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Laser actions in nano-helical-structured liquid crystals
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Department of Electronic Engineering, Graduate School of Engineering, Osaka University
Yamada-Oka, Suita, Osaka 565-0871 Japan

ABSTRACT

Optically pumped laser action has been observed at the edge wavelength of the stop band in a dye-doped flexible free-
standing film of photopolymerized cholesteric liquid crystal (PCLC), which originates from band edge effect of the one-
dimensional photonic band gap. On the other hand, defect mode laser action has also been experimentally demonstrated
at the defect mode wavelength within the band gap. This laser action is based on the photon localization at the twist
defect of the composite film consisting of two PCLC layers. Twist defect mode (TDM) is induced by the introduction of
twist defect which is a discontinuity of the director rotation around the helix axis at an interface of two PCLC layers. We
also propose a new type of tunable defect mode based on the chiral defect in which the partial modulation of the helix
pitch is introduced.
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1. INTRODUCTION

Liquid crystals including chiral molecule have a self-organized helical structure which can be regarded as a one-
dimensional (1-D) periodic structure. In such systems, there is a so-called stop band in which the light can not
propagate, which is considered as a 1-D pseudo-bandgap. In a 1-D periodic structure, the laser action has been
expected at the photonic band edge where the photon group velocity approaches zero.! Lasing at the band edge has
been reported in the cholesteric liquid crystal (CLC),™* chiral smectic liquid crystal*®, cholesteric blue phase’ and
polymerized cholesteric liquid crystal.®'

On the other hand, the localization of the light based on the defect mode caused by the imperfection in ?eriodic
structure has been expected as potential applications such as low threshold lasers and micro waveguides.'" > The
introduction of the defect layer into the periodic helical structure of the CLCs has been theoretically studied.'®"
Especially, Kopp et al. have predicted the existence of a localized state for single circularly polarized light in the twist
defect of the CLCs."” However, in spite of the theoretical demonstration of the twist defect mode (TDM) in the CLC,
evident experimental demonstration on such defect mode has not been carried out.

In this study, we experimentally demonstrate the defect mode in the 1-D photonic band gap of the CLC film having a
twist defect. The laser action based on the TDM is also observed in the dye-doped photopolymerized CLC (PCLC)
composite film with the twist defect.'® Although TDM has a high quality (Q) factor, its frequency can not be tuned by an
external field in this system. We propose a new type of defect mode based on the chiral defect in which the partial
modulation of the helix pitch is induced. In the new chiral defect mode, the tuning of the mode frequency can be
expected upon partially modulating the helical twisting power.

2. EXPERIMENTAL

For the fabrication of PCLC, two types of photo-polymerizable CLC mixtures (Merck KGaA) were used, which have
right-handed helix and reflection bands around 779 nm and 440 nm. The helical pitch of the CLC sample, that is, the
wavelength of the optical stop band can be adjusted by mixing these two CLC compounds at a proper ratio. The free-
standing CLC polymer film was prepared as follows. The monomer sample was inserted by a capillary action into the
sandwiched cell that is composed of two grass plates. In order to obtain a homogeneously aligned cell, the surfaces were
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Figure 2: Emission and transmission spectra of dye-
doped PCLC film.

3.2 Twist defect mode lasing

Laser actions reported so far in chiral liquid crystals are
observed at the edge wavelength of the stop band and are
associated with the group velocity anomaly at the photonic
band edge. On the other hand., low threshold laser action
based on the photon localization at the defect in periodic
structure can also be expected. The introduction of the
defect into the periodic helical structure of the CLCs has
been theoretically studied. Especially. Kopp et al. have
predicted the existence of a single circularly polarized
localized mode in the twist defect of the CLCs."

Figure 3(a) shows the transmission spectrum of the dye-
doped double PCLC composite film containing a
discontinuous defect interface. A stop band, 1-D photonic
band gap, is confirmed in the spectral range from 580 nm to
640 nm. It should be noted that a sharp peak appears at 611
nm within the photonic band gap. which might be related to
the defect mode induced by the introduction of the twist
defect interface.
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Figure 3: (a) Transmission spectrum of the dye-
doped double PCLC composite film with twist
defect. (b) Emission spectrum of the double
PCLC composite film at above the threshold
pump pulse energy (200 nl/pulse).

We have performed theoretical calculation of light propagation in PCLC films with and without twist defect interface,
using a method of characteristic matrices. This method is a numerical analysis based on the Maxwell equation which can
be used to quantitatively calculate the light propagation in the medium with refractive index varying along one direction.
Assuming that the phase jump of the director angles ¢ at the interface of two PCLC layers is 41/9 rad, the theoretically
This result indicates that the sharp peak observed
in the photonic band gap corresponds to the TDM in the double PCLC composite film with the twist defect interface.

calculated results are in good agreement with the experimental ones.

Figure 4 shows the electric field distribution of the propagating light in the PCLC film with twist defect, evaluated using
a finit difference time domain (FDTD) calculation. At the twist defect interface, there is a phase jump of the director
rotation around the helix axis. The light propagates from the right side to the left. The light intensity is localized at the

defect interface, resulting in a partial transmission of the light.
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Figure 4: Electric field distribution of the propagating light in the PCLC with twist defect.

Figure 3 (b) shows the emission spectrum of the dye-doped double PCLC composite film with the defect interface at
pump energy of 200nJ/pulse. For an excitation source, second harmonic light of a mode-locked Nd:YAG laser (Ekspla,
PL2201) was used. The pulse width, wavelength and pulse repetition frequency of the pump laser beam were 100ps,
532nm and | kHz, respectively. The illumination area on the sample was about 0.2 mm~. For low excitation energy,
the spectrum is dominated by a broad spontaneous emission. At high excitation energy (200 nJ/pulse), however. laser
action appears at 611 nm which is within the band gap and coincides with the TDM wavelength. The FWHM of the
emission peak is about 2 nm, which is limited by the spectral resolution of our experimental setup. Figure 5(a) shows
the peak intensity of the emission at 611nm as a function of excitation energy. Above the threshold at a pump pulse
energy of about 100nJ/pulse, the emission intensity increases. The FWHM of the emission spectrum also drastically
decreases above the threshold. These results confirm that laser action occurs above the threshold of the pump energy at
the wavelength of the TDM in the photonic band gap.

Figure 5: Pump energy dependenceé of the intensity of emission peaks at 611nm and 638nm of
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Figure 6: Emission spectrum of dye-doped PCLC with twist defect at high pumping
energy of 800nJ/pulse.

With increasing excitation energy more, another emission peak grows up. Figure 6 shows emission spectrum of dye-
doped PCLC with twist defect at excitation energy of 800nJ/pulse. Besides the peak due to TDM (611nm). another sharp
emission peak appears at 638nm which corresponds to the edge wavelength of the stop band. Figure 5 (b) shows
excitation energy dependence of the emission peak intensity at 638nm. Above the threshold excitation energy
(400nJ/pulse), emission intensity drastically increases. This emission peak might be associated with the band edge lasing
which appears in PCLC without defect as shown in Fig.2. Consequently, the defect mode lasing occurs at lower pumping
energy compared with that of band edge lasing, while at high excitation energy the defect mode lasing reaches the limit
and band edge lasing appears.

3.3 Transient defect mode induced by the partial deformation of helix

TDM based on the composite film of two PCLCs has been achieved. However, its wavelength can not be tuned by an
external field such as the electric field or light. We have proposed a new type of defect mode in the helix which can be
dynamically tuned by the external field."”” Figure 7 shows schematic explanation of a photonic defect in CLC. If the
periodicity (pitch) of the helix is partially changed. that is, the pitch is partially squeezed or expanded, these irregularities
in the periodic structure should act as a defect and cause the light localization. As a method to induce partial change in
helix pitch, we suppose that the local modification of HTP is induced by a focused Gaussian laser light. Optical control
of HTP can be realized using photochemical effects of the doped azobenzene, nonlinear optical effects, or by simple
heating. Photoinduced reversible control of HTP of CLC has been demonstrated in the CLC containing photochromic
azobenzene, and applications to a reflection-type display devices. an optical shutter, an optical memory, and so on have
been studied.”**' By the trans-cis photoisomerization of the doped azobenzene. HTP of the host CLC changes, so that
photoinduced control of HTP can be realized. On the other hand, Winful theoretically suggested that an intense light can
induce a change of HTP of the CLC by the coupling of the optical field to the local dielectric anisotropy.> Moreover, the
helical pitch of the CLC depends on temperature, so that a local deformation of helix can also be performed by an optical
heating. From these characteristics of the CLC and the mixture with azobenzene molecules, our model of calculation can
be considered as a realizable assumption.
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in our system can be realized only for the circularly polarized light with the same handedness as the helix. which is
similar to the result of TDM. The position of the defect mode depends on o and w. With decreasing ¢, a transmission
peak due to the defect mode shifted toward the longer-wavelength edge. On the contrary, with increasing o, peak shifted
toward the shorter-wavelength edge. The increase and decrease in o correspond to the squeeze and expansion of the
helix pitch. Therefore. it was found that the tuning of defect modes could be achieved by partial squeeze and expansion
of the helix.

SUMMARY

Two types of laser actions were demonstrated using PCLC. They originated from the band edge effect of the one-
dimensional photonic bands gap and the defect mode within the band gap. We experimentally demonstrated the TDM in
the 1-D photonic band gap of the CLC film having a twist defect which was a discontinuity of the director rotation
around the helix axis at an interface of two PCLC layers. The laser action based on the TDM was also observed in the
dye-doped PCLC composite film with the twist interface. We proposed a new type of defect mode based on the chiral
defect in which the partial modulation of the helix pitch was induced. In the new chiral defect mode, the tuning of the
mode frequency could be expected by partial modulation of the helical twisting power.

This work is supported by a Grant-in-Aid for Scientific Research from the Japan Ministry of Education, Culture. Sports,
Science and Technology (15656083). We would like to show our acknowledgements to Merck KGaA for providing the
photo-polymerizable CLC materials.
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