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In concentrated suspensions of fluorescent colloidal hard spheres (close to and above the
glass transition density), we bleached part of the system in cube shaped regions using high
intensity laser light. Recovery of these bleached cubes was followed in real space using
confocal scanning laser microscopy (CSLM). This method provides mean squared particle
displacements up to timescales that are three orders of magnitude beyond those available
by present experimental techniques. We show that, above the (hard sphere) glass transition
density, particles move over distances of the order of their own diameter on timescales of
106 to 108 Brownian times. Moreover, the mean squared displacement, hx2i, shows power-
law behavior over seven time (t) decades: hx2i/ t(0.30�0.05). This behavior is different from
earlier observations by dynamic light scattering. It is argued that these differences are
caused by gravity effects, as the only difference between the systems is the buoyant mass of
the colloids.

Introduction

Colloidal hard spheres are extensively studied experimental model systems that exhibit two fun-
damental transitions. The first is a thermodynamic (first-order) phase transition from a fluid to a
face centered cubic (fcc) crystal upon increasing the volume fraction, f, of the spheres.1–3 This
freezing transition takes place at f ¼ 0.494. Between f ¼ 0.494 and 0.545, fluid and crystal
coexist, and at higher densities a single-phase crystal is stable. The second transition occurs when a
colloidal hard sphere fluid is rapidly quenched (by centrifugation) to densities above approximately
f ¼ 0.575: in that case the system is a colloidal glass.3 This is where large-scale particle diffusion
and crystallization by homogeneous nucleation stop, at least under normal gravity conditions.4

Note that this volume fraction is well below the volume fraction f ¼ 0.64 corresponding to ran-
dom close packing. The nature of this glass transition is still in dispute. For example, the experi-
mentally observed slowing down of particle diffusion at increasing volume fraction above the
melting transition, and the arrest of structural relaxation (on experimental timescales) at the glass
transition, can be described very well by mode coupling theory (MCT).5,6 It has recently been
observed, however, that dense colloidal fluids contain distinct regions where particles move
cooperatively, so-called dynamical heterogeneities.7,8 These heterogeneities were also found in
molecular systems, both experimentally,9 and by computer simulation.10 Dynamical heterogeneity
causes a non-Gaussian distribution of particle displacements, the magnitude of which is under-
estimated by MCT. Moreover, a few years ago, the notion that homogeneous nucleation stops in
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colloidal glasses was challenged: observations under microgravity showed rapid crystallization of
samples with high volume fractions which fail to crystallize even after a year on earth.11

In this work we address the following questions:
1. How far do particles, on average, move in a colloidal glass? The fundamental timescale in

colloidal systems is the Brownian time, tB , defined as the time it takes for an infinitely dilute
particle to diffuse over its own radius, i.e.,

tB ¼ R2=6D0; ð1Þ

where D0 is the diffusion coefficient at infinite dilution, being of the order of 10�13–10�12 m2 s�1,
depending on the solvent viscosity. In concentrated systems, the mean squared displacement, hr2i,
of the particles as a function of time, t, can be distinguished into three regimes. At small times (but
already at Brownian timescales) where virtually no interparticle collisions have occurred, diffusive
behavior is observed, i.e., hr2i ¼ 6Dst, where Ds is the short-time diffusion coefficient. At inter-
mediate times, particles are caged by their neighbors and hr2i as a function of time reaches a
plateau: hr2i is almost constant as a function of time. At long times, particles have escaped these
cages and again behave diffusively, i.e., hr2i ¼ 6DLt, but now the proportionality factor between
mean squared displacement and time contains the long-time diffusion coefficient, DL . At densities
above the glass transition, systems apparently do not reach this long-time regime, at least not on
experimental timescales. On the other hand, the ‘plateaus ’ that are observed above the glass
transition density are not entirely flat: hr2i keeps increasing with time (albeit more slowly than
proportional) up to at least the order of 105 Brownian times. As the formation of a critical crystal
nucleus is expected to require rearrangements of particles over roughly their own diameter, the
question is simply: do they get that far? At least after 105 Brownian timescales, and just above the
glass transition density (f ¼ 0.59), particles have only moved about half their radius, as can be
inferred from ref. 12. So, in principle, (Brownian) timescales that are at least several orders of
magnitude longer than in ref. 12 are required to answer the question as to how far colloids move in
a glass. We will show that over time intervals of the order of 106–108 Brownian times, particles
move over distances comparable to their own diameter.

2. If the relation between hr2i and t is not strictly constant, then what is it? In other words: if we
define a ‘glass ’ as a quenched liquid where long-time self diffusion is no longer observed, then, for
hard spheres, there are two possibilities. The first is that, analogous to molecular systems, the glass
transition corresponds to stretching of timescales beyond an experimental time window.13 The
second possibility is that it is a transition that couples to a different (relaxation) behavior. In the
first scenario, long-time diffusion would eventually be recovered, albeit at times that may be beyond
experimental observation times. In the second case, long-time behavior would be different from
diffusive (‘diffusive ’ being defined as hr2i/t). A dramatic example is a system of hard spheres that
is quenched to random close packing: in that case each sphere is caged by its neighbors, and hr2i(t)
remains essentially flat. This, in fact, is the ultimate MCT scenario: a dynamic singularity.

In order to answer these questions, we need to go to very long times. ‘Classical ’ experimental
techniques are inappropriate. For example, the largest time window that can currently be reached
using dynamic light scattering (DLS) is several hours. For particles with radius R of order 0.1 mm,
this corresponds to Brownian timescales of the order of 105. Tracking individual particles by
confocal microscopy is limited by the fact that particles ‘escape ’ the sampling volume and by hard
disk capacity. In practice only much narrower time windows are available using this technique in
comparison with DLS.

In this work we reach timescales that are three orders of magnitude beyond those available by
DLS. Fluorescent colloidal (hard sphere) particles are irreversibly bleached in a well defined pat-
tern, and the sample is imaged using confocal scanning laser microscopy. Subsequently the
fluorescent intensity profiles of the bleached pattern are analyzed at different times after bleaching.
The detailed experimental set-up is presented in the Experimental section. The method is similar in
principle to ‘confocal fluorescence recovery after photo-bleaching’.14 This method is used in the
biophysics field to determine diffusion coefficients of (diluted) proteins, see, e.g., ref. 15. The
procedure is analogous to hole burning studies (see, e.g., ref. 16) and ‘classical ’ fluorescence
recovery after photo-bleaching (FRAP; see, e.g., ref. 17), but in real space. It should be noted that
‘classical ’ FRAP suffers from similar limitations as DLS.
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Experimental

System and instrumental set-up

The model system that we used was NBD (4-methylaminoethylmethacrylate-7-nitrobenzo-2-oxa-
1,3-diazol) labeled polymethylmethacrylate (PMMA) particles stabilized with poly(12-hydro-
xystearic acid), where the fluorescent dye was incorporated during the polymerization reaction with
the method described in ref. 18. The diameter of the particles is 448 nm and their polydispersity is
5%. The particles were dispersed in a mixture of cis-decalin, tetralin and carbon tetrachloride with
volume ratios 31.5:36.0:32.5 as in ref. 19. In this mixture, the particles behave as hard spheres and
are almost density- and refractive index matched. They bleach rapidly at maximum laser intensity
(2 mW, l ¼ 488 nm) but only slowly at the reduced (about 10–15% of the maximum) intensity that
was used for scanning the images for analysis. The size of the particles was chosen to be small
enough so that sufficiently long timescales are accessible (note that the Brownian time scales as
tB/R3 with R the particle radius, see eqn. (1)) but large enough so that translation (on average, see
later) of the particles over fractions of their sizes can be followed. Due to the relatively large
polydispersity, crystallization at fq 0.5 is expected to be slow, in particular for dense systems with
f > 0.57. Indeed, in the most concentrated system that we studied (f ¼ 0.59), crystalline regions
could not be observed, even after several weeks.
Using a CSLM, profiles were bleached in the form of (3-dimensional) cubes with linear sizes of

the order of 10 to 100 particle diameters in the focal plane and 10 diameters in thickness. Subse-
quently the systems were imaged, also by CSLM, by scanning several slices perpendicular to the
field of gravity, at different times (from minutes to several weeks). The sample cell and sample
holder set-up we used are described in ref. 19.

Data analysis

Profiles were obtained by integrating the fluorescent intensities along both perpendicular directions
of the slices (perpendicular to a side of the cube), resulting in four intensity profiles. These were
compared in order to check whether flow occurred, averaged, and normalized with respect to the
fluorescent intensity far away from the bleached cube. Averages were taken over several slices. In
the Appendix we show that this integrated, normalized intensity profile along an axis perpendicular
to a side of the cube has, to a good approximation, the form given by eqn. (A2), i.e.,

IðxÞ ¼ 1

2
1� erf

x

2
ffiffiffiffiffiffi
Dt

p
� �� �

; ð2Þ

where D is the diffusion coefficient and t is the time. This equation implies that the initial intensity
profile (at t ¼ 0) is a step function at x ¼ 0 with I(xp 0) ¼ 1 and I(xq 0) ¼ 0. In practice, this is
not the case. Instrumental properties cause significant deviations from this ‘ ideal ’ initial profile.
Probably the most important one is the finite width of the laser beam, which (for clarity) has been
neglected in the derivation given in the Appendix. As the intensity profile of the laser beam is, to a
good approximation, Gaussian, it can be deduced from the derivation in the Appendix that the
initial profile is expected to have the same form as eqn. (2), with Dt replaced by a quantity that is
related to the width of the laser beam. In Fig. 1a we show a bleached cube in a system that is
randomly close packed (f ¼ 0.64) and where particles cannot move. Its intensity profile is shown in
Fig. 1b. It reflects the ‘ instrumental ’ contribution and is indeed quite well described by eqn. (2), as
can be seen in the figure. This measured profile is quantitatively reproduced even weeks later, and is
also indistinguishable from a profile that was bleached in a system with f ¼ 0.59 and measured
after less than a minute. These observations indicate that the time development of the profile can
only be caused by particles moving in and out of the bleached region.
Clearly, the part of the intensity profile where x < 0 is more curved than described by eqn. (2).

This is probably due to scattering of the laser light by the particles, causing additional bleaching.
Since this effect is not detectable for x > 0, we neglect it in our analysis and fit the data to

IðxÞ ¼ 1

2
1� erf

x

2
ffiffiffi
b

p
� �� �

; ð3Þ
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where b is simply related to the half width of the laser beam (if the half width is s then b ¼ s
ffiffiffi
2

p
).

The profiles for systems with f < 0.64 are then described by

IðxÞ ¼ 1

2
1� erf

x

2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dtþ b

p
� �� �

: ð4Þ

The values of x where the fluorescent intensity is half the intensity at x ¼ 0, x1/2 , were corrected
by subtracting the value of x1/2determined for the system with f ¼ 0.64. As also shown in the
Appendix, x1/2 is related to the mean squared displacement along a line, hx2i (¼hr2i/3), by

x21=2 � 0:455hx2i: ð5Þ

Results and discussion

In Fig. 2a and b, CSLM images are shown of cube-shaped patterns at different times after
bleaching, for two volume fractions, f ¼ 0.45 and f ¼ 0.59. The Brownian time is tB ¼ 0.0263 s in
this system. It can immediately be seen from these images that fluorescent particles move deeper
into the bleached cubes as time proceeds, the process being much faster for the system with smallest
volume fraction. This effect is shown quantitatively in Fig. 2c and d, where the normalized intensity

Fig. 1 (a) Bleached cube in a randomly close packed hard sphere suspension with volume fraction f ¼ 0.64.
The size of the cube in the focal plane is 11 mm (25 particle diameters). As only a thin slice (of 5 particle
diameters) was bleached, some fluorescence is still apparent in the bleached part of the sample. The fluorescence
in this region comes from particles that are out of the focal plane. (b) Normalized (horizontal) intensity profile
representing the left part of the system (in fact the profile is averaged over all sides of the cube). The line is eqn.
(3) with b ¼ 0.8 particle diameters.
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profiles are plotted together with the theoretical profiles, eqn. (4). Clearly, at x > 0 the profiles are
quantitatively described by eqn. (4) for all times, even very long ones. This is not the case for the
profiles at x < 0, probably as a result of scattering (as discussed in the previous section). However,
this does not affect the analysis. In particular for the system with f ¼ 0.59 (Fig. 2d), the data are
quite noisy. The reason is that much smaller cubes (linear size 11 mm) were analyzed compared to
the system with f ¼ 0.45 (linear size 65 mm), resulting in a higher resolution but more noise
because of (effectively) smaller numbers of particles being averaged.
The values of the (long time) diffusion coefficient, D, can be extracted from the values of

x1/2 that follow directly from the profiles in Fig. 2c and 2d. These values vary between 0.005
and 0.015 (in units of D0) for f ¼ 0.45, which is compatible with the value 0.018 for
f ¼ 0.466 as reported in ref. 12 but the error range is large. The values of D for the system
with f ¼ 0.59 are of the order of 10�8, but this value cannot be interpreted as a long-time
diffusion coefficient, as it is shown in Fig. 3 that long-time diffusion (i.e., hx2i/ t) is not
observed for this system.

Fig. 2 (a) Bleached cubes in a colloidal hard sphere suspension with volume fraction f ¼ 0.45 at different
times: 4571, 68 571 and 114 285 Brownian time units (indicated in the figure) where the Brownian time is
tB ¼ 0.0263 s for the definition see eqn. (1). The sizes of the bleached cubes in the focal plane is 65 mm (145
particle diameters) and their thicknesses are 3.2 mm. (b) Same as (a) but for a system with f ¼ 0.59 at Brownian
times of 4571, 6.4� 106, and 8.6� 107. The dimensions of the cubes are 11 mm in the focal plane and thickness
5.08 mm. (c) Normalized fluorescence intensity profiles, I(x), of the cubes shown in (a). The points correspond to
4571 (circles), 32 000 (triangles), 68 571 (diamonds) and 114 285 (stars) Brownian times units. Corresponding
lines are eqn. (4) with 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dtþ b

p
¼ 6:5; 9; 11; and 15:5 particle diameters. By subtracting the average

intensity around the center of the cubes, data are corrected for fluorescent particles moving in from
outside the cubes in the vertical direction. Averages were taken over 5 to 6 slices in a cube. (d) Same
as (c), but now for the system with f ¼ 0.59 shown in (b). Circles and triangles are the normalized
intensity profiles taken 4571 and 6.4� 106 Brownian time units after bleaching, respectively. Lines
are eqn. (4) with 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Dtþ b

p
¼ 2:2 and 3 particle diameters. Averages were taken over 7 to 9 slices in

a cube.
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In Fig. 3 we plotted the values of x21=2/0.455 (the dividing factor being chosen so that direct
comparison with hx2i is allowed, see eqn. (5)) as a function of time for the systems with volume
fractions f ¼ 0.45 and 0.59. For comparison we plotted values of hx2i obtained from analyzing
displacements of individual particles, as reported in ref. 7, in the same figure. We stress that
although this method also makes use of CSLM, it is a different method from the one that we
employed in this work. We also plotted values of hx2i (¼hr2i/3) that were reported by van Megen
and coworkers12 and obtained by DLS.

It can be seen in Fig. 3 that the data obtained in this work and those from ref. 7 can simply be
connected by straight lines in the log–log representation. This is to be expected for the system with
f ¼ 0.45: from approximately 10 Brownian time units on, this system is in the long-time diffusion
limit (see the Introduction), being characterized by a unit slope in Fig. 3. The (two) points at earlier
times clearly correspond to the intermediate regime. The short-time diffusion regime cannot be
sampled by our CSLM technique because of the finite scanning speed (0.25 s per frame). This
regime is obvious from the (DLS) data of van Megen and coworkers (up to, say, 10�1 Brownian
time units, note that their data at even smaller timescales are not shown). We conclude from this
result that the system with f ¼ 0.45, at long times, behaves as expected and thus that our new
method for determining displacements ‘works ’. Although the data are somewhat scattered around
the line of unit slope in Fig. 3, at least the procedure results in the expected order of magnitude for
the mean squared displacements (MSD).

Now let us turn to the dense system with f ¼ 0.59. It immediately emerges from Fig. 3 that the
mean squared displacements are larger, at comparable timescales, than those reported by van
Megen and coworkers12 for a system with the same volume fraction. For example at t/tB ¼ 4571,
we find that particles move

ffiffiffiffiffiffiffiffiffi
x2h i

p
� 0:34 particle radii whereas it follows from the data of van

Megen and coworkers that
ffiffiffiffiffiffiffiffiffi
x2h i

p
� 0:22 particle radii (see Fig. 3). Our findings are however

consistent with earlier measurements (crosses in Fig. 3) using a different method. The tendency of
the MSD to increase with time (crosses in Fig. 3) is extended to the much longer timescales studied
here (open circles in Fig. 3). In particular, the data are consistent with a power-law behavior:
hx2i/ t(0.30�0.05) over 7 time decades, reaching displacements of the order of a particle diameter.

Fig. 3 Mean squared displacements hx2i and (x1/2)
2/0.455 (as defined in the text) in units of the squared

particle radius versus time in units of Brownian time tB . The values of x1/2 that resulted from the profiles in Fig.
2c and d were corrected for the ‘ instrumental ’ contribution (of magnitude 1.66 particle radii) as shown in Fig.
1b. Triangles correspond to the system with volume fraction f ¼ 0.45 and open circles to the system with
f ¼ 0.59. Diamonds and crosses are (CSLM) data reported in ref. 7 obtained from tracking individual particles
with f ¼ 0.45 and 0.60, respectively. Closed circles are data from van Megen and coworkers12 obtained
with DLS for f ¼ 0.59. The upper dotted line connects the two sets of data for f ¼ 0.45 and is given by
hx2i ¼ (x1/2)

2/0.455 ¼ 0.0167(t/tB). The lower dotted line connects the datasets for f ¼ 0.59 and 0.60 from
this work and the work reported in ref. 7 and is given by hx2i ¼ (x1/2)

2/0.455 ¼ 0.012(t/tB)
0.3.
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This behavior is fundamentally different from predictions by mode coupling theory. On the other
hand, the DLS data from ref. 12 in Fig. 3 also show a slowly increasing MSD with time, although
this increase is not as steep as observed for our data, and does not follow power-law behavior.
The only difference between the systems studied by van Megen and coworkers, and those studies

here and in ref. 7, is the buoyant mass of the colloidal particles. The mass density difference
between the PMMA particles and the solvent in the mixture of tetralin and decalin in ref. 12 is
Drm� 0.3 g ml�1, while in our system it is roughly an order of magnitude smaller. Therefore, a
possible explanation for the much steeper increase in hx2i found here is that the system of van
Megen and coworkers is slowed down by gravity effects. The particles used in this work are of
comparable size to those in ref. 12, and so is the solvent viscosity. The most obvious effect of
gravity is sedimentation, resulting in densification of the systems. We can easily estimate the
relative timescales where sedimentation effects become apparent. The timescale where particles
sediment over a height Dh is Dt ¼ Dh/nsed/ 1/Drm , where nsed is the sedimentation velocity which
is proportional to the (mass) density difference for equally sized particles. If the plateau in hx2i
versus t as found by van Megen and coworkers is caused by sedimentation effects (or consequences
of sedimentation effects), then the above argument implies that our data should undergo the same
fate, with a delay of only a decade in time. Clearly, this is not what happens. The much steeper
increase in the MSD with time that we find persists over many decades. Only the data point at 108

Brownian time units suggests ‘collapse ’ of the system, but this needs to be verified. Therefore we
conclude that (consequences of) sedimentation does not explain the difference between our data
and the DLS results. Still, we expect gravity to play a role: as mentioned in the introduction, a
colloidal glass was found to crystallize rapidly under microgravity,11 and also in a density matched
solvent (with Drm even an order of magnitude smaller than the one studied here).20 In the system
studied here, the polydispersity of 5% in combination with a small gravitational field apparently
suppresses crystallization. The influence of gravity is therefore expected to be more subtle and
possibly is related to the build-up of stress in the system.21 An intriguing question that remains is
what mechanism, on particle length scales, leads to behavior of the form hx2i/ t0.30. Recently it was
shown that particles moving in one dimension (‘file movement ’) result in hx2i/ t0.5.22 This
behavior reflects ‘ single file diffusion’, which implies that the displacements of the particles are
highly correlated and collective

Conclusion and further work

In this work we determined the displacements of colloidal particles at very long (Brownian)
timescales: three order of magnitude longer than the present state of the art. We addressed the
questions as to how far particles move in a colloidal hard sphere glass, and what the relation is
between the MSD and time on long timescales. It was shown that particles move over distances of
the order of their own diameter on timescales of the order of 108 Brownian times. Moreover our
MSD data are consistent with hx2i/ t(0.30�0.05) over 7 time decades. This increase is much steeper
than the extrapolated behavior of MSDs measured previously by DLS. The steep increase is
however consistent with earlier measurements where individual particles were tracked. We argue
that gravity may be responsible for the difference between our MSD data and those obtained by
DLS. We currently are setting up experiments where the density difference between the particles
and solvent is systematically varied.

Appendix: Mean squared displacements from fluorescence intensity profiles
in partially bleached samples

The probability of finding a (fluorescent) particle at position x on a line at time t, provided that its
initial position is x0 , is the canonically averaged displacement distribution (the self-van Hove
correlation function) given by

pðx; x0; tÞ ¼
ffiffiffiffiffiffiffiffiffiffiffi
1

4pDt

r
exp

�ðx� x0Þ2

4Dt

 !
; ðA1Þ
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where D is the diffusion coefficient. Although this Gaussian form is not strictly correct for con-
centrated systems (in particular close to the glass transition), deviations from Gaussian behavior
tend to disappear on the long timescales that we study (see ref. 7, 8, 23 and 24), although they may
persist for long times in certain glassy states.25 However, our final result can easily be generalized to
any symmetrical displacement distribution.

Now consider two half spaces. One of them, extending from x ¼ 0 to /, contains the bleached
part of the sample. The other one, extending from x ¼ �/ to 0, is the unbleached part, consisting
of fluorescent particles. This is the (ideal, see Experimental section) situation directly following the
bleaching process (see Fig. 1a), assuming that this process is fast compared to the relaxation times
of the particles, and that the width of the laser beam is small compared to the particle size. Then,
the probability of finding a fluorescent particle at position x after a certain time t, independent of its
original position x0 is

pðx; tÞ ¼
Z0
�1

pðx; x0; tÞdx0 ¼
1

2
1� erf

x

2
ffiffiffiffiffiffi
Dt

p
� �� �

: ðA2Þ

In this equation, erfðzÞ ¼ 2ffiffiffi
p

p
Rz
0

e�t2dt is referred to as the error function. Eqn. (A2) is just the

time development of the integrated (normalized) fluorescent intensity profile I(x, t) along one of the
two axes perpendicular to the sides of the cube, i.e.,

Iðx; tÞ ¼ 1

I1

Z
cube side

Iðx; y; tÞdy ¼ pðx; tÞ ; ðA3Þ

where the assignments x and y are arbitrary as long as they are perpendicular to one another and to
a side of the cube. The intensity I(x, t) is normalized with respect to the fluorescent intensity far
away from the bleached cube I1 in eqn. (A3). In the coordinate system defined above, the profile
goes from 1 (at negative values of x) to 0 (at positive values of x) and equals 1

2 at x ¼ 0 (we make
use of this property in eqn. (A5)), see Fig. 1 and 2. This is always true if the bleached and
unbleached volumes are equal. In general, it is a (very) good approximation if only a small fraction
of the cube is recovered by fluorescent particles, as is the case in this work. The profile has some
interesting properties:

(1) Its ‘zeroth moment ’ in positive half space is proportional to the square root of time, i.e.,

AðtÞ ¼
Z1
0

Iðx; tÞdx ¼
ffiffiffiffiffiffi
Dt
p

r
: ðA4Þ

(2) But any value of x where I(x, t) is some fraction of its value at x ¼ 0 is also proportional to
the square root of time. In this work we use the value of x where the intensity is half the intensity at
x ¼ 0. This value of x is x1/2 , given by

1=2Iðx ¼ 0; tÞ ¼ 1

4
¼ 1

2
1� erf

x1=2

2
ffiffiffiffiffiffi
Dt

p
� �� �

: ðA5Þ

Solving numerically the equation erf
x1=2

2
ffiffiffiffiffiffi
Dt

p
� �

¼ 1

2
leads to

x1=2 � 0:954
ffiffiffiffiffiffi
Dt

p
: ðA6Þ

This result can immediately be compared to the important result that the second moment of the
(Gaussian) displacement distribution, eqn. (A1) with x0 ¼ 0, is

hx2i ¼ 2Dt; ðA7Þ

so that

x21=2 � 0:455hx2i: ðA8Þ
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Eqn. (A8) provides the link between earlier results arising from DLS,12 microscopy7,8,23 and
computer simulation.
The numerical factors in eqn. (A6) and (A8) correspond to a Gaussian displacement distribution

(eqn. (A1)). Any deviation from Gaussian behavior leads to a different time dependence of the
displacements, eqn. (A6) and eqn. (A7). Such deviations will show up if the values of x1/2 are
compared to the values of Dt that result from fitting eqn. (A2) to the experimental intensity profiles
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