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Abstract. We investigate the cavity structure by the deformation of a unit cell of a
Composite Metamaterial (CMM) structure. We presented different cavity structures with
different resonance frequencies and Q-factors. We observed the Q-factor of the cavity
resonance as 108 for a CMM based single cavity wherein the cavity structure is a closed
ring structure. We investigated the reduced photon lifetime and observed that at the cavity
resonance, the effective group velocity was reduced by a factor of 20 for a CMM based
single cavity compared to the electromagnetic waves propagating in free space. Since the
unit cells of metamaterials are much smaller than the operation wavelength,
subwavelength localization is possible within these metamaterial cavity structures. In the
present paper, we showed that the electromagnetic field is localized into a region of A/§,
where A is the cavity resonance wavelength. Subsequently, we brought two cavities
together with an intercavity distance of two metamaterial unit cells and then investigated
the transmission spectrum of CMM based interacting 2-cavity system. Finally, using the
tight-binding picture we observed the normalized group velocity corresponding to the
coupled cavity structure.
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1 INTRODUCTION

The electromagnetic (EM) response of a homogeneous material is determined by two
parameters. One of these parameters is permittivity (¢) which describes the response of a
material to the electric component of an EM wave. The other one is permeability (p),
which is related to the response of the magnetic component. However, the index of

refraction which is defined as n =,/gu , is the more commonly used EM parameter. The

index of refraction is positive for naturally occurring materials. However, there is a secret
garden of electromagnetism that was first realized by the Russian physicist Vector
Veselago. Veselago proposed that if a material were found that had € < 0 and p< 0, then
its index of refraction would also be negative, n < 0 over a certain frequency range [1].
However, this idea had to wait more than 30 years to be confirmed experimentally. The
discovery of Split Ring Resonator (SRR) by Pendry in 1999 enabled the possibility for the
experimental verification of this idea [2].

An SRR response to the magnetic component of the EM field is used as the element to
obtain negative p. The working principle of the SRR is very similar to an LC resonator. A
time varying magnetic field that is polarized perpendicular to the plane of the SRR will
induce circulating currents according to Faraday’s law (Fig.1 (a)). Although obtaining
negative | is an issue because of the lack of magnetic charge, it is possible to obtain
negative p by using SRR structures.

Obtaining negative ¢ is easier because it has been known for centuries that naturally
occurring materials yield a negative response to the electric component of light. Any
metal below its plasma frequency (w,) yields negative permittivity values. Many decades
ago researchers fabricated structures that had € < 0 by using arrays of conducting wires [3,
5]. This technology was recently reintroduced in which metallic thin wires are used for
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obtaining negative € below plasma frequency [6, 7]. Because the plasma frequency can be
tuned by geometry, it is possible to obtain negative € at nearly any frequency range, from
microwave to optical
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Fig. 1. (a) The surface currents unit cell of the SRR structure. (b) The unit cell
of the CMM structure. The unit cells of metamaterials are much smaller than the
operating wavelength.

In having identified the artificial structures that can separately provide < 0 and p< 0,
we can combine the two and construct a negative index material. Veselago pointed out
that a medium having a negative index of refraction would exhibit unusual physical
properties. The phase velocity of a wave is reversed in negative index materials; the
Doppler shift of a source relative to a receiver is reversed; Cerenkov radiation that is
emitted by a moving charged particle is in the backward rather than the forward direction;
radiation pressure is reversed in order to become a radiation tension; converging lenses
become diverging lenses and vice versa.

In such a medium the electric, magnetic, and wave vector components form a left-
handed coordinate system; hence the name left-handed metamaterial (LHM) is used. This
idea was experimentally investigated by the construction of a Composite Metamaterial
(CMM) comprising two components that simultaneously have e<0 and pu< 0 over a certain
frequency range [8]. This experiment sparked the rapidly growing interest in
metamaterials. There are also many experimental and theoretical works that have been
reported for novel applications of metamaterials, such as negative refraction [9],
subwavelength imaging [10], cloaking [11], and reverse Doppler shift [12].

In addition to the negative index of refraction, metamaterials have another important
property: the typical size of these resonant inclusions is approximately 10 times smaller
than the vacuum wavelength of the light at the resonance frequency. The electromagnetic
properties of such optical-scale subwavelength structures can then be evaluated by using
an effective medium approximation. This property can also lead to different novel
applications, such as the localization of the field into a subwavelength region. Recently,
the localization of the field has attained great interest from the scientific community, since
it is the key issue of several applications. One method for obtaining a localized field is to
make a deformation in a unit cell of the periodic structure [13, 14].

In this paper, we investigated the defect formation in CMMs. First of all, we presented
the transmission retrieval results of a CMM structure. Subsequently, we introduced 6
different defect structures and transmission results for these structures. Our results show
that the strong modification of a unit cell of the metamaterial can exhibit a defect
resonance. We presented the photon lifetime and localized electric field at the defect
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resonance. Moreover, we brought two cavities together with an intercavity distance and
investigated the transmission spectrum and reduced group velocity at the cavity
resonance. Although we studied at microwave regime, this study can be scaled down to
other regimes. Metamaterials are geometrically scalable, thus offering a wide range of
operation frequencies including radio [15, 16], microwave [17, 29], millimeter-wave [30],
far infrared (IR) [31], mid-IR [32, 33], near-IR frequencies [34, 37] and even visible
wavelengths [38, 39].

2 SINGLE CAVITY SYSTEM
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Fig. 2. (a) The measured transmission of the CMM structure has a transmission
peak from 5.5-7.0 GHz. The calculated transmission is in good agreement with
the measured result. (b) The effective € and p were derived from the calculated
transmission and reflection coefficients. The calculated parameters show that
CMM structure possesses effective €<0, u<0 from 5.4-7.0 GHz and <0, p>0
from 7.0-9.4 GHz.
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Fig. 3. We defined 6 different deformations in the periodic system. (a) We
obtained the first defect structure by removing the center unit cell. We defined
the other 5 defect structures by changing the center unit cell with these
structures: (b) SRR, (c) Teflon, (d) closed SRR, (¢) wire, and (f) cut-wire.

The metamaterial medium that we used in the present study was composed of a 1D
periodic arrangement of wire stripes and square SRR structures. The wire stripes were
printed on the back of Teflon (¢ = 2.17) substrates, and the square SRR were printed on
the front faces (Fig. 1 (b)). The thickness of the Teflon substrate was Imm. The thickness
of the metal (copper) was 0.05 mm. The width of the wire stripes was 1.6 mm. The lattice
constant along the x direction was 4.95 mm and along the x direction (propagation
direction) it was 2 mm. There were 40 layers along the y and z directions and 8 layers
along the propagation direction. The E-field was in the y direction. The experimental
setup consisted of an HP 8510C network analyzer and two standard gain horn antennae in
order to measure the transmission amplitude. The measured transmission demonstrates
that this CMM structure has a transmission peak from 5.5-7.0 GHz. We calculated the
transmission using the commercial software program CST Microwave Studio®. The
calculated transmission is in good agreement with the measured result (Fig. 2 (a)).

We calculated the effective € and p of the CMM structure by using the retrieval
procedure. The retrieval procedure is widely used in order to calculate the effective
parameters of the metamaterials. In this method, the real and imaginary parts of the
refractive index, wave impedance and, therefore, the real and imaginary parts of the € and
p are retrieved from the amplitude, and the phase information of the transmission and
reflection. The details of the retrieval procedure that were used in the present study are
outlined in Refs.40. This particular method has the advantage of identifying the correct
branch of the effective € and p. The ambiguity in the determination of the correct branch
is resolved by the use of an analytic continuation procedure. There was one layer of the
structure along the propagation direction in this calculation. We employed periodic
boundary conditions along directions other than the propagation direction. Therefore, the
simulation setup coincides with a slab of material that consists of a single layer. The
effective € and p were derived from the transmission and reflection coefficients. The
calculated parameters show that the CMM structure possesses effective £<0, p<0 from
5.4-7.0 GHz and &<0, p>0 from 7.0-9.4 GHz (Fig. 2 (b)).

In order to break the symmetry of these periodic composite metamaterials, we
changed the center unit cell of the structures and made a deformation in the CMM
structure. We defined 6 different deformations in the periodic system. The schematics of
the cavity structures are presented in Fig. 3. We obtained the first defect structure by
removing the center unit cell. However, we could not obtain a defect resonance on the
transmission spectrum (Fig. 4 (a)). Hence, this deformation is not strong enough to break
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the symmetry of the system. We defined the other 5 defect structures by changing the
center unit cell with these structures: Teflon, wire, SRR, closed SRR and cut-wire. The
transmission spectrum for these CMM based defect structures are shown in Fig. 4. The
resonance frequencies and Q-factors (quality factor, defined as the center frequency, and
divided by the full width at half maximum) are shown in Table. 1.

Table 1. The resonance frequencies and Q-factors (quality factor, defined as the center frequency,
and divided by the full width at half maximum) of the CMM based cavity structures.

Defect Free SRR Teflon Closed Wire Cut-wire
Strucure SRR

Resonance | 7.85GHz _ 8.04 GHz _ 8.20 GHz
Frequency

Q-factor B 196.23 B 217.40 _ 227.95

On the other hand, we defined a different defect structure that is easier in terms of
fabrication. This defect structure comprises closed rings on both sides of the Teflon board.
The structure of the defect is shown in Fig. 5. The defect resonance is at 7.5 GHz with a
Q-factor of 108. We used this defect structure in the rest of the present paper.

The reflection of the CMM structure is very high in the negative & (and positive p)
frequency range and, therefore, the CMM structures on both sides of the cavity behave
like frequency-specific mirrors [41, 42]. The reflections of the EM waves between these
two mirrors interfere constructively and destructively, giving rise to a standing wave
pattern between the mirror surfaces, just as in Fabry-Perot resonances.

A medium with a reduced group velocity, or in other words a medium with increased
photon lifetime, offers a promising tool to increase the spontaneous emission rate and
efficiency of nonlinear processes. Therefore, metamaterial based cavities with a
controllable group velocity can bring significant advantages to optoelectronic devices. An
HP-8510C vector network analyzer is used in our measurements. HP-8510C network
analyzer is capable of measuring both intensity and phase. The phase information
obtained from the measurement is used to determine the delay time or the photon lifetime.
The photon lifetime is defined as 1, = ¢hgz,/daw. Here, @ is the net phase difference

between the phase of the EM waves propagating inside the structure and the phase of the
EM waves propagating in free space for a total structure length. The photon lifetime
corresponds to the propagation time of the EM waves inside the structure. The effective
group velocity is inversely proportional to the photon lifetime and is defined as L/ Ty

where L is the cavity length. The measured photon lifetime is 3 ns for a CMM cavity
structure (Fig. 6). This also means that, at the cavity resonance, the effective group
velocity is reduced by a factor of 20 for a CMM cavity when compared to the
electromagnetic waves propagating in free space. The Q-factor and effective group
velocity reduction factor are related through the localization of EM waves.

The calculated electric field distributions for the cavity structures show that the EM
waves at the cavity resonance are trapped in the positive index region. The length of the
cavity is only A/8, where A is the cavity resonance wavelength. Hence, the field at the
cavity resonance is enhanced at the subwavelength cavity region (Fig. 7). Such a structure
with enhanced electromagnetic fields can be used for several applications, including
nonlinear optics.
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Fig. 4. We defined different defect structures by changing the center unit cell
with these structures: Teflon, wire, SRR, closed SRR and cut-wire. We
observed cavity resonance for some of these CMM based defect structures.
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Fig. 5. (a) The unit cell of the defect structure used in the rest of this study
consists of closed rings on both side of the Teflon board. (b) The transmission
spectrum shows that the defect resonance is at 7.5 GHz with Q-factor of 108.
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Fig.6 . The photon lifetime is increased at the cavity resonance of the CMM
based single cavity. Hence, the effective group velocity is reduced by a factor of
20 for the CMM cavity when compared to the electromagnetic waves
propagating in free space.

A8

Fig. 7. The calculated electric field is highly localized at the cavity region for
CMM based cavity structure. The field at the cavity region is localized to a
subwavelength region which is /8.
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3 TWO CAVITY SYSTEM

Moreover, we brought two cavities together with an intercavity distance of two
metamaterial unit cells. The total two-cavity system contains two cavities and four
metamaterial unit cells at each side of each cavity (2 cavities+ 8 metamaterial unit cells)
in the propagation direction. The schematic of the two-cavity system is presented in Fig.
8. For two coupled cavities, the transmission characteristics as a function of frequency are
measured and calculated. As shown in Fig. 9, we observed that the resonance modes are
split into two distinct symmetric and antisymmetric modes that are similar to a PC cavity
structure. In PC cavity structures, when two isolated cavities are brought together the
localized photon modes should overlap. Due to this interaction, the doubly degenerate
eigenmode splits into two distinct modes as: symmetric and antisymmetric. These modes
are reminiscent of the bonding and antibonding states in solid state physics. For example,
in the diatomic molecules, the interaction between the two atoms produces a splitting of
the degenerate atomic levels into bonding and antibonding orbitals. The measured values
of resonance frequencies are ®; = 7.3 GHz and w, = 7.9 GHz for the CMM based 2-cavity
structure.

@@@@'@@.@@@@

Fig. 8. The total two-cavity system contains two cavities and four metamaterial
unit cells at each side of each cavity (2 cavities+ 8 metamaterial unit cells) in
the propagation direction.

The classical wave analog of the tight-binding (TB) picture has successfully been
applied to photonic structures [43, 44]. By using the direct implications of the TB picture,
a novel propagation mechanism for photons along the localized coupled cavity modes in
photonic crystals was proposed and demonstrated [45, 46]. In these structures, photons
can hop from one tightly confined mode to the neighboring one due to the weak
interaction between them. The same approach can be applied to metamaterial based
coupled cavities. Using the TB picture, it is possible to obtain eigenvalues and
eigenvectors corresponding to two coupled cavity structures. Hence, the dispersion
relation and group velocity can be obtained, keeping only the nearest-neighbor coupling
terms as:

w(k) = Q[1+ x cos(kA)] (1)

vq (k) =V o, = —xAQsin(kA) (2)

Here, « is a TB parameter that can be obtained from the splitting of the eigenmodes of two
coupled cavities, in which Q is the frequency mode of the single cavity and A is the
distance between the two cavity structures (intercavity distance).

The calculated TB parameter is k = -0.07 for CMM based coupled cavities. We can
obtain the dispersion relation of the coupled cavity structures by using these TB
parameters and A = 9.9 mm (2 metamaterial unit cells). Figure 10 (a) shows the calculated
dispersion relation w(k). We also plotted the normalized group velocity corresponding to
the coupled cavity structure. As shown in Fig.10 (b), the group velocity has a maximum
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value of nearly one-hundredth the speed of light in vacuum, at the coupled-cavity band
center, and vanishes at the band edges.
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Fig. 9: The measured (black curve) and calculated (red curve) transmission
spectrum for CMM based coupled cavity. The measured values of resonance
frequencies are o, = 7.3 GHz and ®, = 7.9 GHz for the CMM based 2-cavity
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Fig. 10: (a) The calculated dispersion relation of the CMM based coupled cavity
structure. (b) The group velocity is two orders of magnetitude slower than the
speed of light at the bend center and vanishes at the band edges.

4 CONCLUSION

In conclusion, we showed that it is possible to obtain a cavity structure by the deformation
of a unit cell of a CMM structure. We also showed that the deformation has to be strong
enough to obtain a defect resonance in the transmission spectrum. We investigated
different defect structures and obtained a defect resonance at 7.5 GHz with a Q-factor of
108 with a closed ring defect structure. Moreover, we presented at the cavity resonance,
the effective group velocity reduced by a factor of 20 for a CMM cavity when compared

Journal of Nanophotonics, Vol. 4, 041790 (2010)

Downloaded from SPIE Digital Library on 07 Mar 2011 to 139.179.98.8. Terms of Use: http://spiedl.org/terms

Page 9



to the electromagnetic waves propagating in free space in which the field is enhanced at
the subwavelength cavity region. The transmission properties of the CMM based 2-cavity
system are investigated. Due to the coupling between the strongly localized cavity modes,
the single-cavity mode splits in two distinct modes. Finally, by using the TB picture we
observed the normalized group velocity corresponding to the coupled cavity structure.
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