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The crystalline structure assembled out of charge-stabilized asymmetric

dumbbell-like colloidal particles in ethyl alcohol by sedimentation has been

probed using small-angle X-ray scattering with microradian resolution. The

existence of plastic face-centered cubic crystals was inferred from the observed

Bragg peaks. The presence of stacking faults and the mosaic structure of the

sample lead to the appearance of diffuse scattering, forming Bragg scattering

cylinders in the three-dimensional reciprocal space. The quality of the crystalline

structure, as ascertained from a detailed analysis of the diffuse scattering

intensity distribution, indicates the presence of only 1.5% of stacking faults

between the hexagonal close-packed layers.

1. Introduction

Ubiquitous thermal vibration of atoms gives rise to diffuse

scattering (DS) in ideal crystals. In real crystals, however, the

major contribution towards DS results from the various

imperfections in the crystalline structures (Guinier, 1994;

Wilson & Wilson, 1962). The nature of defects as well as their

spatial distribution plays quite a significant role in influencing

not only processes like critical fluctuation, nucleation and

percolation but also numerous properties of a crystal, for

example mechanical, magnetic, electronic and optical prop-

erties to name but a few. In contrast to Bragg diffraction,

which only carries information regarding the average crystal

structure, one can extract much more information from the

diffuse intensity distribution in three-dimensional reciprocal

space. The diffuse intensity distribution documents the

correlated disorder that characterizes various defects present

in a crystal structure. Therefore, an exhaustive analysis of DS

in principle can act as a powerful tool towards identifying and

analyzing various structural and compositional inhomogene-

ities in a crystalline structure. Depending on the nature of the

disorder, various types of DS features are manifested in three-

dimensional Fourier space in the form of DS planes and rods

(Glazer et al., 2004; Baba-Kishi et al., 2008; Welberry et al.,

2010; Burkovsky et al., 2012), lenses (Bosak et al., 2009),

butterflies (Bosak et al., 2012) etc.

Large-scale structures, such as colloidal and photonic crys-

tals, usually contain a significant amount of disorder which

strongly influences their functional properties. Therefore, it is

important to characterize in detail not only the crystal struc-

ture but also the defects present. In addition, colloidal crystals

show stacking disorder that is interesting from a fundamental

point of view with respect to the formation of close-packed

structures.

Colloidal hard spheres are known to self-organize into

close-packed structures that consist of stacks of hexagonal

close-packed planes. Periodic stacking of these planes in

ABCABC or ABABAB sequences leads to the formation of

face-centered cubic (f.c.c.) or hexagonal close-packed (h.c.p.)

structures, respectively. Since the free energy difference

between these two structures is quite small, �10�3kBT per

particle in favor of the f.c.c. structure (where kB is the Boltz-

mann constant and T the temperature) (Bolhuis et al., 1997;

Bruce et al., 1997; Mau & Huse, 1999), spheres are often found

to be stacked in a random mixture of these two particular

stacking types (Dolbnya et al., 2005; Zhu et al., 1997; Kegel &

Dhont, 2000), resulting in the formation of a random hexa-

gonal close-packed (r.h.c.p.) structure. Stacking disorder of

these types has been studied in great detail using several

scattering techniques such as light scattering and small-angle

X-ray and neutron scattering (Wilson, 1942; Dux & Versmold,

1997; Versmold, 1995; Petukhov et al., 2003; Byelov et al., 2010;

Meijer et al., 2014; Vos et al., 1997). The stacking disorder in

scattering experiments manifests itself as the smearing out of

some of the Bragg reflections along the so-called Bragg scat-

tering rods in the direction perpendicular to the planar

stacking faults.

In this article, we report an X-ray scattering study of self-

assembled crystals of asymmetric dumbbell-like colloids.

Charge-stabilized asymmetric dumbbell-like colloidal parti-

cles in ethyl alcohol have been crystallized by gravity-induced

osmotic pressure. Investigation by microradian X-ray scat-

tering reveals the crystal structure to be an f.c.c. plastic crystal

containing only 1.5% of stacking faults. Our data further
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reveal a new DS feature in three-dimensional reciprocal space

in the form of Bragg scattering cylinders.

2. Synthesis and characterization

2.1. Synthesis

The dumbbell particles studied here were synthesized using

seeded emulsion polymerization as described in detail by

Mock et al. (2006). First, monodisperse cross-linked poly-

styrene spheres (CPSs) were prepared using emulsion poly-

merization. The cross-linking density was �3%. The CPS

particles were subsequently coated with vinyl acetate (surface

coverage 21.36 � 10�21 g nm�2) in order to increase the

hydrophilicity of the surface. The particles were then swelled

with a desired amount of styrene. For the present case the

swelling ratio S, which is defined as S = Wm=Wp, Wm and Wp

being the weight of the swelling monomer and of the seed

polymer, respectively, was fixed at a value 5. The samples were

stirred vigorously during swelling for about two days and

subsequently placed in a 353 K oil bath. The heating causes

phase separation of the monomer taken up by the cross-linked

polymer network, resulting in the formation of a droplet on

the colloidal surface. The hydrophilicity of the surface deter-

mines the wetting angle between the monomer and the

colloidal surface. Subsequent polymerization was carried out

at 535 K by addition of azobisisobutyronitrile (0.94 mg AIBN

dissolved in 0.046 ml of styrene per millilitre of seed suspen-

sion) and hydroquinone (0.75 mM, 99% purity, Riedel), a

water soluble inhibitor. Polymerization was allowed to

continue for 24 h. Finally, the particles were washed with

deionized water and the solvent was then replaced by ethyl

alcohol by several centrifugation and redispersion cycles.

2.2. Characterization and methods

The size of the dumbbell-like colloidal particles was char-

acterized using transmission electron microscopy (TEM)

(Philips TECNAI 10) (Forster et al., 2011; Hosein et al., 2010).

Figs. 1(a) and 1(b) show the TEM image and the particle size

distribution. The particle length l, seed particle radius rs and

protrusion radius rp were found to be l = 323 nm, rs = 112 nm

and rp = 139 nm.

Small-angle X-ray scattering experiments were performed

at the Dutch–Belgian beamline BM-26B of the European

Synchrotron Radiation Facility (ESRF) in Grenoble, France

(Borsboom et al., 1998), using a microradian diffraction setup

(Petukhov et al., 2006; Thijssen et al., 2006). A compound

refractive lens was used just after the sample in order to focus

the transmitted and diffracted beams at the detector screen,

thus increasing the q-space resolution. The wavelength of the

X-rays used was � = 0.9537 Å. The diffraction patterns were

recorded using a Pilatus 1M detector of pixel size 172 �

172 mm with angular resolution�11 mrad. Since the resolution

of the Pilatus detector was limited by its pixel size, for higher-

resolution data a 16 bit CCD camera (Photonic Science, Xios

II) with a pixel size of 9 � 9 mm was used, for which the

angular resolution was �5 mrad. To explore the colloidal

superstructures formed, several rectangular capillaries (100 �

3� 0.2 mm) were filled with a suspension of colloidal particles

(�50 ml) and kept for at least six months for sedimentation.

All the capillaries were visually inspected after six months

under white-light illumination. The iridescent colors caused by

Bragg reflections were the first indication of the presence of

ordered structures in them. Fig. 1(c) shows a photograph of

such a capillary, indicating the presence of a crystal within it.

During X-ray diffraction measurement, these capillaries were

attached to a goniometer that can rotate the capillary around
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Figure 1
(a) TEM image of asymmetric dumbbells and (b) their size distribution. The red, blue and green data indicate the seed particle radius rs, the protrusion
radius rp and the length of the particles l, respectively. (c) Capillary showing the Bragg reflection that indicates the presence of a crystal.



its vertical axis. As a result of this rotation, the angle between

the incident X-ray beam and the structure formed inside the

capillary can be changed, giving an opportunity to explore the

full three-dimensional reciprocal space. For normal incidence

the direction of the X-ray beam was perpendicular to the

surface of the capillary. We define this position as ! = 0�, !
being the angle between the X-ray beam and the normal to the

surface of the capillary, which was varied between �70 and

+70� in steps of 0.1�.

3. Results

The sharp diffraction features observed in the diffraction

pattern in Fig. 2 (inset), taken at a height of h = 5.5 mm from

the bottom of the capillary, indicate the presence of a set of

highly ordered colloidal crystals within the irradiated area.

These features are found along concentric rings and are clearly

visible in the radial intensity profile shown by the dashed line

in Fig. 2. The vertical lines indicate the q values related as

1:31=2:41=2:71=2:91=2, which is a characteristic feature of hexa-

gonal packing. Peaks at four of these q values can be observed

in the profile. The absence of the 41=2 peak can be attributed to

its superposition with the form factor minimum, shown by the

red line in Fig. 2. The circular nature of the diffraction pattern

indicates the presence of multiple domains in the crystal.

In order to determine the three-dimensional crystal struc-

ture, the capillary was rotated about its vertical axis by a

rotation angle ! as shown in Fig. 3. At ! = 15�, the first-order

ring is still clearly visible, while the 31=2 ring disappears, indi-

cating that the first ring corresponds to an extended feature

while the other ring arises from a localized feature. (x0, y0, z0)

represents the laboratory frame of reference. At ! = 0�, the

laboratory frame is superimposed with the crystallographic

frame of reference (X, Y, Z). Since the capillary is rotated

about its vertical axis, which is y0, at all other angles y0 and the

Y axis are equivalent.

Further, with the rotation of the capillary, the diffraction

spots of which the first-order ring is composed gradually start

to move in the direction of increasing jqxj. As a result, the

diffraction pattern gets stretched in the horizontal direction

and the first-order ring eventually changes its shape from a

circle to an ellipse, which is very clear at ! = 35� (Fig. 3). The

ellipticity is further enhanced at 45 and 55�. This monotonic

change of the scattering vector q as a function of ! is quite

unusual. Usually, a Bragg reflection arising from a crystal has a

well defined value of q. With rotation of the crystal one

expects the reflection to vanish since the Bragg condition will

not be satisfied anymore. This special behavior of the

diffraction peaks can be explained by the presence of

extended one-dimensional features (shown in Fig. S11) in the

reciprocal space, which are elongated along the crystal-

lographic Z axis or normal to the capillary surface, as a change

in ! enables one to explore the intensity along the crystal-

lographic Z-axis direction. As shown in detail in the

supporting information, these elongated features are straight

lines that can be attributed to the presence of two-dimensional

planar defects such as stacking faults parallel to the capillary

wall.

In addition to the elongated features, there are some very

strong diffraction peaks which appear at certain angles (!).

The width of these peaks as a function of ! is very narrow. The

sharpness of these peaks indicates that they are Bragg spots

and are localized at a particular point in the three-dimensional

Fourier space.

The generic reciprocal lattice of a close-packed crystal is

schematically depicted in Fig. 4. The diffraction is observed at

wavevectors q = hb1 + kb2 + lb3, where h and k must be

integers because of the in-plane periodicity. For ðh� kÞ divi-

sible by 3 the reflection does not depend on the stacking order

and is only observed at integer values of l. For ðh� kÞ not

divisible by 3 the diffraction intensity sensitively depends on

the stacking order. For an r.h.c.p. structure, with a random

mixture of f.c.c. and h.c.p. stacking types, one observes so-

called Bragg scattering rods (Dolbnya et al., 2005; Petukhov et

al., 2003, 2002) with monotonically varying structure factor

S(q) along them. However, if the f.c.c. structure dominates

then sharp S(q) peaks appear at l ¼ 1=3þ n or l ¼ 2=3þ n

depending on the type of Bragg rod and the stacking direction

(ABCABC or ACBACB). Hence the appearance of the strong

localized stacking-independent peak around ! = 25� (see

Fig. 3) confirms the overall crystal structure to be close-packed

f.c.c.

The two-dimensional texture of the diffraction pattern at

! = 0� (Fig. 3) indicates that the crystal consists of many

domains. Its circular nature proves that the hexagonal planes

in these domains are parallel to the flat substrate, while their

azimuthal orientations are different. Since all the hexagonal
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Figure 2
Radially averaged intensity profiles as a function of scattering vector
magnitude q, representing the crystal (blue dashed line) and the form
factor (red solid line). The form factor is measured at a height in the
capillary that is much above the sediment and the corresponding intensity
is rescaled for better visualization. Inset: diffraction pattern taken at a
height of h = 5.5 mm from the bottom of the capillary.

1 Supporting information for this paper is available from the IUCr electronic
archives (Reference: VH5024).



planes are parallel to the glass

substrate, we can conclude that the

crystal growth is heterogeneously

nucleated at the capillary walls and

slowly progresses towards the center of

the capillary. In the case where there

are multiple crystals present in a

sample, which all consist of hexagonal

close-packed planes parallel to the

capillary wall while their lateral

orientation is randomized, the reci-

procal lattice can be obtained from the

single-crystal lattice by performing

azimuthal smearing around the axis

normal to the substrate surface

(vertical axis in Fig. 4). For such a two-

dimensional texture the sharp

stacking-independent Bragg reflec-

tions can then be found along circles,

while the Bragg rods end up on the

surface of cylinders called Bragg

cylinders, as illustrated in Fig. 4. At ! =

0�, the intersection of the (10l) Bragg

cylinder and Ewald sphere appears as a

circle (Fig. S2). This circle is visible in

the diffraction pattern corresponding

to ! = 0� in Fig. 3. As the capillary is

rotated about the y0 axis, this inter-

section becomes elliptical as observed

for the consecutive angles (Figs. S2 and

3). This experimental fact leads us to

believe that there are stacking faults

present in our crystal, leading to the

formation of the DS feature, i.e. the

Bragg cylinder, in the diffraction

pattern. The observation of the Bragg

cylinder is remarkable as such features

have never been shown for colloidal

crystals before.

As already mentioned, the effect of

stacking faults is reflected as the intensity modulation along

the Bragg rods forming the cylinders. By rotating the crystal

about the y0 axis, one can explore this modulation (Fig. S1) and

hence quantify the stacking order. From the intensity distri-

bution along the first- and second-order Bragg rods, one can

also learn about the structure of the crystal under investiga-

tion. This intensity distribution is usually described by either

Wilson’s theory (Wilson, 1942) or a modification of Wilson’s

theory (Paterson, 1952; Hilhorst et al., 2009). Wilson’s original

theory is valid if a single h.c.p. layer changes the direction of

the f.c.c. growth from the ABC to ACB type stacking. Both the

growth directions (positive and negative x direction) are then

equally present. The modified model is applicable when only

one growth direction dominates. This can only happen if the

stacking disorder is caused by pairs of h.c.p. layers. Such

‘double’ stacking faults are in fact a small fraction of layers

stacked the other way, creating the stacking faults. The

variation of the structure factor along the (hk) Bragg rod

ShkðlÞ is a result of interference of the contributions of

different layers and can be represented as [see the supple-

mentary information of Hilhorst et al. (2009)]

ShkðlÞ ¼Re
��

1þ exp 2�i l � ðh� kÞ=3½ �
� �

� 1� �þ � exp 4�iðh� kÞ=3½ �
� ��

=
�
1� exp 2�i l � ðh� kÞ=3½ �

� �

� 1� �þ � exp 4�iðh� kÞ=3½ �
� ���

: ð1Þ

The diffracted intensity I(q) is proportional to the product of

the form factor P(q), the scattering by a single particle, and the

structure factor S(q), arising from the interparticle positional

correlations, and can be represented as

IðqÞ ¼ A PðqÞ SðqÞ; ð2Þ
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Figure 3
The left panel shows the rotation scheme of the capillary, while the right one represents the
diffraction patterns of the crystal at different rotation angles !. (x0, y0, z0) represents the laboratory
frame of reference. At ! = 0� the laboratory frame is superimposed with the crystallographic frame of
reference (X, Y, Z). Since the capillary is rotated about its vertical axis, which is y0, at all other angles
y0 and the Y axis are equivalent.

Figure 4
Reciprocal lattice of close-packed two-dimensional texture with stacking faults. The left panel shows
the side view, while the right one shows the top view of the lattice. Because of the azimuthal smearing,
each Bragg peak lies on a circle, while each Bragg rod lies on the surface of a Bragg cylinder.
Examples of those circles and cylinders are shown by blue and green objects, respectively.



A being the scaling factor depending on the experimental

details.

In Fig. 5, the blue dots represent the experimentally

obtained variation of intensity as a function of l. The conver-

sion from ! to l is discussed in the supporting information. The

top panel shows the (10l) Bragg rod, while the bottom panel

indicates the (20l) Bragg rod. The red lines indicate the fit by

using equations (1) and (2) with a fitting parameter � which is

found to be 0.015. For P(q) we have used the experimentally

measured form factor, shown by the red continuous line in

Fig. 2. The value of � suggests that only 1.5% of the layers are

stacked in the opposite direction from that of the remaining

98.5% of layers, resulting in a very good quality f.c.c. crystal.

This is a very high degree of stacking order for colloidal

crystals, which are prone to stack in a disordered manner.

Moreover, since the (10l) Bragg rod shows a strong peak

around l ¼ 1=3, we can say that the stacking of hexagonal

layers has a predominant ABCABC stacking sequence, as

already discussed in the previous section.

4. Discussion and conclusion
Using microradian X-ray scattering, we have probed in detail

the f.c.c. plastic crystal structure formed by anisotropic

dumbbell-like colloidal particles. In colloidal systems, when

the sedimentation rate is quite low, particles have enough time

to find their equilibrium positions before the layer structure

gets arrested by further crystal growth (Pusey et al., 1989;

Hoogenboom et al., 2002). In addition, the presence of a soft

repulsive interaction (e.g. electrostatic interaction in the case

of charged colloids) between these particles further lowers the

energy barrier for the rearrangement of layers in favor of the

thermodynamically stable f.c.c. structure, resulting in crystal-

line structures having dominant f.c.c. stacking order rather

than h.c.p. (Vos et al., 1997).

Since the particles used in this study are charge stabilized,

the interparticle interaction energy is determined by a balance

between the double layer repulsion and the van der Waals

attraction. The range of this repulsive interaction is deter-

mined by the Debye screening length, ��1, which in turn is

related to the dielectric constant, "r, and ionic strength, I, of

the solvent by the relation ��1 = ð"0 "r kBT=2 NAe2 IÞ
1=2

, where

"0 is the permittivity of free space, NA is Avogadro’s number

and e is the charge of an electron. For pure ethanol, "r = 20 and

ionic concentration �10�5 M, ��1 can reach up to 48 nm.

Consequently, the effective shape of the particles appears to

be spherical and their anisotropy does not show up in the

diffraction pattern for normal incidence, which is clear from

Fig. 2 (inset). This experimental observation leads us to

believe that the resulting f.c.c. crystal is plastic in nature. The

largest dimension of the particles as obtained from the TEM

measurement is the length of the particles, which is 323 nm.

However, the d spacing corresponding to the first-order peak

is found to be 409 nm, which would correspond to a particle

diameter of 472 nm. The large value of the Debye length is

responsible for this high value of the observed d spacing.

Further, the large value of the Debye length also explains the

small number of stacking faults in the crystalline structure.

Moreover, the smaller buoyant mass of these particles plays an

important role in slowing down their sedimentation rate,

which promotes the formation of a crystalline structure with a

lower number of stacking faults.

The most important outcome of this study is the visualiza-

tion of Bragg cylinders. As a consequence of the hetero-

geneous nucleation, which starts from the substrate, all the

hexagonal layers of the different crystallites have one axis

fixed and their azimuthal orientation randomized. This

provides the right conditions for the formation of the parti-

cular DS feature called the Bragg cylinder, which can be

directly visualized from the diffraction patterns and used to

quantify the degree of stacking faults.
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Figure 5
Variation of intensity I as a function of l for (10l) and (20l) Bragg rods.
The blue dots represent the experimental data, while the red lines
indicate the best fit using equations (1) and (2).
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