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We report angle resolved reflectivity measurements showing the polarization dependence of the
pseudogap in artificial opals. This kind of photonic crystals consist of silica spheres ordered in a
face-centered-cubic lattice. The analyzed gap originates frorfiiigfamily of planes. It is shown

that the width of the Bragg peak observed in the reflectance spectra follows the bands determining
the pseudogap, which are selectively excited according to the polarizationp) of the light
impinging on the opal. Moreover, it is found that the coupling of light with the photonic bands
occurs according to their predicted symmetry, which was assigned by arguments based on group
theory. © 2003 American Institute of Physic§DOI: 10.1063/1.1582379

Photonic crystald;? composite materials for which the vicinity of the L point of the Brillouin zone. This can be
dielectric constant undergoes a spatial periodic variation witlthought of as the pseudogap associated with diffraction by
a period comparable to the wavelength of light, are currentlyf111) set of crystalline planes. Angle and polarization re-
attracting much attention for their possible applications insolved transmission measurements were carried out by Tar-
optoelectronics;* and the physics associated with the inter-han and Watson for dilute colloidal crystafsput their re-
action between these structures and electromagnetiults gave rise to controversial interpretatiofs.
radiation?® In these structures, propagation of light is for- The four lowest bands in the vicinity of tHe point for
bidden along certain directions because of diffraction effect@n opal structure are identical irrespective of the direction
in a range of frequencies, known as a stop band. For a su&long the surface of the Brillouin zone for an internal angular
ficiently large contrast in the dielectric function, stop bandsrange of 0—34° and slightly departing from a common be-
could overlap for all directions leaving a range of forbiddenhavior only for higher angles. That is within a circle in-
frequencies inside the crystal: A full photonic band gapscribed in the hexagonal face of the Brillouin zone the pho-
(PBG). tonic bands are isotropic. So, for the sake of simplicity, we

While some of the systems predicted to feature a fullcan take thd'LU triangle as representative and assume in-
PBG have already been realizZ&d the intricate ways in cident light with its wavevectok contained in that plane, the
which electromagnetic radiation interacts with these structip of k lying on the LU segment(see Fig. 1 This will
tures is yet to be fully understood. Thus, effective photonicpermit us to classify the bands by their behavior under mirror
band gaps produced by uncoupled mddée., bands with  reflection with respect to that plane, which coincides with the
eigenmodes that cannot be excited by the incident light bediffraction plane. Both symmetrisecond and thindand an-
cause of symmetry reasgrisave been reported of some two- tisymmetric(first and fourth bands are to be found bound to
dimensional photonic crystat8! Moreover, some authors the first Bragg peak’
have predicted a similar phenomenon also taking place in Let us now consider the symmetry properties of the in-
three-dimensional materiaté:*6 cident field for any wavevectok contained in thel'LU

Recently, the classification of eigenmodes according tglane. The electric fiel&E can always be written as a linear
their symmetry properties has been reported for the case @ombination of two base vectors contained in a plane perpen-
artificial opalst’ which consist of silica spheres ordered in adicular tok. In particular, it is convenient to choose such
close-packed face-centered-culiiicc) lattice. This work vectors as parallelg) and perpendicularef) to the diffrac-
shows that the symmetry of the photonic bands providegion plane (see Fig. 1 Hence, E=aEs+BE, with Eg
valuable information to predict the result of polarized light =E¢&s; E,=E¢€,; & €=6:-€=6: &=0, and a’+ p?
interacting with opals in optical experiments. =1, whereg is a unit vector in the direction of propagation

The purpose of this letter is to present experimental evik. When light is linearly polarized perpendicular to the dif-
dence on how light with different polarization can only fraction plane ¢=1 andB=0), the electric fielcE is equal
couple to certain bands in the lowest-energy range of théo Es. On the other handE=E, for the case of parallel
band structure of artificial opals. In order to achieve our goalpolarization =0 andB=1). Then, in thep-polarized con-
we analyze the four bands determining the pseudogap in théguration, thek field is contained in the diffraction plane,

and the mirror reflection with respect to that plane leaves the
dpermanent address: Dep. Fis! fiea de la Materia Condensada UAM. f!eld yector unchanged. Howeyer’ ferpolarization, thek
bElectronic mail: cefe@icmm.csic.es field is perpendicular to the mirror symmetry plane so that
®Electronic mail: jose.sanchezdehesa@uam.es the symmetry operation changgsnto —E. Details on how
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FIG. 2. (a) Reflectivity spectra as a function of external angle of incidence
for s-polarized light forf,,,=6°, 14°, 23°, 29°, and 349b) Reflectivity
spectra as a function of external angle of incidencepfpolarized light for
Oe=8°, 14°, 21°, 25°, 30°, and 35fc) Normalized reflectivity spectra are
shown in solid(dashed line for s- (p-) polarized light, for an external angle
of incidence of 39°.

FIG. 1. Geometry of the experiment. The diffraction plane is represented in
light gray. The sample surface plane is represented in dark gray. The insjulk and surface of the crystal is known to affect the inten-
;snhdc?(\;v;ége first Brillouin zone for a fcc structure. High symmetry points aresity and shape of the peak rounding the edges but not affect-
' ing the full width at half maximum(FWHM).?223 In the
presence of a mosaic spread, besides an additional decrease
this can be done may be found in Ref. 17. Thus, the symin reflected intensity due to nonspecular reflections, inhomo-
metric (A") eigenstates along tHel direction can only be geneous broadening could take place. Another source of peak
excited by symmetrip-polarized incident fields, whereas the broadening could be the finite size of crystallites in the
s-polarized fields can only couple with the antisymmetric sample?* These issues will be discussed next, as a compari-
(A") states. So, a polarization sensitivity of the Bragg pealson with calculated bands is carried out. When comparing
width for oblique incidence is expected, according to bandhe spectra from Figs.(2) and 2b), a difference in the be-
structure calculations. havior of the absolute reflectivity as a function of the angle
When studying the optical properties of photonic crys-of incidence is observed. While the spectra $gpolarized
tals, reflectivity and transmission are customary techniquedight show a nearly constant reflectivity with changes below
In transmission information is gathered on all possible dif-1.5% over the entire angular range, the spectra associated to
fraction processes since these are revealed as reductionspspolarized light present a stronger decrease of nearly 6% in
transmitted intensity. By the nature of the experiment, thehe same range. This difference will be addressed next. Two
full thickness of the sample is probed, which ineluctably in-spectra fors- and p-polarized light, for an external angle of
volves diffuse scattering, loss of signal, and other unwantethcidenced,,; of 39°, are presented in Fig(Q. Both spectra
effects’® On the other hand, reflectance experiments offehave been normalized in intensity for comparison. Here, we
information on selected diffraction planes determined by thecan already appreciate the difference in width between both
geometry of the scattering; which makes it suitable for oumpeaks, indicating a strong polarization sensitivity.
purposes. In order to compare our experimental results with nu-
The samples employed in the experiments are artificiamerical calculation$’ several issues have been taken into
opals consisting of silica spheres 297 nm in diameter accordaccount. Because of the geometry of the sample in our ex-
ing to scanning electron microscop$EM) characterization. periment, we are mapping the bands kom the vicinity of
The samples were grown by natural sedimentation, and corthe hexagonal face of the Brillouin zofisee Fig. 18)]. As
sist of an ordered fcc array, with the surface parallel to thehe angle of incidence increases, the wavevedtoap-
(112) crystallographic plane. A detailed description of the proaches the boundaries of the hexagon centerédrathe
synthesis can be found elsewhé?e typical sample pre- direction of one of the high symmetry points located at the
sents a surface of 9 nfnand a thickness of 0.5 mm. Reflec- corners(W) and centersU, K) of the sides of the hexagon.
tivity measurements were carried out using a collimatedThis will be determined by the orientation of the sample
beam from a tungsten lamp 1 mnn cross section. The surface relative to the diffraction plane. For each possible
reflected beam was diffracted by a grating and collected by arientation, different results are expected.
photomultiplier tube. Angle resolved measurements were Determining the orientation of the samples is not trivial
performed with linearly polarized light with its electric field since they are composed by a mosaic of monodomains typi-
perpendicular(s polarization or parallel(p polarization to  cally 20-50um in size?’ While all domains show a prefer-
the diffraction plane, as shown in Figik). Reflectivity spec- ential out-of-plane orientation with the surface having a
tra for s and p-polarized light as a function of angle are (111) orientation, they present a random in-plane orientation.
presented in Fig. 2. In both cases, the shape of the spectiide size of the probe beam being larger than a typical do-
deviate from the flat top peaks with 100% reflectivity pre- main will cause averaging over many domains. To avoid this
dicted by theory for perfect infinite crystais.Extinction  uncertainty, reflectivity spectra were collected from normal
caused by diffuse scattering taking place at defects in thecidence to an internal angle of 32° so that the four iowest
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0.75{ p-polarization

periment using unpolarized light, the outer bands would be
probed while the inner ones would remain hidden since the

0.704 broader peaks contain the narrower.

0.654 In this letter, we have measured angle and polarization
% ¥ Pt ' b resolved reflectivity from artificial opals, a system that, while

0.75{ s-polarization not having a PBG, proves to be an interesting playground for

0.70- i studying the complex interaction of light with photonic crys-

0651° 7 o= tals. We have experimentally demonstrated how electromag-
netic radiation with different polarization will only couple to

certain energy bands depending on their symmetry character,
in accordance with predictions based on group theory. From
FIG. 3. Calculated photonic bandknes) and measured band edges from these results, it is evident that the symmetry character of the

reflectance spectr@ircles. Continuous(dashedl lines represent bands an- photonic bands must be taken into account in order to prop-
tisymmetric (symmetri¢ with respect to mirror symmetry. Experimental . .
data correspond to light plane polarized parajgland perpendiculafs) to erly interpret optical measurements.

the diffraction plane.
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