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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 from the~111! family 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 polarization~s or p! 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 Physics.@DOI: 10.1063/1.1582379#
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Photonic crystals,1,2 composite materials for which th
dielectric constant undergoes a spatial periodic variation w
a period comparable to the wavelength of light, are curren
attracting much attention for their possible applications
optoelectronics,3,4 and the physics associated with the inte
action between these structures and electromagn
radiation.2,5 In these structures, propagation of light is fo
bidden along certain directions because of diffraction effe
in a range of frequencies, known as a stop band. For a
ficiently large contrast in the dielectric function, stop ban
could overlap for all directions leaving a range of forbidd
frequencies inside the crystal: A full photonic band g
~PBG!.

While some of the systems predicted to feature a
PBG have already been realized,6–8 the intricate ways in
which electromagnetic radiation interacts with these str
tures is yet to be fully understood. Thus, effective photo
band gaps produced by uncoupled modes9 ~i.e., bands with
eigenmodes that cannot be excited by the incident light
cause of symmetry reasons! have been reported of some tw
dimensional photonic crystals.10,11 Moreover, some author
have predicted a similar phenomenon also taking place
three-dimensional materials.12–16

Recently, the classification of eigenmodes according
their symmetry properties has been reported for the cas
artificial opals,17 which consist of silica spheres ordered in
close-packed face-centered-cubic~fcc! lattice. This work
shows that the symmetry of the photonic bands provi
valuable information to predict the result of polarized lig
interacting with opals in optical experiments.

The purpose of this letter is to present experimental e
dence on how light with different polarization can on
couple to certain bands in the lowest-energy range of
band structure of artificial opals. In order to achieve our go
we analyze the four bands determining the pseudogap in
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vicinity of the L point of the Brillouin zone. This can be
thought of as the pseudogap associated with diffraction
~111! set of crystalline planes. Angle and polarization r
solved transmission measurements were carried out by
han and Watson for dilute colloidal crystals,18 but their re-
sults gave rise to controversial interpretations.19

The four lowest bands in the vicinity of theL point for
an opal structure are identical irrespective of the direct
along the surface of the Brillouin zone for an internal angu
range of 0–34° and slightly departing from a common b
havior only for higher angles. That is within a circle in
scribed in the hexagonal face of the Brillouin zone the ph
tonic bands are isotropic. So, for the sake of simplicity,
can take theGLU triangle as representative and assume
cident light with its wavevectork contained in that plane, the
tip of k lying on the LU segment~see Fig. 1!. This will
permit us to classify the bands by their behavior under mir
reflection with respect to that plane, which coincides with t
diffraction plane. Both symmetric~second and third! and an-
tisymmetric~first and fourth! bands are to be found bound t
the first Bragg peak.17

Let us now consider the symmetry properties of the
cident field for any wavevectork contained in theGLU
plane. The electric fieldE can always be written as a linea
combination of two base vectors contained in a plane perp
dicular to k. In particular, it is convenient to choose suc
vectors as parallel (ep) and perpendicular (es) to the diffrac-
tion plane ~see Fig. 1!. Hence, E5aEs1bEp with Es

5E0es ; Ep5E0ep ; es•ep5ek•ep5ek•es50, and a21b2

51, whereek is a unit vector in the direction of propagatio
k. When light is linearly polarized perpendicular to the d
fraction plane (a51 andb50), the electric fieldE is equal
to Es . On the other hand,E5Ep for the case of paralle
polarization (a50 andb51). Then, in thep-polarized con-
figuration, theE field is contained in the diffraction plane
and the mirror reflection with respect to that plane leaves
field vector unchanged. However, fors polarization, theE
field is perpendicular to the mirror symmetry plane so th
the symmetry operation changesE into ÀE. Details on how
8 © 2003 American Institute of Physics
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this can be done may be found in Ref. 17. Thus, the sy
metric (A8) eigenstates along theLU direction can only be
excited by symmetricp-polarized incident fields, whereas th
s-polarized fields can only couple with the antisymmet
(A9) states. So, a polarization sensitivity of the Bragg pe
width for oblique incidence is expected, according to ba
structure calculations.

When studying the optical properties of photonic cry
tals, reflectivity and transmission are customary techniqu
In transmission information is gathered on all possible d
fraction processes since these are revealed as reductio
transmitted intensity. By the nature of the experiment,
full thickness of the sample is probed, which ineluctably
volves diffuse scattering, loss of signal, and other unwan
effects.18 On the other hand, reflectance experiments o
information on selected diffraction planes determined by
geometry of the scattering; which makes it suitable for o
purposes.

The samples employed in the experiments are artifi
opals consisting of silica spheres 297 nm in diameter acc
ing to scanning electron microscopy~SEM! characterization.
The samples were grown by natural sedimentation, and c
sist of an ordered fcc array, with the surface parallel to
~111! crystallographic plane. A detailed description of t
synthesis can be found elsewhere.20 A typical sample pre-
sents a surface of 9 mm2 and a thickness of 0.5 mm. Refle
tivity measurements were carried out using a collima
beam from a tungsten lamp 1 mm2 in cross section. The
reflected beam was diffracted by a grating and collected b
photomultiplier tube. Angle resolved measurements w
performed with linearly polarized light with its electric fiel
perpendicular~s polarization! or parallel ~p polarization! to
the diffraction plane, as shown in Fig. 1~b!. Reflectivity spec-
tra for s- and p-polarized light as a function of angle ar
presented in Fig. 2. In both cases, the shape of the spe
deviate from the flat top peaks with 100% reflectivity pr
dicted by theory for perfect infinite crystals.21 Extinction
caused by diffuse scattering taking place at defects in

FIG. 1. Geometry of the experiment. The diffraction plane is represente
light gray. The sample surface plane is represented in dark gray. The
shows the first Brillouin zone for a fcc structure. High symmetry points
indicated.
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bulk and surface of the crystal is known to affect the inte
sity and shape of the peak rounding the edges but not aff
ing the full width at half maximum~FWHM!.22,23 In the
presence of a mosaic spread, besides an additional dec
in reflected intensity due to nonspecular reflections, inhom
geneous broadening could take place. Another source of p
broadening could be the finite size of crystallites in t
sample.24 These issues will be discussed next, as a comp
son with calculated bands is carried out. When compar
the spectra from Figs. 2~a! and 2~b!, a difference in the be-
havior of the absolute reflectivity as a function of the ang
of incidence is observed. While the spectra fors-polarized
light show a nearly constant reflectivity with changes bel
1.5% over the entire angular range, the spectra associate
p-polarized light present a stronger decrease of nearly 6%
the same range. This difference will be addressed next. T
spectra fors- andp-polarized light, for an external angle o
incidenceuext of 39°, are presented in Fig. 2~c!. Both spectra
have been normalized in intensity for comparison. Here,
can already appreciate the difference in width between b
peaks, indicating a strong polarization sensitivity.

In order to compare our experimental results with n
merical calculations,17 several issues have been taken in
account. Because of the geometry of the sample in our
periment, we are mapping the bands fork in the vicinity of
the hexagonal face of the Brillouin zone@see Fig. 1~a!#. As
the angle of incidence increases, the wavevectork ap-
proaches the boundaries of the hexagon centered atL in the
direction of one of the high symmetry points located at t
corners~W! and centers~U, K! of the sides of the hexagon
This will be determined by the orientation of the samp
surface relative to the diffraction plane. For each possi
orientation, different results are expected.

Determining the orientation of the samples is not triv
since they are composed by a mosaic of monodomains t
cally 20–50mm in size.20 While all domains show a prefer
ential out-of-plane orientation with the surface having
~111! orientation, they present a random in-plane orientati
The size of the probe beam being larger than a typical
main will cause averaging over many domains. To avoid t
uncertainty, reflectivity spectra were collected from norm
incidence to an internal angle of 32° so that the four low

in
set
e

FIG. 2. ~a! Reflectivity spectra as a function of external angle of inciden
for s-polarized light foruext56°, 14°, 23°, 29°, and 34°.~b! Reflectivity
spectra as a function of external angle of incidence forp-polarized light for
uext58°, 14°, 21°, 25°, 30°, and 35°.~c! Normalized reflectivity spectra are
shown in solid~dashed! line for s- ~p-! polarized light, for an external angle
of incidence of 39°.
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lying energy bands are identical irrespective of the direct
of tilting. The correspondence between internal and exte
angles can be obtained from Snell’s law using an effec
refractive indexneff which is calculated by fitting the exper
mental angle dependence to Bragg’s law:lmax

52d111Aneff
2 2sin2 uext, whered111 is the interplanar distanc

for the ~111! family of planes,lmax is the peak center an
uext is the angle formed by the normal to the crystal surfa
and the incident beam. This expression has proven valid
artificial opals25 at angles below the avoided crossing regi
near theU, K, andW points in the first Brillouin zone. The
values obtained from this fit were:neff51.336 andd111

5244 nm. If we estimate the diameter of the spheres fr
this value ofd111, we obtain 299 nm in agreement with th
value obtained from SEM.

We have assumed the widely used criterion of assoc
ing the FWHM of reflectance peaks with the edges of a s
band to compare experimental reflectivity peaks with cal
lated bands. In the absence of finite size effects or mo
spread, this approach would be correct as explained he
Following this criterion, Fig. 3 shows the experimental r
sults for p- and s-polarized light, respectively~symbols!,
plotted on top of the calculated bands~lines!. A fair agree-
ment is observed in both cases. The fact that the FWHM
the peak for small angles of incidence matches with the p
dicted width implies that finite size effects are negligible a
inhomogeneous broadening due to a mosaic spread
present, will be small. As a matter of fact, the broaden
observed for large angles of incidence could be due t
mosaic spread, since its effect on the peak width would
come more pronounced as theuext increases.26 According to
the previous analysis, the outer bands~1 and 4! couple to
s-polarized light, while the inner bands~2 and 3!, defining a
narrower stop gap, couple top-polarized light. This explains
the difference in intensity fors- andp-polarized light reflec-
tivity as a function of angle shown in Fig. 2. In the case
p-polarized light, the stop band defined by the symme
bands to which this polarization couples dramatically n
rows as we move away from normal incidence, therefore,
penetration length of the incident light into the crys
increases27 and the effect of extinction by bulk defects wi
increase, while fors-polarized light the width of the stop
band suffers a much smaller narrowing and therefore
change in intensity is smaller. Let us remark that in an

FIG. 3. Calculated photonic bands~lines! and measured band edges fro
reflectance spectra~circles!. Continuous~dashed! lines represent bands an
tisymmetric ~symmetric! with respect to mirror symmetry. Experimenta
data correspond to light plane polarized parallel~p! and perpendicular~s! to
the diffraction plane.
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periment using unpolarized light, the outer bands would
probed while the inner ones would remain hidden since
broader peaks contain the narrower.

In this letter, we have measured angle and polarizat
resolved reflectivity from artificial opals, a system that, wh
not having a PBG, proves to be an interesting playground
studying the complex interaction of light with photonic cry
tals. We have experimentally demonstrated how electrom
netic radiation with different polarization will only couple t
certain energy bands depending on their symmetry chara
in accordance with predictions based on group theory. Fr
these results, it is evident that the symmetry character of
photonic bands must be taken into account in order to pr
erly interpret optical measurements.
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ish CICyT project MAT2000-1670-C04 and the Europe
Commission Project IST-1999-19009 PHOBOS.
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17F. López-Tejeira, T. Ochiai, K. Sakoda, and J. Sa´nchez-Dehesa, Phys. Rev

B 65, 195110~2002!.
18I. I. Tarhan and G. H. Watson, Phys. Rev. Lett.76, 315 ~1996!.
19V. Yannopapas, N. Stefanou, and A. Modinos, J. Phys.: Condens. Matt9,

10261~1997!.
20R. Mayoral, J. Requena, J. S. Moya, C. Lo´pez, A. Cintas, H. Miguez, F.

Meseguer, L. Va´zquez, M. Holgado, and A. Blanco, Adv. Mater.~Wein-
heim, Ger.! 9, 257 ~1997!.

21R. W. James,The Optical Principles of the Diffraction of X rays~Bell,
London, 1954!.

22M. S. Thijssen, R. Sprik, J. E. G. J. Wijnhoven, M. Megens, T. Narayan
A. Legendijk, and W. L. Vos, Phys. Rev. Lett.83, 2730~1999!.

23H. M. van Driel and W. L. Vos, Phys. Rev. B62, 9872~2000!.
24J. F. Bertone, P. Jiang, K. S. Hwang, D. M. Mittleman, and V. L. Colv

Phys. Rev. Lett.83, 300 ~1999!.
25H. Mı́guez, C. Lo´pez, F. Meseguer, A. Blanco, L. Va´zquez, R. Mayoral,

M. Ocaña, V. Fornés, and A. Mifsud, Appl. Phys. Lett.71, 1148~1997!.
26J. F. Galisteo-Lo´pez and W. L. Vos, Phys. Rev. E66, 36616~2002!.
27Y. Fink, J. N. Winn, S. Fann, C. Chen, J. Michel, J. D. Joannopoulos,

E. L. Thomas, Science~Washington, DC, U.S.! 282, 1679~1998!.
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded 

 19 Dec 2013 19:03:05


