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2 
Transmission and diffraction 
by photonic colloidal crystals 

2.1 Introduction 

The ambition of extensive research efforts on photonic crystals is to increase the 
coupling between light and a photonic crystal. A strong coupling will lead to new 
effects such as localization of light or inhibition of spontaneous emission.1-2 The 
coupling strength between light and a crystal can be expressed by a parameter *P 
defined as the ratio of the optical volume per particle - the polarizability - to the 
physical volume per particle.3 Several optical studies have already been reported 
on weakly photonic colloidal crystals CF < 0.05), see ref. 4—6. In particular, Tarhan 
and Watson7 have resolved the stop bands and the dispersion curves in a colloidal 
single crystal. The coupling strength *F between light and photonic crystals can be 
increased by using colloids with a higher refractive index and by raising the volume 
fraction (p of the particles. The effect of increased volume fraction has been inves
tigated in optical diffraction experiments on colloidal crystals with refractive index 
ratios m of the particles and the medium of up to 1.45, and *P < O.6.3 It was found 
that the photonic band structures result in apparent Bragg spacings that strongly de
pend on the wavelength of light.3 If a photonic material is sufficiently well-ordered, 
the Bragg reflections acquire a finite width. This width is inherently photonic, i.e. 
it is not due to finite crystal size or scattering from defects. The stop band width is 
directly related to the photonic strength *P, therefore the width is pertinent to the as
sessment of a photonic crystal's coupling strength. Here we present measurements 
of stop bands in the transmission of colloidal crystals. 
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2.2 Experiment 

We have investigated the effects of volume fraction on the transmission of col
loidal crystals, whose structure and orientation was determined by small angle x-
ray scattering. We have grown colloidal crystals from polystyrene and silica parti
cles with radii r between 100 and 220 nm, suspended in water, methanol, ethanol, or 
dimethylformamide. Polystyrene colloids were bought from Duke Scientific, silica 
colloids were made by Stöber synthesis.8 The samples were sealed in glass capil
laries (Vitro Dynamics). Crystals with volume fractions cp > 50% were made by 
sedimentation under gravity. Crystals with lower volume fractions were made by 
deionizing the dispersions with resin (BioRad AG501-X8) and adding resin to the 
capillaries. Optical transmission spectra were measured using a BioRad FTS60A 
fourier transform spectrometer and a high pressure xenon lamp. The spectra were 
referenced to the supernatant liquid or to empty capillaries. Knowledge of the crys
tal structure and orientations is essential to interpret the optical experiments. We 
determined the structure and orientation of the crystals using small angle x-ray dif
fraction. This technique probes a much wider range in reciprocal space than op
tical diffraction, which considerably facilitates structure identification. Moreover, 
the interpretation of x-ray diffraction is not compounded by multiple scattering ef
fects. The use of a synchrotron beam9 proves to be a key asset, because the beam 
can be focused to a small spot, while retaining enough flux to keep collection times 
reasonable. 

15000 20000 

Wavenumber (cm" ) 

Figure 2.1 Optical transmission spectra for various heights in a sedimented col
loidal crystal of polystyrene spheres in methanol (sample #232). The radius of the 
spheres is 100.9 ±0.5 nm, the size variation is only 2.1%. The curves for heights 
beyond 2.2 mm have been offset by a factor of 10 for clarity; the heights are indi
cated on the right hand side. 
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2.3 Transmission spectra 

Optical transmission spectra at various heights in a polycrystalline sample of poly
styrene spheres in methanol are shown in Fig. 2.1. The transmissions have a clear 
minimum at a frequency of about 18 000 cm" '. This minimum corresponds to a 
wavelength of ~ 550 nm for Bragg diffraction in back reflection. It is associated 
with the stop gap in the L point of the Brillouin zone of fee crystals. The corre
sponding lattice planes are the close-packed (111) planes oriented parallel to the 
cell walls. The low transmission beyond the stop band is caused by crystallites that 
have different orientations, hence they reflect at shorter wavelengths. The presence 
of such tilted crystallites was inferred from our S AXS diffraction patterns which re
veal a polycrystalline average. 

With increasing height, the volume fraction is expected to decrease in sedi-
mented samples.10 Fig. 2.1 shows that the optical frequency of the stop band de
creases with increasing height. The L gap frequencies are expected to be equal to 
2 times the 111 lattice spacing, multiplied by the effective refractive index of the 
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Figure 2.2 Variation of the center frequency of the fee L stop band with height 
in the sample of Fig. 2.1. The open circles are optical transmission measurements. 
The triangles indicate stop gap frequencies calculated from twice the 111 lattice 
spacing (measured by SAXS) times the Maxwell-Garnett effective refractive index; 
the error bar gives an indication of the accuracy. The solid diamond is from a sim
ilar calculation, but using an optically determined lattice spacing? Note that the 
111 lattice spacing is the only one that can be accessed optically. In contrast, syn
chrotron SAXS yields many more reflections, which demonstrates the power of this 
technique. 
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Figure 2.3 Optical transmission spectrum of a colloidal crystal of polystyrene 
spheres in water (sphere radius 111 nm, sample #260) at a relatively low density 
of 12 vo/%. The high transmission at high frequencies suggests that the sample 
is comparatively well ordered. The abrupt bends at low transmission on this plot 
with a linear scale provide a natural measure for stop band width, indicated by the 
arrow. 

crystal. We have accurately determined the position of the stop bands in the spectra 
for comparison with crystal structure information from our x-ray diffraction exper
iments, and from optical diffraction.3 The results are plotted in Fig. 2.2. By using 
the x-ray data for the spacings and Maxwell-Garnett effective-medium theory for 
the refractive index, ' ' we obtain good agreement. The good agreement between the 
two data sets is the first experimental observation demonstrating that the Maxwell-
Garnett effective refractive index accurately describes the low-lying stop gaps in 
the band structure. 

2.4 Width of the stop bands 

The width of the stop bands is directly related to the strength of interaction between 
light and crystals, and an accurate knowledge of the stop band widths is therefore 
of utmost importance. The edges of the stop band are clearest at the top of the sam
ple, where the slope of the transmission is largest, see Fig. 2.1. The attenuation in 
the stop band is also largest here. The distinctness of the stop band edges decreases 
from top to bottom in the sample, simultaneously with the crystallite size and the 
attenuation. Since the stop bands in Fig. 2.1 do not possess an obvious edge fre
quency there is inevitably some arbitrariness in choice of width.12 Fortunately, a 
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Figure 2.4 Optical transmission as a function of wavenumber in the colloidal 
sample of Fig. 2.1, at a height of 4 mm. Two estimates for the width of the stop 
band, using straight line approximations for the transmission, are indicated. We 
used the mean of these estimates to represent the width. 

natural measure of the width is suggested by the transmission plotted on a linear 
scale as in Fig. 2.3. The low and high frequency edges of the transmission stop 
band are well approximated by straight lines. We have estimated the width from 
the intersection of these straight lines with a horizontal line through the transmis
sion minimum, as indicated in Fig. 2.4. 

In Fig. 2.5 we have plotted the relative widths of the L gap versus volume frac
tion cp for crystals of polystyrene spheres in water (refractive index ratio m = 1.59/ 
1.33 = 1.20). The stop band width increases because the photonic strength increases 
with the density of scatterers, to ~ 5% at a volume fraction of ~ 40%. Beyond this 
volume fraction, the width is about constant or slightly decreasing. A decrease is 
expected for large cp, because in the limit of a homogeneous filling (with cp = 100%) 
there is no more scattering, and hence the width of the stop gaps is zero. The varia
tion in the experimental data is attributed to disorder in the colloidal crystals, which 
causes smearing of the band edges. The drawn curve in Fig. 2.5 is the result of 
band structure calculations.13'14 The curve increases to 4.2% at cp ~ 35 vol%, in 
agreement with the experimental data. As expected, the theoretical stop gap width 
decreases at higher volume fractions. The observation of a maximum width as a 
function of cp confirms earlier suggestions that the photonic strength has an opti
mum as a function of cp.17,3 

A photonic strength parameter that incorporates this effect is the polarizability 
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per unit cell, which is also the starting point of an analysis by Spry and Kosan19 

1 
4*. m~ 

m2 + 2 
3<PJi(Gtf), (2.1) 

where Gis the length of the 111 lattice vector, /?is the radius of the spheres,18 and 
Ji (x) = (sinx — xcosx)/x3 is proportional to the Fourier transform of a unit sphere. 
For normal incidence on lattice planes parallel to the crystal surface, the photonic 
strength *F is precisely equal to the relative stop band width as defined in Fig. 2.4. 
We have plotted the expression for *F in Fig. 2.5, taking m = 1.59/1.33 as appro
priate for a high index material in a low index background like our polystyrene 
spheres in water. The photonic strength decreases at higher volume fractions, due 
to the density-dependence of the Fourier component jj (GR). The photonic strength 
agrees well with the measured stop band widths, and it closely approximates the nu
merically obtained widths at low volume fractions. At high volume fractions the 
expression Eq. 2.1 cannot be expected to accurately predict the stop gap widths, 
since at high sphere densities the roles of the spheres and the liquid are reversed: 
the light is diffracted by the liquid in between the spheres and the spheres act as 
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Figure 2.5 The width of the stop gap divided by the energy of the L gap as a func
tion of volume fraction, for crystals of polystyrene spheres in water. The open cir
cles at low volume fractions are taken from literature. The filled symbols are 
our results for many different samples. The error bars for the widths correspond to 
the two different estimates indicated in Fig. 2.4. The drawn curve is the result of 
numerical band structure calculations.14 The dotted curves are photonic strength 
parameters *F, with m = 1.59/1.33 (upper dotted curve), applicable at low densi
ties, and with m = 1.33/1.59 (lower dotted curve), appropriate for high densities. 
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background. An inverted refractive index ratio m = 1.33/1.59 is therefore more 
appropriate. To illustrate this, we have also plotted the photonic strength param
eter *F with the inverted refractive index ratio in Fig. 2.5. This photonic strength 
more closely approximates the numerically obtained widths at high densities. 

The close correspondence between the photonic strength and the stop gap width 
contrasts remarkably with the results of a forthright two-band approximation. In a 
two-band model, the width of the stop gap is controlled by the Fourier component G 
of either m2 — 1 or 1 — 1/m2, depending on whether one expands the electric or the 
magnetic field. Both the electric and the magnetic form of the stop gap width have 
been plotted in Fig. 2.6. Both expansions predict too large stop gap widths, whereas 
these same expansions form the basis of the numerical band structure calculations. 
Surprisingly, if one expands (m2 — 1 ) / (m2 + 2), then the two-band model prediction 
for the stop gap width is indistinguishable from Eq. 2.1. Apparently the polarizabil-
ity of a single sphere represents the interaction between light and a photonic crystal 
fairly well. It has even been put forward that there is a direct correspondence be
tween the gaps calculated by plane wave expansion and the Mie resonances of an 
isolated sphere.20 
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Figure 2.6 Photonic strength parameter *F f- -) and relative stop gap width AE/E 
(— and •••) as a function of density, for fee lattices of polystyrene spheres in wa
ter (refractive index contrast m = 1.59/1.33 = 1.20). The photonic strength is ob
tained using m = 1.59/1.33 at low densities, and with m = 1.33/1.59 at high den
sities. The stop gap widths result from numerical band structure calculations (—) 
and from two-band models based on expansion of the electric or the magnetic field 
(•••). 
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2.5 Conclusions 

We have investigated the effects of volume fraction on the transmission of col
loidal crystals, whose structure and orientation were determined by small angle x-
ray diffraction. The optical transmission spectra reveal minima corresponding to 
stop gaps in the photonic band structure on the edge of the Brillouin zone. The posi
tions of the optically measured stop bands agree well with lattice spacings measured 
by SAXS. The stop bands have a relative width of up to 5% of the gap frequency, 
in accord with numerical band structure calculations. The maximum in the rela
tive width confirms the notion that the strength of the interaction between photonic 
crystals and light has an optimum as a function of volume fraction. The photonic 
strength parameter *P takes this effect into consideration. It agrees well with the 
observed stop band widths in transmission and closely approximates the numerical 
results. Recently it has been shown that the stop gaps can also be measured in re
flection.21 Such reflection measurements yield very accurate results; the stop gap 
widths are again in excellent agreement with the photonic strength *F. 
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