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Ferromagnetic microwires are investigated as fundamental components to generate metamaterials with
double negative parameters. Electric and magnetic responses are, respectively, based on the finite conductivity
and ferromagnetic resonance of the wires that in turn depend on their chemical composition. Tuning properties
of samples are investigated in terms of the composition of the alloy and the applied magnetic field. The
samples are measured and simulated in a waveguide environment for a large microwave frequency range.
Numerical modeling supports the experimental results and helps to understand the physics involved in the
transmission phenomena. Radius and conductivity of the wires are pointed out as the most critical parameters
to generate a double negative response in terms of permittivity and permeability.
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I. INTRODUCTION

During almost a decade, a huge amount of research has
been devoted to the possibilities of controlling light propa-
gation in microstructured media, typically made from sub-
wavelength inclusions.1 This broad area of research covering
the whole spectrum of wave propagation from microwaves
to optics, and even extended to acoustics,2 has fueled the
development and synthesis of the so-called metamaterials.
Pioneering theories,3 received renewed interest with the in-
terpretation of refractive phenomena in artificial microstruc-
tures in terms of their electric4 and magnetic activities.5 On
this basis, metamaterials have been basically driven by the
development of microstructures relying on the artificial mag-
netism generated by split ring resonators �SRRs� or other
types of current loops.6–8 Nevertheless, this approach often
requires the combination of two separate arrays being able to
combine, in a given frequency range, a double �electric and
magnetic� negative response. More recently, attention has
been paid to the use of magnetic materials taking advantage
of their magnetic activity to design double negative
media.9,10 In this case, solutions were also based on the com-
bined use of ferrites and metallic wire arrays. In this context,
it has been recently confirmed that an array of conducting
ferromagnetic microwires can provide a double negative re-
sponse, with experimental evidence of left-handed or back-
ward wave propagation in the microstructure.11 The ferro-
magnetic resonance �FMR� phenomenon in microwires,
typically occurring at microwave frequencies, was previ-
ously studied in terms of material characterization, extraction
of resonant permeability models or experimental investiga-
tion of resonating configurations.12–15 These techniques have
also been used in characterization of amorphous magnetic
microwires.16,17

The originality of this work stems from the fact that we
have measured a double negative propagation behavior in
different prototypes made of single and multiple ferromag-
netic microwires operating in different microwave bands
from 8 to 18 GHz. The route using ferromagnetic inclusions
permits one to increase the design capabilities with the use of
the natural and tunable magnetic response of a ferromagnetic

material. Tunability, a salient feature of this approach, is
therefore addressed in a twofold manner. It is showed that
very large tuning bandwidths are achievable by properly po-
larizing the samples with an external magnetic field, but also
by varying the material composition of the wires forming the
array. In addition to the experimental results, this work uses
a numerical simulation model that, by precisely adapting the
experimental parameters, recovers the measured transmis-
sion, reflection and absorption characteristics.

This paper is organized as follows. First, experimental
results are presented including a description of the measure-
ment setup and the ferromagnetic samples employed. Sec-
ond, a numerical model including a complex description of
the wire permeability is introduced to characterize the double
negative physical phenomena involved in the transmission
behaviors. Afterwards, both experimental and simulation
data are analyzed and discussed in the light of the different
physical phenomena involved, and the issues related to the
use of these particular materials. Finally, a conclusions sec-
tion summarizes the main results and findings of this work.

II. EXPERIMENTAL RESULTS

Glass coated amorphous microwires were prepared fol-
lowing the Taylor-Ulitovsky method18 and have a general
composition �Co100−xFex�0.725Si12.5B15. Parameter x repre-
sents here the variable fraction of iron �and cobalt� in the
alloy. In practice the authors have used samples with x=0
and x=60 to cover sufficiently different material composi-
tions. The employed microwires have a ferromagnetic mate-
rial core of radii ranging from 1.5 to 3.5 �m, due to the
dispersion inherent to the fabrication method. Figure 1�a�
shows a scanning electron microscope view of a sample mi-
crowire �glass coat partially removed�. Different configura-
tions with one and three wires have been analyzed in an
experimental setup which is schematized in Fig. 1�b�. In or-
der to have a controlled measurement environment, and to
avoid unwanted reflections, a waveguide mount has been
preferred over a free space configuration. A hollow metallic
waveguide is loaded with a number of wires in a row, cen-
tered with respect to the lateral walls and vertically oriented.
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Spatial separation of the wires is 4 mm. Since the
waveguides are used in their respective TE10 dominant mode
frequency range �WR-90 from 8 to 12 GHz and WR-62 from
12 to 18 GHz�, the impinging wave has an electric field, erf,
parallel to the wires and a magnetic field, hrf, in the plane
perpendicular to the wire axis. This setup is carefully ana-
lyzed in the following since hrf has components in the trans-
verse �x�� and longitudinal directions �y��, both perpendicular
to the wire axis. In any case, the cylindrical symmetry of the
wires is an advantage over the use of a SRR, which is in
essence anisotropic. The wire or wires are stuck on a slab of
Rohacell foam, which in turn can also be stacked to form
prototypes with multiple layers. This foam is selected since it
is neutral in practice to the EM radiation ��r=�r=1� and acts
as a support for the wires.

The experimental setup is working in two frequency
bands so that different size waveguides and transitions are
used. A full two port through-reflect-line calibration is per-
formed in both cases. Transmission and reflection coeffi-
cients are measured in terms of S parameters with a
Rohde&Schwarz ZVA-24 network analyzer. The prototype
samples filling the waveguides are polarized with an external
electromagnet delivering a static magnetic field Hdc. This
field is polarized parallel to the axis of the wires �see Fig.
1�b��. The variation of the field intensity is measured with a
probe located as close as possible to the position of the
sample.

Figures 2 and 3 show, respectively, the measured param-
eters for a single wire structure with x=0 and x=60, varying
the applied external static field Hdc. From the measured
transmission �S21� and reflection �S11�, the measured coeffi-
cient of power absorption Pabs is calculated as:

Pabs = 1 − �S11�2 − �S21�2. �1�

Comparing both cases �x=0 and x=60�, results show coher-
ent evolutions. Transmission without polarization �Hdc
=0 kA /m� shows an increase with frequency, while reflec-
tion follows the opposite trend. This behavior is attributed to
the conducting properties of the wires, even if the alloy has a
moderate conductivity. The transmission increase with fre-
quency is the one of a metallic wire short circuiting the
waveguide. Since it is of very small radius, the mean trans-
mission level remains high �small reflecting obstacle�. Once
a magnetic field Hdc is applied, the transmission curves show
an increased transmission window related to the double
negative condition obtained in the wire. It is important to
underline that the double negative behavior is produced for a
single wire structure. Therefore, it is not necessary to have an
array to observe the basic behavior. However, configuring a
sample in the form of an array may permit designing a de-
vice with engineered characteristics as it is usually achieved
with other metamaterial microstructures. It is also important
to note that absorption is reduced in the transmitted band
with respect to the nonpolarized situation. Comparing both
samples, it is seen that the value of Hdc necessary to obtain
the transmission band in the 12–18 GHz range is double in

FIG. 1. �Color online� �a� Scanning electron microscopy view of
a partially removed glass coat microwire, �b� Schematic view of the
waveguide setup employed in the experiments for configurations
including one or three wires.

FIG. 2. �Color online� Transmission, reflection and absorption
coefficients measured for a single wire sample with x=0.
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the x=0 case, with respect to the x=60 case. This is basically
due to magnetic anisotropy and the different saturation mag-
netization Ms of the samples.17 This parameter is dependent
on the chemical composition of the wire core, Ms�x=0�
=0.55 T and Ms�x=60�=0.97 T. This factor of approximately
2 between both values can be recovered from the necessary
magnetic field values to be applied to both wires to obtain a
similar resonance frequency. Therefore, composition of the
wires can be an extra tuning parameter in addition to the
external magnetic field.

III. NUMERICAL MODELING

For the interpretation of the experimental data, the finite
element simulation code Comsol Multiphysics has been em-
ployed. With respect to the geometry, the authors have used a
two-dimensional �2D� simulation scheme assuming invari-
ance in the z direction; see Fig. 1�b�. The metallic walls �top
and bottom� of the waveguide are considered symmetry
boundaries and therefore the real setup can be reduced to a
2D problem. The wire can be considered of infinite length,
provided that there is an electrical contact with the top and
bottom walls in the real environment. An issue also to take
into account is the very large aspect ratio between the trans-

verse dimension of the waveguide �a=15.8 mm for the
WR-62 waveguide and a=22.86 mm for the WR-90� and the
wire diameter �which is taken 2r=4 �m�. The meshing in-
side the wire and of its surrounding area has to be very dense
in order to capture the intense field variations produced es-
pecially at the resonance frequency.

The modeling of the material properties of the microwires
has been realized simultaneously considering both character-
istics in terms of electric and magnetic responses. As stated
previously, the electrical response of the wires is related to
the finite conductivity of the alloy composition. A fixed value
of �=6.7 105 S /m is assigned to the wire region �for the
x=0 sample�. This approach is equivalent to the one em-
ployed for example in,19 where a permittivity function was
used instead. At microwave frequencies, where the ferromag-
netic resonance effects occur, the authors assume that con-
ductivity is a good and stable magnitude to model the elec-
tric response of the wires. The conductivity of the amorphous
ferromagnetic alloy is smaller than the one of a crystalline
alloy. Its moderate value will increase the skin depth and
hence the penetration of electromagnetic fields inside the
wires. It is known �see for example4� that for bulk conductors
a negative real permittivity can be defined according to a
Drude-like model. Also, the effective permittivity associated
to a conducting wires microstructure has an equivalent
model �also based on a Drude-like response� taking into ac-
count also the geometric parameters of the structure. Finally,
this permittivity is applicable in our case since erf of the
excitation wave is parallel to the microwires in our setup,
and they behave as infinite length conductors �they short
circuit the waveguide�.

The magnetic response is much more complex and is es-
sentially driven by the FMR phenomenon associated to the
wires. As qualitatively proposed in,11 the magnetic response
of the microwires can be modeled with a Lorentz-type be-
havior defined by the characteristic parameters of the wires
�including in particular losses� and the external applied field
Hdc. Since the excitation wave is the TE10 mode of the wave-
guide, the high-frequency magnetic field, hrf, will have both
components in the x� and y� directions; see Fig. 1�b�. The
relative magnetic permeability �, and the dynamic suscepti-
bility �, of the bulk material employed in the simulation can
be described with the following tensor model:20

� = 1 + � = ��xx �xy

�yx �yy
� = �1 + �Xp − iXs� i�Kp − iKs�

− i�Kp − iKs� 1 + �Xp − iXs�
� ,

where the susceptibility elements are found to be

Xp =
�0�m��0

2 − �2� + �0�m�2�2

��0
2 − �2�1 + �2��2 + 4�0

2�2�2 ,

Xs =
��m���0

2 + �2�1 + �2��
��0

2 − �2�1 + �2��2 + 4�0
2�2�2 ,

Kp =
��m��0

2 − �2�1 + �2��
��0

2 − �2�1 + �2��2 + 4�0
2�2�2 ,

FIG. 3. �Color online� Transmission, reflection and absorption
coefficients measured for a single wire sample with x=60.
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Ks =
2�2�0�m�

��0
2 − �2�1 + �2��2 + 4�0

2�2�2 ,

and �m=�0	Ms is the resonance frequency at the saturation
limit, 	=1.93 1011 T−1 �g=2.2�,17 is the gyromagnetic ratio,
and �0=�0	H0 is the Larmor resonance frequency. A dimen-
sionless damping factor, taking into account magnetic losses,
is set to �=0.02, by fitting the experimental data. It is essen-
tial to note that the above model does not consider the actual
geometry, since it defines the bulk susceptibility applied to
the wire region of the simulation domain. Nevertheless, the
simulation results take into account the geometry dependent
characteristics of the resonance phenomena by meshing the
inside of the wire and calculating the full-wave patterns. In
particular, demagnetization factors �Nx=1 and Ny =0�, related
to the cylindrical geometry of our samples can be used to
theoretically predict the FMR frequency, given by the ex-
pression

�FMR = �0	��H0 + NxMS��H0 + NyMS� .

Given the cylindrical geometry, the wire radius and the op-
eration frequencies, the previous model can be adapted to
plot the effective permeability of the microwire. A plot show-
ing the effective permeability values for the principal direc-
tions, with their real and imaginary parts, is given in Fig. 4.
In this model, actually introduced in,11 the salient feature is
the range of permeability values having a negative real part.
This happens between the FMR and antiresonance �FMAR�
frequencies, where permeability has null values. According
to this model, FMR frequency of the x=0 sample occurs at
8.2 GHz for H0=100 kA /m. The antiresonance frequency is
approximately at 11 GHz. A wide frequency range falls un-
der this condition, necessary to create a double negative me-
dium.

IV. ANALYSIS AND DISCUSSION

A comparison between measured and simulated results is
given in Fig. 5. Data for a three-wire configuration �see Fig.
1�b�� are displayed in terms of the transmission, reflection

and absorption coefficients at different polarization magnetic
fields in a WR-90 waveguide �8–12 GHz�. Sample micro-
wires have in this case a chemical composition of
Co72.5Si12.5B15, with x=0. Figure 5 shows that a relatively
good agreement is found between theoretical and experimen-
tal results, demonstrating that the theoretical model captures
the physics behind this experiment. It is shown that the
model approximately predicts the frequency variations re-
lated to the application of an external magnetic field. They
are basically related to H0, Ms, and 	. Also, maximum values
of the transmission and reflection coefficients can be recov-
ered especially if the parameters related to the losses are
adjusted.

Finally, the observed decrease of the absorption coeffi-
cient corresponding to the transmission window is also pre-
dicted by the theoretical model. The decrease in absorption is
associated to the fact that the skin depth is comparable to the
wire radius �thick wires act as reflectors�. Simulations with
thicker wires show significantly different behaviors. The
transmission window is produced in the region where double
negative values of permittivity and permeability coexist. The
wire conductivity locally generates a negative permittivity
value, as it happens in general for metals at microwave fre-

FIG. 4. �Color online� Permeability model for the x=0 micro-
wire samples with real �� and imaginary �� parts �external applied
magnetic field is Hdc=100 kA /m�, demagnetization factors are
taken as Nx=1 and Ny =0.

FIG. 5. �Color online� Compared simulation �lines� and experi-
mental �symbols� results for a 3 wires structure in terms of trans-
mission, reflection and absorption coefficients.
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quencies. This is a broadband response. However, permeabil-
ity is negative only in a reduced part of the spectrum, be-
tween FMR and FMAR, which corresponds to the 8.2–11
GHz band.

Figure 6 shows the erf and hrf amplitude patterns in the
vicinity of the central wire in the three-wire array, when an
external magnetic field Hdc=140 kA /m is applied. The
fields are plotted at two frequencies: 10.9 and 9 GHz. The
first frequency corresponds to the maximum transmission, as
from Fig. 5; and second frequency is almost out of the in-
creased transmission range. The influence of the small wire
radius is clearly visible since the EM field fully penetrates
inside the wire. The resonance feature, which is clearly vis-
ible in the magnetic field, is only slightly observable in the
electric field. Skin depth 
 is comparable to the wire radius
�r=2 �m�, assuming that 
=
0 /��r and 
0�10 GHz�
=6 �m. Uniform erf field values are obtained inside the wire
at both frequencies. At 10.9 GHz, the wire section exhibits
an important magnetic field variation related to the FMR

phenomenon, with extreme values on the wire border. To
obtain the enhanced transmission it is very important that the
radius of the wires is small �comparable to the skin depth� in
order to produce a good interaction between the EM wave
and the ferromagnetic core. If this radius is large, the inner
part of the wires will not interact with the EM wave and will
behave as a simple conductor that produces a reflection of
the EM wave.

Finally, it is worth mentioning that electric �associated to
the moderate conductivity �� and magnetic �associated to the
damping factor �� losses rapidly degrade the transmission
level with the number of wires. Devices based on a large
number of wires absorb a large part of the EM energy of the
excitation wave. For practical purposes, this is the main
drawback of this type of technology. Other authors have very
recently proposed reduced loss solutions but these are based
on the use of the combination of dielectric and ferromagnetic
materials.21

V. CONCLUSION

In this paper, an experimental and numerical analysis of
different configurations of ferromagnetic microwires in a
waveguide environment has been presented. Transmission,
reflection and absorption coefficients have been measured for
different compositions of the microwires and with different
applied magnetic fields, covering a wide frequency range.
The tunability of the proposed structures is of great relevance
in the metamaterial context, owing to the possibility of ex-
tending the operation bandwidths. Experimental results have
been explained in terms of a theoretical model that captures
the underlying physics by properly characterizing a double
negative response, in terms of effective permittivity and per-
meability. Small radius and moderate conductivity of the mi-
crowires are key elements to obtain the desired effect. It is
therefore concluded that a ferromagnetic wire can be consid-
ered as the unitary constituent of a double negative medium.
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