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We have resolved a great number of Bragg peaks of photonic colloidal single crystals by synchrotron
small angle X-ray scatiering [(3AX3). We find that charge-stabilized collnids form face-centered cubic
crystals at all densities up to =60 vol %. The collpidal particles are highly ardered on their lattice sites,
which eonfirms that these self-organizing materials are suitable building hlocks for nptical photonic matter.

The ex

iments demonstrate that synchrotron SAXS with two-dimensional

detection is & powerful toal

to study systems with length scales comparable to optical wavelengths,

An attractive featare of colleidal suspensions! is the
ahility to spontaneoasly form bulk three-dimensional (30)
cryatals with lattice parameters on the order of 1=1000
nm.? It is thus netural to consider colloidal ervatals as
nanostructured materials? in particular as photonic
crystals® Photonic crystals are three-dimensional di-
electric structures with lattice pargmeters comparable to
the wavelength of light, that influence the propagation of
photons in the same way that atomic crystals determine
elestronic properties.®® Photonic crystals are being
pursued to obiain a range of forbidden frequencies, called
a photonie band gap, that is expected tolead to innovations
in optics and quantum opties. ¥ Sinee optical properties
are intimately connected to the crystal structure, it is
erucial to know the structure of self-organizing photonic
colleidal erystals. Strong interpetion between photonic
crystals and light, however, causes multiple scattering,
which hampers structure determination by light scattering
or other optical methods.®® Therefore, weuse small angle
Xoray seattering (SAXS)Y with a gynchrotror source,
which has the advantages of 2 high wavelength resolution,
a tightly focused beam, and a high photon flux, in
comparison to e.g. neutron scattering. We observe large
nurnbers of Brage diffraction peaks of photonie eolloidal
single crystals over an unprecedented range of seattering
vectora, Thecolleidal particles order in face-centered cubic
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(fee) structures at all densities and with a high degres of

loealization abowut their lattice sites, This is an execellent

starting point for photonic band gap crystals,'' as opposed

'f:: dﬁﬁdﬂwd structures that have been obaerved be-
re,

stabilized colloides are an important class of
eolloids* that are particularly promising for photonie
purposes, because the lattice parameters can be tuned
with the ioni¢ strength.! The photonic properties are
optimal for particls densities ¢ in the range 2050 vol %,
becanse the Bragr resonances of the lattice are then
matched with the internal Mie resonances of the par
ticleas*®% The orystal structure of dense charge-
stabilized colloids with ¢ > 10 vol % is expected to be fee !
Intevestingly however, experiments at ¢ = 30 vol % have
révealed plass formation instead of crystallization.®
Application of ghear preventa vitrification but results in
random stacks of hexagonal elose-packed planes (rhep)l
or possibly hexagonal elose packing (hepi instead of foc
packing. We find that our samples do form photonie fee
erystals over a wide range of densities, which confirms
the original notion.? The practical usefulness of photonic
colloidal erystals also depends on the availability of
sufficiently large single crystals. Indeed crystals with
linear dimensions on the order of 10* unit cells (mm sizges)
have been reported, albeit for dilute, weakly photonic
samples with ¢ < 1 vol %.'%*% The largest crystals are
grown close to the freezing eurve, where the nucleation
rata is 2o small that few eryatal grains nuclente and grow
(ef. Figure 1)."* Dense erystals with ¢ ~ 50 vol % have
boen made with sterically stabilized colleids, bat the
erystallites are smaller with linear dimensions of 20— 100
pm? We have grown charge-stabilized single cryatals with
volume fractions up to 60 vol % and dimensions up to 0.5
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Figure 1. Phetographs of a photonic colloidal sample of sedimented polystyreme spheres (radii, 100.9 nm; size poh-digfzemity, 2.3

nm} in methanol, contained in a 4 mm wide capillary. The pictures were taken with white light, in transmission [

ft) and

reflection (right | modes, as indicated by the cartoons. For a comparisen of the images, some light was also reflacted in the left pieture.
The density of enlloids in¢reases from top to bottom. In the upper part of the sample, the particles form a eolloidal liguid in which
ineident light i randoemly multiple scattered; hence, it appears opague in tranamission mode and white in reflection mode, In
eontrast, photonic erystals transmit incident light unles= Bragg refloctions oceur, which are a procursor of photonie hand gapa. 8
In this particular sample, green light is Bragg reflected (right panel) and the red part of the optical spectrum fe transmitted (left

punell. The green Bragg reflections are cansed by elose-packed crystal planes paraliel to the capillary wall (fo 111 planes), Just
They

helow the lwquid, crystals are visible that are large enough for o gingle-erystal diffraction study,
cloge-packed planes parallel to the plass. Further, below, ihe sample

houndaries, and seversl of them are not oriented with
is polyerystalline (*powder”™).

mim [see Figure 1), which is large enough to isolate a single
photonic crystal for experimental study

We have stodied samples made of polystyrens spheres
{Duke Scientific) in water or methanol, that were sealed
in 0.3 or 0.4 mm thick flat glass capillaries (Vitro
Dynamicsl. Crystals with denzities below 50 val % were
made by defonizing the suspensions with ion exchange
resin (BioKad AGS01-X8) before the suspension was
introduced into the capillaries. The best results were
obtained with crystals that nucleated and grew over
perindson the order of months, Addition of extraion resin
to thae capillaries increased the nucleation and growlh
rates, which resulted in more and smaller crystals, Dense
eryetale (& > B0 vol %) were grown by sedimentation of
charge-screened colloids at accelerations of ~400 g, This
corresponds to a ratio of the sadimentatiom velocity to
dilfusion velocty (known as the Peclet number) of about
0.02, which suggests that the sediment is in thermody-
namicequilibrium. The erystal—liguid interface appears
at demszities near 50 wal %, close to the hard aphere
crystallization density. After~-4 h, relatively large prains
develop at the crystal-liquid interface, that anneal to

ey are separated by dark grain

sizes on theorder of 0.5 mm. Longer centrifugation times
result in compression of the erystals (@ = 60 vol %), but
also cause them to break wp inte a polyerystalline
azzembly,

The SAXS experiments were performed on beamline 4
of the European Synchrotron Radiation Faclity (ESRF).®
The incident beam was monmochromatic with a wavelength
A = 0,098 80 nm and a bandwidth AVL = 1.5 = 1074 It
was foeused to a narrow spot of about 0.2 mm = 0.5 mm,
with 8 maximum beam flux of 10 pholonsfs. The
scattered radintion was detected with 8 lwo-dimenzgional
gas-hlled detector at the maximum distance of 10 m from
the sample. This has the advantage over other SAXS
cameras that the scattering pattern is not ameared and
that no scanning iz necessary.”® The smallest scattering
vector & = 2 sin{ GV, with § the diffraction angle, 15 0,002
nm ', The resolving power is &s ~ 7 = 107" nm~! in hoth

(200 Mugmna, M. van Kats, . M_; Bosecke, P Vos, W. L. Procoodings
X Internotionad Conferonce on Small Anple Scortering, Cralevich, A.,
Teixeira, 4., Kogtorz, G, Bds; J, Appl. Crysiallogr., in press.
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Fi 2, Structure factors at several angles of intidence » of a colloidsl single crystal of r = 120.8 polystyrene spheres (size

olydispersity, 1.6 nm) in water with a volume frection ¢ = 68 vol % 1A, top Icft) data for « = 07 (B, bottom left) data for w =
#- 1, top right) data for o0 = 147 (D, bottom right) data for w = 34°. The drawn lines are the 2” and & axes in reciprocal Epace.
The rotation axis is &, = 0 {deshed lines); hence, the spats on this axis are unchanged. The cireles indicats the six ke = 11 class
Bragg rods, which peak at £ = O (panel A}, and [ = 1 (panel D). The diamonds indicate the bk = 31 Bragg rods, which peak at !

= Iiy ( pamel B, The squares in panel I indicate the pea

on the Ak = 10 Bragg rods, that appear at o = 347, These four reflections

correspond to the close-packed reflections of fee packing (hkhlng: = 111 3, The patterns have been collected for 105 5, they have been
eorrectsd for the detcetor response and for the single-particle form facter, that was measured separately ¥

dimensions.®* The capillaries were mounted with their
long axis vertical on two translation stages that seanned
the spatial position with respect to the horizontal X-ray
beam, and a rotation stage that acanned about the long
axiz of ecach sample (m-axis) ®

Figure 2 presents X-ray scattering patterns of a single
crystal consisting of r = 120.8 nm spheres with a lattice
parameter @ = 370 nm and a volume fraction $ = 56 sl
%, Many Bragg peaks are seen, which indicates that the
spheres are ardered in a eryetalline array. Ifthe sample

{22 Bemse, U.; Hart, M. Appt. Phys, Letd 1985, 7, 238 Dasha, 5.; Ize,
M. 1te, K. Dwad, 5. Kitans, H.:Maceuska, H : Nakomurs, H.; Okemurs,
H_; O, T Sagamd, [ 8., Uena, ¥.; Yoshida, H.; Yoshiyema, T. Langmuir
1993, 9, 394, Daat, 0.; Bisecke, P Ferrers, O Froand, A, K Lambard,
A Heintzmann, B Nueel, Tnstram. Methods A 1995, 256, 566

{EY) Guinier, A X-ray Diffraction; Fresman: San Frandses, CA, 1063

is translated, we observe doubling or tripling of each peak
or even coneentrie rings at the radii of the peaks, which
means that the incident. beam then irradiates twa, three,
or many eryatals, rezpectivelv, Therefore, Figure 2 shows
indeed the scattering patterns of a single colloidal crystal,
Many Bragg diffraction peaks are observed simulta-
neously, in contrast to X-ray diffraction of atomic single
erystals.® The reason is that the wavelength 1 is much
smaller than the typical lattice spacings d; hence, the
radins 14 of the Ewald scattering sphere® is much larger
than the lengths 1%d of the reeiprocal lattice vectors.
Consequently, the Ewald sphere becomes a scattering
plane that simultaneously intersects many reciprocal
lattice vectors.!"® The Bragg peaks in Figure 24 have
approximately a sixfold symmetry. This iz expected
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Figure 3. Heal space density autocorrelation functions (Patlersen maps), (g, left) Cubic 111 planes (o = 0 in Figure 24), The

hexagonal unit cell with ¢

lengths equal to the nearest neiphbor distance of ~260 nm 18 indicated with dashed lines, The

dashed—duttad soll mdicated with “B” and the dashed - triple-dotted cell indicated with “C* are hexagonal units in planes just above
or just below the central A7 plane. (b, ight) Cubic 110 planes o = 347 in Figure 2B), The dashed grid indicates the projected sguare
faces of the cubic unit cell, with edges equal te 260 nm and to 2 = 260 wm, The detted rectangle indicates the correlations due
to planes above and below the one indicated with dashed lines, The data have been correctad for the prafile of the direct heam and

the detector responze function

becanze dense colloids usually order in hexagonal close-
packed planes that lie parallel to cell windows? The
stacking sequence of these planes determines whether
the structure is fee, hep, random stacking, or a complex
sequence (e.g. double or triple hep).® Therefore, the
reciprocal space consiets of a hexagonal arrangement of
Bragg rods, labelod with Miller indices b, &, and anindex
! indicating the distance along the rode® [n normal
incidence (Figure 24), { = 0 and wa are looking down the
c-axis, The inner six Bragg peaks in Figure 2A are the
fi = 11 elass reflections. These ppaks cannot be the bk
= 10 class, becanse this would result in an unphyaical
density beyond cloge packing of ¢ = 83 vol %. The abzence
of ik = 10 indicates that the crystal is foo, on the basis
of considerations of intensity disiributions on the Bragg
roda® In Figure 24, most bright and dark spots occur
under conditions expectad for foo packing namely & — &
=48nand & — & = 3n £ 1, respectively.

In orderto sweap the third dimension of reciprocal space,
the scattersd intensily was measured as a fonction of the
angle of incidence o (Figare 2A-D), Intersections of the
Ewald scattering plane with reciprocal lattics vectors are
aeen as Brapg spols on the detector, that appear and
disappear wpon rotation,™ As a visual aid, we have
indicated the positions of several classes of Brags rods in
Figure 24-D. Itisclearly seen that with inereasing angle,
the ik = 11 spots (circles) become weaker (B), completely
disappear (C), and reappear at o = 34% (panel I, The Ak
= 31 spots (diamondal, on the other hand, start with zero
intensity in panel A, have 8 maximum at 6 (panel B),
become weaker (panel C), and have completely disap-
peared in panel D. The mavima for the 11 class co
to i =, and { = 1 respectively, which confirms that the
crystal consisis of interlocked stacks of hexagonal
planes ¥4 The maximom intensities for ik = 31 appear
at { = ¥y, which confirms that the erystal structure is
untwinned fec, and not any other stacking of hexagonal
planes such as hep or rhep. ™ Mareover, at o= 34" (Figure
20, four spots have appeared close to the beam stop, closer
than the ik = 11 clazs reflections (squares). They are the

(24) The potterns abaerved a= & funetion of angle afincudenes {Figure
21 are hest viewed on the mevie animetion which i3 available as
Supperting Infurmation on the World Wide Web ar threugh the
authors,

Ak = 10 clags with | = ¥y, that eorrespond to the cubie 111
reflections of the close.packed planes, whereas these
reflestions are absent in hexagonal structures, The 111
reflections perpendicular tothe capillary wall are the ones
that arevisually ohserved in Figure 1, which demonatrates
that SAXS resolves length scales on the order of optical
wavelengths, The Bragg peaks shown in Figure 2 can be
agimuthally averaged to obtain a pattern as a function of
the dilfraetion angle, similar to patterns of polyeryetalline
samples. It turns out that the Bragg diffraction angles
are very well explained with foe lattice spacings. This
confirms our ehservation of fee diffraction patterns in
polycrystalline samples of charge-stabilized spheres * We
take the ohservation of foe packing at densities over the
range 2060 vol % as evidence that this iz indeed the
stable phase of dense cherge-stabilized colloids® in
contrast to rhep or glase. The ohservation of the fee
structure has important conssquences for photonics:* this
atructure excludes a larger portion of the density of
radiating optical stales in the close-packed directions
compared to the cage of dizordered struetures, which
results in a larger quantom optical modification of the
spontanecus emission rate,

An important feature in the diffraction patterns is the
large number of diffraction peaks up to large scattering
vectors (Figure 21, Thisindicates that the Debre-Waller
facter is small, which means that the root-mean-square
BXCUTEIONS Ky, 0f the eolloidal spheres from thoir ideal
crystal positions are small.* For the patterns in Figure
2, we find 8 won of only 3.5% of the nearest neighbor
distance. Bragg peaks correspond to lattice vectors in
reciprocal space, that playacentral role in band structure
esleulations of the propagation of light through photonic
erystals® Thus a high degree of order is crucial for
photonic crystals, because the observatinn of a large
namber of veci proes] lattice vectors means that the optieal
band structures are well defined up to high oplical
frequencies.” A more elaborate analysis is in progress,
because Debye—Waller factors of colloidal crystals may

(253 Sprik, B van Tiggelen, B A Lagendijk, A Europhys. Lett.
1998, 35, 265
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provide constraints on the interactions in dense colloids,
which are currently subject to debate

The basic goal of a diffraction study is to obtain a real
space inage of the positions of particles in a crystal.
Whereas direct imaging is hampered by the well-known
phase problem in diffraction,™ one can already obtain
much insight from Fourier transforms of the diffraction
patterns. In parts a and b of Figure 3, we have plotted
the Fourier transforms of Figure 2A and [, respectively.
This vields projections of the auto-correlation function of
the density in real space, which is a map of the vectors
that connect particle positions, known as the Patterzon
map. 2 These maps are especially useful to elucidate
complex structures of non-overlapping particles, typical
of colloidal systems. Figure 8z shows the Patterson
funetion projected on a plane perpendicular to the cubic
111 axis. The dashed lines indicate the hexagonal close-
packed plane (‘A" in Figure 3a). The clear spots on the
corners of each cell indicate the distance to nearest
neighbors and next nearest neighbors in the hexagonal
planes. The spots zhould not be confused with the real
space density obtained in a hologram or a microscope
image. It is well-known that the fee structure can be
represented as a three-layer repeat sequence ABCABC..
of hexagonal elose-packed layers;® thus, there are {wo
other planes that are Incated below and above an ‘A’ plane.
In Figure 3a, these give rise to additional peaks, that are
indicated with ‘B’ and 'C". Additional correlations at
positions in between the ideal lattice points are possibly
caused by defects i the crystal. Figure 3b shows the
Patterson function projected perpendicular to a cubic 110
axis. We have indicated the rectangular pattern with

edge ratio 1:+/2 times the nearest neighbor distance of
~260 nm. Thecubic 110 direction is vertical (as in Figure
3a), and the cubic 100 direction is now horizontal. The
midpeints in the rectangles are caused by particles in
planes below and above a particular 110 plane, that are
displaced by one nearest neighbor distance. The orienta-
tion of the unit cell is such thai one cubie 110 axis is
pointing upward, which means that rows of particles in
the close-packed planes are parallel to the sedimentation

125 Larsen, A. B.: Oder, ). G. Nafure 1997, 385, 230,
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direction, Such an orientation iz vsually ahserved in
gheared samples' but does not always oceur in our samples
{ef. Figure 1). The range in real space of the Patterson
functions is currently limited to about 500 nm by the shape
of the incident beam and the detector rezponse function,
The extension to the micron range is anticpated,

The growth and observation of highly ordered fec
erystals strongly support the notion that self-organizing
soft condensed matter iz a suitable building block for
photonic matter, It is thus exciting that there are novel
developments to control the growth of colloidal erystale. ™
Moreaver, erystals with structures of interest to photonic
applications have recently been found in binary mixtures %
Ourresults demonstrate that synchrotron SAXS with two-
dimensional detection (Figure 2) is a powerful technique
to investigate systems with length scales on the order of
optical wavelengths, especially when they are stromgly
photonie ##% in ather words strongly multiple scattering.
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