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Abstract — The “rainbow”, where the light waves with different frequencies separate spatially,
is confined in a self-similar waveguide with a hollow core coated by a coaxial dielectric/liquid-
crystal multilayer. Due to the intrinsic self-similar furcation of the system, multiple transmission
bands emerge in the photonic band structure, a “rainbow” is trapped as cladding modes in the
waveguide. Both photonic bands and transmission modes can be tuned by changing temperature,
hence the “rainbow” changes the colors in the waveguide. This effect can be applied in designing
temperature-dependent integrated photonic devices, such as tunable on-chip spectroscopy, on-chip

color-sorters, and photon sorters for spectral imaging.

Copyright © EPLA, 2012

Introduction. — Photons are desired to act as carriers
in information transfer thus they need be artificially
manipulated [1,2]. Traditionally, optical waveguides are
employed to confine and guide the light waves, which have
become the key components of global telecommunicated
networks [3]. In the past decade, it was demonstrated that
both photonic crystal waveguides [4—6] and cylindrical
Bragg waveguides are capable of trapping light in their
cores [7-10], which attracted much interest. In recent
years, several novel schemes have been proposed to trap,
store and release light waves. For example, a photonic
crystal with defects has been used to localize and release
photons [11], and metamaterials are proposed to trap
“rainbow” at terahertz [12] and telecommunication [13]
frequencies. Very recently, it has been predicted that a
quasiperiodic dielectric waveguide is also able to trap
the “rainbow” [14]. All these features offer prospective
applications in integrated photonic devices, such as on-
chip spectroscopy and imaging devices [15-17].

In technical applications, it is worthwhile to tune the
devices by external fields. It is well known that liquid
crystal [18,19] is one of the most important optical
materials and has been widely applied in daily life,
mainly because its optical properties can be tuned ther-
mally [20], optically [21] and electrically [22,23], respec-
tively. Consequently, some liquid crystal devices, such
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as electrically controlled photonic bandgap fibers and
polarimeters [24, 25], have been achieved. Inspired by
these facts, here we demonstrate a self-similar waveguide
infiltrated by liquid crystal to achieve tunable “rainbow
trapping”. Due to the self-similar furcation feature, we
show that the multiple transmission bands appear in
the photonic band structure, a “rainbow” is trapped as
cladding modes in the waveguide. Furthermore, by chang-
ing the temperature, the refractive index of the liquid crys-
tal varies, thereafter, both the photonic bands and the
transmission modes are tuned. As a result, the “rainbow”
in the waveguide significantly changes its color and pattern
when the temperature is changed.

“Rainbow” trapped in a self-similar liquid-
crystal/dielectric waveguide. — The self-similar
liquid-crystal/dielectric waveguide (SLDW) is designed
with a hollow core surrounded by a coaxial Thue-Morse
multilayer. The Thue-Morse sequence is one of the
well-known examples in one-dimensional quasiperiodic
structures [26], and it contains two building blocks A
and B and can be produced by repeating application of
the substitution rules A — AB and B — BA [27-29]. In
the SLDW, the coaxial Thue-Morse multilayer consists
of two building blocks: A is the dielectric with refractive
index n4 and B is the liquid crystal, and their thicknesses
are d4 and dp, respectively, as shown in fig. 1. In the
following calculations, the radius of the hollow core is
set as Rg = 3a, the refractive index as ns = 4.6, and the
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Fig. 1: (Color online) The schematic rainbow trapping in
SLDW and the cross section of the waveguide (inset). In the
SLDW, a hollow core (refractive index no =1) is surrounded
by a coaxial Thue-Morse multilayer consisting of two building
blocks A (yellow layer) and B (blue layer), where A is for
dielectric and B is for liquid crystal, respectively.

thickness as d4 = 0.4a and dg = 1.2a, respectively. Here a
is the characterized size of the SDW, which corresponds
to the operation wavelength of the waveguide. For
example, the waveguide can operate at optical frequency
if a=100nm. In order to make the calculations more
realistic, we take a high-birefringence liquid crystal
called as mixture UCF-35 [20] as an example, where the
refractive index is temperature-dependent. Actually the
molecules of the liquid crystal UCF-35 can be aligned
naturally [20]. Here we assume the directions of the
molecules are along the axis of the waveguide, which leads
to distinct longitudinal and transverse refractive indices,
ne(T) and n,(T), respectively.

By applying the transfer matrix method to cylindri-
cal coordinate system [30] and considering the optical
birefringence, photonic band structures and propagat-
ing modes in the SLDW can be numerically calculated.
Figure 2(a) illustrates the photonic band structure and
the propagating modes in the SLDW, which contains the
cladding Thue-Morse multilayer with three generations at
the temperature T'=300K. The Thue-Morse multilayer
with three generations includes 8 layers. As shown in
fig. 2(a), there exist several frequency regions (marked in
blue), where the light transmits throughout the cladding
layers; whereas there also exist the frequency regions
(marked in white), where the light is confined in the
SLDW, known as the photonic band gaps (PBGs). Here
the PBGs are for both transverse electric (TE) and trans-
verse magnetic (TM) polarizations. Comparing with the
periodic dielectric waveguides [8-10], more PBGs exist in
the SLDW. Note that usually a small aperiodic structure
presents obvious differences with respect to the periodic
one. For example, according to the calculation, the Thue-
Morse multilayer with 2 generations (4 layers) has one
more photonic band than the periodic one. These multi-
ple PBGs originate from the self-similarity in the SLDW
and possess the furcation feature, which makes it possible
to select the propagating modes in the waveguide.

The propagating modes in the SLDW possess several
unique features. First, there exist several types of modes
(as shown in fig. 2(a)), such as the polarization modes
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Fig. 2: (Color online) (a) The photonic band structure for both
TE and TM polarizations and the propagating modes in SLDW
with three generations at the temperature 7" = 300 K. The low-
frequency modes are dotted: the red is for TEp1, the blue is
for TMo1, the orange is for HE11, and the green is for HEo;.
Higher modes are not shown here. The black solid line denotes
the light line in air. The reciprocal of the loss (1/loss) as a
function of frequency for different modes: (b) TEo1, (¢) TMo1,
(d) HE11, and (e) HE2:, respectively. Here the characterized
size of the SLDW is a = 100 nm, thereafter, the SLDW works at
optical frequency. (f)—(g) The electric-field time-average energy
density distributions of TEp; mode.

TE01 and TMOl, and the hybI‘ld modes HE11 and HE21 at
the low-frequency regime. Second, the propagating modes
are separated by the PBGs. For example, TEyp; modes
exist in two frequency ranges as w/wo = 0.035-0.100, and
0.175-0.240, respectively (wo=2mc/a), suggesting that
the propagating modes are frequency-selective in the
waveguide. Third, the frequency ranges for different modes
may overlap. For instance, in the frequency range of
w/wp = 0.175-0.240, there exist four types of modes: TEq1,
TMjyp:, HEq; and HEs;. This means that the SLDW can
be used as a multimode waveguide. In order to quantify
the transmission performance of the waveguide, we have
investigated the loss of light in the SLDW. The loss of
the propagating mode is defined as the ratio of the radial-
outgoing power to its forward-propagating power in the
waveguide [14]. As illustrated in fig. 2(b)—(e), it is obvious
that the modes of TEg;, TMy;, HE1; and HEs; propagate
in the SLDW at the frequency regions, which exactly
correspond to their transmission regions in fig. 2(a).
The low losses indicate good transmission performance
of the modes in the waveguide. It is noteworthy that
the electromagnetic fields for different modes are spatially
separated in different cladding layers of the SLDW. As
illustrated in fig. 2, the lights with the wavelength of A =
1070 nm—1170 nm are trapped near the outermost cladding
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Fig. 3: (Color online) (a) The central wavelength of the
photonic bandgap at visible frequencies in the SLDW with
three generations as a function of temperature for transverse
electric (TE, shown in red) and transverse magnetic (TM,
shown in blue), respectively. (b)—(d) The transmission effi-
ciency of the modes in the SLDW as a function of wavelength
at different temperatures: (b) TMo1, (¢) HE11, and (d) HE21,
respectively. The temperatures are T'=300K and T =360 K,
respectively.

layers (fig. 2(f)); whereas the lights with A =420-510nm
appear in the core layer and in the first few cladding layers
(fig. 2(g)). From this point of view, a “rainbow” is trapped
in the SLDW.

Tune the “rainbow” by altering the tempera-
ture. — Due to the fact that the refractive index of the
liquid crystal UCF-35 is temperature-dependent, the prop-
agating modes and the trapped “rainbow” can be tuned by
altering the temperature in SLDW. On the one hand, the
PBGs of the SLDW can be tuned by changing the temper-
ature. Figure 3(a) illustrates the central wavelength of the
PBG in the visible region as a function of temperature for
TE and TM polarizations, respectively. As temperature
increases, the central wavelength of the PBG decreases
dramatically for TM, yet it increases slightly for TE. This
difference originates from the fact that the anisotropic
refractive indices of the liquid crystal in the SLDW have
different temperature responses. Therefore, it is possible
to tune PBGs by both temperature and polarization. On
the other hand, the propagating modes in the SLDW can
also be tuned by temperature. We define the transmis-
sion efficiency of the light as the ratio between the power
confined inside the waveguide with a length [ and its total
input power, i.e.,

Jidz [27d [ P(r, ¢, z)rdr
P()?TRQZ ’

T (w)= (1)
where P(r,¢,z) is the time-average electromagnetic
energy density in the waveguide, and Py is the initially
input energy density; R stands for the outermost radius of
the waveguide. For the modes of TMgy;, HEq1, and HE»;,

we calculate their transmission efficiencies as a function
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Fig. 4: (Color online) The electric-field time-average energy
density distributions for the modes in the SLDW at different
temperatures: (a)—(b) TMo1 and (c) HE2; at the temperature
T=300K; (d)—(e) TMo1 and (f) HE2; at the temperature
T =360K.
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of wavelength at temperature T'=300K and 7' = 360K,
respectively, as shown in figs. 3(b)—(d). It is obvious that
the high transmission region at the visible wavelengths
has a blue shift when the temperature increases. For
instance, when the temperature changes from 300K to
360K, the TMy; mode moves from 480nm-560nm to
440 nm-520nm (fig. 3(b)), the HE1; mode moves from
480 nm-520 nm to 440 nm-500nm (fig. 3(c)), whereas the
HE5; mode moves from 470 nm-510 nm to 440 nm-510 nm
(fig. 3(d)). For the other wavelengths, the shifts also exist.
Therefore, the propagating mode is indeed tunable by
temperature in the SLDW.

The temperature-dependent propagating modes can
lead to a tunable “rainbow” trapping in the SLDW. To
confirm this further, we calculate the energy density distri-
bution of the electric field for different modes in the SLDW
at different temperature. As indicated in fig. 4, different
modes are spatially separated in the waveguide when the
temperature is fixed. While for the same mode, the spatial
distribution of the electromagnetic fields changes signif-
icantly when the temperature is changed. The pattern
enlarges with the blue shift of the transmission region at
high temperature. For example, for the TMy; mode, the
light with A=480nm-560nm is trapped mainly in
the core layer at T=300K (fig. 4(a)). However, when
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the temperature is increased to T =360K, the mode
is shifted to A =440 nm—-520nm, and is trapped in the
first few cladding layers (fig. 4(d)). In addition, the light
with A =1050nm-1420nm is trapped in the first few
cladding layers at the temperature T'=300K (fig. 4(b)),
by increasing temperature to T =360K, it moves to
A=750nm-870 nm, and is then trapped near the outer-
most cladding layers (fig. 4(e)). Let us take the HEq
mode as a further example. The light with A =470 nm—
510nm is trapped between the core layer and the middle
cladding layers at T'=300K (fig. 4(c)); yet when the
temperature is increased to T'= 360 K, the mode is shifted
to A =440nm-510 nm, which is confined near the middle
cladding layers (fig. 4(f)).

Summary. — We presented the frequency selection and
the spatial separation of light in a SLDW with a hollow
core and a coaxial Thue-Morse liquid-crystal/dielectric
multilayer. Due to the self-similar furcation feature, multi-
ple transmission bands appear in the photonic band struc-
ture, a “rainbow” is trapped as cladding modes in the
waveguide. By changing the temperature, both photonic
bands and propagation modes can be tuned. Consequently,
the “rainbow” in the waveguide can change color and
pattern. We expect that this effect can be applied to
designing temperature-tuned integrated photonic devices,
such as a temperature sensor, temperature-dependent
switch on chip, tunable on-chip spectroscopy, and photon
sorters for spectral imaging.
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