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The magnetic susceptibility functions of the Me-Me 
system of a d” d” electronic configuration have been 
derived, where n and m are equal to I, 2, 3, 4, 5 
and for a given electron configuration n#m. Theore- 
tical magnetic susceptibility curves have been plotted 
against temperature for these electron configurations 
at different negative values of the exchange integral 1. 
The applicability of the Curie and Curie-Weiss laws 
was examined. The magnetic moment of the Me-Me 
system was shown to be changed with the increase of 
the (-I) from 

-‘I qYssI(s,+ I)+ \/sAs2+z)~pB 
to p =‘2~f~)~~ where S = ISI-S21. 

Introduction 

In the previous work ’ the magnetic susceptibility 
functions of the Me-Me system of a d” d” electronic 
structure have been derived, where n was equal to 
1, 2, 3, 4, 5. The temperature dependence of the 
magnetic susceptibility was also calculated for these 
configuration at various magnitudes of the exchange 
integral J. These calculations enabled to find out a 
relationship between that integral and the N6el tem- 
perature TN as well as permitted to plot the temperature 
dependence of the magnetic moment pcff (calculated 
from the Curie law) at constant values of the exchange 
integral J. 

The present paper has taken into account the Me-Me 
interaction for d” d” electronic structure, where n 
and m are equal to 1,2,3,4,5 and for a given electron 
configuration n is always different from m. Such 
calculations have been made for the d5 d’ electronic 
structure of the Me-Me system.’ The compounds 
containing the Me-Me systems are known but, however 
only a few experimental data are available on their 
magnetic properties.3-7 

Calculations 

The magnetic susceptibility functions of the d” d” 
electronic structure of the Me-Me system have been 
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derived analogically to those of the magnetic suscep- 
tibility for the d” d” electronic structure.’ Ten electron 
configurations of the following spin systems: (1, l/2), 
(3/2, l/2), (2, I/2), (5’2, I/2), (3//2, I), (2, I), 
(5/2, l), (2, 3/2), (5/2, 3/2), (5/, 2) have been 
discussed. The results are given in Table I. 

In Table I g is the spectroscopic splitting factor, 
fi is the Bohr’s magneton, k is Boltzmann’s constant, 
T is the temperature. 

The numerical values of the magnetic susceptibility 
for particular spin systems have also been calculated. 
These calculations were made for the J assuming the 
values of 0. - 10, -20, - 30, - 40, - 50, - 100, 
-100 . . . . . -500 cm-’ and T assuming the values 10, 
20,30, . . . . . 300°K for each value of J. The results were 
computed in the Department of Numerical Methods of 
thes Wroclaw University in an ELLIOT-803 computer. 

The results are presented in Figures 1 to 10. The 
value of J in these figures is given in cm-‘, and 0 is 
a constant in the Curie-Weiss equation. 

so m rm m r50 

T 

Figure 1. The magnetic susceptibility curves and their re- 
ciprocals for various values of I according to the temperature 
for the d’ d’ electronic structure of the Me-Me system. 
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Table I. Magnetic susceptibility and energy levels of the Me-Me system with a d” d” electronic configuration 

Electronic - ISS, 
so s, S 

#’ 

--1/z l[scs+l)] I/Z r[s,cs,+I)+s,(s,+l)] 
x=N-_2 ; No 

SLIUCI”~ kT S ?,&=-S 
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d’ d’ 312 

2 
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d’ d’ 312 

d’ d’ 2 
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d’ d’ 2 

d’ d’ 512 

d’ d’ 512 

u2 

II2 
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II2 

I 
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I 
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3/2 

2 

3/2 
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2 
I 1:’ +9/4 I 

+9/4 I 
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512 
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: . 
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-I +41 
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- SJiS J 
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+ 5918 I 
+59/a J 

x = N “‘81 (1/2krp(-SJlZkT)+5 

kT 2crpC- 31/2kT)+4 

a’,? Zcxpt-2J/kT)+IO 
x=N- 

kT Jcxp(- 2JlkT)+5 

&S lOer~- 5Jl2kT)+35 
XZN-- 

2kT 4cxp( -5J/2kT)+b 

s’B* IoCxp( - 3J/kT,+2a 
x=N- 

kT Sexp(-JJ/kT)+7 

a’B’ (1/2krp(-4J/kT)+Sexp( -5Jl2kT)+(35/2) 
*EN__ 

kT 2expC - 4l/kT)+4exp( - 5,/2kT)+b 

a’@’ Zexp(-Sl/kT)+lOexp(-Sl/tT)+28 
x=N- 

kT Sexp( -SJlkT)+Sexp(-3J/kT)+7 

a’,? brp(-bJ/kT)+(35/2)exp(-7J/2kT)+42 
x=NF 

4erp(-6J/kT)+brp~-7J/2kT)+a 
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(2’) 
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lexP(-9J/kT)+Sexp(- 7,,kT)+7exp(-4J,kT)+9 
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x=N- 
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Figure 3. The magnetic susceptibility curves and their re- 
ciprocals for various values of J according to the temperature 
for the d’d’ electronic structure of the Me-Me system. 

Figure 2. The magnetic susceptibility curves and their re- 
ciprocals for various values of J according to the temperature 
for the d’ d’ electronic structure of the Me-Me system. 

of (-J) (such values for which the Curie-Weiss 
. constant may be determined) are equal to the magnetic 

Results and Discussion 
moments calculated from the Curie law for the magnetic 
susceptibilities at J = 0. These moments calculated 

The magnetic moments calculated from the Curie- for two metal ions of the Me-Me system are given in 

Weiss law for the magnetic susceptibilities at low values Table II. 

Wojciechowski 1 Metal-Metal Interaction in Coordination Compounds - 11. 
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Table II. The magnetic moments for the Me-Me system (in J.~B) 

Electronic 
No. structure J&&Me pm. = t.tw#J fi & = ~S@zi)+~~ P = 2d~IsYs~l)&-s~l+1, l.k uz tuI+uw 

: d’ d’ d’ d’ 4.26 3.34 2.36 3.01 2.28 2.80 2.84 1.74 2.73 3.69 2.13 1.93 2.33 2.9 1 
3 d’ dl 5.21 3.68 3:32 3.87 4.67 2.33 3.50 
4 d’ d’ 6.20 4.39 3.81 4.91 5.67 2.52 4.09 
5 d’ dz 4.62 3.26 3.35 1.74 3.58 2.92 3.25 
6 d’ 8 5.71 t *ii 3.87 2.84 4.65 3.28 3.97 
i d’ d’ d’ da 6.55 6.27 4144 4.37 4.39 3.87 1.74 4.74 5.53 4.10 3.49 4.41 4.51 

9 d’ d’ 6.96 4.93 4.88 2.84 5.50 4.27 4.88 
10 d’ d’ 7.71 5.39 5.40 1.74 5.75 5.13 5.44 

Figure 4. The magnetic susceptibility curves and their re- 
ciprocals for various values of J according to the temperature 
for the d5 d’ electronic structure of the Me-Me system. 

Figure 5. The magnetic susceptibility curves and their re- 
ciprocals for various values of J according to the temperature 
for the d3 d* electronic structure of the Me-Me system. 
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Figure 6. The magnetic susceptibility curves and their re- 
ciprocals for various values of J according to the temperature 
for the d’d’ electronic structure of the Me-Me system. 

Figure 7. The magnetic susceptibility curves and their re- 
ciprocals for various values of J according to the temperature 
for the d’d’ electronic structure of the Me-Me system. 
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Figure 8. The magnetic susceptibility curves and their re- 
ciprocals for various values of J according to the temperature 
for the d” d’ electronic structure of the Me-Me system. 

a 

Figure 9. The magnetic susceptibility curves and their re- 
ciprocals for various values of J according to the temperature 
for the d5 d’ electronic structure of the Me-Me system. 

This table gives also the magnetic moments calculated 
for one metal ion of the Me-Me system from the 
equation: 

l&e = l-&MC/ fl (I) 

It appears that this moment is close to the magnetic 
moment calculated as an arithmetic mean of the 
magnetic moments for particular metal ions of the 
Me-Me system. That is 

Table II shows that this dipendence is the better 
obeyed for the d” d” electronic structure of the Me-Me 
system the lower is the difference between n and m. 
Hence, this relationship is worst obeyed in the d5 d’ 
electronic structure. 

Wojciechowski 

Figure 10. The magnetic susceptibility curves and their re- 
ciprocals for various values of J according to the temperature 
for the d’d’ electronic structure of the Me-Me system. 

Assuming that the contribution of each electron to 
the magnetic susceptibility of the Me-Me system is the 
same, the magnetic moments for particular ions of this 
system may be calculated. The results are given in 
Table II. The arithmetic mean of these moment is 
close to the magnetic moment calculated from the 
equation (1). The values of pMc and (IL, +~2)/2 are 
very close each to other for the d” d” electronic struc- 
ture of the Me-Me system if In-ml = 1. As this 
difference is increasing the agreement becomes less 
pronounced. 

Table II indicates that the d” d” electronic struc- 
ture of the Me-Me system if n>m, has the moment 
P-I (for a d” electronic structure metal ion) lower than 
that calculated from the equation 

111 = -pB. (3) 

The magnetic moment calculated for a d” electron 
metal is higher than that calculated from the equation 

p2 = dmm(m+2)w (4) 

The values of moments VI and I.~Z approach each other 
as the difference n-m is increasing. This may suggest 
a certain tendency for equalization of electron spins in 
the Me-Me system. 

The magnetic moment of the total Me-Me system 
having a d” d” electronic structure is defined by the 
equation: 

u = \/(ln--mi)(b_mi+2)pB = 

2y(IS,- s2~)(1sI--21+1)~B (5) 

for high values of the (-J). 
The magnetic moments IJ,I and ~2 will not then be 

completely compensated. Such an incomplete com- 
pensation of two different magnetic moments in the 

1 Metal-Metal Interaction in Coordination Compounds - Ii. 
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anti-parallel orientation is characteristic of the ferri- 
magnetic compounds.’ 

The range of magnetic properties of the d” d” 
electronic structure of the Me-Me system with the 

The temperature dependence of magnetic suscep- 
tibility for high values of (-7) obeys the Curie law. 

negative values of J is limited by the two straight lines 

This law is satisfied also for the magnetic susceptibilities 
(calculated for all values of J) at low temperatures. 

representing a reciprocal temperature dependence of the 

The higher is the value of the (-J), the more extensive 
is the applicability range of this law. 

magnetic susceptibility for J =0 and ( -J) assuming 
very high values. 

-J> ZWcm-I 

/ 

Figure 11. Temperature dependence of the reciprocal ma- 
gnetic susceptibility for high values of (-J) and for J=O. 

The magnetic moment PER calculated from the Curie 
law for the magnetic susceptibilities calculated at 

Aff 

Figure 12. Temperature dependence of the magnetic moment 
bff on the exchange integral J for a d” d” electronic structure 
of the Me-Me system. 

(8) B. Stalinski. Magnefochemia. PWN, Warszawa (1966). 
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various values of J is changed with temperature from 
the value 

It is clear from Figures l-10 that the temperature 
dependence of the magnetic susceptibility for the d” d”+’ 
electronic structure of the Me-Me systems show some 
inflection points. 

An interesting temperature dependence of the 
magnetic susceptibility was obtained for the d5 d4 

These inflections disappear as the 

electronic structure of the Me-Me system. There are 

difference between n and m for a d” d” electronic 

two temperatures TY, and TN> at which the magnetic 
susceptibility curves possess maxima. 

structure of the Me-Me system increases. 

These tempera- 
tures depend lineary on the (-J). 

1 w 30 40 5. -2 

Figure 13. Dependence of the temperature TV on the ex- 
change integral J for the did’ and d’d’ electronic structures 
of the Me-Me system. 

These results,like those obtained for the d” d” elec- 
tronic structure ’ of the Me-Me system, are valid for 
a d” d” electron configuration in this system where n 
and m are comprised between 5 and 10. Derived 
equations are also valid if the crystal field will change 
the number of unpaired electrons of the metal ions in the 
Me-Me system. The magnetic susceptibility is then 
defined by the equation 

x(d” d”) (7) 

where n and m are the numbers of unpaired elec- 
trons. 
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