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The theory of magnetic anisotropy and susceptibility is worked out  for cubic ~T 2 terms, 
the  degeneracy of which is partial ly 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 
A~AGA~ and P~u to a set of M.O. based wave-functions. The anisotropy in covaleney of 
the  metal-ligand bond and in spin-orbit coupling is t aken  into account. Numerical values of 
principal magnetic moments,  Pll and  P I ,  are calculated as function of kT/A, ~/~, and  ~. 

The theoretical results are employed in a rigorius analysis of existing single crystal  mag- 
netic da ta  on high-spin iron(II) compounds. For  (NH4)2Fe(SO4)a.6 H20, ~ = - 1 0 0  cm -1, 

= i070 cm -1 and ~ = 0.8 to 0.6 is obtained. For FeSiF~. 6 H20, ~ = - 80 cm -1, ~ = - 760 em -1 
a t  77.3 ~ and  - 5 8 0  cm -1 between 20.4 and  1.57 ~ and u ~0.7 is derived. No unique fit is 
possible for K2Fe(SO~) 2. 6 H20. The data  are reproduced to bet ter  t han  •176 in most  cases. 
The limitations of the  approach are stressed. 

Die Theorie der  magnetischen Anisotropie und  der magnetischen Suszeptibilit~t eines 
5T 2 Grundterms im oktaedrischen Ligandenfeld wird flit den Fall entwickelt,  dal~ die Ent-  
ar tung un te r  dem Einflul~ einer axial-symmetrisehen Feldkomponente sowie der  Spin-Bahn- 
Wechselwirkung teilweise aufgehoben ist. Eigenfunktionen werden auf  der Grundlage der 
M.O.-Theorie aufgestellt, Matrixelemente mittels der Theorie yon ABRAGA~ und P~u er- 
mittel t .  Der Anisotropie der Metall-Ligand-Bindung sowie der Spin-Bahn-Kopplung wird 
Reehnung getragen. Numerische Werte  ffir die magnetischen Haup tmomente  Pll und  P •  
werden in Abh~ngigkeit yon kT/A, ~/~ und ~ bereehnet.  

Die Ergebnisse der Theorie werden fiir eine genaue Analyse der verffigbaren magnetischen 
Daten  aus Messungen an  Einkristallen magnetiseh normaler Eisen(II)-Verbindtmgen ver- 
wendet. Fiir  (NHa)2Fe(SOa)2.6 H20 werden A = - : i00 cm -1, ~3 = 1070 cm -1 und  ~ = 0,8 bis 
0,6 erhalten. Fiir  FeSiF~.6 H~O ergeben sich A = - 8 0  em -1, ~ = - 7 6 0  cm -1 bei 77,3 ~ und  

= - 580 cm -1 zwischen 20,4 und  ~,57 ~ sowie u ~0,7. Die experimentellen Daten  k6nnen in 
den meisten F/~llen auf  •  genau oder besser wiedergegeben werden. Bei K~Fe(SO4) ~ �9 6 H~O 
gelang keine eindeutige Best immung der theoretischen Parameter .  Die Grenzen der vorliegen- 
den Behandlung werden kritisch diskutiert.  

La  thSorie de l 'anisotropie magn4tique et  de la susceptibilit6 magn6tique est d6velopp6e 
pour  les termes cubiques ~T~, dont  la d6g6nereseence est par t ie l lement  lev4e par  une compo- 
sante A sym4trie axiale du champ de ligandes ainsi que par  le couplage spin-orbite. Les 616- 
ments  de matriee sont calcul6s s l 'aide de la m4thode d'ABRAGAM et P~u employ4e sur un  
syst~me M.O. des fonctions d 'onde de base. On a pris en consideration l 'anisotropie de la 
liaison entre le metal  et  le ligand et aussi du couplage spin-orbite. Les valeurs num6riques 
des moments  magn6tiques prineipaux PIIet PI_ sont ealcul6es en fonetion de kT/A, ~/~, et ~. 
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Les r6sultats th~oriques sont employ6s dans une analyse dStaill6e des donn6es magn6tiques 
disponibles sur monocristaux des compos6s ferreux spin-61ev6s. Pour (NH4)~Fe(SO~) 2 "6 H20 
on a obtenu 2 = -100 cm -1, $ = t070 cm -1 et z = 0.8 s 0,6. Pour FeSiF s'6 H20 on a eu 
comme r6sultat 2 = -80  cm -~, ~ = -760 cm -~ s 77,3 ~ et ~ = -580 cm -~ entre 20,4 et 
1,57 ~ avec z ~0,7. Les valeurs exp6rimentales sont r6pr6sent~es darts la plupart de eas 
plus pr6cises que • Au cas de K2Fe(SO~h.6 It20 une d6termination unique 6tait 
impossible. Les limites de cette approximation sont discut6es. 

Introduction 

The pr inc ipa l  molecular  suscept ibi l i t ies  of  cubic 5T~ t e rms  wi th  a t e t r agona l  
d i s to r t ion  super imposed,  were ea lcu la ted  p rev ious ly  wi th  respec t  to  the  specifie 
example  o f i r o n ( I I )  a m m o n i u m  T u t t o n  sal t  b y  Bos~  et  al. [1]. A t r igona l  field as a 
d i s to r t ion  of  cubic s y m m e t r y  has  been t r e a t e d  in  a different  app roach  based  on 
t h i r d  order  p e r t u r b a t i o n  b y  the  ~L . S  t e r m  b y  P~LUMBO [2] in order  to  expla in  the  
t e m p e r a t u r e  dependence  of  the  pr inc ipa l  suscept ibi l i t ies  of  i ron( I I )  fluosilieate, 
FeSiF e .6H20. This t r e a t m e n t  includes  levels belonging to  M j  = 0 and  M j  = ~ t 
only.  More recent ly ,  the  suscep t ib i l i ty  of  the  same compound  was ca lcu la ted  in a 
l imi ted  range of  t e m p e r a t u r e  b y  E I c ~  [3]. I n  all  these eases, a c rys ta l  field 
app roach  was employed .  

However ,  a reca lcu la t ion  b y  the  p resen t  au thors  has  shown t h a t  reasonable  
ag reemen t  wi th  expe r imen ta l  d a t a  for i ron( I I )  T u t t o n  sal ts  cannot  be achieved 
wi th in  th is  app rox ima t ion .  Therefore,  the  pr inc ipa l  molecular  suscept ibi l i t ies  K N 
and  K •  of  5T~ t e rms  in  axia l  fields are ca lcu la ted  a t  p resen t  using an  approach  
based  on molecular  orbi ta ls .  The  axia l  field is considered here to  include field com- 
ponen t s  of  bo th  t e t r agona l  and  t r igona l  s y m m e t r y .  I n  addi t ion ,  the  t r e a t m e n t  is 
e x t e n d e d  b y  t ak ing  in to  account  the  an i so t ropy  in covaleney  of  the  meta l - l igand  
bond  as well as in  sp in-orb i t  coupling.  The numer ica l  resul ts  are  p lo t t ed  for the  
appl icable  range  of  the  p a r a m e t e r s  kT/,~, ~/,~ and  x, and  a compar ison  wi th  the  
ava i lab le  expe r imen ta l  d a t a  is p resen ted .  

Fine Structure Levels and Wave-Functions 

I n  mos t  h igh-spin  compounds  of  i ron( I I )  which were inves t iga ted  b y  me thods  
of  s t ruc ture  analys is  and,  likewise, in  those  of  eoba l t ( I I I ) ,  the  m i e r o s y m m e t r y  
a b o u t  the  centra l  ion is essent ia l ly  oc t ahed ra l  wi th  some t e t r agona l  or  t r igona l  
dis tor t ion*.  The  l igand  field po ten t i a l  m a y  thus  be wr i t t en  as [9] 

V = Vcuble + Vaxl~l �9 ( l )  

The  p r e d o m i n a n t  cubic field spl i ts  the  a tomic  5D g round  t e rm  into  sT2 and  the  
a p p r o x i m a t e l y  i0,000 em -1 higher- ly ing 5E. I f  the  crys ta l l ine  field axes are 

�9 The X-ray structure of FeF 2 (tetragonal, space group D~) shows that the Fe 2+ ion is 
surrounded by a distorted oetahedron of six fluoride ions [4]. Octahedral coordination of Fe ~+ 
ions is also involved in the CdIe-type structure of FeBr 2 and FeI 2, hexagonal, D3a, and the 
CdC12-type structure of FeCl~,/)~a [5]. In  the monoclinic iron(II) Tutton salts, the coordina- 
tion octahedron is tetragonally elongated [6]. In the rhombohedral FeSiF e -6 H20, 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 FeCt 2 �9 6 H20 , FeSO~" 7 H20, Fe(CIO~) 2 �9 6 H20, and 
in the ion [Fe(NH3)e] 2+ [8]. Finally, octahedral coordination is well established in iron(II) 
porphyrins. 
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Fig. t. Energy level diagram for a 5D(de) term under the influence of a tetragonal field (6 > 0) 
and of spin-orbit coupling (not to scale) 

chosen to pass through the ligand ions, [/axial corresponds to tetragonal symmetry.  
The additional splitting of the 5T2 term is into 5E and 5B2, the separation being 
called 6 (viz. Fig. i). I f  the distortion is of trigonal symmetry,  the z axis is usually 
taken along the ( l , l , l )  direction of the oetahedron, and the ~T~ term is split into 
5E and 5A r Since it has been shown [i0], tha t  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 ~ < 0 will be made. The sign of 
will be chosen as positive, whenever the orbital doublet 5E is lowest. Also, off- 
diagonal matr ix  elements of the trigonal potential between the low-lying and 
higher ~E terms will be disregarded, thus limiting our discussion to 3 -< 10 Dq. 

An additional splitting is introduced by spin-orbit coupling. In  general, the 
spin-orbit coupling constant A, used here will be different from tha t  of the free ion, 
2free = ~: ~i/2S, since we assume a departure of our actual orbits from pure d 
orbitals*. The only additional modification required by  part ly  covalent bonding 
involves the operator of Zeeman energy. I t  has been shown [11, t2] tha t  matr ix  
elements of the operator L are related by 

] t. = <d .  l t. Ida>, (2) 

ff ~n designates molecular orbitals, d~ the corresponding free-atom orbitals, and 
unto the components of the tensor of orbital reduction [13]. The magnetic operator 
thus obtains as #H(xL + 2S). 

* The parametrization of At has 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 of2L- S within a M.O. basis to those calculated for 
pure d orbitals [t3], 

11"  
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The energies within the 5T~ term m a y  be calculated on the basis of ABRAGA~ 
and PRu theory [t4] using the structural isomorphism between 5T~ and 5p. 
The matr ix  elements of the tIamil tonian* 

ogf = ~(t - Lz  ~) - -  '~ll i 'z  Sz  - -  ~ l_(L'x S x  § L'~ Sy)  (3)** 

have to be evaluated within the t5 states [ M L M s >  of a 5p term classified accord- 
ing to their values of Mg. The matrices obtained by  diagonalization of the t5 • 15 
matr ix  for o% p, 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 
5T~ 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. I f  
an axial field having d < 0 is operative, the order of levels will be changed. Parti-  
cularly, ~1 which is lowest for d > 0, will be replaced by ~0, etc. Finally, the re- 
maining degeneracy can be lifted by  application of a magnetic field. 

Principal Magnetic Susceptibilities 

The energy E n  of any  particular level of an a tom or ion may  be expressed as a 
power series in the applied magnetic field H 

= E(1) E(2) F/2 E n  E~ ) + --nm H + : , m  :~ § . . . .  (4) 

where E[  ~ is the energy of the unperturbed a tom and --ninE(l) and --nnE(2) are the first- 
and second-order Zeeman energy terms, respectively. The latter two terms may  be 
obtained by  application of the magnetic operator** 

~ f ~  = f i l l (  - ~ L '  + 2 S ) ,  
resulting in 

and 

(5) 

(6) 

(7) E(2) = Z, [<~.~ f~( -~L'  + 2S) I v~'~') I ~ 
nm En - E , /  

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

K = N "' " Z e -  E(~ ' (8) 
n 

where N is the Avogadro number and/c  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 

/.tll = fi(--~ljL'z + 2Sz)  (9) 

and 
#I_ = fi( _ ~i u• -- �89 z• + S_ + S+) (iO) 

* If  the basic d orbitMs are augmented by a contribution from/9 orbitals of the ligands, 
the overlap between both charge clouds may be influenced by the asymmetry of the ligand 
field. Therefore, in general both At and ~ may be anisotropie. 

** - L '  denotes the operator obtained according to [14]; - L '  is isomorphic to L. 
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respectively, where L• = Lx • iLy, S• = Sx :~ iS v, and where ~11 and ~1 are 
defined by Eq. (2) [16]. 

a) Axial Field, 3 > 0 
Performing the outlined calculation up to second order, one obtains in the case 

6 > 0 the expressions for the principal molecular susceptibilities given below. 

2Vfi~ { 1 E , ,  G~;exp + + KI~ = -kZ- ~- [Glz m (03/kT) Gf2 exp (04/kT) 

4- el2 exp (OdkT) + Gf~ exp (OJkT) § Gf~ exp (07[kT)] § 

+ 2 '~L"rG"2. + G~2 exp (Ox/kT) q- G~'~ exp (O21kT) -t- G~; exp (OdkT) q- 

+ a~, oxp (Od~T) + a~: ~ p  (G/k,T) + e~; exp (O,/kT) + 

+ @exp (0./k~)]}, (m 

K~_ = ~ N~,z {@ + a,~ exp (0,/~') + e l i  exp (O,/~T) + G~: exp (G /~ )  + 

+ ~ exp (GI~T) + G~ exp (ediT) + ~ exp (GI~T) + 

where 
01 = E: -- Eo, 

0 3 = E 1 - -  E ~ ,  

04 = E : -  E~, 

O 5 = E 1 - -  E a ,  

O~ = E:  -- E~, 

O7 = E :  - -  E ~ ,  

0 s = E 1 - -  E ~ ,  

Z = 2 + exp (OflcT) + exp (OflcT) + 2 exp (Oa/kT) -I- 2 exp (OflcT) -i- 
§ 2 exp (OJkT) + 2 exp (OJlcT) § 2 exp (07/kT) + exp (Os/lcT) 

(13) 

(t4) 

b) Axial Field, (3 < 0 
In the case 5 < 0, the corresponding expressions for the principal molecular 

susceptibilities are 

gll = ~ [G~) exp (O;/kT) + G~2 exp (O'../kT) + G~ exp (O~/kT) + 

§ G~j exp (O'61kZ) + G~ exp (O~/!cT) + G~E2 exp (O'dkT)] + 

§ 2 k [G~t § G~z' exp (O;/kT) § V~d exp (O~llcT) + G~'I exp (O'a[kT) + 

+ G~:g exp (O'~/kT) + G~D exp (G/~,T) + G~;exp (O'~/kT) + 
, } + a ~  exp (0;/~T)] , (:5) 

2 Nfi ~ - E o  { Kz = ~ -  (G + e~g exp (O;/~T) + a~g exp (G/kT) + a~d exp (G/kT) + 

+ @ e~p (O:/~T) + G~; exp (O;/~T) + GJoxp (o:/~) + 
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where  

o; =E0-  El, 

O~ = E  o--  E2 ,  

0~ = Eo -- E ; ,  

O;=Eo-E~', 

o ;  = E .  - E ; ,  

o ;  = Eo - E ; ,  

o ;  = Eo - E ; ,  

O ; = E 0 - E : ,  

(17) 

Z' = I + 2 exp (O;IkT) + 2 exp (O~llcm) + 2 exp  (O;llcm) + exp (O~llcm) § 

The m a t r i x  e l emen t s  G: a n d  A] are l i s ted  in  A p p e n d i x  I I .  All  o the r  m a t r i x  e l emen t s  

of/sit a n d / s •  are zero. 

Resul t s  

The  n u m e r i c a l  r esu l t s  of  ou r  ca lcu la t ions  are c o n v e n i e n t l y  p r e sen t ed  in  t e rm s  

of  the  p r inc ipa l  m a g n e t i c  m o m e n t s  PII a n d  PI_. The  m o m e n t s  P~, i --  I[ or •  are 
r e l a t ed  to  KI! a n d  K I b y  

3k 
e~ = ~ n  ~ K~ T ,  (~9) 
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where/s and  K •  are expressed b y  Eq.  ( i t )  to  (18). The momen t s  are unique 
functions of  the  pa ramete r s  kTl)., (51,~, and s,  which are used within the  following 
ranges of  values : 

kT/~: --0.01 to - -  5.0 

~/A: 0 t o - 3 0 . 0 ,  f f~  > 0 

0 to  +30.0,  ff (~ < 0 

nil  and g l :  1.0 to 0.5. 

The spin-orbit  coupling cons tant  g has always been considered to have  negat ive 
2 For  convenience of presenta-  values, since these app ly  to  the  configuration t~g %. 

tion, we use in the following ~II = ~l__ = 4. Representa t ive  examples  of  the  results 
are i l lustrated in Fig. 2 to  5*. These plots are general ly applicable to  all d e high- 
spin sys tems in axial ly dis tor ted octahedral  s y m m e t r y ,  as long as the  influence of 
co-operat ive effects remains  negligible. 
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-5.5 

Comparison with Experiment 
Measurements  of  principal  magnet ic  susceptibilities and/or magnet ic  aniso- 

tropies are available for several  i ron(II )  T u t t o n  salts [17--21],  the corresponding 
i ron(II )  tha l l ium selenate [19], FeS04.7  It20 [17, 20, 22], and FeSi_F6.6 H~O 

* Tables of numerical values for the principal magnetic moments Pll and P I may be 
obtained from the authors on request. 
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[23, 24]. Suitable results for our purpose are, for example,  those on i ron(I I )  T u t t o n  
salts which are monoclinic with two molecules per  uni t  cell. Since the oc tahedron 
of water  molecules surrounding each Mg ~+ ion in (NHa)~Mg(S04) 2 .6 H20  is elon- 
ga ted  along the z axis [6], and  since all T u t t o n  salts are isomorphous,  i t  can safely 
be assumed t h a t  the s y m m e t r y  a round  each Fe~+ ion is ve ry  near ly  te tragonal .  
Denot ing b y  ~ the angle between the z axis of  the oc tahedron and  the ac plane of 
the crystal ,  the principal  crystal  susceptibilities m a y  be wri t ten as 

•1 = KI[ c~ ~ + K •  sin 2 

Z2 = K s  (20) 

Za = KII sins ~ + K •  cos ~ ~ .  

Here ,  b y  convention,  Z1 > Z2 and, since ~ > 0, Kit > K• I t  follows t h a t  

Kll -- . K •  = 2 (Z1 - -  Z~) - -  (Z1 - -  Ks) 

Kii = (Z1 -- Zu) + Za (21) 

K •  = Z2 �9 

These relat ions m a y  be used to  obta in  the  molecular  susceptibilities KII and K •  
and  thus  P[I and  P •  f rom the measured  quanti t ies  Z1, Z2, and  Za. 
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W i t h i n  the exper imental  results on iron(II) T u t t o n  salts, we consider those of 
Bose  [2t] as the most  reliable ones. These data  are therefore used for a comparison 
with the theory.*, ** 

I t  may  be realized easily by  inspect ion of Fig. 2 to 5 that ,  wi thin  the configura- 
t ion  d s, a fit t ing of calculated principal  momen t  curves to exper imental  da ta  m a y  
not  always be unambiguous .  The following procedure is therefore adopted to 
ob ta in  a reliable indicat ion about  the s ingular i ty  of the fit. The sum of the squared 
deviat ions of calculated and  exper imental  magnet ic  moments ,  viz. 

de = A~ + 2 A l ,  (22) 

where All = p ~ h e o r  p e x p  / ~  I.J_ = P~l h e ~  _ ~11 ' _ p~xp, is computed  for each pair of 
values of the parameters  ~/I and  ~ (assuming ~II = ~1). 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 PII and P• given by us differ considerably 
from those employed by Bose et al. [1]. This is due to the fact that Bosh et al. used average 
values derived from Bose's experimental results [21] and those reported by JACKSO~ [25]. 
However, the values quoted by JAc~sox apply in reality to FeS04"7 H20 (cf. [17]) rather 
than to the Tutton salt. 

** In calculating PIi and P I ,  (3k/Nfl2) 1/2 = 2.8273 was used. This value results if one 
employs the most recent values for the constants involved (eft American Institute of Physics 
Handbook, McGraw-Hill, New York, 1963). 
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Fig. 6. Curves of constant ~,zJ ~" for (IqH~)2Fe(S04)2"6 1-120, assuming ~% = -100 cm -I. Full 
curves for 296.8 ~ broken curves for 182.5 ~ dotted curves for 84.8 ~ Values of ~/I= • I0 ~ 

are indicated on the curves 

funct ion of the afore-mentioned parameters  at  each avMlable temperature  and for 
an assumed value of  ~. Curves of  ~A ~ = const, are then plot ted and the plots 
repeated for modified ~ values. If,  for all the temperatures  investigated, a min imum 
is clearly defined on the surface ZA 2, the corresponding values of~,  ~/)~, and z are 
considered as providing the "bes t"  fit. An  example of  such plots is shown in Fig. 6. 
However ,  if  a "valley" is obtained ra ther  t han  a min imum (cfi Fig. 7), or if  the 
min imum is s i tuated outside of  the range of  well-defined parameter  values, this 
m a y  occur for various reasons:  (a) one or both  of  the experimental  momen t  values, 
Pll and P r, m a y  be ve ry  inaccurate  or seriously in error;  (b) the theory  m a y  be 
inadaquate ,  e.g. due to large deviations f rom axial s y m m e t r y ;  (c) a change in the 
magnetic  properties of  the substance m a y  take place due to co-operative pheno- 
mena,  crystallographic phase transit ions and alike. Under  these circumstances, no 
general t r ea tment  is possible; ra ther  each problem deserves individual considera- 
tioYl. 

Turning our a t ten t ion  to the ammonium Tu t ton  salt, (NH4)~Fe(S04) 2 .6 H~O, 
plots of  ~A 2 = const, are displayed in Fig. 6 for the three temperatures  available. 
I n  these plots, pract ical ly the free ion value of  ~, i.e. 2 = - - t 0 0  cm -z, was assumed. 
The resulting values of  molecular parameters  are listed in the Table. The best fit is 
described by  almost  constant  values of  ~/~ ~ -- i0  and descreasing values of  ~ with 
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Fig. 7. Curves of constant ~.A 2 for FeSiF G .6 H20, assuming 2 = - i 0 0  cm -1. Upper curves for 
3A4 ~ lower curves for 77.3 ~ Values of ZA 2 • l04 are indicated on the curves 

decreasing t empera tu res .  If ,  on the  o ther  hand,  smal ler  absolu te  values  of  ~ are 
impl ied ,  e.g. ~ = - 9 0  or - 8 0  cm -1, much  more nega t ive  values  of  5/~ are requ i red  
and,  wi th  lowering of  t empera tu re ,  the  m i n i m u m  is d isplaced to  even larger  ab- 
so lu te  ~/~ ( taking ~ = - 8 0  em -1 a t  T = 296.8 ~  ~/~ ~ - 2 0 ,  ~ = 0.9; a t  182.5 ~  
~/~ < --30,  u = 0.8; a t  84.8 ~  r < --30,  ~ N0.65).  I n  th is  case, the  condi t ion 

< 10 D q  is no t  obeyed  and  the  resul t ing  values  are thus  beyond  the  range of  
app l i cab i l i t y  of  the  p resen t  theory .  

A more  compl ica ted  s i tua t ion  is encounte red  in the  po ta s s ium T u t t o n  salt ,  
K2Fe(S04)  ~.6 H~O. A t  t e m p e r a t u r e s  of  296.8 and  i85.6 ~ cons tan t  values  of  
~/~ resul t  and,  wi th  lowering of  t empera tu re ,  decreasing values  of  u are obta ined.  
However ,  a t  the  lowest  t e m p e r a t u r e  inves t iga ted ,  i.e. 86.3 ~ the  absolu te  value  
of  5/~ is cons iderab ly  d imin ished  and,  in addi t ion ,  ~ =< 0.5 is found. P rac t i ca l ly  
the  same condi t ions  occur for all  the  values  of  ~ be tween  - i 0 0  and  - 8 0  em -1. 
Thus  a " b e s t "  fit canno t  be obta ined .  No exp lana t ion  is offered for the  divergence,  
since add i t iona l  expe r imen ta l  resul ts  will be requi red  to  decide which one of  the  
possible  reasons applies.  

F o r  the  i ron( I I )  T u t t o n  salts ,  Me2Fe(S04) ~ -6 H~O, where Me = Rb ,  Cs, T1, a n d  
for T12Fe(SeO4) ~ .6 H20 ,  only  magne t ic  anisot ropies  a t  room t e m p e r a t u r e  were 
r epo r t ed  [19]. Al though ,  according to  (2i) ,  these values  de te rmine  K l l -  K I , 
th is  in fo rmat ion  is no t  sufficient for a rel iable  theore t ica l  ana lys is  of  the  d a t a .  
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In  FeSO 4 .7 I-I20, the Fe2+ ion is octahedrally surrounded by six H20 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 s .6 H20, there is one molecule per unit cell [7], the 
ferrous ion being surrounded by a presumably distorted oetahedron of water 
molecules. Here, of course, XII = KII and ZI_ = KI-  Principal susceptibilities are 
available at and below 77.3 ~ only. At 77.3 ~ a larger value of 8/A is obtained 
than the almost constant value which is found at the various lower temperatures 
investigated. The value of z is practically constant at the higher temperatures 
(77.3, 20.4, and t4.2 ~ and amounts to ---0.8 if 2 = - 1 0 0  em -1 and to ~0.7 if 
A = - 8 0  cm -1 is considered. However, at the lowest temperatures (4.2, 3.14, and 
t.57 ~ the results are rather insensitive to changes in this parameter, since 
valleys extending parallel to the z axis are obtained on the ~A 2 surface (cf. Fig. 7). 
Thus the values of z are scattered between i.0 and 0.5. Also, the results are not 
extremely sensitive with respect to ~.. We list therefore in the Table fits achieved 
with both ~ = --i00 and A = - 8 0  cm -1, these being considered as the limits of rea- 
sonable A values. However, the lower total percentage deviation resulting on the 
assumption of A = - 8 0  cm -1 indicates that  the smaller absolute value of A 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(III) com- 
pounds have been reported so far. 

Discussion 

The present treatment of the magnetic anisotropy and susceptibility of high- 
spin d 6 systems considers the population of all the levels resulting from a cubic 5T2 
ground term. This may be considered as a good approximation, since it is well 
known that  the next cubic term SE is ~10,000 cm -1 higher in energy*. In  addition, 
the 5T 2 is split by a superimposed tetragonal field according to ST, -+ 5B~ § 5E, 
whereas 5E -+ 5A1 + 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 s T  2 ~ 5A 1 -k 5E, whereas the 
upper 5E is not split. Spin-orbit interaction mixes these low-symmetry states. How- 
ever, since spin-orbit coupling is rather small (2 = - t 0 3  cm -1 for the free iron(II) 
ion [30], and usually even smaller in a complex), this mixing in of states from the 
cubic 5E is completely negligible as far as the magnetic susceptibility is concerned. 

I t  is interesting to realize that  although KIt 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#•  are zero and is reflected in the value of g l  = 0. 
The equality of PII and PA in the limiting case of octahedral symmetry [3t, 32] 

* For all high-spin octahedral d 6 complexes studied spectroscopically, triplet states were 
found to be considerably higher in energy than the 5E term and can thus be disregarded a 
lortiori [27]. This does not apply to iron(II) 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(II)-bis(c~-diimine) com- 
plexes (cf. part II  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 hgand fields of low symmet ry  have a comparatively sman 
effect on the average moment  [33], unless they lift the orbital degeneracy of the 
ST~ term by  more than  about  the magnitude of 4, their influence does show up in 
the principal moments  P[I and P f. 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.1Vf. 

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 bet ter  than N I  %. 
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 
considered. 

In  (NH~)2Fe(S04) ~.6 H~O, the only reasonable fit to the available principal 
moments  is achieved using an average value of ~ = 1070 cm -I, 2 = - - i00  cm -1 
and z decreasing from 0.8 at 296.8 ~ to 0.6 at 84.8 ~ This result is in contrast 
to the conclusions of Bose  et al. [l], 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 
6 > 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 tha t  the splitting of the lowest 
doublet is small in comparison with kT.  Both component levels may  therefore be 
considered approximately degenerate, at  least down to ~0 ~ [34]. Below 2 ~ 
the lowest doublet is split by  N6.4 cm -1 [34---37]. These facts, however, do not 
invalidate the interpretation given at higher temperatures.  From the quadrupole 
splitting of MSssbauer spectra [38], values of 6 considerably smaller than  those 
obtained from susceptibility measurements were reported, lXTo explanation is 
provided for this difference at  present. 

In  K2Fe(SOt) 2 .6 H20, the experimental moment  values for the upper two 
temperatures are well reproduced by  the theory, particularly if ~ = --ZOO em -1 is 
assumed. This has as a consequence 6 = 500 cm -1 and z decreasing from 0.8 at  
296.8 ~ to 0.6 at i85.6 ~ The difficulty encountered at  86.3 ~ 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~O, the observed principal magnetic moments may  be extrem- 
ely well fitted, particularly if 2 = --80 em -1 is used. This is of some importance, 
since the data on the compound arc considered as the most accurate data available 
on iron(II).  The fit at  the upper four temperatures (77.3 to 4.2 ~ is good to at  
least 0.6%. The value of ~ = --760 cm -1 at  77.3 ~ is identical with the value 
resulting from MSssbauer spectroscopy [38] and in very good agreement with the 



Magnetic 1)roperties of Transition Metal Ion Cubic 5T~ Terms. I 165 

analysis of susceptibility data performed by  EICHER [3], who arrived at  ~ = - 7 3 0  
cm -1. I t  seems reasonable to average the scattered parameter  values at  temperatu- 
res between 20.4 and 1.57 ~ yielding ~ N - 5 8 0  cm -1 and x ~ 0.8 or 0.7. The only 
exception to the good fit are the values of PII at the lowest two temperatures,  
especially at  1.57 ~ JAcxsoN [24] mentions tha t  this experimental value is not 
precise due to a cross susceptibility correction which assumes N40~ . I t  should be 
remarked tha t  P~YCE [23, 24] and PALUM~O [39] could approximate this value to 
only 25o/0 . The comparatively good fit to the data, which is obtained with ~ = 
- - i00 cm -1, makes clear how P~]~VMBO [39] arrived at  his results characterized 
by ~ = --i200 cm-L Finally, a recent analysis of powder susceptibihties [40], 
which arrived at 5 = --~35 cm -~, demonstrates tha t  the less rigorous but  often 
employed approach of comparing calculated and experimental/~efr curves may  
not  always yield useful resnlts. 

In  comparison to other ions of the iron group, information about ground state 
splittings in iron(II) from paramagnetie resonance data is completely lacking. Only 
weak lines were reported in potassium and ammonium Tut ton salts [41, 42] as well 
as in iron(II)  fluosilicate hexahydrate [42], all at  20 ~ 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(II) substitutionally present in MgO [43] and in ZnF 2 [ l i ,  44], 
where the finite line intensity is due to low symmetry  distortions in the crystal. 

I t  is par t ly  for this reason tha t  more accurate and detailed experimental data  
on principal magnetic susceptibilities of the compounds discussed above, and pos- 
sibly other high-spin iron(II) complex salts should be collected. 

Conclusions 

The present investigation demonstrates for the d 6 electron configuration that  
in some compounds, unique sets of values for the molecular parameters  4, ~, ~, 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. I t  is likely tha t  these conclusions may  be 
extended to other d n configurations as well. 
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Appendix I 

Energies and Wave-junctions o] the 5T 2 Term under the Action 
of an Axial  Ligand Field and of Spin-orbit Uoupli~g 

The matrices of the ligand field and of spin-orbit coupling may  be written as 
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I - t , i >  

Io,o> 
I i , - l>  

l i'~ ( 
l o,i> 
I-1,2> 

Io,2> 
It,i> 

I- l , l> [o,o> l i , - i>  
( %  - V ~ •  o ) 

- VN• d - g ~ •  (Mj = 0), 

0 -- 1/~_1 ~'Jl 
I i,o> [o,i> L-i,e> 
o - V~• o \ 

- g ~ !  ~ -/~• ) (M~ = +i ) ,  
o - i/El• 2,~1~ 

[o,2> [ i,~> 

( ~ - f ~ •  (M~ = :~2), 
- g ~ _  -%1 

l i,~> 
]1,2> --2211 ( M j =  •  

(I-t) 

•0__ 1 

~o 

~1 = 

~"--i = 

~ l - to>  + b~ ]o,- i> + ~ 11, -2> 
~o I i , - l >  + bo I o,o> + ~o ]- l ,a> 
(l/g~) I l , - l >  - (i//~) I-l,~> 

a~l-- t ,0  ) + b~10 , -~>  + c~l t , - 2 >  

as 10,2) + 53 1 t,t> 
~ 1o,-2> + b~ I - t - l >  
11,2> 

(I-6) 

The first matrix (Mj = 0) may be factorized further and gives the energies 

E0 = �89 [(% + ~) - {(%- A)2 + 2~ ~}Vq 
E~ = �89 [(All + A) + {(All- A) 2 + 24 2]yh] (I-2) 
~; = %. 

The energies for M j  = 4-1 are determined by the roots of the cubic 

x 3 -  (2 § x~ + (2~- -  5e ~) x §  6e ~=  0 ,  (I-3) 

where x = Z~]2lr, Er being E~, B~, and E~ respectively, V = 612H and e = 2• H. 
The energies are labeled such that  E 1 becomes the lowest one, followed by E~ and 
E~ (of. Fig. l), 

E~ < E; < E;. (I-A) 
The remMning energies are given by 

El = �89 [(A - ~) + {(A + %)~ + S ~}vq (I-5) 
E3 = - 2  All. 

The corresponding wave-functions may be written as 

~/11 = a'l I t , 0>  -~ b 1 I O,i> -t- I~ 1 I - - 1 , 2>  
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v; = ~ 1o,2> - ~ I i,~> 
~'-~ = b~ 1o,-2> - a~ 1 - ] , - ~ >  
~[ = a~ I l,O > + b[ ] 0,]> + c; l -1 ,2> (1-6) 

~ '1  = a; I - l ,o>  + ~1[0 , -~> + c;I ~,-2> 

where  t h e  coeff ic ients  a l ,  b~, c 1 etc .  are  o b t a i n e d  f r o m  ~he se t  of  l i nea r  e q u a t i o n s  
c o r r e s p o n d i n g  to  ( I - I )  a n d  the  n o r m a l i z a t i o n  c o n d i t i o n  a n d  are  g iven  b y  

V~(2 Z,l - E~) 
a~ V2 E~ c~ , 

bl (2 ;t, - E~) c , 
= V2 2• 1 (1-7) 

cl = [[~ (2_~,2 E,~-- E~)~ + (~ ~'2 =~ ,_~ -~y + l] -~/~ 

The coefficients a~, b~, and c~ are obtained from (1-7) by  replacing E~ by  E~ and, 
similarly, a~, b~, and c~ are obtained by  replacing E 1 by  E~. Also, 

a n d  

a0 - ( ~ -  Eo) bo 

b o = [  ~ ]-'I~ 

( z : ~ ) ~  + 

(I-8) 

(I-9) 

A p p e n d i x  I I  

Matrix Elements o/the Magnetic 

GEl: = 2 {<w l ~lE [ W>} ~ :  2 

@ = 2 {<v; [ ~, i v;>} 2 = 2 

2 I<~ I ~,, I ~;>1 ~ + G f / -  ,, E~ - E~ 

Operators/~11 and #• 

{(4 + ~j) 4 + 2 b~ - "H a~}2 

{(~ + ~11) +? + 2 b? - "11 a1"2~ 

{4 a~ + (2 --  7r ) b~} u 

(4 - ~lt) ~ 

{4 b~ + (2 --  ~]1) a~} ~ 

{(4 + ~) r + 2 b; ~ - ~1t ~7} ~ 
2 liw [ ~j~ l ~;>1 ~ 

E~' - E1 
2 I<vo i~, ] v;'>[ 2 

G~2= E;'- Eo 
H 

E~' - E o + Eo - E~)' 

El" - E1 E ;  - E'; 

12 Theore$. chim.  Ac ta  (Berl.) Vol. 9 

(II- l)  
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G~2 - 2 I<w~ I if, I w~>l * 

~.~ _ 21<~.~ I ~,, l',"~>l ~ 
G2z - -  E'~ - E~ 

l<,f~ l,+, I v';>l ~ 
E~- E~ Ei- E;" 

G~o = _ ~. I<~,. I ~, [ ~> l  ~ , ,  
Eo - Eo 

<~/)1 1 fill ] ?;/)i> = (4 -~- ~41] ) (~1(~; -3[- 2 bib; - -  zt[ ala; 

<y,~. I #}l ] ~p~> = (4 + ~l[) c~"c~. + 2 b'~b; - -  Ztl a'~'a'~ 

G~ ' 2A s 2A~ 2A~ 2A~ 
~ =  + -{ + 

E o - E 1 

2A ~ 

G ~  - Eo - E~ + 

,, 2A~ 
+ 

2 A ~  

,, 2A~ 

@ = -  + - -  
Es - E~  E~  - E ~  

~ [ o  2A[: 
e~ : -- E~- E~ + E~ - E~ 

. 2 ~  ~ 

E ; ' -  E ,  E~ - E 1 

~A~ 2 ~  
~. { - - ' 7 - -  

E1 - Eo ~ l  - Eo 

~A~ ~ 
# 

2A[ 
,, ,,+ 

E~ --  E o 

E ~ -  E 1 + ~  ' E o - -  E~ 

2A~ 2A~ 2 A ~  
. +  . . +  , 

E~ - E 1 E~ -- E~ E o - E~ 

2A~o 2A~ 

E a - E~ + ' E~ - E z 

2A~ u e ~A 13 
~- E~ + ' ' + E 1 - E~ 

, , E , +  , , E 1 - E~ E~ - ,~ E o - E x 

A = <~i [ f i t  [",vo) 
A1  = <~)i ] f f /  ]%~ 

Ao = <V; I~• !Vo> 
A~ = <~[ I ff_~ I Vg> 
A~ = <~; l ff• I Vo> 

( I L l )  

(11-2) 

(ii-3) 

= V361 -~ +gzbl  -- V- ~ 61 
= gg  a,b~ + 2 bza s - -  (11]/2) Zl_ - b,b~ - -  ( l / V 2 )  Zl_ c,as 

= V~, a;'ao - ( i lV~) ~• a;bo + 1/~ b[bo - (t l l /~) ~•  5;% + 2 4 %  
= 1/~ ~;~o - Oll/~) " •  ~;~o + V~ b;bo - 011/~) .,__ Kao + 2 ~;ao 

, 1 ' - -  V'~ 4 
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A 8 

A10 

Al l  = 

A12 

AlS 

A14 = 

AI5 

A16 

<~ ~• 
<~ 

<~ 
<~ 
<~ 

# !  

#•  

#•  

~'~> = - - V g  a['a~ + 2 b'~b2 + (1/1/2) z ! b:"a2 - @IV2) z •  c'~b~ 

~> = - ( l iVe)  ~• + 2 4 

~1> = ]/3 b0al + z• also -- 2 Vg sob 1 -- �89 ~• bob ~ + V2 boca 
It If t! 1 b ~ t t  ~ It 

~'~> = I/~ bo% + ~ !  % %  -- 2 / 3  aob: -- : z ! oO~ + / 2  boc~ 

~;> = / 3  ~0~1 + - •  ~i~0 - e / g  ~0~; - � 89177  ~.b; + V:2 4 4 .  

(II-4) 
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