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Circular Bragg reflectors have the ability of reflecting the cohanded circular-polarization mode of
the inherent helicoidal structures. Cuticles of some plants and beetles are examples of natural circu-
lar Bragg reflectors. In many cases, the period or pitch of the helicoidal structure shows spatial vari-
ation across the cuticle (pitch profile). Among scarab beetles, the special architecture in the cuticle
of the Chrysina resplendens comprising a birefringent layer sandwiched between two helicoidal
layers reflects both right- and left-handed circular-polarization states. In this work, the modeling of
Mueller-matrix data is applied to investigate polarization properties of this exceptional structure by
using pitch profile and optical functions reported in the literature. Reflectance spectra for circular-
polarization states are explained in terms of the phase shift introduced by the birefringent layer in a
phasor plot. The azimuth-dependent polarization properties are investigated at oblique incidence
for unpolarized light. © 2019 Author(s). All article content, except where otherwise noted, is
licensed under a Creative Commons Attribution (CC BY) license (http://creativecommons.org/
licenses/by/4.0/). https://doi.org/10.1116/1.5122824

I. INTRODUCTION

Cholesteric liquid crystals (CLCs), sculptured thin films
(STFs), cellulose nanocrystal (CNC) films, and cuticles of
some plants and scarab beetles exhibit the circular Bragg
phenomenon.1 That is, these structurally chiral materials
have the ability of reflecting the cohanded circular-
polarization mode of the inherent helicoidal structures. At
normal incidence, this occurs in a band centered at wave-
length λB = navΛ and with bandwidth Δλ = ΔnΛ, where nav is
the in-plane average refractive index, Δn is the in-plane bire-
fringence, and Λ is the pitch of the helicoidal structure. The
basic approach for electromagnetic modelling was introduced
by de Vries,2 considering the rotation of the dielectric axes
along the helicoidal structure. Later, Berreman3 developed a
4 × 4 matrix formulation to calculate the optical response
of anisotropic stratified media. This so-called Berreman
method has been applied in the characterization of several
structurally chiral materials like CLC,4 STF,5,6 CNC,7–9

plants,10 and the cuticle of beetles.11–13 Another approach
considers twisted layered structures to model generalized and
Mueller-matrix spectroscopic ellipsometry data for STF,14,15

twisted nematic and super twisted nematic liquid crystals,16

CLC,17 and the cuticle of beetles.18–20

In the case of beetles, selective Bragg reflection is largely
distributed in the Scarabaeoidea (Coleoptera) superfamily and,
by most, reflection of left-handed circular polarization (LCP)
has been observed.21 However, the discovery of the circular
Bragg phenomenon in beetles, made by Michelson22 more
than a century ago, was in the cuticle of the scarab beetle

Chrysina resplendens (Boucard, 1875), which reflects both
LCP and right-handed circular polarization (RCP). Its special
architecture comprised of a sandwiched birefringent layer
between two chiral layers was elucidated some decades ago.23

More recently, extensive electron microscopy studies have
been applied to determine the pitch variation across the cuticle
of C. resplendens.24 In addition, Mueller matrices measured at
near normal incidence in specimens of this species have been
reported by Goldstein25 and Hodgkinson et al.26 In the latter
work, model-calculated data using chirped chiral structures
were also reported to explain features observed in the mea-
surements but not all the details were specified.26 As in any
natural system, variation of the polarization properties among
specimens C. resplendens has also been documented.21–28

The architecture of a sandwiched birefringent layer between
two helicoidal layers has inspired applications based on poly-
meric CLC-like phase retardation defect-mode lasing29,30 and
electrotunable optical heterojunctions.31 Furthermore, the high
reflectance exhibited by this architecture32 has inspired the
fabrication of chiral CNC-based reflective films as optical
filters and solar gain regulators.33,34 The complexity of the
unique architecture in the cuticle of C. resplendens makes nec-
essary a more detailed analysis of the wavelength-dependent
phase retardation introduced by the birefringent layer. Most of
the previous studies are limited to near normal incidence and,
so far, dependences on angle of incidence and sample rotation
have not been investigated in detail.

In this work, we investigate polarization properties of the
architecture in the cuticle of the scarab beetle C. resplendens
using model-calculations in a Mueller–Stokes approach. The
modeling considers twisted biaxial slices that simulate the
pitch profile reported by other authors24 and optical constants
from a specimen of the same genus.20 The use of a phasor
plot simplifies the analysis of the phase shift introduced by
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the birefringent layer on LCP and RCP modes and helps in
explaining reflectance spectra. The polarization properties of
C. resplendens in terms of degree of polarization (DP), ellip-
ticity, and azimuth of light reflected for unpolarized incident
light are discussed as function of the angle of incidence and
sample rotation. The conclusions of the work are summa-
rized at the end.

II. MODELING

A. Twisted biaxial slices model for graded circular
Bragg reflectors

Figure 1 shows a schematic representation of the basic
unit forming a circular Bragg reflector, which consists of
biaxial twisted slices with principal refractive indices (n1, n2,
n3). The twist is parameterized by the variable azimuth angle
f (in degrees), which localizes the orientation of n1 with
respect to the plane of incidence.18 In previous works, we
have shown that gradual changes in pitch are adequately rep-
resented by19,20

f(u)¼f0þ360T u=dþ
X

j
aj ln{1þ exp[(u�u0j)=(dbj)]}

� �
,

(1)

where u measures the position of the slices from the bottom
of the helicoidal structure, d is the layer thickness, T is the
number of turns, and f0 is the azimuth offset of the direction
with index n1. The sign of T defines the handedness of the
chiral structure, T > 0 for left handed (LH) and T < 0 for right
handed (RH). The first term in the parentheses in Eq. (1)
gives a constant value of pitch, whereas the terms in the
summation represent increasing (aj > 0) or decreasing (aj < 0)
gradual changes in pitch with depth. These gradual changes
of magnitude accounted by |aj| take place within a region of
width 2dbj (>0) centred at positions u0j. By defining the
cumulated number of periods as

Np(u)¼ (f(u)�f0)=360, (2)

the full turn pitch is determined from the derivative

Λ(u)¼ dNp

du

� ��1

: (3)

B. Modeling the cuticle of the scarab beetle Chrysina
resplendens

Figure 2(a) shows the multilayer model for the cuticle of
the scarab beetle C. resplendens. From top to bottom, it com-
prises the epicuticle that mostly is composed of wax.
Beneath the epicuticle, the exocuticle is located and formed
by a sandwiched birefringent layer between two helicoidal
layers. At the bottom, the endocuticle is found. Caveney23

reported a total thickness of 22 μm. Other scanning and
transmission electron microscopy studies gave a total thick-
ness of 21.7 ± 1.8 μm and 19.7 ± 0.8 μm, respectively.24 The
thicknesses reported of the epicuticle and birefringent layer
are depi = 0.6 μm and dBL = 1.76 μm, respectively, whereas
Caveney23 reported dBL = 1.81 μm. Finlayson et al.24 deter-
mined the pitch as a function of the number of repeats for
five samples as measured from electron microscopy images.
In that work, the authors averaged the data and applied a cor-
rection of 10% due to the shrinking produced when exposing
the samples to vacuum in the microscope chamber. For the
present work, those corrected data were digitized and used as
an input to parameterize pitch profiles according to
Eqs. (1)–(3). Figure 2(b) shows the pitch variation across the
helicoidal structures determined in this way. The values of
the parameters in Eq. (1) are shown in Table I. In Fig. 2(b),

FIG. 1. Schematics of a structurally left-handed chiral layer supported on a
substrate.

FIG. 2. (a) Multilayer model for the cuticle of the scarab beetle C. resplen-
dens. (b) Pitch profile of the upper and lower chiral layers calculated with
Eqs. (1)–(3) and parameters in Table I to simulate data for C. resplendens
according to results in Finlayson et al. (Ref. 24). The location of the birefrin-
gent layer (BL) between two circular Bragg reflectors (CBRs) is specified.
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depending on the value of pitch, three zones are distin-
guished: short (I) and larger (III) values of pitch are in the
lower helicoidal layer, whereas intermediate (II) values of
pitch are common in both helicoidal layers.

The optical constants of the materials in the model are
represented by Cauchy expressions and correspond to those
determined from regression analysis of Mueller matrix data
of a beetle of the same genus, C. chrysargyrea.20 In the
model, the epicuticle and endocuticle are assumed isotropic.
We consider morphogenesis of the beetle cuticle as a continu-
ous process. That is, the azimuth orientation with respect to the
plane of incidence is defined by the value of f0

low in Eq. (1)
for the helicoidal layer at the bottom. Thus, the azimuth ori-
entation of the birefringent (f0

BL) and upper chiral (f0
up)

layers is determined as f0
up =f0

BL = f0
low + 12.84°, where

flow(u = 15.88 μm) = 12.84° as calculated with Eq. (1) and
parameters in Table I.

Since Mueller matrices measured on the cuticle of beetles
exhibit depolarization for incident polarized light mostly due
to nonuniformity in thickness,19,20 this type of inhomogeneity
was included. Thus, Mueller matrices are calculated for nine
thicknesses within the interval d− Δd and d + Δd. The
Gaussian weighted average of these Mueller matrices repre-
sents the incoherent superposition causing light depolarization.
In this work, it was considered Δd/d = 2%, which is typical
in the cuticle of beetles.19,20 The calculations of Mueller
matrices were performed with the COMPLETEEASE software
(J. A. Woollam Co., Inc.) in the spectral range 250–1000 nm
with resolution 1 nm at angles of incidence (θ) between
0° and 75°. The number of birefringent slices in the upper and
lower helicoidal layers was 360 and 1000, respectively.

III. RESULTS AND DISCUSSION

A. Normalized Mueller matrix at normal incidence

In the Mueller–Stokes formalism, light beams are repre-
sented by Stokes vectors S = [I,Q,U,V]T, where T means
transpose and I accounts for total irradiance, whereas
Q = Ip− Is and U = I+45°− I−45° are irradiances describing
linear polarization. Here, p is parallel to and s is perpendicu-
lar to the plane of incidence, and +45° and −45° are mea-
sured from the plane of incidence. The fourth component
V = IR− IL accounts for circular polarization, where R and L

stand for irradiances of right- and left-handed, respectively.
The incident (Si) and reflected (Sr) light beams are related by
the 4 × 4 Mueller matrix (M) of the sample35

Sr ¼ MSi: (4)

In particular, the total reflectance is given as R =M11,
the remaining 15 elements are often normalized according to
mij =Mij/M11 as in the present work.

Figure 3 shows the normalized Mueller matrix at normal
incidence and f0

low = 0°. As can be noticed, the data are char-
acterized by very complex oscillations, which are due to
interference of contributions coming from different depths.
In previous works, we have shown that the cuticle of beetles
with graded pitch produces strong oscillations in
Mueller-matrix data.19,20 However, the pattern in Fig. 3 is
much more complex because of the sandwiched birefringent
layer and the decreasing-increasing pitch variation in the
lower helicoidal layer as is shown in Fig. 2(b).

Since for unpolarized incident light SU = [1,0,0,0]T, the
Stokes vector of the reflected beam is Sr = [M11,M21,M31,
M41]

T, the sign of m41 in Fig. 3 accounts for right- (>0) or
left- (<0) handed polarization in different parts of the spectral
range. This alternation of the sign in m41 is characteristic in
data from C. resplendens.25,26,28

B. Reflectance spectra at normal incidence

Figure 4 shows the spectra of total reflectance R,
cohanded (RRR, RLL), and cross-polarization (RRL, RLR) cir-
cular reflectances calculated with the model in Fig. 2(a).
These five quantities correspond, respectively, to the first
element of the Stokes vectors: MIMSU, MRMSR, MLMSL,
MRMSL, and MLMSR, for different conditions of illumination
and filtering of the reflected beam. Here, the vectors Si,
i = U,L,R, stand for unpolarized, LCP SL = [1,0,0,−1]T, and
RCP SR = [1,0,0,1]T, respectively, MI is the unit matrix and
MR(L) is the Mueller matrix of a right- (left-) handed circular
polarizer.35 In Fig. 4(a), the top axis corresponds to the
scaled wavelength λ/nav in accordance with the relationship
for selective Bragg reflection λB = navΛ. Thus, the range of
pitch variation between 260 and 570 nm in Fig. 2(b) has
been located with a dashed-dotted horizontal line in Fig. 4(a)
and referred to the top axis. As expected, the range of pitch
variation corresponds to the spectral range where selective
Bragg reflection is observed. Selective Bragg reflection
extends beyond the wavelength limits 422 and 900 nm
because the intrinsic bandwidth Δλ = ΔnΛ. Additionally, the
three pitch zones identified in Fig. 2(b) have been located
with vertical lines in Fig. 4, defining thus the corresponding
spectral zones for the upcoming discussion. In spectral
region II of Fig. 4(a), it can be noticed that R overpasses
50%, which is the limit for a single chiral layer. The features
in the spectrum of R might be qualitatively correlated with
those of RRR, RLL, RRL, and RLR. Below, the relation with
the polarization properties is discussed in more detail.

For a better understanding of the cohanded and cross-
polarization reflectance spectra, the retardation δ = 2πΔndBL/λ

TABLE I. Values of the parameters in Eq. (1) used to calculate the pitch
profile of upper and bottom helicoidal layers of C. resplendens shown in
Fig. 2(b).

Helicoidal layer d (μm) T aj u0j/d bj

Upper 4.21 13.7 −0.01 0.2 0.04
−0.03 0.8 0.20

Lower 15.88 43.1 −0.0105 −0.03 0.0285
0.013 0.26 0.051
0.025 0.50 0.030

−0.033 0.60 0.050
−0.017 0.89 0.030
0.025 0.95 0.060
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introduced by the birefringent layer is shown in Fig. 5(a). As
can be seen, it behaves nearly as a half-wave plate in region I
close to λ = 500 nm. Caveney23 reported experimental values
of the retardation at four wavelengths between 500 and

625 nm, showing a perfect half-wave plate performance at
590 nm. The effect of the birefringent layer on RCP and
LCP states can alternatively and more clearly be described
by using phasor plots, as shown in Figs. 5(b) and 5(c).
In these plots, RCP and LCP states are located at (0,1) and
(0,−1), respectively, and the horizontal axis corresponds to
linear polarization (50% RCP–50% LCP). Thus, the phase
shift introduced in RCP or LCP states when crossing the
birefringent layer is represented as a counterclockwise
rotation by an angle δ on the unit circle as is shown for
selected wavelengths. Below, the incidence of RCP is
considered first.

As is known, RCP travels without attenuation through the
upper left-handed helicoidal layer. The RCP state will be
transformed to various degrees into LCP depending on the
retardation produced by the birefringent layer. As can be
seen in Fig. 5(b), for λ = 474 nm, the phase shift introduced
by the birefringent layer brings (0,1) very close to (0,−1),
meaning a polarization state with a high LCP component.
This state is reflected by the left-handed structure of the short
pitch located at about 11–13 μm in depth [see Fig. 2(b)]. In
the backward trip, a further retardation of δ converts the light
to a polarization state with a large RCP component,
RCP + 2δ data in Fig. 5(b). Therefore, depending on which
analyzer is used, MR or ML, the reflectance in region I is
high RRR in Fig. 4(b) or low RLR in Fig. 4(d). Similar argu-
ments can be used to explain the values of RRR and RLR in
regions II and III. For λ = 665 nm, the phase shift transforms
the RCP state to elliptical polarization, i.e., the sum of RCP
and LCP states of different amplitude. The LCP component
is reflected by the left-handed helicoidal structures at depths
of about 7.5 and 15 μm [see Fig. 2(b)]. In Fig. 5(b), the
reflected LCP part is represented by the projection on the

FIG. 3. Normalized Mueller matrix calculated at normal incidence for the cuticle of the beetle C. resplendens according to the model in Fig. 2. The scale
shown for m41 is common to all elements.

FIG. 4. Normal incidence calculated reflectance spectra for the cuticle of
C. resplendens according to the model in Fig. 2: (a) total, (b) cohanded RCP,
(c) cohanded LCP, and (d) cross-polarized RCP-LCP. The top axis in (a) is a
scaled wavelength to establish a correspondence with pitch variation in Fig. 2(b).
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vertical axis and the phase shift with counterclockwise rota-
tion. Thus, light with elliptical polarization with a larger
RCP component travels through the upper helicoidal layer.
Therefore, in region II, when setting MR as the analyzer, con-
siderably higher values of RRR are obtained than those of
RLR when ML is used as seen in Figs. 4(b) and 4(d). A
similar situation is obtained for λ = 860 nm in region III but
with a slightly larger RCP than LCP component as can be
seen in RRR and RLR spectra in Figs. 4(b) and 4(d).

For the case of incident LCP, the retardation transforms
LCP to nearly RCP in region I as is shown in Fig. 5(c) for

λ = 474 nm. Since RCP does not interact with the left-handed
helicoids, very low reflectance is observed in Fig. 4(c). In
region II, RLL shows two maxima at wavelengths of about
540 and 690 nm due to the upper helicoidal layer. For wave-
lengths in region III, λ = 860 nm as an example, elliptically
polarized light passes to the lower helicoidal layer and the
LCP component interacts with the helicoidal structure. The
backward wave suffers a further retardation δ, leading to
a polarization state in the third quadrant in Fig. 5(c).
Therefore, the use of ML or MR produces the low values of
RLL and RRL observed in region III in Figs. 4(c) and 4(d),
respectively.

C. Polarization properties of light reflected for
unpolarized incident light

In this section, polarization properties of the reflected
beam for unpolarized incident light are discussed as function
of the angle of incidence and sample rotation. As was shown
in Sec. III A, the reflected beam is Sr = [M11, M21, M31,
M41]

T in this case. In general, the reflected beam is partially
polarized with a DP given by

DP ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

21 þ m2
31 þ m2

41

q
: (5)

This part of the beam is elliptically polarized with ellipticity,

e ¼ tan arcsin m41=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

21 þ m2
31 þ m2

41

q� �
=2

� �
, (6)

where −1≤ e≤ 1 and the extreme values −1 and +1 corre-
spond to LCP and RCP, respectively. The major semiaxis of
the polarization ellipse is located with respect to the plane of
incidence by the azimuth angle

w ¼ arctan (m31=m21)=2: (7)

1. Normal incidence

Figure 6 shows DP, e, and w at normal incidence. As can
be seen, in regions I and III, the reflected beam is highly
polarized (DP > 0.8) with right-handed elliptical polarization
(e > 0) with the major axis located at about 45° (I) and 30°
(III) from the plane of incidence (f0

low = 0). Unpolarized
light might be considered as composed by 50%–50% RCP
and LCP components with a random phase difference.
Therefore, the polarization properties can be qualitatively
explained with the same arguments as in Sec. III B and
quantitatively by the data in Fig. 6. In region II, where R is
high [see Fig. 4(a)], DP oscillates around 0.4 and 0.2
depending on whether right- (e > 0) or left-handed (e < 0)
elliptical polarization is reflected. The lower values of DP in
region II than in regions I and III are due to the fact that both
LCP and RCP contribute incoherently to R since they come
from the upper and lower chiral layers, respectively. The dif-
ference in the spatial location and strong reflection band of
LCP at about λ = 690 nm produces the drop of DP and the
change in the sign of ellipticity at about 620 nm.

FIG. 5. (a) Retardation of the birefringent layer; values at wavelengths 474,
665, and 860 nm have been located with vertical dashed lines. The phasor
plot representation of the phase shift introduced by the birefringent layer on
(b) RCP (0,1) and (c) LCP (0,−1) states in the forward (solid lines) and
backward (dashed lines) trips at selected wavelengths.
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Variations of the spectral response to circular polarization
among specimens of C. resplendens are largely
documented.21–28 Michelson described a reversing of circular
polarization from the blue to the red ranges of the spectrum,
appearing completely depolarized in the orange-yellow part
of the spectrum.22 Caveney23 reported the reflection of RCP
in a band between 575 and 624 nm with a minor reflection
band of LCP centered at 560 nm. The spectra of RRR cover-
ing the range 500–800 nm and RLL with two bands centered
at about 590 and 750 nm have been measured.24 In
Mueller-matrix measurements, the alternation of the sign in
m41 does not follow a consistent spectral trend.25,26,28 Also,
in an imaging polarimetry study, the authors describe that
light reflected from the dorsal side of C. resplendens practi-
cally does not show circular polarization in the green and red
ranges of the spectrum.27 Furthermore, Pye21 investigated the
reflection of LCP or RCP on 20 specimens when illuminat-
ing with unpolarized light and found considerable individual
variation. From the analysis performed in this section and
Sec. III B, below we discuss possible factors leading to the
wide range of observations reported.

There are two works reporting the pitch profile of
C. resplendens. Besides the opposite gradients in the upper
helicoidal layer (increasing23 and decreasing24), the profiles
of the lower helicoidal layer and dimensions of the structure
are similar [dBL = 1.81 μm (Ref. 23) and 1.76 μm (Ref. 24)].
Despite that the available information is limited, apparently
structural variations might not be the cause of the optical
variations observed. On the other hand, the decrease of
reflectance in experimental spectra23,24,32 at short wave-
lengths suggests a decrease of birefringence in the blue part
of the visible spectrum. For the birefringent layer in the

specimens analyzed by Finlayson et al.,24 the authors esti-
mated full- and half-wave retardation at wavelengths 410 and
670 nm, respectively, hence Δn = 0.19 at 670 nm, whereas in
the present work, Δn = 0.14 from the data in Fig. 5(a) at
the same wavelength; Caveney23 reported Δn = 0.166 at
λ = 560 nm. This implies a different dispersion of the retarda-
tion δ than that shown in Fig. 5(a). Since the cuticle of
beetles showing high reflectivity contains uric acid, which is
a highly birefringent material Δn = 0.31,36 it is likely that dif-
ferences in the content of this component and the structural
organization with the chitin-protein fibrils produce the
observed variations. However, dispersion of uric acid bire-
fringence is not known so far.

2. Oblique incidence and sample orientation

Figure 7 shows polar contour maps of DP [Figs. 7(a1)–
7(a4)], e [Figs. 7(b1)–7(b4)], and w normalized to 90°
[Figs. 7(c1)–7(c4)] at oblique incidence. The radial and polar
angle coordinates correspond to the wavelength and angle of
incidence, respectively. The contour maps in the columns
1–4 correspond, respectively, to the rotation of the sample by
f0
low = 0°, 45°, 90°, and 135° with respect to the plane of

incidence. The boundaries of the spectral regions I, II, and
III, related to zones of pitch variation in Fig. 2(b), have been
plotted according to the selective Bragg reflection shift with
the angle of incidence19,20

λB(θ) ¼ Λ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
n2av � sin2 θ

q
: (8)

Propagation of light at oblique incidence through a helicoidal
structure of single pitch is a complicated phenomenon that
has been discussed in detail for cholesteric liquid crystals by
other authors.37 Briefly, for wavelengths of selective Bragg
reflection, as the angle of incidence increases the polarization
eigenstates change from circular at normal incidence to
elliptical at intermediate angles and turn to be nearly those
of p- and s-polarization approaching grazing incidence. On
the other hand, moving away from wavelengths of selective
Bragg reflection band, the helicoidal structure behaves as a
uniaxial material with effective in-plane and out-of-plane
principal indices nav and n3, respectively.

Thus, depending on the spectral region and angle of inci-
dence considered, unpolarized incident light is represented as
composed of two orthogonal incoherent polarization states in
an appropriate basis. Particularly, in region II, that basis cor-
responds to two incoherent orthogonal elliptical states of dif-
ferent handedness. The left-handed component is reflected
by the upper helicoidal layer, whereas the right-handed is
transmitted without attenuation. The birefringent layer intro-
duces a λ- and θ-dependent phase shift δ(λ,θ) in such a way
that the resulting left-handed component is reflected by the
lower helicoidal layer. In the backward trip, the birefringent
layer introduces an additional phase shift and the resulting
right-handed component travels back through the upper heli-
coidal layer, contributing to the reflected beam. In regions I
and III, the upper helicoidal layer acts like a uniaxial layer
with the optic axis perpendicular to the surface, and as θ

FIG. 6. Polarization properties of light reflected for unpolarized incident light
at normal incidence: (a) degree of polarization, (b) ellipticity, (c) azimuth of
the polarization ellipse.
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increases the retardation effects on the orthogonal elliptical
states representing unpolarized light are expected to show
up. At shorter (larger) wavelengths than region I (III), the
cuticle might be considered as a birefringent layer sand-
wiched between two uniaxial layers, and the appropriate
basis would be that of p- and s-polarizations. From the brief
description provided in this paragraph about the complex
light-sample interaction at oblique incidence for this special
architecture, the reader might be aware of the difficulty to
provide a detailed interpretation as in the case of normal inci-
dence. A quantitative analysis of the phase shift δ(λ,θ) intro-
duced by the birefringent layer on the polarization basis for
each case is beyond the scope of this work. Instead, below
we focus on the resulting polarization parameters of the
reflected beam.

As can be seen in Fig. 7(a1), for f0
low = 0°, DP does not

show appreciable changes from the normal incidence case as
θ increases in spectral regions I–III. Rotation of the sample
does not produce appreciable changes either, as seen in
Figs. 7(a2)–7(a4). However, regardless of sample orientation,
DP shows a substantial increase for θ > 50° at shorter
(larger) wavelengths than region I (III). At these wave-
lengths, the ellipticity is nearly zero [Figs. 7(b1)–7(b4)]

meaning nearly linear polarization with azimuth [Figs. 7(c1)–
7(c4)] almost perpendicular (w→ ±1) to the plane of inci-
dence, which is explicitly shown in Fig. 8 (more details are
discussed below). This behavior reveals a pseudo-Brewster
angle at about 60° in regions I and III.

Figure 7(b1) shows the ellipticity f0
low = 0°. As can be

noticed, in region I and the short wavelengths side of region
II, e > 0 up to about θ = 40°, where it shows an appreciable
decrease and turns to be nearly that of linear polarization. A
similar behavior is noticed as the sample is rotated, but the
values of θ where e drops are about 20°, 10°, and 40° in
Figs. 7(b2) and 7(b3), respectively. On the other hand, in the
long wavelengths side of region II, e < 0 and not large varia-
tions are noticed with the angle of incidence and sample
rotation. Coming to region III in Figs. 7(b1)–7(b4), large
effects on e are observed as the sample is rotated: for
f0
low = 0°, a substantial increase is noticed for angles of inci-

dence 20° < θ < 40° and becomes negative e for θ > 55°; for
f0
low = 45°, in Fig. 7(b2), e ≅ 0 and light reflected is almost

linearly polarized; for f0
low = 90°, e < 0 in the range

40° < θ < 50°, whereas e > 0 for f0
low= 135° in Fig. 7(b4). In

summary, for θ > 10°, strong dependence on the ellipticity is
observed as the sample is rotated.

FIG. 7. Polar contour maps of the polarization properties of light reflected for unpolarized incident light at oblique incidence: (a1)–(a4) degree of polarization,
(b1)–(b4) ellipticity, and (c1)–(c4) normalized azimuth of the polarization ellipse at four sample azimuths f0

low.
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The azimuth of the polarization ellipse of the reflected
beam also shows strong variation with the angle of incidence
and sample rotation as is shown in Figs. 7(c1)–7(c4). For
f0
low = 0° [Fig. 7(c1)], in region I and the short wavelengths

side of region II, w is about 45° up to about θ = 30° and then
turns to be nearly perpendicular to the plane of incidence. A
similar behavior is noticed in region III but with smaller
values of w. It is noticeable that rotating the sample by 45°,
Fig. 7(c2), the major axis of the polarization ellipse is almost
parallel to the plane of incidence (w→ 0°) in regions I–III,
except in the long wavelengths side of region II and large
angles of incidence. Increasing the rotation further to
f0
low = 90°, Fig. 7(c3), the polarization ellipse is about at

−45° in regions I and II at small angles of incidence and
tends to be perpendicular to the plane of incidence
(w→−90°). A similar orientation of the polarization ellipse
is seen in region III and θ < 30°, but it turns to w→ 90° for
f0
low = 135°, Fig. 7(c4). As can be noticed, in some angular

and spectral ranges of Figs. 7(c1)–7(c4), the contour maps of
w look “pixeled,” mostly at shorter λ than region I and
longer λ than region III. However, this is not an erratic
behavior of the data that could be interpreted as instability of
the numerical calculations. Indeed, the data are well behaved
as can be seen in Fig. 8 for large angles of incidence. Notice
that w is about ±90° at the extremes of the spectral range
considered, meaning s-polarization. The complexity of the

contour maps in Fig. 7 shows that the rotation of sample
should be considered for a complete characterization of
the polarization properties of the cuticle of the beetle
C. resplendens.

IV. SUMMARY AND CONCLUSIONS

The Mueller matrix of the circular Bragg reflectors in the
cuticle of the beetle C. resplendens has been modeled by
twisted biaxial slices. The origin of right- and left-handed
circularly polarized reflected light has been discussed in
detail, accounting for the phase shifts introduced by the
sandwiched birefringent layer between two helicoidal layers.
The Mueller-matrix approach enables a complete description
of the DP, ellipticity, and azimuth of the polarization ellipse
of light reflected for unpolarized incident light. Variations of
the response to circular polarization observed by other
authors in this species might stem from compositional-
dependent effective birefringence. Strong dependence of the
polarization properties on sample orientation of ellipticity
has been demonstrated. It is expected that the present work
contributes to a better understanding of the complex polari-
zation response of the architecture in the cuticle of
C. resplendens. Furthermore, the results of this work might
inspire development of optical biomimetic structurally chiral
systems that exploit the richness of the architecture investi-
gated here.
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