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Theoretical Modelling and Experimental Verification
of the Scattering from a Ferromagnetic Microwire

Iiigo Liberal, Ifigo Ederra, Cristina Gémez-Polo, Alberto Labrador, Jose Ignacio Pérez-Landazdbal and Ramén
Gonzalo, Member, IEEE

Abstract—This contribution presents a theoretical modelling
of the scattering of ferromagnetic microwires in free-space and
inside a rectangular waveguide, providing both an analytical
solution and a physical interpretation of the problem. Special
attention is devoted to the impact of the microwire radius and its
magnetic properties. Theoretical results have been experimentally
verified measuring the reflection, absorption and transmission
coefficients of a ferromagnetic microwire inside a rectangular
waveguide.

Index Terms—Ferromagnetic microwires, Metamaterials, Ab-
sorbers.

I. INTRODUCTION

glass-coated ferromagnetic microwire is composed of a

ferromagnetic conductive core with radius ranging from
2pum to 50um covered with a pyrex coating of one to tens of
micrometers thickness [1]. Lately, ferromagnetic microwires
have attracted the attention of the research community for their
potential applications in the areas of metamaterials (MTMs)
[2-9], electromagnetic absorbers [10-14], sensors [15-16] and
tunable substrates [17-20].

Ferromagnetic microwires are known to be suitable par-
ticles in the design of metamaterials. The main advantage
of using such particles lies on their capability to provide
double negative behavior with only one single element. On
the one hand, ferromagnetic microwires have an electrical
response similar to conductive wires, so a negative permittivity
can be created by an array of such wires [21]. On the
other hand, the negative permeability is an intrinsic feature
of ferromagnetic materials, which takes place at frequencies
above the Ferromagnetic Resonance (FMR) [22]. Moreover,
tunability can be achieved since the frequency where the FMR
is centered can be governed by an external dc magnetic field.

In this context, the effective parameters of metamaterials
composed of ferromagnetic wires have been theoretically
investigated by using Effective Medium Theory (EMT). The
main purpose of these studies is focused on studying the
possibility of obtaining double negative media [2-6]. In some
cases [2-4], these results have been validated numerically with
electromagnetic solvers. Moreover, experimental evidence of
left-handed transmission has been found for single or several
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ferromagnetic microwires embedded in a rectangular waveg-
uide [7-9].

Due to the high magnetic losses present at FMR and the di-
electric losses produced by a finite conductivity, ferromagnetic
microwires are characterized by high absorption coefficients,
which have been reported in several contributions [10-14].
Therefore, ferromagnetic microwires are of great value for
the design of new Radar Absorbing Materials (RAMs), which
could outperform conventional ferrite RAMs in weight, cost
and profile.

Ferromagnetic microwires also have potential applications
in the design of microwave circuitry. In particular, they have
been proposed to develop artificial substrates with tunable
permittivity [17-20], with applications in frequency selective
surfaces and polarizers. Moreover, they can be employed to
substitute bulk ferrite materials as a substrate of microwave
components, as it has been made with nanowires subtrates
[23] in devices such as circulators [24-25], isolators [26] and
phase-shifters [27].

Due to all this active research, a great boost for the design
of prototypes of systems employing ferromagnetic microwires
is expected in the incoming years. To this end, an accurate
knowledge of the analytical response for the scattering from
a ferromagnetic microwire is required for two reasons: in the
first place, the numerical simulations of structures with mi-
crometer size details is challenging by using the conventional
numerical methods that are commonly employed on the design
of microwave systems. Therefore, accurate analytical models
are required for the design of metamaterials, electromagnetic
absorbers, sensors, tunable substrates and microwave compo-
nents based on ferromagnetic microwires. The scattering from
a single microwire is a fundamental piece for these models,
which can be employed to analyze more complex structures,
such as grids and arrays of wires, and carry out homogeniza-
tion processes. Secondly, the analysis of the scattering from
a ferromagnetic microwire provides physical insight into the
interaction between electromagnetic fields and ferromagnetic
microwires, contributing with an intuitive vision, which can
be helpful for the development of prototypes.

The main objective of this paper is to introduce an analytical
model for the scattering of a long ferromagnetic microwire of
utility in the design of microwire-based microwave systems.
Previous works have employed analytical models to analyze
the scattering from short wires under the antenna approxima-
tion [17], and have estimated the absorption spectra of long
wires [28-29]. This contribution adopts a different formulation
giving explicit analytical expressions for the electromagnetic
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fields, which allows for obtaining fast and accurate predictions
of the microwires electromagnetic response, and provides
physical insight on the electromagnetic processes that take
place inside these microwires.

Moreover, these theoretical analyses are validated with mea-
surements of the scattering of a single ferromagnetic microwire
inside a rectangular waveguide. These experiments also have
a theoretical value, since experimental verifications of left-
handed transmission are typically carried out embedding one
or more microwires inside a rectangular waveguide [7-9].
These experiments are significantly influenced by the number
and disposition of the microwires in the waveguide, and thus
the structure is known to be operating at a mesoscopic level
[30], where the results of the EMT approach usually employed
to retrieve the effective parameters [1-6] lacks of accuracy.
Therefore, the study of the scattering of a ferromagnetic
microwire inside a rectangular waveguide provides a correct
theoretical framework to analyze such experiments. Further-
more, since a metallic rectangular waveguide is a closed and
controlled environment, the knowledge of the response inside a
rectangular waveguide allows for using this experiment for the
characterization of ferromagnetic microwires. The existing re-
sults, e.g. [8], present experimental data for thin ferromagnetic
microwires inside a rectangular waveguide. Conversely, this
paper presents a general theoretical model, not reported in [8],
for the scattering of thin and thick ferromagnetic microwires in
free-space and inside a rectangular waveguide. Furthermore,
this model is employed to provide physical insight into the
electromagnetic processes that take place inside the microwire.
This theoretical model will be validated by the results in [§]
and our own experimental results for thick microwires.

The paper is organized as follows: firstly, Section II presents
the electromagnetic properties of a ferromagnetic microwire
and an analytical solution to the scattering of a plane-wave
under normal incidence. Secondly, the scattering of a ferro-
magnetic microwire in the middle of a rectangular waveg-
uide is introduced in Section III. This result is employed to
experimentally verify the solution to the scattering problem
presented in the previous section. Finally, conclusions and
discussion of the results are gathered in Section IV.

II. SCATTERING FROM A FERROMAGNETIC MICROWIRE
A. Electromagnetic Properties of Ferromagnetic Microwires

In this section, a complete description of the properties of
the electromagnetic medium that composes the ferromagnetic
microwires is provided in order to clarify some relevant aspects
for the scattering analysis. As previously introduced, a ferro-
magnetic microwire is formed by a ferromagnetic conductive
core covered by a pyrex coating. Such pyrex coating has a
great influence on the magnetic response of the ferromagnetic
core due to mechanical stresses, which provoke a uniform
gyrotropic permeability. However, the impact of the pyrex
coating on the global scattering is negligible due to its inherent
low permittivity and null magnetic susceptibility [31].

Conversely, both the permittivity and permeability of the
core have a great influence on the scattering. On the one hand,
the permittivity is dominated by its electrical conductivity,

which is equivalent to a very large negative imaginary part
[32]:

g
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On the other hand, the permeability is characterized by a
gyrotropic response. Thus, if the DC magnetic bias is oriented
along the Z axis, the permeability tensor will be given by
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The values of p and k follow a Lorentz-type behaviour,
which can be obtained from [32]
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where w,,, = p,yM, stands for the resonance frequency at
the saturation limit, + is the gyromagnetic ratio, M, is the
saturation magnetization, and w, = p,vH, is the Larmor
resonance frequency. Moreover, « is a dimensionless damping
factor taking into account magnetic losses.

When a plane-wave is propagating in such media there are
two different responses depending on the wave polarization.
In the first place, if the magnetic field is polarized parallel
to the dc magnetic bias (Z-axis), the field will be unaffected
by the magnetization of the medium, as shown in (2). On
the contrary, if the magnetic field is transverse to the bias, it
will be affected by the magnetization leading to the so-called
extraordinary waves [32], characterized by a component of
the magnetic field in the direction of propagation. Since in
the former case the medium is equivalent to a conventional
dielectric, the latter case will be considered here.

The effective permeability and the propagation constant
for the extaordinary waves supported by the medium are

respectively given by
2 _ k‘2
po =1 "% )
"

B2 = wep, (10)

Fig. 1 shows the real and imaginary part of the effective
permeability of the ferromagnetic microwires that will be
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Fig. 1. Real and imaginary part of the effective permeability for the
considered ferromagnetic microwires.

employed in the measurements. Such microwires have a com-
position of (Cog.94Fep.06)755%12.5B12.5 and are characterized
by a = 0.02, v = 1.33 - 101717, u,M, = 0.55T ,
H, = 213kA/m and a conductivity of o = 6.5 - 10*S/m. In
Fig. 1 can be seen that the effective permeability is character-
ized by high magnetic losses, i.e. a large imaginary part with
a maximum at the FMR point. Moreover, the electromagnetic
field is able to propagate at frequencies below the FMR, where
the real part of the effective permeability is positive. However,
these propagating fields will be strongly attenuated due to
the magnetic losses and the conductivity of the medium. On
the contrary, at frequencies above FMR only exponentially
decaying evanescent waves will be present due to a negative
real part of the effective permeability.

B. Analytical solution of the scattering

Consider the case when a plane-wave propagating along the
X-axis and with the electric field polarized along the Z-axis
impinges on a ferromagnetic microwire with their axis and the
dc magnetic bias also oriented along the Z-axis (see Fig. 2).
The analytical solution of the scattering of a plane wave on
an infinitely long ferromagnetic microwire resembles to the
scattering on a very thin ferrite post [33]. Main differences
arise from the complex part of the permittivity, produced
by the conductivity and the effects that appear when the
penetration depth is comparable to the cylinder radius. Due
to the cylindrical symmetry of the problem, the latter can be
reduced to a scalar problem in the XY plane, and, as many
other scattering problems, it can be solved by expanding the
incident, scattered and transmitted-into-the-cylinder fields as
a series of cylindrical Bessel functions and by solving the
boundary conditions.

Particularly, for an incident plane wave propagating along
the X axis, the fields will be given by
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Fig. 2.  Geometry of the problem with relevant polarizations.
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where 8 = w,/l,€, stands for the propagation constant in
free-space and J,,(—) for a Bessel function of the first kind
and order n.

As for the scattered field, Hankel functions of the second
kind, Hy(f)(—), are chosen to represent outgoing waves

Ei(r,¢) =E, Y ayHP (Br)e/"? (14)

H:(r,¢) = wu Z n-al HP (Br)e " (15)
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Finally, the transmitted field inside the microwire is repre-
sented by Bessel functions of the first kind
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E, Z anJn

n=—oo

El(r,¢) = (Ber)e™im? (17)

H(r,¢) = W [ Z n - anJp(Ber)e "
~kBe Y anJ;l(ﬂer)eﬂ'W] (18)
Hqi(r,gi)) = W l Z n - apJn(Ber)e 9™



IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. X, NO. X, XX 4

220

30 F

| (dB)

S
la,

40

-50 4
4
’ S
, la¢]
60 I _—1
1
70 ; ; ; ; ; ; ;
0 10 20 30 40 50 60 70
a (um)

Fig. 3. Magnitude of the scattering coefficients ag and aj at 12.5GHz for
the considered ferromagnetic microwires with radius ranging from 1um to
75um.
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The unknowns of the problem are the coefficients of the
scattered field, aJ, and transmitted field into the cylinder, a,,,
which can be found by solving the boundary conditions, i.e.
the continuity of the tangential electric and magnetic fields at
the surface of the microwire, leading to

Jrlz(ﬂa)‘]n(ﬂea) - Dan(,Ba)

s _ ;n 20
¢ D HY (Ba) — Hi® (Ba)Jy(B.q) 0
W HD (Ba) . (Ba) — Ju(Ba) Hit (Ba)
Gy = (21)
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where a is equal to the microwire radius and the quantity D,,
is given by
k-n

Jr/z(ﬂea) - mJn(ﬁea)

~ Betto

D, =
Blte

(22)

C. Physical interpretation

Substituting (20-22) in (11-19) allows for computing the
electric and magnetic fields inside and outside the microwire,
and therefore they constitute a complete and rigorous solution
to the problem. However, typical radius range from 2um to
50pum, which are equivalent to lengths from 0.000083\ to
0.0021\ at the highest studied frequency, 12.5GHz. Thus, the
microwires can be considered electrically thin over the whole
operational bandwidth. In fact, the numerical evaluation of the
coefficients a) and af for radius ranging from 1um to 75um
presented in Fig. 3 reveals that only the n = O term of the
series will be significant for all the studied radii.

Consequently, the scattered electrical field will be equal
to aZEOHéz) (Br), and thus the scattering coefficient a? is
sufficient to describe the scattered field. It is worth remarking
that in this situation the scattered field and the field transmitted
into the microwire have perfect cylindrical symmetry, and

95 10 105 11
Frequency (GHz)

Fig. 4. Magnitude of the scattering field coefficient, aj, as a function of
frequency for the considered ferromagnetic microwires with radius ranging
from 1um to 75um

thus the scattered field by a ferromagnetic microwire will be
independent of the azimuthal angle-of-arrival (AOA) of the
incident plane-wave.

Fig. 4 represents the magnitude the a’ coefficient
as a function of the frequency and the radius for a
(Cop.94F €0 06)755%12.5B12.5 microwire with the parameters
previously defined. Although all the considered radii are small
compared to the wavelength, the microwire radius has a great
impact on the scattered field. In fact, two different behaviours
can be observed depending on the length of the penetration
depth compared to the microwire radius. For the sake of clarity,
the penetration depth, defined as the inverse of the imaginary
part of the propagation constant, 6 = 1/Im [S.], is presented
in Fig. 5. As shown, the penetration depth ranges between
2pm and 10pum along the studied bandwidth, with a minimum
at the FMR frequency, where the material losses are maximal.
It is worth remarking there are other usual definitions for the
penetration depth that do not take into account the magnetic
response [23]. Thus, the frequency-domain behaviour of the
penetration depth does not display a minimum at the FMR
frequency, but decreases monotonically. However, since the
magnetic response contributes as well to the field confinement
inside the microwire, the used definition gives more physical
insight into the scattering behaviour of the microwires.

When the microwire radius is considerably larger than the
penetration depth, the fields inside the microwire are con-
strained to the surface, due to the high attenuation produced by
the magnetic losses and electric conductivity. This is evidenced
in Fig. 6a, which shows the field inside a microwire of radius
45um for frequencies ranging from 8GHz to 12.5GHz.

Moreover, the scattered field presents a strong dependency
on the frequency due to the variation of the material properties.
Particularly, when the microwire radius is larger than the pen-
etration depth there are two different responses corresponding
to the frequency ranges where Re [u.] > 0 and Re [u.] < 0,
respectively. To clarify this fact, Fig. 7b represents the magni-
tude of the scattering coefficient as a function of frequency for
a microwire of radius 45um. At frequencies below the FMR,
Re [ue] > 0, the fields inside the microwire behaves similarly
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Fig. 5. Penetration depth as a function of frequency for the considered
ferromagnetic microwires.
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Fig. 6. Magnitude of the electric field as a function of frequency inside the
considered microwires for (a) 45um, and (b) 4um radius.

as a lossy dielectric cylinder. Consequently, increasing fi.
decreases the scattered field, since the medium impedance
becomes closer to the freespace impedance as the impact of
the large permittivity produced by the finite conductivity is
compensated. On the other hand, at frequencies above FMR,
Re [ue] < 0. Recall from Section IL.A that the inside fields are
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Fig. 7. Magnitude of the scattering field coefficient, a;, as a function of
frequency for the considered microwires for (a) 45um, and (b) 4p4m radius.

exponentially decaying evanescent waves, resulting in a larger
scattered field than in the Re [u.] > 0 case.

A different situation is presented when the penetration
depth is comparable to the microwire radius. As it can be
inferred from Fig. 6b, which shows the electric field inside a
microwire of radius 4um for frequencies ranging from 8 to
12.5GHz, the fields are no longer superficial and they are able
to fully penetrate the microwire except at the FMR frequency,
where the propagation constant, 3., is purely imaginary and
the medium losses are maximal. Therefore, since both the
exponentially decaying evanescent waves and the propagating
waves attenuated by the medium losses are able to fully
penetrate the microwire, there are no great differences in the
scattered field when Re [u.] > 0 and when Re [p.] < 0. This
is confirmed in Fig. 7b, where the magnitude of the scattering
coefficient as a function of frequency for a microwire of
radius 4um is represented. This figure illustrates that there
are no longer two differents areas of scattered field, and
such field increases as the electrical size of the microwire is
augmented. However, a minimum of scattering is obtained at
the frequency of FMR due to the low penetration of the fields
in the microwire.
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III. FERROMAGNETIC MICROWIRE INSIDE A WAVEGUIDE

The experimental verification of the scattering of an object
requires the use of a complex setup including an anechoic
chamber. However, one way to simplify this experiment is to
reduce it to a closed environment, i.e. a metallic rectangular
waveguide. Furthermore, the problem of the scattering of
a ferromagnetic microwire inside a waveguide is of great
interest since it gives a correct theoretical base to analyze
the experimental evidences of left-handed transmission [7-9].
Moreover, this analysis provides the theoretical framework to
the development of microwave components based on ferro-
magnetic microwires embedded in rectangular waveguides.

The electromagnetic problem of a ferrite cylinder inside a
waveguide has been thoroughly studied due to its multiple
applications in microwave components such as polarizers
and circulators [34-35]. In fact, a rigurous solution to this
problem was introduced in [36]. Although corrected [37] and
commented [38], the approach introduced there is a correct
and general solution to the problem. However, such solution
is tedious and complex so a different approach will be followed
here leading to much simpler, but also restricted, solution.
In particular, the solution will be limited to an electrically
small ferromagnetic microwire positioned on the middle of
the waveguide.

Fig. 8 shows the geometry of the problem. A T F1y mode
is assumed to be propagating along a metallic rectangular
waveguide, in which a ferromagnetic microwire is placed with
the conductive core connected to the waveguide walls. Since
there is no variation of the fields along the Z axis the problem
is reduced to a two-dimensional problem in the XY plane.
Therefore, the incident field will be given by

E™¢(2,y) = E,cos (%y) L (23)
where Bg = B2 - (5)2 stands for the propagation constant
inside the waveguide and d for the waveguide width. It is
worth noting that the incident field to the microwire can be
decomposed as the sum of two different plane-waves [39].
Recall from the previous section that the scattering from a
ferromagnetic microwire is independent of the AOA of the
incident plane-wave, thus the scattered field when the incident
field is the T'F1y mode will be equal to the field scattered by
a plane wave.

Furthermore, the impact of the metallic walls of the waveg-
uide must also be considered. Therefore, the total scattered
field will be equal to the addition of the alternating positive
and negative images created by the walls of the waveguide
(see Fig. 8).

o0

E*(a,y) = 3B Y, [HS (B2 =

n=—oo

y—n-2d)?)

—HP (B = (y— d—n-20)?)| (24)
where Ej,. stands for the local field in the surface of the
microwire, given by the addition of the incident field and the
field generated by the images

d

A

d

Fig. 8. Ferromagnetic microwire in the middle of a rectangular waveguide
and images created by the metallic walls.

E,
1—asGy
where the waveguide interaction parameter G,, has been
defined

Eloc = (25)

Gy = Z H? (B
n#0
Therefore, the expression of the local field can be included
in (24) and the total scattered field can be evaluated. As
an expression based on a series of Hankel function is quite
complex, it is convenient to simplify it using the Poisson
summation rule [40]
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The expression introduced above has a clear physical mean-
ing. The first term is a propagating wave excited by the
mean current of the grid. On the other hand, the second
term is a series of Floquet modes [40]. After a lengthy but
straightforward calculation, substituing (27) in both series of
(24), the first term of both series is canceled out since no
TEM mode is propagating on a rectangular waveguide, and
the rest of the termsare combined giving rise to the modes of
the waveguide. Subsequently, the total scattered field will be
given by

pon S (o)

where 7, is the propagation constant for each mode which is
given by

B |n2d|) —
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n=—oo
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It is worth mentioning that since the microwire is positioned
at the center of the waveguide only the T'E,,, with m being
an odd number will be excited. Once the scattered field is
known, it is possible to compute the reflection, transmission
and absorption coefficients. Firstly, the reflected field will be
equal to the scattered field, and thus the reflection coefficient
for each mode will be given by

al 4j 2

o

1—-asGy . Ymd

R, = ’ m=1,3.. (30)

Secondly, the transmitted field will be equal to the addition
of the incident and scattered field, and thus the transmission
coefficient will be given by

2

a’ 4j
Tm = |0 . ,=1,3.... 31
m 1m+1_a3Gw md m ) (3D

where 01, stands for the Kronecker delta. Finally, the ab-
sorption coefficient can be computed to satisfy the energy
conservation

A:l—ZTm—ZRm (32)
m m

Fig. 9 depicts the theoretical reflection, transmission and
absorption coefficients for a (Cog gs4F'eg.06)755112.5B12.5 fer-
romagnetic microwire of radius 45um inside a WR-90 waveg-
uide (22.86mm x 10.16mm). Since the reflected field is
produced by the scattering of the microwire, the reflection
coefficient resembles the scattering coefficient presenting a
minimum below the FMR frequency.

Moreover, a maximum is obtained above the FMR fre-
quency where the microwire core has plasma characteristics.
However, the reflection coefficient does not grow monoton-
ically as the scattering coefficient does due to the influence
of the waveguide. That is to say, although the scattering
coefficient becomes larger as the frequency increases, the
separation between the microwire and its images is electri-
cally larger and therefore the overall reflection coefficient is
reduced. Furthermore, the frequency-domain behaviour of the
absorption coefficient is characterized by a maximum between
the FMR frequency and the frequency with the largest negative
real permeability, justified by the high magnetic losses and the
amount of field inside the microwire.

This result has been tested with the measurements shown
in Fig. 9. The amorphous glass-coated microwires where ob-
tained by the Taylor—Ulitovsky technique and kindly supplied
by Prof. M. Vzquez (Instituto de Ciencia de Materiales de
Madrid, CSIC, Spain). It can be concluded that there is a
very good agreement between the theoretical and experimental
results.

As was anticipated in the scattering description, the situation
is different when the penetration depth is similar to the wire
radius. Fig. 10 depicts the theoretical reflection, transmission
and absorption coefficients for a (C'og.94F'€p.06)755%12.5B12.5

251L = = = |R| Theoretical
|R| Experimental
|T| Theoretical
5L |T| Experimental | |
= = = |A| Theoretical
= |A| Experimental

Magnitude (dB)

8.5 9 9.5 10 105 1 15 12 125
Frequency (GHz)

Fig. 9. Comparison between theoretical and experimental reflection, transmis-
sion and absorption coefficients for the considered ferromagnetic microwires
of radius 45pum inside a WR-90 waveguide.

ferromagnetic microwire with radius 4pm inside a WR-90
waveguide. As it was expected from the scattering analysis, the
reflection coefficient follows a descendent fashion similarly to
the response of a metallic cylinder embbeded in a waveguide.
As it is represented in Fig. 6b, the fields are able to fully
penetrate the microwire except at the FMR frequency, where
the magnetic losses are maximal. Therefore, a minimum of the
reflection and absorption coefficients, and therefore a maximal
transmission, is found at the FMR frequency, corresponding
to the frequency where the fields are unable to penetrate in the
microwire. This peak of transmission has been identified as an
evidence of left-handed transmission in several works [7-9].
However, here it is shown that such band can be attributed
to the scattering response of the ferromagnetic microwire.
In conclusion, the rigorous extraction of the constitutive
parameters through a homogenization procedure would be
required to discern if this peak is a consequence of left-handed
transmission or not.

Furthermore, it is worth mentioning that the absorption
coefficient is larger than the reflection coefficient over the
whole studied bandwidth, making ferromagnetic microwires
with a radius comparable with the penetration depth strong
candidates to the development of wideband electromagnetic
absorbers.

In this case the results presented in [8] will be employed
to experimentally verify the theoretical model. The microwires
employed in [8] are glass coated amorphous microwires with a
general composition Co72.55%12.5B15. Such microwires have
a radius of 2.5um and a conductivity o = 6.7 - 10°S/m.
Their magnetic response is also a gyrotropic tensor whose
characteristics are given by o = 0.02, v = 1.93- 101171571,
oM = 0.55T and H, = 200kA/m. Fig. 11 represents the
theoretical reflection, transmission and absorption coefficients
when such microwires are embedded in a WR-62 waveguide
(15.8mm x 7.9mm). A reasonable agreement is found between
theoretical and experimental results (see Fig. 2, [8]).
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Fig. 10. Theoretical reflection, transmission and absorption coefficients for
the considered ferromagnetic microwires of radius 4pum inside a WR-90
waveguide.
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Fig. 11. Theoretical transmission, reflection and absorption coefficients for a
ferromagnetic microwire C'o72.55%12.5 B15 with 2um radius inside a WR-62
waveguide.

IV. CONCLUSION

This paper has introduced a theoretical study on the scatter-
ing from a ferromagnetic microwire in free-space and inside
a rectangular waveguide. Consequently the analytical solution
and a physical interpretation of the problem have been pre-
sented. Furthermore, theoretical results have been experimen-
tally verified with measurements of the reflection, transmission
and absorption coefficients for a (C'og.94F'ep.06)755%12.5B12.5
ferromagnetic microwire with 45um radius embedded in a
WR-90 waveguide and a C'o72.55712.5B15 ferromagnetic mi-
crowire with 2.5um radius embedded in a WR-62 waveguide.

Particularly, it has been shown that the scattering from
the ferromagnetic microwire presents two different responses
depending on the relation between the penetration depth and
the microwire radius. On the one hand, when the radius is
larger than the penetration depth the fields inside the microwire
are merely superficial. Therefore, when Re[u.] > 0 the
scattering is similar to a lossy dielectric and it is reduced
as the magnitude of Re[u.] is increased. Conversely, when
Re[ue] < 0 the microwire has a plasma response leading to

a significantly larger scattering. Moreover, absorption coeffi-
cients as high as -5dB frequencies close to FMR are achieved
with these microwires when they are embedded in a WR-90
waveguide.

On the other hand, when the penetration depth is com-
parable to the microwire radius the fields are able to fully
propagate along the microwire and thus there is no such
difference in the magnitude of the scattered field depending
of the sign of Re[u.]. However, a minimum of scattering and
absorption, and thus a maximum of transmission, takes place at
FMR due to the small fields inside the microwire. While, this
transmission peak has been identified as an evidence of left-
handed transmission in several works, this contibution shows
that it can explained by the impact of the skin effect on the
scattering response of a ferromagnetic microwire. Therefore,
the nature of this transmission peak is to be studied with
homogeneization procedures.

Finally, the absorption coefficient is larger than the reflec-
tion coefficient along the whole studied bandwidth, making
ferromagnetic microwires strong candidates to develop wide-
band electromagnetic absorbers.
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