
Introduction

Small-angle scattering has been used by biologists and
physicians [1, 2, 3, 4] as well as physicists and macro-
molecular chemists for structural investigations [1 ,5, 6,
7, 8, 9, 10]. In this paper we consider small-angle scat-
tering from monodisperse, charge-stabilized colloidal
dispersions. Under shear, such dispersions usually
decompose into layers [10, 11, 12, 13]. There are two
important questions concerning these layers: What is
the structure in a layer? What is the stacking structure
between the layers?

In order to investigate the scattering from layers we
consider Fig. 1. Here a typical situation of small-angle
scattering is depicted. For elastic scattering the smaller
the scattering angle the more the scattering is due to
particles positioned in a plane orthogonal to the incident

beam. On one hand, we may use this spatial selectivity;
on the other hand, we must be aware of the fact that
nothing can be learned about stacking of the layers in
the direction of the beam. If one is interested in this
question a rotation of the sample or the beam direction
is necessary. Tangential incidence to this layer (Fig. 2)
causes a geometry normal to the one considered in
Fig. 1. Now stacking of the layer can be studied.

A simple device to study the mentioned behavior
available at most research centers is the Couette cell
shown in Fig. 3. If the beam is directed radially it will be
normal to the layers of the dispersion. The cell is com-
monly used in this mode. Alternatively one might choose
the tangential mode. Still the information comes from
particles in a plane perpendicular to the beam; the lay-
ered sample, however, is rotated by 90�. Despite the fact
that the Couette cell is more than 100 years old, this
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Abstract In this contribution small-
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geometry has almost never been used. In the following
sections we shall consider this tangential mode in more
detail.

Theoretical

Solid-state concepts are useful to determine the scatter-
ing power along certain directions in reciprocal space. It
is well known [5, 6] that for the occurrence of a Bragg
reflection in atomic or molecular scattering the re-
ciprocal lattice must be intersected by the Ewald sphere.
The same principle holds for small-angle scattering from
mesogenic systems. Usually, in an X-ray or a neutron
scattering experiment the wave length k of the radiation
is much smaller than any distance a between colloid
particles. Therefore the radius R*=2p/k of the Ewald
sphere is huge compared with the reciprocal distance of
the rods a*=2p/a and as in Fig. 4 the sphere can be
approximated by planes. In elastic small-angle scattering
a given beam direction leads to a selection such that only
particles belonging to a plain perpendicular to the beam
contribute to the scattering in this direction. In Fig. 4
three planes are drawn; only one of them is perpendic-
ular to the beam. By successively rotating the beam by
angles a and/or b, the beam and/or the plane can be
brought to one of the other positions (in our experi-
ments both sample and flow but not the beam is
rotated).

Next, Bragg scattering from a layered system will be
considered. For this Miller indices h, k, l are introduced
[5, 6]. The coordinate axes of the indices h and k are
assumed to be in the layer of the layered sample, in
which case the axis of l will be normal to the surface of
the layers.

Fig. 2 Orientation of the particle layers for tangential and radial
scattering of a Couette cell

Fig. 3 Couette cell with indication of the positions for radial and
tangential scattering

Fig. 4 View from the top on a (h,k) reciprocal layer of a shear-
ordered colloidal system

Fig. 1 Spatial selectivity: only layers perpendicular to the incident
radiation contribute to small-angle scattering
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Perpendicular scattering (radial scattering
for the Couette cell)

Figure 5 presents an l=0 cut through a hexagonal h, k
layer. This layer is part of the reciprocal space. The h, k
layer is filled with black and white points. Black points
belong to the totally symmetric representation of the
layer. Depending on the handling of the l-dependence a
point group or a space group description may be re-
quired. Let us begin with a flat hexagonal h, k layer. In
this case a point group description with a degenerate
e mode would be adequate. Energetically, the degener-
ate e levels are placed between two totally symmetric
a levels.

By contrast, a space group description will be neces-
sary if the l-dependence is taken into account. Now the
degeneracy of the e mode is lifted. As described by
Guinier [7, 8] for face-centered cubic (fcc) we have two
separate levels. The previously degenerate reflections
with maxima of the intensity at l=n+1/2, where n is a
natural number, are now shifted to l=n+1/2±1/6. For
the two stacking distributions, i.e., for ABCABCA...
stacking and for the twin ACBACBA... stacking, the
behavior on the corresponding white Bragg rods is
shown in Fig. 6.

The step-by-step rotation method

This method has been used for years by physicists and
chemists to determine the structure of crystals. We

consider Fig. 6 where the direction of flow V for
ordering the sample and six directions in reciprocal
space (Bragg rods of the first ring) are drawn. Depend-
ing on the angle a or b the tilted planes intersect the
Bragg rods at various height and thus give the coordi-
nates of the Bragg scattering intensity at the point of
intersection. By rotating the sample plus flow by an
angle a or b we are able to determine step by step the
scattering intensity along the Bragg rods. This is the
step-by-step method to determine the scattering intensity
along a Bragg rod. There are two situations in which the
proposed procedure does not work. For rods on the axis
V we can choose the angle a as we always want the rod
to be cut at l=0. A similar restriction holds for b rota-
tions. In this case the intensity of rods on the b-rotation
axis ()1,1; 0,0; 1,)1) which is perpendicular to V cannot
be determined by the step-by-step method. Fortunately,
tangential scattering, to be described later, can be used
in such cases.

Next, we consider an important result concerning the
structure of fcc crystals which is also described in the
book of Guinier [7]. The l-dependence of the intensity on
the white Bragg rods is given by Fig. 7. For AB-
CABCA... stacking we have on the white rod
(h,k)=(1,)1) the behavior shown on the left-hand side
of Fig. 7, where the open dot stands for the twin
stacking ACBACBA... For the rod (h,k,l) we find a
second white rod ()h,)k)=()1,1) with the correct
l-behavior shown on the right-hand side of Fig. 7. On
the first rod the maxima of the intensity (filled dots) are
at l=0.5)1/6; 1.5–1/6; ..., on the second at l=0.5+1/6;
1.5+1/6; ..., etc.

Tangential scattering (intensity determination
without sample rotation)

In Fig. 8a the Ewald plane for perpendicular incidence
(a=b=0�) is shown. More interesting in the present

Fig. 5 An Ewald sphere becomes Ewald planes in small-angle
scattering

Fig. 6 a- and b-rotations of the Ewald planes in small angle
scattering
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context is Fig. 8b with b=90�. Now all the rods on the
axis perpendicular to V passing the center 0,0 are sliced
along their length and the intensity along all the rods,
i.e., their l-dependence, can be obtained simultaneously
without rotation. This is a very efficient method to
determine the intensity along a rod and is not mentioned
in any of the well-known articles or books on colloid
science [9, 10, 11, 12]. Since this tangential scattering, as
it may be called, can be carried out with ordinary
Couette cells available at most research centers it is to be

considered a very attractive method which has hardly
been applied so far. Some experimental examples will be
given in the next section.

Experimental results and discussion

The perpendicular and tangential scattering geometry
which provide complementary information are shown
for an oriented layer in Fig. 9 again.

Perpendicular scattering (radial scattering
for the Couette cell)

Although our perpendicular scattering data have already
been published [13] we show them again in Fig. 10 for
completeness. These data were obtained with our disk
shear cell [14] for a charge-stabilized dispersion with
particle diameter r=94 nm and a volume fraction of
F=34% at rest after ordering the dispersion by shear.
In Refs. [13, 14] the behavior of the dispersion in the
viscoelastic range is shown, where rings were observed.
The data were obtained at the ESRF beam line ID02 in
Grenoble, France. The data to be shown in the next
sections were obtained at the same beam line but with
the Couette cell of that research center. The colloid
material, however, was prepared and cleaned in Aachen.

Intensity along the rods: the step-by-step
rotation method

With the Couette cell usually not a real rotation but a
horizontal translation which is described in Refs. [15,
16] is performed and leads to an apparent b-rotation
[13]. By translating the cell step by step apparent rota-
tions are performed during which the Bragg rod is
intersected at various heights by the Ewald plane. By
measuring the scattering intensity for each new config-
uration, one is able to determine the l-dependence of the
scattering intensity (i.e., the intensity along a rod). A
typical result is shown in Fig. 5 of Ref. [13].

Fig. 7 Intensity on the rods (h,k)=()1,1) and ()h, k)=(1,)1) for a
face-centered-cubic (fcc) crystal

Fig. 8 Orientation of Ewald planes for perpendicular (radial for the
Couette cell) and for tangential scattering Fig. 9 Perpendicular and tangential scattering of an oriented layer
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Intensity along the rods: the tangential scattering
method

The idea of tangential small-angle scattering is very
simple: it is intended that the Bragg rods of a layered,
oriented sample are sliced all the way (in the l direction)
by the Ewald plane as in Fig. 8b. This way one obtains
the whole l-dependence of several rods in a single
experiment without rotation of the sample. We know of
only two examples in which tangential scattering has
been used. One is given in this paper. The second
example is by Petukhov et al. These authors applied this
technique with a completely different scattering cell and
colloid while focusing on colloidal photonic crystals [17,
18]. Tangential scattering should be considered as a very
efficient scattering method which allows the simulta-
neous determination of the scattering intensity along
several black and white directions without sample
rotation.

We begin the section with an experimental X-ray
example. In Fig. 11 the fcc (single) crystal tangential
Bragg scattering intensity of a concentrated dispersion is
shown. The scattering pattern can be understood as
follows. As outlined in the Theoretical section (Figs. 2,
8b) in tangential scattering the exciting beam and the
flow V which was used to order the dispersion point in
the same direction. As a result the Bragg rods are sliced
by the Ewald plane and we have a continuous intensity
distribution with a maximum in the center of a layer.
Thus, the distance from maximum to maximum equals
the distance c* from one reciprocal layer to the next one.
This is the behavior for the black spots. Slightly different
behavior is observed for the white rods. For a single
crystal we do not expect the reflections to occur at l=0.5;
1.5 .... But there are two types of rods: for the first type
we have maxima at l=0.5–1/6; 1.5–1/6 ..., whereas for
the second type we have them at l=0.5+1/6; 1.5+1/6
.... It is interesting to note that the height of the stores is
l=c* for both types of white rods and for the black

spots. Thus the height of the stores can be determined
from either type.

In Fig. 12 our synchrotron X-ray experiments per-
formed with the sample at rest are summarized. In the

Fig. 10 Bragg reflections of layers as seen by perpendicular
scattering (no stacking in this geometry obtainable)

Fig. 11 Slow exchange between layers of a fcc single crystal
(concentration 30 vol%)

Fig. 12 Summary of the experiments in perpendicular and in
tangential geometry. The data of Fig. 10 were used to determine
the h,k distribution in the layer. The l-dependence of the X-ray
scattering intensity as obtained by tangential scattering is given at
the back. Functions similar to the radial distribution function of
liquids can be calculated but are not shown here
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layers a hexagonal structure was observed as described
in Ref. [13]. The layering of the fcc structured concen-
trated dispersion is demonstrated by tangential scatter-
ing, shown at the back in Fig. 12. Starting at the origin
0* in reciprocal space we have the rectangular axes
x*�(h+k), y*�(h)k) and z*�l. In the y* direction a
clear ...black–white–white–black... sequence of the rods
is visible in Fig. 12. Further, a shift of Dl =1/2±1/6 of
the maxima on the white rods relative to the black spots

can be seen as predicted in the Theoretical section. In
contrast to earlier investigations [19, 20], we distinguish
between black and white directions in reciprocal space.

Tangential scattering could be altered by exchange
phenomena. As in NMR spectroscopy, lines can be
shifted or they may even collapse to a single line. This
behavior can be used to investigate the stacking kinetics.
For example, a layered state can be shorter-lived owing
to spontaneous or to forced exchange processes. We
show one example for spontaneous and one for forced
exchange. The spontaneous exchange, Fig. 13, was
achieved by adding a certain amount of electrolyte (KCl)
to the dispersion. The limitation of the range of inter-
action of the charge-stabilized dispersions causes an in-
crease of the exchange rate of the layers and the
scattering pattern shown in Fig. 13 was observed. This is
to be compared with Fig. 11 where for the same sample,
without salt, a slow exchange is observed.

The experiments shown so far were carried out at rest
after ordering the samples by shear. For the forced ex-
change experiment to be described next the sample was
continuously in motion. In the case shown (Fig. 14) the
shear rate was increased until the doublet on the white
rods (2,)2) and ()2,2) disappeared. It should be noted
that the doublet on the white rods (1,)1) and ()1,1) is
still clearly visible.

Conclusion and summary

Small-angle scattering of X-rays and neutrons is at
present a method widely used with quite differentFig. 13 Intermediate exchange rate between layers of a fcc crystal

due to screening of the potential (limitation of the range of
interaction)

Fig. 14 Forced exchange between layers due to the shear rate
Fig. 15 Comparison of real and reciprocal space of a layered
sample
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intentions by biologists, physicians, physicists and
chemists. Biologists and physicians are mainly interested
in the pair distance distribution function, which for
isotropic scattering gives information on the position of
active centers in proteins. Considerably more informa-
tion would be obtainable if the anisotropic part of the
scattering were also considered. This is commonly done
by solid-state physicists, chemists, and crystallographers
who collect their data by sample rotation. In the present
paper we have shown that this is not necessary in all
cases. By using tangential scattering in small-angle
scattering the intensity along several Bragg rods can be
obtained simultaneously without rotation of the sample.

In Fig. 15 an explanation and a summary of the data
shown in this paper and in particular in Fig. 12 are
given. If a monodisperse concentrated dispersion is

subjected to shear flow it usually decomposes into layers.
Figure 15 refers to such a situation. In the lower part of
Fig. 15 a particle layer in real space is drawn. In the
layer we have the hexagonal symmetry typical for
charge-stabilized dispersions. The reciprocal space of the
hexagonal particle layer is drawn in the upper panel. It
consists of hexagonally arranged Bragg rods which are
perpendicular to the original layer but rotated by 90�.
For a single layer the intensity along the rods is uniform
as indicated in Fig. 15. For a fcc dispersion it is modu-
lated as shown in Figs. 11, 12 and 13.
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