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Abstract:  We investigate the tunability of splay-aligned liquid crystals
for the use in solid core photonic crystal fibers. Finite element simulations
are used to obtain the alignment of the liquid crystals subject to an external
electric field. By means of the liquid crystal director field the optical
permittivity is calculated and used in finite element mode simulations. The
suitability of liquid crystal photonic bandgap fiber devices for filters, wave-
plates or sensors is highly dependent on the tunability of the transmission
spectrum. In this contribution we investigate how the bandgap tunability
is determined by the parameters of the liquid crystals. This enables us to
identify suitable liquid crystals for tunable photonic bandgap fiber devices.
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1. Introduction

Photonic Crystal Fibers (PCFs) [1][2] aretypically al silicaoptical fiberswith airholes extend-
ing in the axial direction of the fiber. During the last years, alot of research activities have been
done in the field of Liquid Crystal infiltrated Photonic Crystal Fibers (LCPCFs). Due to the
high optical end dielectric anisotropy and complex alignment structure of LCs, LCPCFs are a
highly promising platform for tunable optical devices. Infiltrating LCs into the capillaries of a
solid core PCF changes the guiding principle from modified Total Internal Reflection (m-TIR)
to bandgap guiding. The optical properties of the LC infiltrated PCF and the transmission spec-
trum can be tuned thermally [4], optically [5] and electrically [6]-[10]. Various devices have
been demonstrated, among others Gaussian filters [11] and notch filters[12], tunable polarime-
ters[13] and waveplates [14].

The optical mode structure in the fiber is closely linked to the mode structure in the LC
infiltrated capillaries and the orientation of the LCs has a significant influence on the optical
properties of the LCPCFs. The parameters of the LC together with the geometry of the capil-
laries and the boundary alignment determine the LC alignment. To find suitable LCsfor optical
devices, it istherefore of great interest to know how those parameters influence the character-
istics of LCPCFs and their tunability.

For bandgap filters, sensors, waveplates and many other L CPCF devices based on electrically
controlled LCs, a high tunability is desirable. In this paper, we present our simulation results
to analyze the tunability of L CPCF infiltrated with various splayed aligned LCs and under the
influence of an external electric field. Due to the supported complex mode structure, splayed
aligned L Csallow for a continuous bandgap tunability [8][16] and are therefore of special inter-
est. We simulate the director field distribution of LCsfor arange of L C parameters using Finite
Element Method (FEM) simulations. The tunability of devices based on LCPCFsis dependent
on the reorientation of the LCs under an applied external electric field, and we simulate the LC
realignment for various parameters. The orientation of the birefringent LCsis used to obtain the
refractive index structure in the PCF capillaries. Vector element based FEM mode simulations
are then applied to simulate the mode structure for aLC infiltrated capillary in the inner ring of
capillaries, with and without applied bias. For these modes, we analyze the electrically induced
change of effective index depending on the LC parameters. Thistells us how sensitive a given
L C reactsto an external electric field and allows to choose suitable LCsfor applicationsthat re-
quire a high bandgap tunability, for example Gaussian filters for optical coherence tomography
or electric field sensors. It also opens up to synthesize L Cs which possess properties specifically
designed for a particular application.

The article is organized as follows. In section 2, we present the simulation results for the
director distribution. We describe how the LC reorientation under an applied electric field de-
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pends on the L C parameters. The LC alignment determines the mode structurein the capillaries
of the PCF. In section 3, we show how the mode structure and tunability of a biased LCPCF
depends on the LC parameters. Section 4 summarizes the results.

2. LC alignment simulations

The local orientation of a nematic LC can in general be represented by a director vector
A(x,y,z). It is a unit vector pointing into the direction of the rod axis of the LC molecules,
asillustrated in Fig. 1b), determining the LC’'s local dielectric, optic and mechanic properties.
We simulate the orientation of the director vector under an applied external bias, for a range
of LC parameters. A schematic illustration of the investigated configuration is shown in Fig.
18). The PCFswe consider have four rings of capillaries and are placed between two electrodes
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Fig. 1. @) Schematic illustration of a photonic crystal fiber with four rings of LC infiltrated
capillaries and placed between two electrodes. Symmetries are applied to reduce the calcu-
lation domain. b) Director structure for asplay aligned LC with 90° boundary alignment in

acapillary.

which are on a potential V1 and grounded respectively. The capillaries are infiltrated with ne-
matic splay aligned LCs and the PCF is surrounded by air. In the inner capillary ring in Fig. 1
we highlighted a particular capillary. The optical modesin the capillaries of the inner ring have
the highest interconnection with the PBG mode. We therefore investigate the reorientation of
the LCs as well as the mode structure for these capillaries. Due to symmetry there are only two
capillaries in the inner ring that are not equivalent. The difference of the alignment for those
two capillaries was shown to be small and hence we investigate only one of them. The general
investigation of how the alignment of LCsin different capillaries of a biased L CPCF varieswas
donein our previous work [16]. To obtain the L C alignment, we solve Poisson’s equation

V-eVo =0, D
and minimize the LC'’s free energy [15] in a self consistent procedure. We consider only two
contributions, the elastic and the electric free energy, given by
F[n] = Fo+ Fy :/dQ (Kzl(v.n)2+ %(I’va n)%+ %(n XV x n)Z) —/dQ <;D-E>

Q Q
@)
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Here, K1, K> and K3 are the elastic constants of the LC. K; describes the energy contribution to
the LC's free energy from director configurations with non-vanishing divergence also known
as splay-alignment, Ky describes twisted and K3 bended structures. The last termin Eq. 2 isthe
electric free energy, with D = €E. The dielectric permittivity tensor can be decomposed as

D=¢E|+e EL =¢e E+Ae(E-n)n— &) =g §j +Aenin; 3)

where Ej and E; arethe electric field components along and perpendicular to the L C rod axes,
n isthe director vector and Ae = ¢ — &, the di€electric anisotropy. We assume hard anchoring
boundary conditions, and exploit the symmetry of the problem to reduce the cal culation domain
to one quarter of itsoriginal size.

We choose a range of values for each of the parameters K1, K3, Ae and €, which covers a
reasonable span of commercialy available LCs. Since we are dealing with nematic LCs, K3
does not have a significant influence on the alignment and will be neglected. For each of theses
parameters we simulate the L C alignment without and with applied external bias and calculate
the relative alignment reorientation for the capillary in the inner ring as

J dQ[f —fo|
Q

N 0 el @
Q
where Q isthe calculation domain, f the director vector distribution with applied biasand fig the
one without bias. We analyze the alignment reorientation relative to the one for areference LC,
which isrepresented by the director vectors fir and firg with and without voltage respectively. In
any of the ssimulations we only vary one parameter at atime, while all the others are kept fixed.
As reference LC we take one with parameters similar to MDA-00-3969 (Merck, Germany)
with e, =7,Ae = 7 and (Kq, Kz, K3) = (1.8,1,2.11)x10~*N. Simulations were done for both
0 = 45° and 6 = 90° boundary alignments, which are the ones we found in experiments [8]
[14] and can be also be achieved by capillary coating [9]. The fiber used is alarge mode area
typewith d/A = 0.51, whered = 2.4 isthe capillary radius, and A the inter hole distance. The
Poisson equation describing the electric field distribution and the free energy are both invariant
under aspatial scalingr — mr = g, which can be seen by replacing the derivativesin Eq. 1 and
Eq. 2 as
Jd dqj d d

%~ % 09, aq’ ©)
The scaling results in a factor n? in both equations which does not change the solution of the
partial differential equation system. Note that the electric fields are now defined in units of the
scaled system. Since we are considering PCFs with afixed cladding diameter of 125um, we are
mostly interested in ascaling of the capillary part of the fiber. In this case, the electric field dis-
tribution does change, but when keeping d/A constant, this effect can largely be compensated
by changing the applied bias. Since we are interested in the relative tunability which depends
only on the LC parameters, the strength of the external bias as well as the geometry do not
influence the analysis.

From Eq. 2 and Eq. 3 we can see that the dielectric permittivity plays an important role
for the reorientation of the LCs when applying an external electric field. We simulate the LC
director structure for Ae € [0,30], and Fig. 2 shows the alignment reorientation depending on
Ae. Simple fitting curves show a dependence o A%/ and o v/Ae, for 45° and 90° boundary
alignment respectively. For 45° boundary alignment the electric field seesless | and the electric
energy density in the capillariesis therefore higher. Thisleadsto a stronger realignment, as can
be seen from the insets in Fig. 2, where the alignment deviation from the unbiased case is
plotted.
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Fig. 2. Relative alignment change when applying an external bias depending on Ae for a)
45° and b) 90° boundary alignment. The solid curves are the fitted values. Insets show the
alignment change from the nonbiased case.

Keeping Ae fixed, increasing €, also results in a higher average permittivity. We expect a
higher £, toresult in aweaker electric field in the capillaries and therefore in aweaker realign-
ment. Simulations were done for €, € [3,5,7,9,11,13]. Figure 3 shows the relative alignment
reorientation depending on g, . For both boundary alignments we obtain an alignment change
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Fig. 3. Relative alignment reorientation when applying an external bias depending on &
for a) 45° and b) 90° boundary alignment. The solid curves are the fitted values. The insets
show the alignment deviation from the unbiased case.

o<1/ (sf/ 24 const).Taking the fitted curves for the variation of Ae and &, into account, the best
tunability will be achieved by choosing a L Cs with high values of Ae, but low ¢, .

The elastic constants Ky, Ko and K3 describe the energy trade-off for splayed, twisted and
bended configurations and we expect aweaker realignment for higher values of the K-constants.
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In the following we consider the dependence of d; on Kj with Kg/K; = 1,1.2,1.4. The K-
constants are the only L C parameters that actually influence the LC alignment without voltage.
They determine the shape of the LC distribution inside the computational domain and in this
way they also influence, how much the LC will locally be affected by the electric field.

We simulate the alignment reorientation for Ky € [1,4] x [10~1IN]. The results are shown in
Fig. 4 For 45° boundary alignment the fitted curves are found as 8y = 1/(0.48K; +0.1), 65 =

16 x simulation K3/K1=1 18} x simulation K3/K1=1
O simulation K3/K1=1.2 O simulation K3/K1=1.2
14 0 simulation K3/K1=1.4 16 0 simulation K3/K1=1.4 | 1|

0.8

0.6

0.4

Fig. 4. Relative alignment reorientation when applying an external bias, depending on K;
for fixed K3 values. a) 45° boundary alignment and b) 90° boundary alignment. The smooth
curves are the fitted values.

1/(0.5K1+0.1), and 65 = 1/(0.52K;1 +0.1) for K3/K1=1,1.2,1.4 respectively. The variation
of the three curvesis for each value of K; smaller than 10 percent, indicating that the influence
of K3 on the realignment is much weaker than the one of K;. For 90° boundary alignment, the
fitted curves are 65 = 1/(0.48K; 4 0.03), 83 = 1/(0.55K; + 0.02) and 8z = 1/(0.6K; + 0.03)
for K3/K1 = 1,1.2,1.4 respectively. We see that for perpendicular boundary aligned LCs a
variation of K3/Kj has a stronger influence on the realignment than for 45° boundary aligned
LCs. This can be explained as follows. We observe a stronger in-plane director component
for higher values of Ks3/Ki. The electric field sees more of ¢, leading to a reduced energy
density and hence a weaker realignment of the LCs. This effect isis stronger for perpendicular
boundary aligned LCs, resulting in a stronger relative director reorientation.

In this section, we have investigated how the LC constants influence the alignment and the
reorientation when applying an external electric field. We analyzed the tunability of the LC
alignment depending on the parameters €, ,Ae and the K-constants.In the following we will
investigate how the alignment reorientation influences the mode structure in the LC infiltrated
capillaries.

3. Capillary mode analysis

The optical mode structure supported by LCPCFsis strongly connected to the alignment of the
LCsin the capillaries. The positions of the bandgaps are determined by the cutoff wavelengths
of the guided modesin the PCF capillaries which react very sensitively to changesin refractive
index due to the reorientation of the LCs. We will now analyze how the induced effective index
shift of the capillary modes depends on the LC parameters.

We use a vector element based FEM tool to solve Maxwells equations. To include material
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dispersion we use the Sellmeier equation for the silicamaterial

3 2
aj)L
€50 =1+§
2 T A2

(6)

with a = (0.6961663,0.4079426,0.8974794) and b = (0.0684043,0.1162414,9.896161), and
the Cauchy equation for the LCs[18]

o,e o.e
o= (A3 52+ 230y ™
with (A?,A3,A3) = (1.47935,0.01116,0.00192), (A7, A5,A5) = (1.6681,0.01116,0.00192).
We set An = 0.18875 constant for all wavelengths in order to exclude effects of a varying
birefringence on the analysis. For wavelengths in the infrared By, Be and C,, Ce have a minor
influence on the slope of ne and n,. The assumption of aconstant Anistherefore agood approx-
imation for the wavelength range we consider. The influence of a variation of the birefringence
will explicitly be considered later on.

To quantify the bandgap tunability depending on the LC parameters, we investigate the dis-
persion curves of the first 6 modes in the above mentioned capillary of the first ring with and
without applied bias. These modes are (in order of descending cutoff wavelength) for the 45°
boundary alignment the HEz1, TMo1, HE21, TEgs HE;2 and HE3; modes. For LCs with per-
pendicular boundary alignment the order of the modesisHE;1, TMoi, HE21, HE31, HE 2 and
TEq:. Dueto the spatially varying anisotropic refractive index in the LC capillaries, the modes
differ from the ones supported by a step index fiber, but still show similar characteristic vector
field structures. We therefore use the same name conventions. The mode profiles are similar for
the two boundary alignments and are shown for the 45° casein fig. 5.

0o
Q0

HE11 TM()l HE21
Q0
(+) 9.0

Qo

TEo HE HEz;

Fig. 5. Contour plot of |E| for the capillary modes for 45° boundary alignment.

When applying an external electric field, the two polarization directions of degenerated
modes split up and the degeneracy is broken. We refer to the polarization direction which ex-
hibits the stronger effective index shift synonymously first and y-polarization, since the external
bias is applied in the y-direction, the other one second or x-polarization. To make a rigorous
analysis of the bandgap tunability depending on LC parameters, one would have to smulate
the photonic bandgap(PBG) mode for the whole LCPCF structure, since mode coupling and
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dlightly different LC alignments in different capillaries result in different dispersion curves of
the capillary modes. Due to the complexity of the problem with awide range of LC parameters
we restrict ourselves to the mode structure in a single capillary. This does not allow to investi-
gate propagation losses and the shape of the bandgaps. But in this contribution we are mainly
interested in the bandgap tunability. In fact, bandgap shifts for the full transmission spectrum
can be approximated very well with the cutoff wavelengths of the capillary modes when we
using a capillary from the inner ring.

Figure 6 showsthe effective index plots of the relevant capillary modesfor aL C with Ae = 30
(other parameters as for the reference LC), without (black, lower lines) and with (red, upper
lines) applied biasfor 45° and 90° boundary alignment. Here, the blue line represents the mate-

153

153
1.52
151

15
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149 HE

1.49 11
25 148 8 HE
148 31 TMOl
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LA e HE,1
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wavelengthfum] wavelengthfum]
a) b)

Fig. 6. Mode dispersion plots of the capillary modes for a) 45° and b) 90° boundary aign-
ment without (black, lower) and with (red, upper) applied bias. The blue lines represent the
material dispersion of the background material

rial dispersion of the background. We observe the shift in effective index as well as the splitup
of degenerated modes when applying an external bias. These effects are stronger for 45° bound-
ary aligned L Cs as expected from the alignment simulations. The splitup of the two degenerated
polarization directions of theHE;1, HE21, HE3; and HE;» modesisdueto the fact that only one
polarization direction exhibits a strong change of the refractive index due to the reorientation
of the LCs. The other polarization direction only sees a small portion of index change, which
can even be negative i.e. the effective index decreases when applying a bias. Independently of
the LC parameters, the T Eg; mode shifts comparably little when applying an external electric
field. This can be explained with its vector profile which is perpendicular to the LC director,
as long as we have a twofold symmetry of the LC in the capillaries. This symmetry is broken
by the x-component of the electric field which isweak for typical parameters and voltages. For
both boundary alignments, the TMg; dispersion curve crosses the HE;; dispersion curve and
becomes the mode with the highest effective index, when going to lower wavelengths. For 90°
boundary alignment, the effective indices of both the HEz; and the HE;2, mode is higher than
the one of the TEp; mode. This is not the case for the 45° boundary alignment, where at the
cutoff the effective index of the TEp; modeis higher than the one of the HE3; and HE; 2.

We are now investigating the effective index shift of the modes depending on the LC param-
eters. Figure 7 shows the dependence of Angss on Ae for a given external bias. The values for
the different modes were taken close to their cutoff wavelength, since the cutoff determines the
edges of the PBG. For 45° boundary alignment, the effective indices of both polarization di-
rections of the HE3; mode show the highest tunability and strongest dependence on a variation
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Fig. 7. Effective index shift depending on Ae when applying an external bias for a) 45°
boundary alignment and b) 90° boundary alignment. The values were obtained close to the
cutoff wavelengths of the modes.

of Ag, followed by TMg; and the y-polarization direction of the HEz; mode. The splitup of
the two polarization directions of the HE3z; and the HE;2 mode becomes stronger with increas-
ing Ae. The effective index shift of the y-polarization direction of HE;» increases for lower
values of Ae and decreases for higher ones. The TEg mode is affected comparably little as
explained before. The y-polarization of the HE;> mode shows the highest tunability for per-
pendicular boundary alignment, followed by the two polarization directions of the HEz; and
the HE21 mode. The TMgp; mode shifts comparably little and the slope of the shift becomes
more and more flat when raising Ae. The different behavior of the TMg; and HE1> mode for
the two boundary aignments can be explained as follows. 45° boundary aligned L Cs reorient
stronger closeto the capillary boundary than L Cswith perpendicular boundary alignment, since
the electric field energy concentrates in areas of lower dielectric permittivity. The TMp; mode
carriesmost of its energy in aring close to the capillary boundary and sees therefore a stronger
index change for 45° boundary alignment. Thisisthe opposite for the HE;, which carries most
of itsenergy in the center of the capillary.

The analysis shows that, apart from the TEp; mode and the second polarization direction
of the HE1» mode the tunability for both boundary alignments shows a qualitative similar be-
havior to the one we found for the director reorientation. It is therefore interesting to analyze
the effective index shift of the modes relative to the one of the reference configuration. This
will also tell us how much tunability we gain or loose when changing the LC parameters from
the reference LC to an arbitrary LC. The results are shown in Fig. 8. For both boundary align-
ments, the relative effective index shift of the TMg;, HE2; and HEz; modes show, for lower
values of Ag, a dependence which resembles the one we found in the alignment simulations.
As a comparison we plot the fitted curve found from the alignment analysis. We see that for
Ae < 20, with the exception of the HE;2 mode, the relative alignment reorientation o is well
reproduced by the relative effective index shift Anet e, While for higher values of Ae Anegs rq
is weaker than &;. For both boundary alignments, the y-polarization of the HE;» mode shows
the strongest relative effective index change of all modes. For large values of Ae and 90° bound-
ary alignment the L C reorientation focusses around the center of the capillary. This effect can
also be observed, but weaker, for 45° boundary alignment, which explains the stronger relative
index change of the HE;> mode for perpendicular boundary alignment. The T Eg; mode and the
x-polarization of the HE,; mode show effective index shifts which are small and qualitatively
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Fig. 8. Relative effective index shift depending on Ae for @) 45° boundary alignment and
b) 90° boundary alignment. The relative values are taken with respect to the effective index
shift of the modes of the reference configuration. The crossed lines show the fitting curves
obtained from the alignment simulations.

different from the other modes. Since these modes are therefore not relevant for the bandgap
tunability we have not plottted them in Fig. 8, and will not do so in the analysis of Angt+ (g for
the other LC parameters. The realignment of the LC over the whole capillary shows atrend for
the effective index shift of the y-polarized modes, but for rigorous results, individual mode sim-
ulations have to be carried out. We will now investigate the mode structure for varying €, and
K-constants. The alignment simul ations showed a dependenceon £, asdn o< (g, + const) =3/2,
The effective index shifts for varying €, are shown in Fig. 9. We see that the strength of the
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Fig. 9. Effective index shift depending on &, when applying an external bias, for a) 45°
and b) 90° boundary alignment. The values were taken close to the cutoff wavelengths of
the modes.

effective index shift of the various modes has the same order as we found for a variation of
Ae. The relative effective shifts shown in Fig. 10 resemble the fitting curves obtained with the
alignment simulations quite well. Again for perpendicular boundary alignment the HE;> mode
shows a stronger relative tunability than the other modes. The reasons are similar to the ones
for increasing increasing Ae. For small values of €, the reorientation of the LCs will be more
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Fig. 10. Relative effective index shift depending on &, for a) 45° and b) 90° boundary
alignment. The relative values are taken with respect to the reference configuration. The
crossed lines show the fitting curves from the alignment simulations.

and more concentrated in the center of the capillary which affects mostly the HE;> mode.
When varying K3/K; we change the shape of the bulk alignment, even without applied ex-

ternal electric field. Figure 11 shows the dispersion curves for K3/K; = 1 and K3/K; = 1.4.

For larger K3 the effective indices increase as shown in the inset, resulting in a red-shift of the
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Fig. 11. Effectiveindex plotsfor K3 /Ky = 1 (black,lower) and K3 /K1 = 1.4 (red, upper) for
a) 45° boundary alignment and b) 90° boundary alignment. The insets show the effective
index change of the y-polarizations of the modes depending on Kz /K.

modes. This can be explained with the fact, that the in-plane component of the director vector
becomes larger with increasing Ks/Kj. The shift is larger in the case of 90° boundary aign-
ment. Aslong asthe rotational symmetry of the LC alignment is preserved, the T Eg; mode does
not shift. Therefore, the variation of K3/K; does not change the dispersion curve of this mode.
We now investigate the shift of effective index depending on the K-parameters when applying
an external bias. Figure 12 plots Aness depending on the K-constants. Here, the unconnected
marks below the HE3; and above the HE; 2> modes correspond to values of Kz/K; = 1.2 and
K3/K1 = 1.4 respectively. We only plot the values for these two modes in order to keep the fig-
ure clearly arranged. We see that the modes shift in the same order as observed for a variation
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Fig. 12. Relative effective index shift depending on K; when applying an external bias for
a) 45° and b) 90° boundary alignment.The plots show the results for K3/K; = 1

of Ae and ¢, . For fixed K1, Aness decreases when increasing Ks /K for all modes except the
HE1> mode. This behavior for the HE»1, HE3; and TMg; modes can easily be explained with
the weaker reorientation of the LCsfor higher values of K3 /K. The behavior of the HE;>, mode
can be explained with the concentration of its power in the center of the capillary. For higher
values of K3/Kj the reorientation of the LC is strongest in the center of the capillaries, and
the HE1> mode sees therefore a stronger shift in refractive index, even though the alignment
reorientation becomes weaker.

The analysis of therelative effective index shift showsthat it resemblesthe relative alignment
reorientation, which can be seen from Fig. 13. The crossed curve is the fitting result obtained
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Fig. 13. Relative effective index shift depending on K; when applying an externa bias
for a) 45° and b) 90° boundary alignment. The relative values are taken with respect to
the reference configuration. The crossed lines show the fitting curves from the alignment
simulations. The plots show the resultsfor K3 /Ky =1

from the alignment simulations. We see that for 45° boundary alignment the relative shift of
the HEq, TEg: and TMgp; mode is stronger than the one of the HE12, which arises due to the
stronger reorientation of the L Cs towards the capillary wall and the energy concentration of the
HE3> in the center of the capillary.
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Having investigated the parameters that determine the LC alignment we found, that the rela-
tive alignment reorientation &z gives agood trend for the relative effective index shift Angy+ re
and the tunability of the LCPCF. We are now investigating the mode behavior for different
values of birefringence An = ne — no. Figure 14 shows the relative effective index shift de-
pending on the birefringence. Here, n, was kept fixed while ne was varied from ny + 0.05 to
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Fig. 14. Relative effective index shift depending on An when applying an external bias for
a) 45° and b) 90° boundary alignment. The relative values are with respect to the effective
index shift for the reference configuration.

Ny + 0.3. Since the effective indices and dispersion curves for all modes except the TEg; shift
when changing An, evaluating the effective index at the cutoff wavelength of the modes does
not lead to comparable results. We therefore analyze the effective index shift at one particular
wavelength, A = 0.9um, relative to the effective index shift for the reference configuration at
the same wavelength. We consider the wavelength range of the dispersion plots in Fig. 6 and
restrict the analysis to the modes that have sufficiently many data points in this range. We see,
that the relative shifts of all modes show a slightly quadratic dependence on An. The behavior is
similar for the two boundary alignments and we expect that the different slopes for the modes
is due to a different degree of confinement in the capillary. Since we obtain the effective index
shift at one particular wavelength, the modes at the wavelength we investigate are unequally
close to their cutoff wavelength and therefore differently well confined to the capillary.

We summarizethe results of thissectionin table 1. The averaged relative tunability islabelled
by T45 and T90, indicating the two boundary alignments. The average is taken by considering
the modesin Figs. 8,10,12 and 14. The table shows the results for K3 /Ky = 1. For K3 /Ky = 1.2
we obtain 4% and 14% smaller values, for K3/K; = 1.4 8% and 22% smaller values of T45
and T 90 respectively. For the parameter range investigated in this contribution, it isavery good
approximation to assume that the parameters can be varied indipendently, i.e. changing the
value of for example Ky will not influence the tunability dependence on Ae or €, . Thereforewe
can calculate the tunability for an arbitrary LC by multiplying the tunability values for Ae, €
and K; from table 1. As an example we compare the LCs E7 and MDA-00-1440 from Merck,
Germany with our reference LC. The physical parameters for 20°C are shown in table 2. By
means of capillary coating with lecithin we can achieve a 90° boundary alignment. Using table
1 and the corresponding figures we can multiply the T 90 factorsfor the different parameters and
find arelative tunability of 2.33 and 1.92 for E7 and MDA-00-1444 respectively. The reference
L C has after definition arelative tunability of 1. For devicesthat require high electric tunability
the use of E7 would therefore be advantageous.
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Table 1. Average mode tunability for 45° and 90° boundary aligned LCs.

Ae | T45 | T9O || e, | T45 | T9O || Ky | T45| T9O || An | T45 | T90
3 1051|057 3 (211|192| 1 2 |202(0.05|0.21|018
6 1089|092| 5]141|135|15|131|132| 01| 05 |044

12 | 147 | 134 || 7 1 1 2 098|101 015|0.74|0.74

18 1189|157 9 |074]078|25|081|0.81| 02 |1.06|1.05

241219(173|11|057|062| 3 |065|0.69| 025|1.39]| 137

30| 242|183| 13|046|051| 4 049|054 03 | 171|167

Table 2. The physical parameters of E7 and MDA-00-1444

Ae | e | Ky | Kg/Ki| An
E7 1265 (513 | 1.34 1.2 0.205
MDA—-00—-1444 | 2947 | 7.01 | 1.44 | 1.09 | 0.165

4, Conclusion

We analyzed the reorientation of LCs in a PCF due to an applied external bias for a range of
L C parameters. Using fitting curves, we found approximations on how the electrically induced
alignment change depends on the L C parameters. We showed, that 45° boundary aligned LCs
reorient stronger than perpendicular aligned ones, due to their lower average dielectric permit-
tivity. We investigated how the LC reorientation affects the tunability of the capillary modes.
The analysis of the 6 lowest order modes shows, that in most of the cases the relative effective
index shift resembles the relative alignment change very well. We found that the tunability is
proportional to Ae?/3 and Ae'/2 for 45° and 90° boundary alignment respectively. For both
boundary alignments the tunability depending on e, iSe< (si/ 24 congt)~* and for K; we found
arelation as o< (Ky +congt) 1. We also investigated the relative effective index shift depending
on the birefringence and found a slightly quadratic dependence. The analysistells us how much
tunability we will gain when changing the L C parameters from a reference configuration to the
ones of another LC. Different LCs can be compared and the one with the highest tunability can
be determined. This helps for selecting suitable LCs for LCPCF devices.
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