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GGG lattice. The imaginary permeability  depends on the damping of the spin rotation, 
which can depend on imperfections in the lattice, due to the prior grinding of the GGG. This 
can account for the different t values obtained from the real and imaginary results, or it 
could be due to inaccuracies in determining the values of µ
•h and µ
‚h. 
 

  Earlier measurements8,14 of the conductivity and permeability of a Fe3O4 �t talc wax system 
and a Ni �t talc wax system, were made and analysed using the TEPPE. Plots of log �•m against 
�”  gave sigmoidal curves8, 14. These systems are similar to that shown in Fig. 2, which shows 
that these are percolation systems. The TEPPE conductivity parameters8,14 for the Fe3O4 �t 
talc wax system were �”c = 0.025, t = 4.12, s = 0.45, and for the Ni �t talc wax system �”c = 
0.025, t = 1.52 and s = 1.11. Real permeability measurements on these systems were also 
made, and plots of  against �”, shown below in Figs 5 and 6 are similar to those in Fig 3. 
The TEPPE parameters for the Fe3O4 �t talc wax system8 are �”c = 0.025,  = 12,  = 1, t = 
0.53, and s = 0.45 and for the Ni �t talc wax system8 are �”c = 0.025,  = 13,   = 1, t = 0.52, 
and s = 1.11. A larger value of  may account for the fact that the Fe3O4 �t talc wax and Ni �t 
talc wax systems can be fitted using the TEPPE.   These results show the real and imaginary 
permeability data can be fitted with the same value of t when using the SEPPE (for the GGG-
Teflon system), and separate s and t when using the TEPPE for the Fe3O4 �t talc wax and the 
Ni �t talc wax systems. 
 
 

 
 
Figure 5. Permeability ( ) plotted versus the Fe304 volume fraction (�”) for the Fe304-Talc-wax 
samples8. The critical volume fraction from DC conductivity measurements for the system is; �”c = 
0.025 ± 0.003. The solid line is a fit from eqn. (2.3), with the best-fit parameters;  = 12 ± 3,   = 
1.00, t = 0.53 ± 0.19, s = 0.45 ± 0.31 and �”c = 0.025 ± 0.003. 
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330 4.19 0.02   5.30 0.40 1.00 1.00 
870 4.14 0.03   9.20 0.11 2.00 0.70      
2000 3.99 0.02   13.9 0.02 3.90 0.30 
 
Table 1: The SEPPE parameters used to plot the results in Figs. 3 and 4. �� c = 0.05, t (real) = 
0.432 and t (imag) = 0.757. 
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Figure 4 shows experimental data for the imaginary permeability  against the GGG 
volume fraction for various frequencies (f), at T = 2K. The best fit to 72 and 2000 Hz data 
using the SEPPE, is shown by the solid and dashed lines respectfully. The fitting parameters 
for this plot are given in the text and Table 1. 
 
Freq. (Hz)  t (real)   x10-5 x10-6 t (imag.) 
0 4.5 0.2   0.45 0.40 - - - 
72 4.3 0.03   0.43 0.03   2.2 0.6 0.08 0.07 0.81 0.1           
330 4.2 0.2   0.44 0.03    3.4 inf 1.00 1.00 0.49 inf* 
870 4.1 0.2   0.42 0.04    11.0 0.14 2.00 0.70      0.79 0.08           
2000 4.0 0.2   0.42 0.04    12.1 0.6 3.60 0.30 0.67 0.03           
*Unstable fitting results not used in determining the mean values of t (imag). 

Table 2 shows the results for the variable parameters when the data was fitted to the data with �� c 
fixed at 0.05 and   fixed at 1.0 but may be greater than unity by such a small amount that it makes 
no difference to the fits for the real data.   
 
 

 
GGG is a paramagnetic compound which obeys the Curie Law, and hence the susceptibility 
(permeability) depends inversely on the temperature. The real permeability  is 
determined by the number of freely rotating spins independent of any imperfections in the 
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GGG lattice. The imaginary permeability  depends on the damping of the spin rotation, 
which can depend on imperfections in the lattice, due to the prior grinding of the GGG. This 
can account for the different t values obtained from the real and imaginary results, or it 
could be due to inaccuracies in determining the values of µ 
�h and µ 
�h. 
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and a Ni �t talc wax system, were made and analysed using the TEPPE. Plots of log ��m against 
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0.025, t = 1.52 and s = 1.11. Real permeability measurements on these systems were also 
made, and plots of  against �� , shown below in Figs 5 and 6 are similar to those in Fig 3. 
The TEPPE parameters for the Fe3O4 �t talc wax system8 are �� c = 0.025,  = 12,  = 1, t = 
0.53, and s = 0.45 and for the Ni �t talc wax system8 are �� c = 0.025,  = 13,   = 1, t = 0.52, 
and s = 1.11. A larger value of  may account for the fact that the Fe3O4 �t talc wax and Ni �t 
talc wax systems can be fitted using the TEPPE.   These results show the real and imaginary 
permeability data can be fitted with the same value of t when using the SEPPE (for the GGG-
Teflon system), and separate s and t when using the TEPPE for the Fe3O4 �t talc wax and the 
Ni �t talc wax systems. 
 
 

 
 
Figure 5. Permeability ( ) plotted versus the Fe304 volume fraction (�� ) for the Fe304-Talc-wax 
samples8. The critical volume fraction from DC conductivity measurements for the system is; �� c = 
0.025 – 0.003. The solid line is a fit from eqn. (2.3), with the best-fit parameters;  = 12 – 3,   = 
1.00, t = 0.53 – 0.19, s = 0.45 – 0.31 and �� c = 0.025 – 0.003. 
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Figure 6, Permeability (  ) plotted versus the nickel volume fraction (�� ) for the Nickel Talc-wax 
samples8. The critical volume fraction from DC conductivity measurements for the system is; �� c = 
0.025 – 0.003. The solid line is a fit from eqn. (2.3), with the best- it parameters;   = 13 – 8,  = 
1.00, t = 0.52 – 0.46, s = 1.11 – 0.60 and �� c =0.025 – 0.003.  
 
  To appreciate these results, it must be realized that on a scale much larger than any of the 
grains in the sample, the sample is homogeneous. However, conductivity measurements 
show that on the scale of the grain sizes, the GGG grains form the current carrying Links-
Nodes-Blobs model structure9-11, characteristic of percolation systems. In the magnetic case, 
these links, nodes and clusters form paths of lower reluctance than the surrounding 
material.  
 
  The results from previous (1-9) and present measurements of the permeability of composites, fitted 
using the SEPPE (GEM) (1-9) or TEPPE (11 and 12), are given in Table 3 below. References for the 
previous measurements are given in the table. In general lower values of t seem to be obtained for 
the lower values of µh/µ l.   
  
      

 System φc µh/µl t(s) s 

1 Coated Permalloy Flakes
21 

1.0* 1287 21.5 - 

2 Moly Coated Permalloy Flakes
21

 1.0* 227 45 - 

3 Mag. Balls in Brass powder
21

 0.66 126 15.3 - 

4 Iron Powder Mixed in grease
21

 0.40 230 18 - 

5 Carbonyl Iron
21

 0.35 22.7 3.3 - 

6 Mag. Cylinders in Brass powder
21

 0.13 125 15.6 - 

7 Cobalt coating TC grains (1)
 21

 0.133** 20.0 0.78 - 

8 Cobalt coating TC grains (2)
 21

 0.088** 25.6 0.44 - 

9 Sintered Nickel
20 

0.048 40.5 1.9 - 

10 Gadolinium Gallium Garnet 0.05 4.5 0.432 - 

11 Fe3O4 – talc wax
8 

0.025 12 0.41 0.45 
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12 Ni –talc wax
8 

0.025 13 0.52 1.11 

*Fully coated flakes must have  = 1 as the coating vanishes and the particles must touch. 
** Cobalt is the binding component in TC-Co (hard metal). 
   
 
Table 3. Parameters (with references) from previous measurements of the permeability of various 
composites, fitted using the SEPPE or TEPPE, are given in this Table. 
 

  Note for the systems in items 9 -12 above, the conductivity was measured and analysed 
using the TEPPE or SEPPE, which showed them to be conductivity percolation systems. The 
systems 1-6 are almost certainly also percolation systems. It should be noted that the t 
values are much higher than for conductivity systems6-8,12-17 which are typically 2-3 with a 
maximum of about 5.14 The systems 3, 4 and 5 are magnetic powders with no sharp edges 
or corners in a non-magnet matrix. At this time, it cannot be explained why values of t much 
higher than observed in conductivity measurements were seen in magnetic permeability.  
 
   As systems 10, 11 and 12 are granular systems, it would appear that when fitted to the 
TEPPE or SEPPE, give a t value less than 1. In systems 7 and 8, Cobalt was the binding 
component in TC-Co composite (hard metal) and has the form of convoluted sheets, with 
irregular shapes and cross-sections in the spaces between the TC grains. The convoluted 
sheets will make contact, at least close to �� c, through narrow necks on their peripheries. 
The nature of this sharply necked structure bears some resemblance to a granular structure. 
Except for the systems [10 �t 12] presented in this paper, all other composite structures in 
the table give a t value greater than 1. 
 
   
Conclusions: It has been shown that the TEPPE and/or the SEPPE can successfully model the 
permeability (µ ) of magnetic - non-magnetic composites, as a function of the volume 
fraction φ. From these results there appear to be two classes of systems. The first is a 
granular magnetic particle system where the exponent t is less than 1. The second is one 
where the magnetic component is continuous or the grains make non granular contacts, 
and t is larger than 1. The fitting has been successfully made for both non �t hysteretic 
systems (paramagnetic) GGG or hysteric systems. Although the imaginary permeability 
results µm�_���Z���À���������o�����]�À���o�˙���o�����P�������˘�������]�u���v�����o���������}�������]�v��µ h�_�����v����µ l�_, it can still be seen that 
the TEPPE can also fit the µ m�_���������µ�o�����X 
 
 This paper, along with previous referenced measurements in thermal conductivity and 
dielectric constants, show that t values < 1 occur only in systems with a granular structure. 
The occurrence and non-occurrence of t values < 1, and also indicates the effect that the 
size distribution in the powders used to make the samples, will be dealt with in detail in a 
future paper30. However, the complete understanding of the physical processes that 
determine the values of the exponents s and t remains to be theoretically established.  
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