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Dual chiral structures in the
cuticle of Protaetia mirifica
analyzed with Mueller matrix
spectroscopic ellipsometry
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Hans Arwin? and Kenneth Jarrendahl®*

!Cinvestav — Querétaro, Juriquilla, Mexico, *Materials Optics, Department of Physics, Chemistry and
Biology, Linképing University, Linkdping, Sweden, *Conservation Ecology Group, Department of Physics,
Chemistry and Biology, Linképing University, Linkdping, Sweden

Many species of beetles from the family Scarabaeidae reflect light with near-
circular polarization. In some cases, spectral narrow-band polarization
phenomena result in a distinct color with a metallic shine. In other cases,
broad-band features are seen, and these beetles have a silvery or goldish
appearance. These features in the cuticles originate from helicoidal structures,
so-called circular Bragg structures and also referred to as Bouligand structures. In
this communication, Protaetia mirifica, exhibiting near-circular polarization
properties in dual spectral regions, centered approximately at the wavelengths
of 474 and 770 nm, is investigated in considerable detail using Mueller matrix
spectroscopic ellipsometry (MMSE). From interference oscillations in the MMSE
spectra, the pitch profile of the helicoidal structures in the beetle cuticle is
extracted and further used in electromagnetic modeling of the cuticle
structure, including the determination of epicuticle and exocuticle thicknesses
(280 nm and 8.1 um, respectively) and anisotropic optical properties. These
findings are confirmed by scanning electron microscopy. The analysis shows that
the uppermost 4 um of the cuticle has a nearly constant pitch of 310 nm, which
abruptly jumps to 440 nm and then gradually increases up to 575 nm. Sum
decompositions of MMSE spectra reveal that the beetle cuticle reflects like a
circular polarizer or like a dielectric mirror, depending on the spectral region.

KEYWORDS

Mueller matrix spectroscopy, ellipsometry, chirality, dual chiral structures, Protaetia
mirifica, Cetoniinae

1 Introduction

Beetles reflecting light with a near-circular polarization (high degree of circular
polarization) are in particular found in tribe Cetoniini in the subfamily Cetoniinae
(flower chafers) and in tribe Rutelini in the subfamily Rutelinae (leaf chafers). An early
observation was made more than 100 years ago by Michelson in his studies of Chrysina
resplendens (Boucard, 1875) [1]. Neville and Caveney discussed these cuticle structures in
terms of cholesteric liquid crystal analogs [2], and Bouligand suggested that a twisted
structure of lamellae is the origin of these effects [3]. Today, these structures are often called
Bouligand structures [4], and the associated polarization phenomenon is referred to as a
circular Bragg resonance. The structural origin has been discussed in several reviews [5-8],
and in a survey, Pye used circular polarizers to study more than 19,000 species of scarab
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FIGURE 1

Mueller matrix element my, for P. mirifica, C. aurata, P. cuprea,

and C. argenteola, showing the capability of their cuticles to reflect
near-circularly polarized light.

beetles [9]. The twisted cuticle structure is generally considered to be
composed of chitin molecules organized in crystals in the shape of
fibers lying side by side, forming lamellae, which are stacked with an
angle between each lamella, thus forming a twisted plywood
structure [8].

Some of these beetles display narrow-band reflections like
Cetonia aurata (Linné, 1761), which, in most specimens, has a
green appearance but can also be red or blue [10]. Protaetia
cuprea (Fabricius, 1775), which is another species in the same
subfamily, exhibits a double resonance feature in its optical
spectra [11]. Other beetles may show broadband reflections
and appear as if they are made of silver, like Chrysina argenteola
(Bates, 1888) [12], or gold, like in the widely studied C. resplendens [1,
7, 13, 14], to give a few examples. The elliptical polarization effects in
the reflected light are manifested as non-zero values of the Mueller-
matrix element 7143, as shown in Figure 1. The significance of my; is
explained in Section 2.1, but the features of a single resonance in C.
aurata, the dual resonances in P. cuprea and Protaetia mirifica
(Mulsant, 1842), and the broadband reflection in C. argenteola are
clearly shown in Figure 1.

The objective of this report is to present a detailed study of dual
chiral structures in beetle cuticles using Mueller-matrix
spectroscopic ellipsometry (MMSE). The beetle chosen is P.
mirifica. Multiple chiral structures in beetle cuticles have been
studied earlier, and here, we give just a few examples. Carter et al.
[15] studied variations in the circularly polarized reflection of several
beetles, showing double peaks, including Lomaptera pygmaea
(Kraatz, 1880) with a moderate separation of two peaks and
Lomaptera geelvinkiana (Guérin-Méneville, 1830), showing a
300-nm reflectance peak separation. Several groups have studied
C. resplendens. Vargas et al. [16] studied its dual chiral structure and
observed that the total reflectance of this beetle exhibits two maxima,
one at a wavelength of 575 nm and another at a wavelength of
755 nm. Its cuticle has a unidirectional layer between the two

helicoidal structures, with the effect that both left- and right-
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handed polarized light is reflected, which increases the overall
reflectance. In addition, the two structures have pitch variations
with cuticle depth so that the cuticle becomes a broadband bio-
reflector. Bagge et al. investigated C. resplendens using MMSE but in
a smaller spectral range [12].

The
depolarization features of bio-reflectors is MMSE as it provides a

preferred method to explore polarization and
complete description of specular reflection including depolarization
[17]. Some early work using Mueller matrices was performed by
Goldstein [13], and the methodology was further developed by
Hodgkinson et al. [14] and Arwin et al. [18]. In addition to
capabilities to completely map polarization features [10, 14] in
specular reflection, Mueller matrix spectroscopy also offers
possibilities to perform electromagnetic modeling of cuticle
structures [19], detailed analysis of cuticle pitch grading [20, 21],
23],

characterization using sum decomposition [22], and chirality

imaging of polarization patterns [22, bio-reflector
quantification using differential decomposition in Mueller matrix
transmission studies [24].

Mueller matrix spectra were measured on P. mirifica, followed by
a detailed pitch analysis presented in Section 3.3 and electromagnetic
modeling presented in Section 3.4. Sum decomposition of the data was
performed, as shown in Section 3.5, and related to the structure as

observed by electron microscopy.

2 Materials and methods
2.1 Beetle specimens

Specimens of the flower chafer P. mirifica (Figure 2) were
studied, and the data presented here were recorded on one
specimen from the Mersin region and one from the Balikesir
region in southern Turkey. These two specimens are referred to
as PM1 and PM2, respectively. Most specimens of P. mirifica are
dark purple with a metallic look and are 20-30 mm in size. Its
natural habitat is wooded pastures and light forests with old hollow
oaks (Quercus spp). The larvae live for 2-3 years in the compost at
the bottom of tree trunk cavities, consuming dead fungi-infested
wood. The adults are day-active and very good flyers, feeding on sap
and fruits. The species is very rare with less than 20 known sites
around the Mediterranean Sea in Europe. It is on the European Red
List as vulnerable (VU) [25].

2.2 Methods and theory

A scanning electron microscope (SEM) (Zeiss Gemini 560)
operated at 3 keV was used to obtain cross-sectional images. For
preparation, the samples were cut with a razor blade and coated with
a few nm-thin layer of Pt deposited during 10 s at 60 mA at a
pressure of 5 102 mbar. A dual rotating-compensator ellipsometer
(RC2, J.A. Woollam Co., Inc.) was used for recording normalized
4 x 4 Mueller matrices M, with elements m;; (i, j € [1..4]) in the
wavelength range A € [210, 1690] nm at an angle of incidence of 6 =
20° from the normal, which is the minimum allowed angle in the
instrument (see Eqs S1 and S2 in the Supplementary Material for the
normalization procedure). Preparation and alignment of the beetles
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FIGURE 2
Photographs of Protaetia mirifica.

followed the procedures presented in our previous studies [10, 12].
Data in the range 300-1000 nm were used in the analysis. The
system is equipped with focusing optics to reduce the spot size to less
than 200 pm. Modeling and regression analysis was performed using
CompleteEASE software (J.A. Woollam Co., Inc.) in the framework
of the Stokes—Mueller formalism [17, 26]. In this formalism, a light
beam is described in a Cartesian xyz coordinate system with a
Stokes vector:

I Lo+,
Q I.-1

S= = Y 1
U |7 Lo - I )
v -1,

where I, I > L, and I35 describe the irradiance in the x, y, 45°, and
135° direction, respectively; and I, and I, describe the irradiance for
right- and left-handed polarized light, respectively. A Stokes vector
provides a description of total irradiance as I = I, + I,, and linear
polarization from Q and U and circular polarization from V. The
degree of polarization is given by

VETOTTV?

P=
1

)

The interaction with a sample is described with a normalized
Mueller matrix M. For a light beam with incident Stokes vector S;,
a specularly reflected beam will have the Stokes vector S,
according to

I my my my
My Moy M3 Moy
M3 M3y M3z My
My Myy  My3 Mgy Vi

»

1}

=

@

1}
SO =~

(©)

For incident unpolarized light S; = I;[1, 0,0, O]T, where T stands
for transpose, Eq. 3 shows that

So=I| ™ |, (4)

i.e., the polarization of the reflected light is completely described by
the first column of M. In particular, the element V' = my; in Eq. 4,
also referred to as the degree of circular polarization, verifies that the
spectra shown in Figure 1 represent the reflection of left-handed
polarized light as my; <0 and thus I; > I, (see Eq. 1).

Frontiers in Physics

FIGURE 3
Cross-sectional SEM image of an elytron of Protaetia
mirifica, PM1.

3 Results
3.1 SEM

An elytron of P. mirifica was investigated using SEM, and a
cross-section image is shown in Figure 3. In the uppermost 15-pm
region, two distinct regions can be identified, with the region closest
to the surface having a layered structure with a smaller period
compared to the lower layered region. These two regions are
considered to constitute the so-called exocuticle, which is mainly
responsible for the reflecting properties of the cuticle. The
supporting endocuticle at the bottom is not involved in the
reflection since the light will not penetrate to this depth. A thin
epicuticle with a thickness of a few hundred nm is expected at the
cuticle surface but cannot be distinguished.

3.2 General features of primary Mueller
matrix data

Figure 4 shows the Mueller matrix measured on the scutellum of
the P. mirifica beetle PM1 at an angle of incidence 6 = 20°. All
elements m;; are shown in full range (from —1 to +1). Symmetries
across the principal diagonal are indicative of a chiral system [27, 28].
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FIGURE 4

Experimental and model-calculated Mueller matrices from the scutellum of P. mirifica (beetle PM1) at 8 = 20°. The range is the same (from -1 to +1)

for all elements mj;.

The elements 1147 and m,4 are negative in parts of the studied spectral
region, which means that for incident unpolarized light, the reflected
light will have a left-handed elliptical polarization in these regions,
according to Eq. 4. There are two regions where |my;| is larger,
centered around wavelengths of 474 nm (region B;) and 770 nm
(region B,), where the light in region B, can be considered to be near-
circular. The two regions are referred to as circular Bragg reflection
bands. In band By, a pronounced resonance-like feature can be seen in
several other Mueller matrix elements. Interference oscillations are
observed in some elements for A >500 nm and will be utilized for
pitch analysis, which are described in the following section. If
resonances and oscillations are ignored, the base levels of elements
my and my, are approximately —0.2, and the principal diagonal
elements are my, =~ 1, ms3 ~—1, and myy ~— 1, whereas the
remaining elements have base levels of zero. These base levels are
characteristics of a dielectric mirror with a real-valued refractive index
n = 1.6 and with a Mueller matrix, as shown in Supplementary Figure
S1 in the Supplementary Material. In summary, the beetle cuticle can
be considered a chitin-based dielectric mirror with circular Bragg
reflectors in spectral regions B; and B,. A classification in these basic
optical elements will be developed in Section 3.5, using sum
decomposition of M. Figure 4 also shows a model fit to the data
which will be explained later.

3.3 Pitch analysis

Pitch variation through the exocuticle is determined from the
oscillations seen in several of the Mueller matrix elements. For a
constant pitch, these oscillations would be equidistant if data are
plotted versus 1/A or photon energy E = 1240/A (E in units eV and A
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in nm). Figure 5A shows the mj3; element versus E from the
experimental M, as shown in Figure 4, with maxima and minima
highlighted and numbered consecutively starting with m = 1 at the
low photon energy end. Following the procedure developed in our
studies of C. chrysargyrea [20], Figure 5B shows m versus photon
energy position E,, = 1240/A,, of the maxima and minima, which
are shown in Figure 5A. As was reported for data on C. chrysargyrea
[20], a decreasing slope in m with E,, (concave curvature) indicates
an increasing pitch, whereas an increasing slope (convex curvature)
is indicative of a decreasing pitch [20]. In the case of the P. mirifica
data, Figure 5B shows a linear behavior in m at low photon energies
up to E,, = 1.7 eV. For larger E,,, m shows a concave curvature,
indicating an increase in pitch across the cuticle.

In the C. chrysargyrea study [20], the effective penetration depth
(1) in units of nm was introduced as

1240

2 _ 112 ¢in 2
nZ, —n? sin

dm

=7 (5)
where #,, is the average refractive index of the exocuticle and #, is
the ambient index. Figure 6A shows <#) as a function of wavelength,
assuming #,, = 1.54 and n, = 1, and is related to my; in the spectral
ranges of the two selective Bragg reflection bands B; and B,, as
shown in Figure 6B. At wavelengths A,,,, it is possible to estimate the
values of the pitch A,, of the helicoidal structures responsible for
selective reflection of left-handed polarized light as

Am
" n,y cos 6,

(6)

where 6 is the angle of wave propagation inside the helicoidal
structure determined from Snell’s law #, sin 0 = n, sin 6;. The dots
in Figure 6C show the estimated values of A, according to Eq. 6.
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Thus, B, originates from chiral structures with a pitch of
approximately 310 nm near the cuticle surface. The larger values
of {n) at wavelengths in the B, region are related to chiral structures
with a pitch in the range 450-550 nm extending 5-9 um into the
cuticle. It is worth noting the steep increase in A, at a depth of
approximately 4.5 pum.

An analytical expression describing the pitch variation is given
by [20]

Al =he T )

i exp[_<71>'y<‘77>0j:|
7

where A i Mo i and y ; are strength, center, and broadening,
respectively, of the steps between pitch A;; and Aj. For
comparison with the values on A,, from Eq. 6, A({#)) calculated
from Eq. 7 is shown as a solid line in Figure 6C, using A; = 310 nm,
Ay = 140 nm, Az = 125 nm, {1y, = 4.5 pm, {#)¢3 = 6.75 ym, y, =
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0.5 pm, and y, = 0.8 um. These values were found by trial and error
for demonstration purposes. In the next section, non-linear
regression is used to refine the determination of the pitch
variation by also allowing other cuticle parameters to vary.

3.4 Electromagnetic modeling

The next step is to model the exocuticle of the beetle as an
optical active helicoidal (Bouligand) structure composed of biaxial
slices stacked with a twist to each other relative to the cuticle
normal, thus mimicking cholesteric liquid crystals [8]. Each slice is
assigned to have refractive indices ny,m, andn; in a Cartesian
coordinate system, with n; along the cuticle normal. Cauchy
dispersion relationships were considered for these indices since
the presence of oscillations in the data indicates low-absorbing
materials in the visible wavelength region. Since the largest value of

05 frontiersin.org
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as a function of N, from Eq. 9. (D) Pitch profile as a function of penetration depth ().

{n) is approximately 8.5 um, as shown in Figure 6C, this value is
used as a start for the exocuticle thickness d. The analytical
expression for the azimuth of the biaxial slices ¢(z) is
represented as shown in the previous studies of C. chrysargyrea
[20] and C. mutabilis [29]:

¢(Z) = ¢0 + 360N<2 - ijlaj ln<1 + exp[zt;ij]] >>, (8)

where z is the position measured from the bottom of the exocuticle,
N is the number of full 360° turns, and ¢, is the azimuth offset of the
direction with the refractive index n; with respect to the plane of

incidence. The parameters aj, 20js and bj are, respectively, the
strength, position, and broadening of the jth change in pitch. It
should be noted that z and penetration depth {#) run in opposite
directions.

In the optical model used, the helicoidal structure lies in between
a substrate (the endocuticle) and a surface layer (the epicuticle).
These parts are modeled with Cauchy dispersions (see Eq. S3 in the
Supplementary Material for details). Non-linear regression is
performed to fit the parameters in the model to minimize the
differences between the experimental and model-generated data.
The fit is shown in Figure 4 above, and parameter values can be
found in Supplementary Figure S2 in Supplementary Material. The
best-fit thicknesses and their 90% confidence intervals were found to
be 8.1 + 0.1 um for the exocuticle and 0.28 + 0.01 um for the

where N, (z) is the cumulative number of periods defined as

Ny (2) = @

o (10)

Figure 7A shows the azimuth from Eq. 8 versus the thickness-
normalized position measured from the bottom of the exocuticle. In
Figure 7B, the inverted relationship between N, and z from Eq. 10 is
plotted to facilitate the determination of the derivative shown in Eq.
9. From the latter, the pitch profile is found as a function of N p»as
shown in Figure 7C. Finally, the pitch profile versus depth is shown
in Figure 7D.

3.5 Cuticle reflector characteristics from
sum decomposition of its Mueller matrix

For the human eye, the beetle P. mirifica has a dark metallic shine,
often purple or dark blue-green. Its polarizing properties can be
revealed using polarizing filters. If observed through a circular
polarizer, the human eye gives us the qualitative perception that
the beetle appears almost black in a right-handed circular polarizer
but similar as with the naked eye (except a little darker) in a left-
handed circular polarizer. In this section, we analyze the reflecting
characteristics of the cuticle in different spectral regions and describe
the reflection with Mueller matrices in terms of basic reflector devices.

A Mueller matrix M can be decomposed in four non-

epicuticle.  The ) best-ﬁt. refractive  indices a.re shown in depolarizing matrices M; according to the following equation:
Supplementary Figure S3 in Supplementary Material.
The pitch profile A(z) is obtained from [20]: M = LMy + ;M +A3M; + AMy, (11)
Az) (dNp (z)>-1 ©) where the coefficients A; >0 are scalars and Z/\,- = 1. However, a
z2)={———] -
dz Mueller matrix is not generally Hermitian-posiltive semi-definite, so
Frontiers in Physics 06 frontiersin.org
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its eigenvalues are not necessarily > 0, but a linear transform of M to
a so-called covariance matrix C (which is Hermitian-positive semi-
definite) can be performed. The matrix C can be decomposed into
four matrices by using its eigenvectors and eigenvalues, for which it
holds that eigenvalues are > 0. In a reverse linear transform, Eq. 11 is
then obtained with the coefficients A; equal to the eigenvalues of C.
This is referred to as Cloude decomposition, and further details are
found elsewhere [22, 30]. Alternatively, it is possible to perform a
regression decomposition, whereby the matrices M; are assumed
and the coefficients A; are fitted [22].

Figure 8A shows that the coefficients shown in Eq. 11 are
obtained from a Cloude decomposition of M measured on beetle
PM2 (Supplementary Figure S4 in Supplementary Material). The
coefficients A3 and A4 are both smaller than 0.01, and the last two
terms shown in Eq. 11 can be neglected. Matrix M, corresponds to
an ideal mirror with a Mueller matrix, with a leading diagonal
[1,1,-1,-1] and all other elements equal to 0, whereas M,
corresponds to an ideal left-handed circular polarizer with the
leading diagonal [1,0,0,1] and the antidiagonal [-1,0,0,-1],
also here with all other elements equal to 0. The matrices M,
and M, are shown in Supplementary Figure S5 in Supplementary
Material, and the corresponding ideal cases are shown in Eq.
12 below.

From the sum decomposition of M, it is concluded that the
cuticle reflector can be characterized as a sum of an ideal reflector
and an ideal left-handed circular polarizer weighted by A, and A,
and Eq. 11 expands to

100 0 10 0 -1
01 0 0 00 0 0
M=Ml6go 10 ™00 0o (12)
00 0 -1 10 01

Figure 8A shows that a left-handed circular polarizer is the
dominating character in the B; band with a maximum of A; ~ 0.9 at
470 nm and also in the B, band with A, ~ 0.8 at 780 nm. In the
spectral region between B; and B,, as well as outside the visible
range, the cuticle reflects as a dielectric mirror with a degree of
polarization below 20%. This is illustrated in Figure 8B, showing the
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degree of polarization of reflected light for incident unpolarized light
as calculated from Eq. 2. Note that the high degree of (left-handed
circular) polarization in bands B, and B, confirms that the first term
in Eq. 11 describes the dominating reflection. The perception of
circular polarization in reflection is further enhanced by the fact that
a dielectric mirror has a lower reflectance than a circular
Bragg structure.

The strong interference oscillations in several off-diagonal
elements in M (see Figure 4; Supplementary Figure S4) propagate
to the eigenvectors in the Cloude decomposition and further to the
matrices M; and M,, as shown in Supplementary Figure S5 in
Supplementary Material. However, if Eq. 11 is evaluated neglecting
the last two terms, these oscillations cancel out completely, as shown
in Supplementary Figure S6 in Supplementary Material.

4 Discussion

Details in the chiral structures vary from position to position on
cuticles and among specimens, as well as on the size of the
[16]. These
statements are general in studies of beetle reflectance and also
hold for MMSE studies. In this report, data from two beetle
specimens are included. The Mueller matrix of specimen

illuminated area, as shown by Vargas et al

PM1 has less pronounced near-infrared chirality and is used in
pitch analysis and electromagnetic modeling. Specimen PM2 has a
pronounced purple color and has a similar magnitude in 1y, at the
two circular Bragg resonances. This specimen is used in the sum
decomposition analysis. The fact that different specimens are used in
different analyses is not a drawback but gives strength to the general
conclusions.

The reflection Mueller matrices were recorded at 6 = 20°, which
is the minimum angle possible for the instrument used. Circular
polarization effects would be maximized at normal incidence and
decrease in magnitude with increasing 6, as can be seen in m4; and
myy in Supplementary Figure S7 in Supplementary Material. In
addition, a blue shift with 6 occurs, which is as also shown in
Supplementary Figure S7. This shift can also be seen by the naked

frontiersin.org


https://www.frontiersin.org/journals/physics
https://www.frontiersin.org
https://doi.org/10.3389/fphy.2024.1444297

Mendoza-Galvan et al.

eye. However, the use of 0 = 20° does not affect the pitch analysis
and electromagnetic modeling as 6 is included in the analysis. In the
sum decomposition analysis, the two matrices M; and M, are given
in their ideal form, which assumes normal incidence. However, M is
measured at § = 20°, which may be a reason why some oscillations
and other features propagate to eigenvalues of the C matrix, as
shown in Supplementary Figure S5 in Supplementary Material.

Some of the elements in the Mueller matrices have pronounced
oscillations, and their magnitude varies with the position on the
cuticle and among specimens. Such oscillations are commonly
observed in the optical studies of beetle cuticles and originate from
interference in the cuticle. The understanding of the phenomenon is
complicated by the fact that it is unclear if it is the actual cuticle
thickness or the penetration depth of light that rules the interference.
The exocuticle thickness in P. mirifica is of the order of 8 um, which is
rather small, and interference oscillations are expected to be larger
compared to C. aurata with a cuticle thickness of 20 um [22], thus
having more periods in the helicoidal structure. More pronounced
oscillations also indicate that the pitch is rather constant, which is the
case in the near-surface region of P. mirifica, as shown in Figure 7D. A
gradient in or a random variation in pitch will also decrease
oscillations, and in the electromagnetic modeling of the cuticle of
C. aurata, a pitch distribution was included to match the broadening
of the circular Bragg resonance and reduce oscillations [18]. Another
factor which may influence the magnitude of the oscillations is the
spot size in the measurements. A larger spot will probe a larger area on
the cuticle, and lateral inhomogeneities will then reduce the
oscillations. This is shown in the work by Bagge et al., who used a
beam size larger than the studied beetles [12].

At optical frequencies, light interacts with materials mainly
through the excitation of dipoles by the electric field E associated
with the light. This is described by the constitutive materials equation
D = e E, where D is the displacement field, € is the dielectric function
(permittivity) tensor of the material, and ¢ is the permittivity of free
space. In an optically active medium, electromagnetic effects
contribute to the interaction, which in a reciprocal medium is
described by the chirality tensor k. The constitutive equation then
expands to D = egyE + kH/c, where H is the magnetic field associated
with the light and ¢ is the speed of light [31]. For light propagating
through cuticles, normal to the surface, k is diagonal and only the in-
plane components k, = k, = k are accessible. The electromagnetic
material properties are accessible if differential decomposition is
employed on a transmission Mueller matrix and gives as a result
all birefringent properties of the sample studied [31, 32]. Of special
interest in cuticle studies are circular Dbirefringence Cp =
27td (n; — n,)/A and circular dichroism Cp = 27d (k; — k,)/A, where
ny and n, are the real parts of the refractive index for left- and right-
handed circularly polarized light, respectively, and k; and k, are the
corresponding imaginary parts (extinction coefficients). Furthermore,
chirality « is related to Cp and Cp as [31].

K= —L (CB + ICD)

4nd (13)

Since differential decomposition provides Cg and Cp, it is possible
to determine « from Eq. 13, as demonstrated for C. aurata [24]. The
cuticle is then viewed as an effective medium, and a requirement is
that the sample is reciprocal along the optical path length to ensure
that the sample is homogeneous [24]. Differential decomposition was
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tested on specimen PMI1 to determine x. An elytron was removed
from the beetle, and the inside was carefully scraped to remove soft
tissue and as much as possible of the endocuticle. However, the
transmission was found to be very low, especially for A < 550 nm, and
« of the resonance in the B, region could not be analyzed. Reciprocity
requires that My e, = OMtTO"l, where O = diag[1,1,-1,1] and M,
and M ., are transmission Mueller matrices measured in forward and
reverse directions, respectively, [33]. This is reasonably fulfilled, as
shown in Supplementary Figure S8 in Supplementary Material. The
maximum value of circular dichroism Cp is around 0.13 and of
circular birefringence Cy of the order of —0.15 rad over the part of the
accessible visible spectral range (Supplementary Figure S9 in
This is less than 30% of the
corresponding values found for C. aurata [24]. However, at A =
550 nm and with a cuticle thickness of 15 um from the SEM
image, a value of the real part of x in Eq. 13 of the order of 5-

Supplementary Material).

107 is obtained, which is comparable with the values for C. aurata
[31]. If the chiral part d. of the exocuticle thickness d is known, the
specific rotation of polarized light can be calculated from [«]ssy = 2%“[
[31]. The value of d. is not available from this study. It will have a
value between the penetration depth {#) = 8 pm from modeling and
d = 15 pm from the SEM images. If d, is set to 10 um, we find [a]550 =
430 °/mm compared to 550 °/mm for C. aurata [24].

Perception of color depends on the source, the reflecting sample,
and the detector. The cuticle of a P. mirifica specimen often appears
purple, with a metallic shine for the naked eye in daylight, but hue and
brilliance vary among specimens. The specimen PM1 studied here is
less purple and has a green-blue color. The color depends on the
spectral variation in the reflected irradiance, but the spectral distribution
of reflectance is not contained in a normalized Mueller matrix as it only
carries information about polarization properties of a reflector.
However, electromagnetic modeling of a structure provides full
detail about the structure and optical parameters of the sample, and
the spectral reflectance can be derived. If, in addition, a source and
detector are defined, the color coordinates L*a*b* can be calculated.
This is implemented in the used software program (CompleteEASE), as
detailed by Johs et al. [34]. From the electromagnetic model used for the
structure of P. mirifica (specimen PM1), represented by the Mueller
matrix in Figure 4, the coordinates were found to be L* = 32.1,
a* = —14.6, and b* = 8.1. These coordinates correspond to a color
with less lightness than what is observed by the eye. However, L*a*b*
coordinates represent color perceived in the specular mode, whereas
when a beetle is viewed in daylight, light is reflected in a range of
incident angles, thus increasing the lightness.

It is not yet fully understood if circular polarization has some
biological significance. Rather, few reports are found on the subject.
Chrysina gloriosa (Leconte, 1854) has been found to have phototactic
response and can discriminate between linearly and circularly
polarized light, whereas its relative Chrysina woodi (Horn, 1883)
cannot [35]. Polarized vision showing positive polarotaxis has been
investigated in horseflies and deerflies by Horvath et al. [36]. The four
scarab beetles Anomala dubia (Scopoli, 1763), Anomala vitis
(Fabricius, 1775), C. aurata, and P. cuprea all possess left-circularly
polarizing exocuticles. However, Blaho et al. [37] investigated their
behavior and concluded that these four species are not attracted to
circularly polarized light when feeding or for intraspecies
communication. Recently Li et al. [38] reported that left-handed
circularly polarized light probably mediates mating behavior in
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Anomala corpulenta (Motschulsky, 1854), but the mechanism for how
this is done could not be found. Furthermore, they found by RNA
sequencing that left-handed circularly polarized light also affects gene
expression. Due to the limited information available, the hypothesis
that circularly polarized light has a biological significance for insects
needs more studies for verification. The studies in this report do not
address this aspect but may, in the future, be found, a reason why
evolution in some beetles has developed dual circular Bragg
resonances in their cuticles.

5 Conclusion

Optical and structural properties of the scarab beetle P. mirifica
have been studied with the following results:

« The cuticle’s purple color with metallic shine originates from
dual circular Bragg resonances with one resonance near the
ultraviolet spectral region and the other near the infrared
region of the visible spectrum.

o The widths, strengths, and spectral positions of the resonances
depend on measurement positions on the cuticle and vary
among specimens.

o The pitch profile of the dual chiral structure in the beetle
cuticle was determined and found qualitatively consistent with
SEM analysis.

o The spectral reflection Mueller matrix has been used to model
the cuticle structure, and cuticle layer thicknesses and
refractive indices have been determined.

« Sum decomposition of the cuticle Mueller matrix reveals that
reflection can be described either as a circular polarizer or as a
dielectric mirror depending on the spectral region.
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