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The plumage of birds often exhibits attractive color effects produced by the interaction of light with the
photonic microstructure present in the feather barbs and barbules. This microstructure constitutes a natural
photonic crystal that rejects radiation of wavelengths contained within the band gap, which significantly alters the
observed coloration depending on the incidence conditions. In spite of the high degree of regularity exhibited by
the barb’s microstructure of many species, the disorder present in these natural photonic crystals might modify
the reflected response. In this paper, we address the problem of modeling the electromagnetic response of a
quasiordered photonic structure, using an electromagnetic method only suitable for strictly periodic structures.
In particular, we simulate the reflected response of the plumage of the Swallow Tanager (Tersina viridis) by
two different approaches. On the one hand, we compute the reflected response by averaging reflectance spectra
calculated by the Korringa-Kohn-Rostoker method for different geometrical parameters. We also apply the inner
extinction approximation, which represents imperfections in the structure by adding a small imaginary part to
the dielectric constant of the inclusions. The agreement between the experimental and the simulated results
evidences the potential of the proposed methods to reproduce the electromagnetic response of natural photonic

structures.
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I. INTRODUCTION

Over millions of years of evolution, nature has developed
an enormous variety of microstructures present in the cover
tissues of animals and plants that interact with the incident
light and give rise to attractive structural colors [1-5]. Optical
mechanisms such as multilayer interference, scattering, and
diffraction often govern the reflected response of such tissues,
thus producing remarkable effects such as iridescence and
metallic appearance. These features are also widely found in
the plumage of birds [6—14]. The structural colors of avian
feather barbs and barbules are generally produced by three-
dimensional nanostructures composed of B-keratin and air. In
many species of the Thraupidae family, such as Tersina viridis
and Dacnis cayana, these nanostructures exhibit a sphere-type
morphology that consists of a quasiordered arrangement of
spheroidal air cavities in a f-keratin matrix [13,15]. Even
though the distribution of air cavities within the host matrix
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is rather regular, it exhibits a certain degree of disorder,
as expected for any natural structure, which gives rise to a
complex reflected response. In addition, taking into account
that macroscopic features such as the curvature of the barbs
also contribute to the observed color, in some cases it is
difficult to identify which is the dominant mechanism and how
much the disorder present in the microstructure affects the
electromagnetic response of an otherwise perfectly periodic
structure.

Most of the works devoted to the study of structural color
in birds’ plumage applied two-dimensional (2D) Fourier anal-
ysis to estimate the reflected response of the microstructure
[6-8]. Fourier analysis has proved to be a powerful tool to
predict the spectral location of the main reflectance peak—
located within the visible range—for many different species.
Moreover, using the Fourier power spectra obtained from
X-ray scattering experiments, in [16] the authors provide an
explanation of the physical origin of the secondary peak based
on double scattering within the short-range-order nanostruc-
ture. However, other methods have also been proposed to
explain the observed color. For instance, a simple thin-film
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FIG. 1. Photographs of male individuals of Tersina viridis taken at different illumination-observation conditions. (a) The bird is illuminated
from behind the camera; (b) the bird is illuminated from the left. The inset shows a single back feather of the Tersina viridis individual under
study, which is deposited at the Museo Argentino de Ciencias Naturales “Bernardino Rivadavia,” Argentina (collection code MACN-Or-

32133).

interference model was sufficient to reproduce the essential
characteristics of the color effect in pigeon feathers [11].
The plane-wave expansion method was employed to explain
the structural color observed in peacock feathers [10], as
well as in wild turkeys and violet-backed starlings [17], and
in [9] the authors present a simple model that takes into
account the submicron as well as the macroscopic features
to explain the iridescence of the peacock plumage. More
recently, the small-angle x-ray scattering (SAXS) method
was proposed by Saranathan er al. to account for the 3D
nature of the microstructure and its optical properties [13],
and Igic et al. estimated the spectral peak position of Lep-
idothrix iris and L. natterei by approximating the underlying
microstructure by a close-packed hexagonal array of air voids,
and they used a multilayer model to compute the reflectance
spectra [14].

In a recent paper, we have proposed the use of the
Korringa-Kohn-Rostoker (KKR) method to simulate the elec-
tromagnetic response of the microstructure present in the
feather barbs of Tersina viridis [15]. The KKR method is an
efficient rigorous method for the calculation of the electro-
magnetic response of composite periodic structures formed
by a stack of parallel layers of spheres periodically arranged
in a 2D Bravais lattice [18-20]. Even though the spectral
location of the main peak can be quite accurately reproduced
by considering a perfectly regular arrangement, more subtle
features of the reflectance spectrum, which appear due to
the complexity and the irregularities of the actual biological
microstructure, could not, in principle, be accounted for by
the KKR method, only suitable to deal with regular lattices.

It is well known that essentially numerical electromagnetic
methods capable of dealing with randomly distributed spheres
in a host matrix, such as the finite elements or the finite-
difference time-domain method, are computationally highly
demanding. As a consequence, an appropriate simulation of
the structural colors produced by biological structures con-
stitutes a challenging task. One possibility to circumvent this
disadvantage is to include disorder within the framework of
a rigorous method originally developed for perfectly periodic
structures. Dorado et al. introduced the effect of imperfections
within the KKR method and modeled the response of a weakly

disordered artificial opal by adding a small imaginary part
to the dielectric constant of the spheres [inner extinction
approximation (IEA)] [21-23]. These authors also proposed
the average T-matrix approximation (ATA) as an alternative
way of introducing disorder within the context of the KKR
method, which takes into account the statistical distribution of
sphere sizes and vacancy states in an artificial opal [24].

In this contribution, we propose two different techniques to
simulate disorder in the sphere-type microstructures of avian
feather barbs, namely an averaging technique and the IEA,
and we show that the computed reflectance curves are in very
good agreement with the experimental spectra.

The paper is organized as follows. In Sec. II we describe
the sample under study, paying particular attention to the ge-
ometrical parameters of the microstructure responsible for the
structural color. The results obtained applying the proposed
techniques to simulate disorder are shown in Sec. III, where
we also include a comparison with experimental spectra.
Finally, concluding remarks are given in Sec. IV.

II. SAMPLE DESCRIPTION

The samples under study correspond to male individuals
of Tersina viridis, which exhibit blue or green coloration
depending on the illumination and observation conditions. As
shown in Fig. 1, when the bird is illuminated from behind the
camera, it looks turquoise (green-blue) [Fig. 1(a)], whereas
if the observation direction is opposite to the illumination
source, the bird appears blue [Fig. 1(b)]. It has been shown
that the coloration of these feathers is of structural origin,
and is produced by the interaction of light with the photonic
microstructure present in the barbs located at the most external
part of the feathers [see the inset of Fig. 1(b)] [15,25]. In
Fig. 2(a), we show a transmission electron microscopy (TEM)
image of a transversal cut of a barb of a male Tersina viridis
individual. A detail of the spongy matrix is shown in Fig. 2(b),
where a three-dimensional, quasiordered nanostructure com-
posed of spherical air cavities immersed in a S-keratin matrix
is observed. This structure, together with the curvature of the
barb, is responsible for the color exhibited by the Tersina
viridis plumage. In a previous work, we obtained the relevant
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FIG. 2. (a) TEM image of a transversal cut of a barb of a male Tersina viridis individual (scale bar: 1.25 pm). (b) Detail of the spongy
matrix composed of air spheres immersed in a B-keratin matrix (scale bar: 0.2 wm).

parameters of this microstructure from TEM images and a
subsequent detailed statistical treatment. In Table I, we sum-
marize the geometrical parameters of the structure and the
refraction indices of its components [15].

According to the analysis of many TEM images, we con-
sidered that the type of arrangement that best reproduces this
natural microstructure is a three-dimensional hexagonal lat-
tice [15], as already reported for other species [14]. However,
it is important to mention that the number of layers of spheres
was highly dependent on the imaged section. In addition, it
was very difficult to determine the number of layers in a given
barb section due to the fragility of the samples, since part of
the sample was always damaged or broken during preparation
for TEM imaging.

III. RESULTS

In Fig. 3 we show the experimental reflectance spectrum
taken with a coaxial fiber at approximately normal inci-
dence with respect to the museum skin surface. Under this
illumination-observation configuration, the bird’s hue appears
green-blue, as shown in Fig. 1(a). This spectrum was obtained
as an average over 15 reflectance spectra that correspond to
different parts of the back of the same investigated specimen.
The method employed to perform the reflectance measure-
ments is described in Ref. [25]. The measured spectrum
reveals a bimodal reflectance profile of structurally colored
feathers typical of certain species [14,26]. It exhibits a primary
reflectance peak in the visible region (A &~ 560 nm), and an
additional peak in the ultraviolet (UV) (A &~ 380 nm).

TABLE I. Relevant parameters of the microstructure responsible
for the structural color in the plumage of male Tersina viridis.

Parameter average value error (sd)
radius of spheres (r) 86 nm 13 nm
distance between nearest neighbors (a) 240 nm 19 nm
refraction index of spheres (11,,) 1

refraction index of B-keratin (ng) [13] 1.58 0.01

The numerical results shown below have been obtained
using the KKR method [20], which permits the computation
of the electromagnetic response of perfectly periodic arrange-
ments of parallel layers of spheres. In the following figures,
we present curves of reflectance as a function of the wave-
length. The reflectance calculations were performed for both
TE- and TM- (transverse-electric- and transverse-magnetic-)
polarized light, which were then averaged to obtain the re-
flectance spectra for unpolarized light.

In Fig. 4 we plot the reflectance spectrum of the reference
structure, i.e., a system formed by 34 layers of air spheres
with » = 86 nm and a = 240 nm (average values measured
from the TEM images, as listed in Table I) arranged in a
hexagonal lattice and immersed in a B-keratin matrix (ng =
1.58), illuminated by a normally incident plane wave. The
curve exhibits a typical photonic crystal response, with a wide
peak corresponding to a photonic band gap at wavelengths
A between 500 and 600 nm. In the context of structural
coloration of birds’ plumage, this kind of response is clearly
a drawback of the model, as it exhibits characteristics that
would only appear in the case of a perfectly periodic structure,
which is not the case of natural structures. However, the spec-
tral location of this band gap agrees very well with the position
of the experimental primary peak. In addition, a reflectance
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FIG. 3. Reflectance spectrum obtained by averaging 15 re-
flectance measurements performed on different parts of the back
of the individual studied museum skin from which the investigated
feather sample was obtained. Each spectrum was obtained at approx-
imately normal incidence with respect to the skin surface.
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FIG. 4. Optical reflectance spectrum obtained by the KKR
method for the reference structure: a multilayer hexagonal close-
packed array (lattice constant @ = 240 nm, separation between ad-
jacent layers z = 1/2/3a, r = 86 nm) of air spheres in a B-keratin
matrix (ng = 1.58 and u = 1), considering 34 layers of spheres and
normal incidence.

intensification can be identified within the UV region, around
A = 275 nm. As shown in Ref. [15], this enhancement could
not be predicted by the single-scattering Fourier approach,
which does not take into account higher-order contributions.
By comparison of this calculated response and the experimen-
tal measurement (Fig. 3), it arises immediately that although
the spectral location of the peak in the visible range is quite
accurately predicted by the numerical results, there are other
characteristics of the spectrum that are not accounted for by
the ideal perfectly periodic model, such as the intensity and
the shape of the peak. In addition, it is to be expected that
the deviations of the natural structure from the ideally ordered
system would provide a broadening of the reflectance peak
and also a significant decrease of their intensity. Therefore, it
becomes evident that any accurate model for the computation
of the reflected response of the barb’s tissue must somehow
incorporate the disorder present in such photonic structures. In
particular, note that to predict the observed color of the birds’
plumage, it is necessary to take into account all the features of
the reflectance spectrum, and not only the spectral location of
the maxima.

We propose two different techniques to better estimate the
reflectance response of the sample without using a highly
computationally demanding tool. One of the approaches em-
ployed to compute the electromagnetic response of the dis-
ordered system is the inner extinction approximation, which
has been previously applied to artificial opals with relative
standard deviation in radius cr,re' =0, /1y ~ 0.05 (r,y and
o, are the average value and the standard deviation of the
radius, respectively) [24]. The second approach, the aver-
aging technique, consists in obtaining the reflectance curve
of the actual quasiperiodic structure as an average over the
reflectance curves of a set of perfectly regular structures in
which one or more parameters are varied. According to the
characteristics of the natural structure under study and to the
uncertainties of the geometrical parameters measured from
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FIG. 5. Optical reflectance spectra obtained by the KKR method,
employing two different approaches that take into account disorder
within the structure: averaging 200 reflectance spectra corresponding
to structures differing in the sphere’s radius (black solid line), and
using the IEA, i.e., adding a small imaginary part (¢;) to the dielectric
constant of air.

the TEM images, one selects the parameters and their vari-
ation ranges to be considered. In the case of Tersina viridis,
one can make averages over the sphere radius, the distance
between nearest neighbors, and/or the refraction indices of the
materials involved. It is important to mention that averages
have been previously proposed in the framework of structural
color of birds’ feathers. In Ref. [27], the authors obtain the
reflectance spectrum of a barbule of an iridescent feather of
a bird of paradise, as an average of the reflectance over 36
sections of this barbule, and this result is compared with the
experimental spectrum, with highly satisfactory agreement.
As a first approach, in Fig. 5 we show the results obtained
by the application of the IEA for different values of the imagi-
nary part of the dielectric constant of the spheres, i.e., fore; =
0.02, 0.05, 0.08, and 0.12, while the rest of the parameters are
the same as those of Fig. 4. The IEA consists in computing the
reflectance response of the disordered structure by calculating
the reflectance of a single perfectly periodic structure, i.e.,
the reference structure, but including an artificial imaginary
part to the dielectric constant of the spheres. The IEA is
particularly suitable to model the electromagnetic response of
spheres’ structures with small variations in size and/or shape
of the inclusions, and not in the lattice constant. As shown in
Fig. 5, as ¢; increases the peak reflectance decreases, and the
spectrum features smoothen as a result of diffuse scattering.
However, the spectral location of the primary peak remains at
the same wavelength, which is in very good agreement with
the experimental curve (see Fig. 3). In addition, a secondary
peak within the UV range is also revealed by the IEA curves.
In Fig. 5 we also show the reflectance spectrum obtained by
averaging the reflectance responses of 200 regularly periodic
structures with all the same parameters (given in Table I)
except the sphere radius r (black solid line). In the simula-
tions, the values of r were randomly generated according to
a Gaussian distribution function with standard deviation o,.
To apply the averaging technique, we have taken into account
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FIG. 6. Optical reflectance spectrum obtained by the KKR
method, averaging 200 reflectance spectra corresponding to struc-
tures differing in the lattice constant.

that in the tissue of Tersina viridis, o™ ~ 0.15 and o' =
04 /ay =~ 0.08 (0, is the standard deviation in the values of the
lattice constant a, and a,, is its average value), i.e., larger than
for the artificial opals modeled in Ref. [24]. It is important
to remark that o, not only reveals the actual variation of
radius within the spongy matrix, but it also suffers from the
errors associated with the measuring technique, which relies
on transversal cut images of the barbs that eventually exhibit
sphere slices that appear as spheres of smaller radius in the
TEM images, or with an elongated cross section. On the
other hand, the refraction indices of the spheres and the host
matrix are well established [13], thus we have not varied these
parameters in the simulations.

As can be observed by comparing this curve with the
reference curve shown in Fig. 4, the effect of averaging is re-
markable. On the one hand, the primary peak broadens and its
intensity value decreases while keeping its spectral location at
the expected wavelength according to the experimental curve.
On the other hand, the highly oscillating behavior revealed
by the spectrum of the reference structure in the UV range
(Fig. 4) evolved in a clearly defined peak. By comparison
between the results of the IEA and the averaging technique,
the best matching between the average over 200 realizations
and the IEA is obtained for ¢; = 0.05. It is important to
remark that the IEA is much less time-consuming than the
averages technique, since it demands the computation of a
single reflectance spectrum.

In Fig. 6 we show the reflectance spectrum obtained by
averaging 200 spectra corresponding to perfectly periodic
structures with the average parameters (see Table I), except
the lattice constant a. The values of a for each of the structures
were randomly generated according to a Gaussian distribution
function that approximates the distribution of distances to
nearest neighbors measured from the TEM images [15]. It
can be observed that the primary reflectance peak broad-
ens in relation to that of the reference structure spectrum
(Fig. 4), and also in comparison with the peak obtained for
the average curve over values of » (Fig. 5). In addition, the
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FIG. 7. Specular reflectance spectra for different incidence an-
gles obtained by the KKR method, averaging 200 reflectance spectra
corresponding to structures differing in the lattice constant.

intensity of the reflectance peak decreased and it smoothed
with respect to that of the perfectly periodic structure (Fig. 4).
Also note that by averaging over the lattice constant a, the
UV peak also arises as a well-defined peak. It is then clear
that by applying either the averaging technique or the IEA,
one can significantly improve the simulation of the measured
reflectance spectrum. However, when comparing Fig. 6 with
Fig. 3, we can notice that both curves do not match satis-
factorily, especially in the spectral position of the secondary
peak, which is at A &~ 380 nm in the experimental curve
and at A =~ 250 nm in the simulated curve. If we take into
account the experimental conditions of the measurement [25],
which involves a finite-size light spot of a few millimeters,
it becomes evident that the measured spectrum corresponds
to a superposition of spectra for many different barbs, each
with its own orientation and curvature, which imply different
local incidence angles. As noticed by Yoshioka et al., the
macroscopic features of the barbs, such as the curvature in the
transverse and longitudinal directions, modify the reflectance
response of the feathers, especially the angular spectrum [9]
and consequently the observed color. A blunt example of this
is found in the boomerang-shaped barbules of the bird of
paradise’s breast feathers, which comprise three multilayer
reflectors incorporated in a single structure to produce dra-
matic color changes during courtship display [28]. The curved
microstructure can be regarded as a succession of smoothly
tilted structures with respect to the incident light direction,
and this results in the broadening of the reflectance peaks.
When the curved barb is illuminated by a finite-size normally
incident beam, the local angle of incidence varies along the
barb, depending on its inclination, as indicated in the inset of
Fig. 7. This angle increases from the center to the limits of the
light spot, and with the curvature of the sample. Therefore,
this scattering problem can be viewed as the superposition of
many different problems corresponding to planar structures
illuminated by oblique incidence. As a consequence, the scat-
tering peak under multidirectional illumination is broader than
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that under directional illumination, and the peak wavelength
can be significantly shifted [29].

Then, to take into account the influence of the curva-
ture within our model, we performed averaged simulations
for different incidence angles. Note that as the incidence
angle increases, diffraction orders other than the specu-
lar order start to appear for short-wavelength incidences.
Then, to resemble the measurement conditions, for inci-
dence angles different from 0° we plot the specular re-
flectance spectra. It is important to remark that for 6 = 0°,
the specular reflectance coincides with the total reflectance,
since no higher diffraction orders are present for the whole
range of wavelengths investigated. In Fig. 7 we plot the
obtained specular reflectance spectra for incidence angles
6 = 10°, 20°, and 30°. For comparison, we also include
the curve for § = 0°—already shown in Fig. 6. Notice that
as 6 increases, the main peak slightly shifts to shorter
wavelengths; for 6 = 30° it is approximately at 500 nm.
At the same time, the peak at shorter wavelengths redshifts. In
particular, for 8 = 30° the reflectance peak appears between
350 and 400 nm.

According to the proposed model, light is specularly re-
flected from the structure, and this implies that as the angle
of incidence increases, so does the observation angle, and
consequently the angle between the incidence and the de-
tection directions also increases. In this context, the curves
of Fig. 7 show that the reflectance at shorter wavelengths
increases with the angle formed between the incidence and the
observation directions. Notice that within the visible range,
i.e., for A > 380 nm, the normal incidence curve has only a
single peak at A ~ 550 nm (green), and an enhancement at the
blue region of the spectrum starts to appear for larger values
of 6. Therefore, the relative weight of the blue components
of the reflectance spectrum in relation to the green ones also
increases at oblique incidence, which produces a color shift
toward the blue, as observed in Fig. 1. These results are in
line with the experimental curves shown in Fig. 2 of Ref. [26],
which show that as the angle between the incidence and obser-
vation direction increases, the reflectance peak at the greens
decreases and that at the blues increases. Taking into account
all the above, we conclude that our numerical results provide
the basis for a theoretical explanation of the color change
in this species, based on the influence of oblique incidence
components on the experimentally observed color.

IV. DISCUSSION AND CONCLUSIONS

We have proposed two different approaches to model the
reflected response of natural photonic crystals such as those
found in avian feather barbs: the averaging technique and the
inner extinction approximation. Both techniques are based on

the use of the KKR method, which is a rigorous electromag-
netic method capable of simulating the response of composite
periodic structures formed by a stack of parallel layers of
spheres periodically arranged in a 2D Bravais lattice. We ap-
plied these methods to the simulation of the reflected response
of a colored feather of a Tersina viridis male, which exhibits
a bimodal reflectance spectrum. It was shown that both the
averaging method and the inner extinction method are able
to reproduce quite successfully the main characteristics of the
reflectance spectra, i.e., the spectral location of the peaks, and
their intensities and bandwidths. These characteristics could
not be accounted for either by the single-scattering Fourier
approach, widely used for the estimation of the reflected
response of birds’ plumage, or by the KKR simulation of the
reference structure (perfectly periodic structure with average
geometrical parameters).

It is also important to remark that the experimental mea-
surement with which we compared the computed results is
an average over 15 spectra, each of which was taken by
directly approaching an optical fiber to the avian skin. There-
fore, taking into account the solid angle that can enter the
measuring fiber (many incidence angles), and also that the
measurement was done over the whole skin, which includes
many barbs with different orientations, the experimental result
could not, strictly speaking, be compared with our simulations
for normal incidence. To estimate the contribution of non-
normal incidence angles, we performed simulations varying
this angle and showed that the reflectance peaks shift in the
respectively expected directions.

The main achievement of this work is to reveal the power
of the KKR method as an efficient rigorous tool for the
simulation of the reflected response of biological photonic
tissues. However, in order to improve the representation of
the response of such complex structures, further research
should be done. One possibility is to consider the average
over different parameters, including also the type of lattice as
a variable. Another method that could also be implemented
within the KKR method is the average T-matrix method,
which has also proved to be successful to model disorder in
artificial opals.
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