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Abstract: The dispersive characteristics of a photonic crystal fiber
enhanced with a liquid crystal core are studied using a planewave expansion
method. Numerical results demonstrate that by appropriate design such
fibers can function in a single-mode/single-polarization operation, exhibit
high- or low- birefringence behavior, or switch between an on-state and an
off-state (no guided modes supported). All of the above can be controlled
by the application of an external electric field, the specific liquid crystal
anchoring conditions and the fiber structural parameters.
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1. Introduction

Photonic crystal fibers (PCFs), or holey fibers, have been under intense study during the last
years since they offer a promising alternative to conventional fibers for a wide range of ap-
plications, such as in telecommunication, sensor, or quantum cryptography technology [1-3].
Holey fibers are normally composed of a transverse periodical arrangement of air holes opened
in some dielectric material - silica being the rule - which is broken by a defect core. Light can
be guided through the fiber by two distinct mechanisms, namely the total internal reflection
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(TIR) and the bandgap effect [4]. Fiber guiding by the TIR effect relies on index-guiding by
a core, whose refractive index is higher than the cladding’s effective index, while the bandgap
effect guiding holey fibers take advantage of the full 2-D bandgaps exhibited by the cladding’s
periodical structure, which confine light in a hollow core along the fiber axis.

Holey fibers operating under the TIR principle show some significant advantages compared
to their conventional counterparts. For instance, they can be exclusively fabricated out of a
single dielectric, thus avoiding interfaces between different materials that might undermine
the fiber’s performance. The dependence of the cladding’s effective index on wavelength per-
mits the manifestation of only a finite number of modes at relatively high frequencies, due to
the reduction of the difference between the refractive indices of the core and the cladding for
increasing frequencies [5]. Furthermore, it has been theoretically shown and experimentally
verified that holey fibers with a triangular lattice of air-holes can exhibit endlessly single-mode
operation provided the diameter of the cladding’s air holes and the centre-to-centre spacing of
two adjacent holes (lattice constant) are properly chosen [5].

The variation of the cladding’s effective index can be optimally turned to advantage, as far
as the fiber’s dispersion properties are concerned. The wide tailoring of the fiber’s design in
terms of the air hole sizes, shapes and arrangements provides several degrees of freedom whose
proper combination can tune the fiber’s dispersion curve. The influence of the design parame-
ters on the dispersion properties of holey fibers has been extensively studied, concerning both
the classical triangular air hole-silica core lattice and other configurations that include addi-
tional features, e.g. air hole rings of variable diameter, air holes with elliptical cross-sections
or doped-silica cylindrical cores [6-9]. Several types of holey fibers were designed that exhibit
favorable dispersion properties, such as zero-dispersion at the 1.55 μm operation wavelength,
and ultra-flattened group-velocity dispersion curves of zero, positive or negative dispersion over
a significant wavelength regime [10-11].

Nematic liquid crystals are anisotropic materials consisting of rod-like molecules whose axis
coincides with the anisotropy’s optical axis. When confined in closed cylindrical cavities in the
absence of external stimuli, the liquid crystal’s director distribution is determined by the physics
of elastic theory and the anchoring conditions at the cavity’s surface [12-13]. Under the applica-
tion of a static electric field the director’s orientation can be controlled, since the liquid crystal
molecules tend to align their axis according to the applied field. In an alternative approach, the
properties of nematic liquid crystals can be tuned thermally owing to the dependence of the
refractive index values on temperature. The above features have favored their utilization in a
number of recently proposed photonic crystal based optoelectronic devices [14-18].

In this paper, we propose and theoretically analyze a novel photonic crystal - liquid crys-
tal (PC-LC) core fiber design. Calculations are performed by solving for the eigenmodes of
Maxwell’s equations in periodic structures by a preconditioned conjugate-gradient minimiza-
tion of the block Reyleigh quotient in a planewave basis [19], using an available software
package [20]. The fiber consists of a triangular lattice of air holes opened in an optical glass
enhanced by a hollow cylindrical core filled by common nematic liquid crystal, thus embody-
ing both the design tailoring advantages of common holey fibers and the intrinsic controllable
anisotropy of the liquid crystal material. The fiber’s characteristics, namely modal dispersion
curves, birefringence and modal intensity profiles are studied for a uniform distribution of
the nematic director. Though this particular director orientation is in a sense ideal, it can be
thought as the limiting orientation of more realistic patterns, and, in addition, it demonstrates
the salient points for this special class of fibers. It is verified that the fiber can function in
a single-mode/single-polarization operation (selectively HE x or HEy), it can exhibit high- or
low-birefringence, or switch between on-off states, depending on the structural design.
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2. Photonic crystal-liquid crystal fiber analysis

2.1. Structural parameters and fiber layout

The fiber under study is shown in Fig. 1 and consists of three rings of a triangular lattice of air
holes of radius r opened in a lossless optical fiber glass, whose refractive index n g is considered
constant. The transverse periodicity is broken by a defect core with diameter d c. The core is
filled with a typical nematic liquid crystal material characterized by ordinary and extraordinary
refractive indices of no and ne, respectively. The selection of the fiber materials is only limited
by the requirement that the refractive index of the fiber glass matches the extraordinary index
of the nematic liquid crystal, as will be evidenced by the analysis hereafter. Extraordinary in-
dices within the range 1.5 < ne < 1.8 are typical for nematic materials [21], and their values
can be sufficiently tuned by factors such as molecular design, chemical synthesis conditions,
and operating temperature. Additionally, nonsilica fiber glasses whose refractive index obtains
values as high as ng = 2.2 are commercially available and they have already been proposed and
studied as candidates for the fabrication of holey fibers [22]. Among the various types of avail-
able fiber glasses for which 1.5 < ng < 1.8 are the high-lead silicate, barium crown, lanthanum
crown, or barium flint fiberglasses [23]. The refractive index of these glasses can be tuned, for
instance, by adjusting the doping percentage of metal oxides such as lead (PbO) or lanthanum
(La2O3) oxides. Particular examples of high index glasses in the above range were reported in
[24-25]; in the first reference a lead oxide borosilicate glass of n g = 1.76 was utilized in mak-
ing microstructured optical fibers, whereas in the second a barium crown glass of n g = 1.61
was adopted in a conventional wavelength insensitive coupler. For the purposes of the present
analysis we selected the common nematic material E7 (ne = 1.68, no = 1.5) and a fiberglass
with ng = 1.68. The fiber is considered to be uniform along the z-axis, which coincides with
the axis of the cylindrical defect core.

x

y

Fig. 1. Cross-sectional view of the proposed type of PC-LC fiber: hole-to-hole spacing Λ,
hole radius r, and central defect core diameter dc. The figure corresponds to parameters
r = 0.2Λ, and dc = Λ.

Before proceeding to the analysis of the LC-PC fiber, we provide a reference diagram (Fig.
2) where the dispersion curve for the fundamental degenerate HE x and HEy modes, along with
the dispersion curve of the first higher order mode and the cladding’s fundamental space-filling
mode (FSM) - namely the radiation line - are plotted for a conventional (solid core) photonic
crystal fiber with ng = 1.68 and r = 0.2Λ. Noticeable in the figure, the fiber is endlessly-single
mode; the first higher-order mode dispersion curve always remains below the radiation line (see
inset in Fig. 2).

We study the case where the nematic director in the fiber core is uniform and parallel to
the x- or y-axis of the fiber’s lattice. Such alignment can be theoretically exhibited under the
influence of the appropriate homeotropic anchoring conditions. The planar-polar (PP) profile, a
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Fig. 2. Dispersion curve for the degenerate HEx and HEy modes of a triangular lattice PCF

with r = 0.2Λ and ng = 1.68. The notations nFSM
e f f and n(1)

e f f refer to the effective indices of
the FSM mode and the first higher order mode, respectively.

commonly observed director pattern for nematic liquid crystals confined in cylindrical capillar-
ies comprises an example, where almost uniform alignment of the director can be achieved. In
general, the PP texture can be analytically calculated [12] under the one elastic constant approx-
imation K11 = K33 = K for the nematic material. The Euler-Lagrange equation for minimizing
the elastic free energy takes the form of the two-dimensional Laplace equation (1), expressed
in polar coordinates,

∂ 2ψ(r,φ)
∂ r2 +

1
r

∂ψ(r,φ)
∂ r

+
1
r2

∂ 2ψ(r,φ)
∂φ2 = 0, (1)

ψ being the angle between the director and the radial unit vector. The solution of (1) yields the
following relation

ψ(r,φ) =
π
2
− tan−1

[(
R2 + γr2

)
(R2 − γr2)

tanφ

]
, (2)

where γ = (ξ 2 +1)1/2 −ξ , ξ = 2K/RW0 and RW0/K is the effective anchoring strength, which
determines the orientation of the molecules at the cavity wall. At the strong anchoring limit
the director is locally perpendicular to the surface (Fig. 3(a)), while as the anchoring strength
relaxes, the molecules tend to adopt a more uniform orientation towards the uniform profile
acquired at the weak anchoring limit (Fig. 3(b)).

Another way to generate the uniform profile is by controlling the nematic director through the
application of an external electric (or magnetic) static field. Figure 4 shows how the application
of a sufficiently strong voltage [26] between two pairs of electrodes can align the nematic
molecules along the x- or y-axis and lead to an almost uniform director profile.

2.2. Single-mode/single-polarization guidance

The uniform alignment of the nematic director has a direct impact on the fiber’s waveguiding
behaviour. Let us assume, for instance, the profile of Fig. 3(b), were the optical axis coincides
with the y-axis. Owing to the birefringence of the defect core’s nematic material, the effec-
tive refractive index of the core shall differ for light of different polarizations. In the case of
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(a) (b)

Fig. 3. The planar-polar director profile at the strong (a) and the weak (b) anchoring limit.

x

y

Fig. 4. Layout for arbitrarily controlling the orientation of the nematic director profile in
the xOy plane: for instance, uniform x-parallel alignment (Vx = V0, Vy = 0), and uniform
y-parallel alignment (Vy = V0, Vx = 0).

y-polarized light, the core is practically homogenous - since we have assumed that for the
fiberglass and the chosen nematic material the condition ng = ne is met - and, therefore, the
fiber’s operation in this case shall not differ significantly from a common solid core PCF. Thus,
the fiber can exhibit properties such as the endlessly-single mode operation provided that the
cladding’s hole radius is smaller than a threshold value. On the contrary, a x-polarized field
senses a more complex core region where a low-refractive index cylinder is embedded in the
fiberglass background. A rough estimation of the core’s effective refractive index n core

e f f ,x at the
low-frequency regime is obtained by considering the core as a region occupied by two circular
discs with radii rde f and rcore = 0.5Λ [5]; the effective index ncore

e f f ,x referring to the x- polariza-
tion, is then given by

ncore
e f f ,x = ne

[
1−

(
2rde f

Λ

)2
]

+no

(
2rde f

Λ

)2

, λ >> Λ. (3)

The total internal reflection waveguidance criterion at a given wavelength λ demands that
the core’s effective index is higher than that of the cladding. In the case studied, this criterion
is interpreted as nclad

e f f (λ ) < ncore
e f f ,x(λ ), where nclad

e f f (λ ) ≡ nFSM
e f f (λ ) is the index of the cladding’s

fundamental space-filling mode. Thus, the satisfaction of the opposite condition (n clad
e f f (λ ) >

ncore
e f f ,x(λ )) within a wavelength range of interest is expected to permit the exhibition of single-

polarization (HEy) operation. Single-polarization PCFs have also been proposed based on a
special design of the cladding [27-30], lacking, though, the versatility of selective operation
between the two polarizations (HEx either HEy) of the proposed fiber.
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Fig. 5. Dispersion curves for the fundamental HEx and HEy modes and radiation line for
the PC-LC fiber of Fig. 4 in the planar polar weak anchoring limit case for rde f = 0.5Λ and
r = 0.2Λ. As noticed, the fiber exhibits both endlessly single-mode and single-polarization
behavior.

Furthermore, in case the fiber is also endlessly-single mode, the HEy shall be the only mode
allowed to propagate. This is not hard to achieve; for the fiber proposed, let r = 0.2Λ, r de f =
0.5Λ, and, therefore, ncore

e f f ,x � no = 1.5, which is lower than nclad
e f f (λ ) at all wavelengths (see

radiation line of Fig. 2). Figure 5 shows the modal dispersion curves of the PC-LC fiber for
rde f = 0.5Λ. The HEy modal dispersion curve is similar to that of the degenerate HEx and HEy

modes of the reference solid core PCF of Fig. 2. Moreover, the HE y mode’s intensity profile
at Λ/λ = 1.5 (Fig. 6(a)) is identical to the fundamental mode’s profile of a common PCF. On
the other hand, the dispersion curve of the fundamental HE x remains below the radiation line
(Fig. 5) and its intensity profile at Λ/λ = 1.5 (Fig. 6(b)) clearly shows that it corresponds to an
evanescent mode.

2.3. Controllable birefringence guidance

The next step is to investigate the influence of the core’s radius on the fiber’s dispersive char-
acteristics. The reduction of the defect radius is expected to lead to the emergence of the fun-
damental HEx modal curve above the radiation line, into the waveguiding region due to the
gradual increase of ncore

e f f ,x. As the defect radius tends towards the limit rde f → 0 the HEx disper-
sion is expected to rise towards the curve of the HEy mode, which is independent of the defect
radius. Thus, the continuous decrease of rde f below a critical value rcr

de f shall controllably tune
the HEx curve. No other guided modes are expected to appear since the fiber’s endlessly single-
mode condition continues to be valid. As a conclusion, the fiber may pass from a single-mode
single-polarization operation to a single-mode operation of controllable birefringence. The bire-
fringence for the fundamental mode theoretically becomes zero for r de f → 0 and is expected
to obtain a maximum value around rde f � rcr

de f , marginally equal to the difference between the
HEy curve and the radiation line.

Additional simulations proved the reasoning of the above insights. Figure 7 shows the dis-
persion curves of the HEx mode for various values of rde f , along with the invariable HEy curve
and the radiation line. The value rcr

de f below which the HEx mode starts to propagate was found
approximately rcr

de f = 0.25Λ. For lower values of rde f the HEx curves move towards the upper
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(a) (b)

Fig. 6. Modal intensity profiles at Λ/λ = 1.5 for the fundamental y- and x-polarized modes
for the dispersion curves of Fig. 5: a) HEy mode for rde f = 0.5Λ, b) HEx mode for rde f =
0.5Λ. The air hole radius is r = 0.2Λ. The HEy mode, which senses a homogenous core of
ne = 1.68, shows a regular hexagonal profile. On the contrary, the HEx mode radiates into
the cladding.

limit of the HEy curve. The HEx modal intensity profile at Λ/λ = 1.5 for various core radii are
shown in Fig. 8. Moreover, there is another observation of significant interest. The HE x disper-
sion curves for rde f = 0.2Λ and rde f = 0.25Λ do not continue until the high-frequency regime;
instead, they disappear below the radiation line after a frequency threshold (see inset of Fig. 7).
This threshold was found at Λ/λ � 2 for rde f = 0.25Λ and Λ/λ � 5 for rde f = 0.2Λ. It seems
that the part of the HEx dispersion curves that enters the waveguidance region is, in general, a
part of a modal curve which drops below the radiation line above a certain threshold frequency.
This can be attributed to the weaker concentration of the electric field in the high index area of
the core for high frequencies compared to that of the respective cladding modes, which confine
light more severely in the dielectric, given that the dielectric contrast of the cladding is higher
than that of the defect core. Thus, for high frequencies the radiation line approaches the limit of
ng staying above the HEx dispersion curves of the x-polarized guided modes. This fact is taken
into account in Fig. 9, where the modal birefringence curves for each case are truncated at the
respective threshold frequency.

Figure 9 shows that especially high values of modal birefringence can be achieved, up to
1.4×10−2 for the rde f = 0.25Λ curve. Theoretically the value of birefringence could be fur-
ther raised by two distinct mechanisms, e.g. by raising the fundamental HE y curve, or lowering
the radiation line, so that the greater gap emerging could be optimally exploited. One way of
achieving such a gap broadening is by selecting a nematic material with particularly high op-
tical anisotropy and refractive index values. In our simulations we assumed the nematic E7,
which has a birefringence between Δn = 0.18 and Δn = 0.2 at usual operating frequencies [32],
yet mixtures of nematic liquid crystals whose birefringence obtains values as high as Δn = 0.4
(no = 1.5, ne = 1.9) have also been reported [31]. The choice of such nematic materials, pro-
vided that an appropriate fiberglass is selected that meets the matching condition n g = ne may,
therefore, lead to higher values of birefringence. The depression of the radiation line can be
easily achieved by enlarging the holes of the triangular lattice. Nevertheless, such a modifica-
tion would instantly lift the endlessly-single mode condition leading to the appearance of extra
modes in the guidance regime. We examined the influence of the magnification of the lattice
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Fig. 7. Dispersion curves for the fundamental HEx and HEy modes and radiation line for
the planar polar weak anchoring limit case. HEx mode curves correspond to different rde f
values.

(a) (b) (c) (d)

Fig. 8. Modal intensity profiles at Λ/λ = 1.5 for the fundamental x-polarized mode for
different radii of the defect core: a) rde f = 0.1Λ, b) rde f = 0.15Λ, c) rde f = 0.2Λ, and d)
rde f = 0.25Λ. The radius of the air holes is kept constant at r = 0.2Λ.

holes in the case of rde f = 0.3Λ, where the fiber exhibits the single-mode/single-polarization
property for r = 0.2Λ. For a hole-radius of r = 0.25Λ the fiber was found to be multimode
for Λ/λ > 2, while for r = 0.3Λ the threshold between single-mode and multi-mode operation
was found at Λ/λ � 1.5. The modal birefringence, though, obtains its maximum value in the
single-mode regime, found equal to 2.99×10−2 at Λ/λ = 1 and 4.11×10−2 at Λ/λ = 0.95
for r = 0.25Λ and r = 0.3Λ, respectively. Depending on the application, the limitation of the
single-mode frequency regime might be of lesser significance than the achievement of such
high birefringence values.

Another point of interest is the investigation of the fiber’s properties when the condition
ng = ne is relaxed. As the equality refers to an ideal case, it is possible that this condition can-
not be met exactly in practice, at least for broad wavelength ranges, such as those of the present
analysis. We will assume that the refractive indices of the nematic material are kept fixed, while
that of the glass can obtain values around ne. In case ng < ne, the core obtains a more intense
guiding behavior, while the radiation line, which depends solely on the fiberglass cladding, is
expected to drop; these modifications shall eventually lead to the emergence of more propagat-
ing modes, turning the fiber from single-mode to multimode. On the contrary, if n g > ne the
radiation line rises and, thus, no more propagating modes emerge. In addition, the fundamental
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Fig. 9. Modal birefringence of the fundamental HEx and HEy modes for rde f = 0.1Λ,
0.15Λ, 0.2Λ, and 0.25Λ.

single-polarized mode’s dispersion curve is bound to drop below the radiation line at a certain
frequency threshold, above which the fiber shall support no guided modes whatsoever. Figure
10 elucidates the reasoning of the above remarks; for n g = 1.67 the fiber supports a second
guided mode for Λ/λ > 3 (Fig. 10(a)), while for n g = 1.69 the fiber ceases to guide any modes
for Λ/λ > 4. In both cases, though, the fiber is shown to operate under the single-mode single-
polarization property within a large wavelength regime, despite the deviation from the ideal
condition ng = ne.
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Fig. 10. Modal dispersion curves for (a) ng = 1.67 and (b) ng = 1.69. The parameters used
in both cases are r = 0.2Λ, rde f = 0.4Λ, no = 1.5, and ne = 1.68.

2.4. Switching between on-off states

Finally, we shall examine the case of a uniform director profile where the optical axis is now
parallel to the z-axis (axial configuration). This profile can be exhibited under homogenous
anchoring conditions and can be at large approached under homeotropic anchoring condition
at the weak anchoring limit of the escaped - radial (ER) configuration. The director for the
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ER pattern remains radial on the transverse plane very close to the cavity wall, yet escapes
in the third dimension while moving towards the cylinder axis. The director profile in polar
coordinates is given by

ψ(r,φ) = 0, (4)

θ (r) =
π
2
−2tan−1

( r
R

tan(a/2)
)

, (5)

where ψ , θ are the angles between the director and the radial unit vector and the z-axis, re-
spectively, a = π/2−θ (r = R) = cos−1(1/σ), and σ = RW0/K +K24/K−1 is the parameter
that expresses the anchoring strength, considered to be larger than unity. In the case of strong
anchoring conditions (σ → ∞) the molecules are perpendicularly aligned to the cavity wall
(Fig. 11(a)). While moving towards the weak anchoring limit (σ = 1) the molecules obtain an
alignment parallel to the z-axis (Fig. 11(b)).

(a) (b)

Fig. 11. The escaped - radial profile at the strong (a) and the weak (b) anchoring limit.

For the axial profile of Fig. 11(b) it is implied that both polarizations on the transverse plane
shall sense an effective core index of no = 1.5, which prevents the emergence of any propagating
modes whatsoever. Figure 12 shows the modal dispersion plot for the axial director profile case;
it is verified that all modes remain below the radiation line, and therefore the fiber, in practice,
operates in an off-mode state. Actually, the LC molecules need not be strictly parallel to the
fiber axis. The escaped-radial pattern of Fig. 10(a) can also allow for an off-mode operation
since the effective index of the core need not be necessarily as low as 1.5. In the analysis so far,
we have observed that even down to the threshold value of r de f � 0.25Λ the polarization that
senses a core of no is not allowed to propagate. This implies that the ER profile in a larger core
is expected to lead to an effective core index low enough to inhibit the presence of any guided
modes whatsoever, given the degeneracy of the HE x and HEy due to the ER profile’s symmetry.

Thus, a fiber exhibiting the above texture (ER) under the application of an external electric
field - with electrodes placed as in Fig. 4 - can operate alternatively in a single-polarization
single-mode operation for Vx,y ≥Vth (director parallel to the x- or y- axis) and an off-mode state
for Vx,y = 0 (director parallel to the z-axis). This property could be exploited for instance in
switching protection applications of optical streams, with the switching speed solely limited by
the response time of the LC molecules. Response times in the order of a few ms are typical
for nematic liquid crystals, providing a switching performance compliant with telecommuni-
cation standards, such as those of the Synchronous Digital Hierarchy (SDH), which require a
protection switchover in less than 50 ms.

A final issue regarding the potential use of such fibers in optical systems is that of the in-
volved overall losses. The principal loss mechanisms in this case are absorption and scattering
losses associated with the nematic material. It has been shown that bulk scattering losses obtain
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values two orders of magnitude higher than absorption, ranging between 15∼40 dB/cm [33].
Fortunately, scattering loss is significantly suppressed (1∼3 dB/cm) in case the nematic ma-
terial is confined in capillaries of small core diameter (2∼8 μm) [34]. Leakage losses due to
the finite dimensions of the fiber can be minimized by adding more ring holes in the periodic
cladding. Finally, numerous studies have shown that splicing issues between conventional and
microstructured fibers can also be addressed; splicing losses of 0.2∼0.9 dB have been reported
for various techniques such as arc-fusion splicing [35] or laser splicing [36], and a method
for the formation of a splice-free low-loss interface between the two fiber types has been also
successfully implemented [37].
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Fig. 12. Dispersion curves for the axial director profile case for rde f = 0.5Λ and r = 0.2Λ.
The fiber operates in an off-state since all supported modes are evanescent.

3. Conclusions

A novel liquid-crystal core photonic-crystal fiber design has been proposed for single-
polarization and high-birefringence fibers. It was found that the proposed type of nematic core
fibers can support an endlessly single-mode/single-polarization operation under the appropri-
ate anchoring conditions. It is noteworthy that the fiber’s lattice symmetry is not disturbed;
thus, no orientation issues arise concerning the coupling and splicing problems that appear for
single-polarization fibers with stress induced or geometrical birefringence. Moreover, under
the control of an external electric field, the fiber proved capable of functioning with preferential
polarization characteristics, a feature that might be directly exploited in polarization control el-
ements or other similar devices. In addition, the fiber design allows for the fabrication of fibers
with controllable birefringence values, from remarkably high values (more than 4×10 −2) down
to zero birefringence. More realistic patterns of the nematic director as well as other nematic
materials are currently under investigation, in order to predict the fiber’s behaviour under dif-
ferent conditions; these will be reported in the context of a future publication.
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