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Abstract

The 3D regular lattice of bi-spherical dielectric resonant inclusions arranged in a cubic lattice as two sets of dielectric spheres
having different radii and embedded in a host dielectric material with lower dielectric permittivity was carefully investigated. The
magnetic resonance mode in smaller spheres gives rise to the magnetic dipole momentum and the electric resonance mode in bigger
spheres is responsible for the electric dipole momentum. The magnetic resonance corresponding to the first Mie resonance in the
spherical particles is followed by forming a regular array of effective magnetic dipoles, and the structure of the identical spherical
dielectric resonators can be designed as an isotropic p.-negative 3D-metamaterial. At the same time, it was found experimentally
and by the simulation that the resonant response of the electric dipole was weakly pronounced and the e-negative behavior was
remarkably suppressed. To enhance the electric dipole contribution, two different ways were considered: (i) using another kind
of symmetry of the bi-spherical arrangement of the particles corresponding to the body-centered cubic symmetry instead of the
symmetry of NaCl analog considered previously; (ii) using a strong coupling between the identical resonant dielectric spheres
arranged in the simple cubic symmetry for creation of the structure exhibiting properties of the isotropic DNG medium.
© 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Medium with simultaneously negative permittivity
and permeability or so-called double negative medium
(DNG) can be formed by a regular lattice of inclusions
considered as artificial “molecules”. In many practical
cases, isotropic DNG structure is very attractive. Dif-
ferent ways to create the 3D isotropic DNG medium
have been suggested [1-11]. The structure is designed
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as a regular array of cubic or spherical inclusions. Using
a cubic arrangement with split-ring resonators on the
faces and a wire medium was suggested and discussed
in [1-3]. Another way is to use intrinsic properties of
the inclusions, in particular plasmonic nanoparticles to
design metamaterial for optical frequency range [4,5].
The isotropic DNG structure for microwave applications
can be designed as a regular lattice of resonant dielectric
inclusions, providing excitation of electric and mag-
netic dipoles. These dipoles form the artificial medium
exhibiting DNG behavior in a limited frequency range
near the resonant frequencies. Dielectric disk, cylindri-
cal, or spherical resonators are suitable for establishing
the dipole moments. Metamaterials with desired values
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of permeability +x and permittivity +¢ are developed
by exciting electric and magnetic resonant modes [6-12].
The 3D regular lattice of bi-spherical dielectric resonant
inclusions was suggested for the first time in [7,8]. In
this structure, the metamaterial medium is composed
of two sets of spherical particles made from the same
dielectric material embedded in a host dielectric mate-
rial. The spheres differ by radius. The dielectric constant
of the spherical particles is much larger than that of the
host material. By combining two sets of the spheres
with suitable radii, different modes can be simultane-
ously exited in the spheres: the magnetic resonance mode
giving rise to the magnetic dipole momentum and the
electric resonance mode being responsible for the elec-
tric dipole momentum. In [8-10], it was suggested that
the dielectric resonators do not interact and for the 3D
structure the responses of both the spherical particles
are superimposed. By full-wave simulation and exper-
imental investigation, it was found that the resonance
response of the magnetic dipole is very effective and the
wu-negative isotropic metamaterial can be designed as a
regular array of dielectric spherical particles with the
first Mie resonance. At the same time, the electric dipole
corresponding to electric resonance mode is weakly pro-
nounced. As a consequence, the e-negative behavior is
blurred [10].

Detailed theoretical description based on full-wave
analysis was performed in [12] for different all-dielectric
structures of metamaterial: single-negative (SN) medium
based on the spherical particles; bi-spherical DNG
medium on an array of the dielectric spherical par-
ticles of the same radius made from two materials
differing in dielectric permittivity; a set of identical
discs and discs made of two different dielectric mate-
rials etc. The last structures based on the discs form
2D SN and DNG metamaterials. Interesting 2D struc-
tures based on cylindrical resonator arrays situated in a
parallel-plate waveguide have been discussed and exper-
imentally verified in [13,14]. In these structures, the
DNG properties are provided by magnetic resonance
in the cylinders (magnetic dipole, w-negative behavior)
and by e-negative response of electromagnetic wave in a
parallel-plate metallic waveguide with TE,, modes below
the cut-off frequency.

Recently the experimental investigation of isotropic
metamaterials based on resonant dielectric inclusions
has been reported [15-17]. The resonant w-negative
response was registered in the 3D structure based on
a regular array of dielectric cubes in [15] and the 2D
array of cubes in [16]. The 3D DNG material was real-
ized as a set of dielectric spherical particles regularly
distributed in a metallic wire frame exhibiting cubic sym-

Fig. 1. (a) Bi-spherical NaCl-like structure with two types of res-
onators. (b) Single cell of the NaCl-like structure.

metry. The wire frame provides an environment with
evanescent waves followed by effective negative permit-
tivity, which in combination with the resonant dielectric
particles giving rise to magnetic dipole and negative
permeability leads to a propagating wave with nega-
tive phase velocity, i.e. forms the 3D isotropic DNG
medium.

All these achievements support the fruitful idea of a
realization of the isotropic metamaterial using dielectric
resonant inclusions. In order to improve the performance
of the all-dielectric DNG medium with cubic symme-
try based on spherical dielectric particles, we suggest
the new structures obtained by: (i) changing the sym-
metry of the single cell of the bi-spherical structure to
enhance the contribution of the electric resonance in the
effective dielectric permittivity; (ii) to use strongly cou-
pled resonant dielectric spherical particles arranged in
a simple cubic symmetry, when the magnetic dipole
is originated inside the spheres, whereas the electric
dipole arises from the electrical coupling between the
spheres.

In this paper, we consider both the approaches: the
3D DNG bi-spherical structure based on the single cell
exhibiting the body-centered cubic symmetry and the
medium formed by strongly coupled spherical resonant
inclusions.

2. 3D isotropic bi-spherical metamaterial of
cubic symmetry with high packing density

Let us consider two sets of the spherical particles
arranged in the NaCl-like structure (Fig. 1a). This struc-
ture has face-centered cubic lattice and is a member of
the cubic system of symmetry pertaining to the class
m3m [8,18]. In the case of cubic symmetry, the second
rank tensors of all physical parameters of the media are
diagonal and have the components of the same values
[18]. Thus the permittivity and permeability tensors are
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written in the following form:

geff O 0
e=| 0 &g 0],
0 0 ngf
Peff 0 0
n = 0 Meff 0 , (1)
0 0 ke

where the sub-indices eff are introduced to stress that the
permittivity and permeability are obtained as a result of
averaging electric and magnetic polarization of spherical
particles embedded in the matrix. The result of averaging
the polarization of the spherical particles depends on the
volume of the matrix falling on each particle considered.
Body-centered and face-centered structures are related to
the same class of symmetry and by the same form of the
second rank tensor as the simple cubic structure. These
structures are characterized by a higher packing density
as compared with the simple cubic structure.

A low-level cell of the structure (Fig. 1b) contains
4 particles of each kind. The distance between the two
adjacent resonators is marked as s, while the distance
between the resonators of the same radius (as well as the
cell size) is 2s. The volume fraction of the particle of
radius r in the cell is defined by equation:

3
. 4(4/3)7tr

V= A o (2)

Simulations revealed that the particles should be
placed as close as possible to each other in order to
strengthen the DNG effect. At the same time a high
density of the particles is followed by their mutual inter-
action and, as a consequence, shifting resonances and
their distortion.

In order to get an optimal distance between the res-
onant particles and at the same time to keep the m3m
symmetry of the structure, the body-centered structure
was introduced. A low-level cell of this structure is
depicted in Fig. 2. Here the single cell contains 1 par-
ticle of each kind, but the distance between the same
particles is s, while in case of face-centered structure
this distance is equal to 2s. At the same time the dis-
tance between the adjacent particles (of different kind) is
equal to (1/2)s+/3. Inthis case the volume fraction of the
particles is two times higher than for the face-centered
structure. The volume fraction for the resonator is

4/3)mr®
oy = 8 ©

Fig. 2. Body-centered single cell.

At the same time, the distance between the adjacent
particles is still big enough to neglect the effect of their
interaction.

The effective electromagnetic parameters of the bi-
spherical array have been analytically found by solving
the problem of diffraction of the plane wave on the
non-interacting dielectric spheres [9]. For two different
structures, the frequency dependent effective permittiv-
ity and permeability were calculated in the same way
(Egs. (4) and (5)):

3
() = %EPE 1(f) - DO roig) + ens (4)

WD) = 5 [ LS O ra) + s ©
s En 2

Here s is the distance between the adjacent par-
ticles (see Figs 1b and 2), &, (up), en (n) are the
permittivity (permeability) of the particle and the
host material respectively, rg,q; and ry;, are the radii
of the resonators, f is the incident electromagnetic
wave frequency, ¢ and 5 are the amplitudes of
spherical wave functions, F,, and F,,, are the results
of integration of the electric and magnetic field com-
ponents over the particle volume [9,10], n=0.5 for the
NaCl-like structure and n=0.65 for the face-centered
structure. I;1=—224x10"20 f+2.25x107° and
I;=—10.64 x 107%° £+1.42 x 10~ are approximate
functions in the frequency region f=9.99-10.02 GHz.

In case of the body-centered lattice the value of
the effective parameters ¢ and o at the resonance is
approximately two times higher as compared with the
face-centered lattice. In Fig. 3, the results of calcu-
lation of the effective parameters of the bi-spherical
metamaterial are presented for two different struc-
tures with parameters: ¢, =400, &,=1, wp =pn=1,
Fsmati = 0.748 mm and r,; =1.069 mm, the loss factor
of the dielectric material of the particles was taken
tan §=0.001. The host dielectric was suggested to be
lossless. Evidently the response of the body-centered
lattice is higher than that of the face-centered lattice.
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Fig. 3. Effective permittivity and permeability for the body-centered
(sub-index 1) and face-centered (sub-index 2) structures.

Analysis of the influence of the loss factor of the dielec-
tric material tan § on the effective parameters revealed
that there is no remarkable change in the effective param-
eter values for tan § < 0.003 [9]. As a suitable dielectric
material for the resonant spherical inclusions ceram-
ics BaO-SrO-Nd»0O3-TiO2 can be used; this material
demonstrated ¢, =400 and tan § <0.003 in microwave
region [19].

In order to confirm the effectiveness of the body-
centered lattice, let us consider the simplified case of
limited in one direction structure (Fig. 4) using full-wave
analysis. Due to the translation symmetry, the struc-
ture is bounded by perfect electric conductor (PEC) and
perfect magnetic conductor (PMC). The structure con-
tains 7 single cells along the wave propagation direction.
The single cell is centered by the spherical particle of a
bigger value of the radius ry; (75, =1.05mm) and is
surrounded by the particles of a smaller value of the
radius ryq (0.748 mm). The distance between the parti-
cles of the same size is s =4 mm. The particle dimensions
are chosen to provide the magnetic resonance in the
smaller spheres and the electric resonance in the big-
ger particles at the same frequency. It results in creation
of magnetic and electric dipoles followed by the nega-

Fig. 4. One-dimensional structure of bi-spherical isotropic metama-
terial. Radii of small and big spheres are 0.748 mm and 1.05mm,
respectively. Boundary conditions are provided by perfect magnetic
(PMC) and perfect electric (PEC) walls.

Fig. 5. Transmission Sp; and reflection Sy; coefficients for the struc-
ture depicted in Fig. 3. Gray area is the frequency range, where the
resonant frequencies of the two types of resonances coincide and
backward wave is observed.

tive effective permeability and effective permittivity in
a limited frequency range. That leads to appearance of
transmission of electromagnetic wave in this frequency
range (Fig. 5). The full-wave analysis of the electro-
magnetic wave propagation confirms existence of the
backward wave. In Fig. 6 the magnetic field pattern is
shown for four different moments of the period of time.
It is clearly seen that the wave propagates from the right
side to the left, whereas the incident wave enters the
structure from the left side.

The 3D volumetric structure is shown in Fig. 7. The
small and big spherical particles are situated in different
planes. The same is related to the magnetic and elec-
tric dipoles. The PECs and PMCs are used for providing
boundary conditions for this limited in volume structure.
The dimensions of the spherical particles and spacing
between the identical particles are the same as in the pre-
vious case (Fig. 4). Magnetic field pattern for the section
plane shown in yellow in Fig. 7a is depicted in Fig. 7b
for four different moments of the time period. Again the
backward wave is observed. The response of the structure
to the incident plane electromagnetic wave is presented
in Fig. 8. In the limited frequency range one can observe

Fig. 6. Magnetic field patterns for four different moments of the period
of time. The incident wave enters the structure from the left side,
whereas the wave inside structure propagates from the right to the
left side.
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Fig. 7. (a) Bi-spherical structure of metamaterial with body-centered cubic symmetry. Radii of small and big spheres are 0.748 mm and 1.05 mm,
respectively. Distance between the same particles is 4 mm. (b) Magnetic field patterns for the section plane shown in yellow in (a) for 4 different

moments of the period of time.

the wave transmitting through the DNG structure. It is
important to stress that the frequency range of the DNG
behavior is shifted to the higher frequencies as com-
pared with the characteristic of the structure of Fig. 4.
This effect can be explained by coupling of the spher-
ical particles in real volumetric structures, which was
not taken into consideration by the analytical descrip-
tion of the electromagnetic wave diffraction on the single
spheres, but was highlighted by the full-wave analysis.
In general, the effect of the backward wave propagation
is confirmed.

3. 3D-metamaterial based on a regular array of
strongly coupled dielectric spherical resonators

When the spacing between the adjacent dielectric
spherical resonators is small, they interact and influence
each other. The coupling between the resonators leads
to forming new electromagnetic field distribution in the

Fig. 8. Transmission Sy; and reflection S11 coefficients for the modeled
structure depicted in Fig. 5. Gray area is the frequency range where
the two types of resonances coincide and backward wave is observed.

Fig. 9. Transmission coefficient of 1D structure of distantly positioned
non-coupling (a) and close positioned coupling (b) resonators. Elec-
trical field between coupled resonators (c).
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Fig. 10. Equivalent circuit of coupled parallel tanks.

medium outside the spheres. That makes it possible to
observe electric and magnetic dipole response: magnetic
dipole comes from the first Mie resonance in the dielec-
tric sphere, and the electric dipole is formed by the sphere
interaction conditioned by the electric field outside the
sphere surface. Electric and magnetic dipole existence
provides double negative response of the media.

The 1D regular structure of the spherical particles is
shown in Fig. 9. If the spacing is large enough, i.e. more
than the sphere diameter, there is no remarkable inter-
action between the adjacent spheres. For the distantly
positioned spheres, the resonant stop-band is observed
at the resonant frequency of the magnetic mode (Fig. 9a).
By decreasing the spacing between the spheres, the split-
ting of the resonance characteristic occurs and a pass
band appears near the resonant frequency (Fig. 9b). The
electric field distribution responsible for electric cou-
pling is shown in Fig. 9c.

The one-dimensional case of coupled resonant dielec-
tric spheres can be considered as the dual analog of
magneto-inductive waveguide [20,21] described by an
equivalent circuit of magnetically coupled series reso-
nant tanks. In our case the 1D structure can be presented
by electrically coupled parallel tanks (Fig. 10). Kirch-
hoff’s equation for the current in the n-th element looks
as

1
(ia)C + H + G) Vi +iwCe(Va—1 + Vag1) =0,
(6)

where C, L, and G are the capacitance, inductance, and
conductance of the tank, C; is the coupling capacitance,
and V; is the voltage on the i-th tank.

The dispersion equation is

1
iwC+ — 4+ G — 2iwC,. ¢cos ka=0 @)
ioL
with k= 8 — i« followed by
1
CL)ZL and od-d=—"—".
1+ K. cos Ba 0K, sin Ba
(8)

Here K.=2C./C is the coupling coefficient, wp =
1/+/LC and Q = woCIG are the resonant frequency and
the Q-factor of the tank. Actually the LC-parameters of
the resonant spherical particles are unknown, so we use

Fig. 11. The magnetic field distribution in the 1D structure of coupled
resonant spherical particles for different moments of the time period.

the presented approach only for a qualitative descrip-
tion of the dispersion inside the chain. As in the case
of magneto-inductive waveguide, the stop-bands occur
and the backward wave can be observed in the 1D struc-
ture. The magnetic field distribution in the 1D structure
for different moments of the period of the electromag-
netic wave demonstrates the backward wave propagation
(Fig. 112).

The 2D plane structure consisting of 24 closely
positioned dielectric spheres has been modeled. If the
distance between the spheres is large, there is no wave
propagation at the resonant frequency (Fig. 12a). By
decreasing the spacing between the spheres, the split-
ting of the resonance curve occurs (Fig. 12b) and the
pass band appears near the resonant frequency. Fig. 13
represents the phase diagram of the structure consid-
ered. The transverse magnetic field component in the free
space is shown at the left side of the picture. The right
side represents the magnetic field pattern for the struc-
ture containing the regular array of dielectric spheres.
It is clearly seen from the magnified part of the picture
that the phase response of the propagated electromag-
netic inside the array of the spheres is positive, whereas
the phase response outside the structure is negative.
That means backward wave propagation in the struc-
ture is considered. Backward wave existence is explained
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Fig. 12. Transmission coefficient of weakly (a) and strongly (b) cou-
pled dielectric resonators.

by a strong spatial dispersion in the chain of coupled
dielectric spheres. The dispersion leads to disturbing the
isotropy of the new structure. In this case backward wave
can be observed only in the directions parallel to the crys-
tallographic axes of the structure. But cubic symmetry
and the symmetry of spherical particles let us expect that
there will not be a strong dependence of the artificial
material properties on the direction of wave incidence.
Important subject is the practical realization of the 3D
isotropic structure. From this point of view, it is useful to
analyze how the properties of the medium are changed, if
the regular structure is replaced by randomly distributed
interacting spherical resonators. As an example, the

Fig. 14. Transmission coefficient versus frequency for a regular 1D
structure of coupled resonant spheres (red line) and for randomly
distributed spheres (grey line).

one-dimensional structure of strongly coupled dielectric
resonators is considered. The results of a simulation of
the transmission coefficient of a regular structure with
spacing between resonators s=0.1mm in comparison
with the results obtained for the same resonators with
randomly distributed spacings s =0.1-2 mm are shown
in Fig. 14. In principle, the result remains the same:
the resonance response of the single sphere is split. The
observed shift to the lower frequencies is mainly caused
by higher values of the spacing used in the random
structure. Hence, the 3D isotropic DNG structure can
be fabricated as a structure with randomly positioned
constituent particles.

In case of the volumetric structure arranged in the
simple cubic symmetry as 3D closely positioned spher-

Fig. 13. The phase response of the array of 24 strongly coupled dielectric spherical resonators.
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ical resonant dielectric particles, the DNG behavior is
expected. The isotropic DNG response is conditioned
by the cubic symmetry of the structure.

4. Conclusions

A double negative artificial material based on
bi-spherical dielectric spherical resonators has been
investigated. In the case of distantly positioned par-
ticles when the interaction between particles can be
neglected and the system behaves as a homogeneous
one for the incident wave, the isotropy of the structure
is expected. It is explained by the cubic symmetry of the
lattice.

A new structure with a higher packing density has
been introduced in order to strengthen the DNG effect.
Strong spatial dispersion leads to a backward wave prop-
agation inside this structure. This dispersion can disturb
the isotropy. But cubic symmetry of the structure (in the
case of three-dimensional) as well as spherical shape
of the constituent particles allows to expect close to
isotropic properties of the artificial material. Backward
wave existence in the new structure has been confirmed
by numerical analysis. A conception of the new type of
metamaterial based on electrically coupled resonators
was introduced. Simulation results revealed the DNG
behavior in 1D and 2D structures based on coupled
dielectric resonators.
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