand P, in the limiting case of octahedral symmetry [31, 32]

* For all high-spin octahedral d® complexes studied spectroscopically, triplet states were
found to be considerably higher in energy than the 5 term and can thus be disregarded a
fortiors [27]. This does not apply to iron(IT) compounds having a planar geometry, where
triplet ground states were suggested to account for their peculiar magnetic properties [28, 29].
More recently, triplet ground states were found also in certain iron(IT)-bis(x-diimine) com-
plexes (cf. part IT of the present paper).
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is achieved by the additional degeneracy of the magnetically unperturbed levels,
since these contribute now to the “low-field” term.

The principal characteristics of the theoretical results, underscored in Fig. 2
to 5, are that, although ligand fields of low symmetry have a comparatively small
effect on the average moment [33], unless they lift the orbital degeneracy of the
57, term by more than about the magnitude of 4, their influence does show up in
the principal moments P and P, . For larger fields and at low temperatures, the
changes as compared to the cubic ligand field are considerable. However, for
higher temperatures and for smaller values of %, the moments approach the aver-
aged spin-only value of 4.90 B.M.

The agreement between the calculated principal magnetic moments and the
experimental results taken from the literature is in general very good. Most of the
experimental data were reproduced by our fitting procedure to better than ~19,.
However, the accuracy of the experimental values is in general much lower. This
relation should be borne in mind if parameter values determined from such fit are
congidered.

In (NH,),Fe(S0,),-6 H,0, the only reasonable fit to the available principal
moments is achieved using an average value of § = 1070 cm™1, 1 = —100 cm—1
and » decreasing from 0.8 at 296.8 °K to 0.6 at 84.8 °K.. This result is in contrast
to the conclusions of Bosk et al. [1], which, however, were based on erroneous
calculations. The decrease in covalency with increasing temperature seems to be due
to the thermal expansion of the crystal lattice and a simultaneous decrease in the
overlap between the iron(II) 3d- and ligand water charge clouds. The validity of
the present approximation is limited mainly by the assumption of strict axial
symmetry. Since the presence of a doubly degenerate ground state is implied by
d > 0, deviations from the obtained results are expected whenever this degeneracy
is lifted by rhombic or lower field components. Measurements of principal suscepti-
bilities at liquid hydrogen temperature [34] indicate that the splitting of the lowest
doublet is small in comparison with £7. Both component levels may therefore be
considered approximately degenerate, at least down to 10 °K [34]. Below 2 °K,
the lowest doublet is split by ~6.4 cm— [34—37]. These facts, however, do not
invalidate the interpretation given at higher temperatures. From the quadrupole
splitting of Mdssbauer spectra [38], values of ¢ considerably smaller than those
obtained from susceptibility measurements were reported. No explanation is
provided for this difference at present.

In K,Fe(S0,),-6 H,0, the experimental moment values for the upper two
temperatures are well reproduced by the theory, particularly if 1 = —100 em~1 is
assumed. This has as a consequence d = 500 cm~! and % decreasing from 0.8 at
296.8 °K to 0.6 at 185.6 °K. The difficulty encountered at 86.3 °K may be due
simply to inaccuracy of the experimental data, although different explanations
cannot be ruled out at this stage of our knowledge.

In FeSiF, -6 H,0, the observed principal magnetic moments may be extrem-
ely well fitted, particularly if 2 = —80 em~ is used. This is of some importance,
since the data on the compound are considered as the most accurate data available
on iron(II). The fit at the upper four temperatures (77.3 to 4.2 °K) is good to at
least 0.6%. The value of § = —760 em~ at 77.3 °K is identical with the value
resulting from Méssbauer spectroscopy [38] and in very good agreement with the
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analysis of susceptibility data performed by ErcHer [3], who arrived at § = —730
em~1, Tt seems reasonable to average the scattered parameter values at temperatu-
res between 20.4 and 1.57 °K, yielding § ~ —580 cm~! and % ~ 0.8 or 0.7. The only
exception to the good fit are the values of P at the lowest two temperatures,
especially at 1.57 °K. JAcksoN [24] mentions that this experimental value is not
precise due to a cross susceptibility correction which assumes ~409,. It should be
remarked that PRYCE [23, 24] and Paromso [39] could approximate this value to
only 25%,. The comparatively good fit to the data, which is obtained with A =
—100 cm—1, makes clear how Parumso [39] arrived at his results characterized
by 6 == —1200 cm-1. Finally, a recent analysis of powder susceptibilities [40],
which arrived at § = —135 em~1, demonstrates that the less rigorous but often
employed approach of comparing calculated and experimental uepr curves may
not always yield useful results. .

In comparison to other ions of the iron group, information about ground state
splittings in iron(11) from paramagnetic resonance data is completely lacking. Only
weak lines were reported in potassium and ammonium Tutton salts [41, 42] as well
as in iron(IT) fluosilicate hexahydrate [42], all at 20 °K. Since, in axial symmetry,
the corresponding transitions are rigorously forbidden, paramagnetic resonance
investigations on iron(II) compounds where a high microsymmetry is expected
do not look very promising. The only definite resonance data analyzed in detail
are those of iron(Il) substitutionally present in MgO [43] and in ZnF, [11, 441,
where the finite line intensity is due to low symmetry distortions in the crystal.

It is partly for this reason that more accurate and detailed experimental data
on principal magnetic susceptibilities of the compounds discussed above, and pos-
sibly other high-spin iron(IT) complex salts should be collected.

Conclusions

The present investigation demonstrates for the d? electron configuration that
in some compounds, unique sets of values for the molecular parameters A, 3, %, and
alike may be arrived at by a rigorous theoretical analysis of single crystal magnetic
susceptibility data. In other compounds, however, no unique fit is possible and
additional results, possibly from different physical measurements, are required to
enable a selection of the reasonable parameter values. Previous results of theoreti-
cal analyses of magnetic susceptibility data, which were based on less complete
computations, have to be reconsidered. It is likely that these conclusions may be
extended to other d» configurations as well.
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Appendix I

Energies and Wave-funciions of the 5T, Term under the Action
of an Axial Ligand Field and of Spin-orbit Coupling

The matrices of the ligand field and of spin-orbit coupling may be written as
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-1, 00y |1,—1>

[—1,1> A —V3i, 0
| 0,05 —V3i; 4 —V34, (My=0),
[1,—1> 0 —V3i, A
[1,00 |01y [-1.2
[ 1,05 0 ~V32, 0
|o,1> —y3i, 4 ~V2h, | My=£1), (1)
| —1,2> 0 —V24, 24
[02> |11
0,2> 4 —V22
:1_,1> < V2 —Z ] ) o=
| 1.2)
12> —24 (M; = +3).

The first matrix (M ; = 0) may be factorized further and gives the energies
Boy=%[y+4) — {4 — D2+ 2423}

Bo=% [+ Ay + {(&) — 4)2 + 24 23] (1-2)
Ey= 4.

The energies for My = 41 are determined by the roots of the cubic
22— 2+ at+ 2y —56eHx+6e2=0, (I-3)

where x = EifA), E; being E,, E;, and E; respectively, n = 6/ and &= 1,/
The energies are labeled such that E,; becomes the lowest one, followed by Ey and
Ej (cf. Fig. 1),
‘ E, < EB{< E]. (I-4)
The remaining energies are given by
By=3[(d— ) — {4+ 1>+ 821"
Ey= 3[4~ +{(d+4)*+ 823} (1-5)
By=-24.
The corresponding wave-functions may be written as
p =0y | 1,004+ 5, |04 + ¢ | —1,2)
Yog=ay |—1,00 +b;]0,—1> + ¢, | 1,—-2>
Yo =0 |1, —1>+ 5] 0,00+ ap | —1,1>
yo = {1/)V2) [1,—1> — (1/y2) [-11
i =ay | 1,00+ 5|04 + ¢ [—1,2> (I-6)
Y= ai |—1,0>+ b1 0,—1> + ¢ |1,—2)
vy =a,|0,2> 4+ b, | 1,1
Yo =0,]0,—2>+ by |—1,—1>
v = |12
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pa=|—1-2

’Pé = bZ ‘ 0’2> — Oy l 1’1>

Pa=10,]0,—2> —a, |1, 1)

wi = al | 10> + b | 0.0> 4 of | -1.2) (-6)

ply=a]|—10> + b |0,— 1) +e; | 1,~2)

wo = (1y2) by |1, —1> — V2, [ 0,05 + (1/)2) by |-1,1>,
where the coefficients a,, b;, ¢; ete. are obtained from the set of linear equations
corresponding to (I-1) and the normalization condition and are given by

V32N - By
_(2}-""‘ 1)
b, = *‘W 15 -7
324 — B (2 {2
clz[ > P ! 2/121)+1} '

The coefficients a;, bl, and ¢; are obtained from (I-7) by replacing E, by E; and,
similarly, a3, b7, and ¢; are obtained by replacing &, by Ej. Also,

o= JYQ 1
by — [W.G—%W - 1]— & (1-8)
and
by = [(712_%;)2‘ 41 r“. (1.9)
Appendix 11

Matrix Elements of the Magnetic Operators py and u|
Of =2 {p: | ly0} = 2 {4+ 5 of + 2 bF — sl
G =2 {<yl | oy | 9Dy =2 {(4 + %u oif + 2 b7 — xya)?
G2 =2 {(y, |y | v} =2{daf+ (2 — xy) b3}

G =2 {(ys oy |y}t =24 — ”u)z

G =2 {Cys |y |90 = 2 {408 + 2 — ) aB*

Gt =2 <yl Ly [ 9D =2 {(4 4 ) of* + 27 — 5 0"}
e LA VT L R Vol

Ef - El Ei - El
E 2 [{yo | oy | w00
GEo — T, (TI-1)
szo 2 ](W«il &y lwo)? + 2 ](1/’6,’ [y ];l’é)lz
E; - B, E, - By
GEl 2 [{w7 | Myl o)) . 2 |{p{ | ) l’#@lz
> 5 - B, BB

12 Theoret. chim. Acta (Berl.) Vol. 9
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e 21w L [0

T, - F,
G’E; - 2 [y | oy | wadl?
22 E; - &,
£ _ 2 [(y1 [ lv)E 2 oy |y | o))
G2z - EI{ _ El E;_ _ E;_, (II-i)
GFo_ 2 [ | oo | wadl?
% By — By
<ty | Y =4+ ) €161 + 2 byby — ) 0y,
$py |y | wD)> = (4 + ) ey01 + 2 biby — wy a0y
" =
o Ly lwo = —V2 (2 + ) ay
"
<o | oy L wey = — (2 + 2 by (I1-2)
$py |y |9 = (44 2 cley + 2 byby — o ajay
o |y | we> = (2 + #) agby
o 242 N 243 242 . 242 242,
2 E,—E, ' E,—E ' E,—E ' E,—E ' E,—E
oro_ 2 N 242 242
b E,—E, ' E/-E, E —E
o 242 N 242 242
e« E,—E, E/-E, E —E,
aEl_ 24 242 . 242 N 242 . 242,
%2 E,—-B, E{—E,' E,—E, E,—E ' BE,—&
G 247 243 242 242
%= " F,—B, B -E ' E-E E-EK (IL-3)
OB _ _ 247, . 243,
= " g,—E, ' E,-E
o 243 247 243, 242,
2w BE,—E, £,—B E,-B&, E - E,
o 24f 247 24y 24 . 242
2 H,—-E, B —E, E—-E, E-E, FE-E
aE_ 245, 24y 2%
2 E-E  E-E E-E

4 =<y lﬂ_l_ l Yo = Vf_i Dl — (1/V§) % azbg + V6 b.by — (1/l/§) %) biay + 2e,04

'Al
A2
3
4
5

6

NN NI NN

7

=y oy | We> =V3ar+ %”ﬂh ~ V2

= {y; lﬂL | Yy = 1/6 by + 2 byay — (UVQ) 3 byby — (1/V§) | Cyg

=y |y ey = — V6 ayay+ 26,5, + (1y2) %) byag — (1/y2) ny oby  (11-4)
= <1P’1, ] H“i [ woy = ]/6 a1, — (1/Y2) ®| athy + 1/6 biby — 1/y2) ®y biag + 2 cray
=1l p) e = V6 ayay — (1/1/2) %) arbe + V6 biby — (1/1/2) % byag + 2 c1a,
=yl |y 9oy = VBay+ oy b1 — V2

= pilpy vy = VB ay+ Fuy b — V2o
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= <l [y | y> = VB atby + 2 blay — (1/)/2) ) biby — (1])/2) % clay
=y | gy | we> = —V6 ajay 4 2 biby + (1]1/2) %) by — (1/Y2) % c1b,

Ay = <y IML ‘ pe» = —(1//2) %) Qs+ 2 by

Ay =y l s ‘ Yo = VE ayby + 2 bia, — (UVQ) x| bib, — (1/V§) 2| €10

Agp = (3 IILLL | s = —(1/y2) %) by — 2 ay (1L-4)
Ay = <"‘P£ l I8 | 1l’é> = — V—é (1/1(1/2 + 2 bibz + (UVQ) N bi“z - (1/V§) ’| Cibz

A1y = {yo ] M1 [y = V3 by + ) Q0o — 2Y/3 agh, — 3 %) boby + V2 by,

A,5= <W6 i 128 l 1/);’> = I/§ boalll + %y alll% - 2V§ “obll, - % x| boblll + V§ boclll

A= <1/)(I) | My I 1;01> = 1/§ boa{ + %) “i“o - 2V§ aobi — % % bobi + VZ boci .

Gt W [

[o ol =

13.
. Apracam, A, and M. H. L. PrRYCE: Proc. Roy. Soc. (London) A 205, 135 (1951).
15.

14

16.
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