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Tunable broadband metamaterial absorber
consisting of ferrite slabs and a copper wire*
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A tunable broadband metamaterial absorber is demonstrated at microwave frequencies in this paper. The meta-
material absorber is composed of ferrite slabs with large resonance beamwidths and a copper wire. The theoretical
analysis for the effective media parameters is presented to show the mechanism for achieving the perfect absorptivity
characteristic. The numerical results of transmission, reflectance, and absorptivity indicate that the metamaterial ab-
sorber exhibits a near perfect impedance-match to free space and a high absorptivity of 98.2% for one layer and 99.97%
for two layers at 9.9 GHz. The bandwidth with the absorptivity above 90% is about 2.3 GHz. Moreover, the absorption
band can be shifted linearly in a wide frequency range by adjusting the magnetic bias. This metamaterial absorber

opens a way to prepare perfectly matched layers for engineering applications.
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1. Introduction

The metamaterial absorber (MMA) consisting of
artificial sub-wavelength composites!’? reported by
in 200813 has attracted considerable
attention in the past four years because of the con-

Landy et al.

trollable effective refractive index n(w) and impedance
Z(w) and its potential applications, such as the per-
fectly matched layer (PML) and the bolometer.®
Most up-to-date MM As are composed of metallic elec-
tric resonators and cut wires or metallic plate layers at
microwave, 516 terahertz,!'7=2% infrared,*") and op-
tical frequencies.l?>23] Dual-band and the multi-band
MMAs based on different electric resonators or the
same resonators with different sizes have also been

[24-33] Those MMAs are realized by using

introduced.
metallic electric resonators to absorb incident electric
fields and cut wires or metallic plate layers to absorb
incident magnetic fields. By adjusting the structural
sizes of the metallic electric resonators and the cut
wires or adjusting the distances between the electric
resonators and the plate layers to achieve the condi-
tions of effective permittivity e(w) equaling effective
permeability u(w), big dielectric loss tand., and big

magnetic loss tan d,,, the MMAs can impedance-match
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the free space and absorb completely the incident elec-
tromagnetic (EM) waves. Such nearly perfect absorp-
tivities are realized via numerical optimization meth-
ods using the commercial finite difference time domain
(FDTD) solver Microwave Studio or the finite-element
based electromagnetic solver (HFSS, Ansoft).

The MMAs mentioned above, however, are lim-
ited by their inherent narrow bandwidths and are
not tunable at all, resulting from the inherent nar-
row resonance bandwidths of most metallic electric

[3.5-15] Some researchers have presented

resonators.
broadband MMAs by using different resonators or the
same resonators with different sizes to broaden the
bandwidths, 163134 however, they are still far from
being dynamically tunable. Recently, on the other
hand, a novel design for a tunable negative index
metamaterial consisting of a ferrite and a continuous
wire is presented.[33=39 The ferrite under an applied
magnetic bias provides the broadband magnetic reso-
nance, and the continuous wire embedded in the fer-
rite provides the electric resonance at the same fre-
quency band. The negative index frequency band can
be shifted by adjusting the magnetic bias. In our pre-
vious works, we have also demonstrated experimen-

tally the novel properties of such ferrite based meta-
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materials and discussed the dual-band and the multi-
band transmission characteristics.[*0—42]

Such ferrite based metamaterials can also be used
in the MMA to absorb the incident magnetic and
electric fields by enlarging tand, and tand., respec-
tively. The absorption mechanism of the ferrite based
MMA is distinctly different from that of the above
mentioned electric resonator MM As, because the inci-
dent magnetic field is absorbed by the ferrite slab, and
the incident electric field is absorbed by the continu-
ous copper wire embedded in the ferrite slab. More-
over, the absorption band of such an MMA can be
expanded by choosing a special ferrite with a big reso-
nance beamwidth and can also be tuned by adjusting
the applied direct-current (dc) magnetic bias. In this
paper, the new designed MMA consisting of a ferrite
slab and a continuous copper wire is theoretically dis-
cussed, and the numerical results calculated by using
Ansoft HFSS software are presented to demonstrate

the theoretical analysis.

2. Model and theoretical analysis

The unit cell of the ferrite—wire MMA is shown
in Fig. 1. A continuous copper wire with a thickness
of 0.017 mm is printed in the center of the FR4 (¢, =
4.4,tané = 0.02) substrate, which has been widely
used in conventional MMA design. Then the two sides
of the FR4 substrate are deposited with two ferrite
slabs (ferrite TT1-390 is used in this paper, with sat-
uration magnetization 4nM; = 2150 G, ¢, = 12.7,
resonance beamwidth AH = 648 Oe). An applied dc
magnetic bias is applied on the ferrite slabs along the z
axis to excite the magnetic anisotropy property. When
an incident EM wave propagates along the y axis with
the electric field along the z axis and the magnetic field
along the x axis (shown in Fig. 1), the theoretical ef-
fective permeability of the ferrite slabs can be defined
as fleft = (1* — K%)/p, with g1 = 1+ wnwo/ (W — w?)
and Kk = wuw/(WE — w?),83 where wy = yHy is the
ferromagnetic resonance (FMR) frequency, v denotes
the gyromagnetic ratio, wy, = 4wMyy stands for the
characteristic frequency of the ferrite slabs, w repre-
sents the angular frequency, and H, indicates the dc
magnetic bias. For ferrite slabs with big resonance
beamwidths, the damping describing the loss should
be considered. So the FMR frequency is changed to
wp + jaw, where a denotes the damping of the ferro-

magnetic precession, o = poyAH/(2w).*4
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Fig. 1. (colour online) Schematic diagram of the ferrite—
wire MMA unit cell. Front view, side view, and structure
parameters are presented.

The effective permeability of the ferrite slab with
resonance beamwidth AH and under a magnetic bias
of 3.2 kOe is calculated as a function of frequency
by using the above relations, and the results are pre-
sented in Fig. 2. It is shown that there is a magnetic
resonance presented at 12 GHz and the real part of
the effective permeability is clearly negative above
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Fig. 2. (colour online) Calculated theoretical effective

permeability of the ferrite slabs with different resonance
beamwidth AH and under a magnetic bias of 3.2 kOe.
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Fig. 3. (colour online) Calculated theoretical effective

permeability of the ferrite slabs under different magnetic
biases.

038501-2



Chin. Phys. B Vol. 21, No. 3 (2012) 038501

the magnetic resonance frequency. With the increase  netic bias increases from 2.6 kOe to 3.4 kOe, the mag-
of AH, the effective magnetic loss tangent tand, =  netic resonance shifts from 10 GHz to 12.5 GHz. The

Im(p)/[Re(p)| increases rapidly in the region of neg- big tand, is retained well in the process of changing

ative permeability. For the ferrite slabs used in this the magnetic bias. Therefore, the ferrite slabs provide
paper, tand, has a value larger than 2.5 in the region
of 12.3-14.3 GHz (not shown in Fig. 2). It means that

the ferrite slabs can absorb most incident magnetic

the negative magnetic resonance to absorb the mag-
netic field of the incident EM wave and the tunable

field. Moreover, the magnetic resonance of the ferrite characteristics by adjusting the dc magnetic bias.

slab can be shifted by adjusting the magnetic bias, as The effective permittivity of the wire embedded
shown in Fig. 3. It can be observed that as the mag-  in the ferrite slabs can be expressed asl3%]
|
et/ (1)

e T T 0@ e T Heft a ’
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where ¢ is the permittivity of the ferrite slab, oeg Next, based on the above theoretical analysis, we fur-

is the effective conductivity of the wire, 71 and ro  ther discuss the absorption characteristics by optimiz-
are the effective radii of the wire and the substrate  ing the parameters through a numerical method to
layer, respectively, and a is the periodic lattice con-  achieve the perfect impedance-match and the highest
stant. So the effective permittivity of the wire can  absorptivity.

be calculated as a function of frequency, as shown in

Fig. 4. It can be seen that the real part of the effec- . .

tive permittivity is negative in the wide region ranging 3. Numerical demonstrations

from dc to 17 GHz. The effective dielectric loss tan-
gent tan d. = Im(e)/|Re(e)| (also shown in Fig. 4) has
a very large value (tand. > 1) in the range of 10—

In the simulations, the commercial finite-element
based electromagnetic solver (HFSS 11, Ansoft) is
used to optimize the structure so that the MMA ex-
hibits perfect absorption characteristics. The MMA
unit cell is placed within a waveguide structure and

13 GHz. Therefore, the continuous wire under this
condition can absorb most of the incident electric field.
So the ferrite-wire MMA can absorb the incident EM

waves, including the incident magnetic and electric excited by an EM wave with propagation vector k

fields, with a very high absorptivity. along the y axis, electric field vector E along the z
axis, and magnetic field vector H along the x axis, as

shown in Fig. 1. Accordingly, the walls perpendicular

20 /\ Re(e) to the z axis are modeled to be perfect E boundaries,
o / \ — —Im(o) the walls perpendicular to the x axis are modeled to
:é ] / \ tand ] be perfect H boundaries, and the walls perpendicu-
’é 42 20 // lar to the y axis are modeled to be the input/output
g2 » ports. A magnetic bias of 3.2 kOe is applied on the

,;f E ferrite along the z axis.
&é % 0 . The numerically optimized results of the MMA
M are shown in Fig. 5. The powers of transmission
T(w), reflectance R(w), and absorptivity A(w) =
7208 10 19 11 16 18 1 —T(w) — R(w) are presented respectively. The final
Frequency/Ghz structure parameters are d = 2 mm, w; = 0.959 mm,
Fig. 4. (colour online) Calculated theoretical effective wg = 0.909 mm, w3 = 0.585 mm. It can be seen from
permittivity and effective dielectric loss tangent of the wire Fig. 5 that both transmission T(w) and reflectance

bedded in the ferrite slabs. Structural val h .
o eie e erie sans juc tHra’ vatues are chosen R(w) have very small values in the X band and so the
as r; = 0.6 mm, r2 =1 mm, a = 2.5 mm.

absorptivity A(w) has a very large value. The small-
The above analysis provides guidance for achiev-  est value of reflectance R(w) is about 0 at 9.9 GHz,

ing the high absorptivity of the ferrite-wire MMA.  so the MMA can be impedance-matched to the free
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space perfectly. The peak value of absorptivity A(w)
is about 98.2% at 9.9 GHz, and the frequency band
width of A(w) over 90% is about 2.3 GHz. So this
MMA can be called a broadband absorber. We note
that the perfect absorbing frequency band in simula-
tion is lower than the frequency band of theoretical
large tand,, and tand.. This is because the theoret-
ical expressions given in Section 2 are for ideal con-
ditions. The theoretical effective permeability is ob-
tained for the ferrite slab only, and the theoretical
effective permittivity is obtained for the model shown
in Ref. [35]. So the theoretical expressions in this pa-
per only provide the design guidance to achieve the
absorbing characteristics, the optimized numerical re-
sults are more accurate for our MMA.
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Fig. 5. (colour online) Simulated transmission, re-

flectance, and absorptivity characteristics of the ferrite—
wire MMA under a magnetic bias of 3.2 kOe.

Moreover, the absorptivity can be further en-
hanced by adding layers of MMA together.
6 shows the absorptivity characteristic as a function

Figure

of the number of layers. As can be observed, A(w)
rises sharply with the additional layers and approaches
asymptotically to 1. Two layers of the MMA can
achieve an absorptivity of 99.92%. At this thickness,
the entire structure is only A/5 for the center operat-
ing frequency of 9.9 GHz.

In order to demonstrate the magneto-tunability of
the absorbing frequency band, the MMA is simulated
with different magnetic biases. Figure 7 shows the
shift characteristic of the MMA in different magnetic
biases. As shown in Fig. 7(a), the peak absorptiv-
ity and the bandwidth are not changed by the differ-
ent magnetic biases. As shown in Fig. 7(b), the fre-
quency of the peak absorptivity A(w) shifts linearly
from 6.75 GHz to 11.75 GHz as the magnetic bias

changes from 2 kOe to 4 kOe with a linear tuning rate
of 2.625 MHz/QOe. From Section 2, we know that the
tunable characteristics of such a MMA mainly comes
from the tunablility of the ferrite slabs under differ-
ent magnetic biases. We expect that the ferrite-wire
MMA can operate at higher frequencies, such as tera-
hertz and far-infrared frequency bands with a similar
broadband and tunable characteristics by using the

terahertz ferrite films.!45]
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Fig. 6. Absorptivity characteristic of ferrite-wire MMA
as a function of the number of layers.
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Fig. 7. (colour online) Peak shift properties of the absorp-
tivity of the ferrite-wire MMA under different magnetic
biases. (a) The absorption band characteristics under dif-
ferent magnetic biases, and (b) the frequency of the peak
absorptivity as a function of the magnetic bias.
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4. Conclusion

Based on the above theoretical analysis and the
numerical simulation results, we conclude that the
MMA presented in this paper exhibits very exciting
characteristics, such as perfect impedance-match to
the free space, high absorption, broadband, and tun-
able properties. The one layer thickness of such an
MMA is just 2.777 mm (about A/10 for the center op-
erating frequency), and its peak absorptivity is 98.2%.
By adding several absorber layers together, we can
further enhance the absorptivity to near 100%. The
bandwidth with the absorptivity over 90% for our
MMA is about 2.3 GHz, and the band can be linearly
shifted by adjusting the magnetic bias. Furthermore,
the electrical size of each unit cell is just about 0.8,
so it can be modeled as a homogeneous medium. The
ferrites, the copper wire, the FR4 substrate, and the
structural size are all available using the present tech-
niques. All of the above advantages make the MMA
applicable in various areas, e.g., it can be used to de-
sign a perfectly matched layer (PML) for engineering
applications. A higher frequency MMA can also be
achieved by using higher FMR ferrite films.
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