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Polarization characteristics of chiral photonic crystal fibers
with an elliptical hollow core*
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The theoretical study of dielectric-chiral photonic crystal fiber (PCF) with an elliptical hollow core is presented. The
band structure of chiral photonic crystal (PhC) is calculated by using a modified plane-wave expansion (PWE) method. By
examining the out-of-plane photonic bandgaps (PBGs) of chiral PhC, a kind of chiral PCF with a hollow core is designed
and their eigenstates are calculated. The distributions of mode field and polarization state are demonstrated, and how the
structural asymmetry of the core together with the chirality in the background affects the modal polarization is discussed.
The dependences of birefringence on chirality for different ellipticities of core are investigated.

Keywords: chiral medium, photonic crystal fiber with elliptical hollow core, polarization, birefringence

PACS: 78.67.Pt, 42.81.—i, 40.25.Ja, 42.25.Lc

1. Introduction

In recent decades, photonic crystal fibers (PCFs) have at-
tracted a lot of attention from researchers due to their novel
optical properties, such as endless single-mode guidance!!-?!
and tailorable dispersion,?! nonlinearity*-! and polarization
characteristics.!”) Generally, there are two types of guiding
mechanisms for PCFs. One is the modified total internal re-
flection, which is usually referred to as index-guiding mecha-
nism and is first realized in experiment; %! the other is the pho-
tonic bandgap (PBG) effect,[!!l which leads to confining the
light in low-index cores, even in a hollow core. Compared with
the former, the latter has some novel characteristics. 214 For
instance, the PBG effect can be used to design a PCFU2] with
flat, near-zero dispersion over a broad wavelength range or a
PCF with high anomalous dispersion. Commonly, for a tradi-
tional PCF, the linearly polarized modes are supported. How-
ever, because of the imperfection in manufacture process, the
holes in PCFs cannot be kept perfectly circular during draw-
ing the preform.[?! The nonuniform extrusion or drawing may
result in a non-circular symmetry of the core, say the circular
core may change into an elliptical one.!>~7] which may cause
complicated polarization characteristics. For the fiber com-
munication system, an extremely low degree of birefringence
may lead to crucial polarized mode dispersion. Therefore, it
is vital to control polarized mode dispersion in the design and
fabrication of fibers. The non-circular symmetry of the core
may occur on the scale of wavelength, which is called struc-
tural asymmetry, while chirality is another asymmetry on a
smaller scale, which is named asymmetry of the medium. It is
well known that an elliptical core in a PCF with circular-hole
background leads to linear birefringence (LB),!'>~!8 while the
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chirality of a medium constituting PCF gives rise to circular
birefringence (CB),1"%201 which means both of them can be
used to design and control dispersion and polarization. When
both the elliptical core and chirality exist, some novel features
may emerge, especially in polarization.

It should be pointed out that in fact there are two kinds
of chiral fibers (including chiral PCF): structurally chiral
fiber[?>41 and dielectric-chiral fiber.['>>-3% In the struc-
turally chiral fiber a helical or twisted structure, whose size
is comparable to interested wavelength, is introduced into
core or cladding; such a kind of chiral PCF can be used to
design circular-polarization-related components, such as the

12 and the resonator of angular

polarization-selective filte
monumentum.?”) The dielectric-chiral fiber is based on the
waveguide structure of an ordinary fiber, in which the consti-
tuting medium (such as silica) is partly or entirely replaced
by chiral medium. For example, when the chiral molecules
are absorbed into the background, the PCF is converted into
a chiral one which can be used to design phase retarders and
circular polarization maintaining PCF.[!"]

To our knowledge, chiral PCFs (with a chiral medium)
with an elliptical core have not been reported yet. It is of ben-
efit to the understanding of the interaction of the chirality with
the structural asymmetry. In this paper, we will focus on the
dielectric-chiral PCF with an elliptical hollow core. Firstly,
the band structure of the corresponding chiral photonic crystal
(PhC) is calculated with a modified PWE method, the PBGs
that are suitable for the optical communication fiber are found,
and the effects of chirality on photonic band structure are ana-
lyzed. Then, the effect of the ellipticity of the core and that of
the chirality of media on polarization distributions of guided
modes in chiral PCFs are discussed in detail.
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2. Band structure of chiral PhC

A diagram of a PCF that possesses an elliptical hollow
core is shown in Fig. 1, in which A and B respectively denote
major and minor semi-axes, and chiral cladding contains small
air holes of radius 7 in triangular lattice, whose lattice constant

is a.

Fig. 1. (color online) Cross section of the chiral PCF, in which the dark
background is made of chiral medium, A and B represent the major
semi-axis and minor semi-axis in the elliptic core, and @ and r denote
the lattice constant and radius of the smaller hole, respectively.

In order to study such a PCEF, it is necessary to inves-
tigate the band structure of the corresponding perfect chi-
ral PhC. To describe the dielectric-chiral medium that fills
the background of chiral photonic structure, we adopt the
Drude—Born-Fedorov’s material equation as constitutive re-
lation, which can be expressed as D = g&(E + &V x E),
B = uou(H + EV x H), where & denotes the chiral pa-
rameter which determines the specific rotary power § through
8 = —&k3n3, with ko and ng representing the wave number in
a vacuum and the mean refractive index for a chiral medium,
respectively. In this paper, we use 6 to measure the strength of
chirality. From Maxwell’s equations and constitutive relations

of chiral medium, the wave equation is derived as

&

1
V x (—VxH) = IRV (E°VxH)+VEXH
+26V x H + H], )

in which the fields can be expanded into a Fourier series and all
the space-dependent electromagnetic parameters should also
be expanded in the reciprocal lattice as

H(r) = ZGH(G)ei(kH—G)'T,

1e(r) =Y e (G)e'CT,

E(r) =) c6(G)e'eT,

E(r) =Y g x(G)e'.

Then the wave equation for the magnetic field is obtained as

Y (& — koKomn) [(k+ Gn) x Hy] x (k+G)
n=1
—ikg Y &) 2k + G+ Gy) x Hy=kGH,, ()

n=1

where £, = e (G, — Gy, Kun = K(Gp — G), Epn =
&Gy -Gy, H, = HG,), H, = HG,,), and k(z) =
(w/c)?, and m,n=1,2,...,s with s being the number of plane
waves used in the calculation.

In following simulations, a PhC in a triangular lattice
is first investigated. For the convenience of calculation, the
relative permittivity of background &1, lattice constant a and
the diameter 2r of holes are chosen to be 4 um, 2 um, and
1.7572 um, respectively. As the scale of chirality, a specific ro-
tary power & = 100° /cm for the chiral background is adopted.

Figure 2(a) shows the band structures of the correspond-
ing chiral PhC for the reference wavelength A = 1.55 um. For
comparison, in the three cases the values of specific rotary
power in the background &; are set to be 0, &, and 26 re-
spectively, while the value of specific rotary power &, in the
holes is set to be 0, i.e., 6, = O for all the cases.

To describe the polarization distribution, three localized
Stokes parameters are used conveniently, among which s3 can
be used to determine whether a polarization state is purely cir-
cular (s3 = +£1) or purely linear (s3 = 0), s3 ranges from —1
to 1, whose negative (positive) sign indicates the left-handed
(right-handed) polarization state. Figure 2(b) gives the polar-
ization distributions of the first six modes in the chiral PhC,
from which one can see that these modes are no longer TE or
TM modes, but are elliptical polarization (left-/right-handed
EP, LEP/REP) modes generally. For the first four modes, in
the center of air holes or part of background, the modes are
nearly circular polarized (left-/right-handed CP, LCP/RCP).

For the achiral PhC, the eigen-frequencies of the two
paired modes are degenerate at I, while for the chiral case,
the deviation of the paired modes emerges. The band structure
partially zooms in, as shown in the left inset of Fig. 2(a), in
which the same type of lines correspond to the same strength
of chirality. One can find that after the introduction of chiral-
ity, the eigenfrequency bifurcates into two branches; the upper
one and the lower one indicate REP and LEP states respec-
tively, and with the increase of chirality, the bifurcation be-
comes more obvious. This leads to the narrowing of the com-
plete PBG; however, there still maintains a wide PBG corre-
sponding to a central wavelength 1.55 um. It is concluded that
under the condition of weak chirality, the effect of chirality
cannot drastically influence the main characteristics of band
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structures but trivially modulates the width of a wider PBG;
while for a narrow PBG, the effect of chirality becomes rela-

tively significant and may result in the vanishing of the PBG.

Normalized frequency/koa

mode 6
Fig. 2. (color online) Band diagram and polarization distributions for
chiral PhC. (a) Band structure versus in-plane wave vector in the irre-
ducible Brillouin zone of the chiral PhC with a triangular lattice, and
Ba = 8.1073, the corresponding wavelength Ay = 1.55 um. (b) Polar-
ization distributions of the first six modes, panels (b1)—(b6) correspond
to mode 1, mode 2, ..., mode 6, respectively.

The wavelength dependences of the mode indices with

01 = & and &, = 0 are shown in Fig. 3, in which the shaded ar-

eas and the dashed line respectively represent the out-of-plane

PBGs and air line, and the segment intersected with the shade

areas suggests a wavelength range in which guiding light in

hollow core is possible. One can find two bands that are suit-
able for the second and the third optical communication win-
dow (near 1.31 um and 1.55 pum, correspondingly, kpa from

8.7262 to 8.9136 and from 8.0156 to 8.2448) as indicated in

Fig. 2(a).
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Fig. 3. (color online) Variations of mode indices with wavelength for

8 =&y and 6, = 0.

3. Chiral PCF

For a chiral PCF with the same lattice as that of the
PhC mentioned above, the modified chiral PWE method!!"!
is adopted. In the simulation, a 13x 13 supercell is used. As
indicated in Ref. [19], the circularly polarized state (namely,
RCP or LCP) is supported by a chiral PCF with a circular solid
core, and the corresponding field distribution is similar to that
of achiral PCF. For the chiral PCFs with hollow core, the field
distributions of the two fundamental modes are also similar to
that for achiral case as depicted in Fig. 4. Figures 4(a) and 4(b)
show the field distributions of fundamental modes, where the
major semi-axis of the core is parallel to horizontal axis and
chosen to be A = 1.29a (hereafter we will choose the lattice
constant a as a measure of core size), the minor semi-axis is
parallel to perpendicular axis and chosen to be A = 1.286a,
and the corresponding strength of chirality 8§ = 0 in Fig. 4(a)
(achiral case) and 6; = 256 in Fig. 4(b) (chiral case), respec-
tively.

The field distributions of guided modes for chiral and
achiral cases are alike; however, the corresponding polariza-
tion distributions are completely different. Figure 4(c) shows
the polarization distributions corresponding to Fig. 4(b) (chi-
ral case), from which one can find that in the area of core both
of |s3| approach to 0.6 which corresponds to elliptical polar-
ization (EP). While for the case of circular hollow core, the
corresponding polarized states are almost (circular polariza-
tion) (CP) ones. It is clear that the distribution of mode field is
mainly dependent on the geometric structure of the PCF under
the condition of weak chirality, while the polarization distri-
bution is closely related to the strength of chirality.

To describe the polarization distribution in the core, we
redefine the third Stokes parameter for the core as S3 =
Jseore 53 |E2|dsS/ [ oeore E?|dS, where dS denotes the differ-
ential area element in the core, and s3 and |E2| represent the

corresponding localized third Stokes parameter and intensity
of light for dS.
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Fig. 4. (color online) The distributions of mode field and corresponding
polarization for the first two fundamental modes in chiral PCFs. Panels
(a) and (b) show the field distributions of PCFs with the same ellipti-
cal hollow core, where the chiralities are chosen to be §; = 0 (achiral
case) and 8; = 259 (chiral case), and the other parameters are the same.
Panel (c) shows the polarization distributions corresponding to those in
panel (b).

In general, when chiralities in the background and ellip-
ticity both exist in the core, it results in a competition between
the linear polarization and circular polarization. In Fig. 5, the
effects of chirality and ellipticity on S3 are compared with each
other, where the change in ellipticity of the core is expressed
by various values of B with fixed A = 1.29a. Figure 5(a) shows
the dependences of S3 on chirality with different values of B,
in which the three types of lines correspond to B = 1.289a,
B =1.288a, and B = 1.286a, respectively. Note that the curve
of each type of line bifurcates into two branches and the up-
per and the lower ones represent the right-handed and the left-
handed polarization states, respectively.

We define the cases S3 > 0.99 and S3 < —0.99 as purely
RCP and LCP states and the case |S3| < 0.01 as linearly polar-
ized state. From Fig. 5(a), one can find that when the chirality
nearly vanishes (8; — 0), all the cases of 3 degenerate to zero,
which indicates that at this time the PCFs support linearly po-
larized modes. Introducing a small chirality, all |S3| values
fall in a range from O to 1, which implies that the EP modes
become the ones supported by the PCFs. With the increase of
chirality, all |S3| values almost reach unity, which suggests that
the elliptical hollow core PCFs with bigger chirality still sup-
port CP modes. This demonstrates that the chirality is dom-
inant in competition with the weak structural asymmetry (el-
lipticity of core). From the figure, one can also see that the

smaller the value of B, the more slowly the |S3| increases with
the rising of 8}, and for the larger B, it approaches unity faster.
For the curve with B = 1.288a, a bigger chirality (J; > 90d) is
necessary to achieve more purely circular polarization states,
while for B = 1.289a, the more moderate chirality (6; > 450))
may easily lead to an ideal circular polarization state.
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Fig. 5. (color online) The dependence of S3 on chirality with different B
(a) and on ellipticity of the core with different &; (b) for the fundamental
modes in chiral PCFs.

The competition is exhibited also by Fig. 5(b), which
shows the relationships between S3 and B with different chi-
ralities and the four types of lines that correspond to &; = 0,
&0, 50, and 500y, respectively. The curve of each type of line
bifurcates into two branches except for 6; = 0 and the upper
and the lower branches also represent right-handed and left-
handed polarization states, respectively, which is similar to the
case in Fig. 5(a). When B < 1.28aq, all |S3]| values are much
smaller than unity; for 6; = &y, the modes can be viewed as
S3] 22 0.1, which
implies that the polarization states can be viewed as EP until

being linearly polarized. WhileB = 1.281a,

B = 1.29a. For 8, = 50y, at the very beginning, the polariza-
tion states can be viewed as EP up to B = 1.29a due to the
interaction of a larger chirality with asymmetry in structure.
While for ; = 508y, the guided modes easily reach CP when
B > 1.289a. But when B approaches to 1.29q, all |S3| values
are almost equal to unity, which indicates that the chiral PCF
with circular core supports CP modes and is independent of the
strength of chirality. Therefore, in chiral PCF with an ellipti-
cal core, to obtain relatively pure circular polarized modes, a
stronger chirality is needed and correspondingly the linear po-
larization (LP) mode needs a larger core ellipticity.

Figure 6 demonstrates the variations of effective index
with chirality for different values of B, in which the lines of
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the same type represent the two separate modes: right-handed
and left-handed polarization states that the upper and the lower
branches correspond to, respectively. The levels of each pair
of curves depend on the area of the core. When §; = 0, which
corresponds to an achiral case, the separation degree of the
initial points (8; = 0) of the curves indicates the strength of
LB due to the ellipticity of core. Comparing with the case
in Fig. 5(a), the birefringence becomes elliptical birefringence
(EB) with the increase of chirality; when the chirality reaches
the moderating strength, the birefringence is almost converted
into CB. For B = 1.286a corresponding to a stronger structural
asymmetry, even if §; approaches to a larger value, say, 205,
the chirality hardly affects the effective indices of the pair of
modes. With the increase of chirality, the difference between
the effective indices emerges gradually. Meanwhile the po-
larized states are no more LP or CP but EP. For B = 1.288a
and B = 1.289a, one can see that the effective indices dis-
play a smaller LB at first stage corresponding to d; < 105
and 8, < 58, respectively; when 8 > 909, and &; > 456,
the birefringence becomes CB. It is concluded that at the be-
ginning, the structural asymmetry is dominant, which corre-
sponds to LB, with the increase of chirality, the effect of chi-
rality becomes stronger and even superior to that of structural
asymmetry, which makes CB dominant.
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Fig. 6. (color online) Effective indices of fundamental modes in chiral
PCFs, where Ay = 1.55 um.

4. Conclusions

In this paper, we investigate a kind of dielectric-chiral
PCF with an elliptical hollow core. Owing to the chirality of
the background and the ellipticity of the core, the PCFs sup-
port complicated polarized modes, from the LP one to CP one
operating in an optical fiber communication band. In an el-
liptical hollow core PCF, when the chirality is relatively weak,
the polarized states are almost LP and will become EP with the
increase of chirality, when the chirality reaches an appropriate
strength, the modes are almost converted into CP.

For a chiral PCF with a circular hollow core, the polar-
ized states are CP and are independent of the strength of chi-
rality. The stronger the chirality, the larger the CB will be. The
moderate chirality is necessary to obtain the more purely CP
states or the larger birefringence for a PCF with asymmetric
core. These unique properties are promising for applications
in optical fiber communication, such as the circularly or ellip-
tically polarized filter, elliptical polarization maintaining PCF,
and lasers.
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