Invited Paper

Magnetically tunable metallic photonic crystals immersed in liquid
crystal for terahertz wave

Ru-Pin Pan**, Chih-Chang Shih“, Tsung-Ta Tang®, Yow-Gwo Wang®,
Hsin-Ying Wu?, Chia-Jen Lin®, and Ci-Ling Pan”
* Dept. of Electrophysics, National Chiao Tung University, Hsinchu, Taiwan (ROC)
b Department of Physics, National Tsing Hua University, Hsinchu, Taiwan (ROC)

ABSTRACT

We investigated the phenomena of a metallic photonic crystal (MPC) immersed in liquid crystal. According to our
design, the photonic crystal has specific photonic band gap (PBG) and can be utilized as a filter. The device is filled with
nematic liquid crystal (NLC), MDA-00-3461. The refractive indices of NLC can be magnetically controlled by
reorienting the NLC molecules. Consequently, the corresponding PBG and the filtering performance of the device are
tunable. According to our experimental results, the low frequency boundary of PBG at 0.121 THz can be blue shifted by
6.17 GHz, and the high frequency boundary of PBG at 0.175 THz can be shifted to the blue by 11.04 GHz. As a tunable
THz filter, the peak transmittance at 0.187 THz can be blue shifted by 3.66 GHz.
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1. INTRODUCTION

Photonic crystal (PC) is a material or device with periodically varied index of refraction. It has been intensively studied,
because it can be used to control the propagation of light. Light propagating in PC is like the electrons in crystal; the
photonic band gap (PBG) resulted and a band of light is forbidden to propagate in PC." On the other hand, the terahertz
wave (THz) technology has been advanced drastically in last decade. The THz wave has wavelength in the range
between 30 and 3000 um; at this scale the size of devices are generally larger and easier to make, comparing those for
visible 2lisght. Many research groups have successfully made 1-, 2-, and 3-dimensional PC using various methods for THz
waves.

In most of PC researches, once a PC is made, its optical properties are fixed. However, it is a desire to have PC with
tunable properties. Liquid crystal is a versatile material; while some researches used its temperature effect to vary its
index of refraction in PC,*” we have used the magnetic field to change the effective index of refraction in a metal plate
with 2D hole arrays to vary the enhanced emission peak.®

In this work, 2-dimensional metallic photonic crystal (MPC) is made by arranging thin metallic needles to form a
triangular lattice. This array is immersed in nematic liquid crystal (NLC) that can be reoriented by magnetic field. THz
time domain spectroscopy technique is used to measure the transmission spectroscopy of this tunable MPC. In addition,
Finite-difference time-domain (FDTD) simulation is used to obtain a theoretical transmission spectrum; the experimental
results are compared with the simulation results.

In following sections, the method and results will be described and discussed in detail.
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2. METHODS

2.1 Experimental

The MPC sample consists of metallic cylinders, which are arranged periodically with triangular lattice structure. The
metallic cylinders are nickel (Ni) coated straight hollow steel wires and the nominated diameter is 300 um. The thickness
of Ni coating is 100£24 nm, which is roughly the same as the skin depth for THz wave. Therefore, the wires can be
considered as a solid nickel cylinders in the following simulation.

To make the triangular arranged cylinders, a home-made template is used to arrange the cylinders first. Two sets of
cylinders with diameter 300 um and 270 um are arranged alternately and touch each other to form a continuous plane.
Then, the 300 um cylinders are removed, and the residual 270 um cylinders form a grid with regular spacing of 300 um
between adjacent cylinders. A base is made by stacking three of the above grids with angle of 120° between each two
layers as shown in Figure 1(a). Two identical bases, one on top and one on bottom, are put together to form a template.
The 300 um cylinders are inserted through the holes of these two bases and the MPC with triangular lattice structure is
then built. After some trimming work, the final MPC sample is as shown Figure 1(b). Each side is about 6mm. Two
fused silica plates are glued to the two ends of the MPC sample. By using microscope to examine the MPC sample, we
obtain the actual diameter d of cylinder being 286+5 pm and the lattice constant s being 642 um.

The MPC sample is then put in a fused silica box and a NLC (MDA-00-3461 from Merck) is gradually filled into the box,
one part at a time. After each filling, the sample is put in a vacuum chamber to pump out the air. When the box is finally
filled up, a fused silica top is used to seal box. Now the liquid crystal immersed MPC sample is completed.

The NLC has positive magnetic anisotropy, and the applied magnetic field can rotate the director toward to the field
direction. If the magnetic field is much larger than the threshold, we can roughly assume the director of all NLC
molecules is parallel to the magnetic field. In this work a magnetic field of 800 gauss at sample position is used, while
the threshold is about 250 gauss by considering the spacing between the cylinders.” The magnetic field is supplied by a
rare-carth magnet pair that is mounted on a rotational stage.
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Figure 1. Sketch of the sample: (a) the template for making MPC, and (b) MPC in NLC.
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The ordinary and extraordinary indices of refraction of the NLC in the THz range are 1.535 and 1.716, respectively.'’
The effective index of refraction can be written as

sin’(@) cos*(8) ] 2
Ny = n§)+ nz()

’ ¢ , (1

In our experiment, the & value can be varied between 0° and 40° or set to be 90°; . than changes from . to n, gradually
with increasing 6.

The transmission spectrum is measured by using THz time domain spectroscopy as shown in Figure 2. The detail about
the measurement has been describes in other works, for example, reference 8 and 10.

Lock-in amplifier

= ::

oo

Detector| I
S 1 Function generator
Parabolic mirror |
/ce
Parabolic mirror Emitter
Delay Stage BS

Femtosecond laser
f A: 820 nm
Pulse width: 60 fs

Figure 2. Sketch for THz-TDS. BS: Beam Splitter, P: Polarizer, A: Analyzer, S: Sample, and I: Iriso
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Figure 3. The geometry of incident THz waves with respect to the MPC.

The measurement setup is sketched in Figure 3; the THz waves are incident with two directions with respect to the MPC.
One is called front incidence where light propagating perpendicular to the lattice vector. The other is called side
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incidence where the wave propagating parallel to the lattice vector. The wave polarization is perpendicular to the MPC
cylinders, i.e., parallel to the figure plane. The transmission spectrum of the empty fused silica box is measured and
taken as a reference. The transmittance of the sample is relative to this reference.

2.2 Simulations

We have used the finite-difference time-domain (FDTD) method to simulate the wave propagating through the MPC,
which can give us a comparison with our experimental data. It can also give us guidance for experimental conditions. In
the simulation, the MPC is constructed with the real structure, only that the cylinders are considered as solid nickel
cylinders. The index of refraction of nickel at THz range is taken as 463 at 0.3 THz. This value is calculated using the
Drude dispersion model and parameters according to the work by Ordal et al."'

Since both of the THz beam and the MPC are finite in size, the position for incidental position and beam size are
important. In the simulation we can vary the beam size and the position of incidence, the measuring point is at a position
after the MPC and facing the center of incident beam. In Figure 4 we show the scales used in our simulation, the two
small rectangles indicate the measuring points , (321, 5000) and (-4400, 278),for the two incidence conditions, front and
side incidence, respectively.
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Figure 4. The positions used for simulation.

The incident beam has an intensity profile as

e

f(x,y,Zo)=€[ w2]€[_4w] , @

where w is the beam diameter, which is adjusted according the beam size used in experiments.
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3. RESULTS

Both of the experimental and simulated results for beam diameters between 3 and 9 mm and with front incidence are
shown in Figure 5. There is a clear peak in each of the ranges of 0.3~ 0.5 THz and 0.5 ~ 0.7 THz. On the other hand, the
range between 0.2 and 0.3 THz is like a photonic band gap. With increasing beam diameter, the transmittance decreases.

Even when the beam size becomes larger than the MPC size, 6 mm, the transmittance does not increase with the
diameters.
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Figure 5. The beam size effect on the transmission spectrum of THz waves. (a)experiment and (b) simulation.

We also consider whether the incident point on the MPC is critical. The simulated results show that we can move the
beam around the middle for a range of one lattice constant and the results are almost identical. Figure 6 shows the
simulated results for the center of beam moving at 5 positions: A. Br. Br. Cr. Cp; A is the geometrical center at the
front face, Br and By are 0.3 lattice constant away from the center at either side, while Cy and Cy are 0.5 lattice constant
away from the center at each side. For a beam diameter of 5 mm, all of these five situations give almost identical

transmittance. This results tells us that if we have the MPC centered at the beam path, an fluctuation of position under
one lattice is negligible. From now on we fix our beam diameter at 5 mm for all measurements.
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Figure 6. The incidence position effect on transmittance. The beam diameter is fixed at 5 mm.

Proc. of SPIE Vol. 8279 82790J-5

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 04/28/2014 Terms of Use: http://spiedl.or g/terms



In the experiments, the NLC orientations are varied by rotating the magnets, while in simulation the reorientation angle
determines the effective index of refraction of NLC according to .Eq.(1). In Figure 7, we show the measured spectrum
and simulated spectrum for several reorientation angles. We can see that there is almost no transmitting for frequency
higher than 0.4 THz; while a peak is clearly seen at frequency close to 0.2 THz. This peak frequency increases with the
reorientation angle. However, the measured transmittance decreases with the increasing angle, although the simulated
result does not show this decrease.
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Figure 7. The transmission spectrum of liquid crystal immersed MPC at various magnetic field direction for
front incidence. (a)experiment and (b) simulation.

For the peak at 0.2 THz, the positions of peaks are determined by fitting the curves with Gaussian function. Figure 8
shows the relation between the position of fitted peak and the effective index of refraction calculated by using Eq. (1).
The peak positions shift to lower frequency when the effective index of refraction moves from 7, (1.535) to n, (1.716).
The theoretical curve and experimental curves show same trend, except that the tunable range in experiments is smaller
than the theoretically predicted range.

To analyze the band gap shown in Figure 7, we define the gap edge being the frequencies with transmittance becomes
smaller than 0.1. The relations between the band gap edges and the effective index of refraction are shown in Figure 9.

The beginning and ending frequencies of the gap from both experiment and simulation are plotted; they agree with each
other closely. The experimental shift is 6.17 GHz for lower edge and 11.04 GHz for higher edge.
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Figure 8. The peak positions vs. effective index of refraction.
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Figure 9. The band gap positions vs. the effective index of refraction.

4. CONCLUSION

We have made a metallic photonic crystal (MPC), which is shown having tunable band gap and peak transmission
frequency for THz waves. This MPC is immersed in nematic liquid crystal and the controlling is done by applying a
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magnetic field that can rotate and thus reorient the liquid crystal molecules. The lower edge of band gap shifts from
0.121 THz to 0.127 THz while the higher edge shifts from 0.175 THz to 0.186 THz as the effective index of refraction
changes due to the molecular reorientation. As a tunable filter, the peak position is at 0.187 THz and the controllable
range is 3.66 GHz. The insertion loss is between 0.85 db and 7.2 dB.
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