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We analyze the microwave response of Q-type metamaterial infiltrated with a
nematic liquid crystals materials — K15 and BL006. A full-wave analysis technique
based on the finite-difference time-domain method (FDTD) was performed using
QuickWave 3D electromagnetic solver. Simulation of metamaterial structure with
low losses liquid crystals (LC) have been made. LC materials can provide tuning
of the metamaterials structure due to reorientation of the liquid crystal director.
The main aim of presented work is to determine the influence of LC material on
effective refractive index.

Keywords Liquid crystals; metamaterials; negative refractive index; tunability;
tunable refractive index

1. Introduction

Metamaterials are artificial materials with negative refractive index. They are very
interesting from scientific and application point of view and posses unusual electro-
magnetic properties not available in nature. Interest of metamaterials has been on
for 10 years, when Smith proposed first periodic structure which characterized nega-
tive refractive index for GHz waves [4,5]. It was built from an array of metallic wires,
between which were Split Ring Resonators (SSR).

Liquid crystals can give possibility to obtain materials with a tunable (—, 0, +)
refractive index. Tunability of such structures is done by changing the reorientation
of liquid crystal molecules [1-3]. Metamaterials with tunable refractive index are
being implemented as an artificial periodic structures containing layer or layers of
liquid crystal. Liquid crystals are anisotropic medium and require small electric
field to their reorientation. By introducing them to the periodic structure of the
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metamaterial we can tune its parameters, such as refractive index. Tunability of
liquid crystalline layer can be done in two ways — by applying an electric field or
temperature — in the case of thermotropic liquid crystals.

In this paper we present results of numerical simulations of tunable metamater-
ial structure operating in microwave frequency range. Based on the results of scatter-
ing parameters of metamaterial structure we calculated effective refractive index for
two orientations of liquid crystal — homogenous (0°) and homeotropic (90°).

2. Properties of Metamaterial Structure

Simulated structure was composed of three different materials — liquid crystal,
metallic strips and teflon fiberglass. The presence of teflon fiberglass in the construc-
tion of the structure comes from the fact that it is characterized by low losses in GHz
wave range. The construction of metal strips can be divided into two parts — the mid-
dle part is a split ring resonator — a source of negative permeability, which depart
from the metallic strips, which are the source of negative electrical permittivity.
Metal parts are opposite oriented to each other on adjacent layers [3,6]. Elementary
cell of tunable metamaterial is shown in Figure 1.

In numerical simulations, liquid crystal was characterized by the dielectric ten-
sor, and tangent of loss. LC director lies in the x — y plane. Tunable metamaterial
structure was inserted into X-band waveguide to achieve scattering parameters of
metamaterial sample. An incident beam with the electric field polarized along the
x direction and magnetic field polarized along the y direction was assumed to illumi-
nate the structure along z direction [3,5,6].

A permittivity tensor was used for a rigorous description of LC molecules, where
¢ = n> and ¢, = n? are the permittivities parallel and perpendicular to the molecule
director, respectively. Parameters of LC’s compounds were set as: n, = 1.52, n,=1.60
for K15, n,=1,62, n,=1,74 for BL006. The loss tangents of K15 were set as tan

a)1 b) 1

=)

Figure 1. a) Tunable negative index metamaterial employing nematic liquid crystal: teflon
fiberglass (grey color), metal patterns (green color) and liquid crystal (orange color). The
geometry dimensions are as follows: tifon=1.0, trc=0.5 (unit: mm). The unit cells are
stacked along the x directions with periodicities of 10.0mm, b) director orientation of LC
molecule. (Figure appears in color online.)
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Figure 2. Real part of effective refractive index for homogenous and homeotropic orientation
LC for K15 LC compound.

0,=0.023 for no and tan 6,=0.05 for ne, and for BL006 tan 6,=0.025, tan
0,=0.001. Nematic liquid crystals used in simulations — K15 and BL006 were
previously characterized in the GHz frequency [3,7]. Using QuickWave software
for electromagnetic design, a full wave analysis was performed to determine the
scattering parameters of the structure.

3. Tunable Refractive Index

In simulation scattering parameters of tunable metamaterial were obtained. We com-
pared real and imaginary part of effective refractive index of tunable metamaterial
for LC compounds which posses different anisotropy of birefringence. By employing
well-known equations [8,9] we calculated tunable refractive index for homogenous
and homeotropic (0= 90% LC orientation. Results are presented below.

K15 is probably one of the best known LC material. For this reason we decided
to tested them in metamaterial structure operating in microwave frequency range.
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Figure 3. Imaginary part of effective refractive index for homogenous and homeotropic
orientation LC for K15 LC compound.
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Figure 4. Real part of effective refractive index for homogenous and homeotropic orientation
LC, for BL006 LC compound.

From application point of view tunable metamaterials should give us possibility to
obtain new material which is characterized by effective parameters. Very interesting
problem is tunable refractive index. For metamaterial employing K15 as multi-
layered substrate we obtained tunability of real part of effective refractive index
(Fig. 2) for two frequencies — from 10.8—11.2GHz and from 12.5GHz to
13.4 GHz (Fig. 2). Real part of effective refractive index is negative in the range of
10-11.2 GHz. In simulation technique external field is applied to orientate the LC
director from parallel x to parallel y (see Fig. 1).

Both real and imaginary parts of effective refractive index are plotted as a func-
tion of wavelength. Comparing both real and imaginary parts of effective refractive
index for K15 (Fig. 2 and Fig. 3) and BL006 (Fig. 4 and Fig. 5) materials we can
notice, that refractive index is negative for wider frequencies for metamaterial infil-
trated with K15 LC compound. Tunability is higher for BLO06 LC compound, it is
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Figure 5. Imaginary part of effective refractive index for homogenous and homeotropic orien-
tation LC for BL0O06 LC compound.
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connected with fact, that BL0O06 posses bigger An than K15. BL006 has lower losses in
GHz frequency range what we can see in plots of imaginary part. The peaks in n” and
n” at 12 GHz and above (Figs. 2-5) are the result of the numerical procedure. It is con-
nected with discontinuity and fluctuations of the phase for higher frequencies. Imagin-
ary part takes higher values for metamaterial structure employing K15. The world’s
work in this area focuses on the search for liquid crystals with the possible highest value
of birefringence and low viscosity which facilitates reorientation of LC molecules.

4. Conclusions

Microwave metamaterial having a tunable index of refraction from negative,
through zero, to positive values has been proposed. Liquid crystals can give us a
possibility to obtain tunable refractive index. Tunability strongly depends on proper-
ties of liquid crystal compounds — materials should have high anisotropy of birefrin-
gence and low losses in a wide frequency range. Topic is relatively new and needs
detailed investigations.

Acknowledgment

This paper has been done in 2010 under financial support the Polish Ministry of
Sciences and Higher Education, Key Project POIG.01.03.01-14-016/08 “New
Photonic Materials and their Advanced Applications™.

References

[11 Khoo, L. C., Williams, Y., Diaz, A., Chen, K., Bossard, J., Li, L., Werner, D., Graugnard,
E., & Summers, C. J. (2006). Liquid-crystals for tunable photonic crystals, frequency selec-
tive surfaces and negative index material development. Mol Cryst. Liq. Cryst., 453,
309-319.

[2] Khoo, I. C., Werner, D. H., Liang, X., & Diaz, A. (Sep. 2006). Nanosphere dispersed
liquid crystals for tunable negative-zero-positive index of refraction in the optical and
terahertz regimes. Opt. Lett., 31(17), 2592-2594.

[3] Zhao, Q., Kang, L., Du, B., Li, B., Zhou, J., Tang, H., Liang, X., & Zhang, B. (2007).
Electrically tunable negative permeability metamaterials based on nematic liquid crystals.
Applied Physics Letters, 90(1), 011112.

[4] Smith, D. R., et al. (2000). Composite Medium with Simultaneously egative Permeability
and Permittivity. Physical Review Letters, 84.

[5] Zhang, F., Kang, L., Zhao, Q., Zhou, J., Zhao, X., & Lippens, D. (2009). Magnetically
tunable left handed metamaterials by liquid crystal orientation. Optics Express, 17(6),
4360-4366.

[6] Zhang, F., Zhao, Q., Kang, L., Gaillot, D. P., Zhao, X., Zhou, J., & Lippens, D. (2008).
Magnetic control of negative permeability metamaterials based on liquid crystals. Appl.
Phys. Lett., 92(19), 193104.

[71 Weil, C., Miiller, St., Scheele, P., Best, P., Liissem, G., & Jakoby, R. (2003).
Highly-anisotropic liquid-crystal mixtures for tunable microwave devices. Electron. Lett.,
39, 1732-1734.

[8] Smith, D. R., Schultz, S., Markos, P., & Soukoulis, C. M. (2002). Determination of
effective permittivity and permeability of metamaterials from reflection and transmission
coefficients. Phys. Rev. B, 65, 195104.

[9] Croénne, C., Fabre, B., Gaillot, D., Vanbésien, O., & Lippens, D. (2008). Bloch impedance
in negative index photonic crystals. Phys. Rev. B, 77, 125333.



