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Abstract 
 
Crystals composed of micrometer size colloidal particles diffract light and are both of 
fundamental interest as well as have important applications as filters, sensors and photonic 
devices. Laser light is used to diffract from these crystals in close analogy to x-ray or electron 
diffraction used for atomic crystals. Laser diffraction microscopy explores optical diffraction 
contrast to image crystals and crystal defects in analogy to the transmission electron 
microscopy technique used to image their atomic counterparts. This review discusses the 
application of optical diffraction contrast imaging to elucidate colloidal crystal nucleation and 
growth, and defect propagation. Diffraction contrast is described in terms of optical scattering 
theory and kinematical diffraction contrast theory developed for electron microscopy. 
Complementary information at the particle scale is obtained with high-resolution confocal 
microscopy. Confocal image stacks provide insight into the three-dimensional topology of 
defects and the interplay between applied strain and thermal fluctuations that governs defect 
nucleation. 
 
PACS: 61.72.-y, 61.72.Dd, 61.72.Ff, 61.72.Hh, 62.20.F-, 68.37.Lp, 68.55.Ln, 82.70.Dd, 
46.70.-p 
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1. Introduction 
 

The crystalline state is of fundamental importance to soft matter physics. Regular 
arrangements, “crystals”, form spontaneously in suspensions of small nanometer to 
micrometer size colloidal particles, driven by their Brownian motion, and by the interaction 
between the particles. These crystals are extremely soft and can be disrupted easily; yet, they 
exhibit similarities to their atomic counterpart that are of fundamental interest.  

Because of the size of the constituent particles, colloidal crystals diffract light in the 
visible range, making them shine with bright iridescent colors (figure 1.1). Naturally produced 
opals give beautiful evidence of this diffraction of light at ordered arrangements of uniform 
silica particles, several hundred nanometers in diameter (Sanders 1964, Iler 1965). Viruses 
and proteins, genuinely uniform in their size, are other examples of naturally crystallizing 
suspensions (Bawden et al. 1936, Bernal and Fankuchen 1937). Since more than four decades, 
perfectly uniform particles with tailored sizes and shapes are synthesized in the laboratories, 
and the colorful iridescence of these suspensions gives still evidence of the ordered periodic 
arrangement of the particles. One uses laser light scattered from these crystals to determine 
the crystal structure in close analogy to x-ray and electron scattering of conventional 
crystalline materials. What fascinates us is that at the length scale of the colloidal particles, 
diffraction of light is directly discernible, making the relation between crystal structures and 
the observed scattered intensities most evident to our eyes.  

Even more so: The use of visible light allows direct imaging of colloidal crystals with 
optical techniques. Individual crystallites are readily observable with the naked eye by their 
diffraction of light, and crystal images down to the scale of the individual particles are 
obtained with optical microscopy. These images provide direct insight into crystal nucleation 
and growth, and defect formation. A particular way of imaging is achieved when the crystal is 
oriented in a way that strong diffraction occurs at a single set of lattice planes. In this 
orientation, perfect crystal regions can be distinguished from distorted regions by their 
diffraction of light: Perfect crystal regions diffract strongly and appear bright, whereas 
distorted regions scatter less light and appear dark. This effect allows for imaging the 
morphology of crystals and their internal defect structure.  

Conventional transmission electron microscopy (TEM) provides just such an imaging of 
defects for ordinary crystals. This technique, in which a coherent electron beam is scattered at 
a crystal to produce a real-space image that yields information about crystal lattice distortions, 
has greatly contributed to our knowledge of crystal defects. Of particular importance are 
dislocations, one-dimensional defects in the crystal lattice (Taylor 1934), that are central to 
our understanding of yield, fracture and fatigue of crystalline solids. Numerous studies have 
elucidated the relation between dislocation structures and mechanical properties of crystalline 
materials after mechanical loading, heat treatment and irradiation. TEM has played an 
important role in imaging defect structures. Together with theories of diffraction contrast, 
TEM is able to distinguish defect types and topologies. Improved understanding of dislocation 
formation, propagation and interactions has largely contributed to the development of new 
crystalline materials with tailored mechanical properties, thereby driving progress in materials 
science and development.  

Laser diffraction microscopy (LDM) provides an analogous imaging technique for soft 
matter research (Schall et al. 2004). Coherent laser light is scattered at ordered assemblies of 
micrometer-size constituent units of soft matter to produce real-space images that highlight 
crystal lattice distortions. These images elucidate the formation, propagation and interaction 
of defects in soft crystals. The application of visible light allows regular light optics to be 
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Figure 1.1 Colourful iridescence observed at an opal (a) and at crystallizing colloidal suspensions (b), (c)
This iridescence is caused by the diffraction of light at a highly ordered arrangment of particles on 
micrometer length scales (d, scanning electron microscope image). Courtesy of Naturalgems.ch (a), D.A. 
Weitz (b), P. Chaikin (c), and P.J. Vancso (d).

used, which provide excellent imaging quality at low cost. Optical diffraction imaging uses 
low magnification lenses to obtain images of crystal defects on medium-range length scales. 
Complementary information at the single particle level is obtained with high-resolution 
optical microscopy. Confocal microscopy provides images of the individual particles in three 
dimensions that allow reconstruction of three-dimensional crystal sections. Together, LDM 
and confocal microscopy allow investigation of defect structures and defect propagation on a 
range of length scales. The combination of both techniques to elucidate crystal growth and 
defect propagation in colloidal crystals is a central part of this review. 

The paper is organized as follows: Chapter 2 starts with a brief historical review of the 
application of light scattering to the investigation of colloidal crystals, their structure and 
elastic properties. Diffraction images were first obtained with ambient light. These images 
gave early evidence of dislocations in colloidal crystals, and provided insight into crystal 
growth. High-resolution optical microscopy provides images of crystal defects at the particle 
scale. A connection between diffraction contrast and conventional microscopic imaging is 
established in terms of the theory of wave-optical imaging, and a brief introduction into this 
formalism will conclude chapter 2. 

Chapter 3 presents a quantitative description of optical diffraction contrast. Several 
theories of diffraction image contrast have been developed for transmission electron 
microscopy, and the simplest of these, kinematical diffraction theory, is presented here. The 
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application to the diffraction of light needs optical scattering theory, which will be introduced 
in simple terms in section 3.1. Kinematical diffraction theory uses concepts of lattice planes 
and the reciprocal lattice, which will be described and applied to colloidal crystals in 3.2. In 
addition to the predicted diffraction peaks, real diffraction patterns exhibit a diffuse 
background associated with inelastic scattering, and ‘Kossel lines’ resulting from the Bragg 
scattering of the diffusely scattered light. Applications of these Kossel lines to the study of 
colloidal crystals will be given. Chapter 3 will conclude with a description of the kinematical 
theory of diffraction image contrast developed for electron microscopy. 

Chapter 4 describes the LDM imaging of dislocations in colloidal crystals. LDM images 
give access to important parameters of dislocation arrays, such as the density of dislocations, 
their Burgers vector, and line directions. Time series of these images reveal the propagation of 
dislocations. We will use continuum models to describe the lattice resistance to dislocation 
motion.  

Chapter 5 discusses high-resolution optical microscopic imaging of colloidal crystal 
defects. Confocal microscopy allows reconstruction of the three-dimensional defect topology 
and the three-dimensional strain distribution. These microscopic observations provide a 
unique opportunity to test the applicability of continuum models at small length scales. Time 
series of confocal image stacks allow resolution of individual, thermally driven defect 
nucleation events, which offer insight into the interplay between applied strain and thermal 
fluctuations.  

Finally, chapter 6 provides a direct link between the medium-range length scale of LDM 
and the particle scale exploited with confocal microscopy: We apply kinematical diffraction 
theory to simulate LDM image contrast from three-dimensional reconstructions of crystal 
defects. Kinematical diffraction theory is able to account for basic features of defect contrast 
such as its width and visibility. 
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Figure 2.2 Colloidal polycrystal viewed between crossed polarizers  
Grey tones indicate crystal orientation and lattice constant. Striations within 
crystallites indicate twinning of the fcc lattice (Monovoukas and Gast 1991).  

Other methods that take advantage of the Bragg scattering of light to image crystal 
morphologies include the use of crossed polarizers to highlight ordered crystal regions. 
Because the diffraction of light by the crystal depends on the polarization direction of the light 
with respect to the orientation of the primary diffraction planes, the transmitted light is 
attenuated anisotropically, depending on the polarization direction (Monovoukas et al. 
1990b). As the sample is viewed between crossed polarizers, crystallites become visible from 
the color and intensity of the transmitted light (figure 2.2). Both depend on the crystal 
orientation and lattice constant. This imaging technique has been used to elucidate crystal 
morphologies in charged colloidal systems (Monovoukas and Gast 1990a, 1991). It has 
revealed a dendritic growth instability in these long-range repulsive systems (Gast and 
Monovoukas 1991). At certain orientations of the crystals, striations occur as shown in figure 
2.2. These striations indicate alternating crystal lattice orientations within the crystallites. 
Monovoukas and Gast (1991) attribute these to fcc twins within the fcc crystals.  

2.3 Imaging crystal defects 
 
He et al. (1997) point out that extensive contrast features are observed within crystals grown 
to larger size (figure 2.1b). They attribute these contrast features to the internal defect 
structure of the crystallites. Colloidal crystals exhibit defects just like ordinary crystals do, 
such as vacancies, dislocations and stacking faults (Pieranski 1981). These defects form 
easily, because colloidal crystals are genuinely soft. The elastic modulus and, consequently, 
the elastic limit of these crystals is roughly 11 orders of magnitude smaller than that of 
ordinary crystals. It can be estimated by a dimensional argument as U / a3, where U is a 
typical interaction energy and a the separation between particles. For a hard-sphere colloidal 
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crystal. Two lenses are used to project the light of the transmitted or one of the diffracted 
beams onto a screen. When the sample is tilted slightly so that the Bragg-condition for one set 
of crystal lattice planes is fullfilled, the intensity in the corresponding diffracted beam is 
maximized and dark lines appear in the image on the screen (figure 2.5b). These indicate 
crystal lattice distortions due to dislocations. The diffractive origin of this contrast is 
illustrated experimentally by contrast inversion: As the sample is tilted slightly further to 
decrease the intensity of the diffracted beam, the contrast on the screen inverts (figure 2.5c). 
Laser diffraction images of dislocations can be used to obtain information about the defect 
topology, and visualize defect propagation. Analogue images obtained with transmission 
electron microscopy have provided important insight into defect mechanisms in ordinary 
crystals, which are central to their mechanical properties. We will focus on the application of 
laser diffraction microscopy to study defect propagation in colloidal crystals in chapter 4. 
 

2.4 Imaging colloidal crystals at the particle scale 

he use of visible light to image colloidal crystals has another advantage: high numerical 

Figure 2.4 Photograph of grain boundaries in colloidal crystals  
Arrays of black dots (arrow) indicate dislocations at small angle grain boundaries. Thick 
lines indicate boundaries between grains with strongly different orientations (Pieranski 
1981). 

 
T
aperture lenses can be used, which allow resolution of individual colloidal particles with sizes 
larger than roughly 200 nm. This technique provides insight into colloidal crystals at the 
particle scale. Images of the crystal lattice are easily obtained for two-dimensional colloidal 
crystals that consist of only one crystalline layer. Direct imaging of the individual particles in 
the crystal layer provided insight into melting (Zahn and Maret, 2000), lattice vibrations 
(Zahn et al. 2003, Keim et al. 2004) and vacancy diffusion (Pertsinidis and Ling 2001a,b, 
2005). Conventional microscopy has also been applied to obtain images of the particles in 
three-dimensional colloidal crystals (Kose et al. 1973, Murray and Grier 1996), but these 
observations are limited to the first few layers of the crystal. The problem is twofold: multiple 
scattering on the one hand, and the wide depth of focus on the other hand limit image contrast 
and make the imaging of particles deep in the bulk of dense suspensions prohibitively 
difficult. A recent review by Elliot and Poon (2001) discusses the limitations and possibilities 
of conventional optical microscopy techniques to image three-dimensional colloidal crystals. 
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