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The polarization behaviour for six species of Scarab beetles from the Chrysina
genus is investigated with Mueller Matrix Spectroscopic Ellipsometer (MMSE).
The m41 element of the matrix, which is related to the circular polarization behaviour, is analysed. The ellipticity, degree of polarization and azimuth angle are
also presented to get a better understanding of the polarization effect.
The measurements were done with a dual rotating compensator ellipsometer.
The measured wavelength region was from 240 to 1000 nm and the angle of incidence from 25◦ to 75◦ in most of the cases.
In general very high ellipticities (near circular) are reported. All specimens
studied reflect both right- and left-handed polarized light. Depending on the
species, two general types of polarization behaviour were observed. Chrysina
macropus and Chrysina peruviana showed m41 values close to 0. Green stripes
on Chrysina gloriosa showed similar polarization behaviour whereas gold stripes
on the same beetle had much more pronounced m41 variations. Large m41 variations were also observed for Chrysina argenteola, Chrysina chrysargyrea and
Chrysina resplendens. Four specimens of Chrysina resplendens show different
m41 patterns suggesting differences in their structures.
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Abstract
The polarization behaviour for six species of Scarab beetles from the Chrysina
genus is investigated with Mueller Matrix Spectroscopic Ellipsometer (MMSE).
The m41 element of the matrix, which is related to the circular polarization
behaviour, is analysed. The ellipticity, degree of polarization and azimuth
angle are also presented to get a better understanding of the polarization
effect.
The measurements were done with a dual rotating compensator ellipsometer. The measured wavelength region was from 240 to 1000 nm and
the angle of incidence from 25◦ to 75◦ in most of the cases.
In general very high ellipticities (near circular) are reported. All specimens studied reflect both right- and left-handed polarized light. Depending
on the species, two general types of polarization behaviour were observed.
Chrysina macropus and Chrysina peruviana showed m41 values close to 0.
Green stripes on Chrysina gloriosa showed similar polarization behaviour
whereas gold stripes on the same beetle had much more pronounced m41
variations. Large m41 variations were also observed for Chrysina argenteola, Chrysina chrysargyrea and Chrysina resplendens. Four specimens of
Chrysina resplendens show different m41 patterns suggesting differences in
their structures.

v

Acknowledgments
This study has been made possible thanks to the loan of specimens from
The National Museum of Natural Science in Madrid, The Natural History
Museum in London, The Swedish Museum of Natural History in Stockholm
and the Museum für Naturkunde in Berlin.
I would like to thank;
Prof. Kenneth Järrendahl for his support, advices, his many corrections
and hours of discussion. Also for his effort to help me being an official
member of Linköping University.
Prof. Hans Arwin for his teaching, advices and corrections. Also for
reminding me how much I like playing with light.
M. Sc. Roger Magnusson, Ph.D student at the laboratory of Applied
optics, for teaching me the use of the ellipsometer and for making up new
tools to help me with my research.
Prof. Emeritus Jan Landin, biology advisor. For species determination
and for supplying samples.
I also want to specially thank my family for always encouraging me,
for their constant support and advices. To my boyfriend, Albaro Vega, for
making me feel at home and listening my beetles stories.
To Hans:
I had to travel far from home,
to a little town I had never known,
where new wishes have grown.
About beetles and filters, my optics teacher talks,
about opportunities and future, my boyfriend does,
and on the top floor, hope an office has.
I am grateful for the new challenges offered,
and to the family always supportive
because now I know who will light my way.

vii

Contents
1 Introduction
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . .
1.2 Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . .
2 Theory
2.1 Polarized light . . . . .
2.2 The polarization ellipse
2.3 Stokes vectors . . . . . .
2.4 The Mueller Matrix . .
2.5 Ellipsometry . . . . . .
2.6 Contour plots . . . . . .

1
1
2

.
.
.
.
.
.

3
3
4
6
7
8
10

3 Experimental details
3.1 Instrumentation . . . . . . . . . . . . . . . . . . . . . . . . .
3.2 Samples . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

11
11
12

4 Results and discussion
4.1 Chrysina macropus . .
4.2 Chrysina peruviana . .
4.3 Chrysina gloriosa . . .
4.4 Chrysina argenteola .
4.5 Chrysina chrysargyrea
4.6 Chrysina resplendens .
4.7 Discussion . . . . . . .

15
16
18
20
22
24
26
29

.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.

.
.
.
.
.
.
.

.
.
.
.
.
.
.

5 Summary and Future Work

33

Bibliography

35

A Additional measurement results

37

ix

Chapter 1

Introduction
1.1

Background

Jewel scarabs have been adored for centuries, from ancient cultures such as
Egyptians till current collectors. Their shiny metallic colour makes them
attractive for the eye and are therefore used in jewellery and decorations.
They are also well appreciated museum pieces. However, it is not only their
appearance that catch our attention but also their physical properties.
Researchers from the area of material science investigate the structure
and properties of various materials in order to understand their behaviour in
different situations. The goal is to improve the properties of those materials
and even to create new materials with novel properties which fulfil our needs
[1]. For the final product it is very important that the materials work
according to the desired specifications but, on the other hand, customer
often desire a good optical appearance. In this cases metallic colours seem
to be very popular which introduces problems since all metallic coatings
and paints are far from being environmentally friendly. The solution could
be to mimic the jewel scarabs since they have an exoskeleton structure that
keeps a shiny metallic colour appearance for centuries.
The exoskeleton, also named cuticle, is an organic hard shell which
completely covers the insects body to protect it from impact shock, radiation and harmful. It is also where light reflects and where the attractive
colours originates from [2]. That is, the origin of this colouration comes
from the reflection of the light in the exoskeleton structure and not from
the pigmentation as it was previously thought.
Beside the metallic appearance it is also common that the jewel scarabs
have interesting polarization properties. This was presented already in the
early 1900’s when Michelson wrote his article "On Metallic Colouring in
1
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Birds and Insects" [3]. In this paper he explained the metallic colours in
these animals but also noticed that the scarab beetle Chrysina resplendens reflects circularly polarized light. This work has been an inspiration
to many other who try to explain this phenomena and find a biological
purpose. Goldstein [4] discussed the unique polarization properties of the
scarab beetles from reflectance measurements and quantified the effect by
Mueller matrix analysis. Another experiment was carried out by Brady and
Cummings [5] showing the ability of Chrysina gloriosa to detect circularly
polarized light. This can be of biological importance since this beetle also
reflects circularly polarized light.
Research is now conducted to find out how the structures in the beetle
exoskeletons are organized and composed.

1.2

Objective

In this diploma work, the polarization effects in different scarab beetles with
Mueller-matrix ellipsometry have been studied. Results from several specimens of the same genus will be compared; Chrysina macropus, Chrysina
peruviana, Chrysina gloriosa, and Chrysina argenteola, two specimens of
Chrysina chrysargyrea and four specimens of Chrysina resplendens.
The aim of this investigation is to make an extensive overview of the
polarization effects of these beetles. The results obtained will in a future
work be used to develop structural models of the cuticle for these species.
Being able to reproduce this structure in the lab is the first step to a
new revolutionary technique which would allow us to get surfaces with the
desired metallic colours but with more environmentally friendly materials
as well as surfaces giving desired polarization effects.

Chapter 2

Theory
In this diploma work we are working with an optical characterization technique called ellipsometry. For a better understanding of this technique a
brief introduction to the theory behind optical polarization and ellipsometry will be given in this chapter.

2.1

Polarized light

Light is an electromagnetic wave travelling through space. By analysing the
components of the electric field vector E we can describe its polarization
in the plane perpendicular to the direction of propagation.
Assume that an electromagnetic plane wave is propagating along the
z-axis. We can then describe the electromagnetic plane wave in complex
form according to
E(z, t) = Ex x̂ + Ey ŷ,
(2.1)
where Ex = |Ex |eiδx and Ey = |Ey |eiδy are the complex-valued field components in the x- and y-directions, respectively, and x̂ and ŷ are unit vectors
in a cartesian xyz-coordinate system.
By including time and z dependence we have
"

#

|Ex |ei(qz−ωt+δx )
E(z, t) =
,
|Ey |ei(qz−ωt+δy )

(2.2)

where q = 2πN/λ is the propagation constant.
Depending on the correlation between Ex and Ey the wave will have
different polarization states, as described below. The introduction of a
matrix formalism will simplify calculations as R. Clark Jones did with the
so called Jones vectors [6].
3
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We have seen that the equation of a plane monochromatic wave can be
written as in Eq. (2.1) but also as
"

#

"

#

|Ex |eiδx
Ex
=
,
E=
Ey
|Ey |eiδy

(2.3)

which represents the complex electric field vector at t=0 and z=0 as a
composition of two sinusoidal linear oscillations along two mutually perpendicular directions. Ex and Ey represent the projections of the field
along the x- and y-axis of the local coordinate system. δx and δy are the
phases of Ex and Ey , respectively.
The vector E in Eq. (2.3) is called the Jones vector representation of
the wave. Using Cartesian basis vectors defined by
" #

Êx =

1
,
0

(2.4a)

" #

Êy =

0
,
1

(2.4b)

we can write equation (2.3) according to
Exy = Ex Êx + Ey Êy .

(2.5)

Now we can represent different polarization states with Jones vectors.
In Table 2.1 we can see a description of some of them and also an illustration
of the direction of oscillation of the vector E.
As we can see, the polarization state depends on the correlation between
Ex and Ey . If they are completely correlated we have totally polarized
light. On the other hand, if they are totally uncorrelated, the plane wave
is said to be unpolarized. Sometimes we may also have light with partial
correlation between Ex and Ey , that is, partially polarized. For that reason
we introduce the concept of degree of polarization
P =

Ipol
,
Itot

(2.14)

where Ipol is the irradiance of the polarized part of the wave and Itot is the
total irradiance.

2.2

The polarization ellipse

A polarized light beam can be characterized by four parameters: the amplitudes and phases of Ex and Ey . For partially polarized light we should
add a fifth parameter, the degree of polarization.

2.2 The polarization ellipse

Polarization State

5

Jones Vector

"

Unpolarized

Ex
E=
Ey

#

(2.6)

" #

along x-axis

E=

Linear

1
0

(2.7)

" #

along y-axis

inclined an
angle α

E=

0
1

(2.8)

"

cosα
E=
sinα

#

(2.9)

" #

Circular

right-handed

1 1
E= √
2 i

"

left-handed

1
1
E= √
2 −i

"

Elliptic

right-handed

E0x
E=
iE0y

"

left-handed

(2.10)

#

(2.11)

#

E0x
E=
−iE0y

(2.12)

#

(2.13)

Table 2.1: Description of different polarization states.

Illustration
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A good visual representation of the polarization states is the polarization ellipse. Consider the path traced out by E(r, t) at any fixed xy-plane
(z = zi ). Since the x- and y- components oscillate harmonically about the
origin, the locus is in general an ellipse, as shown in Fig. 2.1. The pa-

Figure 2.1: The polarization ellipse.

rameters thatdescribe the ellipse
 of polarization in its plane are the total
2
2
1/2
amplitude A A = (a + b )
, the absolute phase δ, which determines
the angle between the initial position of the electric field vector at t = 0
and the major axis of the ellipse, the azimuth angle, θ, which defines the
orientation of the ellipse in its plane and the ellipticity, e, which is the ratio
of the length of the semi-minor axis b of the ellipse and the length of the
semi-major axis a of the ellipse, hence
e=±

b
= ± tan ε
a

(2.15)

where the + and the - signs correspond to right- and left-handed polarization, respectively, and ε is the ellipticity angle.

2.3

Stokes vectors

Another vector representation of polarized light was defined by Sir George
Stokes. He introduced the four Stokes parameters in Eq. (2.16) which make
it possible to describe polarized, unpolarized and partially polarized light.








S0
Ix + Iy
S   I − I

  

x
y
S =  1 = 

S2  I+45◦ − I−45◦ 
Ir − Il
S3

(2.16)

2.4 The Mueller Matrix

7

In Eq. (2.16) S0 represents the irradiance of the light wave. Ix and Iy are
the irradiances for linear polarization in the x and y directions, so S1 represents the difference between the irradiances of the x- and y-components.
S2 represents the difference between the irradiances of the light wave in
the +45◦ (I+45◦ ) and the -45◦ (I−45◦ ) directions of the linear polarization.
The last term, S3 represents the difference between the irradiances of the
right-circular state (Ir ) and the left-circular state (Il ) of polarization.
The normalization I0 = 1 is commonly used. For example the Stokes
vector of unpolarized light would then be written




 

Si0
1
S  0
 i1   
S =   =  .
Si2  0
0
Si3

2.4

(2.17)

The Mueller Matrix

In order to represent unpolarized or partially polarized light we may use
Stokes vectors as described above. To describe optical components we
introduce a 4x4 matrix M, called the Mueller matrix. A combination of
Mueller matrices can represent an optical system and describe the effects
an incident light beam encounters. In this way the emerging beam So can
be expressed as a linear combination of the incident beam Si according to






So0
M11
S  M
 o1   21

=
So2  M31
So3
M41

M12
M22
M32
M42

M13
M23
M33
M43





M14 Si0
 
M24 
 Si1 
 .
M34  Si2 
M44 Si3

(2.18)

In this work we will be most interested of incident light being unpolarized.
With a normalized Mueller matrix (mij = Mij /M11 ) and a Stokes vector
according to Eq. (2.17) we get the following expression






So0
1
S  m
 o1   21

=
So2  m31
So3
m41

m12
m22
m32
m42

m13
m23
m33
m43

 





m14 1
1
  

m24 
 0 m21 
  = 
.
m34  0 m31 
m44 0
m41

(2.19)

We will pay special attention to the m41 element which will be directly
related to the circular polarization properties when the surface is irradiated
with unpolarized light.
Some of the parameters previously explained can now be written as a
function of the Stokes and the Mueller matrix elements.

8
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Examples are the ellipticity angle,




ε = arctan(e) =

1
So3

arcsin  q
2
2 + S2 + S2
So1
o2
o3


=



1
m41
,
arcsin  q
2
m221 + m231 + m241

(2.20)

azimuth angle,
So2
1
arctan
2
So1


θ=



1
m31
arctan
,
2
m21


=



(2.21)

and degree of polarization,
q

P =

2 + S2 + S2
So1
o2
o3

So0

=

q

m221 + m231 + m241 .

(2.22)

As mentioned above we will focus on element m41 of the Mueller matrix
which can be expressed as a function of P and e according to

2.5

m41 = f (P, e)

(2.23a)

m41 = P sin(2ε) = P sin(2 arctan(e)).

(2.23b)

Ellipsometry

Ellipsometry is a technique very sensitive to surface layers so it is suitable
for thin film studies but also for surface and interface characterization, e.g.
for measuring optical properties and thickness of single surface films and
multilayers. One of its main advantages is that it is non-destructive since
it is contactless. There are three different ellipsometer methods: reflection,
which is the one used in this study, transmission and scattering.
Reflection ellipsometry is based on oblique reflection of incident light
at a surface. The change in the polarization state of the reflected beam is
measured by studying phase differences and relative field amplitudes. The
signals measured and processed are irradiances. The incident light can have
any state of polarization as long as it is known.
An ellipsometer applied to optically isotropic samples measures the ratio
ρ=

χr
χi

(2.24)

2.5 Ellipsometry
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where χr and χi are the complex number representation of the states of
polarization of the reflected and incident beam, respectively. χr and χi are
defined in a cartesian coordinate system with the p- and s-direction parallel
and perpendicular to the plane of incidence, respectively. The definition is
χ=

Ep
Es

(2.25)

where Ep and Es are the complex valued representations of electric fields
in the p- and s-direction, respectively. For light reflected from an optically isotropic sample, no coupling occurs between the orthogonal p- and
s-polarizations. The reflection coefficients rp and rs then becomes
rp =

Epr
,
Epi

(2.26a)

rs =

Esr
,
Esi

(2.26b)

with χi = Epi /Esi and χr = Epr /Esr , Eq. (2.24) expands to
ρ=

Epr Esi
rp
=
= tan(ψ)ei∆
Esr Epi
rs

(2.27)

which gives the relation between the sample properties rp and rs and the
experimental data ψ and ∆.
An ellipsometer consists of a light source, a polarization state generator (PSG), a sample holder, a polarization state detector (PSD), a detector, apertures, control electronics and a computer. A general ellipsometric
configuration can be illustrated as in Fig. 2.2. The polarization state
generator (PSG) provides polarized light expressed as the Stokes vector
Si = (Si0 , Si1 , Si2 , Si3 )T and the polarization state detector (PSD) determines de Stokes vector So = (So0 , So1 , So2 , So3 )T of the emerging beam.
The sample is described with the Mueller matrix M and the lines in the
sample box represent the Mueller-matrix elements mij .

Figure 2.2: General ellipsometric configuration [7]

10
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Theory

Contour plots

The results will mainly be shown through contour plots where we get a
representation of the value of different parameters as a function of the angle
of incidence (φ) and the wavelength of the incident beam (λ). These plots
were done with the program Origin by Prof. Kenneth Järrendahl [8]. For
each beetle we get at least one set of four plots, the first represents the m41
element of the Mueller matrix, the second is the degree of polarization, the
third the ellipticity e and the last one is the absolute value of the azimuth
(θ).
In Fig. 2.3 we can see an example of one contour plot. In this polar
plot the radial coordinate is the wavelength of the incident beam, λ ∈
[240, 1000]nm, and the angular coordinate is the angle of incidence, φ ∈
[20◦ , 75◦ ].
The scale on the right refers to the variable represented in the plot, in
most of the cases it is a normalized value. In the case of the m41 plot it goes
from -1 to +1. In the degree of polarization plot it is in the range 0 (not
polarized), to 1 (completely polarized). The ellipticity has values from -1
(left circular polarization) to +1 (right circular polarization). Finally, the
absolute value of the azimuth angle is in the range 0-90◦ , which represents
an ellipse with its major axis horizontally orientated (s-polarized) when
θ = 90◦ , to vertically orientated (p-polarized) when θ = 0◦ .

Figure 2.3: Contour plot used to representate the polarization states. λ ∈
[240, 1000]nm and φ ∈ [20◦ , 75◦ ] and the scale on the right [0,1] or [-1,1] refer to the
value measured on m41 , P, e or θ.

Chapter 3

Experimental details
This chapter is a short presentation of the experimental part of this work.
The investigated samples are also presented.

3.1

Instrumentation

The Mueller Matrix Spectroscopic ellipsometer (MMSE) used in this diploma
work is a RC2 (J. A. Woollam Co. Inc.) which has dual rotating compensators. A compensator changes the phase of the light wave, making it
possible to generate light with a Stokes parameter S3 6= 0. The advantage
of using dual compensators is that the polarized state of both the incidentand emerging light can be determined, and therefore the complete Muellermatrix can be obtained. By letting the two compensators rotate at different
angular speed but with a certain ratio, a minimum of the highest order of
terms in the Fourier wave-form can be found, making calculations quicker
to obtain the 16 independent non-zero Fourier amplitudes [9].
In the employed ellipsometer a spectral range of 245-1690 nm is measured at the same time. The beam is dispersed by a grating after which
each separated wavelength is detected by means of an array of diodes. The
system have several custom hardware components. For the measurements
in this study a sample holder that allowed rotations and translations of the
sample in different planes was used. In addition the use of focusing lenses
allowed us to measure a smaller area with approximately width of 50µm
and a length of 50 - 200µm depending on the angle of incidence.
An acquisition time of 30 s was regarded to be optimal. Longer acquisition times did not improve the measurement quality whereas shorter times
resulted in too high noise levels.
The measurements were performed at incident angles from 20◦ to 75◦ in
11
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steps of 5◦ . It would have been preferable to obtain measurement data from
0◦ to near 90◦ but the focusing probes and the curvature of the investigated
samples limited the angle interval. The selection of an step of 5◦ seemed
to be appropriate to have a good overview of the changes with angle of
incidence. During measurements the sample was aligned for each angle.
The measurements were done for the complete wavelength range of the
instrument (245-1690 nm) but only the range 245-1000 nm was considered
for the analysis due to an increase of the noise level above 1000 nm.

3.2

Samples

Different species of the genus Chrysina were studied in this diploma work.
These beetles are known as jewel scarabs because of their brilliant iridescence and metallic colouration. Their spectacular appearance have made
them highly priced by insect collectors. The hierarchical classification of
the Chrysina genus can be seen in the taxonomic scheme in Table 3.1.
Superfamily: Scarabaeoidea
Family: Scarabaeidae
Subfamily: Rutelinae
Tribe: Rutelini
Genus: Chrysina
Figure 3.1: Chrysina taxa map.

This group in particular, consisting of about 100 known species, is found
exclusively in the New World, from southern USA, México, Central America and further south down to Ecuador. Chrysina species are found in
primary pine, juniper and pine-oak forests between 50-3800m of altitude
from February to December. A description of each specimen is found in
Table 3.1 [10].
The measurements were done mounting the specimen in the sample
holder and matching up the incident light beam in the scutellum as demonstrated in Fig. 3.2. With the use of the focusing optics the light beam result
in a spot size of the order of 50-100 µm. The scutellum, a small triangular
area between the head and the wings, is in general the flattest area of the
beetle which makes it the best area for alignment and measurements.

3.2 Samples

Specimen
Chrysina
macropus

Chrysina
peruviana

Chrysina
gloriosa

Chrysina
argenteola

Chrysina
chrysargyrea

Chrysina
resplendens

13

Picture

Label - Museum
(Francillon, 1811)
Aguano, Ecuador.
19-24/May/1865
- Madrid
(Strum, 1843)
Guerrero Mill.
Hidago, Mexico
- Madrid
(Leconte, 1854)
Southern
USA
- Stockholm
Colombia
- Stockholm
(A. Watson) Puntarenas,
prov. Monteverde,
Costa Rica.
12-15/Jun/1974 - London
No info - Berlin
Chiriqui, Panamá - Berlin
Costa Rica - London
Costa Rica - London

Sample id
CM

CP

CG

CA

CC1
CC2
CR1
CR2
CR3
CR4

Table 3.1: Description of the specimens studied [10].

Figure 3.2: Photograph of the scutellum with the light beam seen as a white spot.

Chapter 4

Results and discussion
A first test leading us to the selection of the investigated beetles was a
simple observation experiment with a left- and right-circularly polarizing
filter (LCP- and RCP-filter). When a specimen is able to reflect light with
both left- and right-handed circular polarization, then it is possible to see
reflected light through both type of filters. However, if the beetle only
reflects light with one of the polarizations, the opposite filter will block all
light making the beetle appear black.

(a) LCP

(d) LCP

(b) No filter

(e) No filter

(c) RCP

(f) RCP

Figure 4.1: Photographs of the scarab beetle Chrysina chrysargyrea (a) with a
left-circular polarizer, (b) without polarizer and (c) with a right-circular polarizer
in front of the camera. Photographs of the Chrysophora chrysoclora (a) with a leftcircular polarizer, (b) without polarizer and (c) with a right-circular polarizer in
front of the camera.
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In Fig. 4.1 we can see two specimens, Chrysina chrysargyrea reflecting
both polarizations and a Chrysoclora chrysophora, which mainly reflects
light with left-circular polarization and thus appear black when observing
it through a right-circular polarizing filter. The genus Chrysoclora also
belong to the subfamily Rutelinae but is not studied further in this work.
Below we present a detailed analysis of each of the specimens studied.
Three pictures will show us how the scarab beetles appear when inspecting
them through right- and left-circularly polarizing filters. From the more
detailed MMSE analysis, contour plots are extracted giving information
about the m41 Mueller element, the degree of polarization, the ellipticity
and the azimuth.

4.1

Chrysina macropus

The Chrysina macropus (CM) specimen studied comes from Ecuador but
this species can also be found in the forests of Mexico [10]. In Fig. 4.2
we can see that the light green beetle appears greener when is observed
through a left-circular polarizer but will turn more red/brown when observed through a right-circular polarizer.

(a) LCP

(b) No filter

(c) RCP

Figure 4.2: Chrysina macropus with (a) left-circular polarizer in front of the
camera, (b) without polarizer and (c) with a right-circular polarizer.

As seen from Fig. 4.2, it is obvious that the Chrysina macropus reflects
right- and left-handed elliptically polarized light but the detailed MMSE
analysis shows that this effect is not so obvious.
In Fig. 4.3 it is observed that even though we appreciate a high degree
of polarization by eye, it turns out that the m41 plot does not show that
right- and left-handed polarization with a high ellipticity. In Fig. 4.4,
m41 and the ellipticity are plotted on a min to max scale (from -0.2 to
0.07 and from -0.5 to 0.05, respectively). With the new scale we are able to
appreciate some variation in the data indicating both left- and right-handed
polarization but the effect is very low in both cases.

4.1 Chrysina macropus
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Figure 4.3: Contour plots (λ, φ) of the scarab beetle Chrysina macropus showing
(a) Mueller matrix element m41 , (b) degree of polarization, (c) ellipticity and (d)
azimuth, with λ ∈ [240, 1000]nm and φ ∈ [20◦ , 75◦ ].

Figure 4.4: Contour plots (λ, φ) of the scarab beetle Chrysina macropus showing
(a) Mueller matrix element m41 (min-max scale), (b) degree of polarization, (c) ellipticity (min-max scale) and (d) azimuth, with λ ∈ [240, 1000]nm and φ ∈ [20◦ , 75◦ ].
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Chrysina peruviana

The Chrysina peruviana (CP) specimen studied is found in Mexico and is
greenish in colour [10]. In Fig. 4.5 we can see how the beetle appear when
it is observed through a left-circular polarizer, without filter and with a
right-circular polarizer.

(a) LCP

(b) No filter

(c) RCP

Figure 4.5: Chrysina peruviana with (a) left-circular polarizer in front of the
camera, (b) without polarizer and (c) with a right-circular polarizer in front of the
camera.

In the pictures presented in Fig. 4.5, it is obvious that the Chrysina
peruviana reflects right- and left-handed elliptically polarized light but, as
in the previous case, the detailed MMSE analysis shows that this effect is
not so obvious.
As before we can observe (Fig. 4.6) a high degree of polarization by eye
but the m41 plot does not show right- and left-handed polarization with a
high ellipticity. In Fig. 4.7, m41 and the ellipticity are plotted on a min
to max scale (from -0.2 to 0.06 and from -0.5 to 0.04, respectively). With
the new scale we obtain a similar result as for Crysina macropus, and we
are able to appreciate some variation in the data indicating both left- and
right-handed polarization but the effect is still very low in both cases.

4.2 Chrysina peruviana
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Figure 4.6: Contour plots (λ, φ) of the scarab beetle Chrysina peruviana showing
(a) Mueller matrix element m41 , (b) degree of polarization, (c) ellipticity and (d)
azimuth, with λ ∈ [240, 1000]nm and φ ∈ [20◦ , 75◦ ].

Figure 4.7: Contour plots (λ, φ) of the scarab beetle Chrysina peruviana showing
(a) Mueller matrix element m41 (min-max scale), (b) degree of polarization, (c) ellipticity (min-max scale) and (d) azimuth, with λ ∈ [240, 1000]nm and φ ∈ [20◦ , 75◦ ].
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Chrysina gloriosa

This interesting specimen is green-coloured but with golden stripes along
its elytras. The species are found in southern USA and Mexico [10]. Variants with purple markings have also been reported. We will see how this
two different areas not only differ in colour but also in their polarization
properties.

(a) LCP

(b) No filter

(c) RCP

Figure 4.8: Chrysina gloriosa with (a) left-circular polarizer in front of the camera,
(b) without polarizer and (c) with a right-circular polarizer in front of the camera.

The measurements were made on two different areas of the exoskeleton,
first on a golden stripe and second over a green area.
As seen from Fig. 4.8, it is obvious that the Chrysina gloriosa reflects
right- and left-handed elliptically polarized light in both areas in a similar
way. But the detailed MMSE analysis show that this similarity in effect is
not so obvious.
Measurements from the green area show us the same effect as in the
previous cases. In Fig. 4.9 it is observed that even though we appreciate
a high degree of polarization by eye, it turns out that the reflected light
from the green areas has a rather low ellipticity. In Fig. 4.10 m41 and the
ellipticity are plotted on a min to max scale (from -0.3 to 0.2). With the
new scale we are able to appreciate some variation in the data indicating
both left- and right-polarization but the effect is very low in both cases as
could be expected.
The measurement of Chrysina gloriosa in the golden area is quite different (Fig. 4.11). The m41 plot clearly shows both right- and left-handed
polarization, even on a scale from -1 to 1. This shows that the polarization
effect is much more pronounced in the golden areas of the exoskeleton of
this beetle. This can also be observed in the ellipticity plot where both a
high negative and positive ellipticity is reached.

4.3 Chrysina gloriosa
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Figure 4.9: Contour plots (λ, φ) of the scarab beetle Chrysina gloriosa in the
green region showing (a) Mueller matrix element m41 , (b) degree of polarization,
(c) ellipticity and (d) azimuth, with λ ∈ [240, 1000]nm and φ ∈ [45◦ , 75◦ ].

Figure 4.10: Contour plots (λ, φ) of the scarab beetle Chrysina gloriosa in the
green region showing (a) Mueller matrix element m41 (min-max scale), (b) degree of
polarization, (c) ellipticity (min-max scale) and (d) azimuth, with λ ∈ [240, 1000]nm
and φ ∈ [45◦ , 75◦ ].
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Figure 4.11: Contour plots (λ, φ) of the scarab beetle Chrysina gloriosa in the
golden region showing (a) Mueller matrix element m41 , (b) degree of polarization,
(c) ellipticity and (d) azimuth, with λ ∈ [240, 1000]nm and φ ∈ [45◦ , 75◦ ].

4.4

Chrysina argenteola

The natural habitat of Chrysina argenteola (CA) are the forests of Colombia
and Ecuador [10]. It is gold-coloured and in Fig. 4.12 we can see how the
beetle appear when observed through a left-circular polarizer, without filter
and with a right-circular polarizer.

(a) LCP

(b) No filter

(c) RCP

Figure 4.12: Chrysina argenteola with (a) a left-circular polarizer in front of the
camera, (b) without a filter and (c) with a right-circular polarizer in front of the
camera.

4.4 Chrysina argenteola
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In the contour plots presented in Fig. 4.13 we can see a clear lefthanded elliptical polarization at small incidence angles, from λ=350 to 900
nm as represented by the red colour in the m41 plot. This is the result of
a combination of the high degree of polarization for incident angles in the
approximate range of 20◦ to 45◦ and the high ellipticity, close to -1 (near
circular) at 20◦ for most of the visible range and at 40◦ for wavelengths
from 400 to 450 nm.
There is also a right-handed polarization area, represented by the blue
region in the m41 plot, for large incidence angles, from 60◦ to 70◦ and
wavelengths from approximately 650 to 800 nm. However, the degree of
polarization is not very high in this area. If we look at the ellipticity plot
we can see some points, where the ellipticity reaches a value of 1, but the
low degree of polarization results in rather low m41 values.
The remaining part of the λϕ region shown in the contour plots represent a reflection of linear s-polarized light as seen from the low ellipticity
and azimuth values close to 90 degrees. The degree of polarization is in
general high in this case.

Figure 4.13: Contour plots (λ, φ) of the scarab beetle Chrysina argenteola showing
(a) Mueller matrix element m41 , (b) degree of polarization, (c) ellipticity and (d)
azimuth, with λ ∈ [240, 1000]nm and φ ∈ [20◦ , 75◦ ].
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Chrysina chrysargyrea

Two different specimens of Chrysina chrysargyrea (CC1 and CC2) have
been studied. Information about the second specimen (CC2) can be found
in Appendix A. The beetles were captured in Puntarenas, Costa Rica but
can also be found in e.g. Panama. Their colouration is silver although
there exists specimens with a more reddish colour [10].
In Fig. 4.14 we can see how the beetle (CC1) appear when observed
through a left-circular polarizer, with a general metallic sheen and bluish
at the edges where the incident angle is larger. Without filter, we see the
beetle with its characteristic silver metallic sheen. With a right-circular
polarizer we can observe that the metallic sheen is almost absent and that
its colouration has turned to dark brown.

(a) LCP

(b) No filter

(c) RCP

Figure 4.14: Chrysina crysargyrea (CC1) with (a) a left-circular polarizer in front
of the camera, (b) without a filter and (c) with a right-circular polarizer in front of
the camera.

In the contour plots (Fig. 4.15) we can see a large area of left-handed
elliptically polarized light at angles from 20◦ to 30◦ , from λ=350 to 900
nm, as represented by the red colour in the m41 plot. At 45◦ light of
wavelengths from λ=350 to 550 nm is still left-handed elliptically polarized.
If we compare this region with the degree of polarization and ellipticity
plots we observe a high degree of polarization and ellipticity close to -1
(near left-circular) at small angles and for short wavelengths.
There is also a right-handed polarization area, represented by the blue
colour in the m41 plot, for angles from 55◦ to 70◦ and wavelengths from
λ=600 to 750 nm which motivates the brown colour seen in Fig. 4.14c. In
this case m41 is lower since the degree of polarization is lower in this region.
The green areas in the m41 and ellipticity plots represent a reflection
of linear s-polarized light, the degree of polarization is in general high as
in the previous case for the golden parts of Chrysina gloriosa.

4.5 Chrysina chrysargyrea
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Figure 4.15: Contour plots (λ, φ) of the scarab beetle Chrysina chrysargyrea (CC1)
showing (a) Mueller matrix element m41 , (b) degree of polarization, (c) ellipticity
and (d) azimuth, with λ ∈ [240, 1000]nm and φ ∈ [20◦ , 75◦ ].
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Chrysina resplendens

Four different specimens of Chrysina resplendens (CR1, CR2, CR3 and
CR4) have been studied. In this section results from CR1 and CR2 can be
found. Results from CR3 and CR4 are found in Appendix A. The Chrysina
resplendens beetle is found in Panama and Costa Rica and is gold coloured
[10].
In Fig. 4.16 we can see a beetle (CR1) when observed through a leftcircular polarizer, without filter and with a right-circular polarizer.

(a) LCP

(b) No filter

(c) RCP

Figure 4.16: Chrysina resplendens (CR1) with (a) left-circular polarizer in front
of the camera, (b) without polarizer and (c) with a right-circular polarizer in front
of the camera.

In the contour plots of the Chrysina resplendens (CR1) presented in
Fig. 4.17 we can see a left-handed elliptical polarization in a very small
area represented by the red colour in the m41 plot. In the ellipticity plot it
is possible to observe more areas of left-handed polarization but they are
not strong. In addition, the degree of polarization is very low in that region
resulting in low m41 values.
In this case we can also find a right-handed polarization area, represented by the blue region in the m41 plot, at small incidence angles from
θ = 20◦ to almost 40◦ and from λ=850 to 1000 nm which is very different
compared to the previous samples. In the ellipticity plot we see a wide region of strong right-handed polarization but the corresponding m41 values
are again limited by the low degree of polarization.
When looking at a specific incidence angle and wavelengths in the visible
part of the spectra the absolute value of the azimuth angle make abrupt
shifts from linear s-polarized light, represented by the blue colour, to ppolarized light, represented by the red colour.

4.6 Chrysina resplendens
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Figure 4.17: Contour plots (λ, φ) of the scarab beetle Chrysina resplendens (CR1)
showing (a) Mueller matrix element m41 , (b) degree of polarization, (c) ellipticity
and (d) azimuth, with λ ∈ [240, 1000]nm and φ ∈ [20◦ , 75◦ ].

In Fig. 4.18 we can see how the second beetle (CR2) appear when it is
observed through a left-circular polarizer, without filter and with a rightcircular polarizer. As we can see, the differences in the colour are very
similar to the changes observed for CR1.

(a) LCP

(b) No filter

(c) RCP

Figure 4.18: Chrysina resplendens (CR2) with (a) left-circular polarizer in front
of the camera, (b) without polarizer and (c) with a right-circular polarizer in front
of the camera.

In contrast to the observations done for CR1, the contour plots of sample CR2 show a different behaviour. First of all, as seen from the m41 plot,
the left-handed polarization takes place at larger incidence angles from 45◦
to 65◦ , and we can distinguish two areas depending on the wavelength.
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Figure 4.19: Contour plots (λ, φ) of the scarab beetle Chrysina resplendens CR2
showing (a) Mueller matrix element m41 , (b) degree of polarization, (c) ellipticity
and (d) azimuth, with λ ∈ [240, 1000]nm and φ ∈ [20◦ , 75◦ ].

A clear right-handed polarization area in the m41 plot is absent in this
case despite the fact that a small area of right-handed polarization can be
seen in the ellipticity plot. The reason is that it is suppressed by the low
degree of polarization in this area.
The shifting effect previously observed in the absolute value of the azimuth angle is here even more accentuated.

4.7 Discussion

4.7
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We can divide our observations in two types of polarization behaviour. One
is exemplified with Chrysina macropus, Chrysina peruviana and the green
areas of Chrysina gloriosa. The other type is exemplified with the golden
areas of Chrysina gloriosa, Chrysina argenteola, Chrysina chrysargyrea and
Chrysina resplendens. The beetles studied in this work were initially selected based on an observation experiment with left- and right-polarizing
filters in which all of them showed a very clear ability to polarize light.
Taking into account that all of them belong to the same genus it was first
assumed that they all would show a similar behaviour. However, after the
MMSE analysis of the results we realized the complexity of the polarization
properties.
First we can compare the plots of Chrysina macropus (Fig. 4.3 and Fig.
4.4) and Chrysina Peruviana (Fig. 4.6 and Fig. 4.7), where the magnitude
of the left- and right-handed polarization in the m41 plot is so low that
it is necessary to amplify the scale in order to be able to notice it. The
ellipticity is similarly very low. Both specimens share a rather high degree
of polarization for any wavelength that decays for small incidence angles.
The absolute value of the azimuth angle is 90◦ . That is, the reflected light
is s-polarized, for any wavelength and any incidence angle.
The Chrysina gloriosa beetle show the same behaviour as the previous
beetles when measured in the green areas but when measured at the golden
areas we find many differences. First, the m41 plot shows a higher polarization effect and two areas, corresponding to left- and right-polarization,
are easily differentiated. The ellipticity is also very high in this case. The
azimuth angle is mostly 90◦ but decreases in the areas where strong leftand right-polarization take place.
The optical response of Chrysina argenteola and Chrysina chrysargyrea
behave in a similar way as the golden area of the Chrysina gloriosa. We
can specially notice the strong ellipticity and high degree of polarization.
The azimuth angle is also 90◦ when the ellipticity is low but is lower in the
regions where the left- and right-polarization appear.
The last beetle to be analysed is Chrysina resplendens. This beetle
shows large changes in the ellipticity but the degree of polarization is quite
low in most of the cases making it sometimes difficult to observe left- and
right-polarization in the m41 contour plots. The azimuth angle shows large
variations compared to the previous cases. Typically we can observe fast
shifts from 90◦ to lower angles, reaching values close to 0◦ (p-polarized
light) in some situations.
In some cases it was possible to compare measurements from beetles of
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the same species. For the two specimens of Chrysina chrysargyrea (CC1
and CC2) presented in section 4.5 and Appendix A, we observe that the
second specimen showed similar polarization behaviour. From this it is
possible to conclude that both share a similar structure. Similarity in polarization behaviour when comparing different samples from the same genus
have also been observed for different specimens belonging to the Cetoniinae
subfamily, e.g. Cetonia aurata and Potosia cuprea [11]. On the other hand
it is clear that the different specimens of Chrysina resplendens (CR1, CR2,
CR3 and CR4) show some differences in the polarization behaviour. The
results are presented in section 4.6 and Appendix A.
The four specimens of Chrysina resplendens show an area of left-handed
polarization, although for CR3 and CR4 it has a very low magnitude. For
the different samples this region appears at different conditions, that is,
for different angles of incidence and for different wavelengths. The beetles
CR1 and CR4 also show large areas of right-handed polarized light, in
both cases for small incident angles but for different wavelengths. The fact
that the four Chrysina resplendens show these differences prevents us from
generalizing results for beetles from the same species.

(a) Aligned at 25◦

(c) Aligned at 65◦

(b) Aligned at 45◦

(d) Elytra

Figure 4.20: Chrysina resplendens (CR1) measured on different spots and aligned
at different angles. (a-c) measured on scutellum. (a) aligned at 25◦ , (b) aligned at
45◦ , (c) aligned at 65◦ , (d) measured on the elytra (the wing cover).

4.7 Discussion
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The variations suggest differences in the structure of the exoskeleton
of each beetle that e.g. could have been caused by environmental factors
during the growing process from pupa to adult beetle. Since the samples
do not come from the same place, the environmental conditions such as
temperature and humidity could have been different. Other possibilities are
that differences in local predators and sexual dimorphism could influence
the cuticle structure.
A comparison between measurements done on different spots of sample
CR1 are shown in Fig. 4.20. The difference when changing the measured
spot is small although the magnitude of the m41 value may vary from one
spot to another. In plot (d) we can observe how a measurement done in
the elytra (the wing cover) shows the same type of m41 pattern as the
measurements done in the scutellum (a-c).
The main disadvantage of the measurement system is that the beam
width can be compared to the rugosity of the beetles surface. The surface
of the beetles is in general wrinkled and curved which makes the alignment
difficult. For instance, when rotating the sample in order to measure the
different angles of incidence, the spot size and position may change and
light may be scattered resulting in a weaker signal in the detector. This
could be solved with a smaller beam diameter.
In a study by P. Brady and M. Cummings [5] it was demonstrated that
Chrysina gloriosa exhibits positive phototaxis, that means that it moves
in the direction of increasing light intensity. Moreover, the beetle showed
differential flight orientation between linear an circularly polarized light
stimuli of equal intensities. Finally, the beetles also showed the ability
to distinguish circularly polarized light from unpolarized light of different
intensities.
"These results demonstrate that C. gloriosa beetles respond differentially
to circularly polarized light. In contrast, Chrysina woodi (Horn 1885), a
close relative with reduced circularly polarized reflection, exhibited no phototactic discrimination between linear and circularly polarized light. Circularly polarized sensitivity may allow C. gloriosa to perceive and communicate with conspecifics that remain cryptic to predators, reducing indirect
costs of communication" [5].
Being aware of this, it is really worth while to continue studies of the
polarization characteristics of this and related beetles.

Chapter 5

Summary and Future Work
The polarization behaviour for six species from the Chrysina genus is measured and presented. In general very high ellipticities (near circular) were
reported. The specimens studied showed two types of polarization behaviour, some of the beetles showed low polarization effects meanwhile
others showed very high polarization effects. Left-handed elliptically polarized light is observed generally at small incidence angles and for most
of the visible range and right-handed polarization at large incident angles
and somewhere in the visible range. Measurements done on two different
specimens of the Chrysina Chrysargyrea showed similar behaviour. On the
other hand, Chrysina resplendens do have a more complicated polarization
behaviour. Measurements done on four different specimens of Chrysina
resplendens showed left- and right-handed polarization for different angles of incidence and different wavelengths. Measurements on one of the
Chrysina resplendens specimens measured on different spots, on the scutellum and the elytra, showed the same polarization behaviour but the beetle
Chrysina gloriosa showed two well differentiated areas, one green and one
gold coloured, with differences in the magnitude of the polarization.
These results will be used to develop structural models of the cuticle of
these species. Fresnel based optical modelling will be used to simulate how
the polarizing structure in the cuticle is built up.
Further measurements on Chrysina gloriosa and Chrysina resplendens
may be performed for a better understanding of their polarization behaviour
and therefore their structures.
Investigations of the surface structure by scanning electron microscopy,
optical reflectance measurements and simulations could be performed in
order to be able to develop an artificial bioinspired multilayer system which
reproduces the visual effects of the beetles exoskeleton [12].
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Appendix A

Additional measurement
results
CC2
The second specimen of the Chrysina chrysargyrea (CC2) can be seen in
Fig. A.1.

(a) LCP

(b) No filter

(c) RCP

Figure A.1: Chrysina chrysargyrea (CC2) with (a) left-circular polarizer in front
of the camera, (b) without polarizer and (c) with a right-circular polarizer in front
of the camera.

Regarding the contour plot there are not big differences to be pointed
out if we compare it with CC1. We can observe the same areas of right- and
left-handed elliptically polarized light. The degree of polarization shows
the same pattern as well as the ellipticity where the only difference is the
somewhat lower magnitude of the left-handed polarization.
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Figure A.2: Contour plots (λ, φ) of the scarab beetle Chrysina chrysargyrea (CC2)
showing (a) Mueller matrix element m41 , (b) degree of polarization, (c) ellipticity
and (d) azimuth, with λ ∈ [240, 1000]nm and φ ∈ [20◦ , 75◦ ].
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CR3
In Fig. A.3 we can see a third Chrysina resplendens beetle (CR3) observed
through a left-circular polarizer, without filter and with a right-circular
polarizer. In Fig.A.4 we can see the corresponding contour plots.

(a) LCP

(b) No filter

(c) RCP

Figure A.3: Chrysina resplendens (CR3) whith (a) a left-circular polarizer, (b)
without a filter and (c) with a right-circular polarizer.

Figure A.4: Contour plots (λ, φ) of the scarab beetle Chrysina resplendens (CR3)
showing (a) Mueller matrix element m41 , (b) degree of polarization, (c) ellipticity
and (d) azimuth, with λ ∈ [240, 1000]nm and φ ∈ [20◦ , 75◦ ].
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CR4
The fourth Chrysina resplendens beetle (CR4) can be seen in Fig. A.5
when observed through a left-circular polarizer, without filter and with a
right-circular polarizer. In Fig.A.6 we can see the corresponding contour
plots.

(a) LCP

(b) No filter

(c) RCP

Figure A.5: Chrysina resplendens (CR4) with (a) a left-circular polarizer in front
of the camera, (b) without a filter and (c) with a right-circular polarizer.

Figure A.6: Contour plots (λ, φ) of the scarab beetle Chrysina resplendens (CR4)
showing (a) Mueller matrix element m41 , (b) degree of polarization, (c) ellipticity
and (d) azimuth, with λ ∈ [240, 1000]nm and φ ∈ [20◦ , 75◦ ].
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