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We report a gradual transition of dynamics in sedimenting suspensions of charge stabilized Brownian
particles prior to the onset of the macroscopic sedimentation front. Using multispeckle ultrasmall-angle
x-ray photon correlation spectroscopy (USA-XPCS), we show that well-defined advective motions
dominate the colloid dynamics during the early stages of sedimentation. With elapsing time, these
advective currents decay and diffusive motions become the dominating contribution in the dynamics.
Probing the temporal development of these fluctuations at smaller Peclet numbers (< 1) provides a new
perspective for the mechanism determining the transient nature of velocity fluctuations in sedimentation
and demonstrates new experimental capabilities enabled by multispeckle USA-XPCS.
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Colloidal sedimentation is an extensively studied
phenomenon, which for a long time has been identified
as a powerful tool to probe the interactions and dynamics in
particulate systems [1–4]. However, many aspects of the
colloidal sedimentation are still the subject of extensive
debate [5–8]. Especially at low Peclet numbers (Pe), where
the Brownian motion dominates the particle dynamics, it is
experimentally challenging to separate contributions from
gravitationally induced advective and thermal diffusive
motions. In a suspension with finite concentration, the
hydrodynamic backflow causes a reduction of the sedi-
mentation velocity from the Stokes velocity [2] and
fluctuations in the particle number density leads to variance
in the sedimentation speed [3–6].
Experimental studies of sedimentation on the particulate

level have mainly been restricted to large non-Brownian
particles due to practical constraints [9–11]. These inves-
tigations involved tracking a few tracer particles or particle
imaging velocimetry (PIV) which provided mean sedimen-
tation velocity, its variance and the velocity autocorrelation
function. A striking result has been the suggestion that the
long-range velocity fluctuations exhibit universal features
[10,12]. This led to the proposal that sedimentation is
analogous to high Rayleigh number and high Prandtl
number turbulent convection [13]. However, later exper-
imental and numerical studies have shown the transient
nature of the velocity fluctuations and the dependence on
the container size and particle concentrations [14–19].
Damping effects due to stratification have been proposed
to govern the decay of velocity fluctuations [11,16,20]. In
addition, it has been suggested that these scaling arguments
may fail to explain very early parts of the time evolution
[19]. Incomplete mixing also creates nonrandom particle
distribution [6,21]. Numerical studies also indicate strong
interplay between hydrodynamic and thermal fluctuations
over a broad range of Pe [22].
In this Letter, we show that during the early stages of

sedimentation, charge stabilized Brownian particles exhibit

a similar advective behavior as previously found for
non-Brownian suspensions [10]. To our knowledge, it is
the first experimental observation of velocity fluctuations in
sedimentation at low Pe range (< 1), where velocity and
concentration fluctuations are decoupled. This provides a
new insight on the microscopic origin of the temporal
decay of velocity fluctuations, as macroscopic stratification
and microscopic evolution of velocity fluctuations are
separated to very different time scales at small Pe. The
results demonstrate that the temporal decay of velocity
fluctuations occur even before any macroscopic stratifica-
tion effects are visible in the so-called column region.
These velocity fluctuations may have implications in
applications such as measurements of particle size and
diffusion coefficients by dynamic light scattering (DLS)
and in the analysis of near-field speckles generated by
Brownian particles [23].
With PIVor DLS [10,16], it is challenging to obtain the

full directional and length scale dependent dynamic infor-
mation from small Brownian particles. Additionally, refrac-
tive index matching is necessary to prevent multiple light
scattering. These limitations can be overcome by multi-
speckle ultrasmall-angle x-ray photon correlation spectros-
copy (USA-XPCS), which is the x-ray analogue of DLS.
The temporal fluctuations of scattered intensity provide
access to the particle dynamics via the intensity-intensity
autocorrelation function

g2ðq⃗; tÞ ¼
hIðq⃗; τÞIðq⃗; τ þ tÞi

hIðq⃗Þi2 ; ð1Þ

where q⃗ is the scattering vector with magnitude,
q ¼ 4π sinðθ=2Þ=λ, λ is the wavelength (0.995 Å), and θ
is the scattering angle. Experiments were performed at beam
line ID02, ESRF, in a pinhole ultrasmall-angle x-ray scatter-
ing (USAXS) geometry [24]. This unique instrument allows
XPCS measurements on aqueous particle suspensions down
to the μm−1 q range [25]. Therefore, the same length and time
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scales as in DLS can be probed with a much smaller multiple
scattering probability. Further details of the setup can be
found in the Supplemental Material [26].
Charge stabilized silica spheres with a mean diameter of

590 nm (≃polydispersity 2%) dispersed in water were used
for the measurements. Solutions were prepared at different
particle concentrations from 0.5 to 15 vol % and contained
in quartz capillaries of different sizes, in order to investigate
the scaling of the velocity fluctuations with volume fraction
and container dimension. The capillaries were filled up to a
height of 47 mm and solutions were thoroughly mixed
before the experiment. At first, XPCS measurements of a
solution of 3.5 vol % silica spheres in a capillary with inner
diameter of 1.1 mm will be discussed. The corresponding
Pe is about 0.08.
The g2ðq⃗; tÞ were measured as a function of height (z)

above the bottom of the container (1, 5, 10, …, 45 mm) for
different times after the homogenization of the sample. In
Fig. 1 the first and second rows display the measured g2ðq⃗; tÞ
in the vertical, g2ðq∥; tÞ and horizontal, g2ðq⊥; tÞ directions,
respectively, for z ¼ 30 mm. The third row shows both
directions for a single q value. The g2ðq⊥; tÞ over the whole
course of the experiment can be described by a single
exponential decay, corresponding to the diffusive behavior
of particles perpendicular to the sedimentation direction.
A more detailed discussion of the diffusive part and the
related interparticle and hydrodynamic interactions is given
in the Supplemental Material [26].
A strong deviation from diffusive behavior can be

observed in the vertical direction right after the sample
homogenization (2 min), as g2ðq∥; tÞ exhibits a periodic

modulation. This oscillatory feature is typical of directed
motion of particles in a deterministic flow such as in
uniform shear [31–33] or in laminar capillary flow [34,35].
The scattered intensity from a suspension of particles
moving in a fluid is modulated by a frequency equals to
the difference in Doppler shifts of all particle pairs in the
scattering volume [36]. The advective motion of particles in
the direction of the sedimentation gives rise to signature
oscillations in g2ðq∥; tÞ which is consistent with elongated,
swirl like velocity fluctuations previously observed in non-
Brownian suspensions [10,12,20]. A probabilistic distri-
bution of velocity, e.g., a Gaussian distribution, would not
result in such oscillations but a monotonically decaying
g2ðq∥; tÞ instead [36]. The resemblance of these structures
to turbulent flow has been suggested before [12], but in that
case the flow is isotropic which is clearly different from the
anisotropic behavior of g2ðq⃗; tÞ observed here.
The observed velocity fluctuations decay over the first

hour of the experiment, corresponding to the oscillations
shifting to longer times and smearing out. Then g2ðq∥; tÞ
and g2ðq⊥; tÞ become identical. This implies a more
randomization of the particle concentration by advective
motion. In the picture of turbulence, this corresponds to
velocity fluctuations not only slowing down but also
decreasing in their overall extent, i.e., the break up of
flow structure or eddies over time. This change of the
dynamic behavior is in sharp contrast to the macroscopic
behavior of the system, where the development and
progress of a sedimentation front is on the time scale of
several hours. In the following, we present a model that
quantitatively describes the observed transition behavior.

FIG. 1. Intensity autocorrelation functions measured in vertical (first row) and horizontal (second row) directions at different
times after the sample was homogenized (2–52 min). The different colors correspond to q values of qð×10−3 nm−1Þ ¼
4.7 ðdark blueÞ 6.3 ðlight blueÞ 7.7 ðcyanÞ 9.3 ðgreenÞ 10.7 ðyellowÞ 12.3 ðorangeÞ. In the third row, measurements in horizontal (blue)
and vertical (red) directions are shown together for q ¼ 6.3 × 10−3 nm−1.
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Measured g2ðq⃗; tÞ in both vertical and horizontal
directions can be sufficiently described by including
the diffusive and advective contributions to the particle
dynamics [33],

jg1ðq⃗; tÞj2 ¼ jg1;Dðq; tÞj2jg1;vðq∥; tÞj2; ð2Þ
with jg1;Dðq; tÞj describing the diffusive and jg1;vðq∥; tÞj the
advective parts of the dynamics, where g1ðq⃗; tÞ and g2ðq⃗; tÞ
are connected via the Siegert relation. The measured
g2ðq⃗; tÞ ¼ 1þ βjg1ðq⃗; tÞj2, with β being the coherence
factor of the experiment setup.
The temporal decay of the diffusive part of the particle

dynamics is described by the well-known expression,

jg1;Dðq; tÞj2 ¼ exp½−2ΓðqÞt�: ð3Þ
For noninteracting spheres, the relaxation rate is given by,
Γ ¼ D0q2, with D0 the free diffusion coefficient.
The second contribution depends on the velocity

differences within the probed volume and can be calculated
from a distribution of velocities, Nðv⃗Þ [36],

jg1;vðq⃗; tÞj2 ¼
Z

∞

0

Nðv⃗1Þ
Z

∞

0

Nðv⃗2Þ

× cosðq⃗tjv⃗2 − v⃗1jÞdv⃗1dv⃗2: ð4Þ

Because of the homodyne detection scheme, the mean
sedimentation velocity does not influence g1;vðq⃗; tÞ and
only velocity differences contribute. Therefore, the mean
value of the distribution can be set to 0 without changing
the calculated g1;vðq⃗; tÞ. Furthermore, only velocities in
vertical direction are considered. The resulting distribution
function can be parametrized as

Nðv∥Þ ¼

8>><
>>:

Nmean; for 0 ≤ jv∥j < δv

Nfluc; for δv ≤ jv∥j ≤ vfluc þ δv

0; for vfluc þ δv < jv∥j;
ð5Þ

with the first term representing particles narrowly distrib-
uted around the mean sedimentation velocity and the
second, broader distribution accounts for velocity fluctua-
tions. The maximum velocity difference due to fluctuations
is 2vfluc (with an infinitesimal small δv → 0), Nmean and
Nfluc are numbers of particles within each of the two
contributions. By normalizing the number distribution to 1,
the ratio of fluctuating advective particles can be expressed
as α ¼ Nflucvfluc. With this, g1;vðq∥; tÞ follows as

jg1;vðq∥; tÞj2 ¼
�
1 − αþ α

qtvfluc
sinðqtvflucÞ

�
2

: ð6Þ

Details of the calculation are provided in Supplemental
Material [26]. When α ¼ 1, which corresponds to a uni-
form distribution of velocities, Eq. (6) becomes identical to

the case of a constant shear flow previously described in
Refs. [31–33]. The opposite case (α ¼ 0) corresponds to all
particles having no vertical (or all the same mean) velocity.
Therefore, jg1;vðq∥; tÞj2 ¼ 1 and g1ðq⃗; tÞ is determined by
the diffusive contribution only.
A comparison of the derived model to the measured data

is shown in Fig. 2. The observed time dependence of
g1;vðq∥; tÞ (b) can only be described by a simultaneous
decrease of α and vfluc (a), corresponding to a decrease of the
population of fluctuating advective particles and absolute
velocity differences, respectively. Furthermore, the ratio of
the data in vertical and horizontal directions can be
adequately described by the velocity fluctuation contribution
jg1;vðq∥; tÞj2 [Figs. 2(c) and 2(d)], demonstrating that the
diffusive and advective contributions in the model factorize
very well.
The time dependence of the model parameters are shown

in Fig. 3(a) at a height of z ¼ 30 mm. The corresponding
plots for z ¼ 10, z ¼ 20, and z ¼ 40 mm are shown in the
Supplemental Material [26], plots of vfluc and α as a function
of time and height are depicted in Figs. 3(b) and 3(c),
respectively. The velocity fluctuations decay exponentially,
which is in agreement with previous observation on non-
Brownian particles [16]. Simultaneously, α decays corre-
sponding to a fall in number of advective particles deviating
from the mean velocity. This transformation occurs on a
much shorter time scale than the macroscopic stratification
observed by eye [Fig. 3(d)] and in the concentration

(a) (b)

(c) (d)

FIG. 2. Comparison between the proposed model for velocity
fluctuations and the measured XPCS g2ðq⃗; tÞ. Experimental data
are shown for q ¼ 6.3 × 10−3 nm−1, measured within the first
hour after sample homogenization. Corresponding plots for other
q values can be found in the Supplemental Material [26]. Plots of
expressions (2) and (6) are displayed in (a) and (c), respectively.
Measurements in the vertical direction, and the ratio of vertical
and horizontal signals, corresponding to jg1;vðq∥; tÞj2, are shown
in (b) and (d), respectively. The fits were calculated by refining
the model at all q values simultaneously.
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calculated from the absolute SAXS intensities [Fig. 3(e)].
This finding supports the notion that stratification of the
suspension is not the only parameter determining the initial
decay of velocity fluctuations [19]. For small Pe, the stronger
coupling between advective and Brownian motions may be
driving the sharper decay of the velocity fluctuations.
An important feature of the velocity fluctuations is that

the time decay of velocities can be described by an
exponential master curve [16], vflucðtÞ ¼ v0 expð−t=τÞ,
where v0 and τ are the initial vfluc and the characteristic
decay time, respectively. To test this aspect at low Pe, we
investigated different samples with varying container sizes
and particle concentrations. The smallest container dimen-
sion was well above the limit of 140 times of particle
radius, which was reported to show deviations from the
universal scaling laws [16]. All the measured velocities
show an exponential decay with time, as shown in Fig. 4.
In (a), the initial concentration of the suspension was
varied, the container diameter (0.9 mm) and the height
(z ¼ 23 mm) were fixed. Additionally, the container
dimensions were varied at constant volume percent of
5% and 15%, the corresponding data are shown in the
Supplemental Material [26]. It has been reported before,
that the absolute value of the velocity fluctuations depends
strongly on the experimental conditions such as the initial
mixing [16,21]. We also cannot identify a discernible trend
of the absolute value of velocity fluctuations as well as
the characteristic decay time on the varied parameters. The
obtained decay times are all in the range of 11–17 min.
The most striking feature, however, is that all decays follow
an exponential law when normalized by v0 and τ which is
displayed in Fig. 4(b). The same behavior was reported for
velocity fluctuations in a non-Brownian system [16]. This
observation suggests that velocity fluctuations exist in the
Brownian regime, with the same characteristic decay
behavior as a non-Brownian system. Furthermore, as the

measured characteristic decay times are far away from
macroscopic stratification time scales, stratification effects
cannot be the only reason for the nonuniversality of
velocity fluctuations in sedimentation. In this case, the
strong coupling with Brownian motion is likely promoting
the sharper decay of velocity fluctuations and eventually
dominating the dynamics. A similar behavior is observed
when smaller particles (diameter 450 nm) are used. The
fluctuation effect becomes less clearly discernible when the
particle size is smaller and eventually superimposing with
the faster diffusive part of the dynamics.
In summary, we used multispeckle USA-XPCS to probe

velocity fluctuations in sedimentation at lowPe regime (<1).
We observed well-defined advective motions manifested as
oscillations in the measured g2ðq; tÞ, which can be quanti-
tatively described by a simple model involving velocity
fluctuations around a mean sedimentation velocity. These
velocity fluctuations display similar exponential time decay

(a) (d) (e)(b) (c)

FIG. 3. (a) Time dependence of velocity fluctuations, vfluc, α, and volume percent, ϕ for height, z ¼ 30 mm. (b) Velocity fluctuations
as a function of height and time. (c) α as a function of height and time. (d) Corresponding photographs of the solution taken at initial
stage, 1 hour and 24 hours after onset of sedimentation. (e) Macroscopic stratification for different times after the onset of the
sedimentation. Concentration profiles measured at 15 and 45 min superimpose.

(a) (b)

FIG. 4. (a) Time dependence of the velocity fluctuations for
different particle concentrations, the container diameter (0.9 mm)
and the height (z ¼ 23 mm) are fixed. (b) Normalized velocity
fluctuations for volume fractions between 0.005 and 0.15 and
container dimensions between 0.2 and 2 mm. The corresponding
unnormalized data are shown in (a) and Supplemental Material
[26] [Figs. 5(a) and 5(b)].
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as in a non-Brownian system reported before [16]. To our
knowledge, this is the first experimental report of velocity
fluctuations in a suspension of Brownian particles and it may
help to address open questions in sedimentation dynamics.
As compared to non-Brownian particles, the time scales of
macroscopic sedimentation and decay of the microscopic
velocity fluctuations are well separated in the system inves-
tigated here. This provides direct experimental evidence that
the stratification is not the only parameter determining the
decay of the velocity fluctuations. The stronger coupling
between advective and diffusive motions may contribute to
the gradual suppression of thevelocity fluctuations at lowPe.
In applications such as DLS and near-field scattering,
velocity fluctuations might interfere with the determination
of hydrodynamic radius and diffusion coefficients of par-
ticles susceptible to sedimentation. Since the measurement
plane is horizontal in the conventional DLS setup, velocity
fluctuation effects may go unnoticed without significant
effect on the measured g2ðq; tÞ. However, this effect can be
problematic in the analysis of near-field speckles and
deriving dynamic information by that technique [37].
Furthermore, in the low Pe regime where diffusion and
sedimentation velocity persist on similar time scales, the two
contributions are usually difficult to separate experimentally.
The presented study illustrates the advanced experimental
capabilities enabledbymultispeckleUSA-XPCS to study the
dynamical behavior of colloidal systems.
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