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1
| ntroduction

1.1 Spontaneous emission

Itisnow commonly accepted that spontaneous emission is not an immutable prop-
erty of the emitter, but it depends on the density of modes of the light field at the
location of the emitter. This dependence was originally noted by Purcell® and it
is embodied in Fermi’s Golden Rule.? Accordi ng to the Golden Rule, the rate of
emission can beinterpreted as the product of the square of the transition matrix el-
ement with the density of states. In this picture, the transition dipole moment of
the emitter couples to the zero-point fluctuations of the electric field. The change
in spontaneous emission can aso be understood semiclassically, as an impedance
of the surrounding medium or as a back action of the environment on the emitter.
Experimentally, the influence of the density of modes was first demonstrated by
Drexhage in 1966, in his measurements of the excited state lifetime of europium
ions at various distances from a metallic mirror. More recently, the field of quan-
tum optics has witnessed a flourishing of sophisticated experiments, demonstrat-
ing that the spontaneous emission rate can be enhanced or reduced with respect
to vacuum by placing emitters in a high-quality resonant or non-resonant cavity,
respectively.*® For light, currently no more than partial suppression is achieved
(lifetimes extended by up to afactor of 2 inrefs. 3,7), in small volumes,>’8 andin
anarrow wavelength range.* Photonic crystals promise the complete suppression
of spontaneous emission over extended spatial volumes and large bandwidths.

1.2 Photonic crystals

Photonic crystals are three-dimensional periodic dielectric structures in which the
refractive index varies on lengths of the order of the wavelength of light.>2 The
propagation of light in such photonic materialsisanal ogous to the well-known wave-
like propagation of electrons in crystalline solids.*>'# The periodic structure gives
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Figure1.1 Dispersion relation in a homogeneous medium (- - -), The band struc-
ture is obtained from a two-band model. The photonic strength W is0.2.

rise to Bragg diffraction, that is associated with stop bands for propagation in cer-
tain directions. If the light is very strongly coupled to the crystal, a photonic band
gap isexpected, afrequency band in which no light can propagate through the crys-
tal inany direction. One of the most important consequences of photonic band gaps
isthat spontaneous emission of excited atomswith atransition frequency inthe gap
is inhibited.%1> This inhibition of emission is expected to lead to novel phenom-
enain optics and quantum optics®? and may serve as the basis for lasers without
threshold® and highly efficient light emitting diodes.’

1.3 Photonic band structure

In Fig. 1.1 we show the dispersion relation, the relation between the wavevector
k and the frequency w, both of a homogeneous medium and of a photonic crys-
tal. In the homogeneous medium, the optical modes are plane waves with alinear
dispersion relation, the straight lines w = ck. In analogy with the electron wave-
functions in a crystalline solid, the optical modes in a periodic materia are Bloch
waves, functions that have the periodicity of thelattice with an additional phase fac-
tor exp(ik - r).131* Periodic structures can diffract awave, changing the wavevec-
tor by areciprocal lattice vector; the dispersion relation of the diffracted wave is
indicated by the straight line dispersion relation that is shifted by a reciproca lat-
tice vector G. The two waves correspond to an incident and areflected wave. The
straight lines intersect at the edge of the Brillouin zone. In photonic crystals, the
variation of the refractive index causes splittings at the edge of the Brillouin zone,

10



Figure1l.2 Bragg reflection occurswhen light reflected froma set of lattice planes
interferes constructively; the extra path length indicated by the thick line equals an
integral number of wavelengths.

producing bands separated by stop gaps. Bloch waveswith frequenciesin the bands
resemble normal planewaves. Toward the edge of aband, the Bloch waves become
standing waves. The nodes of the low frequency mode occur predominantly in the
high refractive index material, the modes of the high frequency mode occur in the
low refractive index material.*® Waves with frequencies within the stop gaps are
Bragg reflected and cannot propagate through the crystal.

1.4 Bragg reflection

Bragg reflection playsaprominent rolein optical experiments on photonic crystals.
It occurs whenever there is constructive interference of waves reflected from a set
of lattice planes, asillustrated in Fig. 1.2. The reflection appears only for specific
wavelengths A and angles 8, given by Bragg's law 2dsin® = n\, whered isthe dis-
tance between lattice planes and the integer n is the order of Bragg reflection. If a
crystal is sufficiently well-ordered that the reflections from many lattice planes in-
terfere constructively, then the Bragg reflection will be very strong, close to 100%.
The associated extinction will be very large, increasing exponentially with sample
thickness. Light cannot propagate in the direction of aBragg reflection: the Bragg
reflections correspond to the stop gaps in the photonic band structure.

If light is strongly diffracted by the scatterers, then a small number of lattice
planes suffice to reflect anincident wave. The wavelength A and angle 6 then do not
need to conform to Bragg's law exactly: the interference still will be congtructive
for the limited number of lattice planes involved. Asaconsequence, the Bragg re-
flections extend over arange of frequencies, corresponding to the width of the stop

gaps.
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Figure 1.3 Dispersion surface at fixed frequency according to dynamical diffrac-
tion theory, in a photonic crystal (—) and in a homogeneous medium (---). The
arrows indicate the angular width of the stop gap (shaded). The photonic strength
W is0.15. Only perpendicular polarization is shown.

1.5 Dynamical diffraction

If theinteraction between light and aphotonic crystal isvery strong, the stop gapsin
all directions will overlap, creating a band gap. Spontaneous emission at frequen-
cies within aband gap will beinhibited. If the interaction is not so strong, then the
stop gaps will cover only part of the available directions for emission, as indicated
in Fig. 1.3. The modification of the spontaneous emission rate will be proportion-
aly smaller.

A clear illustration of the connection between the stop gaps and the sponta
neousemission rateis provided by dynamical diffraction theory (asopposed to kine-
matical diffraction, ordinary Bragg reflection).'® The theory considers reflections
a afixed wavelength. In free space, the wavevector k traces out a sphere of radius
k = w/c at fixed frequency. The intersection of this sphere with a plane is shown
inFig. 1.3 asacircle. The dynamical diffraction theory usually considers two such
circles, corresponding to the incident and the reflected wave. The centers of the
circles are one reciprocal lattice vector G apart. At the intersection of the spheres
the dispersion curves split, due to the interaction between the waves. The splitting
produces a stop gap, like in Fig. 1.1, but as afunction of diffraction angle instead
of frequency. The stop gaps cover only asmall range of directions, unless the light
isvery strongly coupled to the photonic crystal.
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Onewould expect that light emitted in the direction of a stop gap is attenuated,
whereasthe light can propagate perfectly well in other directions. This propagating
light is observed outside the crystal, aswe show in chapter 5. Contrary to expecta-
tions, light is observed to emerge also in the direction of the stop gaps. This light
originates from emission inthe other directions. Theemitted light isscattered inthe
direction of stop gaps by a small concentration of defects that always occur in any
crystal. Asaresult, light is observed even in the direction of stop gaps. Inthe pres-
ence of aphotonic band gap, the scattered light is strongly attenuated because the
stop gaps extend over al directions. Thus the spectrum of sources inside photonic
crystals reveals unambiguously whether a photonic band gap has been achieved.
Furthermore, the scattering relates the photonic crystals to the disordered photonic
materials. the periodic structure of a photonic crystal could facilitate the locaiza-
tion of light, vigorously pursued in multiply scattering media. 1%

1.6 Photonic strength

The interaction strength between light and a photonic crystal can be conveniently
expressed by a parameter W defined as the ratio of the optical volume per parti-
cle — the polarizability 4 — to the physical volume per particle V.21 This con-
cept of photonic strength applies both for dielectric mediaand for atomsin optical
lattices.?? For dielectrics, the spatial variation of the refractive index appears in
the polarizability 4mo viathe ratio m of the refractive indices of the particles and
the surrounding medium. Asan illustration we have plotted this photonic strength
W for polystyrene and silica spheres in water as a function of filling fraction ¢ in
Fig. 1.4. In the same plot, we also show the width of the lowest stop gap obtained
from numerical band structure calculations. It turns out that the photonic strength
Y closely approximates the stop gap width. This supports the merit of W asamea-
sure of the strength of interaction between light and a crystal.

The coupling strength W between light and photonic crystals has a clear opti-
mum as afunction of the volume fraction ¢ occupied by the spheres. With increas-
ing volume fraction, the coupling first increases because of the increasing size of
the scatterers; at higher volume fractions it decreases because the crystal scatters
less efficiently. At high sphere densities the roles of the spheres and the liquid are
reversed: thelight isdiffracted by theliquid in between the spheres and the spheres
act as background medium. To illustrate this, we have aso plotted the photonic
strength parameter W with an inverted refractive index ratio in Fig. 1.4. This pho-
tonic strength more closely approximates the numerically obtained widths at high
densities.

13



1.7 Making photonic crystals

Yablonovitch wasthefirst to demonstrate the feasibility of creating a photonic band
gap for microwaves, using a structure of drilled holes.®23 Although disputed at
first,?*2° the existence of microwave band gaps is now firmly established. Yablo-
novitch suggested to use the same approach to create aphotonic band gap for visible
light. Indeed photonic structures have been realized for far infrared wavelengths,
by etching instead of drilling the holes,?® but the etching technique is not readily
extended to submicron length scales; current nanotechnology focuses mainly on
patterning two-dimensional surfaces rather than making three-dimensional struc-
tures.?” Nevertheless, heroic attempts have been made to create three-dimensional
crystals by etching. The largest structure to date measures 16 stacked two-dimen-
sional layers comprising one unit cell.?® Creating large three-dimensional regular
structures of dielectric scatterers with wavelength size has proven to be a mgjor
technological chalenge. Our approach is to use self-organizing colloidal suspen-
sions of small spheres.
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Figure 1.4 Photonic strength parameter W (- -) and relative (111) stop gap width
Aw/w (—) asafunction of density, for fcc lattices of polystyrene or silica spheres
in water (refractive index contrast m= 1.59/1.33 = 1.20 and m = 1.45/1.33 =
1.09). The photonic strength is obtained using m at low densities and 1/m at high
densities. The stop gap widths result from numerical band structure calculations.
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Figure 1.5 Scanning electron micrograph of a three-dimensional crystal of
polystyrene spheres with radii of 213 nm. Picture courtesy of J. Wijnhoven.

1.8 Colloidal crystals

Colloids are very suitable to realize photonic materials since they naturally possess
the right size and spontaneously form bulk three-dimensional crystals. The peri-
odicity of the material makes Bragg reflections appear as a beautiful iridescence.
Colloidal crystals can be produced artificialy, but they also occur naturally.?® A
familiar example is the precious gem opal, which consists of silicate particles.®
An example of such acrystal isshownin Fig. 1.5.

It is crucial to know the structure of self-organizing photonic colloidal crys-
tals, since their optical properties are intimately connected to the crystal structure.
For dilute or index matched colloids, the crystal structure is accurately known, but
not for dense colloids with strong refractive index variations, desirable for photonic
crystals. The strong interaction between phaotonic crystals and light causes multi-
ple scattering which hampers structure determination by light scattering or other
optical methods.?* Therefore, we have performed a synchrotron small angle x-ray
scattering study, see chapters 7 and 8. We observe large numbers of x-ray Bragg
diffraction peaks of photonic colloidal single crystals. The colloidal particles order
inface centered cubic (fcc) structures, with ahigh degree of localization about their
lattice sites. This is an excellent starting point for photonic band gap crystals.3!
These results have both encouraged the search for materials with a full photonic
band gap based on colloids, and they have stimulated interest in x-ray diffraction
asatool for colloid research.
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Colloidal spheres can be doped with fluorescent dye molecules®>3 to observe
the influence of photonic band structure on the spontaneous emission. Fluorescent
dyes are very suitable because of their high quantum efficiency and ease of excita-
tion. Fluorescent dye molecules are sensitive not only to the photonic band struc-
ture however; they are also affected by chemical interactions with their environ-
ment>* and they influence each other directly via nonradiative electromagnetic in-
teractions when they are close together, see chapter 3. In the study of spontaneous
emission in photonic crystals, these interactions are intolerable so low dye concen-
trations and appropriate shielding of the dye molecules are essential.

We have specially prepared silica spheres with a suitably low dye content to
study photonic effects. From these colloidal spheres, we have grown crystals with
wide stop bands. The stop gaps extend over ~ 15 nm in wavelength, a substantial
part of the dye’'s emission spectrum. The crystals have dimensions up to 0.5 mm,
so they affect the density of modes over an extended spatial volume. The screened
Coulomb interaction of our charged spheres provides considerable flexibility: the
density of the crystals can be tuned via the ionic strength of the suspending liquid.
Thecrystal densities are optimal from aphotonic point of view, seeFig. 1.4, and the
stop gaps in the photonic band structure overlap with the dye’'s emission spectrum.

1.9 Theoptimal photonic crystal

The strength of the interaction between light and a photonic crystal depends criti-
cally on the relative spatia variation of the refractive index. Creating a complete
photonic band gap requires both a sufficiently large refractive index contrast m, a
suitable crystal structure, and an optimal filling fraction, see Fig. 1.4. Initialy the
fcc crystal structure was considered the best candidate, since this structure has the
most spherical Brillouin zone.®23 However, it turned out that for spherical scatter-
ers on an fcc lattice there is no band gap between the lowest bands due to a polar-
izetion degeneracy. Early theoretical investigations considered only scalar waves.
Light has a polarization however, so one should consider vector waves for accurate
photonic band structure calculations. It turns out that creating aband gap for vector
waves is much more challenging than for scalar waves.?33% Calculations for afcc
|attice of spherical scatterers indicate that a band gap will open up between the 81
and the 9 branch of the dispersion relation for refractive index ratios m > 2.9.31:36
The optimal filling depends on the refractive index contrast. Asarule of thumb, the
optical path lengthsin the high and low index materials should be equal, to enhance
interference. Asa consequence, a proportionately lower density of high index ma-
terial isfavorable.

Very recently anew class of strongly photonic crystals has been devel oped,3”38
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having the appropriate density of high index material and a favorable connected
structure.®® The crystals are made by filling the voids in an artificial opal with a
solid of high refractive index and subsequently removing the opal. In this way,
crystals of air spheres in titania (TiO,) could be synthesized.®” These three-di-
mensiona crystals currently hold the record of the strongest photonic interaction,
amost forming a band gap.*’° The fabrication technique is rapidly becoming the
method of choice for the synthesis of strongly photonic crystals,*! asit holds great
promise for the near future. Experiments are underway to make air-sphere crystals
of semiconductors, with arefractive index of more than 3, which would open up a
full photonic band gap at optica frequencies.
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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.>? The
coupling strength between light and a crystal can be expressed by a parameter W
defined as the ratio of the optical volume per particle - the polarizability - to the
physical volume per particle.® Several optical studies have already been reported
onweakly photonic colloidal crystals (W < 0.05), seeref. 4-6. Inparticular, Tarhan
and Watson’ have resolved the stop bands and the dispersion curves in a colloidal
single crystal. The coupling strength W between light and photonic crystals can be
increased by using colloids with ahigher refractive index and by raising the volume
fraction ¢ 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 ¥ < 0.6.3 It was found
that the photonic band structures result in apparent Bragg spacingsthat strongly de-
pend on thewavelength of light.3 If aphotonic material is sufficiently well-ordered,
the Bragg reflections acquire a finite width. This width isinherently 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 W, therefore the width is pertinent to the as-
sessment of aphotonic 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 colloidd crystals from polystyrene and silica parti-
cleswithradii r between 100 and 220 nm, suspended in water, methanol, ethanal, or
dimethylformamide. Polystyrene colloids were bought from Duke Scientific, silica
colloids were made by Stober synthesis.2 The samples were sedled in glass capil-
laries (Vitro Dynamics). Crystals with volume fractions ¢ > 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 beam® proves to be a key asset, because the beam
can be focused to asmall spot, while retaining enough flux to keep collection times
reasonable.
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Figure2.1 Optical transmission spectra for various heights in a sedimented col-
loidal crystal of polystyrene spheresin methanol (sample #232). The radius of the
spheresis 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 18000 cm~1. 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 fcc crystals. The corre-
sponding lattice planes are the close-packed (111) planes oriented parale to the
cell walls. Thelow transmission beyond the stop band is caused by crystallites that
have different orientations, hence they reflect at shorter wavelengths. The presence
of suchtilted crystallites wasinferred from our SAX Sdiffraction patternswhich re-
ved apolycrystaline average.

With increasing height, the volume fraction is expected to decrease in sedi-
mented samples.’® 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 fcc 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-Gar nett effective refractive index;
the error bar gives an indication of the accuracy. The solid diamond isfromasim-
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 SAXSyields many more reflections, which demonstrates the power of this
technique.

23



o ——————————7————

50 |

Transmission (%)

0 -
9000 10000 11000 12000 13000
Frequency (cm™)

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 vol%. The high transmission at high frequencies suggests that the sample
is comparatively well ordered. The abrupt bends at low transmission on this plot
with alinear scale provide a natural measure for stop band width, indicated by the
arrow.

crystal. We have accurately determined the position of the stop bandsin the spectra
for comparison with crystal structure information from our x-ray diffraction exper-
iments, and from optical diffraction.® The results are plotted in Fig. 2.2. By using
the x-ray data for the spacings and Maxwell-Garnett effective-medium theory for
therefractive index,* we obtain good agreement. The good agreement between the
two data setsisthe 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

Thewidth of the stop bandsisdirectly 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 isa so 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.'? 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 asin 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, asindicated in Fig. 2.4.

In Fig. 2.5 we have plotted the relative widths of the L gap versus volume frac-
tion ¢ for crystals of polystyrene spheresin water (refractive index ratiom= 1.59/
1.33=1.20). Thestop band widthincreases because the photonic strength increases
with the density of scatterers, to ~ 5% at avolume fraction of ~ 40%. Beyond this
volume fraction, the width is about constant or dlightly decreasing. A decrease is
expected for large ¢, because in thelimit of ahomogeneous filling (with ¢ = 100%)
thereis no more scattering, and hence the width of the stop gapsiszero. Thevaria-
tioninthe experimental datais attributed to disorder inthe colloidal crystals, which
causes smearing of the band edges. The drawn curve in Fig. 2.5 is the result of
band structure calculations.’31* The curve increases to 4.2% at ¢ ~ 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 ¢ confirms earlier suggestions that the photonic strength has an opti-
mum as a function of ¢.173

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 K osan'®

W= 3$—+;3¢j1(GR), (2.1
where G is the length of the 111 lattice vector, Ris the radius of the spheres,'® and
j1(X) = (sinx—xcosx) /x3 is proportional to the Fourier transform of aunit sphere.
For normal incidence on lattice planes parallel to the crystal surface, the photonic
strength W is precisely equal to the relative stop band width as defined in Fig. 2.4.
We have plotted the expression for W 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 j;(GR). The photonic strength
agreeswell 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

AE/E and W (%)
(2]

0 ' ' ' 50
Volume fraction (%)

Figure2.5 Thewidth of the stop gap divided by the energy of the L gap asa 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.** The dotted curves are photonic strength
parameters W, 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 aso plotted the photonic strength param-
eter W with the inverted refractive index ratio in Fig. 2.5. This photonic strength
more closely approximates the numerically obtained widths at high densities.

Theclose correspondence between the photonic strength and the stop gap width
contrasts remarkably with the results of aforthright two-band approximation. Ina
two-band model, the width of the stop gap iscontrolled by the Fourier component G
of either m? — 1 or 1— 1/m?, depending on whether one expands the electric or the
magnetic field. Both the el ectric 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 (n? — 1) /(m?+2), then the two-band model prediction
for the stop gap width isindistinguishable from Eq. 2.1. Apparently the polarizabil-
ity of asingle sphere represents the interaction between light and a photonic crystal
fairly well. 1t 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.?°
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Figure2.6 Photonic strength parameter W (- -) and relative stop gap width AE /E
(—and ---) as a function of density, for fcc 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 model s 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 gapsin the photonic band structure on the edge of the Brillouin zone. The posi-
tionsof the optically measured stop bands agree well with | atti ce spacings measured
by SAXS. The stop bands have arelative 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 W takes this effect into consideration. It agrees well with the
observed stop band widthsin transmission and closely approximates the numerical
results. Recently it has been shown that the stop gaps can also be measured in re-
flection.?? Such reflection measurements yield very accurate results; the stop gap
widths are again in excellent agreement with the photonic strength W.
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3

Nonradiative energy transfer

3.1 Introduction

One of the most important consequences of photonic band structures is that spon-
taneous emission of excited atoms or molecules can beinhibited.> Fluorescent dye
molecules are very suitable to observe the influence of photonic band structure on
the spontaneous emission because of their high quantum efficiency and ease of ex-
citation. However fluorescent dyes are sensitive not only to the photonic band struc-
ture, they are a so affected by chemical interactions with their environment and they
influence each other directly via nonradiative electromagnetic interactions when
they are close together. The influence of the environment is particularly impor-
tant; in fact organic dyes are utilized as sensitive probes for the chemistry of their
surroundings.? In an early study of spontaneous emission in photonic crystals, the
dye was dissolved in the liquid medium between colloidal particles.® Later it was
recognized that chemical interactions of the dye with the particle surfaces lead to
complications.*®

Arguably a cleaner way to study photonic effects isto shield the dye by incor-
porating it inside colloidal particles, e.g. silica spheres,® so the dye's environment
is constant. Incorporating dye molecules in solids compared to liquid solutions is
also attractive because of the increased photostability and fluorescence yield.” In
liquid solutions the quantum efficiencies of most organic dyes are strongly reduced
when relatively low dye concentrations of ~ 10~4 M are exceeded. This concen-
tration quenching or self-quenching effect is due to nonradiative energy transfer
between dye molecules.® Theeffect illustrates that it is crucia to identify the spec-
troscopic properties of a dye in its environment before studying the photonic ef-
fects.

Another interest in dyed particles stems from colloid science. Van Blaaderen
et al. synthesized silica colloids with dye incorporated.® Such particles have made
possible measurements of particle diffusion by fluorescence recovery after photo-
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bleaching,® and direct imaging of dense colloidal structures by confocal fluores-
cence microscopy.l® Nevertheless, several questions concerning the incorporation
of dye inside colloids remain open, for example it is not clear whether the dyeis
dispersed homogeneously through the solid matrix of the colloids. A spectroscopic
study is expected to give moreinsight. To elucidate how the dyeisincorporated in
the silica particles, we have studied the influence of the amount of labeling (the
number density of dye molecules in a particle) on the spectroscopic properties.

3.2 Experimental

We studied fluorescein isothiocyanate (FITC) dye that is incorporated inside col-
loidal silica spheres. FITC dye was chosen because it is suitable for fluorescence
recovery and confocal microscopy studies.>® This fluorophore is often used for
microscopy on biologica samples. Many studies have investigated the spectral
properties of this dye'? and its photostability when bound to cell components.*®
A seriesof colloidal dispersions was prepared following the synthesis of Stober
et al.,** and modified as described by Van Blaaderen et al.® to incorporate dye into
the spheres. This procedure yields almost perfectly spherical particles with a nar-
row size distribution. In this case the size polydispersity, determined by transmis-
sion electron microscopy, was 6%. Thefinal radii of the colloidal dispersions F1to
F5 are dl approximately the same, only the dye concentration is doubled from one
dispersion to the next, seetable 3.1. The preparation isdescribed in detail inref. 15.
After the synthesis, the spheres were resuspended in dimethylformamide (DMF),
chosen to match the refractive index of the liquid to that of the particles, in order

Table 3.1 Sze of the silica spheres, as determined by transmission electron mi-
croscopy and static light scattering, the concentration c of dye inside the particles,
and the average distance between dye molecules R.

System Radius (hm) Dye concentration Intermolecular
TEM SLS ¢ (mM) separation R (nm)
F1 208 188 0.49 15.0
F2 218 194 1.18 11.2
F3 224 197 2.7 85
F4 237 210 6.0 6.5
F5 250 223 11.9 5.2
F6 341 305 3L 3.8
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to minimize scattering effects on absorption and fluorescence properties. Samples
for the time-resolved fluorescence measurements were taken from the stock disper-
sions and transferred to 0.4 mm thick glass capillaries (Vitro Dynamics). Decay
curves were corrected for a weak long-lived luminescence from impurities in the
glass of the capillaries.

The labeling efficiency was determined by dissolving the particles in a NaOH
solution, liberating the dye molecules, and measuring the absorbance of the result-
ing transparent solutions compared to a calibration series, consisting of FITC dye
dissolved in a mixture of NaOH solution and DMF. Absorption spectra were mea-
sured on dilute suspensionsin 1 cm glass cuvettes with a Shimadzu Spectronic 200
UV double-beam spectrometer using DMF as areference. Emission spectra were
measured on the undiluted stock suspensions with a Bio-Rad FTS-60A Fourier-
Transform Spectrometer. The samples were contained in 2.5 cm diameter cylindri-
cal flasksand illuminated by an argonion laser. Excitation at 458, 476.5, or 488 nm
wavelength gave identical spectra. Fluorescence was detected in backscattering, to
minimize the inner filter effect.

Time-resolved fluorescence curves were obtained using atime-correlated sin-
gle photon counting technique,’® see Fig. 3.1. The dye in the sample is excited
in the UV at awavelength of around 320 nm by the second harmonic of a cavity-
dumped dye laser. This dye laser is synchroneously pumped by a mode-locked
Nd*+:YAG laser, whose output is first pulse-compressed and frequency-doubled.
Theactively mode-locked Nd®+: YAG laser (Spectra Physics 3800) generates about
12 W of output power in TEM0O0 mode at 1064 nm wavelength. When the laser is

Compressor/
3PV ACR lacar 000 peeeeeeed TTTETEEEERE LD
Nd"-YAG laser freq. doubler \
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=) SHG
] S\O.IE/ ........ Dye laser b
< LF I ipD
i <o
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Figure 3.1 Ouitline of the setup for time-resolved fluorescence measurements.
PD: photodiode; ND: adjustable neutral density filter; SHG: second harmonic gen-
erating crystal; F: color filters; L: lenses; P: power meter diode; MCP: micro
channel plate detector.
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mode-locked well, it produces pulses of 100-150 ps full width at half maximum
(FWHM), asmeasured with afast 25 GHz photodiode (New Focus). The pulsesare
shortened to 5— 10 psin a pulse compressor (Spectra Physics 3595) to achieve a
high peak power for second harmonic generation. When properly aligned, the sys-
temwil generate up to 950 mW of 532 nm second harmonic output; at least 600 m\W
isrequired for reliable operation. Care should be taken to avoid Q-switching of the
YAG laser as this may damage the second harmonic generating crystal. The sec-
ond harmonic output is stabilized by deflecting part of theinfrared YAG laser beam
with an acousto-optic modulator in a servo loop. This reduces the fluctuations in
the second harmonic intensity, at the price of areduction in output power. The sec-
ond harmonic output was stabilized at 400 mW to comfortably pump the dye laser.
The synchronously mode-locked, cavity-dumped dye laser (Spectra Physics 3500)
uses Kiton Red dye in the wavelength range 600 to 660 nm. The repetition rate of
the cavity dumper was 80 kHz. The output of the dye laser is frequency doubled,
resulting in an excitation beam of < 1 ps pulses with a wavelength of 320 nm and
a beam diameter of 1 mm at the sample. The beam power was always less than
1 uW. The sample was placed at an angle in order to prevent direct reflection from
entering the detector. A Schott RG490 color filter removes the residua laser light.
The fluorescence was detected at an angle of 90° to the excitation beam by aHama-
matsu R3809U micro channel plate detector. By adjusting an aperture in front of
the detector, we could maintain amaximum count rate of 12 kcounts/s. The signal
from the detector is amplified and fed to aconstant fraction discriminator (Tennelec
TC454) and time to amplitude converter (TAC, Tennelec TC864). A photodiode
monitors the dye laser output for triggering the TAC. The time difference between
the excitation pulse and the micro channel plate detector signal is recorded by a
multi-channel analyzer. The discriminator was modified to accommodate a short
delay corresponding to the risetime of the detector pulses. The zero crossing level
of the discriminator was carefully optimized for best time resolution.

Theinstrument response of the setup isshown in Fig. 3.2. It consists of amain
pulse and pre- and after-peaks at integer multiples of the dye laser round trip time
of 12.3 ns. We achieve a suppression of pre- and afterpeaks compared to the main
pulse of 1: 250. The time resolution is 52 + 3 ps FWHM, measured using scat-
tered red light from the dye laser. The resolution is determined by the transit time
spread of the micro channel plate detector, which is specified to be 24 ps, by the
jitter of the discriminator due to fluctuations in the detector signal, and by noise of
the multi channel analyzer since the gain setting of the TAC isrelatively low. The
dyelaser generates pul ses of sub-picosecond duration, and thejitter in the electron-
icsis negligible: we have observed that the correlation between two photodiodes
isonly ~ 3 pswide.

To determine the effect of excitation intensity, a variable intensity filter was
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Figure 3.2 Instrument response (time-resolved scattered red light from the dye
laser), showing the main peak accompanied by pre- and after-peaks corresponding
to the round trip time in the dye laser (above), and the full width at half maximum
(enlargement, below).

placed in front of the second harmonic generating crystal. Due to the frequency
doubling process the intensity varied quadratically with variation of the attenua-
tion. In order to measure the relative intensity of the excitation pulse a power meter
was placed immediately behind the sample in the impinging beam. For the depo-
larization measurements we placed 10 mm polarizing prismsin the excitation beam
and in front of the detector to select polarizations parald and perpendicular to the
incoming beam. For spectrally resolved measurements we employed a Carl Leiss
prism monochromator, calibrated using the spectral lines of a neon lamp. The re-
solving power of the spectrometer is about 15 nm with the 1 mm dlit widths used.
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3.3 Resaults

Absorption and emission spectra of a suspension of the F4 spheres are shown in
Fig. 3.3. The spectra are dightly asymmetric. Thisis a usua phenomenon in ab-
sorption and emission of FITC, both in solution and when bound to proteins.’18
No evidence is found for a FITC dimer absorption peak.l® The spectra provide
an excellent example of the Franck-Condon principle!’: the emission spectrum is
nearly amirror image of the absorption. Both the absorption and the emission max-
imum shift to longer wavelengths as the particles’ dye content is increased. The
shift is 10 nm in going from the lowest to the highest dye concentration; it is fully
completed aready at adye concentration of 6 mM. The Stokes shift, the difference
between absorption and emission maxima, is constant at 40 nm.

The mechanism that causes the concentration dependent shift in the absorp-
tion and fluorescence spectra reveals itself in the time dependence of the fluores-
cence. If the shift is the result of self-quenching due to interactions between close
pairs of dye molecules, then it should be accompanied by a reduction of the flu-
orescence lifetimes. A high probability of energy transfer between dye molecules
reduces the time that molecules remain in their excited state. In contrast, if quench-
ing were only due to formation of nonfluorescent dimers then no changein lifetime
would be expected since these dimers do not contribute to the signal. To discrimi-
nate between these two situations, we have performed time-resolved fluorescence
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Figure3.3 Absorption and emission spectra (solid curves) of FITC-labeled silica
spheres (designation F4) suspended in DMF. The absorption spectrumis nearly a
mirror image of the fluorescence (indicated by the dotted curve). The mirror wave-
length is 520 nm. The nonzero baseline is due to extinction from scattering.
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measurements.

Time-resolved total (i.e. spectrally integrated) fluorescence curves are shown
inFig. 3.4. Atlongtimest the slope of thetime-resolved fluorescence curves agrees
with alifetime of 3.8 ns expected for afree FITC molecule.? Thislong-time com-
ponent probably corresponds to single FITC molecules in silica. With increasing
dye concentration afast component becomes more pronounced. In order to have a
measure of the fluorescence lifetime, we determined the mean decay time (1) (i.e.
the first moment) from the curves. We have plotted thismean lifetimein Fig. 3.5. It
becomes rapidly smaller at higher dye contents, indicating the appearance of faster
relaxation pathways. The change in time-dependence reveals that the concentra-
tion effect is caused by self-quenching of closely spaced molecules, as opposed to
the formation of nonfluorescent dimers.

We can estimate the rate of energy transfer np_, o between donor and acceptor
molecules using the following expression due to Forster?:

6
Npa = % <%) : (31)

Heretg isthereciprocal of the rate constant for spontaneous emission of the donor,
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Figure3.4 Time-resolved fluorescence of various concentrations of FITC dyein-
side colloidal silica spheres. The curves have been offset for clarity. The dye con-
centration in the spheres increases from bottom to top. The straight line indicates
a single exponential with a lifetime of 3.8 ns. The dotted curve corresponds to Eq.
3.3 with maximum curvature. Clearly the curvature is insufficient to account for
the data.

37



Mean lifetime (ns)
N

0 3 6 9 12 15

(o) - RRPUR RS NS SRS RS

Intermolecular distance (nm)

Figure3.5 Mean fluorescence lifetimeasa function of the average intermolecular
distance of FITC molecules in the spheres. The lifetimes were obtained from the
experimental datain Fig. 3.4. The curveisan energy transfer model with a critical
Forster distance of 6.0 nmand a lifetime of 3.8 ns.

Risthe distance between donor and acceptor and Ry isthe critical Forster distance
—the distance at which half of the donorsis deactivated by resonant energy transfer
to an acceptor, whichisabout 5.0 nm for fluorescein.’” For the average distance be-
tween dye molecules in the particles, we used R = ¢~%/3, where ¢ is the number of
molecules per unit volume. This distance is on the order of the critical Forster dis-
tance for energy transfer in the more heavily doped samples, therefore quenching
effects areto be expected. Adding rate constants, wefind that the dependence of the
mean lifetime (1) on the intermolecular distanceisgiven by 1/(1) = 1/19+ Np_a-
A reasonable fit is obtained for 1o = 3.8 nsand Ry = 6.0 nm, as shown in Fig. 3.5.

We have separately measured the fluorescence polarized paralel and perpen-
dicular to the polarization of the light that excites the dye. The measured paral-
lel and perpendicular components showed no detectable difference in time depen-
dence, so the method did not alow observation of depolarization due to energy
transfer. If thereis energy transfer between molecules then one expects a decrease
in fluorescence polarization with increased dye concentration. When amoleculeis
excited in acertain polarization direction it will preferentially emit with this same
polarization. However, when the excitation is transferred to acceptors with a dif-
ferent orientation than the donor molecule, then the fluorescence becomes depol ar-
ized. Therefore, the difference in time dependence between fluorescence detected
pardlel or perpendicular to the polarization direction of the excitation beam would
in principle provide information on the energy transfer process.
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We can exclude Mie resonances and cooperative effects between spheres due
to scattering® asareason for the departure from single-exponential decay in Fig3.4.
In our case the refractive index difference between the spheres and the suspension
liquid wasmuchtoo small. Asan extratest we measured the decay curves of spheres
suspended in water, where the index difference is much larger. Although care had
to be taken to prevent excessive leaching of the dye due to hydrolysis of the outer
layers of the silica spheres, it was found that the decay was the same.

3.4 Quenching models

We have attempted to describe the fluorescence decay curves by three different mod-
els. guenching of excitations at the sphere’s surface, a fractal distribution of dye
molecules, and mutual annihilation of excitations.

Inthefirst model, the excitations migrate diffusively through the sphere but are
completely quenched when they reach the surface. Assuming an initially homoge-
neous density u(r,t) of excited molecules, the decay is described by the diffusion

equation
du X &’ 20

with boundary conditions u(Rs,t) = 0 and u(r, 0) = up. Here, D = nDHAR§/6 is
the effective diffusion coefficient, and Rs is the radius of the sphere. The solution
of Eq. 3.2 isintegrated over the sphere’s volume to obtain the total fluorescence:

Orr2 z exp —t /19— n?12Dt /R3) (3.3)

Only the lower eigenmodes of the diffusion equation contribute appreciably. The
formula clearly shows the competition between the spontaneous emission and the
guenching at the surface. Unfortunately, Eq. 3.3 does not describe the datain Fig.
3.4very well, asisillustrated by the dotted curvein thefigure. The curvature of the
line has been set to the extreme by adjusting the diffusion and emission timescales.
Even so the curvature is insufficient to describe the experimental results, in par-
ticular at high dye concentrations. Also, the probability of an excitation reaching
the sphere’s surface isvery small: according to the energy transfer rates np_,» cal-
culated before, the excitations in the most heavily doped sample can migrate an
average of only 5.5 steps of Ry ~ 5 nm before it decays radiatively. The traversed
distanceismuch smaller than the size of the spheres: theradiativeratein theleading
order termin Eq. 3.3isthree orders of magnitude larger than the surface quenching
rate. This separation is even larger for the other samples. We conclude, therefore,
that surface quenching does not play an important role in the quenching process.
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Secondly, we tried to fit the time-resolved fluorescence curves to a model of
Klafter and Blumen?-%2 describing the decay of an excited donor in the presence
of acceptors which are randomly distributed on afractal of Hausdorff dimension d:

I(t) = loexp(—t/10 — P(t/10) /%), (3.4)

with s the order of the molecular interaction (s = 6 for the usual Forster dipole-
dipole mechanism) and P afitting constant which should be proportiona to the ac-
ceptor concentration. For integral dimensions Eq. 3.4 reduces to familiar results of
Forster.?> The data of Fig. 3.4 could be fitted very well with Eq. 3.4, but the fit
resulted in low values of d, between 0.3 and 1.5. Such low values for d are unre-
aistic; usualy d isroughly between 1.5 and 3.21:2224
A third model is to assume quenching by annihilation of excitations (singlet-
singlet annihilation). In a system where rapid migration homogenizes the density
of the excitations the corresponding rate equation is*
% - —% T (35)
where k is the rate constant of the second order process. Solving this equation re-
sultsin

1 1
—— = (KTg+ — ) exp(t/1g) — KT1p- 3.6
0 (KTo UO) p(t/T0) — K10 (3.6)
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Figure3.6 Timeresolved fluorescence curves of the sample with the highest dye
content (31 mM, F6, up triangle), and the influence of lowering the excitation
power by a factor of 2 (o) and 6 (V). The inset shows a fit of the excitation an-
nihilation model Eg. 3.5 to these data.
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Figure 3.7 Time-resolved emission of 2.7 mM dye inside colloidal silica spheres
(with designation F3), spectrally resolved on the blue side (left) and red side
(shifted right) of the dye's emission maximum. Clearly the influence of the energy
transfer process is most pronounced at the blue side of the spectrum. The vertical
distance between the curves reflects the shape of the emission spectrum, i.e. the
curves have not been offset, in order to show the relative importance of the various
spectral contributions to the total fluorescence. The straight line (dotted) corre-
sponds to a single exponential with a lifetime of 3.8 ns.

If we fit this to our measurements on the most heavily doped sample (Fig. 3.6, in-
set), we obtain areasonable fit for 1/19 = 0.29 ns™* and k = 2.3+ 0.3 ns™. Thus,
the coefficient of the second order processisan order of magnitude greater than that
of the first order process. If this model describes the situation well then the shape
of the decay curve should depend strongly on theinitial excitation density ug. If ug
islowered then the probability that two excitations meet is lowered and the decay
curve should look more like a single-exponential process. We verified this by de-
creasing the excitation intensity by afactor of 2 and 6, respectively. The resulting
decay curvesin Fig. 3.6, however, did not change at al, making singlet-singlet an-
nihilation an unlikely explanation. Alternatively, intensity-independent decay can
sometimes be produced by singlet-triplet annihilation. Since triplet states are effi-
cient quenchers and long-lived (longer than our pulse separation) they could build
up from pulse to pulse until a steady state is reached.?® However, the intensity in
our experiments was far too low to create enough triplets for such a process. We
have at most 2 x 107 photons/pulse, whereas the number of spheresin the beam is
~ 10’. Thus, there cannot be more than afew excitations per particle of which only
asmall fraction ( 1/1000th) are triplets.
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Thus, none of these quite diverse quenching models explain the data very well.
Since al the models assume a homogeneous distribution of FITC molecules this
could be an indication that the distribution is not homogeneous. Possibly the dye
molecules have a tendency to be incorporated into the spheres in clusters where
there is rapid energy transfer.

To investigate the clustering of dye molecules inside the silica, we have mea
sured time-resol ved fluorescence at various wavel engthsin the dye's emission spec-
trum, motivated by the concentration dependent shift of the emission spectra. This
shift suggests that the clusters have different emission wavelengths than isolated
dye molecules. If the time dependence of fluorescence from the clusters aso dif-
fers from that of the isolated molecules, then the time dependence of the fluores-
cence will vary with wavelength. Thiswould give anindication of the origin of the
shape of the time-resolved fluorescence curvesin Fig. 3.4. Time-resolved fluores-
cence curves of the F3 silica spheres are shown in Fig. 3.7. At the long wavelength
side of the emission, the fluorescence curves are al very similar. In contrast, on
the short wavelength side the curves start to bend: the initial decay is much faster
(amost afactor of two) and a significant long time tail develops, even though the
dye concentration inside the silicais only moderately high, 2.7 mM. The substan-
tial bending of the fluorescence curves changes the emission spectrum only slightly
because the tail does not contribute much to thetotal fluorescence yield. The bend-
ing occurs precisely at the side of the emission spectrum which overlaps most with
the absorption band, see Fig. 3.3. Therate of nonradiative transfer, or equivalently
the transfer distance Ry, increases with this overlap, resulting in steeper curves at
short wavelengths in Fig. 3.7. To clarify the origin of the long time part of these
curves, we have examined the datain Fig. 3.7 from a different perspective. In Fig.
3.8 wehave plotted spectraat different instants after excitation. Initially the spectra
shift to the red as time passes, but later on a sizeable blue component becomes vis-
ible.?” Theinitial redshift can be explained by the enhanced nonradiative transfer
due to spectral overlap of the absorption and emission bands. The observed blue
component could be due to fluorescence from clusters of dye molecules. However
it is not clear how the appearance of a blue component due to clustering can be re-
conciled with the observed redshift of the emission spectrum with increasing dye
concentration.

3.5 Conclusions

We have studied the influence of the number density of dye molecules on the spec-
troscopic properties of fluorescein isothiocyanate (FITC) dye that is incorporated
inside colloidal silica spheres. A redshift of 10 nm occurred in the absorption and
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fluorescence spectra on traversing the concentration range 0.5to 5 mM (inside sil-
ica). Simultaneously, the fluorescence lifetimes of the dye were strongly reduced,
pointing to energy transfer taking place between dye molecules. The fluorescence
decay curves could not be described satisfactorily with models involving second-
order processes, or surface quenching, or afractal distribution of dye molecules. A
possible explanation isthat the FITC molecules are not distributed homogeneously,
but form clusters with intermolecular distances of less than the Forster distance.
Such cluster formation would explain why quenching effects are observed already
at low dye concentrations, and it is in agreement with spectrally resolved fluores-
cence decay measurements.

These findings have consequences for the use of dye-labeled silica particles
with various experimental techniques. In the study of multiple scattering and pho-
tonic band structure effects, energy transfer effects within the spheres are intolera
ble so low dye concentrations are essential. Our results indicate that dye concen-
trations should not be higher than 1 mM. We have specialy prepared silica spheres
doped with a suitably low dye content to study photonic effects. The synthesis of
these colloids is described in the next chapter.

Ay
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Figure 3.8 Emission spectra of the F3 silica spheres, at different instants after
excitation. The data have been obtained by integrating the curvesin Fig. 3.7 over
successive 6 nslong intervals. The spectra have been normalized to the area ob-
servable in the plot.?” The curves are splines, serving as guides to the eye.
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As a consequence of the normalization, the blue component seems to grow.
However one should realize that the blue component is decreasing in time; it
only comes into view because the red components decay faster.
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4

Growth of crystals
from dye-doped colloids

4.1 Introduction

To meet the specific needs of experiments on fluorescence in photonic crystals, we
have synthesized dye-doped colloidal silica spheres. Most of the fluorescence ex-
periments were performed using crystals prepared from these specialy synthesized
colloids. We will discuss the particle synthesis and the preparation of photonic
crystals from the synthesized particles, but first we will turn to the rationale un-
derlying the synthesis.

Experiments on fluorescence in photonic colloidal crystals make high demands
upon the properties of the colloidal particles used to form the crystals. The size of
the particles should be on the order of optical wavelengths, the typical length scale
in photonic crystals. Theparticles should readily form large crystals, so one can ob-
tain samplesthat are sufficiently large to do experiments on. Thisrequires particles
which al have the same size, i.e. asize polydispersity of lessthan 6%.13 To make
the crystals fluorescent, the crystals should contain fluorescent molecules with a
high gquantum efficiency, like fluorescent dye. The fluorescent properties of the dye
molecules should beisolated as much as possible from the material properties of the
crystals. Themolecules should preferably resideinsidethe colloidal particlesrather
than on the surface or outside in the suspending liquid, to prevent unwanted chemi-
cal interactions of the dye with the liquid or with particle surfaces.* To prevent the
fluorescent molecules from disturbing the photonic band structure, absorption of
light should be avoided. Absorption impedes multiple scattering, which is essential
for photonic band structure to develop. To reduce absorption, the density of fluores-
cent molecules should be kept low. A low dye concentration will also prevent non-
radiative transfer between dye molecules. The density of fluorescent moleculesin
commercialy available polystyrene or PMMA spheresisusually high, closeto the
guenching concentration, asthey have been designed to maximize the fluorescence.

47



A bright fluorescence facilitates detection of small numbers of spheres, important
for example in biological applications.® Dueto the high dye density, commercially
available dyed spheres are not suitable for our purposes, so we synthesized spheres
ourselves. Silicawaschosen becauseitisinert and methodsexist to incorporate dye
in silicaspheres.® The synthesis was performed by J. E. G. J. Wijnhoven in collab-
oration with the Van 't Hoff Laboratory, University of Utrecht.®’

From the calloids, we prepared colloidal crystals by sedimentation. Animpor-
tant factor in the preparation of photonic crystalsis the density of spheres, since it
determines the position of the stop gaps in the photonic band structure. For our flu-
orescence experiments it is crucial that the stop gap overlaps with the dye's emis-
sion spectrum. Practical usefulness of photonic colloidal crystals depends on the
availability of sufficiently large single crystals. Crystals with linear dimensions on
the order of 10* unit cells (mm sizes) have been reported, albeit for dilute, weakly
photonic sampleswith densities ¢ < 1vol%.8° Thelargest crystals are grown close
to the freezing curve, where the nucleation rate is so small that few crystal grains
nucleate and grow.1° Dense crystals with ¢ ~ 50 vol% have been made with ster-
ically stabilized colloids, but the crystallites are smaller with linear dimensions of
20— 100 pm.12 We have grown charge stabilized single crystals with volume frac-
tions up to 60 vol% and dimensions up to 0.5 mm (see Fig. 4.2, 7.1). The density
of these crystals can be adjusted by adding salt to the suspending medium. The
ionic strength of the liquid influences the extent of the double layer, i.e. the region
of charge imbalance between the electrically charged surface of the spheres and
the counter-ions in solution. In highly deionized suspensions, colloidal particles
can carry an extended double layer of up to 500 nm thickness.*>1? Adding salt to
the suspension screens the Coulomb interaction and compresses the double layer.
Spheres with an extended double layer will start to interact at larger separation, re-
sulting in crystals with a lower volume fraction. From a photonic point of view,
optimal volume fractions for crystals of silica spheres are in the range of 30-40%.
Experimentsin thisintermediate density range are exceptional. Previoudy, interest
in colloid physics has mainly focused on the one hand on hard sphere like colloids,
with densities of about 50 vol%, and on the other hand on charge stabilized colloids
with very low ionic strength and hence low densities, on the order of afew volume
percent.1>14 We have investigated the sedimentation and crystal formation in col-
loidal suspensions with intermediate volume fractions, highlighting the interplay
between sedimentation and charge stabilization.
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42 Synthesis

Thesynthesis of the silica spheresisamulti step process. In order to obtain spheres
that are sufficiently monodisperse, the synthesis was started by forming silica seeds
in amicro emulsion.*>%® To obtain larger spheres, extralayers of silicawere added
using a Stober-like synthesis method.1” The core of the spheresiseft blank; ami-
cro emulsion based synthesis route for dyed spheresisnot available. Thefirst added
layer of silicacontainsthe dye. Further layers of blank silicaserveto shield the dye
from the outside.

The particles were nucleated in a micro emulsion following the method of
Osseo-Asare and Arriagada.’>16  Silica is formed inside micelles by hydrolysis
and condensation of tetraethoxysilane (TES). The emulsion is prepared by mix-
ing 500 ml of cyclohexane, 3.0 ml 25% ammonia and 26.6 ml surfactant (Igepal,
polyoxyethylene (5) nonylphenyl ether) and stirring for half an hour at 300 rpm.
The mixture must remain at 20°C otherwise the micro emulsion is not stable. An
amount of 2.1 ml TESis dowly added below the surface of the emulsion and the
emulsion is stirred vigorously for 15 minutes. The TES dissolves in the cyclohex-
ane and after entering the micellesit reacts with thewater. Thereaction iscatalyzed
by the ammonia. After one week, the reaction is completed. The cyclohexane is
evaporated and the spheres are resuspended in 500 ml ethanol.

Using a procedure described by Van Blaaderen et al..% the nuclei were cov-
ered with alayer of silica in which the fluorescent dye, rhodamine isothiocyanate
(RITC), isincorporated. The RITC dye was selected for its superior photostabil-
ity and quantum efficiency compared to e.g. fluorescein isothiocyanate (FITC)®;
quantum yields of 60-75% have been reported for RITC bound to proteins.® The
silicais grown by adding extra TES and water. The dye is attached to the silica
by a coupling agent, 3-aminopropyltriethoxysilane (APS). The dyeis connected to
the coupling agent by an addition reaction of the amine group of the APS with the
isothiocyanate group of the RITC.” The ethoxysilane groups of the APS react with
silicain asimilar way asthe TES.

Anamount of 11 mg RITC dyeisdissolved in 10 ml ethanol and stirred with an
excess of APSfor 12 hours. Of thissolution, 0.79 ml isused inthefirst growth step.
Thesilicaparticles from the micro emulsion are suspended in amixture of 25% am-
monia and distilled ethanol, in a 1000 : 80 volume ratio. A lower concentration of
ammonia leads to undesired nucleation of new small particles; ahigher concentra-
tion givesriseto coagulation, i.e. the formation of ‘dumbbells . The concentration
TES should stay below 10 ml/l, therefore TES is added step by step, with at least
4 hours in between the steps. Per mol TES, 2 mol water should be added to com-
pensate for the water consumed in the reaction. Finaly, the spheres are centrifuged
and resuspended in ethanol to remove the Igepa and the ammonia
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4.3 Results

Transmission electron microscopy pictures of the spheres after each stepinthe syn-
thesis were taken to determine the sphere size. The micro emulsion yields spheres
with aradius of 28 nm and a size variation of 2.5%. After adding the silica layer
which contains the dye, the particles measured 58 nmin radius. Severa batches of
spheres with different final radii were made to ensure that we could match the stop
band wavelength of the photonic crystals to the emission spectrum of the dye. The
spheres are designated pESIJ1- followed by their radius, listed intable 4.1. Most of
the fluorescence experiments have been performed using the spheres pESIJ1-101.
A micrograph of the spheresis shown in Fig. 4.1, along with a sketch of the shell
structure. The various silica shells have comparable densities, so the shells arein-
visible on the electron micrograph. The variation in the final size is only 1.5%.
We also determined the outer radius of the spheres by static light scattering and
dynamic light scattering. These radii, 121 nm and 122 nm respectively, are in ex-
cellent mutual agreement. The corresponding radius from electron microscopy is
lower, 101 nm, but we have frequently encountered relatively low radii with this
technique. Inthefollowing wewill therefore consider the radiusto be 121 nm with
an accuracy of =1 nm.

An important aspect from the photonic perspective is the refractive index of
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Figure4.1 Electron micrograph of the uES J1-101 silica spheres, together with a
sketch of the shell structure, to scale. The micrograph also shows a small number
of coagulated spheres (“ dumbbells’ ), one of themisindicated by an arrow.

242 nm >
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the silica spheres. The refractive index of a batch of 60 nm radius silica spheres
UESIJ4, similar to the uESIJ1 spheres except that they are not dye-doped, has been
determined to be 1.466 4+ 0.004 at 589 nm from transmission measurementsin var-
ious ethanol-benzylalcohol mixtures.®® Therefractive index of various larger, dye-
doped particles has been found to be 1.4504 0.001, by titrating dimethylformamide
to a dispersion in glycerol until the transmission at 589 nm was maximized.?* In
the following we will consider theindex of refraction of our uESIJ1 silica particles
to be 1.45.

Each sphere contains about 200 rhodamine isothiocyanate dye molecules. The
concentration of dye molecules in the colored silica layer is less than 0.5 mmol/I.
This concentration corresponds to a distance between molecules of 15 nm, greatly
in excess of the Forster transfer distance of 4 to 6 nm so there is no non-radiative
transfer. Considering the molar decadic absorption coefficient of the dye, ~ 4 x
10* I/(mol cm),'® we calculate the inelastic length in a dense packing of spheres to
be longer than 3 mm, so thereislittle absorption in our 0.3 mm thick samples. The
dye molecules are covalently attached to the silica in the spheres and covered by a
45 nm thick layer of silica. This prevents washing out of dye by the suspending lig-
uid: even after one year, the fluorescence from the suspending liquid corresponded
to adye concentration of lessthan 0.1 umol/I. It is concluded that unwanted chem-
ical interactions of the dye with the liquid and sphere surfaces are minimized.

4.4 Growth of the crystals

From the colloids, we prepared colloidal crystals by sedimentation. First, the col-
loids were deionized by successively centrifuging, decantating, redispersing, and
diluting with freshly deionized water, followed by dialysis using ion exchangeresin
(BioRad AG501-X8, Hercules CA). The particles were then suspended in the de-

Table4.1 Szeof the synthesized silica spheres, obtained from transmission elec-
tron microscopy (TEM), static light scattering (SL.S), or dynamic light scattering

(DLY

Radius (nm) Size variation(%o)
System TEM SLS DLS TEM
HESIJ1-74 74 88 92 15
MESIJ1-93 93 105 110 15
MESIJ1-101 101 121 122 15
uMESIJ1-113 113 134 135
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Figure 4.2 Photograph of a photonic colloidal sample (#642bis) of sedimented
silica spheres pESJ1-101 (radii 121 nm; size polydispersity 1.5%) in water, con-
tainedina 3 mmwideflat glasscapillary, with thefront faceilluminated. Thegraph
on theright shows the increase in density from top to bottom in the crystalline part
of the colloidal sample. Thedensity hasbeeninferred fromreflection (+) and trans-
mission (o) measurements. The curve isa guide to the eye.

sired liquid (water, methanol, ethanol or dimethylformamide). Theinitial densities
of the suspensions were estimated assuming that a centrifuged residue has a den-
sity of ~ 50 vol%. We prepared aqueous suspensions with various ionic strengths
by adding NaCl. The suspensions were sealed in glass capillaries. For this purpose
we employed flat capillaries with a 0.3 or 0.4 mm inside path length and 0.3 mm
thick walls (Vitro Dynamics, Rockaway NJ). For x-ray scattering experiments on
dilute suspensions we also used 2 mm diameter round Mark glass capillaries with
0.01 mm thin walls (Hilgenberg, Berlin).?2 By sedimentation under gravity, the
colloidal suspensions form highly ordered fcc crystals, asrevealed by our synchro-
tron small-angle x-ray diffraction studies.

A photograph of aflat capillary filled with a suspension of spheresisshownin
Fig. 4.2. Next to the photo we have plotted the sample’s density profile, inferred
from reflection and transmission measurements. The density of spheres increases
from top to bottom. In the upper part of the sediment, the spheres form a colloidal
liquid. Light israndomly multiply scattered inthis part of the sample, sothe sample
looks opaque white here. Lower in the sample the density of spheresis sufficiently
high for the spheres to crystallize into regular arrays of various sizes which show
colored Bragg reflections.

The crystallization proceeds from the bottom of the capillary upwards as the
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Figure 4.3 Evolution of the height of the sediment in two capillaries (sample
#627, circles, and sample #628, squares, respectively) filled with a 13 vol% aque-
ous suspension of uESJ1-101 silica spheres. Open symbols correspond to the in-
terface between clear liquid and the colloidal suspension, solid symbols to the top
of the crystalline part of the sediment. The straight lines are guidesto the eye. The
ionic strength of the suspending liquid is 0.25 mM.

initially homogeneous suspension settles and the density at the bottom increases.?3
We have carefully kept track of the interface between the clear liquid ontop and the
opague colloidal suspension underneath, and of the interface between the suspen-
sion in the middle and the colloida crystals below. The advancement of the inter-
faces during sedimentation is shown in Fig. 4.3. Initialy, the heights vary linearly
with time. The suspension settles, forming a crystalline sediment at the bottom of
the capillary. The crystal formation starts immediately, indicating that the spheres
crystallize at the suspension-crystal interface and not in the suspension itself. The
sedimentation and crystal growth go on until there is about 2 mm of opaque white
suspension left. The heights then remain constant, apart from a dight compacti-
fication of the crystalline part during the next one or two months. The shrinkage
depends on the amount of added salt. The shrinkage varies from ~ 0% for a salt
concentration of 1.0 mM to 20% for a salt concentration of 0.25 mM. Presumably
the glass capillaries slowly release extraions which screen the electrostatic repul-
sion between the spheres.

The crystal growth isgoverned by theratio of the sedimentation velocity to the
diffusion velocity, known as the Péclet number.13 If the diffusion is faster than the
sedimentation then the spheres have time to find a lattice position before the next
spheres arrive. Theinitial velocity of the suspensionsis determined by gravity, bal-

53



anced by friction in the liquid, i.e. by the difference in mass density Ap between
particles and suspending liquid and by the viscosity n of the liquid. The settling
velocity for asingle sphere of radius Rin alarge volume of liquid, the Stokes ve-
locity, 13 is

Vo= - ——R, (4.1)

whereg = 9.8 m/s” isthe gravitational constant and we have taken Ap = 1.0 g/em?.
In more dense suspensions the sedimentation is slower because the spheres hinder
each other. It has been found previously that the reduction in velocity can be ade-
quately represented by the formulat®2*
v=vo(l— 2y, (4.2)
p
where ¢ isthe volume fraction of spheresin the liquid; the parameter k determines
the lowest order correction to the velocity, v=vo(1—k¢ +...), and p corresponds
to the density where sedimentation stops.?* According to theoretical considerations
regarding the dilute limit, k should be set equal to 6.55. We have set p = 54% cor-
responding to hard spheres.?® We have determined the velocity of the transparent-
opaqueinterface for colloidal suspensions of pESIJ1 sphereswith various sizes and
two different volume fractions. We observe that the velocity varies quadratically
with sphere size as predicted by Eq. 4.1. The density dependence agrees well with
Eq. 4.2. For the suspensions of spheres of 134 nm radius with ionic strength of
1 mM, we observed avelocity in the dilute limit vy of 2.6 + 0.4 mm/day, reason-
ably close to the estimate based on Eqg. 4.1 of 3.4 mm/day considering the mod-
est ionic strength. The satisfactory agreement indicates that the spheres sediment
individually, forming crystals at the bottom, rather than nucleating in the suspen-
sion which would result in alarger sedimentation velocity due to the comparatively
large size of crystallites. From the Stokes velocity vy and the diffusion constant
Do = KT /(6mR) we can estimate the Péclet number voR/Dgy. The Péclet num-
ber is on the order of 10~ for our colloids, which suggests that the sediment is
close to thermodynamic equilibrium. Indeed the initial volume fraction of the ini-
tial suspension is of little importance for the quality of the crystals which form.
High densities yield equally beautiful crystals as low densities, evidenced by stop
band widths measured in reflection (only the brightness of reflection tends to be
dlightly weaker). The main factor affecting the crystal quality is the size polydis-
persity of the spheres, and tranquillity during sedimentation. We have moved the
samples to measure the sediment heights, and even these dlight disturbances leave
visible marks: at the corresponding heights new crystallites have started to grow.
The pattern of the marks correlates exactly with the time intervals between height
measurements.

54



Lol . ]

Dimensionless velocity

0.0 0.5 1.0

0.0

lonic strength (mM)

Figure4.4 Settling velocity for 8 (o) and 13 (e) vol% suspensions in water with
various salt concentrations. The velocity has been scaled to the velocity v calcu-
lated for sphereswith no double layer, i.e. the Stokes vel ocity Eq. 4.1 corrected for
the density using Eq. 4.2. The estimated error in the measured velocities is 0.03.
The settling velocities are derived from height curves of 64 samples among #605-
#676. For comparison, the solid curve shows the inverse of therelativeincreasein
volume fraction that would result if we added one Debye screening length k1 to
the sphere radius, i.e. (1+«R)~3, for a sphere radius R of 100 nm.

4.5 Density tuning

The density of spheres in the sediment is an important factor in the preparation
of photonic crystals since it determines the position of the stop gaps in the pho-
tonic band structure. The volume fraction of the crystals can be tuned via the
ionic strength of the suspending liquid. Adding salt to the suspension screens the
Coulomb interaction and compresses the double layer. Spheres with an extended
double layer will start to interact at larger separation, which results in crystals with
lower volumefractions. Theionic strength of theliquid also playsanimportant part
inthe velocity of settling spheres. Due to the interaction the spheres will more eas-
ily hinder each other during sedimentation. As a consequence, one would expect
that suspensions sediment slower at low ionic strength. To illustrate this influence
of theionic strength, we have plotted settling vel ocities in suspensions with various
amounts of added salt in Fig. 4.4. The velocity in Fig. 4.4 is reduced at low ionic
strength as we had anticipated. The decrease can amount to as much as 40%.

As the suspensions settle, the spheres form crystals at the bottom of the capil-
laries. The crystal growth velocity is determined by the influx of spheres from the
suspension. Thus the settling and growth velocities are proportional at fixed initial
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Figure 45 Crystal growth velocity versus settling velocity of the suspension
above the sediment for 8 and 13 vol% suspensions (open and closed symbols) of
spheres of various sizes in water with 0.25 mM added salt. Circles, triangles, and
sguares pertain to spheres with radii of 105, 121, and 134 nm respectively.

volume fraction, as can be seen in Fig. 4.5. From the settling and growth veloci-
tiesand the suspension’sinitial density, wecan readily estimate the average volume
fraction of the crystalline part of the sediment. The resulting volume fractions are
plotted in Fig. 4.6. The densities clearly increase with ionic strength, in a similar
fashion as the settling velocities in Fig. 4.4.

To show this similarity more clearly, we have transformed the settling veloci-
ties to volume fractions using Eq. 4.2 and the Stokes velocity. We interpret the re-
sulting ‘ effective’ volume fraction as the volume fraction occupied by the spheres
together with their double layers. In Fig. 4.6 we have plotted theratio of the known
initial density of spheresin the suspension to the effective density of spheres. Com-
paring this density ratio to the density of the crystals in the samefigure, we see that
the data are in excellent mutual agreement. Apparently the influence of added salt
on the suspension’s effective volume fraction is similar to the influence on the vol-
ume fraction of the crystals.

Thedensity of the crystals can also be obtained from optical measurements and
knowledge of the photonic band structure. We have determined stop gap frequen-
cies from optical measurements of the (111) Bragg reflections. With our range of
sphere sizes and ioni ¢ strengths we cover thewavelength range from 475 to 810 nm,
which includes nearly the whole visible part of the spectrum. Volume fractions
were abtained from the stop gap wavelength and the SL S sphere radii in table 4.1.
In Fig. 4.7 we have plotted the volume fraction of the uppermost crystals in sam-
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Figure 4.6 Average density of the crystalline part of the sediment (circles, left
axis) and theratio of initial and effective volume fractions of the settling suspension
(bars, right axis), for various amounts of added salt and initial suspension densities
of 8 vol% (o,—) and 13 vol% (e, |). The density of the crystals is obtained from
the dopesin Fig. 4.5 and theinitial density of the suspension; the effective volume
fraction isbased on Fig. 4.4.

ples of variousionic strengths. The density at the bottom of the sampleisgenerally
~ 10 vol% higher than at the top. The density in the figure is lower for low ionic
strengths, i.e. when the charge of the spheresis screened less, in a similar fashion
as the densities obtained from sedimentation, see Fig. 4.6.%

To compare the density changes with the screening lengths, we have plotted in
Fig. 4.7 three curves corresponding to the volume fraction that would result if we
add one Debye screening length to the sphere radius, i.e. ¢o(1+ 1/kR)~3, where
do isthe volume fraction with no double layer. The inverse screening length k in-
troduces the dependence on ionic strength |. For water at room temperature, kK =
3.32 nm~1/1 if the ionic strength is expressed in mol/I.*3 The curvesin Fig. 4.7
show a similar trend as the densities, both as a function of ionic strength and as a
function of sphere size. The volume fraction at aspecific ionic strength ishigher for
large spheres because the Debye screening length is smaller relative to the sphere
size. When little salt is added, the density is higher than predicted by the curves,
presumably due to extraions released by the glass capillaries.

The resultsin Fig. 4.7 demonstrate that the volume fraction of the crystals can
indeed be tuned by adjusting theionic strength of the suspending liquid. Thewave-
length of the stop gap can be modified using the size of the spheres. By means of the
ionic strength and the sphere size, we can overlap the stop gap and the dye's emis-
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Figure4.7 Density of thetopmost crystals determined fromoptical measurements
of the (111) Bragg reflections on various samples (v, o, A: uESJ1-93, 101, 113).
The curves correspond to the volume fraction that would result if we added one De-
bye screening length k2 to the sphere radius R, starting from a fixed volume frac-
tion with no double layer ¢ (solid curve: R= 134, dashed curve; R= 121 nm; dot-
ted curve: R= 105 nm). Densities from sedimentation (e, see Fig. 4.6) are shown
for comparison. Thesedensities have been multiplied by 2 to bring themin the same
range.?®

sion spectrum, so we are well-equipped for experiments on fluorescence in pho-
tonic crystals.
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Notethat thevelocity isnot very sensitive to the exact value of p for the volume
fractions of our suspensions. The parameter p enters only in the second order
term of the expansion in density of Eq. 4.2.

Thedensitiesfrom sedimentation and reflection differ by about afactor of 2. On
the one hand, the densities obtained from reflection measurements are possibly
too high; from thedatain Fig. 4.7 wefind ¢o ~ 70%. Thisisrather dense, con-
sidering that the volume fraction of melting for hard spheresisonly 54%.'% On
the other hand, the densities from sedimentation are possibly somewhat low.
The difference between sedimentation and reflection is probably dueto a sys-
tematic error in the sphere radii (for the reflection measurements) or in the ini-
tial volume fractions of the suspensions (for sedimentation), which shows up
as acommon factor in the reflection or sedimentation densities.
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Light sources inside photonic crystals

5.1 Introduction

A study of light sources inside photonic crystalsis pertinent in view of the primary
aim of photonic crystals, i.e. modifying the radiative properties of such sources.
Among the radiative properties of light sources inside photonic crystals, the emis-
sion spectrum is most readily accessible experimentally. Emission spectra of in-
ternal sources have been measured, and clear stop gaps in emission spectra have
been observed.} 8 Apparently the photonic band structure strongly influences the
emission spectrum. Important open questions remain, however. It appears that the
observed stop gaps differ in several respects from the stop gaps encountered in con-
ventional transmission spectra, e.g. the attenuation and the width of emission spec-
tra are smaler than in transmission spectra. We will explain these observations
with asimple model, outlined in Fig. 5.1. The essential ingredient is that the stop
gaps do not cover dl directions in the crystals, i.e. that light can propagate in di-
rections outside the stop gaps. Asaresult, the spectrum from internal light sources
includes light that is emitted in directions outside the stop gaps and subsequently
scattered by defects close to the surface (Fig. 5.1a). In the presence of a photonic
band gap, the scattered light is strongly attenuated because the stop gaps extend
over 4mt solid angle, trapping light in al directions (Fig. 5.1c). Thus the spectrum
of sourcesinside photonic crystals reveals unambiguously whether a photonic band
gap has been achieved.

5.2 Experiments

To experimentally realize light sources inside photonic crystals we used the dye-
doped silica spheres nESIJ1-101 described in the previous chapter. The silica
spheres (refractive index n = 1.45) are suspended in water (n = 1.33). The re-
sulting colloidal suspensions are contained in long flat glass capillaries of 3 mm
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Figure5.1 Schematic drawing of the trajectory of light emitted by a point source
inside a photonic crystal, (a) when the light isjust Bragg reflected from the crystal
planesindicated, (b) for Bragg reflection at shorter wavel ength, when thereflection
isinclined to the lattice planes, and (c) in a crystal with a photonic band gap. The
crossin the leftmost pand indicates a defect.

width and 0.3 mm internal path length. The samples form large highly ordered fcc
crystals with the (111) planes parallel to the walls of the capillaries, asreveaed by
our synchrotron small-angle x-ray diffraction studies. The spacing of the crysta
planes varies with height in the sample due to gravity. The spacing ranges from
206 to 221 nm, which corresponds to a density range of 53-65 vol%. Higher up
in the samples, the less dense colloidal liquid phase coexists. The freezing den-
sity is close to the freezing density of hard spheres of 54 vol%, consistent with the
screened Coulomb interactions that occur in these systems. 1n our samples, 0.5 mM
NaCl was added to screen the charge on the spheres.

Fluorescence spectrawere obtained by exciting the dye with an argon laser op-
erating at a wavelength of 488 nm; the spectra were collected with a Carl-Leiss
prism spectrometer, equipped with a photomultiplier. The spectrometer has are-
solving power of 1 nm for the 0.1 mm glit settings used. It was calibrated using the
spectral lines of aneon lamp. The samples were excited through the back surface,
i.e. the side of the sample away from the detector. The detector is looking at the
front surface. The capillaries were mounted on arotation stage to orient the crys-
tals with respect to the position of the detector. Optical transmission spectra were
measured with a collimated halogen lamp. Spectra were taken directly or bye use
of a cylindrical index matching bath filled with dimethylformamide, to suppress
refraction at the surface of the sample capillary.
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5.3 Results and Discussion

We have obtained fluorescence spectra of dye in many different photonic crystals.
A typical exampleisshown in Fig. 5.2 and compared with the spectrum of dyein
acolloidal liquid. The crystal changes the fluorescence spectrum of the dye con-
siderably: the spectrum acquires a pronounced stop gap. The stop gap is caused
by the (111) crystal planes. The crystal planes act as Bragg mirrors for the fluores-
cence, preventing part of the light from leaving the crystal. We observed that the
central wavelength of the stop gap depends on the density of spheresin the crystal.
By changing the vertical position in a sample, we can vary the density and hence
tune the stop gap wavelength. Asan example, we have carefully tuned the stop gap
on the dye emission spectrum in Fig. 5.2.

To obtain the transmission spectrum of the light emitted inside the crystal, we
havetaken theratio of the fluorescence spectrum to the reference fluorescence spec-
trum of dyeinacolloida liquid in Fig. 5.2. Inwhat follows, we will call the result-
ing relative fluorescence spectrum the “transfer function”. The transfer function
has been normalized to 100% at long wavelengths; see Fig. 5.3. For comparison,
we have also plotted a transmission spectrum of plane waves entering the crystal
from outside. One can see that the stop gap in the transfer function has the same
central wavelength of 580 nm asthe stop gap in the conventional transmission spec-
trum. The stop gap in thetransfer function, however, is narrower and the maximum
attenuation of the transfer function is much less than that of the transmission of ex-
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Figure 5.2 Fluorescence spectrum of dye in a photonic colloidal crystal (solid
curve) and in a colloidal liquid of spheres (dotted curve, offset by 0.05). Bragg
reflection causes a stop gap in the spectrum of the crystal.
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Figure5.3 Transfer function of alight sourceinsideacrystal (solid curve, relative
fluorescence intensity) and of a light source outside the crystal, far away (dotted
curve, transmission of a plane wave). Both spectra were taken normal to the (111)
crystal planes.

ternal plane waves. We will now discuss the main features of the stop gaps in the
transfer function.

We expect that the central wavelength of the stop gap is related to the lattice
spacing of the crystal, the effective refractive index of the crystal, and the crystal’s
orientation.” Transfer functions for various emission directions are presented in
Fig. 5.4. Stop gaps are observed for al emission directions; away from the normal,
the central wavelength of the stop gap goes to shorter wavelengths, qualitatively
resembling Bragg reflection. The central wavelength of the stop gap as a function
of angleisshownisFig. 5.5, for stop gapsin thetransfer function aswell asfor stop
gapsin transmission spectra. Thetwo stop gaps follow the same curve. The shift of
the central wavelength is very well explained using Bragg's law 2dsin® = A\ /ngg
generalized to include an effective refractive index ngs, if alowance is made for
refraction at the sample interface using Snel’s law. In diffraction experiments us-
ing external sources we have previoudly found that the effective refractive index
of aphotonic crystal iswell described with the Maxwell-Garnett approximation.”2
We note that Bragg's law with an effective Maxwell-Garnett refractive index yields
results which closely correspond with dynamical diffraction theory.® For compar-
ison, it is shown that the experimental datain Fig. 5.5 are clearly in between Brag-
g's law with refraction of either water or silica. Without index matching bath, we
found that refraction at the air-capillary interface introduces large systematic errors.
In aprevious experiment, Yamasaki and Tsutsui presented stop gaps in the transfer
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Figure5.4 Transfer function for sample rotations of 0°~40° intwo directions. The
spectra have been divided by a reference spectrum and normalized at long wave-
length. For positive rotations the curves have been offset upward, for negative rota-
tions downward. The stop gap shiftsto shorter wavelengthsiif the crystal isrotated,
in accordance with Bragg's law.

function that differ both from stop gaps in transmission spectra, and from theoret-
ical predictions. It is unknown what the reasons for this surprising deviation are.
The data in Fig. 5.4 illustrate that for emission wavelengths that are equal to the
Bragg wavelength at normal incidence, light can still propagate in oblique direc-
tions (see Fig. 5.1a). For shorter emission wavelengths, the light is Bragg reflected
at acertain angle, but can propagate in other directions, such asthe normal one (see
Fig. 5.1b). Theresulting variationsin fluorescence intensity arefamiliar from x-ray
fluorescence, where they are referred to as Kossel lines. In x-ray fluorescence, the
term Kossdl line is reserved for light which originates inside a crystal. The varia-
tions in fluorescence that we have measured here correspond to true Kossel lines;
the patterns of lines that occur in elastically scattered light are, strictly speaking,
Seemann diagrams.®

The width of stop gaps in transmission is due mainly to photonic crystal ef-
fects, but also to disorder that occurs in any crystal.1® The latter includes strain,
finite crystal size,® crystal misorientations, and possibly even the lattice modes of
the colloidal crystal.* For areal photonic crystal, the observed width is thus equal
to or larger than the intrinsic photonic width. An intrinsic width between 11.1 and
11.7 nm is predicted by dynamical diffraction and band structure theories.’>® In
Fig. 5.3, the stop gap in the transfer function is about 20 nm wide. The width of
the stop gap in the transmission, however, is much larger. Apparently the course of
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Figure5.5 Central wavelength of the stop gap in the transfer function (o) andin
transmission spectra (+) as a function of rotation of the sample. The wavelengths
are based on spectra taken using an index matching bath. The solid curve corre-
sponds to Bragg's law with correction for refraction at the sample interface, using
an effective refractive index of 1.39. The dotted curves are based on the refractive
index of silica (upper curve) and water (lower curve).

plane waves through the sampleis qualitatively different from that of light coming
frominside.

In transmission experiments, the attenuation at the center of a stop gap is ap-
preciable, even for small or imperfect crystals.’314 Thisisalso the casein Fig. 5.3.
It isstriking that for the same crystal the transfer function shows much less attenu-
ation. To elucidate the origin of this difference, we have varied the position of the
light source inside the sample asfollows (cf. inset of Fig. 5.6); The light which ex-
citesthe dyeis sent through the sample at a glancing angle of 30° with the surface.
Thusthe beam is close to the front surface and at one edge and close to the back sur-
face at the other edge of the sample. By imaging aspecific part of the sample onthe
detector, we select the depth of the emitting sources. The beam waist at the sample
measures only 20 um full width at half maximum, and the width of theimaged area
is 50 um, both much less than the 300 um sample thickness. The resulting transfer
functions are shown in Fig. 5.6. The outermost curves correspond to regions that
are 400 um apart on the sample. Remarkably, the attenuation of the fluorescence
stop gap does not depend on the depth of the sources. We can exclude the possi-
bility that the depth dependence is washed out by a diffuse excitation beam: Fig.
5.3 shows that there is a large transmission of light at the excitation wavelength.
Indeed we observed a well-defined blue beam behind the sample. From the ob-
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servation that the stop gap is already present for sources close to the surface, we
conclude that the stop gap takes only few crystal planes to build up. It is striking
that the attenuation in the stop gap does not increase with further increasing depth
of the source. Apparently the attenuation in the stop gap in the transfer function is
mostly determined close to the surface but not by the bulk of the crystal.

We verified that the fluorescence originates in the bulk of the sample by photo-
chemically bleaching the dye close to the surface with an intense laser beam tuned
to aBragg reflection. Due to reflection from the lattice planes, the laser beam pen-
etrates only ashort distance into the sample, and it predominantly bleaches the dye
close to the surface. The bleaching did not deepen the stop gap, so we can exclude
that the residual light comes from fluorescent dye close to the surface. The bleach-
ing experiment also demonstrates that the residual light in the stop gap isnot dueto
surface modes of the photonic crystal. We will explain below that the contribution
of fluorescence generated in the surface layer to theresidual light inthe stop gap is
indeed expected to be small.
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Figure 5.6 Transfer functions (relative fluorescence intensities) for various dis-
tances from light source to sample surface, in a similar crystal asin Fig. 5.3. The
depth of the light source varies with the depth of the light beam which excites the
fluorescence (see schematic drawing). The upper curves have been offset by 0.5
and 1.0 respectively. Each curve corresponds to the position in the sample asindi-
cated.
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5.4 Propagation of light inside crystals

From a comparison between the transfer function and the transmission spectrum
(Fig. 5.3), it is clear that a considerable amount of fluorescence light with wave-
lengths in a stop gap reaches the sample surface and then leaves the crystal in the
direction of astop gap. The explanation for this phenomenon isthat defects near the
surface of the crystal scatter in all directions, including the direction of the stop gap.
The phenomenon can be understood as follows: Light emitted in the direction of a
stop gap is attenuated, but the light can propagate perfectly well in other directions
(Fig. 5.1a, Fig. 5.4). Thelight will be scattered by a small concentration of defects
that always occur in any crystal.1° Radiation scattered by defects deep inside the
crystal will experience an attenuation similar to that in a plane wave experiment.
If light is scattered by defects close to the surface of the crystal, this radiation will
appear unattenuated outside, even in the direction of a stop gap, because the light
traverses only athin layer of photonic crystal. Thus, light appears in the direction
of astop gap. Theintensity is determined solely by the defects that are close to the
surface, defects that are deeper inside the sample do not contribute. The internal
sources emit light in alarge solid angle of nearly 2rtto the front surface, hence an
appreciable contribution is expected compared with the light that directly propa
gatesinto the 0.016m solid angle of the detector. In contrast, in a plane wave trans-
mission spectrum the contribution of diffuse scattering is hardly noticeable. The
reason is that the beam that propagates to the detector iswell collimated, whereas
the randomly scattered light is spread over 4t solid angle. This elucidates why the
stop gap in fluorescence is shallower than the deep stop gap in plane wave trans-
mission spectra (cf. Fig. 5.3).

To give our explanation a quantitative basis, we now estimate the attenuation
in the stop gap of the transfer function, which is determined by fluorescent light
emanating from a surface layer. We distinguish two main contributions to this flu-
orescence intensity: (1) fluorescence generated in the surface layer itself by scat-
tered blue light from the excitation beam, and (2) scattering in the surface layer of
red fluorescence light generated deeper inside the sample, see Fig. 5.1a. Both con-
tributions depend on the thickness of the surface layer and on the diffuse scattering
of the blue or red light. The thickness of the surface layer was determined by com-
paring the fluorescence intensity of such alayer — excited by a blue beam at the
Bragg condition — to the fluorescence intensity produced by an incident beamn that
illuminates the whole sample thickness. The excitation beam was Bragg reflected
at the back surface of the sample and the resulting fluorescence was detected out-
side the stop gap. Under Bragg excitation, we find a fluorescence intensity 6 times
lower than found when illuminating the whole 300 um sampl e thickness away from
Bragg reflection. Apparently the surface layer is about 300 um/6 = 50 pum thick.
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Based on this layer thickness, one would expect a transmission in the stop gap of
exp(—6) = 0.3%. This estimate agrees very well with the measured transmission
in the stop gap in Fig. 5.3. The amount of diffuse scattering in the sample can be
estimated from the transmission. For the blue excitation beam the transmission
is ~ 60% (see Fig. 5.3), so a most 40% of the incident light is scattered. Half
of the scattered light reaches the front surface. We can now estimate the contri-
bution (1) above: scattered blue light which excites the surface layer contributes
(40%)/2) /6 = 3% to the transfer function. Similar reasoning leads to an estimate
of the contribution (2) of fluorescence light scattered in the surface layer, however
the fluorescence is scattered more strongly because it is close to astop gap.t* Ina
separate experiment, we have observed that scattering close to a stop gap can bea
factor 3 to 4 stronger than far away from the stop gap. The contribution (2) is ac-
cordingly larger, i.e. ~ 10%. Theresulting estimate for therelative intensity in stop
gap of thetransfer function isthen ~ 3%+ 10%. This should be compared with the
observed stop gapsin Fig. 5.3 of about 20%. The estimated stop gap depth agrees
well with observed attenuations in stop gaps, confirming the mechanism that we
propose.

With the mechanism described above we can also explain the difference be-
tween the widths of the stop gaps in fluorescence and transmission. The fluores-
cence stop gap is caused by relatively few crystal planes that are well aligned close
to the cell wall, therefore the measured stop gap width agrees well with the purely
photonic width. A simple model calculation reveals that approximately 50 lattice
planes (~ 20 um thickness) suffice to yield the width of 12 nm without finite size
Scherrer broadening.® The width of the fluorescence stop gap comes close to the
width of the peak in reflection spectra,’® because both are caused by the outermost
crystal planes. The stop gap in transmission on the other hand, samples the com-
plete thickness of the sample (more than athousand | attice planes), including planes
far from the capillary wall which may belesswell aligned. Thusthe diffuse scatter-
ing mechanism accounts not only for all of our experimental observations, it aso
explains previous uninterpreted data. '8

5.5 Conclusions

We have studied propagation of light generated inside high quality photonic crys-
tals. Close to stop gaps, the propagation is determined by defects near the surface.
Theeffect is confirmed by aquantitative analysis of the observed attenuations. Our
result has an important bearing on the long awaited photonic band gap: Inthat case,
asource inside a crystal cannot emit in any direction, hence the source of diffuse
light is shut off. In amaterial with a photonic band gap, this diffuse contribution
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to the transfer function vanishes over the full spectral width of the gap. It appears
that asmall number of defectsthat isunavoidable evenin high quality crystalsisan
excellent probe for photonic band gap crystals. We conclude that the transport of
light in photonic crystals consists of an intricate combination of propagation (away
from stop gaps), and diffuse scattering (at the stop gaps) typical of random samples.
For the latter, alarge body of work aready exists, which should facilitate detailed
theoretical interpretation.16
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6

Fluorescence lifetimes and linewidths
of dyein photonic crystals

6.1 Introduction

One of the most important consequences of photonic band structuresisthat sponta
neous emission of excited atoms or molecules can be inhibited.> Surprisingly, ex-
perimental studies of excited atoms or molecules in photonic crystals are scarce,>®
and important aspects of spontaneous emission have not been addressed, i.e. the
spectral width of stop gaps or band gaps as compared to the emission linewidth and
the mechanism that is responsible for this linewidth. The relevance of line broad-
ening becomes clear if one considers the emission linewidth of atoms or molecules
in a photonic band gap crystal in relation to the width of the gap. The linewidths
of important systems such as efficiently radiating dyes or luminescing semiconduc-
tors are generally very large, i.e. comparable to the width of agap,* which justifies
the question of whether a photonic gap will ever cause any obhservable effect on the
radiative lifetime at all. On the other hand, even weakly photonic crystals change
the emission spectrum of embedded atoms or molecules considerably: the spec-
trum acquires a pronounced stop gap. The appearance of a stop gap in the emis-
sion spectrum suggests that the photonic band structure might also affect the radia-
tive lifetime. To determine the influence of the photonic band structure on radia-
tivelifetimes, we have experimentally investigated the excited statelifetime and its
wavelength dependence for molecules in photonic crystals and in anon-crystalline
reference sample.

6.2 Experiment

To experimentally realize spontaneously emitting sources inside photonic crystals,
we used the dye-doped silica spheres described in chapter 4. Fluorescence lifetimes
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of thedyeinthe crystals were obtained using atime-correl ated single photon count-
ing technique.® The dyeis excited in the UV at awavelength of around 320 nm by
the second harmonic of a cavity-dumped dye laser that uses Kiton Red asthe active
medium. The dye laser is synchroneously pumped by a mode-locked Nd®*:YAG
laser. The UV excitation beam of < 1 ps pulses is focused onto the back of the
sample, i.e. onto the side of the sample away from the detector. The power was
always lower than 1 uW. The diameter of the beam islessthan 0.5 mm at the sam-
ple position. A lens images the fluorescence on the entrance dit of a Carl-Leiss
prism monochromator. The spectrometer dlits were set at 1 mm, which results in
aresolving power of ~ 15 nm. A Hamamatsu R3809U Micro Channel Plate de-
tector (MCP) detects the fluorescence. At acavity dump rate of 40 kHz, the count
rate on the MCP was at most a few kcounts/s. The MCP signal is amplified and
fed to a constant fraction discriminator and time to amplitude converter (TAC). A
photodiode monitors theincident beam for triggering the TAC. Thetime difference
between the MCP signal and the excitation pulse is recorded by a multi-channel
anayzer. With this setup we achieve atime resolution of around 55 ps (FWHM of
scattered red light from the dye laser).

The resulting time-resolved fluorescence data are plotted as histograms. We
have adjusted the widths of the histogram bins to maintain a good signal to noise
ratio at long times, exploiting the fact that decay curves are monotonously decreas-
ing functions of time. This monotonous decrease suggests to use bins so wide that
the random error in the bin heights is comparabl e to the difference between heights
of consecutive bins. For the Poisson distributed noise of a single photon count-
ing experiment, and a single-exponential decay curve with characteristic time T,
the criterion leads to a straightforward recipe for the histogram bin width A at time
t, specifically (A/1)% = 2/[Nexp(—t/1)], where N is the total number of counts.
We find it expedient to plot exponentia data in this way since such a presentation
emphasizes the information in the data since it averages out the noise; it is straight-
forward to apply, and it has aclear basis.

6.3 Resaults

Figure 6.1 shows two typical time-resolved fluorescence traces, one of dye in a
colloidal crystal and one of dye in acolloidal liquid, measured at a wavelength of
577 nm, corresponding to the crystal’s stop gap. The measured fluorescence in-
tensities extend over three full decades. The fluorescence decay is very close to
single exponential, which indicates that unwanted nonradiative effects are effec-
tively reduced by the low dye concentration and the protective cover layer. From
the fluorescence decay curves we have obtained lifetimes by calculating the aver-

74



Intensity (counts)

Time (ns)

Figure6.1 Timeresolved fluorescence of dye inside a photonic colloidal crystal
of 65 vol% (—) and in a colloidal liquid (- --, offset by a factor of 2), at 577 nm
wavelength. The mean lifetimes of 3.54 + 0.02 ns are indicated by straight lines.
The narrow spike is the instrument response.

age time at which a photon is detected. The lifetimes for the curvesin Fig. 6.1 are
both 3.5 ns, i.e. there is no large difference in lifetime for a crystal and a colloidal
liquid. Fig. 6.2 shows fluorescence lifetimes as a function of wavelength in the dye
spectrum, for two photonic crystals with different densities, and for acolloidal lig-
uid. The emission spectrum of one of the crystalsisincluded in the same figure for
reference. We will discuss fluorescence lifetimes in the crystals first, later on we
will come back to the colloida liquid. The densities of the crystals that we have
used were 65 and 53 vol%. Due to the density difference the center wavelength
of the stop gaps of the crystals differ: for the low density crystal the stop gap is
at 617 +9 nm, whereas for the high density crystal it is at 582+ 2 nm. Since the
stop gap wavelengths of the two crystals differ, the densities of optical modes of
the two crystals should also display different wavelength dependencies. This dif-
ference should become visible in the measured lifetimes. However, the measured
lifetimes in these crystals do not show a significant wavelength dependence. The
variations in lifetime are on the order of only 0.05 ns, or 2%. This observation
shows that the influence of the photonic band structure on lifetime in these crys-
talsis surprisingly small, considering the large changes in the spectra. Below we
will resolve this seeming paradox.
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Figure6.2 (@) Excited state lifetime of dye inside photonic crystals with densities
of 65 vol% (o) and 53 vol% (e), and in a colloidal liquid (A), at various wave-
lengths in the dye spectrum. The solid circles are an average of two measurements,
indicated by error bars. Thedotted curves are guidesto the eye. The emission spec-
trum of the more dense (65 vol%) sample is shown in (b) for comparison. The open
circles indicate wavelengths at which lifetime measurements were performed.

6.4 Discussion

We can interpret the variation in lifetimes by comparing this variation to the width
of the stop gaps of the crystals. A simple model connects the lifetimes to the width
of the stop gaps, and it explains why the photonic crystals under study have only
asmall influence on lifetimes. In the direction of a stop gap, light cannot be emit-
ted since the zero point fluctuations are expelled from the photonic crystal by re-
peated reflection from the lattice planes. Since our crystals do not have a photonic
band gap, light at a specific wavelength is reflected only for certain directions, in
the other directions the emission persists. We expect that the relative change in
radiative lifetime of the fluorescent molecules is of the order of the solid angle Q
subtended by the Bragg reflections, compared to the full 4m solid angle which is
available in the absence of acrystal. For atomsin a Fabry-Pérot interferometer the
results of thisapproach arein excellent agreement with the experiments of Heinzen
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et al..% The lifetime change for a stop gap at a specific frequency is

At _ Q A% 9% 2m(cosh_ —cosh)

T 4n 4n
Here, 6_ and 6, are the inner and outer half apex angles of the Kossel cone. The
factor of 4 isincluded because there are four pairs of {111} planes, the factor of
2 accounts for the two sides of the planes. The change in lifetime depends on the
emission frequencies of the fluorescent molecules viatheangles 6, and 6_. Toes
timate 6, and 6_ we have calculated the stop gap width using an extended version
of conventional dynamical diffraction theory.” We have extended the theory to in-
corporate reflection at angles close to backscattering, and we have refrained from
the customary approximation that the Kossel line occurs close to the conventional
Bragg reflection. We consider here only polarization perpendicular to the scatter-
ing plane; this polarization gives the largest stop gaps. We will express the results
in terms of the photonic strength parameter W.8 It appears that the solid angle con-
tained in a stop gap is largest when the full Kossel cone has just come into view
closeto normal incidence on aset of planes, i.e. when6_ = 0. Thissituation occurs
when the frequency of the light is at the top of the stop gap for normal incidence.
The Kossel cone then extends to 6., which is determined by

. (6.1)

19
tang, — 2Lu1+—wm/2w. 6.2)

The resulting change in lifetime is

At 1
T T4 (1_ JIt 29+ w)/(l—w)> ~ A%, 3

where the factor of 4 isdueto thefour pairsof {111} planes. Therelative changein
lifetimeisdirectly related to the relative width of the stop gap in the spectrum. The
relative spectral width Aw/w of the stop gap for transmission normal to the crystal

planesis

A
%):\/1—1—4’—\/1—4’%4’. (6.4)

We can obtain thiswidth from e.g. the fluorescence spectrum in the previous chap-
ter. However one should realize that the width of the stop gap in the fluorescence
spectrum is not exclusively caused by the photonic band structure. The stop gap
may be broadened by structural defects.”® Indeed the stop gap in fluorescence spec-
trais usualy wider than the peak in reflection spectra. The widths of observed re-
flection peaks agree well with theoretical calculations.® For our estimate of thelife-
time change (Eq. 6.1) we have used a stop gap width of 2%, which correspondsto a
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change in radiative lifetime of only 0.3 ns. The estimated radiative lifetime change
provides an upper bound for changesin fluorescence lifetimes. Thisupper boundis
consistent with the measured variations in 1 of the crystalsin Fig. 6.2. Apparently
alarge change in fluorescence spectrum can coincide with an only minor changein
fluorescence lifetime, which resolves the paradox mentioned in the introduction.

The observed small change in lifetime contrasts with earlier results. Martorell
and Lawandy? found a change in lifetime by afactor 1.8 for their crystals of poly-
styrene spheres in water with rhodamine dye dissolved in the liquid. It has been
suggested that their large change in lifetime is not caused by photonic band struc-
ture but by other factors such as chemical interactions and adsorption of the dye on
the sphere surfaces. ! To avoid such effects, we have carefully synthesized spheres
in which the dye isincorporated and shielded inside. Petrov et al.® have measured
fluorescence of dye in a polymer-filled opal. The decay curves were fitted with a
distribution of lifetimes, in which the short lifetimes were about half as long as
the long lifetimes. The nonexponential decay was attributed to a modified den-
sity of optical modes while chemical or nonradiative effects were not considered.
The fluorescence lifetimes were not spectraly resolved to demonstrate the varia
tion in density of optical modes with wavelength. Surprisingly, life time changes
were noted for wavelengths at the low frequency side of the stop gap, where6, =0
and Eq. 6.1 predicts no lifetime change. In both of the previous studies, the widths
of the stop gaps of the samples are the same as the width of the stop gaps of our
crystals, hence the change of the radiative lifetimes should in al cases be similar
tothedatain Figs. 6.1 and 6.2.

We will now discuss the lifetimes that we measured in a colloidal liquid. We
find that in the colloidal liquid, the fluorescence lifetimes are generaly dightly
longer than in the photonic crystals. Thisincrease in lifetime is probably a result
of random multiple scattering rather than the photonic band structure. Random
multiple scattering can considerably increase the path length from dye to detec-
tor. If the light propagates diffusively through the sample, then the length of the
traversed path sis proportiona to the square of the displacement d. In three di-
mensions s/l = 3(d/I)?, where | is the mean free path. The mean free path | in
the sample can be estimated from the Mie scattering cross section o of the spheres
and the density n, | = (no)~% = 10+ 2 um. For displacements d of the order of
the sample thickness, 0.3 mm, the resulting path length sis 30 mm. Such a path
length corresponds to adelay of 0.09 ns, of the order of the observed differencein
lifetimes between the crystals and the colloidal liquid.

Apart from the small systematic difference in lifetimes between the photonic
crystalsand the colloidal liquid, it appearsthat al the measured lifetimesin Fig. 6.2
show acommon trend in their wavelength dependence. The excited state lifetimet
that we have measured corresponds to atransition rate 1/t whichisasum of bothra-
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diative and nonradiative transition rates, 1/t = 1/Trag + Nnonrag- T heradiative decay
rate can be calculated with Fermi’s Golden Rule using the density of optical modes.
It is through this density of modes that a strongly photonic crystal may influence
the excited state lifetime. Even without photonic crystal the density of modeshasa
pronounced frequency dependence. In vacuum, the density of modes per unit vol-
ume pyac = w?/(m2c3).tt The transition dipole matrix element in Fermi’s Golden
Rule contributes yet another factor w to the transition rate,* hence we have plotted
acubic function in Fig. 6.2 for comparison. The frequency dependence of the ra-
diative transition rate explains why the lifetime is shorter at short wavel engths, but
the line is clearly much too steep compared to the data. The leveling of the dope
may be due to nonradiative decay. Nonradiative decay isexpected to become faster
towards lower frequencies,’? hence the slope of the lifetimes T in Fig. 6.2 is not as
steep as the cubic curve. The curveisstill oping upward because the variation in
density of states pyac dominates the nonradiative decay, since quantum efficiencies
of dyes are high.13

Finally we want to point out that the phenomenon of line broadening is per-
tinent to the determination of the density of modes via fluorescence lifetime mea-
surements. There are two kinds of line broadening, each with a different effect on
lifetimes. Thetwo contributions to the total width of the spectrum are called homo-
geneous linewidth and inhomogeneous linewidth.':1* The homogeneous linewidth
is the width of the spectrum of individual atoms or molecules. This width can be
measured by techniques like spectral hole burning or photon echo.* The homo-
geneous linewidth can be much larger than the natural linewidth due to interac-
tions with the environment, i.e. dephasing. The inhomogeneous linewidth corre-
sponds to the variation in center frequencies of the atoms or molecules. Due to
this variation, the total spectral width of an ensemble of molecules is larger than
the linewidth of an individual molecule. Measured fluorescence lifetimes are in-
herently an average over awavelength region corresponding to the spectrum of in-
dividual molecules, i.e. over the homogeneous linewidths.®* Thus, to avoid aver-
aging out any changes in lifetime due to photonic band structure, it is desirable to
have a homogeneous linewidth smaller than the width of peaks and valleys in the
density of modes. However one would also like to have awide fluorescence spec-
trum so the photonic band structure can be probed at various frequencies. These
two requirements may seem contradictory at first, but both conditions are satisfied
at once if one uses a system with an inhomogeneously broadened emission spec-
trum, i.e. if one uses an ensemble of molecules with different center frequencies.
Each molecule will probe the density of optical modes within its own narrow ho-
mogeneous linewidth; the ensemble of molecules will reveal the density of optical
modes over the whole wide inhomogeneoudy broadened emission spectrum. Or-
ganic fluorescent dyes are especially suited as probes of the optical density because
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of their large inhomogeneous broadening. The homogeneous linewidth of the dye
can be reduced by lowering the temperature.* Reducing the linewidth is profitable
since it increases the wavelength resol ution when measuring the density of optical
modes. Lowering the temperature also reduces the nonradiative decay rate advan-
tageously.1?

10.
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7

X-ray diffraction of photonic colloidal
single crystals

7.1 Introduction

It is crucia to know the structure of self-organizing photonic colloidal crystals,
since their optical properties are intimately connected to the crystal structure. The
important class of charge stabilized colloids! is particularly promising for photonic
purposes, because the | attice parameters can be tuned with theionic strength.? The
photonic properties are optimal for particle densities ¢ in the range 20-50 vol%,
because the Bragg resonances of the lattice are then matched with the internal Mie
resonances of the particles.® The crystal structure of dense charge stabilized col-
loids with ¢ > 0.1 is expected to be fcc.! Interestingly however, experiments at
® > 0.3 have reveded glass formation instead of crystallization.* Application of
shear prevents vitrification but results in random stacks of hexagonal close-packed
planes (rhcp)® or possibly hexagonal close packing (hcp)® instead of fcc. From a
photonic perspective, an fcc structure is more desirable.”

The desired strong interaction between photonic crystals and light hampers
structure determination by light scattering or other optical methods.® Therefore,
we use small angle x-ray scattering (SAXS)® with a synchrotron source, which has
the advantages of a high wavelength resolution, atightly focused beam, and a high
photon flux, in comparison to e.g. neutron scattering. With such a source, diffrac-
tion patterns can be recorded directly on atwo-dimensional detector camera. This
has the advantage over other small-angle instruments that the scattering pattern is
not smeared and that no scanning is necessary.® With this technique we have per-
formed the first in-depth systematic study of the structure of acolloidal single crys-
tal.
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Figure 7.1  Photographs of a photonic colloidal sample (#231) of sedimented
polystyrene spheres (radii 100.9 nm, size polydispersity 2.3 nm) in methanol, con-
tained in a 4 mmwide capillary. The pictures were taken with white light, in trans-

mission (left), and in reflection (right), as indicated by the cartoons. For a com-
parison of the images, some light was also reflected in the left picture.

7.2 Colloidal crystals

We have grown charge stabilized single crystals with volume fractions up to
60 vol% and dimensions up to 0.5 mm (see Fig. 7.1), which is large enough to
isolate a single photonic crystal for experimental study. The samples were made
of polystyrene spheres (Duke Scientific) in water or methanol, that were sealed in
0.3 or 0.4 mm thick flat glass capillaries (Vitro Dynamics). Crystals with densi-
ties below 50 vol% were made by deionizing the suspensions with ion exchange
resin (BioRad AG501-X 8) beforeintroducing the suspension inthe capillaries. The
best results were obtained with crystals that nucleated and grew over periods on
the order of months. Adding extra ion exchange resin to the capillaries increases
the nucleation and growth rates, which results in more and smaller crystals. Dense
crystals (¢ > 50 vol%) were grown by sedimentation of charge screened colloids
at accelerations of ~ 400 g. This corresponds to aratio of the sedimentation veloc-
ity to diffusion velocity (known as the Péclet number) of about 0.02, which sug-
gests that the sediment is in thermodynamic equilibrium. The crystal-liquid inter-
face appears at densities near 50 vol %, close to the hard sphere crystallization den-
sity. After about 4 hrs, relatively large grains develop at the crystal-liquid interface,
that anneal to sizes on the order of 0.5 mm. Longer centrifugation times result in
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compression of the crystals (¢ > 60 vol%), but also causes them to break up into a
polycrystalline assembly.™

Photographs of such a photonic colloidal sample of polystyrene spheres are
shown in Fig. 7.1. The density of colloids increases from top to bottom. In the up-
per part of the sample, the particles form a colloidal liquid in which incident light
is randomly multiple scattered, hence it appears opague in transmission and white
in reflection. In contrast, photonic crystals transmit incident light unless Bragg re-
flections occur, which are a precursor of photonic band gaps.*>'2 In this particu-
lar sample, green light is Bragg reflected (right panel) and the red part of the opti-
cal spectrum istransmitted (left panel). The green Bragg reflections are caused by
close packed crysta planes paralld to the capillary wall (fcc 111 planes). Just be-
low theliquid, crystals arevisible that are large enough for asingle crystal diffrac-
tion study. They are separated by dark grain boundaries, and several of them are
not oriented with the close-packed planes parallel to the glass, hence their Bragg
reflection is not visible. Further below, the sampleis polycrystalline.

7.3 Experiments

The SAXS experiments were performed on beamline 4 of the ESRF,'* at wave-
lengths A of 0.147 25 nm and 0.098 80 nm. The incident beam was tightly colli-
mated and very monochromatic. The bandwidth Ax/A of 1.5 x 10~* corresponds
to alongitudinal coherence length™ of (A/AX)A ~ 0.7 um. The beam divergence
A6 of only 30 urad corresponds to a transverse coherence length'® of A /A8 ~ 6 um.
The beam was focused to a narrow spot of about 0.2 x 0.5 mm, with a maximum
beam flux of 102 photons/s. The scattered radiation was detected with a two-di-
mensional gas filled detector at the maximum distance of 10 m from the sample.
The smallest scattering vector s= 2sin(8) /A, with 8 the diffraction angle, is 0.002
nm~L. The resolving power of the instrument Asis about 7 x 10~4 nm~2. At the
maximum sample-detector distance, the largest observable wave vector exceeds
8x 10’ m1.

The raw diffraction patterns were corrected for the detector efficiency distri-
bution which has been determined using the isotropic fluorescence radiation from
a Sr-doped glass.’® Absolute scattering intensities have been obtained by using a
calibrated Lupolen polymer sample as areference. We have obtained the differen-
tial scattering cross section per unit volume |, by dividing the number of countsin
a detector pixel by the number of incident photons, the solid angle subtended by
the detector pixel, the transmission of the sample, and its thickness. Background
intensities caused by scattering from the capillary, window of the detector vacuum
chamber, and beam stop were determined by separate measurements on empty cap-
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illaries and subtracted. To correct for the contributions from scattering by inhomo-
geneities inside the particles (fluctuation-induced scattering) we also subtracted a
small constant.

The capillaries were mounted with their long axis vertical on two trandation
stages that scanned the spatia position with respect to the horizontal x-ray beam,
and arotation stage that scanned about the long axis of the samples (w-axis).!” The
crystal diffraction patterns for Fig. 7.2 were collected in 105 seconds. The typica
integration timefor form factor measurements was 600 seconds, which yields about
108 counts on the detector.

7.4 Diffraction

Figure 7.2 presents x-ray scattering patterns of a single crystal consisting of r =
120.8 nm spheres with alattice parameter a = 370 nm and a volume fraction ¢ =
56 vol%. Many Bragg peaks are seen, which indicates that the spheres are ordered
inacrystaline array. Whenthe sampleistrandated, we observe doubling or tripling
of each peak or even concentric rings at the radii of the peaks, which signifies that
the incident beam then irradiates two, three or many crystals respectively. There-
fore, Fig. 7.2 showsindeed the scattering patterns of asingle colloidal crystal. Many
Bragg diffraction peaks are observed simultaneously, in contrast to x-ray diffraction
of atomic single crystals.}” Thereasonisthat thewavelength A ismuch smaller than
the typical lattice spacings d, hence the radius 1/A of the Ewald scattering sphere
ismuch larger than the lengths 1/d of the reciprocal lattice vectors. Consequently,
the Ewald sphere becomes a scattering plane that simultaneously intersects many
reciprocal lattice vectors.>'” The Bragg pesks in Fig. 7.2A have approximately a
sixfold symmetry. Thisis expected because dense colloids usualy order in hexag-
onal close packed planes that lie parallel to cell windows.! The stacking sequence
of these planes determines whether the structure is fcc, hep, rhep, or a more com-
plex sequence.r’ Due to the hexagonal symmetry, the reciprocal space consists of
a hexagonal arrangement of Bragg rods, labeled with Miller indices h,k, and an
index | indicating the distance along the rods,'” see Fig. 7.3. In normal incidence
(Fig. 7.2A), | = 0 and we are looking down the c-axis. The inner six Bragg peaks
in Fig. 7.2A arethe hk = 11 class reflections. These peaks cannot be the hk = 10
class, because this would result in an unphysical density beyond close packing of
¢ = 88 vol%. The absence of hk = 10 indicates that the crystal is fcc, based on
considerations of intensity distributions on the Bragg rods.)’ In Fig. 7.2A, most
bright and dark spots occur under conditions expected for fcc, namely h— k = 3n,
and h— k = 3n=1, respectively.

In order to sweep the third dimension of reciprocal space, the scattered inten-
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Figure 7.2 Structure factors at several angles of incidence w of a colloidal sin-
gle crystal of 120.8 nm radius polystyrene spheres (size polydispersity 1.6 nm) in
water with a volume fraction ¢ = 56 vol% (sample #300), measured at 0.09880 nm
wavel ength. The data were obtained at angles w of 0° (A), 6° (B), 14° (C), and 34°
(D). The drawn lines are the a* and b* axesin reciprocal space. The rotation axis
is s, = 0 (dashed lines), hence the spots on this axis are unchanged. The circles
indicate the six hk = 11 class Bragg rods, which peak at | = 0 (panel A),and| =1
(panel D). The diamonds indicate the hk = 31 Bragg rods, which peak at | = 1/3
(panel B). The squaresin panel (D) indicate the peaks on the hk = 10 Bragg rods,
that appear at w = 34°. These four reflections correspond to the close packed re-
flections of fcc. The patterns were collected in 105 seconds. They have been cor-
rected for the single particle form factor, that was measured separately.
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sity was measured as a function of the angle of incidence w, see Fig. 7.2A-D. In-
tersections of the Ewald scattering plane with reciprocal lattice vectors are seen
as Bragg spots on the detector, that appear and disappear upon rotation,'® as il-
lustrated in Fig. 7.3. Asavisua aid, we have indicated the positions of several
classes of Bragg rodsin Fig. 7.2A-D. It is clearly seen that with increasing angle,
the hk = 11 spots (circles) become weaker (B), completely disappear (C), and reap-
pear at w = 34° (panel D). The hk = 31 spots (diamonds) on the other hand, start
with zero intensity in panel A, have amaximum at 6° (panel B), become weaker
(panel C), and have completely disappeared in panel D. Themaximafor the 11 class
correspond to| = 0, and | = 1 respectively, which confirms that the crystal consists
of interlocked stacks of hexagonal planes.>'” The maximum intensities for hk = 31
appear at | = 1/3, which confirms that the crystal structure is untwinned fcc, and
not any other stacking of hexagonal planes such as hep or rhep.l” Moreover, at
w= 34° (Fig. 7.2D), four spots have appeared close to the beam stop, closer than
the hk = 11 classreflections (squares). They arethehk = 10 classwith| = 1/3, that
correspond to the cubic 111 reflections of the close packed planes—thesereflections
are absent in hexagonal structures. The 111 reflections perpendicular to the capil-
lary wall arethe onesthat are visually observed in Fig. 7.1, which demonstrates that
x-ray diffraction resolves length scales on the order of optical wavelengths.

LW . Theanalysis above can be performed

N systematically for all the hk reflections.
In Fig. 7.4, we have plotted the scattered
intensity along some of the Bragg rods
in reciprocal space, bringing together in-
tensities from all the diffraction patterns
at various angles of incidence w. Twova
=1 rieties of Bragg rods can be distinguished:
= those with h— k = 3n and those with h—
k = 3n=+ 1. For the former, one expects
peaksatintegral | for al hexagonal stack-
ing sequences. Indeed the 21, 30 and 51

Figure7.3 Schematic sectionthrough ~ Teflections in Fig. 7.4 (Ieft) show peaks
the Bragg rods of an fcc crystal, show- @ | = —1,0,1. The hk = 51 class of re-
ing the Ewald plane (thick line) sweep- ~ flections showsthat the sequence of peaks

ing through reci proca] space. perSStS out to very hlgh Miller indices.
The other Bragg rods, withh—k = 3n+

1, directly reveal the crystal structure. For hcp, peaks should appear at | = mor
m+ 1/2, while for fcc, the peaks are at | = m+ 1/3 or m+ 2/3, depending on the
stacking sequence (ABCABC or ACBACB) and the Bragg rod (h— k= 3n+ 1 or
3n—1). For rhcp, broad peaks would appear at | = m+1/2. The hk = 21 and 20

ABCABC
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Figure7.4 Scattered intensity along Bragg rodsin reciprocal space (c* axis), for
several classes of hk reflections. Ontheleft: reflectionswithh—k = 3n, resultingin
peaks at integral |; ontheright: reflectionswithh—k=3n=+1, leadingtol integer
+1/3. Theintensities have been corrected by the measured sphere form factor.
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families of Bragg rods in Fig. 7.4 clearly show pesks at | = +1/3, which demon-
strates that the crystal structureisfcc, not hep or rhep. Similar results were obtained
for the 10 rods. Noticethat the scattered intensity disappears completely at | =0on
the 21 and 20 rods, in contrast with previous observations.>® The absence of | = 0
peaks on these h— k = 3n=+ 1 rods rules out hep; for the hep structure, one would
expect apeak at | = O, in addition to three times stronger pesksat | = +1/2. The
h—k = 3n=+1rodsaso giveaclue asto whether the exposed part of the sampleisa
singlefcc crystal or if it consists of twinswith mirrored stacking sequences. In Fig.
7.4 we see that the 22 rod has peaks at | = —1/3 and —4/3, but not at | = —2/3.
This indicates that the fcc crystal structure is not twinned. However, the peaks at
| = £1/3 on the 20 rods imply that we irradiate a crystal with the opposite stack-
ing sequence. For the higher order Bragg rods of this crystal, we have detected
more complicated intensity distributions, possibly signaling dight distortions from
an ideal fcc lattice. For instance, the 31 rods show peaks at both | = 1/3 and 2/3,
which suggests that we have exposed multiple twinned fcc crystals, albeit proba
bly only afew, because the peaks are not equally intense. Large numbers of twin-
ning planes would result in equal amounts of ABCABC and ACBACB crystals,
and hence equal peaks in Fig. 7.4.> Some of the high order rods have a tendency
for pesks at | = m+ 1/2, suggestive of stacking faults that are far apart. Some of
theintricacies of the current crystal areimmediately apparent in Fig. 7.2, when one
realizes that the intersection of an Ewald plane through a periodic lattice is itself
periodic. Obvioudly thisisnot strictly truein Fig. 7.2. Reassuringly, in later exper-
iments we have observed completely periodic diffraction patterns of 111, 110 and
even 100 sections through reciprocal space. The observation of asquare diffraction
pattern from the cubic 100 planesis very convincing evidence for the fcc structure.
s The widths of the peaks in Figs. 7.2 and 7.4 are

/ S directly related to the perfection of the crystal and the

\ quality of the instrument. The crystal perfection and
instrument quality find expression in different widths,
asillustrated in Fig. 7.5. In Fig. 7.2, we see that the
peak width along circles increases with order of the
peaks, whereas the widths perpendicular to these cir-
Figure7.5 Wdthsof the clesdo not depend on theindiceshkl. Theincreasein
diffraction peaks due to width along the circlesisaresult of mosaic structure,

crystal mosaic structure 1.6, slight variations in lattice orientation throughout
(M) and Scherrer broad- thecrystal. Mosaic structure causes aspreading of the
ening (S). reciprocal lattice points on spheres of constant sinre-

ciprocal space, asillustrated in Fig. 7.5. Thevariation
inanglein Fig. 7.2 isonly 0.75°. The width perpendicular to the circles does not
increase with s, which indicates that there is no strain in the crystal. This perpen-
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dicular width is due to the resolving power As of the instrument. The widths along
the Bragg rodsin Fig. 7.4 increase with the order of therod, again dueto the mosaic
structure: the Bragg rodsin Fig. 7.4 are tangentia to the spheres of constant s. In
principle the width along the rods could be much smaller than the resolving power
Asinthediffraction pattern, however the resolution is limited by the transverse co-
herence length of the x-ray beam. The transverse coherence length expresses over
what distance a crystallite can still provide a diffraction pattern. This coherence
length effectively limitsthe crystallite sizeto about 6 um, leading to Scherrer broad-
ening of the reciprocal lattice points.

The Bragg peaks shown in Fig. 7.2 can be azimuthally averaged to obtain a
pattern as a function of the diffraction angle, similar to patterns of polycrystalline
samples. It turns out (see chapter 9) that the Bragg diffraction angles are very
well explained with fcc lattice spacings. This confirms our observation of fcc
diffraction patternsin polycrystalline samples of charge stabilized spheres. We ob-
served single crystal and polycrystalline fcc patterns at densities over the range
20— 60 vol% and at various ionic strengths, i.e. at various distances from the melt-
ing trangition. Thisis evidence that fcc isindeed the stable phase of dense charge
stabilized colloids,! in contrast to rhep or glass, in agreement with theoretical ex-
pectations.’® The observation of the fcc structure has important consequences for
photonics’: since there are more close-packed directionsin fcc crystals than in hep
or rhep structures (8 rather than 2), the fcc structure has a larger influence on the
density of radiating optical states,?® which resultsin alarger quantum optical mod-
ification of the spontaneous emission rate.?!

Animportant feature in the diffraction patterns is the large number of diffrac-
tion peaks up to large scattering vectors (Fig. 7.2). Thisindicates that the Debye-
Waller factor is small, which means that the root-mean-sgquare excursions u of the
colloidal spheres from their ideal crystal positions are small.1” For the patterns in
Fig. 7.2, wefind a u of only 3.5% of the nearest neighbour distance. Bragg peaks
correspond to lattice vectors in reciproca space that play a centra role in band
structure calculations of the propagation of light through photonic crystals.® A
high degree of order is crucia for photonic crystals. The observation of a large
number of reciprocal lattice vectors means that the optical band structures are well
defined up to high optical frequencies.’®

7.5 Rea space structure

Thebasic goal of adiffraction study isto obtain area space image of the positions
of particlesin a crystal. Whereas direct imaging is hampered by the well-known
phase problem in diffraction,!” one can already obtain much insight from Fourier
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Figure 7.6  Real space density autocorrelation functions (Patterson maps). (a)
Cubic 111 planes (w = 0 in Fig. 2A). The hexagonal unit cell with edge lengths
equal to the nearest neighbour distance of ~ 260 nmisindicated with dashed lines.
The dashed-dotted cell indicated with ” B” and the dashed-triple dotted cell indi-
cated with ” C” are hexagonal unitsin planes just above or just below the central
" A" plane. (b) Cubic 110 planes (w = 34° in Fig. 2B). The dashed grid indicates
the projected square faces of the cubic unit cell, with edges equal to 260 nm and to
v/2 x 260 nm. The dotted rectangle indicates the correlations due to planes above
and below the one indicated with dashed lines.

transforms of the diffraction patterns. In Fig. 7.6a,b, we have plotted the Fourier
transforms of Fig. 7.2A and D, respectively. This yields projections of the auto-
correlation function of the density in real space, which is amap of the vectors that
connect particle positions, known as the Patterson map.t” These maps are espe-
cialy useful to elucidate complex structures of non-overlapping particles, typical
of colloidal systems. Figure 7.6a showsthe Patterson function projected on aplane
perpendicular to the cubic 111 axis. The dashed lines indicate the hexagonal close
packed plane (' A’ in Fig. 7.64). The clear spots on the corners of each cell indicate
the distance to nearest neighbours, and next nearest neighbours in the hexagonal
planes. The spots should not be confused with the real space density obtained in
a hologram or a microscope image. It is well-known that the fcc structure can be
represented as a three layer repeat sequence ABCABC... of close packed layers, '’
thus there are two other planes that are located below and above an’ A’ plane. In
Fig. 7.6a, these give rise to additiona peaks, that are indicated with 'B’ and 'C'.
Additional correlations at positions in between the ideal lattice points are possibly
caused by defects in the crystal mentioned earlier. Figure 7.6b shows the Patter-
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son function projected perpendicular to a cubic 110 axis. We have indicated the
rectangular pattern with edge ratio 1 : /2 times the nearest neighbour distance of
~ 260 nm. The cubic 110 direction is vertical (asin Fig. 7.6a), and the cubic 100
direction isnow horizontal. The midpointsin the rectangles are caused by particles
in planes below and above a particular 110 plane that are displaced by one nearest
neighbour distance. The orientation of the unit cell is such that one cubic 110 axis
is pointing upward, which means that rows of particles in the close packed planes
are parallel to the sedimentation direction. Such an orientation is usually observed
in sheared samples,® but does not always occur in our samples (cf. Fig. 7.1). The
range in real space of the Patterson functions is currently limited to about 500 nm
by the shape of theincident beam and the detector response function. The extension
to the micron range is anticipated.

7.6 Conclusions

We observe large numbers of Bragg diffraction peaks of photonic colloidal single
crystals over an unprecedented range of scattering vectors. The colloidal particles
order inface centered cubic (fcc) structures at all densities and with ahigh degree of
localization about their lattice sites. The growth and observation of highly ordered
fce crystals strongly support the notion that self-organizing soft condensed matter
is a suitable building block for photonic matter. It is thus exciting that there are
novel developments to control the growth of colloidal crystals.??> Moreover, crys-
tals with structures of interest to photonic applications have recently been found
in binary mixtures.?® Our results demonstrate that synchrotron small-angle x-ray
scattering with two-dimensional detection (Fig. 7.2) is a powerful technique to in-
vestigate systems with length scales on the order of optical wavelengths, especidly
when they are strongly photonic,? in other words strongly multiple scattering.
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8
X-ray scattering of colloidal spheres

8.1 Introduction

Knowledge of the size and internal structure of the particles in acolloidal crysta
is of critical importance for photonic applications; for example, the density pro-
file inside the spheres is directly related to the refractive index, which determines
the photonic band structure. A thorough understanding of scattering from individ-
ual particles is essential for the interpretation of diffraction patterns from groups
of particles, e.g. colloidal crystals. Surprisingly, theinternal structure of colloidal
particles is seldom investigated.

Here we present a synchrotron small-angle x-ray scattering study of colloidal
particles that are widely used, namely polystyrene latex and two types of silica
spheres. Although the use of x-ray scattering for characterizing colloids has been
known aready since the early 1950s,%° it does not seem to have found widespread
application,® in spite of the fact that the technique has several major advantages: it
probes a wide range of length scales, it allows usto probe inside the particles, the
method isin situ, and it does not suffer from multiple scattering.

The potentials of small-angle x-ray scattering have been demonstrated by Bal-
lauff et al.” and in the use of ultra-small angle scattering by e.g. Dosho et al.® Re-
cently, x-ray scattering isrejoicing in agrowing interest, stimulated by results such
as those presented here. Surprisingly, synchrotron sources have hardly been used
until a few years ago, in spite of pioneering work by Sirota et al.? and Chang et
al.1% Modern synchrotron sources™1? areideally suited for small-angle scattering.
These sources have ahigh brilliance, so the acquisition time can be short (fractions
of asecond); they deliver ahighly monochromatic beam whichistightly collimated
and has a narrow focus, so the angular resolution is high. In combination with the
high dynamic range of the detector, this makes synchrotron small-angle x-ray scat-
tering an ideal tool for the study of colloidal systems.
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8.2 Experiments

We have studied several different kinds of colloidal particles of variousradii. Silica
spheres were grown by Stober synthesis'® or by polymerization in a microemul-
sion,**16 and were kindly provided by A. van Blaaderen'>1® and A. Imhof.1718
Polystyrene colloids were obtained from Duke Scientific or kindly provided by J.
Verhoeven.!® Table 8.3 at the end of this chapter summarizes the names and ori-
gins of the various colloidal systems. The particles were suspended in various sol-
vents (water, methanol, ethanol, or dimethylformamide) by successively diluting
and centrifuging. The final volume fraction of the diluted suspensions was usually
0.1% or less to prevent effects from particle interactions.

The colloidal suspensions were sealed in glass capillaries. For this purpose
we employed 2 mm diameter round capillaries with 0.01 mm thin walls (Hilgen-
berg) and flat capillaries with a0.3 or 0.4 mm inside path length and 0.3 mm thick
walls (Vitro Dynamics). Because colloidal crystals usually havetheir close-packed
planes parallel to thewalls of the capillary, it isadvantageous to useflat capillaries.
Therefore we have aso tried to measure diffraction patterns from dilute suspen-
sions in the flat, thick-walled capillaries, but this resulted in a much higher back-
ground.?> Most of the results that we present derive from diffraction patterns taken
with thin-walled capillaries.

8.3 Particleradii

Figure 8.1 shows the experimentally determined scattering cross section as afunc-
tion of scattering vector s for dilute suspensions of the different kinds of particles
studied: polystyrene, Stober grown silica, and microemulsion-grown silicaspheres.
The cross sections vary over more than 5 orders of magnitude. For weakly scat-
tered radiation like x-rays, the amplitude of the scattered radiation is the coherent
sum of contributions from different parts of aparticle (Rayleigh-Gans scattering?).
The intensity of the scattered radiation has its maximum in the forward direction
(s= 0) where al contributions are in phase. Away from the forward direction the
cross section gradually decreases because contributions from different parts of the
sphere start to interfere destructively. The interference gives rise to fringes in the
cross section as a function of s, that are clearly illustrated in Fig. 8.1. The radius
r of the spheres can be determined with high accuracy, and in situ, from the posi-
tions of the fringes. The presence of alarge number of fringes indicates that the
spheres are nearly monodisperse, because even a moderate (~ 10%) size polydis-
persity (standard deviation of the radius divided by the mean) almost completely
washes out the fringes.
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Figure 8.1 Scattering cross section |, as a function of scattering vector s =
2sin(8)/A for dilute suspensions of spheres, plotted semilogarithmically (left
panels) or on a linear scale and multiplied by s* (Porod plot, right panels):
(a) polystyrene in methanol (polystyrene-1); (b) microemulsion-grown silica in
dimethylformamide (microemulsion-2); (c) Sober grown silica in water (silica-2).
The solid lines are model curves for spheres of homogeneous internal density, tak-
ing into account size polydispersity and detector blurring. The presence of a large
number of fringes indicates that the sizes of the spheres are highly monodi sperse.
The polydispersity can be determined from the fringe amplitude (arrow) as a func-
tion of s. If the scattering cross section is multiplied by (2/9)(2nsr)* instead of °,
then the average height of the fringes (- - ) yields the cross section in the forward
direction (s=0). This cross section can also be obtained from the Guinier plots
(inset). The dotted lines with a slope of (2rr)?/5 in the Guinier plots have been
drawn using the radii deduced from the fringe period.
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To gain afurther understanding of the particle shape, we consider the exact ex-
pression for the differential scattering cross section of asingle homogeneous sphere
of radius r with a sharp edge>1-%?

1(s) = I{N2d?(2nsr). (8.1)

Here l¢ is the cross section for a single electron (a constant), r is the radius of the
sphere, Ne = (4/3)mr3Ane is the number of excess electrons in the sphere with re-
spect to the surroundings, and Ane isthe difference in electron density. The angular
dependence of the cross section is determined by the spherical Bessel function j; ()

sin(x) — xcos(x)
x3 '

®(x) = 3j;(x) =3 (82
Beyond thefirst fringe (x > ), the square of the Bessel function decreases as [1+
cos(2x)]/x*. The fourth power of s causes the variation of | over 5 orders of mag-
nitude in Fig. 8.1. Theradius and polydispersity can be conveniently obtained by
presenting the data in a Porod plot (Fig. 8.1), i.e. multiplied by s* and on alin-
ear scale. For perfect spheres the resulting curves should go like cos(4mrs) at large
rs. The experimental curves indeed look like a sine, but the oscillations gradually
decrease with increasing s, as a consequence of the polydispersity of the spheres.
The positions of the minima and maxima in the Porod plot are determined by the
average sphere radius and hardly affected by asmall polydispersity. Hence, thera-
dius of the spheres can be very accurately determined by plotting the positions of
the minima and maxima. The resulting plot for the polystyrene spheres is shown
in Fig. 8.2. The slope of the line corresponds to half the inverse radius. We have
obtained aradius of the spheres in suspension of r = 100.9+ 0.5 nm, close to the
radius specified by the manufacturer, r = 99 nm. The dtatistica errors in the radii
thus determined are on the order of only 0.5 %, which clearly illustrates the poten-
tial of the method.

We have obtained radii for many colloidal systems of nearly monaodisperse
spheres. The nature of the various systems, along with radii determined by x-ray
scattering and other methods, and the polydispersities are summarized in table 8.1.
For some colloids we have measured the radiusin several solvents. The radii were
identical within experimental uncertainty,® which indicates that the spheres do not
swell in the liquids that we have used. Theradii determined by x-ray scattering for
the polystyrene systems are in excellent agreement with the radii specified by Duke
Scientific. The radii obtained by stetic light scattering also closely correspond, as
expected because light scattering and x-ray scattering are basically the same tech-
niques.?’ We take the excellent agreement as a validation of the x-ray technique.
Theradii determined by transmission el ectron microscopy are systematically onthe
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order of 10% lower than the other results, probably because the particles are dried
so they shrink, and the electrons sometimes degrade the material. There is a con-
siderable variation in these radii. One would expect that radii can be determined
with high accuracy using electron microscopy, because it is possible to determine
quite small polydispersities (down to afew percent) with this technique. The vari-
ation suggests that different colloidal systems shrink by different amounts. Radii
determined by dynamic light scattering, based on measuring Doppler shifts dueto
Brownian motion of the particles, tend to be higher than the radii determined by
the other methods. This has been observed previously!?; possibly the spheres drag
some extra liquid along with them, for instance due to interactions with counteri-
onswhich arein solution. Furthermore, thereisaconsiderable variation in the data,
on the order of 10%. It has been shown previously that dynamic light scattering is
rather sensitive to the presence of surfactants, salts, and the volume fraction of the
colloid,?* which may explain the variation in the radii. However, if one makes ev-
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Figure8.2 Positions of the minima and maxima in the Porod plot (Fig. 8.1a) ver-
sus the order of the minimum (n) or maximum (n+ 1/2). The slope of the fit (—)
yields the radius, r = 100.9+ 0.5 nm, in excellent agreement with the value spec-
ified by the manufacturer, 99 nm. The lower panel shows the small difference be-
tween the datapoints and thefit in the upper panel. Notethat thesimple straight line
isnot expected to accurately predict the position of the first maximum (leftmost data
point).
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ery effort it is possible to determine very accurate radii using dynamic light scatter-
ing.?> Thisisclearly demonstrated by the excellent agreement between x-ray radii
and theresults of Duke Scientific, which were obtained by dynamic light scattering.

8.4 Size polydispersity

For monodisperse spheres, the curves in Fig. 8.1 should go like 1 + cos(4rrs) at
large rs, but the amplitude of the observed modulations decreases with increasing s
as a consequence of the polydispersity of the spheres. The form factors of spheres
with different radii areidentical, but the horizontal scale is different. The scattered
intensities of individual spheres add, but with the fringes shifted, so the fringes av-
erage out. The fringes at high s are shifted more (in the absolute sense), so they
average out more easily. Thus the decrease of the fringe amplitude is a measure of
the polydispersity.28

If the polydispersity issmall, thedistribution of radii closely resembles a Gaus-
sian.?’ For aGaussian distribution, the average cross section can be calculated ana-
Iytically if weassumethat the electron density isthe samefor all spheres. It appears
that the oscillating termsin ®? decrease with afactor exp[—2(2mrsd)?], where 8 is
the polydispersity, i.e. the standard deviation of the radius divided by the mean.
Thisisavery useful result, because it provides a straightforward method to deter-
mine the polydispersity from the amplitudes of the fringes in a Porod plot, as we
will demonstrate below. The method that we present here is both quantitative and
convenient, as it eliminates the need for elaborate fitting procedures.

InFig. 8.3wehave plotted the amplitude of the fringesin Fig. 8.1aasafunction
of (rs)?. Such a semilogarithmic plot should give a straight line, except at low s,
near the first maximum in the Porod plot.?2 Indeed the fringe amplitudes in Fig.
8.3 agree with a straight line. From the slope of the line we find a polydispersity
&= Ar/r = 2.3+ 0.3%, excellent agreement with the polydispersity specified by
Duke Scientific, 8 = 2.1%. It showsthat x-ray scattering iswell suited to accurately
determine small polydispersities (below 5%). We stressthat our characterization of
the particle size distribution is an in situ technique, as opposed to techniques that
are normally used, such as transmission electron microscopy.°

There are severa experimental effects which may aso affect the amplitude of
the fringes in Fig. 8.1, namely the polychromaticity of the x-rays, the finite focus
spot size, the beam divergence and the finite detector resolution. Only polychro-
maticity has the same influence as a polydispersity of the spheres. Fortunately, the
relative spectral width of the source is approximately 1.5 x 10~4, which is com-
pletely negligible compared to polydispersities of colloidal dispersions (> 10~2).
For comparison, in small-angle neutron scattering the relative spectral width is of-
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Thin walled capillaries, wavelength A = 0.147 25 nm

System rTem  I'saxs rsLs 'bLs  Otem  Osaxs
polystyrene-1 100.9(5)° 99f 21F  2.3(3)
silica-l 114 1383  148(7) 161 2
silica2 156  1785(7)°¢ 178(5) 216 3.6  3.05(5)
silica-2 184.0(4)® 2.9(1)
silica-4 89.4  949(1.6)¢  107.2(3) 6 5.5(2)
silicas 179  199.0(1.8)¢ 200(3) 188(5) 55  4.4(3)
silica-6 187 21145  211(1) 213(3) 40  24(2)
microemulsion-1 82.0(4)° 79.5 1.3(1)
microemulsion-2  25.7 28.0(5)° 15
microemulsion-3 26.3(5)°

Thick walled capillaries; wavelength A = 0.098 80 nm

System rrem  fsaxs rsLs rbLs Otem  Osaxs
polystyrene-2 102.0(3)°¢ 10157 2.1f
polystyrene-3 111.8(3)¢ 11t 2.0f
polystyrene-4 120.8(5)¢ 1205" 1.6
polystyrene-5 198.59  200.6(5) 211.5

silica-12 114 144(2)¢ 148(7) 161

silica-2 156 185.5(1.3)°¢ 178(5) 216 36

silica-3 208 248.4(1.1) 241(7) 260

microemulsion-2  25.7 27.8(4)° 15
microemulsion-3 26.7(5)¢

8These spheres consist of a core of 101+ 2 nm and a 37 & 2 nm thick shell of lower density.
b1n methanol; €In dimethylformamide; 4In water; €In ethanol.
fSpecified by Duke Scientific; 9SEM instead of TEM.

Table8.1 Radii r (innanometers) and polydispersities d (in percent) for a number
of colloidal systems, obtained by transmission electron microscopy (TEM), small-
angle x-ray scattering (SAXS), static light scattering (SLS), or dynamic light scat-
tering (DLS).
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ten of the order of 0.1; hence this completely dominates the polydispersity of the
spheres. The other effects, i.e. the focus size at the sample, the beam divergence,
and the finite detector resolution, al affect the fringes in the following way: the
measured diffraction patternisequal to theideal pattern, convoluted with the profile
of the direct beam. This convolution corresponds to small shifts of the diffraction
pattern; because all fringes shift by equal amounts, they are al affected equally. It
appears that due to these effects the fringe amplitude decreases by a factor which
isindependent of s. Thusit is possible to separate the influence of polydispersity
and the instrument response, because the dependences on s of the effects are dif-
ferent. The abscissa of the linein Fig. 8.3 isameasure of the r.m.s. width A of the
beam profile. We find A = 0.72+0.10 mm. Thisisin reasonable agreement with
the experimentally determined width of the direct beam on the detector, which is
A = 0.60 mm (horizontally) and 0.38 mm (verticaly).

The polydispersities for several dilute colloidal systems of nearly monodis-
perse spheres have been determined using small-angle x-ray scattering, see table
8.1. Theratio of polydispersities determined by electron microscopy and by x-ray
scattering isplotted in Fig. 8.4. For comparison, we have also included the polydis-
persity from dynamic light scattering discussed above. The polydispersities from
electron microscopy are consistently larger than the corresponding polydispersities
from x-ray scattering.3° The discrepancy gradually becomes|arger with decreasing
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Figure8.3 Amplitudeof thefringesinFig. 8.1a, normalized to the average height,
as a function of (rs)2. The fringe amplitude decreases as exp[—2(2mrs3)?], which
is a straight line in this plot. The slope of the fit (—) yields the polydispersity,
5 =2.34+0.3%, in excellent agreement with the polydispersity specified by the man-
ufacturer, 5 = 2.1%.
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Figure8.4 Ratios of the polydispersities determined by transmission electron mi-
croscopy (o) or dynamic light scattering (A) to the polydispersities determined by
x-ray scattering, as a function of the latter. The polydispersities determined via
scattering (A) are in excellent agreement. The polydispersities from electron mi-
croscopy are consistently higher,%° which is probably due to the random error in
the determination of the radius of each individual sphere. The two curves indicate
the expected overestimation of the polydispersity in the case of a 2% or 3% random
error in the determination of the radii by electron microscopy.

polydispersity. This can be explained from the method to determine polydispersi-
ties by electron microscopy. These polydispersities are determined by measuring
the diameters of alarge number of particles on agrid and calculating the variance.
The polydispersity is then computed as the root of the variance (i.e. the standard
deviation) divided by the mean diameter. However, the variance of the measured
diameters is not equal to the variance of the distribution of diameters but also in-
cludes an additional contribution due to the random error in the determination of
the diameters of the individual spheres. Because the magnification of the micro-
scope is usualy adjusted according to the size of the particles, one would expect
the absolute error to be proportional to the particle size. The resulting observed
polydispersity is then dpns = /8% + 84, Where e is the true polydispersity of
the particles and d¢r is the uncertainty in a measurement divided by the particle
size. We have calculated this 8o, assuming that the x-ray polydispersity is correct
and for arelative random error 3¢ in the observed radii of 2 and 3%. Theresulting
polydispersity ratios are plotted in Fig. 8.4. The agreement with the experimentally
observed ratio is striking. Hence we conclude that the small polydispersities deter-
mined by electron microscopy are probably too high; i.e., they are rather an upper
bound for the true polydispersity of the particles.
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8.5 Particle-medium interface

M easuring the scattering cross section out to large scattering vector s, i.e. morethan
just one fringe, in principle yields information at small length scales. Some details
have apronounced effect on the diffraction pattern, even if the deviation from aper-
fect sphere of homogeneous density is small, for instance the presence of a smooth
edge instead of asharp one. So far we have assumed that the particles have asharp
edge, i.e. that the electron density abruptly changes at the interface to the medium.
A smooth interface revealsitself immediately in the scattering cross section, as can
be readily shown using the convolution theorem. The electron density of a particle
with a smooth interface region can be constructed mathematically as the convolu-
tion of the electron density of a particle with a sharp edge and a smooth function
which describes the blurring at the edge. The corresponding scattering cross sec-
tion isthe cross section of the particle with a sharp edge multiplied by the squared
Fourier transform of the blurring function. If wetake a Gaussian with asmall width
for the blurring function, then the cross section is multiplied by a broad Gaussian,
S0 it startsto decrease faster than s~ at high s. InaPorod plot like Fig. 8.1, spheres
with a sharp edge would show afunction which oscillates around a constant value,
whilethe function would gradually decrease at high sif the edge were smooth. Note
that the decrease affects the cross section as awhole, not just the oscillating terms
as with polydispersity, so the effects of a smooth edge and polydispersity can be
separated.

Since the Porod cross section in Fig. 8.1 oscillates around a constant value, we
conclude that the edges of these spheres are rather sharp. Considering the average
Porod cross section of the polystyrene spheresto be constant towithin afraction e =
10% over thewholerange of sinthefigure, we estimate thewidth o of theinterface-
blurring Gaussian in reciprocal space from [exp(—s?/202)]2 = 1 —¢. Taking s =
5x 10~2 nm~1, the upper bound for the thickness of the edgeis 1/(2mo) = 1.0 nm,
so the density indeed changes abruptly at the edge of the polystyrene spheres. Sim-
ilar values are obtained for Stober-synthesized silica. For silica surfaces, the edge
layer has been reported® to have a thickness of 1 — 2 nm, in agreement with our
result. The method just described could be a valuable means of studying the phase
separation of amixture of two liquids at the surface of colloidal particles. The pref-
erential adsorption of one of the fluids on the surface near the critical point of wet-
ting is of fundamental importance.3?
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8.6 Electron Density

Theforward scattering cross section | (s— 0) isrelated to the difference in electron
density of the medium and of the particles, Ane, and the size and number of spheres
in the scattering volume.** We can estimate the volume fraction ¢ of spheresin the
liquid from the cross section per unit volume I, using

3 1
o= Wél\,. (8.3
The electron densities can be estimated from the number of atomic masses per pro-
ton M/Z and the mass density p. The densities for relevant materials are listed in
table 8.2. The radius is determined with high accuracy from the positions of the
minimaand maximain the Porod plot, see Fig. 8.2. However, it isdifficult to mea-
sure the forward scattering cross section because of the presence of the unscattered
beam.

To estimate the forward cross section, the experimental cross section is extrap-
olated to s= 0 using aGuinier plot, asshownintheinsets of Fig. 8.1. The slope of
(2rr)? /5inthe Guinier approximation isdetermined by the radii estimated from the
fringes, cf. table 8.1. Theinset of Fig. 8.1areveals an excellent agreement between
the dataand the Guinier approximation. The excellent agreement al so demonstrates
that there are no saturation effects of the detector. Saturation effects usually occur
near the beam stop and would reveal a decrease at small sand adeviation from the
straight line. For the microemulsion-grown silica (Fig. 8.1b) the Guinier dopeis
aso in good agreement with the data, except for asmall deviation at small s. Thisis
possibly due to asmall number of coagulated spheres (“dumbbells’) that occur in
microemulsion-grown dispersions'® and that were detected by TEM. These com-
posite particles are larger; hence, they give rise to scattering at low s. Furthermore
the cross section of these particlesis larger, proportiona to the volume of the par-
ticle, which explains why a small number of them is detectable. In Fig. 8.1c, the
Guinier slope isin moderate agreement with the data. We have no explanation for
the not so good agreement in Fig. 8.1c in comparison with Figures 8.1a and 8.1b.

The forward scattering cross section can also be derived from the Porod plot,
as acheck. The average height of the fringes in a Porod plot should correspond
to the scattering cross section extrapolated to s= 0 in the semilogarithmic plots of
Fig. 8.1. The data on polystyrene spheres in this figure give a forward scattering
cross section of 8.2 x 10° ss~m™1, in good agreement with the Guinier estimate
of 7.5+ 0.4x 10° sr—*m~1. However, the calibration of the absolute intensities was
probably incorrect during the first run, and this affects the measured cross sections.
In alater run we have repeated our measurements on the polystyrene colloids in
ethanol, paying due attention to the determination of absolute intensities. We have
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Table 8.2 Electron densities ne of relevant colloidal materials and suspending
liquids, estimated from the atomic mass per proton M/Z and the mass density p.

Material Structure M/Z  p (g/em3) Ne (€ /nm°)
Methanol CH;OH 178 0.1 272

Ethanol CHsOH 1.77 0.79 267
Dimethylformamide C3H;NO 1.83 0.95 311
Polystyrene latex CgHg 1.86 1.00-1.05 322-338
Water H,O 180 1.00 333
Silica(colloidd) ~ SiO, 200 1.9-2.01%173  570-600

prepared suspensions with volume fractions of 0.1%. From the forward scattering
cross section we derived adifference in el ectron density of polystyrene and ethanol
of 66, 89, and 67 nm~3 respectively, in excellent agreement with the expected value
of 6648 nm~3, cf. table 8.2. This shows that absolute intensities can be measured
accurately.

The scattering cross section of polystyrene-water systemsisvery low, because
the electron density of the most common solvent, water, is very closely matched
to that of polystyrene. Theweak scattering of this ubiquitous colloidal system may
well be areason why there have been so few reports on small-angle x-ray scattering
and colloids. For the polystyrene-3 spheres in water we have determined the for-
ward scattering cross section to belessthan 1.5 x 10° s—m~1 at avolume fraction
¢ of 0.1%, which corresponds to adifference in electron density of the polystyrene
spheres and water of less than 2%. The associated mass density of the colloidal
polystyrene is 1.03+ 0.02 g cm—23, in good agreement with the density quoted by
Duke Scientific, 1.05 g cm—3,

Knowing the cross section in the forward direction, the radius, and the polydis-
persity, it ispossible to calculate the compl ete scattering cross section as afunction
of s. These theoretical cross sections are shown as solid curves in Fig. 8.1. The
width of the detector profile is taken into account. The agreement with the exper-
imentally observed cross sections is very good, especially for the polystyrene sys-
tem, where it extends over more than 5 orders of magnitude. Only for the micro-
emulsion-grown silica there are some small discrepancies, possibly caused by the
presence of “dumbbells’. We conclude that the cross sections of both polystyrene
and Stober silica systems are completely consistent with those of homogeneous,
nearly monodisperse spheres with a sharp edge. Such a comparison of experimen-
tal and theoretical cross sections is quite a severe test, as will be demonstrated in
the next section.
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8.7 Internd structure

An attractive capability of x-ray scattering isthe ability to examine the density pro-
fileinthe spheres, e.g. to see whether the spheres consist of shells of different den-
sity. In such situations one traditionally resorts to contrast matching with a suitable
suspension liquid,” which isindispensable for detecting small density differences.
Here, weshow that itisin some cases possible to detect inhomogeneities even with-
out matching. Thisis probably due to a considerable density difference.

As an illustration, the Porod cross section of a dilute suspension of silica-1
spheres is shown in Fig. 8.5. These spheres have had no special treatment, but
the cross section is totally different from the cross sections of the other spheres,
cf. Fig. 8.1. Similar silica systems (for instance silica-2) give scattering patternsin
accordance with that of homogeneous spheres, so there is something peculiar only
with thesilica-1 system. Asacheck, we measured diffraction patterns for the same
silica-1 spheresin different liquids and at several different volumefractions, but the
Cross sections appeared identical.

Silica spheres are often synthesized in steps, growing additional layers of sil-
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Figure8.5 Porod plot of the scattering cross section |, as a function of scattering
vector s for a dilute suspension of silica-1 spheres in water. The minimum in the
fringe amplitude around 1.5 x 10~2 nm~ and the large wavelength modulation
arelikely caused by a core-shell structure. The solid lineisa model of sphereswith
a homogeneous core (radius 101 nm) and a thin, less dense outer shell (thickness
37 nm). The model captures the essential features of the observed scattering cross
section.
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icaon smaller particles until the desired diameter isreached. A density difference
between the core and the additional layers would show up as an extra oscillation,
asin Fig. 8.5. The scattering cross section of a core-and-shell sphere can be eas-
ily calculated using the result for a homogeneous sphere (Egs. 8.1 and 8.2): the
excess electron density of the core-with-a-shell sphere can be made up of two ho-
mogeneous spheres with different radii and densities,

lcore—shell = |eNg [(1_V)¢(X) +V(1+ b)3¢((1+ b)X)] 2a (8-4)

where x = 2rrswithr theradius of the core, d isthethickness of theshell, b=d/r is
the thickness of the shell asafraction of the core radius, Ne isthe number of excess
electrons in the core, and v is the electron density difference between the shell and
theliquid as afraction of the core excess electron density difference.

We have plotted the cross section for such a core-and-shell sphere in Fig. 8.5,
taking into account polydispersities for the core radius and shell thickness, their
correlation, and the blurring dueto thefinite resolving power of theinstrument. The
calculated curve represents the observed scattering cross section reasonably well,
although there are some discrepancies at small and large s. These may be caused
by additional shells or density gradients in the spheres.

The calculated scattering cross section corresponds to spheres with a core ra
dius r of 101 =2 nm and a shell thickness d of 37 & 2 nm, in good agreement
withradii measured by static light scattering before and after the last synthesis step,
10147 and 148+ 7 nm. From the relative electron density differencev = 81+ 3%
and the electron densities of water and silicain table 8.2 we estimate that the shell
has an 8+ 2% lower mass density than the core. Thisis a sizeable difference in
density, considering that the layers were grown using the same synthesis method.
Onthe other hand, thereisacomparable variation in the experimentally determined
densities of colloidal silica. 13173334

8.8 Conclusions

We have shown that the technique of synchrotron small-angle x-ray scattering is
very well suited for the characterization of colloidal spheres. The size of colloida
spheres can be determined in situ and with high accuracy. We have determined the
radii of many different kinds of colloidal spheres from the positions of the minima
and maxima of the differential scattering cross section as afunction of wavevector.
Theradii arein excellent agreement with those determined by static light scattering.
Electron microscopy consistently yields radii that are smaller and dynamic light
scattering yields radii that are larger than the radii determined by x-ray scattering.
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We have presented a straightforward method to deduce the size polydisper-
sity of nearly monodisperse (polydispersity < 10%) spheres from a Porod plot of
the differential scattering cross section, thus eliminating the need for elaborate fit-
ting procedures. A comparison with polydispersities determined by electron mi-
croscopy showsthat the new method makesit possibleto accurately determine even
very small polydispersities (~ 2%). Our data suggest that polydispersities deter-
mined by electron microscopy are an upper bound to real polydispersities.

We have shown that it is possible to study details of the spheres, for instance the
sharpness of the outer edge of the spheres. Thethickness of the edge of polystyrene
spheres of 100 nm radius was estimated to be less than 1 nm. Similar thicknesses
are observed for silica spheres, in agreement with observations on silica surfaces.
Thus, picturing polystyrene and silica spheres as objects with an abrupt edgeisjus-
tified.

A Guinier plot was used to determine the forward scattering cross section, which
in turn yields the volume fraction or the excess el ectron density of the spheres. The
excess electron densities of several systems including the closely matched system
polystyrene and water were obtained, in good agreement with literature data.

Using our data, we have calculated the scattering cross section as afunction of
wavevector, assuming that the spheres are homogeneous and that they have asharp
edge. The agreement of the calculated curves with the experimentally observed
cross sections is excellent, especialy for the polystyrene system where it extends
over 5 orders of magnitude.

Asan example of amore complicated system, we have discussed a suspension
of silica spheres which show a peculiar modulation in the cross section, caused by
an inhomogeneous intraparticle density. The qualitative features of the cross sec-
tion were captured by supposing that the spheres consist of a core surrounded by a
shell of less dense material. Thisis a reasonable assumption because the spheres
were synthesized by growing additional silicalayers on smaller particles. The core
radius isin agreement with the size determined before the last synthesis step using
static light scattering. The core radius, the shell thickness, and the ratio of the den-
sity of core and shell could be obtained even without contrast matching with the
suspension liquid, i.e., in situ.
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Table 8.3 Key to the sample designations used in the text.

System Origina name  Source Ref.
polystyrene-1 PS5020A Duke Scientific
polystyrene-2 PS5020A2 Duke Scientific
polystyrene-3 PS5022A Duke Scientific
polystyrene-4 PS5024A Duke Scientific
polystyrene-5 All J. Verhoeven [19]
slical SC150 C. van Kats

slica2 SC200 C.vanKats

slica3 SC006 C.vanKats

slica4 SBE1L/AG A. van Blaaderen [15]
silicab FSA7 A. Imhof [17]
silica6 SAF8 A. Imhof [18]
microemulsion-1 UESA9.3 A. van Blaaderen [16]
microemulsion-2 uEcl C. van Kats
microemulsion-3 uEc3 C.vanKats

a This dispersion is a different batch than the other PS5020A.
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9

Excursions of particles
in acolloidal crysta

9.1 Introduction

Understanding how patterns in many-body systems arise from their constituents
interactions remains one of the outstanding problemsin physics.! Theinteractions
in these systems determine both the structure and the dynamics of the constituent
particles. The positions and dynamics can be measured and compared with mod-
elsfor the interaction. The interaction between colloidal spheres has been studied
in-depth by Grier et al., who determined the interaction from the random motion
of various polystyrene spheres using optical microscopy.>? The observed pair in-
teraction appears to agree reasonably well with the DLV O theory of screened elec-
trostatic interaction.® However it is asubject of current debate whether or not the
interaction among many spheres is simply a sum of pair interactions.*® Further-
more it is important to understand the role of the suspension liquid, i.e. how the
viscous damping and random forces affect the dynamics.®

In systems where many particles interact, like colloidal crystals, the interac-
tion givesrise to sound modes, i.e. motions of the particles about their lattice sites.
Lindsay and Chaikin,® and Hurd et al.1° have studied the dispersion of sound modes
sustained by the combined system of particles and suspension liquid in colloidal
crystals. The excursions of particles from their lattice sites are directly related to
the lattice dynamics. The excursions are important in relation to the melting tran-
sition: according to the Lindemann criterion, crystals melt at a specific ratio of the
extent of the excursions to the inter particle spacing.”®

The abovementioned studies of the dispersion of sound modes®1° were per-
formed on dilute three-dimensional colloida crystals. In contrast, the Brownian
motion of colloidal particles has been observed mostly in two-dimensiona layers
of colloids near awall.2>1112 The sample walls influence the dynamics consid-
erably: measurements of the single particle dynamics in crystalline layers near a
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glasswall haverevea ed asystematic increase of the excursionswith increasing dis-
tance from the glass plate.'1? We have studied bulk three-dimensional colloidal
crystals, thus minimizing the effects of the walls of the sample container.'t 136 We
have systematically mapped out the extent of the excursions asafunction of density,
by recording small-angle x-ray diffraction patterns of dense colloids as the melting
transition is approached. Previous studies focused mostly on dilute samples at a
fixed density ~ 5 vol%.111214

9.2 Structure factor

We have analysed x-ray diffraction patterns from two samples made of sedimented
100.8 nm radius monodisperse polystyrene spheres (Duke Scientific PS5020A) in
methanol. The suspensions were deionized by means of dialysiswith ion exchange
resin (BioRad AG501-X8) before being introduced in the capillaries. Extraion ex-
change resin was added to one of them (sample #236). Thedensity inthe capillaries
decreases with height. We have determined the height of the crystal-liquid interface
by visual inspection of the optical Bragg reflection. The density profileis obtained

Diffracted power (arb. units)

10-6 1 1 1 1 1
0.00 001 002 0.03 0.04 0.05

s (nm™)

Figure 9.1 X-ray diffraction patterns from 100.8 nm diameter polystyrene col-
loidal spheres in methanol, at low density (< 1 vol%, lower curve, form factor)
and crystallized (45 vol%, upper curve, sample #232); o: experiment; — model.
The form factor (lower curve) accounts for the shape of the particles. The diffrac-
tion pattern fromthe crystal (upper curve) also contains information on the crystal
structure. Dividing this pattern by the form factor yields the structure factor (Fig.
9.2), in which the influence of the particle shape has been eliminated.
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from the diffraction patterns. Two diffraction patterns from the sample with no ex-
traresin are shown in Fig. 9.1, one from adilute suspension with a particle density
of < 1vol% and one from a polycrystalline region in the sample with adensity of
45 vol%. The diffracted intensities vs. scattering vector s = 2sin(8) /A were ob-
tained at an x-ray wavelength A of 0.14725 nm. The diffraction patterns have been
azimuthally averaged and the background has been subtracted.

To determine the structure factor we measure diffraction patterns from dilute
suspensions as well as colloidal crystals. The diffraction pattern from the dilute
sample (form factor) shows many interference fringes. From the spacing of the
fringes we have accurately determined the size of the colloidal spheres. The pres-
ence of alarge number of fringes indicates that the spheres al have the same size
(polydispersity 2.1%). Because the colloidal spheres are so monodisperse, they
readily form crystals at high volume fractions. The crystals produce similar fringes
as the dilute suspension, because the shape of the colloidal particles affect both
diffraction patterns in a similar way. However the regular spatial arrangement of
the spheres in the crystals gives rise to extra features in the diffraction pattern. The
effect of particle shape and spatial arrangement can be separated by simply divid-
ing the diffraction pattern of the crystal by that of the dilute suspension. The re-
sulting curve, known as the structure factor, isshown in Fig. 9.2. It consists of the
Bragg peaks associated with the crystal lattice. The intensities of the Bragg peaks
arerelated to the r.m.s. displacements u of the colloidal particles from their lattice
positions.®

9.3 Crystal structure

Many crystal diffraction peaks are observed, as can be seen in Fig. 9.2. The abun-
dance of peaks facilitates determination of the crystal structure and confirms the
strong ordering of the colloids. To identify the crystal structure, we compare the
diffraction pattern with several likely models.1® The uppermost vertical ticks un-
der the Bragg peaks of the lower pattern in Fig. 9.2 indicate the expected positions
of thelattice spacings of an fcc powder with alattice parameter a of 322 nm, giving
avolume fraction ¢ of 514+ 1 vol%. It is seen that the tick positions explain very
well the observed Bragg pesks out to s= 2.5 x 1072 nm~L. Several ticks appear
under peaks that are somewhat broader, which can be explained by the resolving
power of the instrument As of 4.6 x 10~* nm™1, that causes closely spaced peaks
to overlap. The small feature near 0.7 x 102 nm~1 probably does not originate
from the crystal's, because it does not shift when all other diffraction linesdo. More-
over, it occurs at a position where the form factor has a deep minimum, hence the
structure factor is expected to be lessreliable here. We have not attempted to index
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the features beyond 2.5 x 102 nm~?, because they are mostly influenced by the
background. For comparison, we aso plot in Fig. 9.2 the expected lattice spacings
for random stacks of close packed planes with the same volume fraction asthe fcc
model mentioned above, because this structure has been observed in dense sheared
suspensions of charge stabilized samples.t” Themiddle set of ticks arethe spacings
for random stacks with the close packed planes parallel to the cell walls, in other
words with the c-axis paralléel to the x-ray beam. It is clear from Fig. 9.2 that this
does not explain the observed peaks. Even changing the unit cell parameter does
not improve the correspondence, hence this model is excluded. The lower ticksin
Fig. 9.2 arefor apowder of randomly stacked close packed planes. Thismodel pre-
dicts many diffraction lines, yet several of the observed ones are not explained, e.g.
the shoulder at 0.6 x 10-2 nm~1 (fcc 200) or the peak at 1.2 x 10-2 nm~ (fcc 400).
Moreover, many peaks of the randomly stacked model are expected to be broad, on
account of the intrinsic disorder of the structure, hence the powder diffraction pat-
tern is expected to have less structure then the one observed. On the basis of the
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Figure 9.2 Sructure factors of a polycrystalline assembly of polystyrene spheres
in methanol (sample #232). The lower curve was measured at the bottom (height
4 mm) whereas the upper curve was measured at the top of the sample (height
14 mm). Theupper curveisobtained fromthedatainFig. 9.1. Theupper set of ticks
indicate the peak positions for a powder of fcc crystals with a cubic lattice param-
eter a of 322 nm. The middle set of ticks are for a random stacking of close-packed
planes parallel to the cell wallswith a hexagonal |attice parameter of 228 nm. The
lower set of ticks are for a powder of random stacking of close-packed planes (r.s.)
with a =228 nm.
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observation of fcc 200 and 400, we can aso exclude the hexagonal close packed
(hep) structure. Thus we conclude that fcc is the structure of the colloidal crystals
of polystyrene colloids studied here. Our x-ray diffraction results for silica spheres
demonstrate that crystals of silica spheres are also fcc ordered.

The observation of all Bragg peaks of fccin Fig. 9.2 suggests that the sampleis
apowder, i.e. al crystal orientations appear with nearly equal probability. Thescat-
tered intensity on the two-dimensional detector showed ringlike features, although
incompleteness of the rings indicates a degree of preferred orientation. Indeed the
crystals at the cell walls are aligned with the close packed planes (e.g. fcc (111))
parallel to the walls as is usual with colloidal crystals: the samples show a bright
green (111) reflection. From this combination of SAXS and optical observations,
we conclude that the crystal grains deeper inside the capillary, away from the cell
walls are the ones that have a random orientation.

9.4 Debye-Waller factor

A guantitative understanding of the observed structure factors can be achieved if
we take the heights and widths of the Bragg peaks into consideration. In our case
the width of the peaks is dominated by the resolving power of the instrument. The
peak heights are determined by the excursions u of the particles from their lattice
sites, and by the multiplicities of the reflections, i.e. the number of reflections with
the same scattering vector. Furthermore there are two geometrical factors. at high
scattering vector srelatively few lattice vectors are close to the Ewald plane, and the
size of the ring on the detector is larger.*® These geometrical effects compensate
the crowding of reflections at high s, apparent fromtheticksinFig. 9.2. Asaresullt,
the peaks in the calculated structure factor coalesce to form auniform background
a larges.

The excursions of the particles from their |attice sites reduce the height of the
Bragg peak at scattering vector s by the Debye'®-Waller?® factor exp(—2M), with
M = (2msu)? /6, assuming that the spatial distribution isaGaussian withr.m.s. width
u, which is appropriate even for hard spheres.?%?? |n solid state physics, one cus-
tomarily measures the Debye-Waller factor of asingle Bragg peak as afunction of
temperature, and fits this to the Debye model.188 Here the r.m.s. displacements
u are obtained directly from the decrease in peak height with increasing scatter-
ing vector.?># The intensity that disappears from the Bragg peaks reemerges as
a diffuse background 1 — exp(—2M) if the motions of the particles are uncorre-
lated. Correlations between the particle motions, i.e. sound waves, will give struc-
ture to the diffuse background, known asthermal diffuse scattering.'® In dilute col-
loidal crystals, such a diffuse background has been observed with light scattering
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by Rundquist et al..* The thermal diffuse scattering will tend to accumulate near
the Bragg peaks, the peaks acquire ‘feet’ of diffuse intensity. Systematic study of
this diffuse intensity would reveal the phonon dispersion relation.?® However in
our case the Bragg peaks and the diffuse peaks are indistinguishable due to instru-
mental resolution, so we cannot detect particle correlations. To estimate the impor-
tance of phonons, Warren gives an expression for the first order contribution Prpg
to the area Py of ameasured Bragg peak when one naively subtracts abase line.18
Assuming alinear dispersion relation for the phonons, he finds for fcc crystals the
ratio Prps/Phg ~ Mads, where a is the cubic lattice parameter and As~ 1 um~!
isthe total width of the measured peak. From this formula, weinfer that our r.m.s.
displacements u underestimate the true r.m.s. displacements by about aAs/4 ~ 8%.

We have fitted the model described above to the experimentally determined
structure factors, taking into account the extraintensity in reflections from the crys-
tallites aligned with the cell walls. The resulting curve for the sample of Fig. 9.1
isshown in Fig. 9.3. The match with the experimental datais striking; it confirms

Structure factor
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Figure 9.3 Measured structure factor (o, same as upper curve in Fig. 9.2) to-
gether with a model curve for fcc crystals with 19.4 nmr.m.s. displacements of the
particles from their lattice sites (—). The shaded area indicates the experimental
accuracy, estimated from Poisson counting statistics and the agreement between
measured and calculated form factors. The marks at the bottom indicate the peak
positions for fcc crystals with a cubic lattice spacing of 335.5 nm. The markswhich
are shifted up correspond to the 220 family of reciprocal lattice vectors. These lat-
tice vectors intersect the Ewald plane if the 111 close-packed planes are parallel
to the cell walls. Thetriangles indicate the minima of the form factor.
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that the crystal structure isindeed fcc. Apart from a straightforward rescaling of
the horizontal axis with the lattice spacing and normalization of the vertical axis,
the curveisdescribed by only three parameters: ther.m.s. displacement u, the peak
width, and theratio of theintensity dueto crystallites aligned with the cell wallsand
randomly aligned crystalites. For the structure factor in Fig. 9.3 wefind aratio of
2.7. The peaks from the aligned crystallites are relatively strong because the pat-
terns were recorded with the x-ray beam perpendicular to the crystal face, so the
Bragg condition is satisfied for all the aligned planes simultaneously. The width
of the pesks, o = 3.8 x 10~* nm~1, agrees well with the measured width of the
attenuated direct beam on the detector, 0 = 4.0 x 10~% nm~1. From the decrease
in peak height with increasing scattering vector we find ar.m.s. displacement u of
19.4+ 0.5 nm, based on aleast-squares fit with weights asindicated by the shaded
areain Fig. 9.3.

To put thisr.m.s. displacement into perspective, it is desirable to compare it
with the separation between neigboring spheres. Fortunately the lattice spacing can
be determined with great precision by exploiting all the information contained in
the structure factor peaks. From the structure factor in Fig. 9.3, we find a lattice
parameter a of 335.5+ 0.7 nm. In combination with the radius of the spheresr =
100.8 nm determined from the form factor, we deduce the smallest separation in a
perfect fcc structure to be 36 nm, suitably larger than the 26 nm full width at half
maximum of the distribution of displacements, so the excursionsfit in, as expected.

We have determined excursions and lattice spacings at various heights in our
colloidal samples. From thelattice spacings and the sphere radius we have deduced
the density profile. The results are shown in Fig. 9.4. The extent of the excursions
increases almost in proportion to the lattice spacing. Ther.m.s. displacements from
the two samples form a single curve, athough the density profiles in the samples
differ considerably. The colloid in sample #236 is more compressible, and it has
alower melting density. According to the pressure equation,? an increased com-
pressibility isindicative of asofter potential, i.e. amore extended double layer. In-
deed the more compressible sample is the one which contains extra ion exchange
resin. The reduced melting density also indicates that this sample has a more ex-
tended double layer. The presence of an extended double layer would imply that
there isless room for excursions at the same density, but the rm.s. displacements
are very similar despite the difference in interaction potential.
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Figure9.4 (a) Rm.s. displacements u of the spheres fromtheir equilibrium posi-
tion, as a function of the cubic lattice parameter, at various heights in two similar
samples of polystyrene spheres in methanol (A: sample #232, v: sample #236).
(b) The density profiles of these samples. The curves are guidesto the eye. Thetop
of the crystalline part of the samplesisindicated by dashed lines.

9.5 Particle excursions

The considerations of available space above are similar to those of Lindemann.” In
an effort to understand the frequency of vibrationsin solids from first principles, he
assumed that asolid would melt whenever the amplitude of vibrations became suf-
ficiently large for the hard cores of nearest neighbor atoms to collide. Nowadays,
Lindemann’'s name is often associated with a dightly different criterion. Accord-
ing to this modified criterion, the ratio of the displacements to the nearest neighbor
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distance at melting isindependent of the system under consideration. This has be-
come widely known as the Lindemann criterion of melting, although it is not the
original criterion proposed by Lindemann in 1910.

In the spirit of this Lindemann criterion, we have plotted in Fig. 9.5 the ra
tio L = u/dn, of the displacements u to the nearest neighbor distances dy,. As
expected, the normalized displacements L increase as we approach the density of
melting. At adensity of 40 vol%, close to the density of melting of the calloid, the
Lindemann ratio L has increased to 0.150 4+ 0.015. We have rescaled the horizon-
tal axis of the plot in such away that it ranges from the density of melting to the
close packed density. This rescaling allows us to compare colloidal systems with
very different interactions, from strongly charged dilute to dense hard-sphere like
systems. The normalized displacements from the two samples form asingle curve,
athough the ionic strengths of the samples differ. The dynamic light scattering re-
sults of Piazza and Degiorgio®® on index matched, charged samples with amelting
density of 7 vol% are in good agreement with our results. Also, one data point de-
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Figure9.5 R.m.s. displacements u of the spheres fromtheir equilibrium position,
scaled to the distance d between centers of neighboring spheres, as a function of
density, obtained from the data in Fig. 9.4 (¥, A). The horizontal axis has been
rescaled in such a way that it ranges from the density of melting (the density at the
top of the crystalline part of the sediment, see Fig. 9.4b) to the close packed den-
sity (74 vol%). As a consequence, the dynamic light scattering results of Piazza
and Degiorgio® (O) and Zhu et a.?” (<) scale exactly onto our data points. The
static light scattering result of Bierbaum et al.'* (V) agrees well with our Linde-
mann ratio.
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rived from an experiment by Zhu et al.?’ on sterically stabilized particles agrees
very well with our data. Apparently, when plotted in this fashion, the relation be-
tween the excursions and the particle density is insensitive to the interparticle in-
teraction. Previoudly, it has been suggested that differences in ionic strength are
responsible for observed variations in the normalized displacements.™

For hard spheres, cal culated normalized displacements are availablefor arange
of densities above the melting transition.? We have included these in Fig. 9.5 for
comparison. The measured excursions are clearly smaller than the hard-sphere re-
sults, even if we take into account an 8% increase because of thermal diffuse scat-
tering. Correcting the excursions for the 2.1% size polydispersity of our spheres
would increase this discrepancy. Because of the good agreement between the ex-
perimental results on different colloidal systems, it seems unlikely that the type of
interaction (i.e., screened Coulomb or hard sphere) can remedy the discrepancy.?
Perhaps, many-body interactions play arole® or the presence of asuspension liquid
affects the dynamics.®

Our Lindemann ratio at the density of melting of 0.15 is clearly higher than the
normalized displacements well in the solid phase. Bierbaum et al.** have obtained
aLindemann ratio in a very dilute (0.19 vol%) bcc crystal of 0.146, in very good
agreement with our Lindemann ratio. The experimental data are slightly smaller
than numerical predictions for spheres with a screened Coulomb interaction.82°
Numerical simulations for fcc crystals with various ionic strengths, properly ex-
trapolated to infinite system size, predict Lindemann ratios in the range 0.164—
0.176.2° The experimental Lindemann ratios are clearly higher than the computer
simulation result for hard spheres.?t Remarkably, however, the observed excur-
sionsat higher densities are consistently lower than the hard-sphere normalized dis-
placements.

9.6 Conclusions

We conclude that small-angle x-ray diffraction makes it possible to study syste-
matically the approach to melting of colloidal crystals. This valuable scattering
technique complements recently developed methods based on direct imaging of the
particles with microscopy using visible light.%>112 Microscopy generally works
best for larger particles since they probe larger length scales. X-ray diffraction al-
lows the investigation of optically opague, high density colloids. Diffraction of-
fers excellent statistics: the results are based on very large numbers of particles,
~ 108. The mgjority of these particles are far away from the sample cell wall, i.e.
in the bulk of the crystal. Thus surface effects are eliminated. We find that the ex-
cursions in our crystals of charge-screened colloidal spheres are generally smaller
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than the hard-sphere results. The difference might be caused by many-body inter-
action among the spheres,® or the presence of asuspension liquid could play arole.®
It would be fruitful to perform lattice dynamics cal culations for screened Coulomb
pair interactions at various screenings and densities to compare with the results pre-
sented here.

M easurements on colloidal single crystals open up the prospect of studying the
thermal diffuse scattering, revealing the spectrum of sound modes in these crys-
tals. Recently x-ray diffraction also has been extended to dynamic measurements,
analogous to dynamic light scattering, by exploiting the interference of coherent
x-rays.3%-32 With this dynamic technique it is possible to determine not only the
extent of the excursions, but also the associated diffusion coefficient.

From the photonic materials perspective, the study of particle excursions by
x-ray diffraction is of considerable importance since it offers a measure of crystal
quality. Control over crystal quality iscrucial for applications of photonic crystals,
and the degree of perfection of photonic crystals is expected to become ever more
important as the refractive index contrast is increased. Indeed small-angle x-ray
diffraction recently has been applied to confirm the | attice perfection of aperiodic
structure of air holes in a solid host material .33
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Samenvatting

Dit proefschrift gaat over licht in zogeheten fotonische kristallen, materialen die
devoortplanting van licht beinvioeden door hun structuur. Het doel van fotonische
kristallenisom ashet ware een kooi voor licht teverwezenlijken. Zo'ningrijpende
verandering van de voortplanting van licht is niet aleen vanuit een wetenschap-
pelijk standpunt interessant, maar ook van belang voor bijvoorbeeld de telecommu-
nicatie. In de moderne telecommunicatie wordt vedl gebruik gemaakt van licht, om
snel grote hoeveelheden gegevens te transporteren via glasvezels. In de toekomst
zal het belang van licht voor de informatievoorziening waarschijnlijk nog toene-
men. Er isvoorspeld dat de veranderde voortplanting van licht in fotonische kris-
tallen aanleiding zal geven tot vele nieuwe natuurkundige verschijnselen. Controle
over de voortplanting van licht biedt bijvoorbeeld de mogelijkheid om het uitzen-
den van licht te beinvioeden en zo de efficiency van lasers te verbeteren, of ruiste
verminderen onder de grens van het normaal mogelijke.

Devoortplanting van licht kan worden beinvloed door doorzichtige materialen
samen te voegen tot een geschikte structuur, en gebruik te maken van interferentie.
Fotonische materialen kunnen bijvoorbeeld as spiegel gaan werken. Een belang-
rijk verschil met gewone spiegels is dat fotonische kristallen ook binnenin weer-
spiegelen: ze weerkaatsen niet alleen het licht dat er van buitenaf op valt, maar ook
licht dat van binnen komt. Dezeinwenige weerspiegeling kan belangrijke gevolgen
hebben voor lichtbronnen binnen fotonische kristallen. Zulke lichtbronnen krijgen
hun licht dan meteen teruggespiegeld, waardoor zij nooit licht kunnen uitzenden.
Als een bepaalde kleur licht in alle richtingen goed weerspiegeld wordt, dan is die
kleur licht opgesloten. Om te begrijpen hoe doorzichtige materialen als spiegel
kunnen werken, is het van belang om je te realiseren dat doorzichtige voorwer-
pen eigenlijk zelden onzichtbaar zijn. Dit komt doordat ze ook licht weerkaatsen.
Meestal weerkaatst maar een klein gedeelte van het licht: een etalageruit bijvoor-
bedld is op de eerste plaats doorzichtig, a kun je er jezelf ook in weerspiegeld zien.
Deweerspiegeling is genoeg om deruit op te merken, maar er weerkaatst veel min-
der licht dan van een echte spiegel. Om een goede spiegel te maken is védl weer-
kaatsing nodig.

Om een sterkererefl ectie te krijgen, maken wegebruik van het feit dat licht zich
gedraagt als golf. Golven kunnen elkaar versterken, a's de toppen van de ene golf
samenvallen met de toppen van de andere golf, of juist uitdoven, a's de toppen van
de ene golf samenvallen met de dalen van de andere, zie de figuur. Het verschijnsel
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wordt ‘interferentie’ genoemd; het doet zich ook bij licht voor. De afstand tussen

opeenvolgende golfdalen van lichtgolven — de golflengte — nemen wij waar als de

kleur van het licht. Zichtbaar licht heeft een golflengte van ongeveer 0.0005 mm.
Als licht weerspiegelt aan een dun laagje

doorzichtig materiaal, ontstaan heldere kleuren /\/\/\/ /\/\/\/
alsgevolg vaninterferentie. Een alledaagsvoor- + +

beeld hiervan zijn de regenboogkleuren die je /\/\/\/ \/\/\/\
Ziet als er een druppd olie in een plas water te- l l

recht is gekomen. De olie spreidt zich uit tot

een dunne laag op het water. Delichtgolven die NS
terugkaatsen van het spiegelende wateropper-
vlak interfereren met lichtgolven die terugkaat-
sen van het spiegelende olieopperviak. Ze ver-
sterken elkaar of doven elkaar uit, afhankelijk
van de dikte van het olielaagje en de golflengte (kleur) van het licht. Wit licht wordt
op die manier door de oliefilm opgesplitst in de samenstellende kleuren. Dekleuren
van parelmoer en de heldere kleuren op de vleugels van vlinders ontstaan op een
vergelijkbare manier. In deze gevallen zijn er meer laagjes bij de interferentie be-
trokken, daarom reflecteert er meer licht en zijn de kleuren feller.

De kleuren van een aliefilm veranderen als je er onder een andere hoek naar
kijkt. Zulke veranderende kleuren zijn natuurlijk mooi om te zien, maar onwen-
selijk als je een bepaalde kleur licht op wilt dluiten. In een fotonisch kristal moet
deze kleur licht worden weerkaatst, ongeacht de richting waarin het licht gaat. Dit
kan bereikt worden door een ruimtelijke structuur te gebruiken in plaats van dunne
laagjes. Omdat het materiaal er dan vanuit verscheidene gezichtspunten vergelijk-
baar uitziet, reflecteert het steeds dezelfde kleur.

Om optimaal gebruik te maken van interferentie om de weerkaatsing van een
bepaal de kleur te versterken, is het van belang dat de ruimtelijke structuur van fo-
tonische materialen regelmatig is. Onregelmatig opgebouwde structuren zijn ge-
woonlijk ondoorzichtig wit, zoals matglas of poedersuiker. Door natuurkundigen
wordt een regel matige ruimtelijke structuur gewoonlijk een ‘kristal’ genoemd, naar
analogie met de regelmatige rangschikking van atomen in gewone kristallen. De
gelijkenis gaat nog verder: vele eigenschappen van gewonekristallen, zoal s stroom-
en warmtegel eiding, houden verband met hun regel matige structuur, net als de ge-
wijzigde voortplanting van licht in fotonische kristallen. Deze gelijkenis verklaart
de benaming ‘fotonische kristallen’. Materiadlen met een regelmatige bouw wor-
den niet aleen kunstmatig gemaakt, er zijn ook fotonische kristallen van natuur-
lijke oorsprong; een voorbeeld is de edel steen opaal, een opeenstapeling van kleine
glazen bolletjes, die zijn glimmende kleuren ontleent aan interferentie.

Interferentie: golven dieelkaar ver-
sterken of uitdoven
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Wij hebben fotonische kristallen gemaakt van kleine bolletjesin water endaarin
de voortplanting van licht onderzocht. We hebben gemeten welke kleuren licht
er doorheen gaan en welke weerkaatst worden. De golflengtes van het tegenge-
houden licht stemmen goed overeen met de afstanden tussen de lagen bolletjes,
die bekend zijn uit onze metingen met behulp van Rontgenstraling. Het kleuren-
bereik van de spiegeling klopt met onze berekeningen. Het blijkt dat er een op-
timale volumeverhouding bollen:water is waarbij de kristallen zo ved mogdijk
kleuren tegelijk weerspiegelen. Als het volume-aandeel water veel groter is dan
het volume-aandeel bolletjes of vice versa, dan worden er minder kleuren weer-
spiegeld. Dit zou men ook verwachten, immers het water en het materiaal van de
bolletjes zijn ieder apart gewaoon doorzichtig.

Om te zien of fotonische kristallen nu inderdaad invloed hebben op het uitzen-
denvan licht, is het noodzakelijk om lichtbronnen binnenin de kristallen te maken.
Hiervoor hebben we bolletjes gemaakt met een fluorescerende kleurstof erin. Zulke
kleurstoffen kunnen licht opnemen, en zenden dan specifieke kleuren licht uit. Fluo-
rescerende kleurstoffen zijn echter niet alleen gevoelig voor de weerspiegeling van
fotonische kristallen maar ook voor de scheikundige samenstelling van hun om-
geving, en de kleurstofmoleculen beinvioeden elkaar a's ze dicht bij elkaar zitten.
Daarom hebben we eerst gekleurde bolletjes apart bestudeerd, zonder weerspiege-
lingseffecten. We hebben gemeten welke kleuren licht de kleurstof uitzond en hoe
lang het licht opgeslagen bleef in de kleurstof, voor verschillende hoeveelheden
kleurstof in de bolletjes. Het bleek dat een grote hoeveelheid kleurstof een korte-
re opslagtijd van het licht tot gevolg heeft. De waargenomen variatie in opslag-
tijden suggereert dat de kleurstof niet gelijkmatig verdeeld is, maar samenklontert
binnenin de bolletjes. Deze ongewenste invlioeden kunnen vermeden worden door
maar een hedl klein beetje kleurstof in de bolletjes in te bouwen.

We hebben kristallen met inwendige lichtbronnen gemaakt van glazen bolle-
tjes met een heel klein beetje fluorescente kleurstof erin. De glazen bolletjes zijn
alemaal even groot, en zweven rond in een glazen buise gevuld met water. On-
der invloed van de zwaartekracht zakken de bolletjes langzaam naar de bodem van
het buisie. Door het uitzakken neemt de dichtheid van bolletjes toe en ontstaan er
vanzelf kristallen. De bolletjes stoten elkaar enigszins af doordat ze geladen zijn.
Deze afstoting kan verminderd worden door zout aan het water toete voegen. Extra
zout vergroot zowel de snelheid van het naar beneden zakken van de bolletjes alsde
dichtheid van de uiteinddlijke kristallen. Door hier gebruik van te maken hebben
we kristallen verkregen met de optimale bolletjes/water-verhouding. De kristallen
zZijn opzettelijk zo gemaakt dat de kleur van de weerspiegeling overeenkomt met
de kleur van de kleurstof.

Deinvloed van de weerkaatsing binnenin de kristallen op de kleurstof is heel
duidelijk merkbaar in de uitgezonden kleuren licht die je buiten het kristal ziet: de
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kleur licht die binnenin weerkaatst wordt is een stuk zwakker. De verzwakking
blijkt echter minder dan de verzwakking van licht dat van buitenaf komt. uit onze
experimenten blijkt dat de verminderde verzwakking niet afhangt van de plaats van
de lichtbron in het kristal. Er is meer aan de hand dan alleen maar weerspiegeling
van regelmatige lagen bollen: de weerkaatsing aan onregelmatigheden in de kris-
tallen speelt ook een belangrijke rol. Deze onregel matigheden weerkaatsen licht in
willekeurige richtingen. Als gevolg hiervan komt er van ale kleuren licht wel een
gedeelte naar buiten, ook van kleuren licht die binnenin weerkaatst worden.

Detijd die het licht in de kleurstof opgeslagen blijft, hebben we ook gemeten.
In tegenstelling tot de schakering van uitgezonden kleuren, blijkt de gemeten tijd
niet af te hangen van de wisselwerking tussen licht en de fotonische kristallen. Dit
is een gevolg van derichtings- en kleurafhankelijkheid van de weerspiegeling van
de kristallen. Detijd die verstrijkt tussen het opnemen en uitzenden van licht, de
spontane-emissietijd, is een maat voor de mogelijkheden die de kleurstof heeft om
licht af te geven. De kleurstof kan in alerlel richtingen en kleuren uitzenden, ook
richtingen waarvoor geen weerkaatsing optreedt. Hierdoor blijven er nog genoeg
mogelijkheden over om het licht kwijt te raken, en de spontane-emissietijd veran-
dert niet merkbaar.

Dekleine glazen bolletjes in water waar we de kristallen van gemaakt hebben,
Zijn een voorbeeld van een colloid, een materiaal dat bestaat uit een fijn verdeeld
mengsel van twee fasen. Colloiden zijn alom tegenwoordig in het dagelijks leven;
dasaus (druppeltjes aliein azijn), gdl, inkt (vast stoffen in vloeistoffen), en scheer-
schuim (gasin vloeistof) zijn er voorbeelden van. Ook het menselijk lichaam bestaat
uit colloiden. Coalloiden zijn bijzonder geschikt om fotonische kristallen van te
maken, aangezien ze van nature ongeveer de juiste grootte hebben en vanzelf kris-
tallen kunnen vormen. Hetisechter ingewikkeld om de opbouw van zulkekristallen
te achterhalen met behulp van licht, immers de fotonische kristallen zijn bedoeld
om de voortplanting van licht te veranderen! Met behulp van Rontgenstraling zijn
we er toch in geslaagd om informatie te verkrijgen over de opbouw van colloidale
fotonische kristallen. Hiervoor hebben we experimenten gedaan in Grenoble in
Frankrijk, waar een zeer felle Rontgenbron beschikbaar is. Het blijkt dat de kris-
tallen bijzonder goed geordend zijn, honderden bolletjes liggen keurig op rijtjes,
zowel in de breedte en hoogte als in de diepte. De experimenten tonen aan dat
kleine-hoek Rontgenverstrooing met een synchrotronbron en twee-dimensionale
detectie bijzonder geschikt is voor het bestuderen van colloidale systemen.

Alsvoortvloeisdl van deze zeer nauwkeurige metingen hebben we de groottes,
groottevariaties, scherpte van het opperviak en de dichtheid kunnen bepalen van
verschillende soorten colloidale bolletjes, in hun natuurlijke omgeving. Het blijkt
dat de meeste colloiden beantwoorden aan het beeld van homogene, eenvormige
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bolletjes met een scherpe rand. De gemeten groottes en groottevariaties komen
goed overeen met resultaten van andere technieken, maar zijn nauwkeuriger envol-
gen uit één enkele meting aan de bolletjes in hun natuurlijke omgeving. Bovendien
hebben we een handige nieuwe methode gevonden om zelfs zeer kleine variatiesin
bolletjesgrootte te kunnen bepalen.

Samenvoeging van bovenstaande Rontgenwaarnemingen levert interessante in-
formatie op over de nauwkeurigheid waarmee de bolletjes op hun plaats zitten in
de colloidkristallen. Vanwege de warmtebeweging maken de bolletjes voortdurend
kleine uitstapjes rond hun plaats in het kristal. We hebben systematisch de grootte
van deze uitwijkingen in kaart gebracht in kristallen waarin de bolletjes dicht op of
juist verder van elkaar af zitten. Opmerkelijk genoeg blijkt dat de uitgestrektheid
van de warmtebeweging in alerlei verschillende colloiden voornamelijk bepaald
wordt door het verschil tussen de dichtheid van de bolletjes en de dichtheid waar-
bij de bolletjes geen kristal meer vormen maar wanordelijk door elkaar gaan zitten.
Het soort wisselwerking tussen de bolletjes blijkt aleen van belang voor zover het
de dichtheid bij de smeltovergang beinvlioedt. Verrassend is ook dat de warmtebe-
weging minder is dan op grond van berekeningen was verwacht. Wellicht spelen
wisselwerkingen tussen meer bolletjes tegelijkertijd een rol, of beinvioedt de aan-
wezigheid van een vloeistof de beweging.

Een belangrijk doel van het onderzoek aan fotonische materialen is om een
kristal te maken dat ten minste één kleur licht goed tegenhoudt, ongeacht de rich-
ting waarin het licht gaat. Dit onderzoek laat zien dat colloiden bijzonder geschikt
Zijn om fotonische kristallen te maken. Kort geleden zijn er nieuwe fotonische
kristallen ontwikkeld die veel meer kleuren weerspiegelen, enin veel meer richtin-
gentegelijk. Dezekristallen zijn opgebouwd uit van nature a beter weerkaatsende
doorzichtige materiaen, zoal s titaandioxide, dat om deze reden ook gebruikt wordt
in de betere kwaliteiten witte verf (“titaanwit”). De kristallen worden gevormd met
behulp van een soort mal die bestaat uit een colloidkristal. Het lijkt aannemelijk
dat verdere ontwikkelingen binnen afzienbare tijd zullen leiden tot kristallen met
de gewenste volkomen weerspiegeling van tenminste één kleur. Zulke kristallen
werken dan als kooi voor die kleur licht.
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