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Polarization-dependent reflection of I-WP minimal-surface-based photonic crystal
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Brilliantly colored butterflies and weevils are known to utilize photonic crystals for their coloration. Inter-
estingly, the morphology of such crystals made of cuticle is based on triply periodic minimal surfaces such as
gyroid and diamond surfaces. Recently, a different minimal-surface-based photonic crystal, the I-WP surface,
was discovered inside the scale of a longhorn beetle. The letter I is derived from expressing the body center
symmetry and WP is derived from a wrapped package. It was reported that the brilliant green color is produced by
the photonic band gap existing along the [110] direction of this crystal. In this study, the polarization dependence
of the reflection from this photonic crystal was investigated. A peculiar reflectance spectrum with two peaks
was observed under the crossed polarizers. This characteristic is theoretically reproduced by calculating the
reflectance from a finite-sized photonic crystal, and the spectral shape is explained based on the symmetry of the
electromagnetic modes. In addition, inspired by this longhorn beetle, a photonic crystal structure consisting of
colloidal particles is proposed, which has a similar polarization effect.
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I. INTRODUCTION

In nature, many insects and animals such as birds, fish, but-
terflies, and beetles have bright structural colors. Their colors
mainly originate from optical interference from nanostruc-
tures with various morphologies [1-4]. The typical examples
of a color-causing structure are single thin-layered and mul-
tilayered structures in jewel beetles [5—7], butterflies [8—10],
and bird feathers [11,12]. In addition to these layered struc-
tures, photonic-crystal-like structures have been found, which
are periodic in two or three directions with periodicity of
several hundred nanometers.

Some insects possess complicated cuticle networks such
as a three-dimensional photonic crystal structure. Interest-
ingly, these cuticle networks are based on several types
of triply periodic minimal surfaces [13,14]. Many weevil
species are reported to have photonic crystals based on a
diamond-type minimal surface [15-19], whereas the gyroid
minimal-surface-based crystal was found in the scales on
butterfly wings [20-24]. These surfaces separate the three-
dimensional space into two interconnected channels—one
is filled with cuticles whereas the other contains air. These
photonic crystals have attracted the attention of many sci-
entists; the diamond-type structure is known to possess the
widest full photonic band gap [25], where light with a fre-
quency within the band gap cannot propagate along any
direction inside the crystal. In contrast, the gyroid-type pho-
tonic crystal has helical axes, as the name implies, and
it selectively reflects circularly polarized light with a spe-
cific helicity within a certain wavelength range [26,27].
This feature has been already applied to produce an opti-
cal component with circular polarization dichroism [28-32].

6220701 @ed.tus.ac.jp

2470-0045/2022/106(1)/014123(10)

014123-1

The existence of these photonic crystals in insects directly
indicates that the crystals can be produced in a self-organizing
manner [21,33]. Thus, many researchers have attempted to
understand the optical effects of these photonic structures
found in nature and explore their application to new optical
materials.

Several interesting optical properties related to polarization
have been discovered in natural structural colors. In some but-
terfly and moth species, a tilted or curved multilayer structure
causes polarization rotation and results in the color-mixing
effect [34-36]. Polarization conversion was reported in the
diamond-type photonic crystal of a weevil when light was
incident along a certain crystal direction [37,38]. In the but-
terfly wing scale, a beautiful tessellated pattern was observed
under the crossed polarizers, which is attributed to many small
gyroid crystal domains [39,40]. Recently, we discovered the I-
WP minimal-surface-based photonic crystal inside the scales
of a longhorn beetle (Sternotomis callais) [41]. The name
I-WP is derived from the two different networks of I and WP;
the letter I is derived from expressing the body center sym-
metry and WP is derived from a wrapped package [42]. The
green color of this longhorn beetle is caused by the orientation
preference of the multidomain photonic crystals; the [110]
direction is preferably along the surface normal in the basal
part of the scale. Considering the above examples, we were
naturally interested in the polarization-dependent reflection
of this photonic crystal, and performed detailed experimental
and theoretical investigations. It was found that the width of
the reflection band depends on the direction of polarization
under the parallel polarizers. Further, the reflectance spectrum
under the crossed polarizers has a peculiar shape with two
peaks. These optical properties could be reproduced through
theoretical calculations, and a simple physical interpretation
about the origin of the polarization properties was provided.
Finally, inspired by the longhorn beetle, a photonic crystal
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consisting of colloidal particles and having similar optical
properties is proposed.

II. METHOD

A. Sample and cross-sectional processing

The scale of the longhorn beetle (Sternotomis callais) was
used to experimentally investigate the I-WP photonic crystal.
To avoid complexities due to the surface curvature of the
elongated scale, we sectioned the scale to expose the pho-
tonic structure and optically examined it. An apparatus called
a cross-section polisher (IB-19530CP, JEOL, Tokyo, Japan)
was used for the sectioning process, which utilized a broad
ion beam, resulting in a very smooth cross section [41].

B. Structural observation

To investigate the internal photonic crystal structure, the
exposed surface was observed using a scanning electron
microscope (SEM) (JCM-6000, JEOL, Tokyo, Japan). The
observation was conducted in the secondary electron mode
under the acceleration voltage of 5 keV. To enhance the con-
ductivity of the sample, it was coated with a 7.5-nm-thick
layer of osmium using an osmium coater (Neoc-Pro, Mei-
wafosis, Tokyo, Japan) before the observation.

C. Polarization-dependent optical observation

A polarizing-filter-equipped optical microscope (BXS51,
Olympus, Tokyo, Japan) was used for the optical obser-
vation. A Xe lamp was used as the light source for the
epi-illumination and a charge-coupled device camera (DP25,
Olympus, Tokyo, Japan) was used to capture the images.
An objective lens with numerical aperture of 0.60 (SLMPlan
N, Olympus, Tokyo, Japan) was used for the observation.
To examine the polarization-dependent optical properties, a
polarizer was inserted to linearly polarize the incident light
and an analyzer was inserted to select the polarization for the
observation. The observation was performed under parallel
or crossed polarizers. By rotating the sample in the plane
perpendicular to the optical axis, the direction of the incident
polarization was changed with respect to the photonic crystal
orientation.

D. Microspectrophotometry

To determine the reflectance spectra of a small region, one
edge of an optical fiber was placed on the image plane of
the above microscope, and the light reflected from a small
region was guided into a fiber optic spectrometer (USB2000,
Ocean Optics, Tokyo, Japan). The reflectance spectrum was
determined as the ratio of the spectrum of the sample to the
spectrum of the dielectric multilayer mirror (Sigma Koki,
Tokyo, Japan), which has nearly 100% reflectance over the
wavelength range of 320 to 850 nm. A pinhole with a diameter
of 200 um was placed on the aperture stop of the micro-
scope so that the illumination was approximately collimated
at the sample position. The maximum incidence angle with
respect to the optical axis was approximately 5.7°. A 50x
objective lens and 200-pum-diameter optical fiber were used

for the measurement; consequently, a measurement spot was
a circular region of 4 um diameter.

E. Photonic band calculation

The photonic band diagram of the I-WP-type pho-
tonic crystal was calculated using the plane-wave expansion
method [43]. The EM modes were expanded with the plane
waves corresponding to the 1055 reciprocal lattice points
around the origin in the reciprocal space. This number was
confirmed to be sufficient to obtain the converged results of
the calculations. The refractive index of the cuticle was set
to 1.555 [44], which was experimentally estimated by the
Becke line test of the sample. The I-WP photonic crystal
structure was modeled as in our previous study [41] by using
the formula

FX,Y,Z) > t, (1)

where X = Zx', Y = Zy/ and Z = 27; x', ¥/, and 7’ are
Cartesian coordinates, and a is the lattice constant of the cubic
lattice. The spatial region that satisfies the above formula is
filled with cuticle. A level-set parameter ¢ on the right-hand
side relates to the cuticle fraction and is set to 0.218 [41].
The function F (X, Y, Z) on the right-hand side consists of
several terms of sinusoidal functions; in the interest of con-
ciseness, the exact formula is provided in the Supplemental
Material [45].

F. Rigorous coupled wave analysis

The reflectance from a finite-sized photonic crystal was
calculated by using the rigorous coupled wave analysis
(RCWA) method [48,49]. A commercial software (RSoft,
DiffractMod) was used for the calculation; the I-WP structure
was modeled according to Eq. (1) with a lattice constant of
a = 315 nm, refractive index of cuticle of 1.555, and parame-
ter ¢ = 0.218, which were determined for the longhorn beetle
scale in our previous study [41]. The light was assumed to be
incident normal to the photonic crystal surface of the (110)
plane. The plane-wave expansion in the RCWA method was
of the order of &5 for the two directions ([001] and [—110]
directions) orthogonal to the [110] direction. Along the [110]
direction, the structure was modeled as the stack of several
thin layers with thickness of 5 nm in the calculation. The
crystal thickness was assumed to be 20 or 6 periods.

III. RESULTS

The scales of the longhorn beetle (Sternotomis callais) ap-
pear brilliantly green, as shown in Fig. 1(a). The basal part
of the elongated scale is particularly reflective. Our previous
study found that the (110) plane of the I-WP photonic crys-
tal is preferably oriented toward the outside. Sectioning was
performed nearly parallel to the surface of the elytrum, and
one of the sectioned scales was observed using an optical
microscope and SEM; the results are shown in Figs. 1(b)
and 1(c), respectively. The optical micrograph appears in var-
ious colors, but the basal part of the scale (the right side of
the image) is brightly reflective in green. When the exposed
surface was observed with SEM under higher magnification,
a periodic pattern of oval holes could be observed [Fig. 1(d)],
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FIG. 1. (a) Optical micrograph of elongated scales of a longhorn
beetle (Sternotomis callais) before sectioning. (b) Optical micro-
graph and (c) electron micrograph of a sectioned scale. The scales
were sectioned with a broad ion beam. (d) Magnified image of the
basal region indicated by the red frame in panel (c). The surface
exhibits an arrangement of oval holes corresponding to the (110)
plane of the I-WP-type photonic crystal. Scale bars are [(a)—(c)]
10 um and (d) 1 wm. (e) Cubic unit cell of the I-WP-type photonic
crystal. (f) (110) plane of I-WP-type photonic crystal. Oval holes are
periodically arranged. For the detailed analysis of the polarization de-
pendent properties, we defined the x, y, and z axes along the [—110],
[001], and [110] directions, respectively. In these coordinates, the
major axis of the oval hole is along the x axis and minor axis is along
the y axis.

which corresponded to the (110) plane of the I-WP photonic
crystal [Figs. 1(e) and 1(f)] [41]. As the sectioning plane was
slightly tilted from the (110) plane, the pattern of the arranged
oval holes gradually changed depending on the position. The
model calculation that considers the tilt can reproduce this
change in the surface texture, as shown in Fig. S1 (see Sup-
plemental Material) [45].

We investigated the polarization-dependent reflective prop-
erties of the scale in detail when the light was incident along
the [110] direction of the I-WP structure. The incident light
was linearly polarized by using a polarizer, and an analyzer
was used to select the reflected light with polarization parallel
or perpendicular to the incident polarization; this configura-
tion is called the parallel or crossed polarizers, respectively.
By rotating the sample in the plane perpendicular to the
optical axis, we examined the polarization dependence with
respect to the crystal structure. The model calculation using
Eq. (1) (see the Method section) reveals that the major and
minor axes of the oval holes in the (110) plane are along
the [—110] and [001] directions of the I-WP photonic crystal,
respectively, as shown in Fig. 1(f). For the detailed analyses,
we defined the x, y, and z axes along the [—110], [001],
and [110] directions, respectively. To express the direction of
incident polarization, we used the polarization angle defined

as the angle between the x axis and the polarization direction
of the incident light.

Under the parallel polarizers, the basal part appeared bright
green in all directions of the incident polarization, as shown in
Fig. 2(a). Correspondingly, the reflectance spectra showed a
distinct peak at approximately 530 nm, as shown in Fig. 2(b).
However, the width of the reflection band differed depending
on the incident polarization. When the polarization angle was
0° (180°) from the x axis, the band was the broadest with the
full width at half maximum (FWHM) of 67 nm, whereas at
90°, the peak became the narrowest with FWHM of 40 nm.
The wavelength of this peak can be theoretically estimated
from the Bragg condition mA = 2id under the normal inci-
dence. Assuming the order m as 1, the wavelength A was
calculated as 550 nm from the following parameter values.
The mean refractive indeX 7 = neygicle® + Mair (1 — ¢) was cal-
culated as the volume average as 1.23 with the refractive index
of cuticle as ncuice = 1.555 and that of air as n,; = 1.000.
The cuticle fraction ¢ was set to 0.423 based on the previously
reported parameter value r = 0.218 in Eq. (1) (see the Method

section) [41]. The plane distance d was set to @ =223 nm
because the (110) plane was considered as a = 315 nm [41].
The calculated wavelength of 550 nm was in reasonable agree-
ment with the peak wavelength of the reflectance spectra.
The peak width difference depending on the polarization is
discussed later.

When the scale was observed under the crossed polarizers,
the reflection intensity showed large polarization dependence;
for incident linear polarization at 0° and 90°, the scale ap-
peared entirely dark and the reflectance was nearly zero
(Fig. 3). In contrast, the scale appeared the brightest at 45° or
135°, and the reflectance spectra were observed to have two
peaks at the wavelengths of approximately 510 and 560 nm.
These peaks were roughly located at the two sides of the
reflection peak observed under the parallel polarizers (Fig. S2;
see the Supplemental Material) [45].

IV. ANALYSIS

The experiments on the polarization dependence showed
two major characteristics for the case where light was incident
on the (110) plane of the I-WP-type photonic crystal. First,
the reflection bandwidth under the parallel polarizers differed
depending on the polarization. Second, under the crossed po-
larizers, the reflectance spectrum had two peaks located on
both sides of the reflection band observed under the parallel
polarizers. In this section, these polarization properties are
theoretically investigated based on the calculations of the
photonic band diagram, assuming an infinitely large crystal
and reflectance spectra from a finite-sized crystal, by using
the RCWA method.

A. Photonic band calculation and mode symmetry

We calculated the photonic band diagram of the I-WP-type
photonic crystal by using the plane-wave expansion method
(Fig. 4) [43]. The I-WP-type photonic crystal has a body-
centered cubic (BCC) lattice, and the light propagating along
the [110] direction corresponds to the modes between I" and
N in the photonic band diagram. At the point N, the photonic
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FIG. 2. Reflection properties under the parallel polarizers. (a) Optical micrographs of the scale when the angle of incident linear
polarization is incremented successively by 15°. The direction and angle of the incident linear polarization are indicated in the lower left
corner of the image. The scale bar is 10 m. (b) Reflectance spectra measured for the region indicated by the red circle in panel (a). To prevent
the spectra from overlapping and becoming indistinguishable, the reflectance was vertically shifted by 1 for each angle of incident linear

polarization.

band gap opens around the dimensionless frequency of 7%= ~
0.55. However, it can be noticed that the electromagnetic
(EM) modes at the upper and lower edges of the band gap
split into two modes near N. We consider the lowest four
EM modes between I" and N from the first to fourth modes
as the lowest to higher frequency modes. The symmetries of
these four modes are associated with the local symmetry of
the [110] direction of the I-WP-type photonic crystal. This di-
rection of the BCC lattice has a C,,, symmetry with four types
of modes Ay, Ay, By, and B;. According to the literature [50],
the four EM modes propagating along the [110] direction can
be classified into the B; or B, mode. To determine the mode
symmetry, we depicted the spatial patterns of the electric
field vector (Fig. S3; see the Supplemental Material) [45] and
found that the first and fourth modes are classified into the
B, mode and the second and third modes as the B, mode, as
indicated in the photonic band diagram. The B; mode is sym-
metric with respect to the mirror operation o, and asymmetric
with respect to the mirror operation oy, whereas the reverse is
true for the B, mode. When the y-polarized light is normally
incident on the (110) plane, it can couple with only the B,
mode, which has an electric field vector directed along the y
axis. In contrast, the x-polarized light can couple with only the
B; mode.

Figure 5 shows the comparison between the photonic
band diagram and reflectance calculated for both the x- and
y-polarized light. For the two polarization directions, the re-
flection band appears in the frequency ranges corresponding

to the band gaps for the B; and B, modes. It is noted that
in the reflectance calculation, the thickness of the photonic
crystal is assumed to be 20 periods along the [110] direction;
i.e., the thickness is 20 x +/2a, which corresponds to 8910 nm
with a = 315 nm. This thickness is used for the theoretical
comparison with the photonic band diagram, assuming an
infinitely large size, whereas the actual thickness of the scale
is considered smaller than this.

B. Reflectance from a finite-sized photonic crystal

We theoretically investigated the polarization-dependent
reflectance spectra under the parallel and crossed polarizers
to compare the results with the experimental results shown
in Figs. 2 and 3. By referring to a previous study [51], we
calculated the reflectance spectra for the incident light polar-
izations from 0° to 180° at intervals of 15°. In the RCWA
calculation, reflectance is obtained as the zeroth order diffrac-
tion coefficient. To express the polarization dependence, four
reflection coefficients, 7;; (i, j = x, y), were considered, where
the subscripts i and j represent the polarization direction of
the incident and reflected light, respectively. From the four
coefficients ryy, 7yy, 7'y, and ry,, we can calculate the parallel
polarizers and crossed polarizers reflectances for any incident
polarization angle as follows. When the angle between the
polarization direction and x axis is 6, the electric field vec-
tor of the incidence is expressed as E; = Ey(cos 6, sin@, 0).
The electric field vector of the reflected light becomes
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FIG. 3. Reflection properties under the crossed polarizers. (a) Optical micrographs of the scale when the angle of incident linear
polarization is incremented successively by 15°. The direction and angle of the incident linear polarization are indicated in the lower left
corner of the image. The scale bar is 10 um. (b) Reflectance spectra measured for the region indicated by the red circle in panel (a). To prevent
the spectra from overlapping and becoming indistinguishable, the reflectance was vertically shifted by 1 for each angle of incident linear

polarization.

E, = Eo(ryx cos 0 + 1y, sinf, 1y, cos 0 + 1y, sin 6, 0). By us-
ing the two unit vectors a) = (cosf,sinf,0) and a, =
(—sin#, cos 8, 0), which are parallel and perpendicular to the
incident light polarization, respectively, we can calculate the
parallel and crossed polarizers reflectance coefficients as

E,-a .
= By L = 1 cos? 6 + T'yy Sin 6 cos
+ 7y sin 6 cos 6 + ryy sin® 6, )
Er -a .
rp = E—l = —ry sinf cosf + ry, cos? 0
0
— Fyy sin? 6 + Tyy sinf cos 6. 3)

The reflectance is obtained as the absolute square of these
reflection coefficients.

Figure 6 shows the reflectance spectra of the (a) parallel
polarizers and (b) crossed polarizers when 6 is successively
incremented by 15°. The thickness of the crystal was as-
sumed to be six periods along the [110] direction (2673 nm)
so that the calculation moderately reproduced the positions
of the side peaks in the experimental spectrum. In the case
of the parallel polarizers, the reflection band was located at
approximately 550 nm, but the width of the band changed
depending on the polarization angle. In concurrence with the
photonic band calculation, the width of the reflection band
was the widest, approximately 520-580 nm, when the incident
polarization was along the x axis, i.e., at & = 0° or 180°. The

reflection band became the narrowest, approximately 530-
570 nm, when the polarization was along the y axis, i.e., at
6 = 90°. In the crossed polarizers, the reflectance spectrum
had two peaks at approximately 510 and 580 nm for the inci-
dent linear polarizations of 45° and 135°, respectively. These
calculations reasonably reproduce the experimental results in
Figs. 2 and 3. The difference in reflectance spectra under
parallel and crossed polarizers can be briefly explained as
the difference in the width of the band gap depending on the
direction of incident polarization. The detailed interpretation
is provided in the Discussion section.

V. DISCUSSION

In the Results and Analysis sections, we presented the
experimental and theoretical results of the polarization-
dependent reflective properties of a photonic crystal based
on an [-WP-type minimal surface found in the scale of the
longhorn beetle (Sternotomis callais). It was experimentally
found that the width of the reflection band differed depending
on the polarization direction. The theoretical calculation of the
photonic band showed that the width of the band gap depends
on the polarization, which is consistent with the experimental
results. For the crossed polarizers, the spectral shape was
found to have two peaks in both the experimental and theo-
retical results. Next, we discuss the physical origin of these
optical properties and compare them with those observed in
other natural systems.
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FIG. 4. Photonic band diagram of an I-WP-type photonic crystal.
The band gap along the I'-N direction opens near the frequency of

e ~ (.55. The inset shows an enlarged view of the band gap area
e
(blue rectangle). Symmetries of the modes are indicated (see text for

details).

The (110) plane of the I-WP-type photonic crystal is char-
acterized by the arrangement of oval-shaped holes, as shown
in Fig. 1(f). Thus, the anisotropy of the oval shape and the
resultant depolarization effect are important factors for the dif-
ference in the reflection bandwidth. That is, the depolarization
field is stronger for the minor axis of the oval hole than the
major axis, because the polarization charge is less separated
along the direction of the minor axis, which is along the y axis.
Bragg et al. examined the depolarization field and effective
dielectric constant in prolate spheroids [52]. It was reported

(a)

Reflectance

(@)

(b

165°

165°

150°

150°

135°

1357

120°

120°

105°

105°

90°

90°

75°

75°

Retlectance

60°

Retlectance

60°

45°

45

30°

30°

15° 15°
0.5 -
0° 0

SELELLLEEES

500 600 700
Wavelength [nm]

- 0
500 6 700 400 800

Wavelength [nm]

4 800

=)
(=
(=4
=

FIG. 6. Reflectance spectra of (a) parallel polarizers and
(b) crossed polarizers for various directions of incident polarization.
These spectra are calculated by the RCWA method. The reflectance
is vertically shifted by (a) 1 and (b) 0.5 for each incident polarization
angle to prevent overlapping.

that the depolarizing coefficient along the major axis of the
prolate spheroids is smaller than that along the minor axis.
This implies that the effective refractive index is larger along
the major axis direction and smaller along the minor axis. In
the case of a periodic multilayered structure consisting of two
types of layers (one-dimensional photonic crystal), the band
gap width generally depends on the refractive index contrast
between the two materials. Similarly, in a three-dimensional
photonic crystal, the degree of spatial variation in the ef-
fective refractive index along the propagation direction is

(b)

Reflectance

wa/2nc

Band gap
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Band gap

Bz?—4

0.4r

r N

r N

FIG. 5. Comparison of the I'-N photonic band diagram (left panel) and reflectance spectra calculated by the RCWA method (right panel).
The direction of the incident linear polarization is along the (a) x axis and (b) y axis.
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FIG. 7. Photonic band diagrams of (a) close-packed structure and (b) non-close-packed structure of the BCC lattice of spherical particles.
The calculation was performed with the plane-wave expansion method using the reciprocal lattice points of 1055. The refractive indices were
set to 2.00 and 1.00, and the filling fractions were (a) 0.680 and (b) 0.025, respectively. The inset shows an enlarged view of the band gap
area (blue rectangle). Cross sections of the (110) plane in the (c) close-packed structure and (d) non-close-packed structure of the BCC lattice.
Concave holes are found in the case of the close-packed structure, whereas they are not found in the case of the non-close-packed structure.

considered to affect the photonic band-gap width [39,53,54].
Thus, the anisotropy of the oval shape results in structural
birefringence; accordingly, the different degrees of spatial
variation are considered to affect the width of the pho-
tonic band gap, as supported by the reflection bands of
different widths observed in the theoretical and experimental
results.

Under the crossed polarizers, two separate peaks were ob-
served, which were located on both sides of the reflection band
under the parallel polarizers, as shown in Fig. S2 (see the
Supplemental Material) [45]. It should be noted that such a
spectrum is observed when the polarization is 45° from the
x and y axes. In addition, a careful inspection reveals that
the two peaks are located at the wavelengths corresponding
to high reflectance for the x-polarized incidence and low re-
flectance for the y-polarized light under the parallel polarizers.
Thus, we can interpret the origin of the two peaks under the
crossed polarizers as follows: The electric field of the incident
light of the polarization angle at 45° is decomposed into x
and y components, and both components exist in the band
gap for the B, mode, which is narrower than that of the B,
mode. However, only the x component is strongly reflected
for the frequency range contained in the band gap of the B,
mode but not in the B, mode. In this frequency range, the

reflected light is x-polarized light, which is again decomposed
into parallel and perpendicular components with respect to
the incident polarization, and the perpendicular component is
observed under the crossed polarizers.

Different polarization effects have been reported in other
insects. For example, a tilted multilayer structure causes the
rotation of the polarization [34-36] due to the oblique in-
cidence and dual reflection from the multilayers. In weevil
species, the scale has a diamond-type photonic crystal, which
has a face-centered cubic (FCC) lattice. The (111) planes
cause reflection at the longest wavelength in this structure.
However, the (200) planes also cause Bragg reflection with
the polarization conversion effect [37]. This effect is explained
using the analogy of a half-wave phase shift [38]. The polar-
ization properties reported in this paper are similar to those
of the gyroid photonic crystals in the butterfly wing scale, be-
cause both the gyroid and I-WP photonic crystal have the BCC
lattice and the Bragg diffraction from the (110) planes occurs
at the longest wavelength. It has been reported that a gyroid-
type structure has a reflectance spectrum with two peaks under
the crossed polarizers [S1]. However, the reflectance value
is smaller than that in the case of the I-WP structure. In
the gyroid structure, the two high-frequency modes and two
low-frequency modes that correspond to the upper and lower
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edges of the band gap, respectively, are not separate but almost
degenerate (Fig. S4, see the Supplemental Material) [45],
unlike those in the I-WP-type photonic crystal. The cross
section of the (110) plane of the gyroid-type photonic crystal
has air holes. However, these are nearly circular, not oval. The
difference in the degree of structural anisotropy is considered
to result in different reflectance values.

From the biological viewpoint, it is presumed that
minimal-surface-based photonic crystals are created through
the folding of the biological membrane and subsequent secre-
tion of nascent cuticle, which later becomes dry cuticle [21]. It
may not be easy to directly apply this concept to artificial pro-
duction of the photonic crystal. Hence, we consider a different
photonic structure that can be produced through a different
process but has a similar polarization effect. The I-WP-type
photonic crystal contains an interconnecting network of BCC
lattice sites [Fig. 1(e)]. This structure is similar to that of
the close-packed BCC lattice consisting of spherical particles.
Although spherical colloidal particles generally form the FCC
lattice, the BCC lattice has been reported in systems with low
volume fraction and long Debye screening lengths [55,56].
We calculated the photonic band diagram for the close-packed
BCC lattice consisting of spherical particles with refractive
index same as that of the cuticle. The results showed that the
EM modes between I and N were separated near N and had
very similar optical characteristics to those of the I-WP-type
photonic crystals (Fig. 7). In fact, the (110) plane of the BCC
close-packed structure appears as an arrangement of concave
holes, which are elongated along one direction. These elon-
gated holes are considered to cause structural birefringence,
which separates the EM modes as in the I-WP photonic crys-
tal structure. It was confirmed that for a non-close-packed
structure, the EM modes are not separated (Fig. 7). It may
be possible to enhance the reflectance and increase the pho-
tonic bandwidth by using different materials with higher

refractive index values for the artificial colloidal photonic
crystal.

VI. CONCLUSION

In this study, we experimentally and theoretically investi-
gated the polarization-dependent reflection of the I-WP-type
photonic crystal discovered recently in the scales of the
longhorn beetle (Sternotomis callais). It was found that the
width of the reflection band under the parallel polarizers dif-
fered depending on the polarization, whereas a spectral shape
with two reflection peaks was observed under the crossed
polarizers. These features were theoretically reproduced and
explained based on the structural birefringence originating
from the oval shaped holes in the (110) plane of the I-WP
photonic crystal.

Similar to the recent discovery of the I-WP structure, dif-
ferently shaped photonic crystals may be discovered in the
future. It is important to investigate their optical properties
to inspire the development of new optical materials. From
the biological viewpoint, butterflies and mantis shrimps are
known to have polarization-sensitive vision. Hence, the polar-
ized light is considered to play a role in courtship signals and
foraging [57,58]. Understanding the polarization properties of
the natural structural color may provide clues to explain why
animals develop specific nanostructures.
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