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The present paper discusses polarization phenomena occurring in microstruc-
trured liquid crystal fibers and in particular solid-core photonic crystal fibers
infiltrated with liquid crystals. We report on the latest experimental polarization
characteristics of microstructured photonic crystal fibers filled with prototype
nematic liquid crystal guest materials characterized by either extremely low (of
the order ~0.05) or medium (of the order ~0.2) material birefringence. Due to
anisotropic properties of the microstructrured liquid crystal fibers switching
between different guiding mechanisms as well as electrically and temperature-
induced tuning of light propagation have been demonstrated. These preliminary
results hold great potential for both fiber-optic sensing and in-fiber polarization
mode dispersion control and compensation.
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INTRODUCTION

Anisotropic optical fibers that exhibit particular polarization properties
have been extensively investigated for over the last two decades [1].
This includes also an elliptical liquid crystal-core fiber infiltrated
with a nematic liquid crystal (LC) mixture characterized by extr-
emely low values of refractive indices can exhibits single-polarization
behavior at a certain temperature range [2]. Recently, there has been
a great interest in microstructured photonic crystals fibers (PCFs)
and particularly in yet more advanced micro-structures known as
microstructured (photonic) liquid crystal fibers [3,4]. The microstruc-
tured liquid crystal fiber consisting of a PCF filled with a L.C benefits
from a combination of a passive PCF host structure and an “active”
LC guest material being responsible for diversity of new and uncom-
mon properties.

In optical communication, polarization mode dispersion (PMD) is
regarded as a major limitation in optical transmission systems in gen-
eral and an ultimate limitation for ultra-high speed single channel
systems based on standard single mode fibers. Polarization mode dis-
persion is usually expressed by differential group delay (DGD) over
the length of the fiber At/L. Both values: PMD and modal birefrin-
gence Aff are the most important parameters characterizing birefrin-
gent fibers and are interrelated according to the formula [5]:

At d(Ap) 1 dAneg
T ¢ (Aneff to do )

L do

(1)

where At/L is usually expressed in units of picoseconds per kilometer
of fiber length, An.g is the differential effective index of refraction for
the slow and fast polarization modes, and w = 2nc/1 is the angular
frequency of light.

In highly birefringent (HB) fibers with stress-induced birefringence
(e.g. bow-tie fibers [1]) in which birefringence is caused by stress
applying parts introduced in cladding close to the core region of the
fiber, An.g is nearly wavelength independent and the chromatic dis-
persion of the modal birefringence is negligible. Hence for this type
of fibers measurements of birefringence and PMD are equivalent.

At 1 A
— 2 ARegr = ——
L ¢ e Lpgc @)
where Lp is beat length expressed as:
2n
Lg=—— (3)
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and responsible for phase difference changes along the HB fiber. The
spatial period Lp of these changes reflects the modulation in the polar-
ization states along the fiber. Linearly polarized light coupled into the
HB fiber with plane of polarization directed at the angle of 45 degrees
between both axes of birefringence excites both field components
HE%; and HE%; of the fundamental HE;; fiber mode and as these
two orthogonal mode components are characterized by different propa-
gation constants fy and f, they run into and out of phase at a rate
determined by the birefringence of the HB fiber producing at the same
time a periodic variation in the transmitted polarization state from
linear through elliptic to circular and back again.

MICROSTRUCTURED LIQUID CRYSTAL FIBERS

To investigate temperature and electrical field effects on propagation
and polarization properties of PLCFs we used a prototype microstruc-
tured fiber manufactured at Maria Curie Sklodowska University
(MCSU), Lublin (Poland) and also commercially available highly
birefringent PCF of the type PM-1550-01 manufactured by Blaze-
photonics (UK). The cross sections of both fibers are shown in Figure 1.

The MCSU photonic crystal fiber has a solid core with a diameter of
10 pm is surrounded by nine rings of the holes characterized by dia-
meters and hole spacing of 4.8 pm and 6.5 um, respectively and right
one a solid elliptical core with a diameter of 3.1/3.6 pm is created by

(2) (®)
FIGURE 1 a) MCSU 1023 PCF; b) HB PCF of the type PM-1550-01.
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TABLE 1 Birefringence of Nematic LCs used as Guest Materials of PLCF
(22°C, 2 = 589 cm)

Ordinary  Extraordinary  Birefringence Clearing Dielectric
LC index n, index n, An temperature [°C]  anistropy
PCB 1.533 1.726 0.20 33 16.1
1550 1.461 1.522 0.06 78 3.2

different diameters of holes in orthogonal directions 2.2pum and
4.5 um, respectively. A non-circular core combined with the large air-
glass refractive index step in this photonic crystal fiber creates strong
form birefringence. Both microstructured PCFs were used as a host
structure, while LCs played a role of guest materials. In the MCSU
fiber, cladding region of the PCF structure was infiltrated with a
nematic mixture whereas in the PM-1550-01 HB PCF only two large
holes were filled with a liquid crystal.

As a guest material we used two different nematic LCs: a typical
nematic pentylo-cyano-biphenyl, PCB and a prototype nematic mix-
ture cat. no. 1550, both manufactured at Military University of Tech-
nology in Warsaw (Table 1). The 1550 liquid crystalline mixture
(n, = 1.461, n, = 1.522 at 22°C, 1 =589nm) was composed of alkyl
4-trans-(4-trans-alkylcyclohexyl) cyclohexylcarbonates (Table 2). They
were synthesized according to the route shown in Figure 2 presented
in details elsewhere [6]. Their optical properties were described in [7].

Temperature dependence of refractive indices of the 1550 nematic
LC (Fig. 3) shows that there is a specific temperature region of the
nematic phase (close to 33°C, at 633 nm) in which its ordinary refrac-
tive index n, is below the refractive index of the fused silica
Ngilica = 1.458 (at 1 = 589nm) while its extraordinary index is still
higher than ng;ca.

TABLE 2 Composition and Mesomorphic Properties of the 1550 LLC Mixture

R —<:>—<:>7R Crystal-nematic =~ Nematic-isotropic
! z phase transition  phase transition

wt.% R, Ry temperature (°C)  temperature (°C)
23.93 CsH; OCOOCyHj5 59.4 71.4
18.24 CsH;; OCOOCH;3 70.5 95.0
34.55 CsH;;  OCOOC.Hj5 54.8 85.0

23.28 C;H, CN 57.0 79.7




Downloaded by [University of Haifa Library] at 10:06 22 August 2012

Microstructured Liquid Crystal Fibers 329/[731]

C,,Hyry.{OCOCI, pyridine, CH,CI,

H2n+1Cn@_@ OCOOCmH2m+1 (1 )

FIGURE 2 Route of synthesis alkyl trans-4-(trans-4-alkylcyclohexyl) cyclo-
hexylcarbonates.

Propagation properties and especially the photonic band gap (PBG)
effect strongly depend on molecular alignment within the host PCF
holes as it is schematically drawn in Figure 4. The liquid crystalline
molecular arrangements (director field configurations) in the cladding
cylindrical micro holes are determined by surface glass anchoring

1,52

— 1550
1,51 - — - silica

1,50
1,49 -
1,48 -

1,47 -

refractive indices

1,46 -

1,45

1,44 T .
20 30 40 50 60 70 80 90

temperature [Celusius deg. ]

FIGURE 3 Refractive indices as a function of temperature for the 1550 LC
mixture.
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Planar Radial

FIGURE 4 Molecular arrangements within the cylindrical holes of PCF clad-
ding region: (a) planar, (b) radial, and (c) axial.

conditions. Generally, three types of the LC molecular alignment
inside the fibers holes are possible: planar (Fig. 4a), radial (homeo-
tropic) (Fig. 4b), and a combination of two previous structures, the
so-called radial-escaped or axial geometry (Fig. 4c). Due to flow-
induced orientation during the filling process both planar and axial
alignments dominate over the radial alignment.

The arrangement of liquid crystal molecules within the cylindrical
holes of the PCF cladding region is crucial to understanding of guid-
ance mechanisms of the PLCF. We have carefully investigated liquid
crystalline molecular alignment on fused silica capillaries filled with
both liquid crystals. Inner diameter of the capillaries matched the
dimensions of the host PCF holes whereas internal structure of the
LC-capillaries analysis was based on reconstruction of the 3-dimen-
sions refractive index distribution in optical phase microelements.
The automated tomographic microinterferometer technique was
applied similarly to our former work on elliptical-core liquid crystal
fiber [8]. It appeared that light polarized along fiber axis detects extra-
ordinary refractive index of the infilling LC confirming the fact that
the LC molecules are predominantly oriented along the fiber axis.

TUNING OF THE WAVELENGTH IN PLCFS

Propagation properties and especially the photonic band gap (PBG)
effect strongly depend on features of liquid crystals used as filling
materials. Molecular alignment within the host PCF holes is crucial
issue in this consideration. The director field configurations in the
cladding cylindrical LC-holes are determined by surface glass anchor-
ing conditions. It seems that planar and axial alignments are
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dominated over the radial alignment due to flow-induced orientation
during the filling process.

In experimental investigation we used a ~50 cm long photonic crys-
tal host fiber in which only ~10 mm long section was filled with the
guest nematic LLC by using the capillary forces. The input light from
a broad-band source was coupled into an empty section of the PCF.
The terminal part of the PCF filled with LC created the PLCF under
investigation was placed between electrodes. The electrodes were
plugged to a high-voltage source, which allowed controlling both volt-
age from 0V to 1000V and frequency from 200 Hz to 2 kHz. The optical
signal from the output of the PLCF was analyzed by the Ocean Optics
fiber optic spectrometer and the PLCF was thermally controlled by a
temperature stabilization device.

Thermal Effects

Guiding of the light in a PCF is governed by one of two principal
mechanisms responsible for light trapping within the fiber core. One
of them is an index guiding mechanism based on the total internal
reflection (TIR) phenomenon, which is well known and similar to the
wave guiding within a conventional fiber. The other mechanism is
known as a PBG effect that occurs when the effective reflective index
of the cladding region is larger than the index of the core region. In
this case the propagation mechanism relies on the confinement of
the light trapped inside of the core.

The PCF used as a host structure is a typical solid-core holey fiber
with an index guiding mechanism. However, the liquid crystalline
material placed into the holes of the cladding region influences not
only the properties of the light propagation, but can also change the
guiding mechanism.

The guiding mechanism of the PLCF depends on the effective refrac-
tive index of the nematic LC that strongly depends on the ambient
temperature and the molecular alignment. Due to flow-induced orien-
tation during the filling process of the PLCF, planar and axial molecu-
lar alignments dominate over the radial geometry. It means that the
propagating light experiences the effective refractive index that is close
to the ordinary refractive index of the guest nematic L.C [9,10].

Due to the unusual ordinary refractive index temperature depen-
dence of the 1550 nematic mixture, switching between two propa-
gation mechanisms was observed. Spectral characteristic for two
guiding mechanisms are presented in Figure 5. Figure 5a shows
temperature influence on PBGs positions that are shifted towards
the shorter wavelengths (blue shift) with an increase of temperature.
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FIGURE 5 Transmission spectra of the PLCF (1550 LC). In Figure 5A light is
guided by the PBG effect, and a temperature increase induces the blue shift
(nrc is higher than ng;.,). In Figure 5b, the whole launched spectrum is
observed (TIR effect); optical power increases with temperature (nic is lower
than nsilica)-

The transmitted spectrum fades into the lack of the propagation
when the average refractive index of the cladding region is close to
the silica core index. When the PLCF is heated further on propagation
appears again, but now with the index guiding mechanism allowing
for transmission of the full spectrum of the light source coupled
into the fiber (Fig. 5b). Consequently, the PLCF becomes a typical
index-guiding PCF, and light trapping in the core increases with
temperature.

In order to obtain results, which enable us to demonstrate a differ-
ence in guiding mechanisms of the PLCF close to the nematic-isotropic
phase transition we used PCB that is characterized by higher values of
both ordinary and extraordinary refractive indices in comparison with
silica glass. Figure 6 presents the transmission characteristics of the
PLCF with PCB below (a) and above (b) nematic-isotropic phase tran-
sition temperature and demonstrates differences in the optical power
transmitted in these two cases. For the nematic phase of PCB tem-
perature-tunable photonic band gaps are possible. The output optical
power for the isotropic phase dramatically increases in comparison
with the transmission for the nematic phase. This behavior can be
attributed to disappearance of molecular long-range orientation order
in isotropic phase, and in consequence is responsible for lower atte-
nuation. Moreover the wavelength shift direction is determined by
character of temperature dependence of PCB. For nematic phase of
PCB the wavelengths moves towards longer wavelength (n, increase
with temperature), while for isotropic phase the blue shift is observed
(n;s, decrease with temperature). Thus every LC host cylinder in the
PLCF cladding becomes a waveguide, and light propagates with the
LC medium. As a result the whole launched spectrum can be guided
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FIGURE 6 Transmission spectra of the PLCF with PCB in two cases: below
and above the nematic-isotropic phase transition.

by LC guest medium while the selective wavelengths still propagate
within the PLCF core by the PBG effect.

Electrical Tuning of Photonic Band Gaps

For the PCF filled with PCB, applied voltage increases the optical
power transmitted within the PLCF, but positions of photonic band
gaps are different than in the off-voltage state (Fig. 7). Hence, electri-
cal tuning of PLCFs allows for switching between two different posi-
tions of PBGs which depends on ordinary refractive index of LC in
off-voltage state and extraordinary index in the high-voltage state.
In our case we observed shifted PBGs that appear at certain value
of voltage. Any change in the propagated wavelength is obtained due
to the LC molecular reorientation effect induced by an external electri-
cal field. Below threshold voltage, the propagation is governed by the
ordinary refractive index within the LC capillary, however above a
critical voltage, the reorientation effect occurs and propagation
observes the LC extraordinary index. As a result different guidance
conditions are met in and consequently the band gaps switching is
obtained.

However, further voltage increases (as observed in Fig. 7) induce
electrically-tuned transmission of the photonic band gaps in the
PLCFs. This effect strongly depends on the operating wavelength.
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FIGURE 7 Electrical tuning of PBG’s position in the PLCF filled with PCB.

POLARIZATION PROPERTIES OF THE PLCF

The experimental setup for investigation of propagation and polariza-
tion properties of the PLCFs is shown in Figure 8. We used ~50cm
long photonic crystal host fibers in which only ~10 mm long section
of MCSU PCF structure [11] and ~10-70mm of HB PM-1550-01
PCF in which only two big holes on both sides of the fiber core were

PLCF

electrodes

/ f coupling “face to face”

objective

White light
source/tunable

laser source 7
host PCF

7

temperature

stabilization

temperature control device

fiber optic
spectrometer/
polarimeter

voltage
control

FIGURE 8 Experimental setup to investigate propagation and polarization
properties of the PLCF.
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filled with the guest nematic LC by using capillary forces. The input
light from a broad-band source was coupled into an empty section of
the MCSU PCF and the light from tunable laser source was coupled
into an empty section of the HB PCF. The terminal part of the PCF
filled with LC that created the PLCF under investigation was placed
between electrodes. The electrodes were plugged to a high-voltage
source, which allowed for controlling both voltage from 0V to 1000V
and frequency from 200 Hz to 2kHz. The optical signal from the out-
put of the MCSU PLCF was analyzed by the Ocean Optics fiber optic
spectrometer (both USB2000 and HR4000 models were used). The
measurement apparatus included also a tunable laser source (Tunics
Plus CL) operating at third optical window (spectral range
1500+1640nm) and a modular system for polarization analysis PAT
9000B polarimeter (Tektronix) to analyze output of the HB PLCF.
The PLCFs were thermally controlled by a temperature stabilization
device. The Jones Matrix Eigenanalysis method was selected for polar-
ization mode dispersion (DGD) measurements [12].

The interesting effect was observed by changing the azimuth of the
linearly polarized light launched into the MCSU PCF infiltrated with
a high-birefringence nematic liquid crystal (cat. number 1294-1b)
manufactured by Military University of Technology, Poland. Polariza-
tion of light was controlled by rotating the polarizer, which was placed
between the broadband light source and the empty PCF. In the off-
voltage state the PLCF was almost insensitive to polarization, how-
ever approx. 15% modulation of optical power has been observed when
the polarizer was rotating. This behavior results generally from the
fact that the light emitted by the white-light source used is partially
polarized. In the high-voltage state, the PLCF becomes highly sensi-
tive to the input linear polarization, as the reorientation of the LC
molecules resulted in a high anisotropy of the PLCF cross-section.
We have observed almost 98% modulation of the detected output
intensity in function of the input polarization (Fig. 9). This suggests
a single-polarization guiding of the PLCF similarly to the phenomenon
observed by us in the elliptical-core LC fiber [2].

Birefringence in optical fibers arises from the difference in the effec-
tive indices (ny-ny) of the two orthogonal polarization modes of an
optical fiber. In microstructured optical fibers (MOF's), strong birefrin-
gence has been demonstrated in fibers that incorporate elliptical
air-holes [13], or an asymmetric distribution of air-holes in the
fiber [14]. These types of birefringence can be easy modified by using
LC mixture filled into air-holes.

Optical properties of the highly birefringent PM-1550-01 PCF
(made by Blazephotonics) filled with the low-birefringence 1550 liquid
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FIGURE 9 Modulation of optical power transmitted in the PLCF through
rotating the polarizer. At the off-voltagte stat only small changes of power
are observed. At the higher voltage the PLCF becomes highly sensitive to
polarization.

crystal mixture are generally similar to the properties of the MCSU
PLCFs filled with the same LC. For temperature below 55°C (at
1550nm) we observed band-gap guiding in the PM-1550-01 PLCF.
Propagation wavelength dependence on ordinary refractive index of the
infiltrated LC material (Fig. 10) suggests that the liquid crystalline

55 1
_ g
o g S,
© )
= 2
2 51 S
) g =
o.
£ g
@ 49 3

47 0

400 500 600 700 800 900

Wavelength [nm]

FIGURE 10 Influence of temperature on the optical spectrum after HB PLCF
PM-1550-01.
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molecules are planar oriented within the holes. It is possible to
dynamically tune the propagating wavelength as a result of thermal
dependence of the LC ordinary refractive index. In comparison to
the previous measurements results we obtain only single polarization
propagation at the band gap regime. This is a consequence of observed
large out-radiation of the x-polarized mode into the LC region [15] and
the effect is insensitive to number of filled holes.

For temperatures slightly below 55°C (single-mode propagation
regime) influence of the electrical field was studied. It appeared that
the external d.c. electrical field ~1V/um directed along the y-axis
(Fig. 11) by inducing molecular reorientation within the holes switches
the propagating light into the x-polarized mode. For the electrical field
directed along the x-axis the x-polarized mode will “see” extraordinary

>

i3

FIGURE 11 PLCF PM-1550-01 under external d.c. electric field.
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FIGURE 12 A comparison between decreases of the DGD in PCF and PLCF
fibers at two different temperatures.

refractive index of the LC and will be out-radiated to the LC hole
region.

For temperatures above 55°C the total internal reflection guiding
mechanism in the PLCF PM-1550-01 was observed. Two orthogonal
components of the basic mode have been propagated and in a conse-
quence we could estimate the influence of LC on fiber birefringence
by measuring differenrial group delay (DGD) in the fiber.

The HB PCF fiber produced by Blazephotonics is characterized by
PMD equal to 2.75 ps/m. After infiltreted two large holes situated near
the core with the 1559 LC (7 cm in length), the DGD value measured
at 90°C decreased to 2.42 ps.

Compensation value of DGD in the measured fiber is explained in
Figure 12. Solid line represents DGD in the empty PCF. However in
the PLCF at two different temperatures (75 and 90 Celsius degree)
the module of DGD changes more rapidly in the part of the HB PLCF
fiber filled with LC. This can be explained in terms of reorientation of
birefringence axes. Figure 13 shows both: temperature dependence of
DGD in the PM-1550-01 PLCF and thermal dependence of the ordi-
nary refractive index of the 1550 LC mixture used.

The clearing temperature of the 1550 LC mixture is equal to 80°C
and this corresponds to a sudden drop of the DGD value at the
nematic—isotropic phase transition. Changes in the DGD value around
the 50+80°C temperature range suggest that birefringence in the
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FIGURE 13 Temperature dependence of DGD and ordinary refractive index
of the LC cat. no. 1550.

PLCF increased and the higher compensation of the DGD was
observed. However, if the electrical field was switched on along the
y-axis we have not observed any sudden drop of the DGD value around
the clearing temperature (80°C) — see Figure 15.

1,16 4 >~ Electrical field on

DGD [ps]

0,98 \ | ‘ ‘
70 75 80 85 90

Temperature

FIGURE 14 DGD as a function of temperature (PLCF = 3.8 cm).
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DYNAMIC BIREFRINGENCE TUNING AND PMD
COMPENSATION WITH PLCF

In general, partially coherent light during propagation through bire-
fringent media becomes depolarized [15]. The depolarization depends
on coherence of light characterized by the coherence length (AL),
birefringence of the medium defined as An as well as on orientation
of light beam versus fast and slow axes of the medium birefringence.
The phenomenon occurs in each birefringent medium including highly
birefringent optical fibers where An = Ang for both orthogonal polar-
ization components of the fundamental HE,; fiber mode and as a
consequence it responsible for polarization mode dispersion (PMD)
in optical fibers.

One of the potential applications of polarization effects in PLCFs is
dynamic birefringence tuning that can be straightforwardly applied to
in-line PMD compensation. Instead of using a compensator composed
of two perpendicularly crossed and strained HB fibers we can use only
one section of a photonic crystal fiber filled with a liquid crystal
(Fig. 15). Introducing external electrodes we obtain a possibility of
electrically-controlled LC molecular reorientation inside the holes of
the PLCF and in the same way we have a control of the fiber birefrin-
gence.

In this case, only one simple matrix equation may be used [15]:

(8] = [D;][Mprcr][S™] (4)

where S™ ©" j5 the input (output) spatial Stokes vector of the guided
fiber mode [1], [Mp1,cr] is the Mueller matrix of the PLCF section, and

FIGURE 15 Photonic liquid crystal fiber (PLCF).
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[D.] denotes the depolarization matrix, whose conjugated value is
given by:

1 0 0 0
s 0P 0 0
00 0 P

c

with the conjugated degree of polarization P; characterizing the light
source used

2An L
4 {1 — exp( + )}
R
[us| ' Ju1l

where uq,u, describe polarization components of the propagating fun-
damental HE; fiber mode, Lp;,cr denotes the length of the photonic
liquid-crystal fiber, AL is the coherence length of the light source,
and An.g depends on refractive indices of LC and SiO, glass as well
on distribution and size of the holes infilled with LC. Polarization
diagram (Fig. 16) shows depolarization compensation for two different
orientations of the LC molecules: Angq1 and Ang.o respectively.

(6)

P final_2

P final 1

P, initial

LPLCI’

FIGURE 16 Polarization diagrams of the PLCF compensator.
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CONCLUSIONS

Photonic crystal fibers infiltrated with liquid crystals exhibit unusual
propagation and polarization properties. We have so far experimen-
tally demonstrated: propagation within one PLCF governed by two
guiding mechanisms: the photonic bandgap effect and the total inter-
nal reflection that can be easily tuned either by temperature or by
external electric field. It appeared that PLCFs based on highly bire-
fringent PCF's can guide only single polarization and are characterized
by dynamically tuned birefringence as well as differential group delay.
This can be directly applied to dynamic compensation of polarization
mode dispersion and holds great potential in fiber-optic sensing.
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