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Introduction n 

Onee of the most fascinating aspects of physics is its ability to describe phe-
nomenaa on vastly different length scales, from the microscopic world of atomic 
nucleii  (10~15 m) to the dynamics of the universe as a whole (1026 m). In gen-
eral,, different physical descriptions are associated with these distinct ranges 
off  length scales, since varying facets of nature's behavior become dominant 
dependingg on the size of a system. For instance, the quantum mechani-
call  character of matter becomes noticeable only on an atomic length scale, 
whilee the intriguing properties of curved space-time manifest themselves on 
aa cosmological level. 

Accordingg to the extraordinary importance of length scales for the phys-
icall  behavior of matter, one distinguishes between microscopic, macroscopic 
andd mesoscopic systems. The microscopic world comprises molecules and 
atoms,, whereas the macroscopic world ranges from objects accessible to our 
every-dayy experience to cosmological distances. Mesoscopic systems bridge 
thee span between microscopic and macroscopic length scales, and they are 
thuss located in the region where microscopic behavior gradually changes into 
macroscopicc one or vice versa. The scientific interest in mesoscopic phenom-
enaa stems from this exceptional role. 

AA particular kind of mesoscopic systems is the subject of this thesis: col-
loidall  suspensions [1]. Colloidal suspensions are composite systems consisting 
off  a molecular fluid and particles of much larger size that are dispersed in it. 
Thee size of the larger, colloidal particles is typically in the range between 1 
nmm and 1 /xm. The lower size limit stems from the requirement that the col-
loidss be significantly larger than the solvent molecules, and the upper limi t 
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ensuress that the Brownian motion of the colloidal particles is not dominated 
byy external effects such as sedimentation under gravity. Owing to their meso-
scopicc character and their complex composition, colloidal suspensions exhibit 
intriguingg static and dynamic properties. There are striking similarities be-
tweenn the static behavior of colloidal dispersions and molecular systems. For 
instance,, they both show phase transitions between liquid and solid phases, 
andd their structural properties may be described basically within the same 
framework.. On the other hand, there are of course many important effects 
thatt are unique to colloidal suspensions and that make them a particularly 
interestingg field of study. The interaction potential between colloidal parti-
cles,, for example, depends strongly on the surface chemistry of the interface 
betweenn the disperse phase and the dispersion medium and on the properties 
off  the suspending liquid; it can, therefore, be tuned by chemical means. If 
thee interaction potential is attractive, phenomena such as aggregation and 
clusteringg occur, giving rise to the development of fractal structures. (It is 
interestingg to note that these processes bear some similarity with phenomena 
onn the other end of the length scale range, e.g. the clustering of galaxies.) 
Anotherr significant dissimilarity between colloidal suspensions and molecular 
fluidsfluids stems from the important role of the suspending medium. As the col-
loidall  particles diffuse through the liquid, they create a velocity field, giving 
risee to a hydrodynamic interaction between them. 

Apartt from their fundamental interest, colloidal suspensions are of great 
biologicall  and technological importance [2]. For instance, such diverse sys-
temss as paint, blood and mayonnaise all belong to the class of colloidal 
dispersions.. As a result, colloids have been the subject of intense research 
effortss ever since the discovery of the irregular motion of pollen grains in 
waterr by Robert Brown in 1828. In the past three decades or so, progress 
inn colloid chemistry has made well-defined model systems available, such as 
monodispersee silica or latex spheres, leading to an enhanced interest in this 
fieldfield [3]. For technological applications, the macroscopic flow properties of 
complexx fluids are of particular importance, which depend sensitively on the 
forcess acting on the mesoscopic, colloidal level. The availability of model 
systemss has made the detailed study of these interactions possible. 

Inn this thesis, we will be concerned with dynamical phenomena associated 
withh the suspending liquid, and with their coupling to the static properties 
off  the suspensions. 
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1.11 Silica suspensions 
Ass a model system, we will use suspensions of colloidal silicon dioxide (silica) 
spheres.. Spherical colloidal silica particles can be prepared with low poly-
dispersity,, with typical relative size variations below 5 % [4]. If dispersed in 
aa polar liquid, silica colloids acquire a surface charge due to the dissociation 
off  surface groups. The resulting electrostatic repulsion between the particles 
iss screened by counterions and excess salt in the suspending liquid. If the 
saltt concentration is low enough, the screened Coulomb interaction stabilizes 
thee suspension against aggregation. We use silica particles here for three 
reasons.. First, they are charge stabilized and thus allow to manipulate the 
directt interaction between the particles by controlling the salt content of the 
suspendingg fluid. Secondly, their refractive index is relatively low (around 
1.45)) and it is thus possible to match the refractive index of the suspending 
fluidd to that of the particles, if desired. Thirdly, their density and sound 
velocityy differs substantially from that of molecular fluids, such that silica 
suspensionss are acoustically strongly inhomogeneous on the length scale of 
thee particle radius; this point will be important in chapter 5. 

1.22 Dynamic light- and x-ray scattering 

Dynamicc light scattering (DLS) is the most important experimental tech-
niquee with which to study the dynamics of colloidal suspensions. It relies on 
thee fact that if coherent radiation impinges on a colloidal fluid, the scattered 
intensityy in the far field exhibits a fluctuating interference pattern. DLS 
measuress the time dependent intensity correlation function at a given spatial 
position,, which reflects the dynamics of the system. From the temporal de-
cayy of the intensity correlation function, the collective diffusion coefficient of 
thee colloids can be obtained. However, this is only true as long as the light is 
nott multiply scattered within the sample, which restricts the applicability of 
DLSS to either index matched or very dilute systems [5]. As a consequence of 
thesee limitations, experimental results on the dynamics of charge stabilized 
colloidss at high colloid concentrations are very scarce. At high volume frac-
tionss of colloids multiple scattering of light becomes important, requiring the 
refractivee index of the suspending fluid to be matched to that of the particles. 
Indexx matching is, however, a rather unsatisfactory option, for several rea-
sons.. First, the direct electrostatic interaction between the particles depends 
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onn the properties of the suspending fluid. In order to manipulate the direct 
interactionn one would, therefore, like to be able to select the fluid freely, 
withoutt being restricted by the requirement of index matching. Secondly, 
inn a DLS setup light does not only scatter from the colloidal particles, but 
unfortunatelyy also from sample cells, pinholes, lenses etc.. As a result, the 
desiredd signal inevitably competes with all sorts of stray light; index match-
ingg of the suspending fluid to the colloids, thereby reducing the signal, seems 
ratherr disadvantageous under these circumstances. Thirdly, for many sys-
temss index matching is simply not possible, such as for instance suspensions 
off  polystyrene latex spheres (refractive index « 1.6). For these reasons, we 
investigatee in chapter 3 the potential and reliability of two new experimental 
techniquess that are free from multiple scattering: dynamic x-ray scattering 
(DXS)) and cross-correlated dynamic light scattering with a single laser beam 
(CCDLS).. In recent years, advances in the technical development of third-
generationn synchrotron sources have made it possible to measure intensity 
correlationn functions with coherent x rays instead of visible light [6]. For x 
rays,, multiple scattering is absent. We will first examine the ability of DXS 
too probe the dynamics of dense colloidal suspensions. Then, we will use dy-
namicc x-ray scattering as a reference to assess the performance of CCDLS. 
Combiningg these techniques with small-angle x-ray scattering provides us 
withh a powerful tool for obtaining both static and dynamic information on 
opticallyy opaque samples. 

1.33 Hydrodynamic interactions 

Apartt from the direct interactions between the colloidal particles, the pres-
encee of the suspending medium leads to a hydrodynamic interaction [3]. A 
diffusingg particle will create a velocity field in the fluid due to the coupling 
off  the fluid velocity and the velocity of the colloids at the particle surface. In 
otherr words, the fluid velocity field has to satisfy the hydrodynamic equations 
subjectt to the appropriate boundary conditions at the surface of the colloidal 
spheres.. The resulting hydrodynamic coupling of the colloidal particles plays 
ann important role in e.g. sedimentation [7], aggregation and gel formation 
[8],, In hard-sphere suspensions, the hydrodynamic interaction between the 
particless slows down their diffusional motion, that is, it acts as an additional 
friction.. However, in recent years it has been recognized that the behavior of 
thee hydrodynamic interaction in charged suspensions can be quite different: 
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inn highly charged suspensions at low colloid concentrations, the hydrody-
namicc interaction may even enhance diffusion [9]. Thus, there is a subtle 
interplayy between direct and hydrodynamic interactions. An open question 
iss how this interplay influences the dynamics of charged, strongly interacting 
particless at high densities; this regime is most difficult to access theoretically 
ass well as experimentally. The experimental difficulties have been discussed 
above.. It is the aim of this thesis to overcome the experimental obstacles and 
providee reliable experimental data on dense, charge stabilized suspensions. 
Usingg the new techniques introduced in chapter 3, we are able to study the 
couplingg of direct and hydrodynamic interactions in detail. We find that if 
thee direct interaction is strong and long-ranged, the effective hydrodynamic 
interactionn in concentrated suspensions exhibits an apparent hydrodynamic 
screening,, phenomenologically similar to e.g. porous media or polyelectrolyte 
solutions.. These experiments are reported in chapter 4. 

1.44 Waves in complex media 

Thee hydrodynamic interaction between colloidal particles may be viewed as 
ann instance of the phenomenon of wave propagation in complex media: a dif-
fusingg colloidal particle excites a hydrodynamic disturbance in the suspend-
ingg fluid which is multiply scattered by the other particles. Consequently, 
thee hydrodynamic velocity field in a colloidal suspension may be described as 
arisingg from a series of scattering events. The propagation and scattering of 
classicall  waves in complex media has received much attention in recent years. 
Forr instance, strongly scattering colloidal suspensions [10] and macroporous 
spongess [11] are studied in the context of light localization and photonic band 
gaps.. In a related development, the propagation of acoustic waves in inhomo-
geneouss media is studied [12]. In a colloidal suspension, the phenomenon of 
acousticc wave propagation and scattering in an acoustically inhomogeneous 
mediumm is present in a natural way: as a result of the compressibility of the 
suspendingg fluid, thermally excited density fluctuations occur that can relax 
ass a propagating longitudinal sound mode. Since the acoustic properties of 
thee colloidal particles are in general different from those of the surrounding 
liquid,, the acoustic waves are scattered. Colloidal suspensions are attrac-
tivee candidates for studying the scattering of sound waves, as they allow 
too vary the important parameters (such as acoustic contrast and viscosity) 
andd length scales (such as particle radius and interparticle distance) rela-
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tivelyy easily. Experiments on suspensions of PMMA particles in the strongly 
scatteringg regime revealed intriguing behavior: two propagating longitudinal 
soundd modes were observed (in contrast to a pure fluid), as well as gaps in the 
dispersionn relation [13]. In chapter 5 we study the propagation of acoustic 
wavess in colloidal silica suspensions by means of Brillouin spectroscopy. The 
characteristicss of acoustic wave propagation in these silica systems are found 
too be quite different from the PMMA particles, which are acoustically much 
softer.. Only one longitudinal sound mode is observed. The phase velocity of 
thiss mode is reduced with respect to the pure fluid, similar to the behavior 
off  porous media. The sound attenuation shows evidence for a coupling of 
neighboringg scatterers by viscous forces. 


