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Coupling Space-Resolved Dynamic Light Scattering and Rheometry to Investigate
Heterogeneous Flow and Nonaffine Dynamics in Glassy and Jammed Soft Matter
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We present a light-scattering setup coupled to a commercial rheometer operated in the plate-plate
geometry. The apparatus allows the microscopic dynamics to be measured, discriminating between the
contribution due to laminar flow or affine deformation and additional mechanisms, such as plasticity.
Light backscattered by the sample is collected with an imaging optical layout, thereby allowing the aver-
age flow velocity and the microscopic dynamics to be probed with both spatial and temporal resolution. We
successfully test the setup by measuring the Brownian diffusion and flow velocity of dilute colloidal sus-
pensions, both at rest and under shear. The potentialities of the apparatus are explored in the start-up shear
of a biogel. For small shear deformations, y < 2%, the rheological response of the gel is linear. However,
striking deviations from affine deformation are seen from the very onset of shear, due to temporally and
spatially heterogeneous rearrangements having intriguing similarities with a stick-slip process.
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I. INTRODUCTION

Soft matter is characterized by a complex structure on
the nanometer to micrometer scale, which results in a
wide range of dynamical properties and mechanical behav-
ior. This richness is of great academic interest and has
far-reaching implications in industrial applications (e.g.,
in the food, cosmetics, home-care, pharmaceutical, and
packaging industries). Products such as ice cream, gelatin,
toothpaste, skin-care creams, detergents, inks, and plas-
tics heavily rely on the remarkable properties of foams,
emulsions, suspensions, gels, surfactant solutions, and
polymers.

Rheological measurements are extensively used in soft
matter [1-3] and for biological materials [4,5], not only
to quantify the mechanical response of a system but also
to gain insight into its structure and dynamics. In recent
years, there has been growing interest in coupling rheom-
etry with techniques that probe the material structure and
dynamics at a microscopic level, such as microscopy and
a wide range of scattering methods, from static light
scattering, dynamic light scattering (DLS), and diffusing-
wave spectroscopy (DWS) to neutron and x-ray scatter-
ing, including x-photon correlation spectroscopy (XPCS)
[6-9]. The importance of combining a macroscopic rheo-
logical investigation with microscopic measurements has
been demonstrated in a wide range of problems, from the
dynamics of foams [10,11], the behavior of colloidal crys-
tals under shear [12—16], and the heterogeneous flow of
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wormlike micelles [17-20] to the nonaffine deformation of
polymer gels and glasses [21,22] and the creep and yield-
ing of dense emulsions and colloidal suspensions [4,23—
34]. Simultaneous rheological and microscopic measure-
ments are particularly valuable, since the detailed behavior
of complex systems may vary from run to run, especially in
the nonlinear regime, which is usually the most-interesting
one. A prototypical example is the wide distribution of
breaking times of soft solids loaded at constant stress [35].

Although microscopy is unsurpassed in its ability to fol-
low single-particle trajectories, scattering methods have
several advantages, which explains their lasting popular-
ity. Scattering experiments are not restricted to specifically
tailored particles, as required for real-space particle track-
ing; they can deal more easily with turbid samples; they
afford a larger sample size and thus better statistics; and
they allow the sample structure and dynamics to be probed
over a wider range of length and time scales. The first
experiments coupling scattering methods and rheometry
focused on the structure, often probed by small-angle-
scattering apparatuses that can be relatively easily coupled
to a rheometer. Visible light, x-ray radiation, and neu-
trons have been used, leading to the well-established fields
of rheometry coupled with small-angle light scattering
[36—47], theometry coupled with small-angle x-ray scatter-
ing [12,15,25,48-55], and rheometry coupled with small-
angle neutron scattering [14,17,18,20,56—61], respectively.

Dynamic scattering methods coupled with rheome-
try have increasingly become important: various scatter-
ing setups have been coupled to commercial rheometers
[38,41,44,62—64] or custom-made devices [22,65,66]. We
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divide dynamic scattering methods into single-scattering
and multiple-scattering techniques. The former include
DLS [6], for visible light, and XPCS [8], for coherent
x rays. DWS [7], by contrast, operates in the opposite
limit of strong multiple scattering, using laser light as
a source. In the context of scattering experiments cou-
pled with rheometry, the key difference between single-
and multiple-scattering methods is the fact that the for-
mer probe the motion of the scatterers projected on a
well-defined direction, while DWS probes displacements
isotropically. Single scattering is sensitive only to the com-
ponent of the displacement along the direction of the
scattering vector q = Ky — Ky, where kg is the wave vec-
tor of the scattered radiation and K;, is the wave vector of
the incoming radiation. Therefore, single-scattering exper-
iments can be designed so as to probe motion in a specific
direction with respect to the relevant direction set by the
rheological measurement (e.g., parallel or perpendicular to
the flow). This is not possible with DWS because multiply
scattered photons undergo a random walk in the sample,
thus propagating in all directions with equal probability.

If the sample is deformed during the measurement, this
distinction is crucial: DWS will be sensitive to both the
“ideal” part of the displacement field (e.g., the affine-
deformation field in an ideal solid or the laminar-flow field
in an ideal fluid) and any additional microscopic dynam-
ics (e.g., due to Brownian-motion, reversible nonaffine
response [67,68] or irreversible, plastic rearrangements).
In DWS, disentangling the ideal contribution from that
associated with additional (and usually-more-interesting)
dynamics is generally quite difficult [22,65], except in the
simplest cases where both the structure of the flow field
and the origin of the additional dynamics are known a
priori (e.g., for dilute Brownian suspensions under lam-
inar shear flow [69]). For these reasons, DWS has been
mostly restricted to rheological tests where the sample
is macroscopically undeformed (e.g., in stress relaxation
[70,71]) or to “echo” experiments that probe stroboscopi-
cally the sample under a sinusoidal drive, monitoring the
microscopic evolution between states that correspond to
the same macroscopic deformation [23,24].

In single-scattering experiments, by contrast, these diffi-
culties can be avoided by orienting q perpendicular to the
direction of the deformation field, such that the experiment
is sensitive only to deviations of the microscopic dynam-
ics with respect to the behavior of ideal solids or fluids.
This approach has been implemented in both XPCS and
DLS. In XPCS, it has been used to measure the Brownian
dynamics of colloids pumped in a capillary [72], a scheme
aiming at minimizing the sample exposure to the intense x-
ray radiation, which often damages the sample. XPCS has
also been used to investigate the yielding transition of col-
loidal gels submitted to an oscillatory shear deformation
[73,74], where the single-scattering geometry allowed the
authors to study the dynamics in the directions parallel and

perpendicular to the flow direction and within each cycle,
not just stroboscopically. The ability to resolve nonaffine
microscopic dynamics because of single scattering is also
at the core of the small-angle-DLS setup described in Refs.
[66,75], which allowed the microscopic precursors of the
macroscopic failure of a colloidal gel to be unveiled in
creep experiments [34].

Both DWS and single-scattering methods are usually
used in the far-field, homodyne geometry, where the detec-
tor is placed very far from the sample (or, equivalently,
in the focal plane of a lens collecting the scattered light),
such that only scattered light is detected. Under these
conditions, dynamic scattering methods are sensitive to
the relative motion of the scatterers, not to their average
displacement. This degeneracy is removed in heterodyne
experiments, where a static reference beam illuminates
the detector, together with the scattered light. The beat-
ing between the reference beam and the scattered light
causes distinctive oscillations in the measured intensity
correlation function, whose time scale is directly related
to the scatterers’ average velocity. Heterodyne scatter-
ing setups coupled to rheometrical techniques have been
implemented both in XPCS [76,77], to study the relax-
ation of nanocomposites, and in DLS [78], to measure the
velocity profile in Couette flow.

An alternative way to measure the (local) flow veloc-
ity in rheological experiments using space-resolved DLS
[79,80], also known as “photon correlation imaging,” was
demonstrated recently [63] In the setup in Ref. [63], a
two-dimensional detector forms an image of the sample
confined in the gap of a Couette cell driven by a com-
mercial theometer and illuminated by a laser sheet. The
image is formed by light scattered at a well-defined angle,
6 = 90°, such that the setup combines features of a tradi-
tional scattering experiment and imaging. The dynamics
are observed in the flow-velocity-gradient plane. For a
sample undergoing a macroscopic deformation, the flow
velocity can be measured. Additionally, the relative motion
between scatterers can be quantified, but the microscopic
dynamics are typically dominated by the contribution of
the affine displacement, because this geometry does not
allow the scattering vector to be oriented perpendicular to
the flow direction. Thus, this apparatus is best suited for
characterizing the local flow profile, for samples under-
going a macroscopic deformation, or for measuring the
microscopic dynamics for samples macroscopically at rest
(e.g., in echo or stress-relaxation experiments).

In this paper, we introduce a custom-made dynamic-
light-scattering setup coupled to a commercial rheometer
allowing the investigation of the microscopic dynamics of
driven samples. The setup works in a backscattering con-
figuration and uses the photon-correlation-imaging method
to image the flow-vorticity plane in a plate-plate rheo-
logical configuration. The method allows one to obtain
simultaneously an unprecedented set of quantities that
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fully characterize the sample dynamics from microscopic
to macroscopic length scales: the time- and space-resolved
microscopic dynamics, with submicron resolution and over
the full sample volume, the decoupling of the affine and
nonaffine contributions to the microscopic dynamics, and
the local flow velocity, averaged over the rheometer gap.
The rest of the paper is organized as follows: In
Sec. II we present the experimental setup. In Sec. III we
report tests of the setup for a simple Newtonian fluid, a
dilute Brownian suspension, showing that its microscopic
dynamics are correctly captured both at rest and under
shear. The local shear rate obtained by optical measure-
ments is successfully compared with that imposed by the
rheometer. In Sec. IV we first discuss possible applications
of the method introduced here. We then provide a specific
example by investigating the microscopic dynamics and
the mesoscopic deformation of a biogel during shear start-
up. Section V concludes the paper with a few final remarks.

II. EXPERIMENTAL SETUP AND IMAGE
PROCESSING

A. Setup

Figure 1 illustrates the experimental setup. A commer-
cial stress-controlled rheometer (Anton Paar MCR 502)
is coupled to a custom-made wide-angle-light-scattering
(WALS) apparatus. The rheometer is equipped with a
plate-plate geometry with temperature control. The bottom
plate is fixed and made of float glass to let the illuminat-
ing laser beam pass. The top plate, with radius 25 mm,
is the rotating one. As discussed in the following, it is
vital to minimize any back reflection from the upper plate.

Top y Top plate
view ND filter «_
Sample <
Bottom plate <
X
Beam
Laser
shaper

To this end, we glue an absorptive neutral-density (ND)
filter (from Edmund Optics, optical density 3.0, diameter
50 mm, thickness 3 mm) to the steel plate (Anton Paar
part PP-50) of the rheometer. To allow easy replacement
of the filter (e.g., when the optical quality of its surface
is degraded by use), we use fused saccharose as a glue.
The steel plate and the ND filter are placed in an oven
at 7= 100°C. The sugar is mixed with a small amount
of water and heated so as to obtain a light-brown caramel
with low viscosity at 7~ 160 °C. The caramel is poured
on the hot plate and the ND filter is glued to the plate.
Excess caramel is removed by our gently rotating the ND
filter. After cooling, a thin layer of nail polish is applied on
the rim of the ND filter—plate assembly to prevent water
from penetrating into the solidified caramel when the ND
filter is being cleaned. To unglue the filter, the nail polish
is removed with acetone and the tool is immersed in hot
water.

In the plate-plate geometry used here, the shear defor-
mation y and the shear rate y vary linearly from zero
(at the plate center) to a maximum value (at its edge).
For a point at distance » from the rotation axis, one has
y = Or/H and y = wr/H, respectively, with H the gap
between the plates, ® the angular rotation of the upper
plate, and w = d® /dt its angular velocity. Similarly, the
shear stress o is not uniform, but rather varies radially
as o = 2T/nr, where T is the torque. For highly scatter-
ing samples (DWS regime), backscattering from the upper
tool is not an issue: in this case, one can safely use a con-
ventional plate (glass or metal), or even a cone-and-plate
geometry, which ensures constant y, y, and o over the
whole sample.

z Top y
y view
T X
X

M, M,

FIG. 1. The wide-angle-light-scattering setup coupled to a rheometer. The incoming laser beam (gray lines) is expanded by a beam
shaper. The mirror M; sends the beam to the sample, which is confined between the bottom plate of the rheometer and a ND filter
glued to the top plate. The lens L; controls the size of the illuminated sample. The mirror M, collects the light backscattered from
the sample (green and orange lines), sending it to the camera. The lens L, makes an image of the sample on the camera sensor. The
iris diaphragm (DPG), placed in the focal plane of L,, controls the speckle size. The laser-line filter F cuts out ambient light. Images
are acquired and processed by a personal computer (PC). The optical elements are not to scale. The two insets show as gray disks the
size and location with respect to the rheometer plates (white circle) of the largest (left) and smallest (right) illuminated sample region,
depending on the choice and positioning of L;. Throughout this paper, we use a reference system with the (x,y) plane at the interface
between the bottom plate and the sample and the tool rotation axis as the z axis, oriented upward.
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The WALS setup can be divided into two parts. The
first part is composed of a laser source and optical
elements that shape the illuminating beam. The laser
is a single-frequency cw diode-pumped source (Cobolt
Samba™ 150, part number 0532-04-01-0150-500) operat-
ing at an in vacuo wavelength A = 532 nm and a maximum
power of 150 mW. The collimated beam exiting the laser
(1/€* diameter of 0.7 mm) is first expanded and then
focused on the first mirror (M; in Fig. 1) by a beam-
modifier module consisting of two diverging lenses (the
first planoconcave with focal length —12.5 mm and the
second biconcave with focal length —6.3 mm, both with
a diameter of 6.35 mm) and a converging planoconvex
lens (diameter 25.4 mm, focal length 62.9 mm). The hor-
izontally propagating beam is reflected toward the sample
by the broadband dielectric mirror M, tilted by 35° with
respect to the horizontal plane. Before reaching the sample,
the beam passes through the convex lens L;, which allows
the size of the illuminated sample to be controlled. Two
different biconvex lenses are used as L;. A lens with focal
length f; = 38.1 mm and diameter 25.4 mm is used to
illuminate almost the entire 50-mm-diameter sample (see
the left inset in Fig. 1), while a lens with f; = 100 mm
and diameter 50.8 mm allows a smaller region, of diam-
eter 1030 mm to be illuminated (see the right inset in
Fig. 1).

The second part of the WALS setup forms an image of
the illuminated sample on the sensor of a CMOS camera
(acA2000-340 km from Basler AG) using the backscat-
tered light. The directions of the incident and backscat-
tered light are chosen so as to avoid collection of the
specular reflection from the rheometer plates. The sen-
sor has a matrix of 2048 x 1088 pixels, with a pixel size
of 5.5 um. A personal computer equipped with a frame
grabber (Solios eV-CLF from Matrox) is used to control
the camera and acquire images through custom-written
software. A laser-line filter (F) is placed in front of the
camera to reduce the contributions from ambient light. The
backscattered light is first collected by a second broad-
band dielectric mirror (M;) placed below the sample and
oriented at 45° with respect to the horizontal plane. The
convex lens L, is used to form the image of the sample
on the camera. Two different lenses L, are used, depend-
ing on the size of the illuminated region. When the entire
sample is illuminated (f; = 38.1 mm), a planoconvex lens
with focal length f, = 85 mm and diameter 50.8 mm is
used, yielding magnification M = 0.126. When illuminat-
ing a smaller portion of the sample (f; = 100 mm), we use
a biconvex lens with f; = 200 mm and diameter 25.4 mm,
corresponding to M = 1.422. An iris diaphragm (DPG)
is placed in the front focal plane of L;: its aperture con-
trols the speckle size, which is chosen to be on the order
of the pixel size [81]. The whole WALS setup is placed
under a box made of black paper to minimize temperature
fluctuations and to protect the setup from ambient light.

In the imaging configuration used here, a given speckle
of size s on the sensor results from the interference of
light issued from a small sample volume, of lateral size
s/M and depth equal to the gap H. By calculating inten-
sity correlation functions averaged over small subsets of
the image (regions of interest, ROIs), one can measure the
local dynamics and check for any spatial heterogeneity.
The WALS setup is characterized by an average scattering
angle & = 170° &£ 1°, corresponding to a scattering vector
g =4mni"'sin@/2 ~ 33 um~! for water-based samples,
with refractive index n = 1.33. Note that g varies slightly
with the location in the sample, because both the illumi-
nating beam and the collected backscattered light form an
x- and y-dependent angle with the z axis (see Fig. 1). We
discuss this dependence later; however, we anticipate that
in most experiments it has no significant impact on the data
analysis.

B. Intensity correlation functions

Simultaneously to the rheological experiments, a time
series of speckle images is acquired either at a constant
rate, typically 1-25 Hz, or with the time-varying scheme in
Ref. [82]. The images are saved on a hard disk for subse-
quent processing using the time-resolved-correlation [83]
method, yielding two-time intensity correlation functions.
In brief, the images are corrected for the uneven illumina-
tion and dark background as explained in Ref. [84] and
a local, two-time degree of correlation ¢; is calculated
according to

(L (DL, (t+ 1))
(L (O)elly (t+ 1))

where B 2 1 is a normalization factor chosen such that
ci/(t — 0) =1, I, (1) is the time-dependent intensity mea-
sured by the pth pixel, T is a time delay, and (---), is
an average over the pixels belonging to a ROI centered
at the position r = (x,y) (see Fig. 1 for the choice of
the reference system). For stationary dynamics, the pre-
vious expression may be averaged over time to improve
statistics, yielding the intensity correlation function

& -1

c/(t,t,r) =B

(1

)

ar(r r)_1:< Ly (D1 (1 + T))x >

(L, (O) el (14 T))r

with (- - - ); the average over time. The intensity correlation
function is directly related to the intermediate scattering
function f (q, T) by the Siegert relation [6], g — 1 = f 2.
The intermediate scattering function quantifies the micro-
scopic dynamics projected onto the scattering vector:

() s expl=ia - (50 = ru(0)])

/@0 = ;
(3 s expl—ia - @ ©) — e O)])

(€)

034073-4



COUPLING SPACE-RESOLVED DYNAMIC LIGHT SCATTERING...

PHYS. REV. APPLIED 11, 034073 (2019)

where the double sum runs over all particles in the scat-
tering volume associated with the ROI analyzed and the
angle brackets indicate an ensemble average. To achieve
sufficient statistics, the ROIs must contain a large-enough
number of speckles. The typical lateral size of the ROI (50
pixels) corresponds to 200 um to 2.4 mm in the sample,
depending on M. This sets the level of coarse graining with
which local dynamics are measurable.

III. TEST ON A NEWTONIAN SAMPLE

A. Brownian suspension at rest

We first test our setup on a dilute suspension of col-
loidal particles, for which we expect Brownian dynamics
at rest and Newtonian rheological behavior under shear.
The suspending solvent is a mixture of 40% (v/v) Milli-
Q water and 60% (v/v) polyoxyalkylene glycol (Emkarox
HV 45-LQ-CQ, Croda Chocques SAS), for which we mea-
sure a Newtonian viscosity 1 = 5.5Pas. A solvent with
such a high viscosity is chosen to slow down the Brownian
motion and to ease the measurements with the CMOS cam-
era, whose acquisition rate (a few tens of hertz at most) is
much lower than that of the single-element detectors used
in conventional DLS (up to tens of megahertz). Two kinds
of particles are used, at a volume fraction of 0.004% so as
to be in the single-scattering regime. Polystyrene particles
with diameter 2R = 105 & 4 nm are obtained from Micro
Particles GmbH, while fluorescent polystyrene sulfate par-
ticles with 2R = 190 % 4 nm are obtained from Molecular
Probes. The fluorescent emission is cut by the laser-line fil-
ter placed in front of the camera such that our experiments
are sensitive only to scattered light, not fluorescent light.

We first discuss the dynamics at rest. The black squares
in Fig. 2 show g, —1 for the particles with 2R =
190 nm measured with a transparent quartz upper plate
(PP43/GL-HT from Anton Paar). Surprisingly, the cor-
relation function exhibits a two-step decay. This is in
stark contrast with expectations for a dilute Brownian
suspension, for which f (¢, 7) = exp(—Dg’7) [6], with a
characteristic decay time 1/Dg* = 2.4 s for our sample,
where D = kpT/(6mnR) is the particle diffusion coeffi-
cient, kg is Boltzmann’s constant, and 7 is the absolute
temperature. Tests with different kinds of particles and
upper plates suggest that the slower relaxation mode may
be due to the (partial) reflection of the incoming beam at
the sample—upper plate and upper plate—air interfaces (see
the blue and red optical rays in Fig. 3). These reflected
beams propagate back in the sample. Thus, the sample is
effectively illuminated by two nearly counterpropagating
beams, which implies that the detector receives simulta-
neously light scattered at two distinct angles, correspond-
ing to backscattering and forward scattering, respectively.
More precisely, the CMOS camera receives light backscat-
tered at an angle 6y ~ 170° (from particles illuminated by
the upward-propagating incident beam, shown in gray in

= Quartz plate
Stainless-steel plate

° with ND filter ]

1.04
0.91
0.8 -
0.71
0.6 -
0.51
0.4 -
0.31
02
0.1
0.0-

92'1

0.1 1 10 100 1000

7 (s)

FIG. 2. Intensity correlation functions for a dilute suspension
of Brownian particles (2R = 190 nm) at rest. Black squares and
red circles are data obtained with a transparent quartz plate or
an absorptive ND filter glued to a stainless-steel plate as the top
rheometer tool, respectively. The lines are fits to the data with a
double exponential decay, Eq. (4). Two distinct modes are seen
with the transparent plate, due to the back reflection of the incom-
ing beam, as detailed in the main text and shown in Fig. 3. The
expected single exponential decay is recovered when the ND fil-
ter is used, which absorbs the incident beam at the top plate and
avoids any back reflection.

Fig. 3) and light forward scattered at an angle 0g &~ 10°
(from particles illuminated by the downward-propagating
beam; see the optical rays indicated in red and blue in
Fig. 3). Since the reflection coefficient is on the order of
a few percent, the intensity of the downward-propagating
back-reflected beam is much less than that of the primary
incoming beam. One might then think that the forward-
scattering contribution should be negligible. However, col-
loidal particles with diameter of a 100 nm or more scatter
light much-more efficiently in the forward direction than
in backward direction, thereby compensating for the lower
power of the downward-propagating illuminating beam.

To quantitatively test this hypothesis, we model the
intensity correlation function as the result of two indepen-
dent contributions, which are associated with backscatter-
ing and forward scattering from Brownian particles:

22(t) — 1 = [Aps exp(—Dgi7) + Ags exp(—Dgp )T,
4

where the indexes bs and fs refer to backscattering and
forward scattering, respectively, gps and gg are the scat-
tering vectors associated with 6,3 and 6, and A, and
Ay are the relative weights of the two contributions, with
Aps + Ags = 1. The relative weight 4,, with o € {bs, fs}, is
proportional to the scattered intensity of that mode, and
hence to the intensity of the illuminating beam times the
particle form factor P(g,). Accordingly, the ratio of the
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Top plate
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Sample
n=1.41

Lower plate
=1.46

[ A -

]

Incoming To detector
beam
FIG. 3. The incoming beam impinging on the bottom plate,

passing through the sample, and hitting the upper plate. The
detector receives light backscattered by particles illuminated by
the upward-propagating beam (indicated by gray optical rays),
as well as light scattered forward by particles illuminated by
the counterpropagating rays indicated in blue and red, which
originate from the back reflection of the incoming beam at the
sample—upper plate and upper plate—air interfaces. The scheme
is not to scale; the actual values of the various angles shown
are 6; =10°£1°, 6, =68 £1° 6, =0,,=71°%1° 6, =
64°+1°,6,=10°%£1°6, =71°%1° 6, =64°+1° and
s = 170° £ 1°, 6 = 10 & 1°.

mode weights reads

Ar _ P(gr) [R™ + (1 = R¥HRT(1 — RT™)]
Abs P(qbs) ’

®)

where we indicate by R* =| (n;cosb —nycosb;)/
(n1 cos 6, + ny cos B;) | the power reflectivity of light with
p polarization impinging on the interface between two
media of refractive indexes n, np, with 6; and 6, the
angles of the incident and transmitted rays to the normal
of the interface [85]. In Eq. (5), the superscript « indi-
cates the interfaces: o = s-q refers to the sample—quartz
plate interface and similarly for the other superscripts, @
standing for air. The first term in the brackets on the right-
hand side of Eq. (5) is the contribution due to the light
reflected at the sample—quartz plate interface (blue beam
in Fig. 3), while the product of the three subsequent factors
accounts for light that penetrates the quartz, is reflected at
the quartz—air interface, and is finally transmitted through
the quartz plate—sample interface back into the sample (red
beam in Fig. 3).

We fit the data taken with the quartz upper plate with the
double exponential decay of Eq. (4) using t,s = 1 /Dqﬁs,

tts = 1/Dgk, Aps and Ag (with Aps + A = 1) as fitting
parameters. As shown by the solid red line in Fig. 2,
this expression reproduces very well the data. From the
measured values of the viscosity and 7" and using 2R =
190 nm as provided by the manufacturer, we calculate D =
3.78 x 10~* um?/s. Using the setup geometrical parame-
ters and the sample refractive index n; = 1.41, we obtain
gbs = 33.18 = 0.05 um™!, which combined with D yields
an expected relaxation time #,; = 2.40 £ 0.01 s, in very
good agreement with f,s = 2.2 s as obtained from the fit.
The relaxation time of the slower mode obtained from the
fit is 75 = 233.2 s. Using the aforementioned value of D,
we obtain gg = 3.37 um~!, implying 0 = 11.6°, in good
agreement with 6z = 10° £ 1° as calculated from the setup
geometry. The relative amplitude of the two modes is also
in fair agreement with the predictions of our simple model:
from the fit we obtain Ag/Aps = 0.53, to be compared
with 0.62 & 0.01 obtained from Eq. (5), with the values of
the refractive indexes and angles given in the caption for
Fig. 3 and P(¢s)/P(qps) = 13.23, as obtained from Mie
scattering theory [86] with use of the free package MiePlot
[87]. R*? = 0.22% < R*? = 4.47%, such that the most-
important contribution to forward scattering is that due to
the reflection at the upper plate—air interface (red ray in
Fig. 3) rather than at the sample-plate interface (blue ray).

Our analysis explains well the double relaxation
observed for a model suspension of Brownian particles.
For the general case of an arbitrary sample with unknown
dynamics, the presence of the slower mode greatly compli-
cates the data analysis, since in general neither its relative
amplitude nor its time scale can be easily predicted. We
therefore modify the setup to make the contribution of for-
ward scattering negligible. As explained in Sec. Il A, this
is achieved by our replacing the quartz upper plate with an
absorptive ND filter, with refractive index nyp = 1.514,
glued to a conventional stainless-steel plate (Anton Paar
PP-50). Because the refractive index of the ND filter is
closer to that of the sample as compared with quartz, this
reduces the reflection coefficient at the sample-plate inter-
face to R°NP = 0.12%. Even more importantly, the filter
has an optical density of 3 and thus it reduces the intensity
of the ray shown in red in Fig. 3 by a factor of about 10°,
virtually eliminating the dominant contribution to forward
scattering.

Figure 2 shows as red circles go — 1 measured for the
same Brownian suspension, with the ND filter glued to the
upper plate. Clearly, the slow mode has been almost com-
pletely suppressed. Indeed, fitting with a double exponen-
tial decay [Eq. (4), black line] or imposing a single mode
[Eq. (4) with Ag set to zero, yellow line] yields almost
indistinguishable results. For the two-mode fit, we impose
ts = 233.2 s as in the experiment without the ND filter,
finding fps = 2.4 s and Ag/Aps = 0.04. The fitted relaxation
time is in excellent agreement with the expected one, while
the ratio of the amplitude modes is in fair agreement with

034073-6



COUPLING SPACE-RESOLVED DYNAMIC LIGHT SCATTERING...

PHYS. REV. APPLIED 11, 034073 (2019)

Ags/Aps = 0.016 as calculated from Eq. (5) by our replac-
ing R*? by RNP =0.12% and ignoring the subsequent
terms due to the strong attenuation of the ND filter. Fit-
ting with a single exponential yields #,s = 2.6 s, very close
to the expected value. This demonstrates that the ND fil-
ter is an effective and practical remedy against artifacts
due to back reflections: in most experiments the residual
contribution due to forward scattering can be ignored and
the data can be analyzed by assuming pure backscattering
conditions. In the following, we follow systematically this
simpler approach.

B. Sheared Brownian suspension

Having validated the measurement of the microscopic
dynamics of a sample at rest, we now discuss the case
where a sample (either solidlike or fluidlike) is sheared at
a constant rate . We then use dilute suspensions of Brow-
nian particles as reference systems to test our theoretical
analysis for the simple case of laminar shear flow with a
constant linear velocity gradient across the gap.

In general, under shear and in the imaging geometry
used here, the speckle pattern evolves as a result of two dif-
ferent mechanisms: (i) each speckle is advected due to the
circular motion imposed by the rheometer; (ii) the speckle
intensity changes due to the relative motion of the scatter-
ers. It is convenient to distinguish two contributions to (ii):
the relative motion due to a linear gradient of ¢ or y across
the gap (as for the affine deformation of an ideal solid and
the laminar flow of a Newtonian fluid, respectively), and
any further microscopic motion, due to Brownian dynam-
ics and shear-induced rearrangements (e.g., because of
plasticity in solids or hydrodynamic interactions and flow
instabilities in a suspension). For simplicity, in the follow-
ing we refer to these excess dynamics with respect to a
linear gradient of y or y as “nonaffine dynamics” for both
solidlike and fluidlike systems. The displacements corre-
sponding to the linear part of the gradient of y or y are
denoted as “affine displacements.”

Advection leads to a decay of g, — 1 on the time scale
it takes a speckle to drift over a distance comparable to
its size [80]. For a speckle at a distance » from the rotation
axis, this time scale depends on the speckle size, controlled
by the magnification M and the aperture of the diaphragm
in Fig. 1, and on the average drift velocity wr/2, where
the factor of 1/2 is because the lower plate is immobile,
while the upper one rotates at an angular speed w. As we
discuss later, the drift contribution can be corrected by
use of mixed spatiotemporal intensity correlation functions
that probe the dynamics in a reference system comoving
with the sample midplane [80]. For simplicity, however,
we start by considering the case where the affine defor-
mation and the microscopic dynamics induce a decay of
g> — 1 much faster than that due to advection, such that
the latter may be ignored.

104
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FIG. 4. Intensity correlation functions measured in four ROIs
for a sheared suspension of Brownian particles with D = 5.7 x
10~* um?/s (symbols). The ROI positions in the x-y plane are
shown in the inset, where the gray circle represents the portion
of the sample illuminated by the laser beam. In the main graph,
data for the same sample at rest are shown as black squares.
The solid lines are the behavior expected from the combina-
tion of Brownian motion and affine displacements, Eq. (10),
with no fit parameters. The dotted lines show the confidence
band of the theoretical g, — 1, due to the uncertainty on ¢, and
gy. For all ROIs, ¢ = 33.2 um~!, while the parameters used
in Eq. (10) to account for affine displacements are as follows:
for ROI 1, ¢, = —3.13£0.09 um™!, ¢, =0 um™!, B =0°,
and y = 1.36 x 1072s~!; for ROI 2, g, = —3.02 £ 0.09 um~!,
¢y =027+0.09 um™!, B =21.5°, and y = 0.98 x 107257 ;
for ROI 3, g, = —3.02 £ 0.09 um~!, g, = 0.612 £ 0.09 um~!,
B =44° and y = 1.27 x 107%s~!; for ROI 4, g = —3.02 &+
0.09 um™', g, = 0.96 £0.09 um™', B =57°, and y = 1.68 x
1072571

Figure 4 shows the intensity correlation functions mea-
sured for a dilute suspension of Brownian particles with
2R = 105 nm, for four different ROIs, while the sample
is sheared by our rotating the upper plate at a constant
angular velocity w = 1.26 x 1073 rad/s, with a gap fixed to
H = 1.05 mm. The case at rest is also reported for compar-
ison. The location of the ROISs is sketched in the inset; their
size is 50 x 10 pixels, corresponding to 2.2 x 0.4 mm? in
the sample. Clearly, shearing the sample results in a faster
decay of g — 1. The acceleration of the dynamics depends
strongly on the location of the ROI: it is negligible for ROI
1, located on the x axis, while the decay rate increases by
almost a factor of 10 for ROI 4, which has the largest y
component.

To understand this behavior, we model the decay of
the intermediate scattering function f, Eq. (3), for a sam-
ple under shear. Ignoring for the moment the contribution
due to the average advection [(i) above], we assume that
the displacements due to the affine-deformation field and
additional microscopic dynamics are uncorrelated, which
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results in the factorization

f ((I» T) =.fﬂ ((L T)f;lﬁ(q’ T)’ (6)

where the subscripts u and aff refer to the microscopic
dynamics and affine-deformation contributions, respec-
tively (a similar factorization was proposed in Ref. [88]).
For a Brownian suspension, the former is the same as for
the unperturbed sample discussed in reference to Fig. 2,
£.(q,7) = exp(—Dg?t). The latter can be evaluated fol-
lowing the approach of Ref. [75]. For a Newtonian suspen-
sion under laminar shear flow the affine displacement of a
particle with coordinates (x, y,z) over time T is A,ar(7) =
wzT\/x> +y?/H.

We start by considering particles lying on the x axis;
later, we generalize our results to particles with arbitrary
(x,y) coordinates. For particles with y = 0, Ar(t) =
v (x,y)ztu,, where we have introduced the local shear rate
y(x,y) = wy/x* +y?/H and where u, is the unit vector
along the y axis. The affine contribution to the intermediate
scattering function then reads

Jar(q, T)

N N
— ]lv<ze—[Q'Aaffrj (1) + Z e—iq~[rj (t)—l‘](t+‘r)]> ) (7)
j=1

=1

If the particle positions are uncorrelated, as in our Brown-
ian suspension, the second sum vanishes. By replacing the
average and the first sum by an integral of the exponential
term weighted by the (flat) probability distribution function
of the particle position [6], one finds

Jatr(q, T)

H .
— / e—i‘IyJ)ZTdZ = sinc (q . ﬁnyI—IT) eiq-ﬁyl)%‘f. (8)
0

The case of particles with arbitrary (x,y) coordinates is
simply obtained from Eq. (8). By replacing u, by the gen-
eral expression for the unit vector parallel to the direction
of the flow, sin i, + cos B, where the angle g is defined
in Fig. 4, one finds

Jae(q, T) = sinc |:(qx sin B + gy cos B) VTHT}

X exp |:i (gx sin B + g, cos B) )}%{r:| )

Equation (9) shows that f, depends only on the x and
y components of q. This is a consequence of the fact
that DLS probes particle displacements projected onto the
direction of the scattering vector and that affine displace-
ments occur in the (x,y) plane. Although in our setup

the z component of q is the largest one (typically, |g.| ~
33 um~! and |q./, lgy] S 3 um™Y), the contribution of
motion in the (x,y) plane cannot be ignored due to the
coupling with the shear flow.

Using the Siegert relationship, Eq. (9), and the factoriza-
tion of Eq. (6), we finally obtain the following expression
for the intensity correlation function of a sheared Brownian
suspension:

2(q,7(x,y),7) — 1 = exp(—2Dg’1)

s 2 [y(xay)tH
X sinc —

7 (g« sin B + g, cos,B)]. (10)

In writing Eq. (10) we assume that the shear does not
induce any additional dynamics, besides that due to the
affine flow field. This is justified for dilute suspensions
but may not hold at higher concentrations, where hydro-
dynamic interactions cannot be ignored.

We now use Eq. (10) to model the experimental correla-
tion functions shown as symbols in Fig. 4. To account for
the finite size of the ROIs, we integrate Eq. (10) over the
(x,y) extension of each ROI using the nominal values of all
parameters. This yields the solid lines in Fig. 4; the dotted
lines show the confidence band for the theoretical g, — 1
due to the uncertainty on ¢, and gq,. Excellent agreement is
found between the data and Eq. (10), with no fitting param-
eters, thus demonstrating the validity of our theoretical
analysis. For ROI 1, g, — 1 is very close to the correlation
function for the same sample at rest because for that ROI
gy ~ 0 and sin 8 ~ 0, such that the affine displacement
projected onto the scattering vector almost vanishes. The
slightly faster decay of the data under shear with respect to
the sample at rest is due to the finite size of ROI 1 and the
finite range of scattering angles accepted by the collection
optics, which implies that g, — 1 contains contributions of
pixels associated with small yet finite g, and sin 8 val-
ues. While for ROI 1 Brownian motion is overwhelmingly
responsible for the decay of g, — 1, for the other ROIs the
contribution of affine motion is the dominant one. The data
shown in Fig. 4 demonstrate that the contribution of the
(usually uninteresting) affine deformation may or may not
be relevant, depending on the ROI location and the rela-
tive importance of the microscopic dynamics with respect
to affine displacements. Quite importantly, Eq. (10) allows
the decay rate due to affine motion to be reliably predicted,
thus providing a means to identify any additional dynamics
(e.g., due to plastic rearrangements). As a final comment, it
is worth mentioning that for practical purposes the integra-
tion over the ROI may be avoided by direct use of Eq. (10)
and with B as a free parameter. The 8 value thus obtained
represents an “effective” angular position of the ROI that
nicely accounts for its finite size. For example, we find that
the continuous line calculated by integration for ROI 1 is
virtually indistinguishable (maximum difference less than
5 x 1073) from Eq. (10) evaluated for the center of the ROI
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and an effective B = 1.6°. The effective g is intermediate
between 8 = 0 (at the ROI center) and the maximum value
B = 2.7° (at the ROI top-left corner).

For Fig. 4 the applied rotation speed is quite low, result-
ing in a modest drift velocity of the speckles, ranging from
0.3 pixel/s for ROI 1 to 0.4 pixel/s for ROI 4. Because the
affine deformation and Brownian motion induce a decay
of g — 1 on the time scale of about 1 s (for ROI 1) or
much less (for all other ROIs), the contribution of speckle
advection is negligible. In other words, the speckle inten-
sity fluctuates much faster than the time it takes a speckle
to be advected over a distance of one pixel, thus making
the contribution of mechanism (i) discussed at the begin-
ning of Sec. III B negligible. We now explore the opposite
limit of a Brownian suspension sheared at a much higher
rate (but still under laminar-flow conditions), for which
advection cannot be ignored.

The method for correcting for speckle drift was
described in detail in Ref. [80]. In brief, a spatiotemporal
degree of correlation that generalizes Eq. (1) is calculated:

(Ip (t)lp,Ax,Ay(t + r))r
(Ip (t)>r<lp,Ax,Ay(t + T))l"

c(t,t,r,Ax,Ay) =B (11)

where the subscripts p, Ax, Ay indicate a pixel spatially
shifted by (Ax, Ay) with respect to the location of pixel p.
At fixed 7, the spatiotemporal degree of correlation typi-
cally exhibits a peak as a function of the spatial lag, whose
position (Ax*, Ay*) provides the speckle drift between
time ¢ and time ¢+ 7. The height of the peak, ¢j =
cr(t, T,r, Ax*, Ay*), represents the degree of correlation
corrected for the effect of drift (e.g., the loss of correla-
tion due only to the relative motion of the scatterers). For a
stationary drift motion, as in the experiments reported here,
cj is averaged over time, yielding an intensity correlation
function g, — 1 corrected for the drift contribution. Note
that the method introduced in Ref. [80] assumes that the
speckle pattern undergoes a rectilinear translation, while
here the speckle trajectory is circular, since the drift is due
to the rotation of the upper plate. However, for ROIs much
smaller than their distance to the center of rotation and
for small-enough drifts, the circular motion can be safely
approximated by a rectilinear drift. We find that this is
indeed the case in all the situations of practical interest.
The bottom-right inset in Fig. 5 shows the x and y com-
ponents of the speckle drift over a fixed time lag 7 = 0.04 s
as a function of time ¢. The sample is a Brownian sus-
pension sheared by our rotating the upper plate at angular
velocity w = 6.28 x 1073 rad/s, corresponding to a tan-
gential velocity of 75 &= 6 um/s (20.4 pixels/s) for the ROI
used for the data analysis (the ROI position is similar to
that of ROI 1 in Fig. 4). As expected for a ROI centered
on the x axis, Ax* is zero to within random fluctuations
due to the noise of the speckle-tracking algorithm. The y
component of the displacement is in excellent agreement

with the value expected from the imposed rotation speed
and the location of the ROI, shown by the horizontal black
line. To within the experimental noise, both Ax* and Ay*
are constant, in agreement with the fact that the imposed
shear rate is fixed. For stationary flow, the displacement
can be more-accurately measured by averaging over time.
The result is shown in the main graph in Fig. 5 for six val-
ues of t. The t-averaged displacement increases linearly
with 7, as expected for uniform motion. Moreover, a linear
fit through the origin of the data yields a drift velocity of
40 £ 1 um/s, in excellent agreement with 38 £ 3 um/s,
the drift velocity averaged over the gap as measured by
the rheometer. This demonstrates the ability of our setup
to measure the local, z-averaged flow velocity, a valuable
piece of information to detect any deviation from uniform
shear (e.g., due to wall slippage or shear banding).

The top-left inset in Fig. 5 shows the intensity corre-
lation function measured under shear. The black squares
show g> — 1 with no drift correction. The decay time is on
the order of 0.1 s. Since over that time the speckles drift
by about two pixels, comparable to or even larger than the
speckle size, we expect the drift contribution to be rele-
vant. This is confirmed by our comparing the black squares
with the red circles, which show g, — 1 corrected for
the drift [i.e., obtained by averaging cj (¢, t) over time ¢].
The decay of the corrected g, — 1 is indeed much slower.
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FIG. 5. The main plot shows rigid displacement of the speckle

pattern for a ROI centered on the x axis for a dilute Brownian
suspension sheared at a constant rate as a function of the lag ©
between pairs of images. The error bars are the rms temporal fluc-
tuations of the displacement. The line is a linear fit through the
origin, yielding a local drift velocity of 40 £+ 1 um/s. The top-
left inset shows raw intensity correlation function (black squares)
and g, — 1 corrected for the drift contribution (red circles), both
measured while the sample is being sheared. The dashed black
line is the expected g, — 1 at rest and the solid red line is a fit to
the data with Eq. (10) to account for the contribution of the affine
displacements. The bottom-right inset shows time dependence of
the x and y components of the ROI displacement over lag 7 =
0.04 s. The thick black line shows the expected value for Ay*.
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The red line is a fit to the corrected data using Eq. (10).
In the fit, all parameters are fixed to their nominal val-
ues, except B, which is allowed to vary to account for
the finite size of the ROI in the simple way discussed
in reference to Fig. 4. With 8 = 3°, excellent agreement
is obtained, showing that the relative motion of the scat-
terers can be precisely quantified even when the shear
rate is large enough to make the drift contribution signif-
icant. The inset shows also the theoretical g, — 1 for the
same sample at rest, calculated with the nominal values
D=15x10"3 um?/s and ¢ =33.2 um™!: consistent
with the high applied shear rate, we find that the relative
motion is dominated by the affine contribution, rather than
by Brownian diffusion.

IV. APPLICATIONS

In this section we first discuss the merits, limits, and
potential applications of the technique introduced in this
paper and then provide a concrete example by investigat-
ing the microscopic dynamics of a gel in a shear-start-up
experiment.

A. Potential applications

The setup described here is based on the use of a CMOS
camera as a detector. This sets a limit on the shortest time
scale T than can be probed, since the acquisition rate
typically does not exceed a few hundred hertz. Fast cam-
eras acquiring up to several thousand images per second
are available. However, in our experience the limiting fac-
tor is the exposure time, which for typical experimental
conditions in single scattering is on the order of several
tens of milliseconds or more. Hence, the shortest accessi-
ble time scale is in general around 0.1 s. Accordingly, the
technique described here is not suited for fully fluid sam-
ples unless their viscosity is quite high, as for the tests on
the Brownian suspensions presented in Sec. II1.

For measurements under shear, the limitation on Tpi,
also sets an upper limit on the highest shear rate for which
one is still able to track the drift motion of the speckles.
Equation (10) shows that, due to the affine deformation, the
intensity correlation function is modulated by a sinc? (x)
term, with u = [(yTH/2)(q. sin B + g, cos B)] [89]. To
retrieve useful information on both the local shear rate
and the microscopic dynamics, the decay of sinc (1) must
be slow enough (i.e., a significant amount of correlation
must still exist for lags t 2 tmin). Taking u = /2 as the
decay scale of sinc® u and using typical parameter values
(v = qy =3 um™', B = 1°, Tyin = 0.1 5), we estimate the
highest shear rate to be y &~ 10/H, where H is the gap in
micrometers. For a typical gap size H > 500 um, the high-
est shear rate is then relatively low, Ymax ~ 2 x 1072 571,

Arguably, the most-interesting regime to be explored in
simultaneous rheological and DLS measurements is that
where the shear-induced dynamics and the spontaneous

dynamics have comparable time scales. Thus, the setup
presented here is best suited for soft materials with slow
spontaneous relaxations, comparable to or longer than
1/9max =~ 50 s. Systems that fall in this category include
glassy or jammed materials, such as concentrated sus-
pensions or emulsions, particle or polymer gels, and
concentrated surfactant phases. These systems exhibit
spontaneous relaxations that are highly heterogeneous both
in time and in space (see, e.g., Ref. [90]), and which may
furthermore depend on sample age. Heterogeneous behav-
ior and aging are likely to persist or even be enhanced
under shear (e.g., due to thixotropy). For these systems,
we thus expect the space and temporal resolution afforded
by our setup to be particularly valuable. Scientific ques-
tions that may be addressed include the onset of flow in
yield-stress fluids, plasticity, fracture, and shear banding.
These phenomena occur in the nonlinear regime, where
rheological tests of different kinds are a priori not equiva-
lent and provide complementary information. Importantly,
the method proposed here can be applied to any rheological
shear test, regardless of the resulting deformation. Popu-
lar tests that are accessible to the setup include tests of
(large-amplitude) oscillatory shear, shear start-up and flow
cessation, creep (constant applied stress), steady shear rate,
and stress relaxation. This has to be contrasted with other
methods that cannot discriminate between affine and non-
affine microscopic displacements (such as in DWS), which
are restricted to measurements at zero deformation, as in
stress-relaxation tests, or to the stroboscopic sampling of
the echo protocol.

As a final point of great practical importance, we men-
tion wall slip. In the next section, we show that the method
proposed here can detect wall slip. To avoid slip, one can
treat chemically or mechanically the tool surfaces, but care
must be taken not to introduce spurious scattering from the
treatment. Chemical treatment is generally not an issue,
since it involves coating the plate with a thin layer of
molecules, adding a negligible contribution to the scattered
light. By contrast, roughening the plates usually results in
strong scattering, unless the refractive index of the solvent
matches that of the plates, a condition often difficult to
meet. Alternative strategies include gluing to the plate a
layer of particles that are index matched to the solvent, or
leaving a smooth area in the otherwise-roughened plate,
through which the optical beams are let in and out.

B. An example: start-up shear of a polymer gel

To demonstrate the potentiality of our setup on a system
more complex than the dilute Brownian suspension of Sec.
111, we measure simultaneously the microscopic dynamics
and the shear stress for an agarose gel [91] during shear
start-up. The gel is prepared by our mixing the agarose
powder (Sigma Aldrich A9539-10G, 1% by weight) with
Milli-Q water at room temperature. The solution is then
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heated and kept at 95°C for 15 min to allow complete
agarose dissolution. The solution is poured between the
rheometer plates, which are preheated at 95 °C and spaced
by a gap H = 1.025 mm. Silicone oil is deposited around
the plates to prevent water evaporation and the tempera-
ture is reduced to 23 °C to form the gel in sifu. Wall slip
may be prevented by treating the plates with polyethylen-
imine [92]. Here we use untreated plates on purpose to
explore the possibility of detecting wall slip by measuring
the microscopic dynamics. A frequency sweep in the lin-
ear regime (y = 0.03%) shows that the gel has an elastic
modulus of about 19 kPa, essentially independent of fre-
quency in the range 0.1 rad/s < w < 10 rad/s and more
than 30 times larger than the loss modulus. The gel is
weakly scattering, such that the experiments are performed
in the single-scattering regime. We investigate the sponta-
neous dynamics of the gel (no applied shear), as well as the
flow-induced dynamics on our imposing a constant shear
rate of 5 x 1073 s,

In the past, the spontaneous dynamics of gels were
extensively investigated by DLS. Quite generally, on short
time scales one expects g, — 1 to decay to a plateau. These
fast dynamics correspond to the thermally activated vibra-
tions of the gel strands at fixed connectivity (see, e.g.,
Ref. [93]). Their time scale (typically much less than 1 s)
is, however, too fast to be captured by our CMOS-based
setup. The gel network may also undergo rearrangements
on much longer time scales, leading to a full decay of the
correlation function, as reported for a variety of systems
[94-100], where these slow dynamics have been attributed
to the relaxation of internal stress built up at gelation
[94,101]. We thus fit the gel data to a general form that
can describe the spontaneous slow dynamics, for a gel at
rest, as well as the combination of affine deformation and
additional shear-induced dynamics, for a sheared gel:

2(q,7,7) — 1 = sinc? [W(qx sin B + g, cos ﬁ):|
x exp [—(z/t1)"], (12)

where the first term on the right-hand side accounts for
the contribution of the affine deformation, similarly to Eq.
(10), while the second term is a conveniently simple form
describing any other source of microscopic dynamics, as
well as the spontaneous slow dynamics.

The symbols in Fig. 6 show the intensity correla-
tion functions obtained for a ROI with 8 = 40° and r =
15.2 mm, corresponding to ¢, = —3.06 um~! and ¢, =
0.813 wm~!. This ROI is chosen on purpose far from the
x axis so we can measure the contribution of the affine
deformation to the decay of g, — 1. The black squares
are the dynamics at rest: g, — 1 is well fitted by Eq. (12)
with the sinc-squared term equal to = 1 (because y = 0)
and a slow, compressed exponential decay (1, = 1660 s
andp = 1.16 > 1). These dynamics are consistent with the
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FIG. 6. Intensity correlation functions for an agarose gel under

various conditions. Black squares represent dynamics at rest.
Blue triangles and red circles represent g, — 1 measured dur-
ing shear start-up at a constant y = 5 x 107 s~! and averaged
over 0 s <t <400 s and 450 s <t < 600 s, respectively. The
solid and dotted green lines show the expected decay of g — 1
due to affine displacements, with its confidence band. The other
lines are fits to g — 1 with Eq. (12). For the data taken under
shear, the top axis shows the shear increment corresponding to
the time delay shown on the bottom axis. The inset shows time
and strain dependence of the shear stress. The red line is a linear
fit through the origin. The vertical blue line shows the end of the
linear regime.

very slow compressed exponential relaxations reported for
a variety of gels, with an exponent p ranging from 1.5 at
low ¢ to values slightly larger than 1 at high ¢ [94—100].
On shear start-up, the dynamics accelerate dramatically, as
shown by the blue and red symbols in Fig. 6. The dynamics
significantly evolve over time, although the imposed shear
rate is constant. Indeed, the intensity correlation function
averaged over the first 400 s of the experiment (blue tri-
angles) exhibits a decay rate about twice as fast as that
averaged over 450 s < ¢ < 600 s (red circles). Remarkably,
the change of the dynamical regime around 400450 s cor-
responds to the end of the linear regime where the shear
stress is proportional to #, and thus to y, delimited by the
vertical blue lines in the inset in Fig. 6.

To understand the nature of the microscopic dynamics
under shear, it is important to quantify the contribution due
to a purely affine deformation. We calculate this contribu-
tion by integrating the sinc-squared term of Eq. (12) over
the ROI, using for all parameters their nominal values. This
yields the green line in Fig. 6, with the dotted lines indicat-
ing the confidence band due to the uncertainty on g, and g,,.
In the initial regime, ¢ < 400 s and y < 2%, the dynamics
are faster than those expected for a purely affine defor-
mation. This indicates that, although the mechanical gel
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response is linear, nonaffine displacements must be present
in addition to the affine deformation. We fit g, — 1 to Eq.
(12), fixing the contribution due to the affine deforma-
tion to that calculated by integrating over the ROI (green
line in Fig. 6) and using ¢#; and p as free parameters. The
pink line shows the best fit, with #{ = 53.8 sandp = 1.71.
Except for 7 < 20 s, where the fit slightly underestimates
the decay of the correlation function, Eq. (12) reproduces
very well the relaxation of g, — 1. The fitted decay time
is 30 times shorter than for the gel at rest and about 2
times shorter than the contribution due to affine deforma-
tion alone. The stretching exponent p is larger than 1, and
is larger than that at rest.

One possible explanation for the observed dynamics
is that the external stress accumulated as the sample is
sheared triggers rearrangement events similar to those
observed in the sample at rest, where they originate from
internal stress. Another possibility is that the nonaffine
dynamics are not due to irreversible plastic restructuring,
but rather are due to deviations in the local response of the
gel to that of a homogeneously elastic material, due to the
heterogeneous structure of the gel. Indeed, shear-induced,
nonaffine microscopic dynamics observed in the small-y
regime of other gels [21,34,102] have been attributed to
spatial fluctuations of the elastic modulus [67,68], rather
than to plastic rearrangements.

Further insight into these dynamics may be gained by
inspecting their time evolution. We find that the nonaffine
dynamics of our gel exhibit strong temporal fluctuations.
This is seen in Fig. 7, where we show the degree of corre-
lation ¢; between speckle images taken at time ¢ and time
t+ 7 [see Eq. (1)] for a fixed time lag t = 60 s and as
a function of ¢, + = 0 being the shear-start-up time. The
solid green line is the behavior expected for a purely affine
deformation, with no additional dynamics. In this case, ¢,
would be equal to 1 for # < —60 s because both images
are taken while the sample is at rest. The degree of cor-
relation would progressively decrease for —60 s < ¢ < 0,
because the first image of the pair is taken while the sample
is at rest, while the second one corresponds to an increas-
ingly deformed sample configuration. Finally, for > 0 s,
¢y would reach a steady-state value since the sample defor-
mation over the time lag separating the two images is
constant. The experimental ¢; is shown by the black line:
it strongly deviates from the ideal behavior of purely
affine dynamics. For # <400 s, ¢; is significantly lower
than the value expected for affine deformation, indicat-
ing additional nonaffine motion, as already inferred from
the average dynamics. However, the degree of correlation
strongly fluctuates, revealing bursts of enhanced dynamics
(lower c;) that last several tens of seconds. These fluctua-
tions are not due to noise measurement, whose typical rms
amplitude is much smaller, on the order of 0.01, as seen
from the ¢; trace before shear start-up (Fig. 7, t < —60 s).
They reveal the discontinuous nature of the microscopic

— Experimental data
— Affine decorrelation

t=60s
Ay = 0.30%

100 200 300 400 500 600
t(s)

FIG. 7. Degree of correlation at a fixed lag © = 60 s (corre-
sponding to Ay = 0.3% under shear) as a function of time, with
t = 0 the shear-start-up time. The green lines show the expected
value of ¢; and its confidence band if only affine displacements
were present. The solid blue lines mark the start and end of
the linear regime. The dashed lines indicate when the two-time
degree of correlation starts to be sensitive to the change of regime
indicated by the solid vertical line positioned 60 s later. The
bottom panel shows the shear deformation as a function of time.

dynamics under shear and may hint at discrete events
similar to those responsible for the “avalanches” seen in
simulations and experiments on driven amorphous, glassy
materials [103—105], and polymeric and colloidal gels
[106,109]. The experiments described in Refs. [104,105]
reported signatures of a nonmonotonic evolution of macro-
scopic quantities (the stress or the deformation). Here, for
t <400 s the stress evolution does not exhibit any devi-
ation from a monotonic, linear behavior (see the inset in
Fig. 6). Most likely, this is due to the size of our sam-
ple, which is much larger than the system size in Refs.
[103—105], thereby averaging out more effectively the
macroscopic quantities measured by the rheometer. This
highlights the interest in space-resolved measurements,
such as those afforded by dynamic light scattering in the
imaging geometry.

For 450 s <t <600 s, the degree of correlation is
significantly greater, surprisingly exceeding the value
expected for the affine contribution. This indicates that
on the time scale probed the particle displacement is
smaller than the affine component (i.e., the gel is actually
deformed less than expected from the applied shear rate,
at least in the ROI probed). Inspection of the full corre-
lation function averaged over the same time interval (red
circles in Fig. 6 corroborates the finding that the micro-
scopic dynamics strongly deviate from those expected for
affine deformation. The decay of g, — 1 is less steep than
that of the sinc-squared term: at 7 < 20 s it is close to
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that measured at the beginning of the shear start-up, but
at larger v g — 1 lies above the green line calculated
for affine motion, thus confirming smaller-than-expected
particle displacements.

The only-possible explanation for the behavior observed
for t > 450 s is the existence of shear localization, most
likely due to wall slip, such that a sizable fraction of the
gel is indeed deformed less than if the gradient of deforma-
tion were uniform across the gap. To test this hypothesis,
we compare the z-averaged ROI drift with that expected
for an affine deformation. This comparison cannot be per-
formed on the same ROI as in Fig. 6. Indeed, that ROI is
chosen far from the x axis to make the microscopic dynam-
ics easily measurable. As a result, go — 1 decays relatively
rapidly, on a time scale of at most 100 s. The expected ROI
drift over 100 s is a mere 0.05 pixel. Thus, the speckle pat-
tern fluctuates too rapidly for the drift to be measurable.
To make the contribution of affine deformation vanish, we
need to analyze a ROI on the x axis, for which the sinc-
squared term in Eq. (12) is approximately 1, the decay of
g> — 1 is much slower, and the drift is measurable.

Figure 8 shows the drift for such a ROI, positioned on
the x axis (8 =0, g, =0 um™"), at the same distance
r =152 mm from the tool center as the ROI in Fig. 6
so that the locally imposed shear rate is the same. The
black and red lines are the x and y components of the
drift over T = 150 s, one of the shortest delays for which
the ROI displacement can be reliably measured. The solid
vertical blue lines mark the beginning and the end of the
linear regime, as in Fig. 6. The dotted lines are positioned
150 s before the solid lines and indicate the time at which
the the two-time displacement starts to be sensitive to the
change of regime marked by the following vertical solid
line. The green line shows the displacement Ay* calculated
for a purely-affine-deformation field. For # < —150 s, one
expects Ay* = 0 since the displacement is calculated for
pairs of images of the sample at rest. For > —150 s, Ay*
should evolve linearly toward its steady-state value since
the second image of the pair is taken for an increasingly
deformed sample configuration. The steady state should be
reached at ¢ = 0 s, beyond which both images used to mea-
sure the displacement are taken while the sample is being
sheared at a fixed rate. Throughout the experiment, Ax*
should be null because g = g, = 0.

At the very beginning of shear start-up, Ax* and Ay*
appear to be consistent with affine deformation, as seen
from comparison of their trend with that expected in the
range —150 s < ¢ < 0 s. However, larger-than-expected
displacements for both components are seen for # > 0 s,
in a regime where the macroscopic rheology is still linear.
In this regime the microscopic dynamics exhibit fluctu-
ations and deviate from a purely affine deformation (see
Fig. 7). Large fluctuations of both Ax* and Ay* are seen
for ¢ 2 400 s. In this regime, not only is the behavior of the
displacement inconsistent with an ideal affine deformation,
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FIG. 8. The x and y components of the displacement of a ROI
located on the x axis over a time lag of 150 s (corresponding
to Ay = 0.75% under shear) for the same shear-start-up experi-
ment as in Figs. 6 and 7. The solid vertical blue lines indicate the
time at which shear starts and the end of the rheological linear
regime, respectively. The dashed vertical lines indicate when the
displacement calculated between pairs of images taken at time ¢
and time ¢ + 7 starts to be sensitive to the change of the rheolog-
ical regime (beginning of the shear and end of the linear regime).
The thick gray and green lines are the expected behavior of Ax*
and Ay* for a purely affine deformation. The bottom panel shows
the macroscopic shear deformation as a function of time.

it is also incompatible with simple plug flow, which could
be expected, for example, if a neat fracture were formed in
the horizontal plane. Indeed, in this case the largest mea-
surable displacement would correspond to a gel detached
from the static bottom plate and attached to the rotating top
plate. For the ROI investigated here, this would correspond
to Ax* = 0 and Ay* twice as large as for ideal affine defor-
mation. The strongly intermittent behavior seen in Fig. 8,
with displacements well in excess to those predicted for
simple plug flow, rather points to a chaotic flow behav-
ior, where bursts of motion relax the stress progressively
built by the continuous rotation of the upper plate. These
events must involve the correlated motion of large por-
tions of the sample, in a process intriguingly reminiscent
of stick-slip. Indeed, Fig. 6 shows that in this regime the
relative motion of the gel network is small. Collectively,
the space- and time-resolved data in Figs. 68 show that
from the very onset of shear start-up the local deformation
and the microscopic dynamics strongly deviate from affine
deformation. The large temporal fluctuations of both the
microscopic dynamics and the mesoscopic displacement
suggest that these deviations are due to a series of rear-
rangement events associated with shear localization, rather
than to the continuous (nonaffine) deformation of a pristine
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sample. The proliferation of these events for ¢ = 400 s
explains the softening of the gel measured by rheometry.

It is worth mentioning that the detection of shear local-
ization would not have been easy on the basis of only the
rheology data. Indeed, from a rheological point of view,
the change of slope seen in the inset in Fig. 6 could also
be due to extensive plastic activity that softens the gel. The
absence of a stress overshoot, usually seen in shear start-up
of gels [102,107—109], might suggest wall slip. However,
the only way to unambiguously discriminate between the
various possible origins of the shear versus strain behavior
in Fig. 6 would be to repeat the measurement using differ-
ent gaps H, since any gap dependence of the mechanical
response would point to wall slip or banding. By contrast,
our setup allows easy and quick detection of heteroge-
neous flow, a great advantage especially for the nonlinear
regime of complex systems, where reproducibility may be
an issue.

The issue of heterogeneous deformation and flow in gels
and glassy materials has been addressed in a large number
of studies. Magnin and Piau [110] visualized heteroge-
neous flow by observing the deformation of a vertical line
made with powder deposited on the rim of a gel loaded in a
cone-and-plate rheometer. Although this ingenious method
allowed them to detect slip and nonhomogeneous strain,
their experiment lacked spatial resolution and probed only
the surface of the gel. Wall slip has also been inferred in
DWS echo experiments probing the steady-state behav-
ior under oscillatory strain of a colloidal gel [111], but
with no spatial or temporal resolution. Heterogeneous flow
in gels and other soft materials has been measured by
heterodyne DLS [78], NMR imaging [112], and ultra-
sonic imaging [109]. Compared with the method proposed
here, these techniques are less-easily accessible (in the
case of NMR imaging), require time averaging and afford
limited spatial resolution (for heterodyne DLS), or probe
only a portion of the sample (ultrasonic imaging). Even
more importantly, they probe only the (local) flow veloc-
ity, while a key feature of the method introduced here
is the ability to quantify the microscopic dynamics on
length scales comparable to ¢! as small as a few tens of
nanometers. In this respect, the only method with compa-
rable capabilities is microscopy coupled with rheometry.
The distinctive features of scattering versus microscopy
were been mentioned in Sec. I: here, we simply recall
that space-resolved DLS allows a centimeter-sized field
of view while detecting motion with submicron resolu-
tion and has far-less-stringent requirements on the sample
optical properties as compared with microscopy.

V. CONCLUSION

We present a homemade dynamic light scattering setup
coupled to a commercial rheometer. Because of the use
of a two-dimensional detector in an imaging geometry,

the setup allows one to measure the microscopic dynam-
ics with both spatial and temporal resolution. Although
the scattering vector is oriented mainly along the vertical,
or flow-gradient, direction, q also has a small component
in the flow-vorticity plane. As a consequence, the inten-
sity correlation function contains a contribution due to the
affine deformation. We show that this contribution can be
reliably calculated and factored out from the experimen-
tal g, — 1. In other apparatuses that use DLS or XPCS
under flow [72,75] in the far-field limit, the decay of the
correlation function is accelerated by a third contribution,
stemming from the fact that sample material continuously
enters and leaves the scattering volume, which is therefore
completely renewed after some time. In our space-resolved
apparatus, this contribution is minimized by our following
the average displacement of a ROI using mixed spatiotem-
poral correlators. Additionally, these correlators allow the
local flow velocity (averaged over the gap) to be measured,
a valuable tool for checking for flow heterogeneities.

In this paper, we present measurements in the DLS
regime. Single-scattering conditions are more demand-
ing than the strong-multiple-scattering regime probed by
DWS, since stray light reflected by the optical interfaces or
scattered by any imperfection in the optics is likely to be
comparable in intensity to or even more intense than light
scattered by the sample. In this respect, it is mandatory to
reduce as much as possible forward scattering originating
from the reflection of the incident beam on the upper plate.
We propose and demonstrate a simple way to address this
issue by gluing a ND filter to the upper plate.

The apparatus described here can also be used for space-
resolved DWS in the backscattering geometry. In this
case, the ND filter is not required, since light propagating
through a multiply scattering medium is strongly attenu-
ated: the intensity of the transmitted beam reaching the
upper plate is then negligible. For the same reason, the
adoption of a plate-plate geometry, which is compulsory
for DLS, is not needed for DWS. One could safely trade
it for a cone-and-plate geometry, which is more appeal-
ing from a rheological point of view because it ensures
constant stress and strain throughout the sample. Multi-
ple scattering intrinsically reduces the spatial resolution
of the setup because photons emerging at a given point
will have propagated through a finite portion of the sam-
ple. However, the lateral size of this region is comparable
to the sample thickness, which is typically on the order
of 1 mm, which is usually comparable to or smaller than
the size of the ROIs over which g, — 1 has to be aver-
aged. Thus, in practice, space-resolved DWS will have a
resolution comparable to that of DLS.
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