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1. Introduction

Fourth-generation synchrotron sources based on multi-bend
achromat storage-ring lattices have come into operation in
recent years (Eriksson ef al., 2014; Shin, 2021). These X-ray
sources together with advanced photon-counting pixel array
detectors (Frojdh et al, 2024) are very attractive for
performing scattering experiments (Narayanan et al., 2023).
Compared with the previous third-generation synchrotrons,
these new sources have increased the brilliance and degree of
transverse coherence of X-ray beams by more than an order of
magnitude (Raimondi et al, 2021; Shin, 2021). Both small-
angle X-ray scattering (SAXS) and X-ray photon correlation
spectroscopy (XPCS) methods benefit from the enhanced
brightness and coherence of the X-ray beam. Usually, SAXS
experiments are performed using a larger beam consisting of
multiple coherence volumes; the smaller beam cross section
and lower divergence in the horizontal direction have
improved the angular resolution (Narayanan et al., 2022). The
14 time resolution offered by the current advanced detectors
enables probing of kinetic processes in the millisecond range
and below by time-resolved SAXS and allied methods
Rl 11 © (Narayanan, 2024). Ideally, XPCS requires single or a few
=105 10 coherent scattering volumes (Sutton, 2008) and therefore the
benefit of the new sources is even more significant (Lehm-
kiihler et al., 2021; Narayanan et al., 2023). In particular, the
higher degree of coherence together with the high frame rate

2(9,t tin)

® of pixel array detectors enables multispeckle XPCS
OPEN @ ACCESS measurements in the sub-millisecond time range (Zhang et al.,
Published under a CC BY 4.0 licence 2018; Zinn et al., 2018). Furthermore, XPCS down to the
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sub-microsecond range can be performed at X-ray free-
electron laser (XFEL) facilities (Lehmkiihler er al, 2021;
Dallari et al., 2021).

In this article a particular type of out-of-equilibrium
dynamics in a driven colloidal suspension is investigated. The
suspension is vigorously shaken and then left to equilibrate
until Brownian dynamics are restored. During the intervening
time, strong velocity fluctuations (§v) akin to a sedimenting
suspension are observed. In a sedimenting colloidal suspen-
sion, the hydrodynamic back flow caused by neighbouring
particles reduces the sedimentation velocity (v) from the
Stokes velocity (vs) (Batchelor, 1972). Fluctuations in the
local particle number density (N) lead to variance in the
sedimentation speed that scales with the system size (Caflisch
& Luke, 1985), (8v2) ~ L, with L the smallest dimension of the
container. Such a diverging variance in sedimentation speed
has not been observed experimentally and remains a puzzle
(Ramaswamy, 2001; Guazzelli & Hinch, 2011; Segre, 2016).
However, in the present case the colloidal particles are sub-
micrometre sized with Péclet number Pe (representing the
relative importance of advection over diffusion) ~0.1. That
means Brownian motion dominates over gravitationally
induced settling and the macroscopic sedimentation time is of
the order of many hours. Nevertheless, thermally induced or
Brownian velocity fluctuations can be significant even at low
values of Pe and moderate volume fraction ¢ of particles
(Padding & Louis, 2008).

During the shaking process in a capillary, the suspension is
subjected to a high shear that is non-uniform and the long-
range hydrodynamic fluctuations thereby induced decay with
time. In particular, the spatial and temporal correlations of the
hydrodynamic §v are known to exhibit an algebraic long tail
(Padding & Louis, 2008). Therefore, the measured intensity—
intensity autocorrelation functions g,(q,7) can become
affected by this slowly decaying hydrodynamic §v. The ther-
mally induced dv also contributes to g-(q, ¢) but its magnitude
is less significant than self-diffusion (Padding & Louis, 2008).
The hydrodynamic part of dv is anisotropic during sedi-
mentation (Segre, 2016; Padding & Louis, 2008; Moller &
Narayanan, 2017) and a similar anisotropy may be present in
shaken samples. As a result, multispeckle XPCS and direction-
dependent analysis are critical for this study. The XPCS and
SAXS experiments presented here were performed in the
ultra-small-angle (UA) configuration by spatially selecting the
coherent part of the X-ray beam (Cheévremont et al., 2024).

2. Experimental methods
2.1. Materials

The main samples used in this study consisted of charge-
stabilized silica spheres with a mean radius Rg ~ 300 nm and
standard deviation oz ~ 5.6 nm dispersed in MilliQ water. The
volume fraction (¢) of the suspensions varied from 3 x 107> to
1.5 x 1072 A second set of samples with Rg ~ 126 nm and
or =~ 6.2 nm were also investigated. For the characterization
of intensity statistics, a dried film of polystyrene spheres (Rg =~

1.015 pm and op =~ 7.0 nm) was used. For all three sets of
particles, Rs, 0z and ¢ were determined from ultra-small-angle
X-ray scattering (USAXS) analysis (Narayanan et al., 2022).

For the shaking experiment, the suspensions were
contained in quartz capillaries with internal diameter ~1 mm
and wall thickness ~10 pm. This capillary size was chosen as a
compromise for fast sample displacement and multiple scat-
tering (Semeraro et al,, 2018b). For shear experiments, the
colloidal suspension was contained in a coaxial capillary shear
cell coupled to a rheometer (RS6000, Thermo Scientific)
(Narayanan et al., 2020).

2.2. X-ray scattering

UA-XPCS and USAXS experiments were performed on
beamline ID02 (TRUSAXS) at the ESRF, Grenoble, France
(Narayanan et al., 2022). The measurements covered a scat-
tering vector range of 0.002 < ¢ < 0.1 nm ™' using a sample-to-
detector distance dsp of 31 m. Here, g is the magnitude of the
scattering vector given by g = (47/))sin(6/2), with 6 the scat-
tering angle and A the X-ray wavelength ~ 1 A. The 2D
scattering patterns were acquired by an EIGER 500K (Paul
Scherrer Institute) photon-counting pixel array detector with
a maximum frame rate of 23000 s~ (Ch&vremont et al., 2024).
The coherent flux at the sample position was of the order of
10" photons s . For recording the static speckle patterns, a
high-resolution fibre-optically coupled charge-coupled device
detector (FReLoN: fast readout low noise) (Narayanan et al.,
2022) was also used.

A coherent beam was obtained by closing the primary slits
(at 27 m from the source) to 0.15 mm x 0.15 mm and two
secondary slits (at 49 and 62 m from the source) to 0.04 mm
vertically and 0.015 mm horizontally. The resulting beam was
roughly symmetrical with FWHM =~ 25 pum at the sample
position. The degree of coherence was varied by enlarging the
gaps of the two secondary slits. From the measured 2D speckle
patterns, pixel-by-pixel intensity—intensity autocorrelations
were calculated using the Dynamix package (Paleo et al.,
2021). The normalized ensemble-averaged two-time correla-
tion function (TTCF) is obtained by averaging these quantities
over the desired azimuthal range for a given g (Chévremont et
al., 2024). The time averaging of the TTCF yielded the time-
and ensemble-averaged intensity—intensity autocorrelation
function, represented by g»(g,t) with ¢ the lag time. For
USAXS, the measured 2D scattering patterns were normal-
ized and azimuthally averaged to obtain the 1D scattering
profiles denoted by I(q) (Narayanan et al., 2022). Further
treatment and background subtraction were performed using
the SAXSutilities software (Sztucki, 2021).

3. Results and discussion
3.1. Characterization of coherence

This section aims to provide a comparison of the degree of
coherence between the instrumental configurations used for
SAXS/USAXS and XPCS at a fourth-generation synchrotron
X-ray source. A distinct feature of coherent scattering is the
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speckles in the intensity pattern, which are generated by the
interference of scattered waves from the randomly distributed
structural units in the medium. As a result, speckle visibility
from a disordered sample is an elegant way of characterizing
the coherence of the beam. The speckle visibility can be
quantified in terms of the intensity statistics (Goodman, 1985).
With a fully coherent beam, the scattered electric field is a
Gaussian random variable, for large values of which the
probability distribution tends to be normal or Gaussian
following the central limit theorem. As a result, the intensity
probability distribution P(I) takes the well known negative
exponential form P(I) = 1/(I) exp(—1/(I)), with (I) the mean
value. In the case of a partially coherent beam, P(]) is better
described by a Gamma distribution of the following form
(Goodman, 1985; Abernathy et al., 1998):

M\ N MI
P(I, M) = ((1)) r(m) ' lexp<—<1)), (1)

where I'(M) is the Gamma function, M > 1 is the number of
modes or degrees of freedom of the distribution, and the
speckle contrast 8, = 1/M. For M = 1, equation (1) reduces to
the negative exponential form. Partial coherence is signified
by M > 1 and it represents the number of coherent patches
within the scattering volume. M — 00 corresponds to inco-
herent scattering and P(I) approaches a Gaussian distribution
or I becomes a random variable. In the literature, the
conventional SAXS measured by a partially coherent beam is
sometimes referred to as incoherent scattering (Griibel &
Zontone, 2004; van der Veen & Pfeiffer, 2004), which is not
exactly correct. Incoherent scattering usually originates from
an inelastic process (Agarwal, 2013). The contribution of
incoherent scattering to the measured intensity in the small-
angle region is relatively low (away from an atomic absorption
edge), well below 1% (Pavlinsky, 2021).

Fig. 1 displays static speckle patterns measured from a film
of dried polystyrene particles (Rg 2~ 1.015 pm and oz 2~ 7 nm)
with two different collimation settings at dsp of 31 m using the
high-resolution FReLoN detector (Narayanan et al., 2022). In
the upper panel, a nearly coherent beam was obtained by
closing the last collimation slits to 40 pm (vertical) and 20 pm
(horizontal), resulting in a beam size of 25 pm at the sample
position. P(I) in Fig. 1(b) can be fitted to equation (1) with
M = 3.5. To obtain a better fit of the peak, a larger value of M
is needed (4.5), while the tail of the distribution requires a
smaller M (2.5). Note that double or multiple scattering events
may slightly distort the functional form of P(I) (Semeraro et
al.,2018b). With the larger beam used for USAXS, the speckle
visibility is significantly diminished and the corresponding P(I)
in Fig. 1(d) is well described by equation (1) with M = 16. With
a further reduction in speckle visibility, the value of M
increases, and therefore M is a good parameter to quantify the
degree of coherence. Additional data from a powder sample
are shown in the supporting information (Fig. S1).

However, speckle visibility depends not only on the degree
of coherence but also on the resolution of the detection
scheme. The speckle size [ scales as [y ~ Adsp/og, with o the

size of the beam (Lehmkiihler er al., 2021). The speckle visi-
bility will be very poor if the detector does not have sufficient
spatial and temporal resolution or if the beam size is large. In
conventional SAXS, the beam sizes used are relatively large
compared with the typical transverse coherence length (&t)
and therefore the speckle size becomes much smaller than the
detector pixel size. This does not imply that the scattering is
completely incoherent, and the phase relationship should be
maintained at the largest size scale probed by the SAXS
experiment (Glatter, 2002). The required level of coherence is
provided by the beam collimation as &t ~ A/(2A®), with A®
the angular source size (Griibel & Zontone, 2004).

The coherence length determines the ultimate resolution
that can be obtained (Petukhov er al., 2015). The SAXS
intensity from an isolated object (form factor) is the coherent
sum of the scattering amplitudes from the different regions of
that object. In the dilute case, the scattered intensities from
different objects or particles in a suspension and the solvent
molecules are incoherently summed. This is because the
relative positions of other particles and solvent molecules are
randomized within the typical acquisition time and the phase
factor is averaged out to zero (Pusey, 2002). That is why the
solvent background scattering can be subtracted out without
having to deal with the cross term. In a concentrated system,
the structure factor accounts for the correlation between
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Figure 1

Static speckle patterns from dried polystyrene particles (Rs ~ 1.015 pm
and oz >~ 7 nm) measured with two different collimation settings. The
intensity statistics P(/) were analysed over the range 2.6 x 107 <qg<
3.6 x 10 nm™~" which covers the structure peak. (a) Slits closed to
40 pm vertically and 20 pm horizontally. (b) Corresponding analysis of
P(I) using equation (1). For display purposes (unit area), P(I) has been
multiplied by the mean intensity (/). (¢) The speckle pattern of the same
sample recorded with a larger beam, slits opened to 100 pm x 100 pm,
illustrating the reduction in visibility. (d) Corresponding P(I) and analysis
using equation (1).
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Figure 2

Intensity statistics P(/) for a dilute suspension of silica colloidal particles
(Rs ~ 300 nm and o ~ 5.4 nm) over the range 2.0 x 107> < ¢ <32 x
10> nm~'. The analysis was done in terms of equations (1) and (2)
(labelled G and PG, respectively). The resulting M and (I) values are
indicated in the legend.

different particles and the resulting alteration of the scattered
intensity.

For a more optimized setup with collimation slits further
closed to 30 pm (vertical) and 15 pm (horizontal), the speckle
visibility further improved and therefore M decreased. Fig. 2
presents the corresponding P(/) recorded with a dilute
aqueous suspension of silica colloidal particles (Rg =~ 300 nm
and og ~ 5.4 nm) with an acquisition time (50 ps) much
shorter than the diffusion time. In this case, M >~ 2.2 and ), ~
0.45. For lower intensities, P(I) is better described by the
Poisson-Gamma or negative binomial distribution Py,(I)
(Lehmkiihler ez al., 2021; Chevremont et al., 2024) that has the
form

T +M) M\’ (™
P = (<) () @

The corresponding analysis yielded a larger value of M ~ 2.8.
In other words, equation (1) needs to be convoluted by the
Poisson statistics to estimate M correctly at low intensity
values (Goodman, 1985).

3.2. Non-equilibrium velocity fluctuations

The vast majority of studies of velocity fluctuations are
focused on suspensions involving non-Brownian particles
(Segre et al., 1997, Guazzelli & Hinch, 2011; Segre, 2016).
However, similar velocity fluctuations have been found with
Brownian particles using different experimental methods
(Moller & Narayanan, 2017; Hirano & Norisuye, 2024) and
mesoscopic computer simulations (Padding & Louis, 2008).
Incomplete mixing creates a non-random distribution of
particles that generates these transient fluctuations (Padding
& Louis, 2008; Guazzelli & Hinch, 2011). In the following
experiment, a Brownian colloidal suspension (Pe ~ 0.08)
contained in a capillary (diameter ~1 mm) was shaken rapidly
upside down and back, such that a column of sample (20 mm)

sinc function
/) oscillations

XN ’///////ll//'//’//
SR

.
S

I
NI,
(/% v
v”///’/”/f"'f/"//'
XS
2
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Figure 3

The time evolution of g>(q, r) along g for a suspension of silica particles
(Rs >~ 300 nm and oz >~ 5.4 nm) with ¢ > 0.014. (a) At 70 s after shaking,
illustrating the signature of velocity fluctuations (oscillations after the
initial fast decay). (b) At about 2000 s when the suspension had returned
to Brownian dynamics as characterized by a slower exponential decay.
Note the differences in the ¢ dependence and decay time between the two
plots.

near the top was displaced at about 40 mm s~ to the very
bottom. During the shaking process, the induced flow can be
considered as Poiseuille type having a parabolic velocity
profile. This flow field generates a maximum shear rate (y) at
the capillary wall and a minimum at the centre. This variation
in y can induce long-range concentration inhomogeneities if
the particles do not strictly follow the fluid due to the differ-
ence in their densities.

XPCS measurements were started from 70 s after shaking —
the time required to interlock the experimental station. The
time elapsed after shaking is represented by the kinetic time
fin- In order to avoid any beam-induced effects, the incident
intensity was attenuated to 10" photons s~ and the number
of frames was limited to 2000. Fig. 3 presents the typical time
evolution of sector-averaged (+10°) g»(q, t) along the vertical
direction (g;)) or axis of the capillary following the vigorous
shaking (three times). The suspension consisted of silica
particles (Rg ~ 300 nm and oz =~ 5.4 nm) with ¢ ~ 0.014.
Clearly, a strong deviation from diffusive dynamics can be
observed 70 s after the shaking, as depicted in Fig. 3(a).
8(qy, 1) decays much faster than expected for diffusive
dynamics and exhibits periodic modulations after the initial
decay. These oscillations are a signature of directed motion of
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particles in a deterministic flow (Mdller & Narayanan, 2017
Zinn et al., 2020). Similar features are also observed in the
horizontal direction (g_) along the diameter of the capillary
but with a rate two to three times slower. With time these
oscillations smear out and the dynamics gradually return to
Brownian behaviour, characterized by an exponential decay of
g2(qy, t) as shown in Fig. 3(b). Additional plots of g(g, t) and
g>(q1, ) at an intermediate t;, are presented in Fig. S2.

The above observation is a purely dynamic effect and the
static USAXS profiles do not show any significant anisotropy
or variation with time. Fig. 4 displays the normalized USAXS
profiles at different times after the shaking. As these particles
are charge stabilized, there is a weak structure factor even at
¢ =~ 0.014. The inset presents the form factor of these particles
and the corresponding modelling in terms of the polydisperse
sphere form factor with Rg >~ 300 nm and og =~ 5.4 nm. As the
profiles superimpose perfectly at different times, sedimenta-
tion effects are not important in this case. The first minima of
the profiles are slightly smeared due to non-negligible multiple
scattering with a sample thickness of ~1 mm (Semeraro et al.,
2018b); this is not a resolution effect as it does not happen with
a dilute sample ¢ =~ 0.003. The wiggles in the low-q region are
due to insufficient time averaging (within an acquisition time
of 0.1 s), as the speckles fluctuate more slowly at lower gq.

The measured g,(g, f) can be related to the intermediate
scattering function g;(q, t) via the Siegert relation,

&(q. 1) =1+ Blg,(q. NI, ©)

where =~ B, is determined by the coherence properties of
the X-ray beam and the angular resolution of the setup
(Sutton, 2008). For dilute Brownian particles, gi(q,7) =
exp[—T'(g) {] and the relaxation rate I'(q) = Dog>. Here, Dy is
the diffusion coefficient given by the Stokes—FEinstein relation,

10°
tkin
—90s
5 3 — -
10 ¢, =0.014  300s
R, =300 nm
—~ 104
= 19 ;
é 10* 1
S 103410°4
= 102 4
10" +
2 |
10 10%4 - Silica colloids (9=0.003)  °
10_1 —— Model (Rg=300 nm, 6z=5.4 nm)
10" 107 102 107"
103 1072
q (nm™)
Figure 4

USAXS profiles of the silica colloidal suspension (Rs 2~ 300 nm and ¢ =~
0.014) at different times after shaking. The inset displays the scattering
form factor of the particles measured over an extended g range using a
dilute sample (¢ =~ 0.003). The fit corresponds to the polydisperse sphere
form factor (Rs 2 300 nm and o =~ 5.4 nm).

Dq = kgT/(67nRy), with kg, T, n and Ry being the Boltzmann
constant, absolute temperature, solvent viscosity and mean
hydrodynamic radius of particles, respectively.

In a driven system, advection dominates over diffusion. In
this case, g1(q, t) in a given direction can be factorized in the
following form, at least for relatively dilute suspensions
(Busch et al., 2008; Burghardt et al., 2012):

g1(q. O = Ig1.p(a. DI 1g11(q. O 1g1a(@. OF. (4

where the first term represents diffusive motions, the second
term takes into account the decorrelation due to the transit of
particles across the beam determined by their mean velocity v,
and the last term denotes the advective part constituted by the
differences in Doppler shift of all particle pairs in the scat-
tering volume. This last term is determined by the average
velocity difference between all particle pairs §v, and the exact
functional form of g; 4(q,?) depends on the probability
distribution of v (Zinn et al., 2020).

The oscillatory feature in Fig. 3(a) indicates a constant §v
with only a fraction « of particles at velocities deviating from v

' (@)]
0=0.71,8v=36 um/s,
- 20 D,=0.8 um?s 1
= —— 0=0,D,=0.8 ym¥s
. 0.6
s 1
. q,=0.0034 nm™ Y}
T b\
< 047 70s
o)
2 o 290s
] 480 s
0.2 & 740s
0 1490 s
004 v 1990s
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1.0 ' ' (b) ]
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@ q,=0.0034 nm’"
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0.24 0=0.38,8v=15 um/s, G
D,=0.8 um?/s
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107 1072 107 10°
t(s)
Figure 5

Typical time evolution of g>(q, t) along (a) ¢ and (b) g for a suspension
of silica particles (Rs 2 300 nm and o > 5.4 nm) with ¢ 22 0.014 at fixed ¢
of 3.4 x 107* nm™". The continuous lines are fits to equation (5) with the
values of the parameters indicated in the legends.
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(Moller & Narayanan, 2017). In this case, g-(q, ) along a given
direction can be expressed as

8:(q. 1) =1+ Bexp[—2I(q) ] exp[—2(v t/03)’]

sin(g 8v t)i|2' )

X [1—0[—{—0{
qévt

When « = 1, equation (5) reduces to that used to describe a
constant velocity difference in a Couette flow (Burghardt et
al., 2012). o < 1 is indicated by non-zero values of minima in
gl(q’ t)'

In the simultaneous fitting of g,(qg, t) functions over 0.002 <
qg < 0.02 nm_l, both « and dv were constrained to the same
values at any given f;,. While v decayed systematically with
tin, o fluctuated between 0.2 and 1. Fig. 5 displays repre-
sentative fits for the direction-dependent analysis of g,(g, f).
The position and depth of the minima determined v and «,
respectively. This coexistence of advective and diffusive
motions is somewhat reminiscent of fractional Brownian
motion (Nolte, 2024). Finally, the g»(q, t) functions became
identical to an exponential function and at this point v and «
were not determinable.

Fig. 6 shows the typical decay of év along g by combining
parameters from several repetitions following the same
shaking protocol. The variation along g, also follows the same
trend but is smaller in amplitude. It is tempting to describe this
decay with an exponential function by analogy with sedi-
mentation (Tee et al., 2002; Moller & Narayanan, 2017). The
corresponding function yielded an initial §v ~ 52 ums™ ",
which is significantly smaller than what occurred during the
shaking process. Alternatively, the decay can be described by a
power law with exponent ~1. Due to the large spread of the
data, numerically it is difficult to distinguish which function fits
better, but the asymptotic limits of an initial large value of év
(txin > 0) and a slowly decaying tail are reproduced by a power-
law decay.

60 T T T T
O Measurement
dv = 52"exp(-t,;,/588)
@ 40 dv = 10000/t
~~
e @]
=
>
7]
20
@]
O 1 1 1 1
0 500 1000 1500 2000
tiin (S)
Figure 6

The decay of velocity fluctuations from three repetitions for the
suspension consisting of silica particles (Rs 2~ 300 nm and o >~ 5.4 nm)
with ¢ 2~ 0.014. The continuous lines represent the functional form given
in the legend. The error bars for §v are smaller than the size of the
symbols.

Surprisingly, a suspension of the same particles with a lower
¢ =~ 0.004 did not manifest similar velocity fluctuations
following the same shaking protocol. Fig. 7 presents repre-
sentative g»(g,t) for this suspension at a fixed ¢ = 4.5 x
107> nm ™. At all times, the decay of g»(q, £) is described by an
exponential function with the expected value of D, for these
particles. The magnitude of v decreased with ¢ and the
dynamics became indistinguishable from Brownian diffusion
below ¢ =~ 0.01. The transition region is rather fuzzy and a
precise cut-off value of ¢ could not be determined from the
present experiments.

In order to rationalize the observed findings, one can relate
homogenization by vigorous shaking to scalar mixing in
Batchelor flow (Batchelor, 1959). This is because the Reynolds
number (Re) for a flow rate of 40 mm s~ ' in a capillary of
diameter 1 mm for water-like viscosity is about 40, well below
the transition to fully developed turbulence. The smallest size
of the local concentration fluctuations is given by the dissi-
pation length /p of Batchelor flow, I >~ IPe”"?Re™ ", with
the smallest size of the channel and the flow-generated Pe =~
2Rsv/Dq (Villermaux, 2019). For the maximum v obtained
during shaking, Pe ~ 30000 and therefore /p =~ 2.3 pm. This
size scale should be compared with the mean separation
between particles, (d) = 2Rs¢ . For ¢ = 0.004, (d) ~ 4 pm. In
reality, the estimation of v during shaking could be off by a
factor of up to 2. In that case, /p increases to 3.8 pm. When
(d) > Ip, the induced velocity fluctuations become less
significant or not detectable. For smaller (d) (larger ¢), the
velocity fluctuations induced during the shaking process
become important. §v decays as Brownian diffusion homo-
genizes the suspension with time.

For smaller particles, (d) is smaller but the diffusion is
faster. Therefore, these non-equilibrium velocity fluctuations
may be manifested less except in the very low g region.
Nevertheless, the same shaking protocols with a suspension of
silica particles Rg 2~ 126 nm yielded similar results, as shown in
Fig. S3. These velocity fluctuations can have implications in

1.0 ]
g =0.0045 nm"
. 081 —— 90s
= —— 180s
o 0.6 270s 1
= —— 360s
< 0.4 —— Fit ]
O)
= ¢, = 0.004
027 R_=300 nm ;
D,=0.74 um?/s
0.0 0 I3 1
104 103 1072 107 10°
t(s)
Figure 7

Lack of time evolution of g,(g, r) functions for a suspension of silica
particles (Rs ~ 300 nm and ¢ ~ 0.004) at a fixed ¢ of 4.5 x 107> nm™".
The continuous line is a fit to an exponential decay [equation (3)] with the
D, value indicated in the legend.

540

Theyencheri Narayanan et al.

+ Out-of-equilibrium dynamics of colloids by XPCS

J. Appl. Cryst. (2025). 58, 535-542


http://doi.org/10.1107/S1600576725001244

research papers

applications such as measurement of particle size and diffu-
sion coefficients by dynamic light scattering (DLS) and XPCS
when micrometre-sized particles are involved. In particular,
the reproducibility may be affected by the homogenization
method used prior to the measurement. In a typical DLS
setup, the scattering geometry is horizontal and this effect may
even go unnoticed, leading to an underestimation of Ry.
Finally, it is not a thermally induced effect as a temperature
variation should not change the functional form of g,(g, ) (see
Fig. S4) (Zinn et al., 2022) and it should be direction and ¢
independent.

3.3. Velocity fluctuations following shear cessation

When the same colloidal suspension (Rg 2~ 300 nm and ¢ =~
0.014) is subjected to a uniform shear in a coaxial cylindrical
cell, well defined oscillations appear in the measured g»(q, t)
(Narayanan et al,, 2023). These oscillations are due to a
constant velocity difference in the annular gap (Burghardt et
al., 2012; Narayanan et al., 2020) and can be well described by
equation (5) with « = 1 (Narayanan et al., 2023). An important
question is whether these velocity fluctuations persist upon
cessation of uniform shear. Even at a modest shear rate (y =~

tin (S)
92(9,t.tin)

y=10s-"

Brownian 1.0

0 -
104 102 10-! 100

tin (S)

Brownian

92(a.t i)

v=10s7 1.0

10°

Figure 8

TTCEF plots along the flow direction during (a) the startup and (b) the
cessation of shear for a suspension of silica particles (Rs >~ 300 nm and
¢ ~0.014) at a fixed g of 3.4 x 1073 nm™'. Here the origin of f, is the
same as that of the lag time ¢. The sharp transition behaviour is identical
at other g values.

10 s 1), 8v is large and is given by the angular frequency of the
rotor and the size of the annular gap.

For this experiment, the colloidal suspension was contained
in the annular gap between two concentric capillaries, with the
inner one coupled to the shaft of the rheometer (Narayanan et
al., 2020). In order to capture the fast decay due to shear
(Doppler shift caused by the flow), XPCS acquisitions were
performed at a frame rate of 20 kHz. The change in dynamics
was monitored via TTCF (Cheévremont et al., 2024). Fig. 8(a)
illustrates the rapid change in dynamics upon switching on the
shear (y ~ 10s~"). Here the TTCF plot for a given ¢ can be
considered as a stack of g,(g, f) curves. Before turning on the
shear, the decay is fully governed by Brownian motion and
then by Doppler shift caused by advection of the particles.
This change in dynamics is rapid, on the millisecond scale.
Fig. 8(b) demonstrates the opposite scenario when the shear is
turned off. Rather surprisingly, the corresponding transfor-
mation of dynamics happens within 300 ms and Brownian
dynamics are fully restored on the second time scale.

This step-like transition behaviour was also observed with
other values of ¥, ca 200 s '. This contrasting scenario in
comparison with the shaking experiment can be rationalized
on the basis of the homogeneity of shear flow. Within the
coaxial flow geometry, y is nearly uniform across the gap and
the flow does not create concentration inhomogeneities in the
suspension. The hydrodynamic contributions are arrested
upon cessation of shear. The inertia of the particles is negli-
gible and Brownian dynamics are restored at once. However,
in a stirred suspension the flow is inhomogeneous below the
rotor and §v decays on a much slower time scale (Chevremont
& Narayanan, 2025).

4. Summary and outlook

We have presented two representative examples of the use of
UA-XPCS to probe relatively fast out-of-equilibrium
dynamics in colloidal suspensions subjected to an external
flow. A fourth-generation synchrotron source and an
advanced photon-counting pixel array detector enabled these
measurements. These examples are not exhaustive and
primarily serve the purpose of illustrating the new possibilities
offered by multispeckle XPCS on a faster time scale. The
observed mnon-equilibrium fluctuations upon shaking a
colloidal suspension are rather intriguing but they can play an
adverse role in particle sizing in the micrometre range. A
similar flow-induced non-equilibrium effect could occur when
using an automated pipetting system for XPCS measurements.
The static scattering profile is not affected but the diffusion
coefficient from dynamic measurement may be overestimated.
Therefore, it is always safer to correlate static and dynamic
measurements when investigating colloidal suspensions.

In non-equilibrium thermodynamics of fluid mixtures, giant
non-equilibrium fluctuations of concentration and tempera-
ture are relatively new phenomena (Sengers, 2024). There are
a variety of similar non-equilibrium effects in driven colloidal
suspensions which will be worth exploring by multispeckle
XPCS. The intense X-ray beam available at an XFEL instrument
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can itself induce thermally driven out-of-equilibrium dynamics
(Dallari et al., 2021).

Another interesting scenario is when colloids are suspended
in biological milieux (Semeraro et al., 2018a; Otto et al., 2024;
Silva et al., 2024), where subtle non-equilibrium effects may be
elicited. Out-of-equilibrium dynamics are prevalent in
biology; for example, active transport in cellular media
involves anomalous diffusion via Lévy flight or fractional
Brownian motion (Nolte, 2024). The observed non-equili-
brium dynamics of otherwise passive particles manifest certain
aspects of active colloids (Zinn et al., 2020; Zinn et al., 2022).
Therefore, such out-of-equilibrium behaviour may bridge the
gap between passive and active colloids.
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