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Negative permeability spectra in Permalloy granular composite materials
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Complex permeability spectra of Permalloy granular composite materials have been studied in the
microwave frequency range. The heat-treated Permalloy particles in the air at several hundreds of
°C have a high surface electrical resistance; the eddy current effect in the high frequency
permeability spectra can be suppressed in the composite structure containing the percolated
particles. A negative permeability has been obtained above 5 GHz due to the natural magnetic
resonance in the 70 vol % particle content composite material. In this content, electrical permittivity
spectra show a nonmetallic characteristic. This permeability dispersion can be applied for the
left-handed media. © 2006 American Institute of Physics. �DOI: 10.1063/1.2198113�
The left-handed metamaterial, which simultaneously has
negative permeability and permittivity in the microwave fre-
quency range, has been the subject of considerable interest in
these days. The peculiar propagation of electromagnetic
waves such as the negative refraction of electromagnetic
waves occurs in this medium.1 A metamaterial using a peri-
odic structure composed of the split ring resonator �a nega-
tive permeability� and the metal wire array �a negative per-
mittivity� has been proposed in order to obtain the left-
handed media �LHM�,2 and the negative refraction of the
microwave has been observed in this artificial medium.3 On
the other hand, a metallic granular composite material com-
posed of nanometer-sized particles has been theoretically in-
vestigated as a candidate for the LHM.4 If there exists the
composite material which has negative permeability and per-
mittivity as an intrinsic magnetic and dielectric properties,
small sized microwave devices such as high potential micro-
wave antenna5 can be developed using these left-handed
properties. We have been studying the complex permeability
spectra of ferrites, magnetic metals, and their composite ma-
terials considering the application for the electromagnetic
compatibility �EMC� devices such as electromagnetic wave
absorbers or shielding materials.6,7 In some ferrite materials,
the negative permeability spectra can be obtained as an in-
trinsic magnetic property, i.e., the ferromagnetic resonance
of magnetic materials.8 Further, the possibility of a left-
handed material has been investigated using the frequency
dispersion of permeability in yttrium iron garnet �YIG� under
external magnetic field combined with the permittivity spec-
trum of the metal wire array composite.9

Though the magnetic metal such as Permalloy has a
large permeability in the low frequency region, permeability
rapidly decreases with increasing frequency due to the effect
of eddy current.7 Meanwhile low content Permalloy compos-
ite materials have a relatively high permeability in the high
frequency region because of the high electrical resistivity.
However, for the high particle content Permalloy composites
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above about 50 vol %, the metallic property takes place due
to the percolation of embedded particles; the Ohmic contact
between particles brings about the eddy current effect in the
high frequency permeability. In this work, the complex per-
meability and permittivity spectra of Permalloy composite
materials containing surface treated granular particles have
been studied in the microwave frequency range for preparing
the material which has the negative permeability spectra.

A commercially available Ni45Fe55 powder was used for
Permalloy composite materials. Particle shape and diameter
were examined by a scanning electron microscope �SEM�.
The particle shape is spherical and the mean particle diam-
eter dm is 2.53 �m. Permalloy particles were heat treated in
air using an electric furnace at the temperature range from
100 to 600 °C in order to make the oxidized surface. Per-
malloy composite materials were prepared by mixing Per-
malloy powder with polyphenylene sulfide �PPS� resin pow-
der, melting the resin at 300 °C and pressing the mixture at
a pressure of 31.83 MPa in the cooling process down to
room temperature. Obtained samples were cut into a toroidal
form �inner diameter is 3 mm, outer diameter is 7 mm� and a
controlled thickness of about 1 mm in order to avoid the
dimensional resonance of the electromagnetic wave in a co-
axial line.

The powder x-ray diffraction measurement was per-
formed to investigate the heat-treated effect. Magnetization
curve was measured using a vibrating sample magnetometer.
The apparent ac electrical resistivity �ac of compacted Per-
malloy particles was measured by a two-terminal method
using a coaxial electrode and an impedance analyzer in the
frequency range from 100 Hz to 40 MHz. The schematic
diagram of a coaxial electrode is shown in the inset of Fig. 2.
Permalloy particles were set in the coaxial electrode in the
air and pressed on the top of the Teflon plug with the pres-
sure of 15 MPa. The value of �ac was determined using the
following formula:
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�ac =
V

I

2�d
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, �1�

where d is the sample length, I, V, and r1 and r2 are the
applied current, the measured voltage, and the inner and
outer radii of the coaxial electrode, respectively. The relative
complex permeability ��*=��− i��� and permittivity ��*

=��− i��� of composite materials were measured by a coaxial
line technique in the frequency range from
100 MHz to 10 GHz using a network analyzer.

Figure 1 shows the x-ray diffraction profiles of Permal-
loy powders, which are nontreated and heat treated in air at
300, 400, and 600 °C for 5 h. For the nontreated Permalloy
powder, the x-ray diffraction profile shows the characteristic
reflections of the Ni–Fe alloy �fcc structure� from the �111�,
�200�, and �220� planes. When the heat-treating temperature
increases, the intensity of these peaks decreases and at
600 °C, many extra peaks appear. This indicates that the heat
treatment up to 500 °C does not affect the main crystal struc-
ture. The apparent ac electrical conductivity �ac of com-
pacted Permalloy particles is shown in Fig. 2 as a function of
frequency. For the nontreated particles, the �ac is about
0.8 �� cm�−1 up to 40 MHz. In the heat-treated particles at
600 °C, the �ac indicates about 3.0�10−8 �� cm�−1 at
100 Hz and increases with increasing frequency. The electri-
cal conduction mechanism of the compacted particles can be
attributed to the variable range hopping through the oxide
layer in percolating clusters; the frequency variation of �ac
can be explained by the power-law exponent in percolating
clusters.10–12 Considering the x-ray analysis results, it can be
concluded that the Permalloy particle surface is oxidized and
contact electrical resistance between particles increases by
the heat treatment.

Magnetization curves for the nontreated and the heat-
treated particles in air at 300, 400, and 600 °C for 5 h are
shown in Fig. 3. The magnetization of nontreated particles
saturates above of about 6 kOe and shows the value of about
150 emu/g. On the other hand, for the heat-treated particles
at 300 °C, the saturation magnetization is about 142 emu/g.

FIG. 1. Powder x-ray diffraction profiles for the Permalloy which are non-
treated and heat treated at 300, 400, and 600 °C for 5 h.
The saturation magnetization decreases with increasing the
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heat-treating temperature. It is considered that the decrease
of the saturation magnetization of the Permalloy particle is
owing to the decrease of the volume which contributes to the
magnetization in the particle. From these electrical conduc-
tivity and magnetization measurement results, the heat-
treated particles at 300 °C were used for preparing the Per-
malloy composite materials since they have enough electrical
resistivity to suppress the eddy current effect and the small
reduction of magnetization.

Figure 4 �a� shows the complex permeability spectra of
Permalloy composite materials containing the heat-treated
particles at 300 °C in the frequency range from
100 MHz to 10 GHz. The real part �� of 70 vol % particle
content composite is about 17 at 100 MHz and decreases
with increasing frequency and shows a negative value above
5 GHz; the minimum value of �� is about −1. On the other
hand, the imaginary part �� shows a maximum around
2 GHz. Generally, the frequency dispersion of permeability
can be expressed by the superposition of the two types of
magnetic resonance induced by the domain wall motion and

FIG. 2. The ac electrical resistivity for the Permalloy particles as a function
of frequency, which are nontreated and heat treated at 300, 400, and 600 °C
for 5 h.

FIG. 3. Magnetization curves for the Permalloy particles which are non-

treated and heat treated at 300, 400, and 600 °C for 5 h.
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the gyromagnetic spin rotation �natural resonance�. The
relaxation-type frequency dispersion of permeability is ob-
served in the absence of the external magnetic field due to
high damping coefficient of the resonances in ferrite com-
posite materials.13 By the numerical fitting of permeability
data to a simple resonance formula consisting of these two
resonance components, the contribution of the domain wall
and magnetic spin to the permeability spectra has been esti-
mated in the spinel ferrite and Permalloy composite
materials.13,14 In this estimation, it was obtained that the
damping of gyromagnetic spin resonance, which mainly con-
tributes to permeability in the high frequency range, is
smaller in Permalloy composites than that in spinel ferrite
composites. In addition, the spin resonance frequency of Per-
malloy composites is higher than that in spinel ferrite com-
posites. Thus the resonance-type frequency dispersion of per-
meability accompanying the −�� can be obtained in the
insulating state in Permalloy composite materials without the
eddy current effect. With the decrease of Permalloy content,
the permeability value decreases in the measured frequency
range and the frequency at which �� shows a maximum
slightly shifts higher frequency. This frequency shift is
mainly attributed to the resonance frequency shift of the spin
component by adding the demagnetizing field, which is in-
duced in Permalloy particles by the alternating magnetic
field, to the internal magnetic anisotropy field.15

Complex permittivity spectra for Permalloy composite
materials with heat-treated particles in the frequency range

FIG. 4. Complex permeability �a� and permittivity �b� spectra for the Per-
malloy composite materials containing heat-treated particles at 300 °C for
5 h.
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from 100 MHz to 10 GHz are shown in Fig. 4�b�. In the 50
and 60 vol % composites, the �� is almost constant and the
�� is almost zero up to 10 GHz; in the 70 vol % composite,
the permittivity spectra show a small frequency dispersion in
the measurement frequency range. This indicates that these
composites have insulating property. In the spherical particle
granular composite material, the particle content of 60 vol %
is higher than the percolation limit of the embedded
particles;16 the mechanical contact among the embedded par-
ticles is established in this composite material. In the case of
the nontreated Permalloy composite, Ohmic contact of the
percolated particles brings about the metallic conduction of
the composite and the �� shows the frequency dispersion of
inversely proportional to the frequency.14 However, in the
heat-treated particle composite materials, non-Ohmic contact
among the particles makes the high electrical resistivity and
insulating properties can be maintained even in the high par-
ticle content. Accordingly, the eddy current in the composite
is suppressed and natural resonance owing to the internal
magnetic anisotropy field in the Permalloy particles can be
seen in the permeability spectra. Furthermore, a large dielec-
tric constant value more than 60 is observed in the 70 vol %
composite materials, as shown in Fig. 4�b�. Since the ��
value of the host resin is 3 and no frequency dispersion is
observed up to 6 GHz, the enhancement of the �� value can
be attributed to the dielectric polarization in the embedded
metallic particles. This type of enhancement is observed in
the artificial dielectric materials.17 The small frequency dis-
persion of permittivity in the 70 vol % composite material
may be originated by the small metallic part in the composite
or the tunneling current between particles.18 The investiga-
tions of the left-handed material using the composite struc-
ture of Permalloy composites and thin metal wire array are
now in progress.

This work was supported by a grant-in aid from the
Japanese Ministry of Education, Science, Sports, and Culture
Nos. 15700501, 16360158, and Nippon Sheet Glass Founda-
tion for Materials Science and Engineering.

1V. G. Veselago, Sov. Phys. Usp. 10, 509 �1968�.
2J. B. Pendry, A. J. Holden, D. J. Robbins, and W. J. Stewart, IEEE Trans.
Microwave Theory Tech. 47, 2075 �1999�.

3R. A. Shelby, D. R. Smith, and S. Schultz, Science 296, 77 �2001�.
4S. T. Chui and Liangbin Hu, Phys. Rev. B 65, 144407 �2002�.
5R. C. Hansen, Proc. IEEE 69, 170 �1981�.
6T. Tsutaoka, M. Ueshima, T. Tokunaga, T. Nakamura, and K. Hatakeyama,
J. Appl. Phys. 78, 3983 �1995�.

7T. Kasagi, T. Tsutaoka, and K. Hatakeyama, IEEE Trans. Magn. 35, 3224
�1999�.

8T. Tsutaoka, T. Nakamura, and K. Hatakeyama, J. Appl. Phys. 82, 3068
�1997�.

9T. Tsutaoka, M. Hirashiba, T. Kasagi, K. Hatakeyama, and K. Fujimoto,
Proceedings of the Ninth International Conference on Ferrites, 2005, p.
653.

10N. F. Mott, Philos. Mag. 19, 835 �1969�.
11A. Bose, S. Basu, S. Banerjee, and D. Chakravorty, J. Appl. Phys. 98,

074307 �2005�.
12S. R. Elliott, Adv. Phys. 36, 135 �1987�.
13T. Tsutaoka, J. Appl. Phys. 93, 2789 �2003�.
14T. Kasagi, T. Tsutaoka, and K. Hatakeyama, Proceedings of the Ninth

International Conference on Ferrites, 2005, p. 653.
15P.-M. Jacquart, N. Vukadinovic, L. Longuet, D. Autissier, H. Pascard, G.

Pourroy, and S. Vilminot, Proceedings of the Ninth International Confer-
ence on Ferrites, 2005, p. 629.

16W. T. Doyle and I. S. Jacobs, J. Appl. Phys. 71, 3926 �1992�.
17W. E. Kock, Bell Syst. Tech. J. 27, 58 �1948�.
18X. W. Zhang, Y. Pan, Q. Zheng, and X. S. Yi, Polym. Int. 50, 299 �2001�.
 AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


