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Properties prescribing and control of the photonic metamaterials operating in microwave fields represents
the main task of our study. Magnetic-dielectric composites of opal (SiO2 matrices or similar), with insertions of
ferrite spinels in the inter-sphere voids (5÷60 nm inclusions, 3–7 vol.%) with insular random/periodic distribution
have been considered. Samples have been analyzed by structural simulation, placed inside a rectangular waveguide,
mode TE10, at frequencies of 20÷40 GHz, for determining the resonance and antiresonances of the electromagnetic
quantities that describe the material behavior. Variations of these quantities have been obtained by changing the
structural parameters of the samples and optimal sets of values have been determined for each composite. The
domains above the resonant/antiresonant frequency, in which the effective permittivity, respectively permeability
are negative have been controlled in order to obtain a wider propagation band. A structure with periodic regular
distribution of the inclusions was studied, realized by introducing pre-polarization periodical UV fields (λ =
200 nm), 2D applied (in cross). Particles molecular coating was applied for maintaining the inclusion positions.
The propagation band became tunable by ferrite control and we report a band increasing of about 40% to 200%,
depending on the ions nature in the ferrite and influenced by the structure capacity of interacting with the microwave
field.
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1. Introduction

The 3D photonic metamaterials with artificial opals
are used in the bottom up technologies of micromachining
for new devices manufacturing, like MEMS applications,
optical modulators; optical sensing, miniature anten-
nae, novel waveguides, subwavelength imaging, nanoscale
photolithography, photonic circuits, etc. [1–5]. The in-
verse opal metamaterials are also used for the energy
storage and communications, in solar cell technology, for
electrochemical energy storage, at supercapacitors, fuel
cells, catalysts [1, 4]. Adaptive nanostructured metama-
terial structures are difficult to be realized in practice
and our study is focused on the design optimization, us-
ing and describing of the new phenomena in order to
synthesizing the metadevices.

2. Simulation principles
of the adaptive nanomaterial

The considered structures represent thin films of
magnetic-dielectric photonic crystals of direct (a), re-
spectively inverse opal (b), with magnetic inclu-
sions. We have studied: (a) matrices of SiO2

nanospheres (diameter 200–400 nm) with inserted
clusters of ferrite spinels (polycrystalline, with spa-
tial dimensions of 5–60 nm and grains of 5–
12 nm): MnxCo0.6−xZn0.4Fe2O4, NixCo0.6−xZn0.4Fe2O4,
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LaxCo0.6−xZn0.4Fe2O4, NdxCo0.6−xZn0.4Fe2O4, (x =
0 . . . 0.5) in the inter-sphere voids (5÷ 60 nm inclusions,
3–7 vol.%); (b) matrices of: SiO2, TiO2 and CeO2,
with voids of 100–280 nm (lower at SiO2, higher val-
ues for TiO2) having spinel inclusion of Ni0.5Zn0.5Fe2O4

or Co0.5Zn0.5Fe2O4, where the giant magnetic antireso-
nance phenomenon is present [4, 6]. The lattice constant
of opals, a, is of thousands of nanometers (e.g.: for SiO2

inverse opal, a is about 2300 nm, with spheres of 400–
600 nm and void of about 200 nm). The ordered struc-
tures of opals are illustrated in Fig. 1. The particularities
of different methods of introducing inclusions in opal have
been considered in our study (impregnation, nanoparticle
melts or solutions, etc.), for describing inclusions insular
distribution.

Fig. 1. Ordered structure of opals with inclusions:
(a) graphical representation of the direct opal structure;
(b) inverse opal.

The ferromagnetic resonance frequency (the maximum
of absorption, for the AC field applied at the Larmor fre-
quency) for metamaterial samples can be estimated with
the Kittel formula [1, 7]:
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f0[SI] = γ
√
(H= +Ha) (H= +Ha +MS) (1)

where MS [A/m] is the saturation magnetization,
Ha [A/m] is the anisotropy field and γ = 2.8 GHz/kOe is
the gyromagnetic ratio. The external bias magnetic field
H= was taken in range of 0÷ 20 kOe.

The ferromagnetic antiresonance occurs when the real
part of the magnetic effective permeability for the com-
posite material vanishes: µ′eff = 0 and the imaginary part
µ′′eff has low a value (an accentuate propagation maxi-
mum occurs [4]). The ferromagnetic antiresonance pul-
sation, ωFMAR is given by [4, 6]: ωFMAR = ωM + ωH≈,
where ωFMAR = 2πfFMAR, ωM = 4πγMS .

Fig. 2. Simulational set-up: microwave waveguide
with the composite material sample, operating in the
TE10 mode; H= is the prepolarizing field of the sample.

The eigenmode solver of the High Frequency Structure
Simulator and a proper algorithm proposed by us were
used for the resonant/antiresonant frequencies determi-
nation. A matrix equation is solved: Ŝ ·x+ k2

0T̂ ·x = b,
where the solver sets the source field vector b to zero.
Ŝ and T̂ matrices depend on the geometry and the
mesh defined for the finite element method (FEM); x
is the electric field vector solution; k0 is the free-space
wave number corresponding to that x mode and b is the
value of the source (field vector) defined for the prob-
lem. Equation is solved for different sets of (k0, x),
one for every x.

For resonances/antiresonances determination, analysis
was performed at 20 ÷ 40 GHz, for metamaterial sam-
ple inside a rectangular waveguide [3], propagation mode
TE10, with a DC pre-polarization field H= of 0÷ 20 kOe
(Fig. 2). Frequency dependent electromagnetic param-
eters (electric permittivity εeff , magnetic permeability
µeff , conductivity σ) have been determined. We have fo-
cused on the frequency domain where propagation occurs
(the refractive index n > 0, k2 > 0, while ε′eff < 0 and
µ′eff < 0) and the backward-wave propagation is char-
acteristic for the samples [2, 3], domain referred here as
propagation band.

3. Results and discussion

Frequency dispersion of the effective permeability and
permittivity has been represented on parametrical curves
and their extreme behavior was observed under the test-
ing field. In Fig. 3 we have given the real part of the per-
mittivity/permeability, represented in the indicated evo-
lution area, for considered material combinations, num-
bered in Table I. Resonances/ antiresonances can be ob-
served on graphs.

Fig. 3. Frequency dispersion of the effective perme-
ability and permittivity (real parts) for the consid-
ered metamaterials with direct/ inverse opals. Reso-
nances/antiresonances can be observed on graphs.

The control parameters have been identified like: in-
clusions concentration, particle inclusion size, different
content of the magnetic ions in the ferrite inclusion, para-
magnetic ions in the inclusion ferrite, substrate viscosity,
the applied pre-polarizing field, etc.

The resonances analysis indicated us the results given
in Table I, obtained from simulation, respectively by the-
oretical calculation. Phenomenon is used for microwave
devices controlled by a magnetic field, working on the
basis of resonant or antiresonant phenomena, like atten-
uators, filters, etc.

We have selected the frequency domains above the an-
tiresonance (to avoid the drop of absorption), starting
from its vicinity, in which ε′eff , respectively µ

′
eff are nega-

tive (Fig. 4). We have studied the possibilities of super-
imposing these domains, in order to extend the propaga-
tion band.

Our studies have demonstrated the widest propagation
band for metamaterial structures with an insular distri-
bution of the spinel nanoparticles, periodic arranged in
the opal substrate. Pre-polarization periodical UV fields
(λ = 200 nm) have been applied 2D (in cross) for parti-
cles leading on their positions corresponding to the field
maxima. A molecular coating, magnetic inactive, en-
sures the particles electrostatic rejection for keeping po-
sition. The results obtained with a random versus peri-
odic distribution of the inclusion are presented in Fig. 4.
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TABLE I

Simulation determined values for resonant/antiresonant frequencies for the analyzed metamaterial samples (thin films of
opal matrices with ferrite inclusions). Theoretical predicted values are given for comparison

No. Opal Ferrite inclusion
fFMR sim. [GHz]/
fFMR th. [GHz]

fAFMR sim. [GHz] /
fAFMR th. [GHz]

1 SiO2 MnxCo0.6−xZn0.4Fe2O4 31.5/31.2 –

direct opal
structures

2 SiO2 NixCo0.6−xZn0.4Fe2O4 31.6/31.3 –
3 SiO2 LaxCo0.6−xZn0.4Fe2O4 30.9/30.6 –
4 SiO2 NdxCo0.6−xZn0.4Fe2O4 31.1/30.8 –

5 SiO2 Co0.5Zn0.5Fe2O4 34.9/34.7 33.9/33.8

inverse opal
structures

6 SiO2 Ni0.5Zn0.5Fe2O4 32.3/32.0 31.3/31.2
7 TiO2 Co0.5Zn0.5Fe2O4 23.8/23.5 21.4/21.1
8 CeO2 Co0.5Zn0.5Fe2O4 24.9/24.7 23.8/23.5

For this kind of structures, the frequency domain in
which the effective electric permittivity is negative could
be very wide. The frequency domain in which the ef-
fective magnetic permeability is negative being always
finite, imposed by the ferrite resonance/antiresonance,
the large domain of negative permittivity can ensure
a propagation band dependent preponderant on ferrite
properties and consequently tunable directly by ferrite
control.

Fig. 4. Illustration of the propagation band at frequen-
cies above the antiresonance for the considered inverse
opal metamaterial structures. The materials are de-
noted with numbers like in Table I.

4. Conclusion

The resonant/antiresonant phenomena which repre-
sent particular cases of wave propagation through the
composed metamaterial samples (opal with ferrite inclu-
sions) have been analyzed by structural simulation. Su-
perimposing of the domains with negative electromag-
netic parameters (permeability, permittivity) was en-
larged by tuning the control parameters of the struc-
tures, internal and external. Optimal results have been
obtained for sets of correlated parameters, by an original
method developed in our study. E.g. for the SiO2 opal
with NixCo0.6−xZn0.4Fe2O4 ferrite inclusions, the recom-

mended inclusions concentration is of 4.2. . . 4.8%, parti-
cle inclusion size (polycrystalline ellipsoidal clusters long
axis) of 20. . . 30 nm, content of the magnetic ions in the
ferrite inclusion x = 0.4, the applied pre-polarizing field
H= of 20 kOe. Sets of optimal parameter are available
for each structure. For the structures with inverse opals,
the frequency domains above the antiresonant frequency,
starting from its vicinity, in which εeff , respectively µeff

are negative, superimpose wider when we have an insu-
lar periodic distribution of the spinel nanoparticles in the
opal substrate. We report an increasing of about 40% to
200% for the propagation band, depending on the ions
nature in the ferrite and structure capacity of interacting
with the microwave field.
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