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The calculation of the absorption of electromagnetic 

waves in an inhomogeneous medium consisting of many 
particles relies on the effective values of the dielectric 
permittivity and the magnetic permeability of the medium 
[1]. The subject of this paper is the effective magnetic 
permeability of an inhomogeneous medium consisting of 
metal particles. The response of a medium consisting of 
metal particles when exposed to a high-frequency mag-
netic field is determined by the induced magnetic mo-
ments associated with the excitation of eddy electric cur-
rents in the particles. 

Until now, no method for calculating the magnetic-
type losses has been proposed that adequately takes into 
account the mutual influence of particles when their vo-
lume concentration is significant (for example, during the 
sintering process). If the relative volume concentra-tion 
of conductive particles in a medium, � (defined as the 
ratio of volume of the particulate material to the total 
volume of the medium), is so small that each particle can 
be considered isolated, the effective permeability of the 
medium may be defined as 
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where �� is the complex magnetic polarizability of a 
spherical metal particle of radius a placed in an alternat-
ing magnetic field in vacuum [2]: 
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where � � ���� ! �� � "��#, $ � �% � "�	&��,�' is 
the �onductivity of the particle material, � is the �yclic 
frequency of magnetic field oscillation,  # �  ��(	&� is 
the penetration depth of the magnetic field into metal 
(skin depth), c is the speed of light, and i is the imaginary 
unit.  

To account for the mutual influence of particles at 
high values of the relative volume concentration, it is 
necessary to determine the magnetic dipole moment of a 
particle in a uniform alternating magnetic field )*�when 
the particle is surrounded by an effective medium with a 
magnetic permeability ����. Similarly to [2], the magnetic 
field outside the spherical particle is a superposition of 
the external field and the dipolar field created by the par-
ticle:  
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where A is an arbitrary constant that is related to the 
magnetic dipole moment of the particle, 3�, as 
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The magnetic field inside the conductive particle can 
be represented as  

) � 5�67��67� �89����0�0 )*� (5) 

where B is an arbitrary constant, � � �����  � and �
� are the dielectric permittivity and magnetic permeabili-
ty of the material of the particle. A and B can be obtained 
from the conditions at the boundary between the spherical 
particle and the effective medium that surrounds it. This 
determines the magnetic dipole moment of the particle 
(4): 
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where  � � ����������� � �. 
The effective medium can be represented as a me-

dium filled with metallic spherical particles with magnet-
ic dipole moments 3�= and void space. The sum of all 
the dipole moments of metallic spherical inclusions in the 
volume of the effective medium V is equal to the total 
dipole moment of this volume 3�����: 

3����� � >3�=?=
=
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where ?= is the number of metallic inclusions of sort j 
inside the volume V of the effective medium. On the oth-
er hand, the total dipole moment of the effective medium 
3����� is equal to the product of the magnetization @��� 
and the volume V  of the medium:  

3����� � @���A � ���� � �
�	 )*A4 (8) 

Inserting (6) and (8) in (7), we obtain an equation for 
the effective magnetic permeability (the degree of which 
is equal to the number of phases in the system): 
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Since the magnetic field outside the spherical particle 
is calculated within a quasistatic dipolar approximation, 
the particle radius must be small in comparison with the 
wavelength in the effective medium: 

����������������G� H���������G I �4 (10) 

If the medium consists of metallic nonmagnetic par-
ticles with high conductivity (�	&�� J �%) and void 
space, Eq. (9) reduces to a quadratic equation with two 
parameters: the ratio of the particle radius to the skin 
depth a/δ and the relative volume concentration of the 
particles η. Similar to the previous model (1)–(2), in the 
model described here the dependency of the imaginary 
part of the effective magnetic permeability on a/δ exhi-
bits a maximum when the particle size and the skin depth 
are of the same order of magnitude. 

Shown in Fig. 1 is the dependency of the real (a) and 
imaginary (b) parts of the effective magnetic permeabili-
ty, ����, on the relative volume concentration of solid 
matter. In contrast to the model (1) – (2), in the proposed 
model the real part of ���� remains positive at high values 
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of the particle concentration. The imaginary part exhibits 
a maximum at a particle concentration �≈0.7 (for 
a/� 3). The decrease in the imaginary part of μeff  at 
higher volume concentration of conductive inclusions is 
apparently due to the influence of a dense medium on the 
magnetic field in it. At a/� ≲ 3 the imaginary part of μeff
increases monotonically with increasing concentration. 

(a) 

(b)
Fig. 1. The real (a) and imaginary (b) parts of the effective 
magnetic permeability of the metallic powder vs. the relative 
volume concentration of solid. The ratio of the particle radius to 
the skin depth is a/�=20. The solid line corresponds to the new-
ly developed model (9), the dotted line corresponds to the pre-
viously used model (1) – (2) 

As follows from Fig. 1, both models give the same 
result in the domain of low concentrations. With an in-
crease in concentration, there are differences in the mod-
els in the value of μeff  and in the character of the depen-
dence of μeff  on the concentration. When the volume 
fraction of particles tends to unity, the model (9) does not 
coincide with the case of a homogeneous metal, since it is 
assumed that the particles are electrically isolated from 
each other (e.g., by native oxide layers), and the eddy 
currents induced by the alternating magnetic field are 
localized inside small areas inside the medium. 

Finally, it is necessary to determine the range of pa-
rameters in which the applicability condition (10) of the 
developed model is satisfied. The effective dielectric 
permittivity was calculated in the effective medium ap-
proximation that takes into account the inhomogeneous 
structure of the electromagnetic field inside metallic in-
clusions and the presence of insulating layers on metallic 
particles [3]. 

Shown in Fig. 2 is the dependency of the parameter 
�ω� �εeff μeff 	� on the thickness of the insulating layer and 
the concentration of particles.  

Fig. 2. Contour lines of the parameter �ω� �εeff μeff 	� vs. the 
thickness of the insulating layer on particles (horizontal axis) 
and the relative volume concentration of particles (vertical 
axis). Copper powder, conductivity σ = 5.96�107 S/m, particle 
radius a =10 μm, frequency f=���� = 24 GHz

It can be seen from Fig. 2 that for the given values of 
the conductivity and frequency the condition (10) is satis-
fied when the insulating layers on particles are not too 
thin. In particular, it is obviously satisfied at a concentra-
tion of metallic particles below the conductivity percola-
tion threshold (0.33), since the absolute value of the ef-
fective permittivity of the medium differs little from unity 
in this case.  

In conclusion, a model for the calculation of the ef-
fective magnetic permittivity of powder metal compacts 
has been developed. The proposed model makes it possi-
ble to determine the values of the real and imaginary 
parts of the magnetic permeability of metal powder com-
pacts in the microwave range. The developed model can 
be used to calculate microwave absorption in dense com-
pacts of metal particles insulated by oxide layers. 
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