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We measured the polarization- and angle-resolved optical scattering and reflection spectra of the quasior-
dered nanostructures in the bird feather barbs. In addition to the primary peak that originates from single
scattering, we observed a secondary peak which exhibits depolarization and distinct angular dispersion. We
explained the secondary peak in terms of double scattering, i.e., light is scattered successively twice by the
structure. The two sequential single-scattering events are considered uncorrelated. Using the Fourier power
spectra of the nanostructures obtained from the small-angle x-ray scattering experiment, we calculated the
double scattering of light in various directions. The double-scattering spectrum is broader than the single-
scattering spectrum, and it splits into two subpeaks at larger scattering angle. The good agreement between the
simulation results and the experimental data confirms that double scattering of light makes a significant
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contribution to the structural color.
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I. INTRODUCTION

Over the past decade there have been revived interests in
structural coloration in nature, partly due to rapid develop-
ments of artificial photonic materials such as photonic crys-
tals [1]. The structural coloration originates from light scat-
tering by nanoscale variation of refractive index in biological
structures. Constructive interference of light scattered by pe-
riodic structures produces iridescent colors [2-5]. Recent
studies showed that quasiordered nanostructures, which are
isotropic and have short-range order, can generate nonirides-
cent colors with omnidirectional lighting [4,6—13]. Prum er
al. were able to predict the optical reflectance spectra via
Fourier analysis of such structures in the bird feather barbs.
The prediction is based on the assumption of single scatter-
ing, i.e., light is scattered only once by the structure. The
Fourier spectrum of the structure reveals the existence of a
dominant length scale for structural correlation, which re-
sults in one peak in the predicted reflectance spectrum. The
measured reflectance spectra of many bird feathers, however,
exhibit two peaks [11]. A comparison of the small-angle
x-ray scattering (SAXS) data to the optical measurements
also showed significant differences for some bird feathers
[12]. The SAXS directly measures the spatial Fourier spectra
of structures because it involves only single-scattering pro-
cess. The primary peak in the optical reflectance spectrum
coincides with the SAXS peak, confirming it originates from
single scattering of light. There is a secondary peak in the
optical reflectance spectrum, which does not correspond to
any SAXS peak. This result implies the origin of the second-
ary peak may be multiple scattering. However, the general
belief is that multiple scattering simply broadens the single-
scattering peak instead of producing additional peaks in the
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spectrum. This is because the incident angle of light is ran-
domized during the repetitive scattering by the quasiordered
structure [14,15]. For a fixed observation direction, the single
scattering peak shifts in frequency as the incident angle var-
ies, thus the average of the single-scattering spectrum over
all possible incident angles produces a spectrally broad peak
for multiple scattering.

The secondary peak plays an important role in the struc-
tural coloration of feather barbs of many bird species. One
example is the vivid turquoise-blue plumage of the plum-
throated Cotinga (Cotinga Maynana). The turquoise color
corresponds to the primary peak in the reflectance spectrum,
and the blue color to the secondary peak. Although the sec-
ondary peak appears frequently in bird feathers, there has
been no detailed study of it. It is not known whether and how
the secondary peak changes with the viewing angle and the
orientation of feather barbs, what its polarization is and how
it is related to that of incident light.

In this paper, we identify the physical origin of the sec-
ondary peak via experimental and theoretical studies of op-
tical scattering spectra of quasiordered nanostructures of bird
feathers. We performed polarization- and angle-resolved re-
flection and scattering spectrometry on feather barbs. While
the primary peak in the reflection and scattering spectrum
maintains the polarization of the incident white light, the
secondary peak acquires a cross-polarization component.
The depolarization of the secondary peak indicates it origi-
nates from multiple scattering of light. Near the backscatter-
ing direction, the secondary peak has shorter wavelength
than the primary peak. As the angle # between the line of
sight and that of illumination increases, the secondary peak
shifts to longer wavelength while the primary peak to shorter
wavelength. We explained the secondary peak by double
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scattering, i.e., light is scattered successively twice by the
structure. The two sequential single-scattering events are re-
garded as independent. Using the structural information ob-
tained from the SAXS data, we calculated the double-
scattering spectra for different angle 6. The short-range
structural correlation produces a broad peak in the double-
scattering spectra, which splits into two subpeaks with in-
creasing 6. The subpeak at longer wavelength redshifts as 6
increases. Its angular dispersion agrees to that of the second-
ary peak observed experimentally, confirming the secondary
peak originates from double scattering of light.

The paper is organized as follows. We start with the struc-
tural characterization of bird feather barbs in Sec. II, fol-
lowed by a description of the optical measurement setups in
Sec. III. Sections IV and V present the experimental data of
polarization and directional prosperities of scattered and re-
flected light. Section VI details our calculation and analysis
of single scattering, followed by those of the double scatter-
ing in Sec. VII. Section VIII is the conclusion.

II. STRUCTURAL CHARACTERIZATION

Structural colors are produced by the spongy [B-keratin
and air nanostructures within the medullary cells of bird
feather barb rami [6,7,16,17]. Known barb nanostructures
belong to two distinct morphological classes [4,8]. Channel-
type nanostructures consist of B-keratin bars and air channels
in elongate, tortuous, and twisting forms. Sphere-type nano-
structures consist of highly spherical air cavities that are sur-
rounded by thin B-keratin bars and sometimes interconnected
by tiny passages. Our previous studies suggest these nano-
structures are self-assembled during phase separation of
[B-keratin protein from the cytoplasm of the cell [12,18]. The
channel morphology is developed via spinodal decomposi-
tion [19], while the spherical morphology via nucleation and
growth.

We studied feather barbs of six bird species, three with
channel-type structures, and three sphere type. Their optical
measurement results as well as SAXS data are similar. In the
following we present the data for Cotinga maynana (C. may-
nana) which has the sphere-type nanostructure.

To characterize the nanostructures in situ, we measured
SAXS of feather barbs. SAXS directly gives the power Fou-
rier transform of the structure via single scattering, without
complications from multiple scattering. The SAXS data were
collected at beam line 8-ID-I at the Advanced Photon Source
at Argonne National Laboratories. The x-ray wavelength is
1.68 A. As shown in the inset of Fig. 1(a), the SAXS pattern
of C. maynana feather barbs exhibits rings, indicating the
underlying nanostructures are isotropic. Exploiting the rota-
tion symmetry, we averaged the scattered x-ray intensity
over the azimuthal angle to obtain the intensity / as a func-
tion of spatial frequency ¢ [Fig. 1(a)]. I(¢) has a primary
peak at g,=0.03 nm™!, revealing the existence of a dominant
length scale for structural correlation. From ¢, we deduced
the correlation length s=27/gy=208 nm, which is about
half of the wavelength of blue light. I(g) has a much weaker
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FIG. 1. (Color online) (a) Inset: small-angle x-ray scattering
(SAXS) pattern from the C. maynana feather barbs. Main panel: red
solid curve is the azimuthal average of SAXS intensity /(g) normal-
ized to the maximal value 1(g,). The blue dashed curve is the fitted
I(g) for smaller ¢ to eliminate the artificial signal from x-ray dif-
fraction by the beam block. The black dotted curve is the optical
scattering intensity plotted against ¢ for 6=10° (see text). (b) Spa-
tial correlation function C(Ar) obtained from the Fourier transform
of 1(g), normalized to C(Ar=0). Inset is a log-linear plot which
shows the exponential decay of C(Ar) with Ar.

second peak at higher spatial frequency 0.049 nm™'. It cor-
responds to a correlation length of 128 nm, which is signifi-
cantly smaller than the optical wavelength.

The full width at half maximum (FWHM) Agq of the pri-
mary peak in I(q) reflects the range & of spatial order. For C.
maynana £=21/Ag=1.24 um. Since ¢ is only six times of
spatial period s, the order is short ranged. We also Fourier
transformed the SAXS pattern to obtain the spatial correla-
tion function C(Ar) of nanostructures. As shown in Fig. 1(b),
the amplitude of C(Ar) decays quickly with spatial separa-
tion Ar. The log-linear plot illustrates the envelop of C(Ar)
decays exponentially with Ar. This result confirms the nano-
structure has only short-range order.

III. OPTICAL SETUPS

We conducted polarization- and angle-resolved reflection
and scattering spectrometry on the feather barbs. A bird
feather is mounted at the rotation center of a goniometer.
Collimated white light from a UV-enhanced Xe lamp is in-
cident on the sample at an angle ¢ from the surface normal.
The spot size on the sample is about 1 mm. Reflected or
scattered light is collected by a lens and focused to an optical
fiber that is connected to a spectrometer (Ocean Optics
HR2000+). The spectral resolution is 1.5 nm. The angular
resolution, which is determined mainly by the collection
angle of the lens, is about 5°. In the polarization experiment,
one linear polarizer is placed in the path of incident white
light, and another linear polarizer is placed in front of the
fiber. The two polarizers are rotated to make the polarization
directions parallel or perpendicular.

Both the sample and the detection arm on which the lens
and fiber are mounted can be rotated. To measure light scat-
tered into different directions, we fix the sample and rotate
only the detection arm [Fig. 2(a)]. The incident angle ¢ of
white light is fixed at 0°, while the viewing angle changes.
We also rotate the sample while fixing the detection arm
[Fig. 2(b)]. The angle 6 between the incident beam and de-
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FIG. 2. (Color online) Schematics of optical setups for measurements of (a) angle-resolved scattering spectra, (b) nearly backward

scattering spectra, and (c) specular reflection spectra of white light.

tection arm is kept at 10°, while the angle of incidence ¢
changes with sample rotation. The specular reflection is mea-
sured in the ¢—2¢ geometry shown in Fig. 2(c). Namely,
when the sample is rotated angle ¢, the detection arm is
rotated 2 ¢.

The cylindrical-shaped feather barbs are mounted hori-
zontally so that their axes are perpendicular to the rotation
axis of the goniometer. The apex and base of feather barbs
are mounted on two separate holders while the probed parts
in between do not have any substrate underneath (Fig. 3).
Thus the effects of substrates are completely removed from
the reflection and scattering data. The measured spectra of
reflected or scattered light are normalized by the spectrum of
incident light and then smoothed by convolution with a
Gaussian function.

IV. POLARIZATION MEASUREMENT

The polarization experiment was done with the setup
similar to the one shown in Fig. 2(a). The white light passes
through a linear polarizer before it is incident onto the
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FIG. 3. (Color online) Schematic showing the orientation of
feather barbs with respect to the rotation axis of goniometer, the
location of incident light beam spot, and the way that the feather
barbs are mounted to free the probed area from a substrate.

feather barbs. The incident angle ¢=0°. The detector collects
the scattered light in the direction of angle 6 from the surface
normal. A linear polarizer is placed in front of the detector
and the polarization direction can be changed. The incident
beam and the detector form the scattering plane. If the polar-
ization direction of light is parallel (or perpendicular) to the
scattering plane, it is called p (or s) polarization.

We measured the spectra of scattered light whose polar-
ization direction is either parallel or perpendicular to that of
incident light. The former is called copolarization and the
latter cross polarization. Figure 4(a) shows the spectra of co-
and cross-polarized scattered light when the incident white
light is p polarized and the scattering angle 6=10°. The scat-
tering spectrum of co-polarization 7,.,(\) has two peaks. The
primary peak is at 534 nm and the secondary peak at 365 nm.
In the scattering spectrum of cross-polarization I,,(\), the
primary peak disappears. The secondary peak remains, but
its intensity is about 40% lower. Figure 4(b) is a plot of
depolarization ratio D,(N)=1I.(\)/1.,(N\). The two vertical
lines mark the frequencies of primary peak and secondary
peak. D, reaches the minimal value of 0.08 at the frequency
of primary peak. Hence, the primary peak is linearly polar-
ized and its polarization equal to that of the incident light.
D,=0.57 at the frequency of the secondary peak, indicating
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FIG. 4. (Color online) (a) Measured spectra of scattered light
with copolarization (black solid curve) and cross polarization (blue
dashed curve) when the incident white light is p polarized and the
scattering angle 6=10°. (b) depolarization ratio D, versus wave-
length N. The vertical dashed lines mark the wavelengths of the
primary peak (labeled 1) and the secondary peak (labeled 2).
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FIG. 5. Angular dispersions of the primary peak (labeled 1) and the secondary peak (labeled 2). (a) Measured spectra of light scattered
to nearly backward direction of incident beam. The experimental setup is shown in Fig. 2(b). The angle 6 between the incident beam and the
detection direction is fixed at 10°. The incident angle ¢ is varied and the values are marked next to the curves. (b) Measured spectra of light
reflected to the specular direction. The experimental setup is shown in Fig. 2(c). The values of incident angle ¢ are marked next to the
curves. (¢) Measured spectra of light being scattered to the directions other than the backward or the specular direction. The experimental
setup is shown in Fig. 2(a). The incident light is normal to the sample surface. The sample does not rotate. The values of angle 6 between
the scattering direction and the surface normal are marked next to the curves.

the secondary peak is depolarized. However, D), less than
unity means the cross-polarization component is weaker than
the copolarization one. Thus the memory of the polarization
of the incident light is not completely lost. The maximal
depolarization occurs at a frequency in between the primary
and secondary peaks, which will be discussed later. Similar
results are obtained when the incident light is s-polarized.
These results confirm the primary peak is produced by single
scattering, which does not change the polarization of light.
The secondary peak is probably from multiple scattering
which depolarizes light.

V. DIRECTIONAL PROPERTIES

In Ref. [13] we studied the angular dispersion of the pri-
mary peak. Here we investigated whether and how the sec-
ondary peak changes with the angles of observation and il-
lumination as well as the sample orientation. First, we fix the
direction of incident white light and the detector position
[Fig. 2(b)]. The scattering direction is about 10° away from
the incident beam (6=10°), thus close to the backscattering
direction. Figure 5(a) shows the measured spectra as the
sample is rotated. The incident white light is unpolarized and
there is no polarizer in front of the detector. Like the primary
peak in the spectra, the secondary peak does not depend on
the sample orientation. This result confirms the secondary
peak is generated by the isotropic nanostructures in the
feather barbs.

Then we conducted the specular reflection measurement
using the setup in Fig. 2(c). Figure 5(b) shows the reflection
spectra for different incident angle ¢ of (unpolarized) white
light. As ¢ increases, the primary peak shifts to shorter
wavelength, and the secondary peak to longer wavelength.
The two peaks cross at ¢ between 30° and 40°. This experi-
ment reveals the angular dispersion of the secondary peak is
very different from that of the primary peak.

In addition to the backscattering and specular reflection,
we also measured the spectra of light scattered into other
directions with the setup in Fig. 2(a). With increasing 6, the
primary peak blueshifts and the secondary peak redshifts
[Fig. 5(c)]. A careful comparison to the data in Fig. 5(b)
reveals that the scattering spectra for angle 6 between the
incident beam and the scattering direction resemble the re-
flection spectra of incident angle ¢=6/2. In the specular
reflection experiment [Fig. 2(c)], the angle between the inci-
dent beam and the reflected beam is #=2¢. Thus 6 repre-
sents the angle between the incident beam and the line of
sight in all three experimental setups in Fig. 2. The similarity
between the scattering spectra and reflection spectra of the
same 6 implies the physical origins for light scattering and
reflection from the quasiordered structures are identical. In
the following we include specular reflection in the theoretical
study of light scattering.

VI. SINGLE SCATTERING

In this section we simulate single scattering of light by the
quasiordered structures before moving to double scattering in
the next section. Let us consider light with an incident wave
vector k; being scattered to a wave vector k,. For elastic
scattering, the magnitude of wave vector does not change.
|k;|=|k,|=k=27mn,/\, where n, is the effective index of re-
fraction and M\ is the vacuum wavelength. Direction change
of the wave vector is described by the scattering angle 6,,, as
shown in Fig. 6(a). Such description is consistent with our
experimental geometry. Note that 6 in the experiments is the
angle between the directions of illumination and observation
outside the sample, and it is different from 6,, between k; and
k, inside the sample due to light refraction at sample surface.
The difference between k; and k,, is equal to a spatial vector
q of the structure, i.e., k,—k;=q. From Fig. 6(b), we get

q =2k cos(6,/2). (1)

Fourier power spectrum of a structure, 1(q), tells the spatial
vectors exist in the structure and their strengths. SAXS di-
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FIG. 6. (a) Schematic showing light with the incident wave
vector k; being scattered to k,. (b) Single-scattering diagram.
q=k,—Kk; is a spatial vector of the structure. (c) Calculated single-
scattering spectra for different scattering angles 6 when the incident
angle ¢ is fixed at 0°. The values of # are marked next to the
curves.

rectly measures I(q). Since the quasiordered structures are
isotropic, I(q) is invariant with the direction of q. It depends
only on the magnitude g=|q|. As shown in Fig. 1(a), I(g) is
peaked at g, implying ¢ is distributed around g,

From the measured optical scattering spectra, we calcu-
lated the ¢ values for the primary peak and secondary peak
using Eq. (1). Surface refraction of light is taken into account
by computing 6,, from 6 [20]. As shown in Fig. 7, the ¢
value for the primary peak remains constant for different 6. It
is equal to g, of the SAXS data if the effective index of
refraction n,=1.25. This value of n, corresponds to 57% vol-
ume fraction of air, which matches the estimate from elec-
tron micrographs of the quasiordered structures. Therefore,
the primary peak in the optical scattering spectrum originates
from single scattering, i.e., light is scattered only once inside
the nanostructure. The ¢ value for the secondary peak
changes with 6, indicating its origin is not single scattering.

We also compared the light scattering spectra to x-ray
scattering spectra of feather barbs. In Fig. 1(a), the measured
intensity of scattered light for #=10° is plotted against ¢ and
overlaid with I(g) from the SAXS data. While the primary
peak of light scattering matches that of I(g), the secondary
peak has smaller ¢ and higher amplitude than the second
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FIG. 7. (Color online) The values of g=4(n,/N)cos(6,,/2) for
the primary peak (squares, solid line) and secondary peak (crosses,
dashed line) as a function of scattering angle 6. The symbols rep-
resent the experimental data and the lines the calculation results.
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peak of I(g). Hence, the secondary peak of light scattering is
not related to the small second peak of I(g).

We calculated the single-scattering spectra using the Fou-
rier power spectra of structure I(q) from the SAXS data [Fig.
1(a)]. To eliminate the artificial signal from x-ray diffraction
by the beam block in the center [inset of Fig. 1(a)], we fit the
curve of I(g) for smaller g [blue dashed line in Fig. 1(a)], and
used the fitted result for light scattering calculation. The po-
larization of light is neglected in the calculation. For the
single-scattering process, the probability of incident light
with K; being scattered to Kk, is proportional to I(q=k,-Kk;).
Thus the flux I; of scattered photons in a unit solid angle
around 6,, is

1y(k,6,,) = 1(q)2 0082(%) = I{Zk cos(%)]z cosz<%).
(2)

The factor 2 cos?(6,,/2) comes from the relation between k
and ¢ in Eq. (1). We integrate I,(k, 6,,) over the experimental
collection angle A§~5°. Figure 6(c) plots the calculated
spectra of scattered light in different directions when the in-
cident beam is normal to the sample surface. In addition to
the conversion of 6,, to 6, the reduction of scattered light
intensity while exiting through the sample surface is taken
into account. The calculated single-scattering spectrum has
only one peak, which shifts to shorter wavelength at larger 6.
The g value corresponding to the peak wavelength is plotted
versus 6 in Fig. 7 (blue solid curve) for comparison with the
experimental data. The calculation result of single-scattering
peak matches well with that of the primary peak in the mea-
sured scattering spectra.

VII. DOUBLE SCATTERING

Unlike the primary peak, the angular dispersion of the
secondary peak in light scattering spectra does not follow
that of the single-scattering peak. The polarization measure-
ment suggests the secondary peak is from multiple scatter-
ing. The lowest order multiple scattering is double scattering,
namely, the incident light is scattered successively twice be-
fore exiting the sample [21-26]. As shown schematically in
Figs. 8(a) and 8(b), light is scattered from k; to k,,, and then
from k,, to k,. The two successive scattering events are con-
sidered to be uncorrelated, and each is treated as single scat-
tering. k,,—k;=q;, and k,—-k,,=q,, where q; and q, are spa-
tial vectors of the structure. Since scattering is elastic,
[k =[k,|=k,|=k.

Even when the directions of k; and k, are fixed, k,, can be
in multiple directions. Figures 8(a) and 8(b) shows two scat-
tering diagrams for the same k; and k, but different k,,. a;
and a, denote the angles for two successive single-scattering
events. Since I(g) of the quasiordered structure has a narrow
distribution around ¢, the magnitudes of q; and q,, i.e., ¢,
and ¢,, shall be close to gq. As a; and «, increase, kK must
increase in order to keep ¢; and ¢, approximately equal to
qo- To illustrate the difference between single scattering and
double scattering, let us assume g;=¢,=q,. For single scat-
tering once the angle 6, between k; and k, is fixed, the
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wavelength \ or k is set by Eq. (1) with g=g,. For double
scattering, k does not have a unique value for a fixed 6,
Instead there is a range of k corresponding to different direc-
tions of k,,,.

We calculated the double-scattering spectra directly from
I(q) without assuming ¢, and q, have the same magnitude
qo- Again the polarization of light is ignored in the calcula-
tion. The probability of incident light with k; being scattered
to k,, is proportional to I(q;)=1(k,,—k;), and the probability
of successive scattering from k,, to k, is proportional to
I(q,)=1(k,—k,,). The summation of I(q;)I(q,) over all pos-
sible directions of k,, gives the probability of incident light
being scattered to direction 6,,. In the calculation we sampled
1000 directions of k,, which are uniformly distributed over
447 solid angle [27]. For comparison with the experimental
data, we also took into account surface refraction of light and
averaged the double-scattering spectra over 5° collection
angle.

Figure 8(c) shows the calculated double-scattering spectra
when the incident beam is normal to the sample surface ¢
=0°. As @ increases, the double-scattering peak is broadened
and split into two subpeaks. The subpeak at longer wave-
length is stronger, and it shifts to longer wavelength with
increasing 6. The broadening of the double-scattering peak
can be understood qualitatively by approximating I(g) as a
delta function &(g—gqy). When 6,,=0, the single-scattering
angles a; and a;, can only be 90°. Thus only one wavelength
is allowed for double scattering and it is equal to \2mn,/q.
As 6, increases, a; and @, can take multiple values. The
wavelength of double-scattered light is no longer unique for
a fixed 6,,. At larger 6,,, the range of possible values for ¢;
and «, is wider, thus the double-scattering spectrum becomes
broader.

The maximal intensity at long wavelength side of the
double-scattering spectrum can be explained by the angular
dependence of single-scattering intensity. For a fixed 6,, be-
tween k; and k,, the doubly scattered light at longer wave-
length or smaller k results from single scatterings of smaller
angles «; and @,. According to Eq. (1),

dk k
= —tan(&), (3)
dal’z 2 2

when ¢;=¢,=¢q. Thus k does not change much with «; or a,
as long as a; and «, are small. Since the double-scattering
intensity is proportional to the product of two single-
scattering intensity integrated over «; and a,, the smaller
spectral shift of single-scattering peak with «; and «, at
lower values of a; and «, give higher double-scattering in-
tensity at longer A.

Experimentally the efficiency of our detector decreases
rapidly once the wavelength N\ of light is shorter than 340
nm. Thus we could not resolve the subpeak at A <340 nm in
the double-scattering spectra. The secondary peak in the
measured scattering spectra is mostly from the subpeak at
longer wavelength of the calculated double-scattering spec-
tra. In Fig. 7 we plot the value of 47(n,/N)cos(6,,/2) for this
subpeak as a function 6 (black dashed curve). The calculated
angular dispersion agrees reasonably well with the experi-

PHYSICAL REVIEW E 81, 051923 (2010)

| (©

.~ 60
200 300 400 500
Wavelength (nm)

FIG. 8. (a) and (b) are schematics of double scattering. Light is
scattered successively from k; to k,,, and then to k,. q;=k,,—k; and
q,=k,—k,, are spatial vectors of the structure. The single-scattering
angles a; and a, are smaller than 90° in (a) and larger than 90° in
(b). (c) Calculated double-scattering spectra for different scattering
angles 6 when the incident angle ¢ is fixed at 0°. The values of 6
are marked next to the curves.

mental result (crosses), confirming the secondary peak origi-
nates from double scattering of light.

VIII. DISCUSSION AND CONCLUSION

The secondary peak cannot be generated by the second-
order scattering, which is described by scattering of the in-
cident light from k; to k, by taking q; and q, simultaneously
at the same position, k,=k;+q;+q,. This process does not
have such a constraint |k;+q,|=k, which applies to the
double scattering due to k conservation in each of two inde-
pendent single-scattering events. Consequently the second-
order scattering peak is much broader in frequency. For ex-
ample, in the backward direction k,=-k; with the
approximation I(g) = &(q—qy), the value of k for the second-
order scattering ranges from 0 and ¢,. Hence, the second-
order scattering spectrum spreads from A=280 nm to infin-
ity, completely different from the measured secondary peak
in Fig. 4(a).

In conclusion, we investigated both experimentally and
theoretically the secondary peak in optical scattering or re-
flection spectra of quasiordered nanostructures of bird
feather barbs. The polarization measurement of scattered
light illustrates that the secondary peak is depolarized while
the primary peak maintains the polarization of incident light.
The angle-resolved scattering or reflection spectrometry on
feather barbs reveals the angular dispersion of the secondary
peak is very different from that of the primary peak. Near the
backscattering direction, the secondary peak has shorter
wavelength than the primary peak. As the angle 6 between
the scattering direction and the incident beam increases, the
secondary peak shifts to longer wavelength while the pri-
mary peak to shorter wavelength. At certain 6 the two peaks
Cross.

We attributed the secondary peak to double scattering,
i.e., light is scattered twice by the structure. The two succes-
sive scattering events are considered uncorrelated. From the
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Fourier power spectra of quasiordered nanostructures mea-
sured with SAXS, we calculated both single-scattering and
double-scattering spectra in various directions. The single-
scattering spectrum exhibits one peak which corresponds to
the dominant length of structural correlation. The double-
scattering spectrum is broader, and splits into two subpeaks
with increasing 6. The subpeak at longer wavelength red-
shifts as @ increases. Its angular dispersion reproduces that of
the secondary peak observed experimentally. The agreement
confirms the secondary peak originates from double scatter-
ing.

In addition to double scattering, our experimental data
also provide a hint of triple scattering. In Fig. 4(b), the mea-
sured depolarization ratio of scattered light reaches the maxi-
mal value not at the frequency of the secondary peak, but in
between the frequencies of the primary and secondary peaks.
This may be due to triple scattering of light, which causes
stronger depolarization than the double scattering. A qualita-
tive analysis of triple scattering diagram shows that its spec-
trum is broader than that of double scattering. The frequency
at which the triple scattering intensity is the highest is be-
tween that of single scattering and double scattering.

Finally we compare our results to the previous ones.
There have been a series of studies on butterfly scales with
single crystalline, polycrystalline, and amorphous photonic
structures by measuring the spectrally and angularly resolved
reflected and scattered light [28—30]. The optical reflectance
spectra of the quasiordered structures can be explained by
single scattering of light using the structural Fourier spectra
[30]. In this study, we demonstrate that double scattering in a
short-range ordered nanostructures produces additional peaks
in the light scattering spectrum that contribute significantly
to structural colors. This phenomenon has no analog in either
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periodic structures or random structures. In a perfectly or-
dered structure, multiple diffraction, or high-order diffraction
does not create additional peaks, because a set of primary
Bragg peaks would diffract into the same set of primary
peaks. Vukusic et al. discovered colors being generated by
double reflection from the concaved multilayers of butterfly
wings [31]. The normally incident light, reflected from on
one 45° inclined surface is directed across the concavity to
the opposite orthogonal surface from where it returns parallel
to the incident direction. This process strongly depends on
the macroscopic geometry, and the direction of incident light.
In contrast, the double-scattering phenomenon we report
here originates from the intrinsic nanostructure with short-
range order. It is insensitive to the surface profile, and exists
for any direction of incident light. Therefore, the creation of
additional spectral feature by double scattering is a unique
property of short-range ordered structures, which has been
widely utilized by nature for structural coloration.
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