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Abstract. Photonic metamaterials consisting of artificial opal with
magnetic inclusions were considered, used in controllable microwave
electronic devices. The analyzed structures consist of matrices of SiO2
nanospheres (diameter 200 - 400 nm) with included clusters of ferrite
spinels (MnxCo0.6-xZn0.4Fe2O4, NixCo0.6-xZn0.4Fe2O4, LaxCo0.6-xZn0.4Fe2O4,
NdxCo0.6-xZn0.4Fe2O4) in interspherical nanospacing (4 ÷ 7%
concentration). The ellipsoidal clusters are polycrystalline, with spatial
dimensions of 20 – 30 nm and grains of 5 – 12 nm. A controlled wave
absorption was obtained in these high inductivity structures. Evolution of
the wave attenuation coefficient, α[dB/m], in function of the applied
magnetic field and particle inclusion size, for different content of the
magnetic ions in the ferrite inclusion, have been determined at frequencies
around the samples ferromagnetic resonance, by structural simulation. The
test configuration was: sample inside the rectangular waveguide, mode
TE10, in the frequency range 24 ÷ 40 GHz. The polarizing magnetic field
for the ferrites was tested in the range of 0 ÷ 20 kOe and minimized by
modifying the structure. The metamaterial design optimization was
realized, controllable by different parameters at structure level. The
ferromagnetic resonance influence on the control process was pointed out
and also the particular results and effects which can be induced by the
resonant behavior.

1 Introduction
Electromagnetic wave propagation through the new photonic metamaterials occurs in
special conditions, considering the periodic variation of the dielectric constant or refraction
index in these nanomaterial structures [1]. A large area of application characterizes these
metamaterials, because the structures can be adjusted and controlled, in the fields of
optoelectronics, communications, sensing devices and biological devices, and also energy
storage (thermophotovoltaics, electrochromic and resonant processes, etc.) [2, 3]. We have
studied here photonic metamaterials consisting of artificial opal with magnetic inclusions,
used in controllable microwave electronic devices like attenuators, phase shifters, etc.
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1.1 Artificial opal in photonic metamaterials – special properties
The analyzed structures consist of matrices of SiO2 nanospheres (diameter 200 to 400 nm)
with included clusters of ferrite spinels in interspherical nanospacing (4 ÷ 7%
concentration). The ellipsoidal clusters in the inter-sphere voids are in polycrystalline
phase. Structure properties depend on ferrite nature, concentration of the magnetic ions in
the ferrite, ferrite lattice properties, grain dimensions and dimensions of the polycrystalline
inclusions and, in the same time, depend on the nanosphere voids dimensions and the
applied fields.
High inductivity structures were obtained and the ferrite inclusions confer to the
nanocomposite properties like high resistivity, low dielectric loss, high Curie temperature,
chemical stability [2, 4].
A ferromagnetic resonance occurs, depending on the inclusions nature and linked by the
magnetic polarizing field H=. By studying the material behavior close to resonance, some
maxima and minima of the material properties can be pointed out, occurring at particular
values of the physical and geometrical parameters of the samples or of the applied fields.
1.2 Theoretical considerations
We have to consider that the attenuation, α, of the electromagnetic waves propagating in a
lossy medium is given by the expression [2]:
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(1)

where the wave pulsation ω = 2πf; f is the frequency; ε = ε’ + jꞏ ε” is the electric
permittivity of the medium; µ = µ’ + jꞏ µ” is the magnetic permeability; j is the imaginary
unit and σ is the material conductivity. The effective permittivity and permeability of the
metamaterial samples can be determined and varied with help of the 3D simulator.
The total wave attenuation can be written as:
Atenuation [dB ]   [dB / m]  l [m]

(2)

Where the wave attenuation coefficient, α [dB/m] has to be multiplied with the sample
length l along the wave propagation direction. Attenuation dependence will be studied in
function of different parameters and also close to the ferromagnetic resonance.
The ferromagnetic resonance frequency (FMR) for metamaterial samples can be
estimated with Kittel's formula [2, 5]:
f 0 [ SI ]  

H   H a  H   H a  M S 

(3)

Where MS represents the saturation magnetization, Ha = the anisotropy field and γ = 2.8
GHz/kOe = the gyromagnetic ratio. The external bias magnetic field H= was taken in range
of 0 ÷ 20 kOe in the case of the analyzed metamaterial samples with ferrite inclusions.

2 Wave absorption control – results and discussions
Analysis of the artificial opal with magnetic inclusions was performed by structural
simulation method, using the HFFS program. The internal structure was reproduced with
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help of the 3D simulation tool, based on the real lattice model (Figure 1). The composed
metamaterial structure consists of matrices of SiO2 nanospheres (diameter 200 to 400 nm)
with included clusters of ferrite spinels in interspherical nanospacing (4 ÷ 7%
concentration). The ellipsoidal clusters in the inter-sphere voids are in polycrystalline
phase, with spatial dimensions of 20 – 30 nm and grains of 5 – 12 nm. Spinel combinations
MnxCo0.6-xZn0.4Fe2O4, NixCo0.6-xZn0.4Fe2O4, LaxCo0.6-xZn0.4Fe2O4, NdxCo0.6-xZn0.4Fe2O4
spinels have been considered.
tetrahedral
site
A site ions
B site ions
O ions

100 nm

octahedral
site

1µm

a)

b)

Fig. 1. a) The 3D structure of the 111 face of the silicon opal photonic crystal (after Kurdyukov &,
2017, Springer, ISBN 3319564226); b) the spinel structure (source: All ‘Bout Chemistry,
http://www.chemohollic.com/).

The spinel structure (AB2O4) is essentially cubic, with the O- ions placed in an fcc
lattice. The metallic cations occupy 1/8 of the tetrahedral sites and 1/2 of the octahedral
sites. The unit cell presents 32 O- ions [4]. We have considered Fe ions in the B sites and
the A sites are occupied by magnetic (Co, Ni) or non-magnetic ions (Mn, Zn, La, Nd), in
order to obtain spinels with different properties for analysis.
2.1 Simulation set-up
The test configuration of the metamaterial samples is presented in Figure 2.

Fig. 2. WR-28 Waveguide with material sample, operating mode TE10.
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Sample is placed inside the rectangular waveguide (WR-28, a x b = 7.112 x 3.556 mm),
mode TE10, in the frequency range 24 ÷ 40 GHz (Ka band). The bias magnetic field H= for
the ferrites is in the sample plane, parallel to the microwave electric field E≈. The
microwave field propagates transverse of the metamaterial sample, which fills the crosssection of the waveguide and has a thickness d. The polarizing continuous field H=, was
considered in the range of 0 ÷ 20 kOe. The task of minimizing the H= value in order to
control and diminish the wave absorption in metamaterial was an objective of study.
Structure modification and exploiting the resonance vicinity have been the methods of
work.
2.2 Results for the wave absorption in metamaterial
A controlled electromagnetic wave absorption was obtained in these high inductivity
structures. Evolution of the electromagnetic wave attenuation coefficient, α [dB/m], in
function of the applied magnetic field and particle inclusion size, at frequencies around the
samples ferromagnetic resonance have been determined by structural simulation and
represented on graphs. Parametrical curves have been obtained for the frequencies: 24, 28,
32, 36, and 40 GHz. Graph for the attenuation coefficient, α [dB/m], in function of the
applied magnetic field H=, for samples with different content of the magnetic ions (Co in
particular) in the ferrite inclusion are given in Figure 3.

Fig. 3. Wave attenuation coefficient dependence on the applied magnetic field H=, for different
content x of the magnetic ions in the ferrite inclusion. Particular curves evolution with frequency was
indicated on graph.

One observes that the materials having ferrite inclusions with two magnetic ions in the
structure (Ni, Co) present the highest attenuation of the electromagnetic wave, due to the
stronger interactions between the internal and the crossing field. In the same time, at the
same category of samples, by varying the magnetic ions content in ferrite, we can vary the
attenuation.
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But, when the attenuation minimum shifts at lower bias fields, the attenuation increases.
Lower attenuation values can be obtained for inclusion ferrites with lower magnetic ions
content, having different paramagnetic ions in the formulae (Nd, La, and Mn).
Ferromagnetic resonance for the material samples occurs between 32 and 36 GHz, as is
was reported in literature [2, 4]. In this frequency region, the normal decreasing variation of
the attenuation coefficient with H= field presents tendencies of minima, indicated by
simulation method, which cannot be described by theoretical calculation. The position of
these minima helps us to make correlation between the structural parameters in order to
minimize the necessary bias field for the ferrite. Graph for the attenuation coefficient, α
[dB/m], in function of the particle inclusion size (ellipsoidal polycrystalline inclusions long
axis) are given in Figure 4.

Fig. 4. Evolution of the wave attenuation coefficient α [dB/m], in function of the particle inclusion
size. Curves are parametrical, represented for different operating frequencies in the resonance
frequency region.

A slow decreasing with exponential allure for propagating wave attenuation, when
inclusion particles are bigger, can be observed, which can be mathematically described. At
frequencies over the ferromagnetic resonance a tendency of more accentuate decreasing of
attenuation can be evidenced, in comparison with the theory predictions of continuous
exponential decay. We have to notice that we can count on this accentuated decay only at
frequencies superior to the resonance. Lower frequency waves (in the considered interval)
are attenuated more because wave interaction processes with internal structure (like the
multiple Bragg diffraction and scattering [6]) occur preponderant at these frequencies.

3 Properties control - discussions and conclusions
Variation of the content of the magnetic ions in the ferrite inclusion influences the
characteristics of the parametrical curves. Wave attenuation generally increases in the case
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of inclusions with high magnetic moment. Paramagnetic ions in the inclusion ferrite can
decrease the wave attenuation, by decreasing the magnetic moment which interacts with the
propagating field [7, 8, 9, and 10]. Structures have been designed in order to obtain a bias
magnetic field for the ferrite inclusions as low as possible. The attenuation can be
controlled with help of this polarizing magnetic field. The ferromagnetic resonance
influence (occurring in the interval of 32 – 36 GHz, depending on the inclusions) on the
metamaterial control process was pointed out and also the particular results and effects
which can be induced at frequencies close to the resonance.
Our simulation method indicates a strategy for design optimization, in the case of the
magnetic metamaterials structured like 3D-nanocomposites, controllable by different
parameters at structure level. The presence of the ferromagnetic resonance influences the
control process of the metamaterial performances, especially at frequencies close to the
resonance. The polarizing magnetic field for the ferrites inclusions can be minimized by
modifying the structure, also considering these effects due to the metamaterial particular
behavior in conditions close to resonance occurring. The controlled metamaterials
consisting of artificial opal with ferrite nanometric inclusions can be used at the attenuators,
phase shifters and other devices designed for millimeter wave applications. They can be
included in the category of the high frequency devices, manufactured with novel
nanotechnologies, controlled by a magnetic field.
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