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On the basis of the eigenvalues and the eigenvectors resulting from the diagonalization of the 
complete ligand field, Coulomb interaction, and spin-orbit coupling matrices, the magnetic susceptibi- 
lity has been calculated for the d 6 configuration in a field of octahedral symmetry. The magnetic moment 
values #~ff are presented as function of temperature and 10 Dq for a fixed set of values of the Racah 
parameters B, C and the spin-orbit coupling constant (. The region of the 5T2--1A 1 crossover is 
considered in detail and the application to relevant experimental data is discussed. 

Die vollst~indigen Matrizen, die das Ligandenfeld, die Coulombwechselwirkung und die Spin- 
Bahn-Kopplung enthalten, wurden aufgestellt und die durch ihre Diagonalisierung erhaltenen Eigen- 
werte und Eigenvektoren wurden benutzt, um die magnetische Suszeptibilit~it fiir die Konfiguration 
d 6 in einem Feld oktaedriscber Symmetric zu berechnen. Das magnetische Moment #elf wird als Funk- 
tion der Temperatur und 10 Dq f'tir feste Werte der Racah-Parameter B, C und der Spin-Bahn-Kopp- 
lungskonstante ( angegeben. Der Bereich des ST 2 - 1A1-Uberschneidungspunktes wird eingehend 
betrachtet und die Anwendung auf geeignete experimentelle Daten wird diskutiert. 

En utilisant les valeurs et les veeteurs propres des matrices compl&es: champ des ligands, inter- 
action coulombienne et couplage spin-orbite, la susceptibilit6 magn6tique a 6t6 calcul6e pour la 
configuration d 6 dans un champ de sym6trie octa6drique. Les valeurs du moment magn6tique ~eff 
sont pr6sent6es comme fonction de la temp6rature et de 10 Dq pour une valeur donn6e des param6tres 
Bet C de Racah et de la constante de couplage spin-orbite. La zone du croisement 5T 2 - 1A~ est 
examin6e en d6tail et les donn6es exp6rimentales correspondantes sont discut6es. 

Introduction 

In  a previous paper  [1] we have briefly reviewed the magnet ic  properties of 
iron(II) complexes in which a 5T 2 - 1 A  1 crossover is either established or sup- 
posedly involved. An a t tempt  has been made  to develop a semi-empirical  theory 
suitable to reproduce the experimental  magnet ic  data  of such systems. It  was 
shown that  a modif icat ion of the two-level scheme including at least an  axial field 
dis tor t ion and  taking  account  of pe rmanen t ly  paramagnet ic  mater ial  was needed. 
In  all compounds  studied in some detail, the axial field spli t t ing of the 5 T2 term is 
such as to produce a low lying orbi tal  singlet (i.e. 5B 2, if the dis tor t ion is tetragonal).  
This  is equivalent  to the axial field parameter  6 being negative and  varying, in 
actual  compounds ,  between abou t  - 200 and  - 1000 c m -  1. 

Based on a compar i son  of calculated and  experimental  magnet ic  data  it was 
demons t ra ted  that  the energy separa t ion  e between the centers of gravity of the ST 2 
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and 1A1 terms is strongly temperature-dependent. This result is consistent with 
the decrease of the Fe-ligand bond distance which is expected on change of the 
groundstate from 5T 2 (t4e 2) to 1A 1 (t26) [2]. In one case, the change of the Fe-ligand 
bond length has been demonstrated directly by X-ray structure methods [3]. 
Specific values for e = e ( T )  were determined in two systems, viz. [Fe(mephen)3]- 
(C104) z and [Fe(mephen)3](BF4) z where mephen = 2-methyl- 1,10-phenanthroline 
[4]. In these compounds, the parameter 6 was estimated from the temperature 
dependence of the quadrupole splitting in the 57Fe MSssbauer spectra [5]. 
Additional results on systems of related interest will be published separately [6]. 

In the present study, the magnetic properties of a d 6 electron system will be 
calculated by means of ligand field theory. We are interested particularly in the 
region close to the 5 T  z - aA1 crossover, in the mixing effects of excited terms on 
the magnetic susceptibility and in the temperature dependence of the ligand field 
splitting parameter 10 Dq and of the S T  z - 1A ~ energy separation e. Therefore, full 
configuration and spin-orbit interaction will be included. Since, in this investiga- 
tion, accurate reproduction of experimental data is considered only on a second 
priority basis, we will disregard axial and lower symmetry distortions and assume, 
in what follows, a cubic field to be present. 

Octahedral Ligand Field and Interelectronic Repulsion 
Matrices and Resulting Eigenvectors 

The combined ligand field and interelectronic repulsion matrices for a d 6 
transition metal ion in a field of octahedral symmetry were derived by Tanabe and 
Sugano [7, 8]. These authors also performed detailed numerical calculations on 
the d 6 Co 3 § ion. In Fig. 1 we present the results of similar calculations on the low 
lying excited states of the Fe z § ion. In analogy to the Tanabe-Sugano diagrams 
[7, 8], E / B  is plotted versus A / B  where E is the energy relative to the ground state 
and A = 10 Dq the octahedral ligand field splitting parameter. Free ion values of 
the Racah interelectronic repulsion parameters (viz. B = 917 cm- 1, C = 4040 cm- 1) 
were used. The crossover between the groundstates 5 T  2 and 1A 1 occurs, within 
this approximation, at 10 Dq = H ~ 17,006.8 cm- 1. Without configuration inter- 
action, the 5T 2 - 1A 1 energy separation is determined according to 

e = 2 0 D q - 5 B - 8 C  (1) 

whereas if non-diagonal matrix elements are approximately accounted for [9], 

e = 2 O D q - 5 B - 8 C +  - -  
120B 2 

10 Dq 
(2) 

It should be observed that the value o f / / a t  the crossover as determined from 
Eq. (1) or Eq. (2) with e = 0 is largely in error. Thus using the values of B and C 
listed above, Eq. (1) results in H = 18,452.5 cm-1, whereas the quadratic Eq. (2) 
gives the value H----15,114.4 cm -1 which is no better. Both equations provide, 
therefore, only very crude estimates of the crossover energy H. 
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Fig. 1. Energy versus A = 10 Dq for the lowest states of the Fe z+ ion in a ligand field of octahedral 
symmetry (in units of B; B = 917 cm-  1, C = 4040 cm-  x) 

The wavefunctions of the three lowest terms depicted in Fig. 1, i.e. 5T2, 1A1, 

and 3 T1, may  be written, if configuration interaction is included, as 

I ST2) = I t~ e 2) 

+6[t~(2E) e 3 ) + e l t ~  e 45 

j3 T1 ) = ~Jt~ e) + t/J t~(' T2) e a (3A2)) + O Jt~ (3 T1) e 2 (E)) 

+ ~c [ t~( 3 T1) e2(~Al)) + 2 J t~(2T2) e 3 ) + p J t~(aT0 e 3 ) 

+ V lt~ e 4 )  (3) 

where ~, fl, ..., v are coefficients dependent on 10 Dq. Since we are interested in the 
properties close to the crossover, we determined the eigenvectors of Eq. (3) by 
solving the ligand field plus interelectronic repulsion matrices of Fe 2 § for the 
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particular value 10 Dq = H: 

]ST2) = I t~ e 2) 

[1A 1 ) = 0.981 ] t 6) + 0.029 [ t4(~E) e2(1E)) - -  0.188 [ t~(IA1) eZ(~Ax)) 

+ 0.029 [ t](2E) e 3) + 0.029 [ t~ e 4) 

[ 37"1 > = 0.981 [t~ e> - 0.041 l t24( ~ 7"2) e 2 (3A2)> 

- 0.121 ItS( 3 T~) e2(lE)> + 0.084 [ t42( 3 T1) e2(XA~)> 

+ 0.0091 t~(2T2) e 3 ) + 0.022 [ t32(2T1) e 3 ) + 0.120] t22 e4}. 

(4) 

S p i n - O r b i t  I n t e r a c t i o n  

The degeneracy of the various terms resulting from the d 6 electron configuration 
is partially removed by spin-orbit interaction 

O~so = tC~3d li " Si , (5) 

where ~3a is the 3d-electron spin-orbit coupling constant and tc the Stevens' orbital 
reduction factor. In the three terms of lowest energy the effect of the interaction 
according to Eq. (5) is, to first order, to separate the ST 2 and 3T 1 terms into three 
levels each with energies of 32, 2, - 2 2  and 2, - 2 ,  - 2 2 ,  respectively. To higher 
order the splitting by the spin-orbit interaction is according to 

5T2-~ Fl + Fa + 2F4 + 2F s 
(6) 

3T1--*Fl+F3+ / 4 +  /'5 

whereas 1A 1 ~ F 1 and is not split, viz. Fig. 2. Here it is 2 = _ ~3d/2S and we use the 
Bethe notation for levels resulting from spin-orbit interaction. In ligand fields 
close to 10 Dq = / / ,  the levels originating in the ST 2 and 1A 1 states are within k T  
and the levels from the 3 T1 are within ,-~ 6000 cm-  1 of the groundstate. This gives 
rise to a noticeable amount  of spin-orbit mixing between levels belonging to 
the same irreducible representation Fj. In addition, the wavefunctions Eq. (4) 
demonstrate that there is a significant mixing with higher energy levels via con- 
figuration interaction. Therefore, it is desirable to consider the complete matrices 
containing the ligand field, interelectronic repulsion, and spin-orbit interactions 
within the d 6 configuration. 

The complete problem is represented by the Hamiltonian 

The required matrices may be easily constructed, within the strong-field approxi- 
mation, following the procedures outlined by Griffith [10]. The relevant wave- 
functions of the various terms 2 s+ 1F which originate in the strong-field configura- 
tions t2m0 e~ mfiy be written thus 

] t"~g(S 11-'1) e~(S21"2) S r M ~ > . 
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Fig. 2. Schematic energy level splitting for the lowest states (5T2, 1A1, and aT 0 of a d 6 ion in O h 
symmetry (not to scale): a) octahedral ligand field only; b) first-order spin-orbit interaction; c) higher 
order spin-orbit interaction; d) effect of an external magnetic field. It should be observed that  2 is 

negative 

These functions which we will abbreviate as I c ~ S F M T )  were obtained from the 
component strong-field wavefunctions, viz. [ W20 $1 1"1) and [e~ Sz F2), using vector 
coupling relations [10]. In the above kets, M is used instead of M s, 7 denotes one of 
the components of the irreducible representation F, and c~ is used to distinguish 
states belonging to the same S F. The spin and orbital parts are then coupled 
according to 

r x D (s) = ~ CTF r 
T 

to yield "total" states transforming as F r of Oh, 

[o~SF[tFT~T) = ~, ( S F M ~ I f i F T T T ) l a S F M ~ ) .  (8) 
M7 

In Eq. (8), the quantum number fl has been introduced to distinguish states with 
the same e S F  and the s a m e  I'T~ r and D (s) is the representation of spin S in the 
octahedral group. Also, in what follows, we will use the Mulliken notation (viz. 
A1, A2, E, T1, T2) to label irreducible representations specifying orbital states and 
the Bethe notation (viz. Fi, i = 1, 2 . . . . .  5) to label total states F T. The wavefunctions 
[a S F fi F r 7T), cf. Eq. (8), have then been employed to calculate matrix elements of 
4 Theoret. chim. Acta (Berl.) Vol. 22 



50 

lOOO 

t 
E,cm-1 

800 

600 

E. K6nig and S. Kremer: 

400 

200 

i\ 
~-r1(1A1 ) 

\ 
- \ 

\ 
\ 

\ 
\ 
\ 

\ 
\ 

\ \  
\ 

,rs(sT2) \,,~.q (ST 2 ) 

\ r4(ST2 ) 

\\-~1(1A1) 
\ 

\ 
,Fa (5T2) \ ,  

L r3 (ST2) \ 
\ 

\ 
\ 
\ 

0 
16,600 16,800 17,000 17,200 17,400 

10 Dq, cm -1 --,. 

Fig. 3. Central region of the complete octahedral ligand field and spin-orbit interaction diagram. The 
crossover occurs at 10 Dq = / / =  17,100 cm-1.  Broken line: F1 [1Al(t6)] level; full lines: spin-orbit 

components  of the 5 T2 (t~ e 2) term 

the spin-orbit coupling operator ~ x~ li.s i. The matrix elements of the inter- 
i 

electronic repulsion and of the ligand field were taken from Griffith [10]. 
We diagonalized the resulting 91 • 91 matrix of the exact secular problem [-11] 

in order to obtain the eigenvalues and eigenvectors of the Hamiltonian Eq. (7). 
Fig. 3 illustrates the results with respect to the lowest energy levels close to 10 Dq 
= / 7  if the free ion values of B, C and ~ = 420 cm- 1 are employed. This Figure 
shows the modifications to the center of Fig. 1 which arise due to spin-orbit 
coupling. It is seen that, at 10 D q =  16,900 cm -1, the levels FI[~Ax(t6)] and 
F1 [-5Tz(t~ e2)] change their labels as a consequence of their mutual interaction 
and the non-crossing rule. The crossover occurs approximately at 10 Dq = /7 
= 17,100 cm-  ~ since, at this value of 10 Dq, the energy of Fl(1A1) is only 1.44 cm- 1 
above F5 (5 T2). 

The spin-orbit matrices for the equivalent d 4 system were derived previously 
by Schroeder [12] employing tensor operator methods. We checked via computer 
diagonalization that the combination of corresponding d 6 spin-orbit matrices 
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with the d 6 Tanabe-Sugano matrices [7, 8] is equivalent to the matrices employed 
by us. 

The functions [e S F fl Fr 7r) introduced above are mixed again on diagonaliza- 
tion of the resulting spin-orbit matrices provided they belong to the same Fry r. 
Therefore, the eigenvectors diagonalizing the complete Hamiltonian Eq. (7) may 
be written 

N 

I/~rT~T)= Y~ Cjl~sr~rT~) (9) 
j = l  

where the summation extends over all kets l aSFflFr~T) within the same Fy~r 
which are characterized by different aSFfl - j .  In the table, we list the irreducible 
representations F T together with their dimensions N which are identical to the 
number of the eigenvectors Eq. (9). 

Table 

Yr F1 F2 Fa F4 F5 

N 14 8 19 23 27 

Detailed expressions for the eigenvectors Eq. (9) resulting from the lowest 
energy terms 5T2, 1A1, and aT 1 at 1 0 D q = H = 1 7 , 1 0 0 c m  -1 are listed in 
Appendix I. 

Effect of an External Magnetic Field 
and the Calculation of Magnetic Susceptibility 

The application of an external magnetic field may be represented by the 
operator 

6 

J/t~=h-l fl ~ (~li+ 2si)H (10) 
i = 1  

where fl is the Bohr magneton and H the magnetic field strength which may be 
taken, in a ligand field of octahedral symmetry, in the z direction. ~m operates 
on the eigenvectors I flFr?r), cf. Eq. (9). Since the remaining degeneracy of the 
system will be lifted by the action of the magnetic field, states distinguished by 
different ?r have to be considered separately. There are altogether 210 different 
kets I flFT?T) corresponding to the dimensions N and the degeneracies of the 
representations F T (viz. the table). The application of ~ on the [flFr?r) thus 
generates the matrix elements 

i 

(in units of h) which form a 210 x 210 matrix. A conventional calculation of the 
Zeeman energy would require the solution, at least in an approximate form, of the 
secular problem corresponding to the matrix Eq. (11). Since we are interested only 
in the magnetic susceptibility, certain simplifications are possible. 
4* 
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In general, the magnetic field removes the j.-fold degeneracy of a level E.. 
If the sublevels are specified by a suffix m, the energy of any magnetic level E.m 
may be expanded as a power series in the applied magnetic field H, 

En m _= E(o) + ]t~(1)H (2) 2 Enm H +"" - - n •  71" (12) 

The molar magnetic susceptibility is then obtained by taking the statistical 
average over all the energy levels resulting from the application of Eq. (10) using a 
Boltzmann distribution [13], 

. ~ (  EE~.1232 _ --2E(~)e-r '~ 

Z,n = N k T 
~ j ,  e -E~.~ 
n 

(13) 

Here, E (~ is the energy in zero field and N the Avogadro number. The quantities 
involved in Eq. (13) may be expressed according to 

E(~'m ) = ( ~ m  I ~ fl(x l,z + 2s~z)H z [~p.~> 
i 

I <wml~ ~(~l~z + 2S~z)nzlW.,~,> I z 
E(2) 2 i .m = ~ ( o ) _  E(O) , n # n ' .  

n ' , m '  ~ n  

(14) 

Here, the eigenvectors IBrrTr), cf. Eq. (9), have been abbreviated by ho.,~ or ~p,,,,,. 
The matrix elements in Eq. (14) are thus identical to those of Eq. (11). However, 
we will show below thata considerable number of these matrix elements is, in fact, 
zero. 

The eigenvectors IflFrTr) may be classified within the group O h by their 
behavior under the rotations C~ and C,~ about the z- and the x-axis, respectively, 
according to the standard basis relations of Griffith [10]. The operator Lz+ 2Sz 
transforms under rotation about the z-axis according to 7", 0. In order to be dif- 
ferent from zero, the matrix elements Eq. (11) have to be totally symmetric. There- 
fore, the only non-zero matrix elements are those listed below: 

<F~a~IL~+ 2S~IF40> , 

<F2azlL& 2Sz[FsO> , 

<r~ 0 ILz+ 2Szlr4o>, 

<F3 ~ IZ& 2SzlFsO>, 

(F4• llL~+ 2S~IF4• I> , 

<F4 + llL~+ 2SzIF5 -T- 1), 

<Fs + llLz+ 2S~IFs + I ) .  

Employing Eq. (9) these matrix elements may be decomposed into those of the 
functions Is S F fl Fr 7r>, the subsequently required ones being listed in Appendix II. 
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Numer ica l  Resul t s  

Fig. 4 shows calculated values of the magnetic moment #af (in BM) as function 
of temperature and of the octahedral ligand field splitting parameter 10 Dq. It is 

3kT 
2 (15) #eff -- N ~ -  Ks 

where Zm is determined according to Eq. (13) and Eq. (14) and (3k/Nfl2) 1/2 = 2.827. 
In the calculations, we employed the Fe 2+ free ion parameters B =  917 cm -1, 
C = 4 0 4 0  cm -1, and ( = 4 2 0  cm - i .  All levels having zero field energies 
E~~ 5000 cm-  ~ were considered directly in the summation of Eq. (13). This 
comprises, at 10 D q = H ,  e.g., all those levels which result from the terms 
5T2(t~(3T~) e2(3A2))and iA~(t6). In the matrix elements required in Eq. (14), all 
components of the eigenvectors I fl Fr 7T) Eq. (9) were included which are associated 
wit h coefficients Cj > 0.033 at any value of 10 Dq considered. In this way, the follow- 
ing terms have been taken into account explicitly in Eq. (14): 5T2(t~(3T1)e2(3A2)), 
3Ti(t25 e), 1Tl(t~e2), 1Tl(t25 e), 1Al(t6), 'Al(t~(1E)e2(iE)), 1Al(t~(1A1) e2(1A1) ). We 
checked that extending the range of terms considered to E~ ~ < 8000 cm-  1 affected 
calculated values of/Aef f in the fifth decimal place at most. 

In Fig. 5, similar plots of #eft vs. T and vs. 10 Dq are displayed for parameter 
values appropriate to the iron(II)poly(1-pyrazolyl)borate termed "compound I" 
of Jesson et al. El4], i.e. B = 765 cm-  l, C = 4.0 B, ~ = 420 cm-  ~, and x = 0.80. In 
addition, the plot of experimental #elf-Values vs. T for this compound has been 
included. In order to calculate #elf, the original molar susceptibility data [15] have 
been corrected by subtracting -0 .29  • 10 -3 cgs/mole [14]. From these results, 
values of 10 Dq and e at various temperatures may be determined and these have 
been plotted in Fig. 6. 
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Fig. 4. Magnetic moment/~eff of a d 6 ion in a field of octahedral symmetry versus temperature and 
10 Dq (B =917 cm -1, C =4040 cm -1, ~=420 cm -1, to= 1,0) 
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iron(II) poly(1-pyrazolyl)borate "compound I" of Jesson et. al. [14], broken line 

Discussion and Conclusions 

In general, in the calculation of paramagnetic susceptibilities, previous 
authors 1-16-19] have taken into account the ground state multiplet only and, in 
some special situations, the contribution of at most two of the lowest energy terms 
has been considered [20-22]. The only more detailed study 1-23] is concerned with 
the 6A ~ - 2 T2 crossover in d 5 ions and considers altogether three terms in approxi- 
mate form. We are going to demonstrate below that, at least in the octahedral d 6 
configuration, a small but definite influence of higher energy terms is evident. 

The results of Fig. 4 show that, at low values of the ligand field parameter 10 Dq, 
e.g. at 10 D q =  16,000 cm -x, the calculated temperature dependence of #elf 
corresponds reasonably to the values determined from the 5T2(t42 e 2) multiplet 
alone [17, 19]. A more detailed comparison of the numerical data reveals small 
differences, however. Thus, at 400 ~ K, e.g., we obtain #eff = 5.530 BM whereas, if 
the ST 2 term is considered alone, #eef = 5.564 BM. These differences are subject 
to the mixing-in of excited state wavefunctions via spin-orbit interaction which 
is dependent on 10 Dq. Between 10 Dq = 16,800 cm-  ~ and 17,100 cm- 1, a decrease 
of/Jeff is observed as consequence of the mixing of the F 1 [ST 2 (t24(aT1) e 2 (aA2))] and 
F 11,~A1 (t~)] states (at 10 Dq = 16,900 cm-  1, e.g., the F~ state at 529.5 cm- t consists 
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of 61.72 % 15 T2(t~( 3 T1) e2(3A2))), 36.72 % laAl(t6)) and 1.56 % various other contri- 
butions, whereas the F1 state at 325.6cm -1 is 57.42% [1Al(t6)), 37.09% 
[STz(t4(3T~)e2(3A2))), and 5.49% other contributions), cf. Fig. 3. At 10Dq 
= 17,100 cm- 1, the F 1 [1A 1 (t6)] state is still 1.44 cm- 1 higher than the F 1 [STz(t4e2)] 
state giving rise to the unusual change of #af below 10 ~ K. Above 10 Dq = 17,100 
cm- 1, the typical crossover behavior sets in. In the high-temperature limit, almost 
all moment values between about 1.0 BM and 5.0 BM may be attained depending 
on 10 Dq, whereas, at the lowest temperatures, the resulting #af-values are prac- 
tically identical to those of a 1Al(t6 ) term. In this region of 10 Dq values, the #af 
vs. T curves are significantly different from those obtained on the basis of a simple 
two-level scheme [20]. The largest discrepancy arises with the magnetism of the 
1Al(t6 ) term both in the primitive 5T 2 - 1A 1 crossover model as well as at high 
values of 10 Dq ("low-spin" compounds), e.g., at and above 10 Dq = 17,500 cm- 1. 

The magnetism of the 1Al(t6 ) term deserves additional comments. This case 
has been treated separately by Griffith [10] and more recently by Sinn [24] 
without paying due regard to the effects of complete configuration interaction and 
spin-orbit coupling. Consequently, only order of magnitude results for #af were 
obtained, viz. 0.8 to 0.9 BM at room temperature [24]. Of course, there is no first 
order interaction with the magnetic field in a pure ] 1A~(t6)) state, since 

(1Al(t~)[ Y'. fl(~: l,z + 2s,=)Hz [1Al(t~) ) = 0. (16) 
i 

Therefore, all of the observed magnetic susceptibility in low-spin iron(II) com- 
pounds arises from mixing with higher states l a S F M ? )  via spin-orbit coupling 
or from interactions with these states through the Zeeman operator ~ fl(~li= 

i 
+2si=)H =. The eigenvector I FI[1AI(t6)]) is composed largely of the [1Al(t~) ) 
state, at least for high values of 10 Dq. Thus, e.g., at 10 Dq = 17,500 cm-1, and 
with values of B, C, and ~ as employed above, this level consists of 93.80 % 11A1 (t~)), 
3.29% [1AI(t~(1AI) e2(1A1))), 2.02% 13T~(t~ e)), and 0.89% of other states. Due to 
the high magnetic moments, the contribution of states with spin multiplicities of 
3 or 5, cf. 13 Tl(t~ e)), is not negligible. However, there is a second more important 
contribution to consider. As far as the I1A 1 (t62)) state is concerned, the application 
of ~ si, gives zero and thus any direct magnetic interaction must be through ~ l~=. 

i i 
Now l= transforms as T10 and consequently the only non-zero magnetic inter- 
action will be with 1 T1 states as shown above. The resulting behavior of #eff may 
be seen from Fig. 4. In contrast to the previous treatments [10, 24], there is a 
marked temperature dependence of the moment. Thus, if 10 Dq = 19,000 cm- 1 is 
assumed, e.g., the moment decreases from #eff = 0.806 BM at 400 ~ K to 0.285 BM 
at 50 ~ K and assumes even smaller values at lower temperatures. If 17,150 cm- 1 
< 10 Dq < 19,000 cm- 1, #af is considerably larger in the high temperature limit 
than in the above example, however, it decreases with decreasing temperature and 
arrives in the low temperature limit at the same #af-values as above. 

The results of the present calculations are also of interest with respect to the 
intermediate magnetic moments observed in several iron(II) bis(diimine) com- 
plexes [25, 26]. Thus in [Fe(phen)2ox]. 5H20 (phen= 1,10-phenanthroline, 
ox = oxalate), e.g., the magnetic moment decreases from #af = 4.32 BM at 399.4 ~ K 



56 E. K6nig and S. Kremer: 

1360 

Dq,cm -1 

1340 

1320 

_____?. 

o X  

) 

I I I 

1100 

r cm -1 

900 

700 

500 

1300 300 
0 100 200 300 T,"K 400 

Fig. 6. 10 Dq and e as function of temperature for the iron(II) poly(1-pyrazol)borate "compound I ' .  
Broken lines are extrapolated 

to 3.69 BM at 76.8 ~ K according to the Curie-Weiss law with O = - 2 0  ~ Com- 
parable results are obtained for a series of similar compounds. It follows that the 
observed magnetism does not fit into the family of curves of Fig. 4 since, in that 
case, much smaller pelf-values would be expected at the lowest temperature 
studied. The magnetism of these compounds thus cannot be explained on the basis 
of a 1Al(t~) ground state and a thermally accesible 5T2(t" ~ e z) state, at least not 
under the assumption of octahedral symmetry. 

The iron(II) poly(1-pyrazolyl)borate called "compound I", the magnetism of 
which is compared with the results of our calculations in Fig. 5, has been shown 
to exhibit a 5T 2 - 1A 1 equilibrium between ,-,260 ~ and ,-,160 ~ K [14]. The 
experimental curve of ]Aef f vs. T is not expected to conform to any of the calculated 
curves in Fig. 5 since, during the transition, 10 Dq should change from a lower value 
characteristic of the ST 2 ground state to a higher value characteristic of the ~A~ 
state or vice versa [4]. F rom the points of intersection of the experimental and the 
calculated curves, 10 Dq may be determined at a number of temperatures, viz. 
Fig. 6. According to this graph, 10 Dq shows indeed the expected variation with 
temperature. In addition, values of e were determined analogously and these are 
included in Fig. 6. In contrast to the results of a semi-empirical analysis of experi- 
mental data [ l ] ,  the variation of s with temperature observed here should be valid 
in general. We would like to point out, however, that quantitative results cannot 
be expected since, in the compound studied, we have disregarded an axial field 
splitting corresponding to ~ -- - 1000 cm-  ~ [14]. Nonetheless we believe that the 
example is instructive as it stands. 

The present investigation thus demonstrates, on the particularly involved d 6 
problem, that a complete calculation of the magnetic susceptibility is both feasible 
and rewarding. 
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Appendix I 

Below we present detailed expressions for the eigenvectors I flFTTT) resulting 
from the lowest energy terms ST 2, 1A~, and 3T 1 at 10 D q = I I =  17,100 cm -1 on 
application of spin-orbit coupling. Only coefficients larger than 0.100 have been 
included. 

[F~ [1A~ (t6)]) = 0.9461 ~A 1 (t6)) + 0.20815 72 (t24 (3 T1) e 2 (3A2))) 
- 0.17911Al(t4(1AO eZ(1A0)) - 0.160[ 3Tl(t ~ e)) 

II"1 [5T2(t4(3T1) eZ(3A2))]) = 0.97215T2(t~d(3TO e2(3A 2))) - 0.21711Al(t6)) 

IF3 [5 T2(t~(3 T1) eZ(3A2))-I) = 0.99715 T2(t4( 3 7"1) eZ(3A2))) 
[ 2F415T2(t4d(3TO e2(3A2))]) = 0.99415T2(t4(3T 0 eZ(3A2))) 
[3F4 [5 T~ (t24(3 T0 e2(3A2))]) = 0.99115 T~ (t~( 37"1) e2(3A2))) 

I 1 F5 [5 Tz(t~(3 T1) eZ(3A2))]) = 0.99915 Tz(t~( 37"1) eZ(3A2))) 
13F5 [5 T~ (t4(3 T1) e2(3A2))]) = 0.99715 T~(t~( 37"1) e2(3A2))) 

I F1 [3 T1 (t~ e)]) = 0.966137"1 (t 5 e)) + 0.1391 XA~ (t6)) 
+ 0.127[ 3 T~ (t~( 2 T2) e3)) + 0.1061 s T2(t~( 3 T~) e2(3A2))) 
+ O.IOll3T~(t4(3TO e2(1A0)) 

11"3 [3T~(t~ e)]) = 0.97613T~(t~ e)) - 0.135137"1 (t42(3TO e2(1E))) 
+ 0.11613Tt(t2 e4)) 

[F413Tl(t52 e)]) =0.97613 Tl(t~ e)) +O.12513T~(t32(2T2) e3)) 
- O.10513Tl(t~(3Tl) e2(1E))) 

[F5 [3/'1 (t~ e)] ) = 0.97613 T1 (t 5 e)) - 0.13513 T1 (t 4 (3 T0 e2(1E))) 
+ O.11613T1(t2(3T1) e4)). 

Concerning the first label in the F 4 and F 5 kets above, Appendix II should be 
consulted. 

Appendix II 

The construction of the wavefunctions l aSFMT> was effected according to 
procedures described by Griffith [10] making extensive use of the Tables A20 and 
A24. The subsequent coupling of spin and orbital states employed Table A19 in 
addition and was accomplished similarly. This procedure yields basis functions 
IaSFflFTTr) four of which are different from those implicitly assumed by 
Schroeder [12]. It is the functions which were denoted by Schroeder as 
I r s r sT2(&T, )  e2(3A2))37 and I/'415 T2(t~(3 T1 ) e2(3A2))]>, primed and unprimed. 
In addition, it should be observed that there are differences in phase between our 
functions and those of Schroeder. Both approaches arrive, however, at the same 
eigenvalues of the spin-orbit coupling operator. 

Below we list the matrix elements 

r fl TTI Z + 2s,~ s' r '  fl' /r> , 
i 
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which are different from zero. In the functions 1~ S F [1 Fr 7r>, we use the standard 
notation of Griffith. Particularly, to differentiate between the two IFsST2> and 
the two IF4STz> functions mentioned above, we employ the quantum number 
J = 1, 2, 3 which is based on the p" isomorphism (cf. Table A20 of [10]). This 
quantum number is equivalent to the label fl used in the functions I eSFflFr?T>. 
For convenience of notation we introduce the following abbreviations: 

I 'Al(t~) > = a 

l lAl(t~(1E) e2(~E))> = b 

l tAl(t~('A1) e2(1A1))> = c 

I 1ri(t2 s e)> = d  

I 1Tl(t~ e2)> = e 

]3T1(t ~ e)> = f  

l SZz(t~(3Zx) e2(3A2))> = g. 

The required matrix elements of the operator ~ fl(x liz + 2Siz)Hz may then be 
i 

written as stated in the compilation below. For simplicity, the operator has not 
been written explicitly. In addition, all matrix elements should be multiplied by fill. 

<rlal Ir4Od> = + 21/2x 

<rlfl I r40f> = 1 ~  (4 -  x) 

2 
(Fxbl IF,0d> = - ~ - x  

2 
<F~cl Ir4Od> = - 17~-x 

r 

<Gbl Ir~Oe> = - / / 2 x  

<r~gl I/'4029> = - ~ - ( 2 +  x) 

<rlgl  IF403g> = 2 (  4 -  /s 

1 
<F3Of[ Ir,~of> = --~-~ (4-- ~) 

<FaOg[ [raO2g> = ~-(10--  ~) 

<r3ogl IGo3o> = ~ ( 2  + ~) 

1 
<F3ef [ [ Fs0f>  = ~- (4 + x) 
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(Fae91 I Fs03g> --- - ~ 5  (2 + ~c) 

(F3~gl I F501g> = - ~ -5  (2 + rc) 

1 
(s  l f l  1s l f )  = +_ ~ - ( 4 -  x) 

(F4+ 1391 IF4___ 13g> = +__ 1 ( 4 -  x) 

(F4___ 13g1 IF4+ 12g)= ___ ~---~-(2+tc) 

1 
( F 4 +  129l IF4+ 129)= T ~ - ( 1 0 -  ~c) 

(F4+__lflIFsT-lf>= -T- l ( 4 - x )  

(/'4-t- 13gl IF5 $139)  = ___ - - ~  (4-- ~c) 

3 
( / '4+ 1291 It5 -T- 11g> = + 21/~(2 + ~:) 

2 
(/'4 +_ 1291 IF5 -T- 139) = -T- - ~ -  (2 + ~:) 

1 
(Cs • l f  l Its + i f )  = -T- ~- (4 + x) 

1 
(F5 + 11911r~ + l g ) =  • ~-(6+ re) 

1 
(Fs_+ 13911F5 •  -T- ~ ( 4 - x ) .  
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