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In this paper the latest experimental results of a novel PW600 chiral nematic liquid
crystal with significantly reduced temperature sensitivity of the selective Bragg re-
flection are presented. The PW600 liquid crystal was used to fill prototype photonic
crystal fibers with 3, 5, 6 and 8 rings of the holes manufactured by MCSU, Lublin
and temperature—induced photonic band gap shifts have been observed. Additionally,
experimental results with a new low-birefringence nematic liquid crystal 1800B are pre-
sented. The results obtained suggest great potential of the liquid crystals filled photonic
crystal fibers for optical fiber attenuators and modulators.

Keywords Chiral nematic; helicoidal pitch; photonic crystal fibers

1. Introduction

Over the past decade, photonic crystal fibers (PCF) have become the subject of an increasing
research interest. Particular attention has been focused on the possibility of filling the
air holes of photonic crystal fibers with liquid crystals [1] due to their high sensitivity
to temperature and external physical fields. Thermally, electrically and optically tunable
micro-structured fibers filled with liquid crystals have been recently reported [2-8].
Propagation of light in photonic crystals fibers can be guided by two different mech-
anisms: index guiding (also known as the modified Total Internal Reflection—-mTIR) and
the photonic band gap effect (PBG). Light propagation can be easily modified in photonic
crystal fibers either by a special fiber structure design or filling these microstructured fibers
with various materials of particular properties. Liquid crystals (LC) are very interesting
substances to infiltrate photonic crystal fibers due to their optical properties that strongly
depend on thermal, electric, magnetic and even optical fields. Hence the mechanism of
propagating light in these structures can be changed when temperature or electric field
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pitch .

Figure 1. Pitch of the helical CNLC structure.

is applied. The majority of up-to-date research activities have been focused on photonic
crystal fibers filled with nematic liquid crystals.

Chiral nematic liquid crystals (CNLCs) seem to be novel and interesting materials to
infiltrate PCFs. The chiral nematic phase exhibits spatial twisting of molecules perpendic-
ular to the director. Chirality induces a finite azimuthal twist from one layer to another,
producing helicoidal twisting of the molecular axis along the layer normal.

An important characteristic of the CNLC (also known as cholesteric LC) mesophase
its helicoidal pitch p, defined as a distance it takes for the director to rotate one full turn
in the helix (Fig. 1). The helical structure of the chiral nematic phase has the ability to
selectively reflect light of wavelengths equal to the pitch length, so the special wavelength
of light spectrum will be reflected when the pitch is equal to the corresponding wavelength
of light in the visible spectrum.

The helicoidal pitch is usually temperature-dependent and it can also be affected by the
boundary conditions when the chiral nematic liquid crystal is placed between two surfaces.

2. Materials and Experimental Setup

In this experiment novel LCs materials: the PW600 (also known as MTW1 [8]) chiral
nematic LC and a low birefringence 1800B mixture synthesized at the Military University
of Technology (Warsaw, Poland) were used. The chiral nematic liquid crystal composed
of alkylcyclohexyl and bicyclohexylbenzene nitryles and isothiocyanates and an optically
active dopant (OAD1) (9.4% weight content) responsible for molecular structure winding.
The chemical structure of the OADI is shown in Fig. 2.

The PW600 LC has chiral nematic-isotropic liquid phase transition (N*-Iso) at 83.2°C,
and it is characterized by significantly reduced temperature sensitivity of the selective Bragg
reflection (Fig. 3(a)). Its helical pitch ~400 nm at room temperature (22°C) was measured
by the Grandjean-Cano method. Figure 3(b) shows the Grandjean-Cano stripes that were
observed under the polarizing microscope. Since the mean refractive index of the PW600
LC is higher than the refractive index of the silica glass, the effective LC-infiltrate PCFs
can propagate light only due to the photonic band gap mechanism.

cH,— COOCHOOC CH—<:_ \—/ \,—c H
5' "1 —/ \ ,« A\Y / _/ 5 "1
\Q\\‘ )

Figure 2. Right-handed optically active dopant OAD 1 with helicoidal twisting power HTP =
67.2 um".
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Figure 3. a) A selective Bragg reflection for the PW600 chiral nematic LC upon temperature,
b) Grandjean-Cano stripes.

A new low-birefringence 1800B LC is a modification of the well-known 1550 low-
birefringence nematic mixture described elsewhere [9]. The chemical structure of the
1800B LC mixture is shown in Fig. 4(a). It is characterized by phase transitions tempera-
tures: Sg 10N71.5Iso and has a wide temperature range of the nematic phase (20-71.5°C)
in which its ordinary refractive index n, is below the refractive index of the fused sil-
ica ngjica = 1.458 (at A = 588 nm) while its extraordinary index is still higher than
Ngica (Fig. 4(b)). Birefringence of the 1800B LC at 20°C is very low and equals: An =
0.0596.

In experimental photonic crystal fibers manufactured at the Maria Curie Sklodowska
University (UMCS, Lublin, Poland) with 3 (Fig. 5(a)), 5 (Fig. 5(b)), 6 (Fig. 5(c)) and 8
(Fig. 5(d)) rings of the holes were filled with the PW600 chiral nematic LC. In case of PCF
with 5 rings of the holes the 1800B nematic mixture was also applied.

As a light source, a halogen lamp (Mikropack Halogen LightSource HL-2000) was
used. As a light intensity detector, we used the HR4000 Ocean Optics spectrometer. Tem-
perature was controlled by the Peltier module (Fig. 6).
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Figure 4. a) Chemical structure of the 1800B mixture, b) refractive indices as a function of temper-
ature for 1800B liquid crystal.
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Figure 5. Cross-sections of photonic crystal fibers with a) 3 b) 5, ¢) 6 and d) 8 rings of holes,
manufactured at the (MCSU, Lublin, Poland).

3. Experimental Results

3.1. PW600 in Cells and Capillaries

Preliminary studies with the PW600 chiral nematic liquid crystal were made in liquid
crystal cells with a thickness of 20 pum, coated with a planar orienting layer (Fig. 7(a)).
Figure 7(b) presents myelin filaments of chiral nematic liquid crystal. The value of the
threshold electric field (1) was about 21 V/um (for 415V at frequency 500 Hz) and this
caused helical structure unwinding. At the time of helical structure unwinding a transition
from the opaque state of a liquid crystal cell to transparent was observed. The LC cell filled
with a PW600 chiral nematic is presented in Fig. 8 (pictures were made by the LSCM Nikon
Eclipse Ti (A1) confocal microscope, at the Faculty of Biology, University of Warsaw). In
this picture the myelin filaments of a chiral nematic liquid crystal are visible. The LC cell
was subjected to an external electric field (Fig. 9) above the threshold value of the N*->N

transition (helix unwinding).
2
b4 K22
E.=—- (H

P &o - Ae
E.—electric field intensity
K,,—Frank elastic constant, twist deformation
go—electric permittivity in vacuum

Ae—dielectric anisotropy
P—helicoidal pitch

where

The induced electric field forces perpendicular orientation to the cell surface in the helix
groups of molecules of chiral nematic liquid crystal. The twisted texture causes the opaque
state of an LC cell. The opaque state is permanent despite of no electric field applied.

lens
Halogen light Spectrometer
source
PCF with LC

Peltier module

Figure 6. Experimental setup.
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Figure 7. a) LC cell filled with chiral nematic PW600. b) Myelin filaments of chiral nematic liquid
crystal. The picture was taken under polarization microscope.

Figure 8. LC cell filled with chiral nematic PW600 without any orientation. Pictures were taken
by LSCM Nikon Eclipse Ti (A1), 40x lens confocal microscope, Faculty of Biology, University of
Warsaw.

Figure 9. Liquid crystal cell with chiral nematic PW600, exhibiting long lasting memory effect.
An external electric field was initially applied and then removed. Pictures were taken by the LSCM
Nikon Eclipse Ti (A1), 40x lens confocal microscope, Faculty of Biology, University of Warsaw.
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(b) (c)

Figure 10. Capillaries filled with PW600 with a internal diameter of a) 10 um, b) 25 pum and
¢) 128 um in temperature of 25°C. Pictures were taken from polarization microscope with 20x
lens.

The helical structure of chiral nematic liquid crystal is presented in Fig. 9.

The arrangement of chiral nematic molecules in a capillary is totally different than in
the cell due to a much more complicated character of boundary conditions and its cylindrical
structure [10,11]. Figure 10 shows the pictures of capillaries filled with LC PW600 without
any orienting layer and characterized by internal diameters: 10 um (Fig. 10(a)), 25 um
(Fig. 10(b)) and 128 um (Fig. 10(c)) respectively. It can be assumed that the PW600 chiral
nematic LC helix is parallel to the capillary long axis. However this arrangement is not
uniform, there are some disturbances and also defects resulting from the internal structure
of a capillary or a sudden temperature change. The arrangement is strongly dependent on
the internal diameter of a capillary and also the type of LC infiltration method.

3.2. Experimental Results in Photonic Liquid Crystal Fibers

The photonic crystal fiber with 3 rings of holes (40 cm of length) was filled with a PW600
LC mixture on the length of 2.7 cm. We have observed PBGs that moved towards shorter
wavelengths with increasing temperature (Fig. 11(a)).

The applied electric field was too small to observe helical unwinding and attenuation
was increasing while the electric field was applied for the whole range (Fig. 11(b)). For a
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Figure 11. Photonic band gaps tuning by a) temperature and b) influence of electric field for
propagating light in photonic crystal fiber with 3 rings of holes filled with PW600 LC.



Downloaded by [Siauliu University Library] at 00:29 17 February 2013

190 Marzena M. Tefelska et al.

4000
(a) PE———— 2500 (b) 26°C (13t day)
ol 26°C (4th day)
84 26°C [5th day)
86°C
%004 1 7= _. 2000
E 3
2 2
£ £ 1500
2 2000 =
s s
pu i _.|
2 g 1000 |
=] ] o
2 1000 | a ’ |
500 | |
,IJ”\ f 'Ill i | | m {\
0 s M A - o ITUNA. LAY N N W, N\
300 400 500 600 700 BOD 900 1000 1100 300 400 500 600 700 800 900 1000 1100
Wavelength [nm] Wavelength

Figure 12. Photonic band gaps shift a) by change of temperature b) time stabilization of propagating
light in photonic crystal fiber with 5 rings of holes filled with LC PW600.

photonic crystal fiber with 5 rings of holes (with about 40 cm long) filled with LC PW600
(infiltration length about 2.7 cm) PBGs moving under the influence of temperature were
observed (Fig. 12(a)). We checked the long-term stability after ~5 days and observed that
the spectrum remained unchanged (Fig. 12(b)).

A photonic crystal fiber with 6 rings of holes was filled with the PW600 mixture. When
the temperature was decreasing, the photonic band gaps shifted into the longer wavelength
(red shift) (Fig. 13(a)) but when it was increasing, the photonic band gaps shifted into the
shorter wavelength (blue shift) (Fig. 13(b)). This is in contrast to well-known 6CHBT or
5CB nematic LCs. Temperature induced wavelength shift % is about 2 nm/°C. For this
configuration the average attenuation of PLCF is at the level ~5.5 dB/cm.

For photonic liquid crystal fiber with 8 rings of holes part of propagating light ~450 nm
is emitted out of the core and stay on the boundary of the cladding fiber (Fig. 14). The
remaining amount of light with a small fraction of the light was propagating in the core.
This effect was repeatable.

The PCF used in the next experiment was ~90 cm long with 5 rings of holes infiltrated
with 1800B LC (section of ~3 cm). This fiber has low attenuation and the diameter of
about 125 um. The temperature range was changing from 21°C to 71°C by using the Peltier
module. The intensity of output light increased when the temperature was increased, as
shown in Fig. 15.

In Fig. 16 the operating wavelength depends on temperature and we observed a sig-
nificant increase in the output power while the temperature rose from 20°C to 65°C. For

temperature decrease temperature increase
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Figure 13. Photonic band gaps shift by change of temperature for photonic crystal fiber with 6 rings
of holes filled with PW600, a) red shift, b) blue shift.
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Figure 14. Photonic band gaps tuning and emitted shorter wavelength to fiber cladding, 8 rings of
holes filled with PW600.

70.7°C, close to the nematic-isotropic phase transition of an LC, the output power rapidly
decreased. In a photonic crystal fiber filled with the 1800B mixture, the light propagation
is guided by the modified Total Internal Reflection mechanism, which is characterized by
much smaller attenuation (~0.35dB/cm). If the refractive index of an infiltrated material
is smaller (if the contrast between the coefficients of refraction of the core and cladding is
stronger), the light is better guided. Hence, the type of the PLCF can be used as a fiber with
a wide range of tunable attenuation.
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Figure 15. Transmission spectra for PCF infiltrated with LC 1800B under influence of temperature.
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Figure 16. Normalized optical power for selected wavelengths in function of temperature, 5 rings
of holes filled with 1800B LC.

4. Conclusions

Photonic crystal fibers filled with various substances can be used as all-in-fiber tunable
devices. In this paper, the propagation effects in a PCF filled with a chiral nematic LC and
the 1800B mixture have been demonstrated.

The PCF with 6 rings of holes filled with the PW600 could be used as an optical filter
because of its photonic band gaps tuning ability. The configuration of a PCF with 5 rings of
holes filled with the 1800B shows the possibility of attenuation tuning in the index guiding
regime controlled by temperature changes. Consequently, this property may be used to
propose a fiber-optic attenuator.

It is believed that through the confocal microscope measurement method it will be
possible to determine the helix pitch, choosing appropriate parameters as a pitch of scanning
sample, image resolution, depth of scanning. It is possible also that analogous measurement
for capillaries filled with liquid crystals will clearly define molecules orientation.
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