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We report on the experimental verification of isotropy and polarization properties of high-permittivity
metamaterial composed of cubic ferroelectric resonators. Barium strontium titanate (BST) with permittivity as
high as 850 is used as ferroelectrics material so that the metamaterial condition is fulfilled. The isotropy was
investigated via the scattering of an electromagnetic wave under tilted incidence. From the experimental data,
we observed that the magnetic resonance, at 8.6 GHz for a millimeter cube size, is independent of the incidence
angle for the TM and TE polarizations. For the latter, however, an extra dip in the transmittance at higher
frequency (10.7 GHz for a period of 1.2 mm), not evident under normal incidence, is found. By comparing the
full wave simulations of microstructured and homogenous metamaterial slabs it is shown that the electromag-
netic response is independent of the underlying structuring technique. On this basis, we verified that this extra
dip, theoretically predicted by [Koschny et al., Phys. Rev. B 71, 121103(R) (2005)] for a three-dimensional
split ring resonator technology, results from the permeability dispersion characteristics of BST cubes, with zero

transmittance at the magnetic plasma frequency.
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I. INTRODUCTION

Since the experimental demonstration of the left handed-
ness of split ring resonator (SRR) and wire arrays with si-
multaneous  negative  values of permittivity and
permeability,'~ the realization of an isotropic metamaterial,
with electromagnetic properties independent of wave polar-
ization, has attracted much attention, with notably the pros-
pect of a perfect lens.’ Shelby et al® have investigated a
two-dimensional isotropic left-handed metamaterial (LHM)
by arranging SRR/wire in an orthogonal lattice. Koschny
et al.” numerically studied the transmission property of an
isotropic LHM composed of a multigap symmetric SRR and
crossing wires. However, the intrinsically anisotropic prop-
erties of SRR, due to its planar configuration, have restricted
greatly the practical realization of these three-dimensional
isotropic metamaterials. On the other hand, the Ohmic losses
in metallic inclusions also limit the suitability of this tech-
nology at very high frequency notably at Terahertz frequen-
cies.

An alternative for the fabrication of an isotropic metama-
terial is to employ very high dielectric constant materials on
the basis of the so-called Mie resonance. In fact, several
theoretical analyses showed that high dielectric spheres®~'0
or cylinder'' can create single or double negative media.
Popa and Cummer'? have shown that a dielectric magnetic
resonator has the significant advantages of low loss and sim-
ply geometry in comparison with a typical SRR. A recent
experimental demonstration of negative refraction, in a
wedge-type prototype composed of dielectric cylinders, was
published in Ref. 13. Zhao et al.'* experimentally studied a
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negative permeability metamaterial based on Bag ;SrysTiO5
(BST) cubes which was subsequently associated with wire
array to provide a passband with double negative effective
parameters. Despites these works paved the way for full di-
electric approaches to realize metamaterial, an analysis of
their isotropy and polarization properties is still lacking.

In the present paper, we report on an experimental study
of the isotropy and polarization conditions of an artificial
magnetic metamaterial fabricated with arrayed high permit-
tivity (er~ 850) ferroelectric BST cubes. Scattering param-
eter measurements were conducted under normal and tilted
incidences at microwave for millimeter-sized cubes. The
analysis of the complex transmittance experiments was car-
ried out by full-wave finite-element calculation notably by
comparing the results of a microstructured material and of its
homogenous counterpart. The isotropy of the electromag-
netic characteristics of the magnetic resonant mode was veri-
fied experimentally whatever the polarization condition,
showing a weak impact of the corner effect of cubes. Sur-
prisingly for the transverse electric (TE) polarization and for
tilted incidences, an extra dip in the transmittance was found.
The analysis of this extra feature reveals that it results from
the same effect for three-dimensional (3D) SRR arrays as
predicted theoretically in Ref. 7, i.e., a zero transmittance
occurs at the magnetic plasma frequency. Basically, this ef-
fect results from the finite dimension of the slab in the propa-
gation direction and it disappears under normal incidence.
Therefore, the frequency dependence on the dispersion char-
acteristic of constitutive materials gives a means to decouple
the polarization-independent ground magnetic response from
the polarization-sensitive one.
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II. NUMERICAL ANALYSIS

For the practical realization of the BST ferroelectric in-
clusion fabricated by casting and dicing techniques,'* a cubic
cell was chosen rather than a spherical one. The barium con-
centration which determines the Curie temperature was 50%
(Bay 5Sr 5TiO3). The ferroelectric ceramic permittivity, mea-
sured by a conventional resonance perturbation method, was
close to one thousand at room temperature. The BST cubes
were arrayed, with a pitch of 1.25 mm, by using a Teflon host
substrate whose relative permittivity is low (g,=2.1). Under
this condition with a high difference between the permittivi-
ties of BST cubes and host substrate, most of the electromag-
netic is confined in the dielectric cubes. This is a necessary
condition to operate in the long-wavelength regime so that
the metamaterial condition is satisfied. In other words, the
resonance gap is at much lower frequencies than the Bragg
one. The lowest order resonant mode frequency of a cubic
dielectric resonator can be expressed by!>!6
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where ¢ is light velocity in vacuum, €, and w, are the rela-
tive permittivity and permeability of dielectric cubes, and / is
the side length of the cube. In the experiment, we chose a
type of BST with a relative permittivity of 850+ 25i, which is
doped by 5 wt % MgO.!” A value of the permittivity of 850
was measured at 2.4 GHz. We kept this value constant at the
frequency of interest around 9 GHz on the basis of relaxation
mechanisms which take place at Terahertz frequencies.'® The
side length of the cube [ after dicing is 0.9 mm. Thus, the
first-order resonant frequency is estimated around 8.1 GHz
from Eq. (1).

For the design and interpretation of the experimental data
we used the finite-element simulation code commercialized
by Ansoft, high-frequency structure simulator (HFSS). Figure
1 illustrates (a) the condition of simulation of a basic cell and
(b) of its homogeneous equivalent. As shown in Fig. 1, the
incidence of electromagnetic plane was characterized by two
angles: the incidence angle € between the wave vector k and
surface normal to the slab and the angle ¢ between the pro-
jection of k and a reference side of the sample. For the cal-
culations of the transmittance complex amplitudes (scatter-
ing parameter S,;), for any incidence angle, we used the
so-called Floquet port and master slave boundaries available
in version 11 of the code.

The periodicity of the basic unit cell (¢=1.25 mm) is
approximately 25 times smaller than the incident wavelength
in free space at the frequencies of interest. This allows us to
consider the dielectric inhomogeneous structure as a homog-
enous one by using effective medium theory. To this aim, we
computed the scattering parameters of a basic cell under a
normal incidence, according to the boundary conditions out-
lined above, when 6 and ¢=0. The scattering parameters
were then converted into effective parameters by using an
inverse algorithm.!*-2!

Figure 2 shows the retrieved effective w(w) and &(w) for
a ferroelectrics cubic array whose dimensions are listed in
the caption of Fig. 1. The effective permeability u(w) for the
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FIG. 1. (Color online) (a) Model of a full dielectric metamaterial
consisting of BST cubes under oblique incidence. The geometry
dimensions of the elementary cell are: /=0.9 and a=1.25 mm.
Teflon (¢=2.1 tan §=0.001) was chosen to host the BST dielectric
cubes. Floquet ports and master and slave periodic boundaries (HFSS
code) are used. (b) Schematic of a model for a homogenous dielec-
tric metamaterial. The dielectric and magnetic material properties
are defined by using the effective permittivity and permeability de-
picted in Fig. 2. (¢) Zoom view of circular displacement currents
induced by an external magnetic field around the magnetic-
resonance frequency, w,,=9.0 GHz.

high-permittivity metamaterial exhibits a Lorentz-type dis-
persion characteristics with a resonance frequency around
9.0 GHz. The effective permeability is negative up to the
magnetic plasma frequency, w,,,, at 10.6 GHz. From the dis-
placement currents map as shown in Fig. 1(c), it can be veri-
fied that the artificial magnetism found here results from a
resonant magnetic dipole within the corresponding current
loop.?? Therefore, this effect is quite comparable to the one
pointed out in SRR by replacing conductive current by dis-
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FIG. 2. (Color online) (a) Effective permeability and (b) permit-
tivity of the dielectric metamaterial under normal incidence.
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placement current. The main and important differences are,
however, that the very strict polarization condition (H direc-
tion normal to the SRR plane) and symmetry configuration
(multigap scheme), which have to be satisfied for the planar
SRR structures, are here relaxed by the simple use of a di-
electric cube. In addition it is worth mentioning that contrary
to the split ring resonator scheme where a single or multislot
configuration was introduced, the basic cell was made of a
bulk ceramic cube and hence without any slot or trench ex-
plaining the resonance pattern displayed in Fig. 1(c).

Compared to the magnetic-resonance frequency predicted
by Eq. (1), there is a discrepancy around 10%. From Fig.
1(c), it can be shown that circular-type currents quite similar
to those of infinite cylindrical dielectric rods'' may break out
the square-shape constraints.'3 This can lead to smaller ap-
parent confinement condition via €, and / and hence to higher
resonant frequency. In addition, this is a first clue that the
square shape should have a weak impact on isotropy proper-
ties. The frequency dependence of the effective permittivity
is almost constant except an antiresonance feature at 9.0 GHz
with an unphysical negative value of the imaginary part as a
result of periodicity effects.”? Let us note that a physical
permittivity response could be obtained at higher frequencies
therefore for a second-order mode.”!*

In order to assess the sensitivity of a metamaterial slab to
an arbitrary incidence angle and polarization, two fundamen-
tal operating modes were defined, TE and TM, respectively.
They correspond to a polarization direction either of the elec-
tric field or the magnetic field parallel to the dielectric slab,
with various 6 angles (see inset of Fig. 1). Figure 3 shows
the calculated transmission spectra for a one-row slab for
various incidence angles between 0° and 60° and for both
polarizations TE and TM. For the normal incidence, a dip
occurs at 9.1 GHz, corresponding to the magnetic resonance
as illustrated in Fig. 1(c). When the incidence beam k vector
is misaligned with respect to the surface normal, the
magnetic-resonance dip position and magnitude is practically
unchanged at least up to 45° for the amplitude. This result
reveals an independence of the ground magnetic resonant
mode on incidence direction and on polarization. The overall
increase in the insertion loss at large angle incidence is ex-
plained by the use of one-row slab with an increasing in-
volvement of neighbor cubes. Despite the square-shaped di-
electric structure, the scattering parameter S,; was found
independent of ¢ (not shown here) whatever the polarization
and incidence angle. This is in agreement with the numerical
results of SRR cubic lattice simulations reported in Ref. 7.
An important difference exists between both polarizations
with the appearance of a transmission dip, here around 10.7
GHz, for off-normal axis incidences.

In order to show that this extra zero of transmission is
quite general and is independent of the structuring technique,
we simulated the transmission spectra for a homogenous slab
characterized by using the effective permeability and permit-
tivity reported in Fig. 2. The transmission results of homog-
enous and microstructured cases were plotted by a solid line
and hollow circles in Fig. 3, respectively. A very good agree-
ment was obtained showing the possibility to treat the micro-
structured array as a homogenous one. More importantly, an
extra dip is also apparent around 10.7 GHz giving some evi-
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FIG. 3. (Color online) Transmission spectra for a single layer of
dielectric negative permeability metamaterial under various inci-
dence angles 6 (¢p=45°) and modes (TE and TM).

dence that this extra transmission feature results from the
intrinsic dispersion of the effective parameters rather than
structuring. The slight discrepancy (blueshift of the charac-
teristic frequency of the second dip for the microstructure)
stems from the invariance of the permeability dispersion
characteristic for a homogenous layer contrary to a compos-
ite device.’

A similar dip in the transmittance was already predicted
theoretically in the literature by numerically studying the fre-
quency response of negative magnetic artificial media. It was
thus shown that this phenomenon is due to a zero in the
permeability dispersion w(w) around magnetic plasma
frequency.’ Indeed for a homogenous slab with permittivity
€ and permeability u, the dispersion relation is
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FIG. 4. (Color online) Transmission spectra for a layer of di-
electric negative permeability metamaterial along three principal
directions (x, y, and z) of a cube cell by considering TE and TM (b)
modes with lattice [(a), (b)] a=1.25 and [(c), (d)] a=2.0 mm,
respectively.

K+ ki = kgep, )

where k is the wave vector in vacuum, k, and k; are the
wave-vector components perpendicular and parallel to the
surface of the slab, respectively. The analytical transmission
amplitude T can be expressed’

T'=cosk,d—(i/2)({+1/)sin k  d, (3)

where d is the slab thickness, and {=uk/k, for TE mode and
{=¢k/k, for TM mode respectively. When u(w) for TE
mode or &(w) for TM equals zero, the inverse of the trans-
mission 7-! diverges by the prefactor of the second term,
yielding a vanishing transmission for off-normal incidence.
In case of normal incidence the divergence is compensated
by the vanishing term &’ =k§s M. A verification of this inter-
pretation can be achieved by checking that the extra dip in
Fig. 3 in the TE transmission spectra is at the magnetic
plasma frequency, w,,,, where the dielectric resonator exhib-
its zero permeability (Fig. 2).

Before considering the experimental verification of the
dispersion effects pointed out above, it seems interesting to
study the lattice conditions of insensitivity to incidence and
polarization. Toward this goal, Fig. 4 compares the transmis-
sion spectra along three principal axes of the cube, namely,
[100] (6=0, ¢=0), [101] (6=0, ¢$=45°), and [111] (6=45°
¢=45°) for two values of lattice constants, 1.25 and 2.00
mm, respectively. By comparing the transmission spectra it
can be noticed that the two dips are much closer for the TE
polarization when the lattice is increased 2.00 mm, thus start-
ing the formation of a gap at increasing incidence angle.
Importantly, for each lattice, the magnetic-resonance fre-
quency of dielectric resonator is independent of the inci-
dence angle and polarization.

According to the aforementioned interpretation, the fre-
quency corresponding to the second zero transmission is re-
lated to the magnetic plasma frequency, w,,,, that depends on
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Dielectric metamaterial layer

FIG. 5. (Color online) (a) Schematic view of experimental
setup. The front view of a dielectric metamaterial sample consisting
of BST cubes in a square lattice. The single layer is rotated around
the x and y axes to measure the transmittance for (b) TE and (c) TM
modes with various incidence angles 6 (¢=0°), respectively.

the filling factor and on the resonance frequency w,, by the
relation.>!2

1
Oy = T——=0,,s (4)
r VI-F

where F :% is the area filling factor of the magnetic resona-
tor. On this basis, it is expected that the second dip in the
transmission spectra of TE mode changes with the periodic-
ity. By decreasing the filling factor via a change in the peri-
odicity (2.00 mm rather than 1.25 mm) the second dip is
dramatically decreases to 9.86 GHz for TE mode so that a
bandgap appears. This further confirms our assumption that
the second dip is arising from the vanishing permeability at
magnetic plasma frequency and shows the importance of the
lattice constant.

III. EXPERIMENTAL RESULTS

As shown by the simulations results stated above, the fre-
quency positions of the first and second dips for TE mode
will be closer when the elementary cell periodicity becomes
larger. This may somewhat bring some difficulties in distin-
guishing the two dips for an experimental assessment. As a
consequence, we chose a periodicity (1.25 mm) exceeding
slightly the cube size (0.9 mm) for experiment which was
carried out with a one row-layer prototype as depicted in Fig.
5. Ideally, transmission measurements should be performed
in free space as performed recently for bulk array of SRR-
type metamaterials.”*?> In the present case of millimeter-
sized high-permittivity cubes operating at centimeter wave-
lengths, this would require that the lateral dimensions of the
sample under test exceed the wavelength of interest and con-
sequently more than several thousand dielectric cubes which
were not affordable owing to the fabrication techniques we
used. As a consequence, we performed the measurement by
using a parallel plate setup which has been extensively used
in metamaterial characterizations.>%2® A schematic of the set
up is shown in Fig. 5(a). A single layer of dielectric metama-
terial, composed of BST cubes embedded into a Teflon tem-
plate, was clad by two absorbers on each side in order to
eliminate spurious reflections. The incident beam is gener-
ated by the flange of a hollow waveguide (in practice a
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FIG. 6. (Color online) The simulated [(a), (c)] and experimental
[(b), (d)] oblique transmission spectra for the single layer of dielec-
tric metamaterial with TE and TM modes.

coaxial-waveguide adapter) rather than a horn. The spatial
extension of the wave was controlled by absorbing layers as
illustrated in Fig. 5(a). From the simulation results reported
above, it was found that the scattering amplitude of the cubic
dielectric resonator is independent of the angle ¢ between
the incidence plane and cube edge. This makes the experi-
mental measurement more simplified, and hence only the
case ¢=0° was considered. To perform measurements under
oblique incidence, we rotated the metamaterial layer along
the x (the direction of E field) and y axes (the direction of H
field) for the transmission spectra of TE and TM modes,
respectively, as shown in Figs. 5(b) and 5(c). The complex
transmission data were recorded by using a HP8720 ES Vec-
torial Network Analyzer.

Figure 6 shows the experimental and calculated transmis-
sion spectra recorded between 8.0 and 12.0 GHz. For a nor-
mal incidence the dielectric metamaterial shows a transmis-
sion dip at 8.6 GHz, and thus with a slight discrepancy with
respect to the simulated results. Afterwards, it was checked
that the periodicity of the template fabricated by conven-
tional micromachining technique exhibits a slightly smaller
periodicity (closer to 1.1 mm) explaining why the resonant
frequency is shifted to a lower frequency by proximity ef-
fects. In addition, some dispersion on the cube size was
found with, however, a nominal value close to 0.9 mm. An
unexpected minor dip occurs at 10.7 GHz, not found in the
simulations for normal incidence. From the phase front illus-
trated in the schematic of the experimental setup, it can be
noted a strict normal incidence of a plane wave is solely
preserved in the middle region of the channel. In contrast,
slightly tilted incidences of the electromagnetic waves can-
not be avoided in the side areas. This explains why a slight
dip appears at the magnetic plasma frequency under normal
incidence with an imperfect cancellation of w by k, [Eq.
)]

When the metamaterial layer is rotated along the x axis,
the electric field of the incidence beam is always parallel to
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the layer surface, equaling to the oblique incidence of the TE
mode. As seen in Fig. 6(b), the second dip becomes more
and more visible and its strength increases upon the tilted
angle 6, becoming comparable to that of the first dip when
0=45°. In contrast, the minor extra dip also shown for the
TM polarization is unchanged for the measurement, further
confirming the imperfection of the plane-wave excitation. On
the basis of an overall good agreement with the calculations,
a relative insensitivity of the first rejection at the magnetic-
resonance frequency is here pointed out for both TE and TM
modes.

To our knowledge, the effect of polarization on magnetic
single negative media was predicted theoretically for a SRR
technology but not experimentally assessed.

Compared to the SRR approach whose fabrication for an
isotropic metamaterial is very challenging, the full dielectric
approach has the advantage of a simpler geometry and no
requiring a patterning stage. It is also worth mentioning that
the achievement of a magnetic Mie resonance does not re-
quire an additional structuring stage such as a split which is
commonly used starting from a closed ring in a metal dielec-
tric technology. The latter thus requires balancing the aniso-
tropy induced by the slot by patterning, for instance, Omega-
type metal inclusion in a back-to-back configuration.’’ On
the other hand, we learnt that the use of cubic inclusions
instead of spherical ones as proposed®'? in previous works
is not a handicap with respect the isotropic properties greatly
facilitating the fabrication process.

IV. CONCLUSION

In this paper, an isotropic magnetic metamaterial com-
posed of cubic BST resonators was proposed. The condition
of high permittivity used here with very high values of per-
mittivity was imperative to satisfy the long-wavelength re-
gime. The isotropic properties of this dielectric metamaterial
were investigated theoretically and experimentally via ob-
lique incidence conditions for TE and TM polarizations of a
single layer. In addition to the ground magnetic resonance
dip which was found practically insensitive to incidence and
polarization, an extra second dip, which only occurs for the
oblique incidence of TE mode, was evidenced numerically
and experimentally. It was shown that this extra response,
shown here for a full dielectric approach, is similar to the one
pointed out theoretically for a 3D SRR technology.” This
effect, occurring for off-normal incidence, results from the
dispersion of the effective permeability with a zero value at
the magnetic plasma frequency. This result was further con-
firmed by varying the periodicity of the structure, and hence
the filling factor, giving a practical means to decouple mag-
netic resonant and plasma frequencies.
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