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X-Photon Correlation Spectroscopy investigation of ¢-dependent dynamical
heterogeneity in a colloidal gel
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We use time-resolved X-Photon Correlation Spectroscopy to investigate the slow dynamics of col-
loidal gels made of moderately attractive carbon black particles. We show that the slow dynamics is
temporally heterogeneous and quantify its fluctuations by measuring the variance x of the instanta-
neous intensity correlation function. The amplitude of dynamical fluctuations has a non-monotonic
dependence on scattering vector ¢, in stark contrast with recent experiments on strongly attractive
colloidal gels [Duri and Cipelletti, Europhys. Lett. 76, 972 (2006)]. We propose a simple scaling

argument that rationalize these findings.

PACS numbers: 64.70.Pf, 82.70.Gg, 82.70.Dd

Understanding the dramatic slowing down of the dy-
namics in systems undergoing a glass transition is one
of the key problems in condensed matter and statisti-
cal physics [[f. In recent years, research efforts have
focussed on the role of dynamical heterogeneity: as the
glass transition is approached, the dynamics becomes in-
creasingly correlated in space, since rearrangements are
possible only through the cooperative motion of “clus-
ters” of particles [E, H, @] This cooperativity leads to
strong temporal fluctuations of the dynamics. Indeed,
because of dynamical correlations, the number of statisti-
cally independent objects in the system becomes smaller
than the number of particles, thus leading to enhanced
statistical fluctuations.

Numerical simulations have tested these features on a
wide variety of systems [@] Experimental work, by con-
trast, is much more scarce, because probing the dynam-
ics with the spatial and temporal resolution needed to
highlight their heterogeneous nature is an arduous task,
especially for molecular glass formers [E, E] The slow
dynamics of colloidal systems, foams and granular ma-
terials share intriguing similarities with those of glass
formers [E], including dynamical heterogeneities. These
are experimentally more accessible than in molecular sys-
tems, since the relevant time and length scales are larger.
Various techniques have been used to characterize them,
from direct space measurements [ﬂ, ﬂ, E] to novel scat-
tering methods that probe the temporal fluctuations of
the intensity correlation function [E, E, @, @

Valuable information on the physical origin of the aver-
age dynamics is generally obtained by studying its length
scale dependence, e.g. the variation of the intensity cor-
relation function with the scattering vector ¢ in scatter-
ing experiments. Similarly, one expects to gain a better
understanding of dynamical heterogeneities by analyz-

ing their behavior at different ¢’s. Unfortunately, exper-
imental and numerical or theoretical determinations of
dynamical fluctuations as a function of ¢ are still very
scarce [ﬂ, @, @, @, E, @], leaving this issue an open
question.

In this letter, we investigate dynamical fluctuations
in colloidal gels made of moderately attractive carbon
black (CB) particles, whose interaction potential at con-
tact is of the order of few times the thermal energy,
kgT. We apply, to our knowledge for the first time,
time-resolved scattering methods to X-Photon Correla-
tion Spectroscopy (XPCS), thereby demonstrating that
the dynamics of the CB gels are temporally heteroge-
neous. Dynamical fluctuations are quantified by means of
a g-dependent dynamical susceptibility, x, similar to the
dynamical susceptibility x4 studied in simulations [@]
Surprisingly, x is found to initially increase with ¢, but
eventually to decrease at large scattering vectors. This
non-monotonic behavior is in contrast with recent low-
g measurements on diluted, strongly attractive colloidal
gels [@], where dynamical fluctuations increased linearly
with q. We propose a simple —yet general- scaling argu-
ment for the g-dependence of dynamical fluctuations in
gels and glassy systems, which reconciles these contrast-
ing findings.

Our gels are made of carbon black particles suspended
in mineral oil at an effective volume fraction ¢ ~ 6%.
The CB particles are fused fractal aggregates with a pri-
mary particle diameter of ~ 30 nm and an aggregate
diameter of ~ 500 nm. We study two gels with varying
interparticle bonding energy, U, which we control by the
addition of a double tail dispersant that grafts on the
particle surface providing steric stabilization [@} The
samples are thoroughly mixed by direct sonication be-
fore being loaded in a 1 mm cylindrical capillary. The
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FIG. 1: (Color online) Top panel, main figure: intensity cor-
relation functions at various ¢’s for a CB gel with 0.2% dis-
persant. From top to bottom, ¢ ranges from 17.1 um™! to
92.0 um™* (see label in the bottom panel). Inset: fast (71,
open squares) and slow (72, solid squares) relaxation times
obtained from a scaling analysis of go — 1. The line is a power
law fit to 71(¢) yielding an exponent —0.91 + 0.1. Bottom
panel: dynamical susceptibility x for the same ¢ vectors as in
the top panel. For the sake of clarity, not all available data
have been plotted in the two main panels.

capillary is then indirectly sonicated for about half an
hour and subsequently left at rest for 5 hours prior to
measurement, each run lasting up to 10 hours. The
dynamics of the CB gels are investigated by means of
XPCS performed at the ID10 Troika beamline at the
European Synchrotron Radiation Facility (ESRF), with
X-rays of wavelength A\ = 1.55 A. The scattered in-
tensity is recorded by a charge-coupled device (CCD)
camera, covering about one decade in scattering vector:
15 pm~! < ¢ < 150 um™*!, corresponding to distances
comparable to or smaller than the particle size. In order
to measure the average dynamics and its fluctuations, we
use the time-resolved correlation (TRC) method [[]. The
instantaneous degree of correlation between X photons
scattered at time t and t + 7 is measured according to

er(a,t,7) = (pOL(E+ 7)), / (1), (Lt +7),) -1,
where I,,(t) is the scattered intensity at pixel p and time
t and (---), is an average over a ring of pixels corre-
sponding to approximately the same magnitude of q but
different azimuthal orientations. The usual intensity cor-
relation function is ga(g, 7) — 1 = €7, where ~~~ indicates
a time average.

For a CB gel with 0.2% dispersant (estimated inter-

particle bonding energy U = 12 kgT) we find go — 1
to exhibit a two-step decay, as shown for various ¢’s in
the upper panel of fig. m (data are corrected for stray
light). Given the limited number of data points covering
the initial relaxation, we scale the data at different ¢’s
onto a master curve to determine its shape with a rea-
sonable accuracy. Fitting the initial decay of the mas-
ter curve to a stretched exponential, Aexp [—(7/71)P'],
yields p; = 1.2 £ 0.2 and allows us to extract the initial
relaxation time, 71(¢), and amplitude, A(g), on an abso-
lute scale. We find 7 ~ ¢=%21%0-1 a5 shown in the inset
of fig. . We can exclude the origin of the initial relax-
ation of go to be due to the thermally induced fluctua-
tions of the gel branches [E], which we expect to exhibit
characteristic times at least three orders of magnitude
smaller than 7. Thus, it is likely that an additional,
faster decay is present at short time lags, although it is
not accessible using a CCD detector. The nearly ¢!
dependence of 7, and p; > 1 hint to rearrangement dy-
namics driven by the relaxation of internal stress, similar
to those in other glassy soft materials (see [, [ and
references therein). The final decay of the correlation
function is approximately exponential, with a decay time
7o that is g-independent, as obtained both by a scaling
analysis and a direct fit of go. We point out that this
final relaxation is not an artifact due to setup mechani-
cal instability, as checked using a static scatterer (Vycor
glass). This behavior most probably stems from random
rare rearrangements occurring in the gel when bonds are
broken, leading to particle displacements larger than 1/q.
Indeed, in this case one single rearrangement would be
sufficient to fully decorrelate the contribution to go — 1
of the displaced scatterers. The only time scale for the
final relaxation of g5 is then the average time between
rearrangements, regardless of ¢. Assuming uncorrelated
events with Poissonian statistics, one expects an expo-
nential decay of g2, in agreement with our measurements.

To quantify dynamical heterogeneity we calculate
x(7,q) = var(cs(q,t,7)), the temporal variance of the
instantaneous degree of correlation, ¢;(q,¢,7) Rd]. The
data are corrected for the measurement noise as described
in [R1]. The bottom panel of fig. ] shows the 7-dependent
amplitude of the fluctuations: at all ¢’s, x exhibits a
peaked shape similar to that observed in other glassy sys-
tems [, [id, [, .3, i3, [i4, [, the largest fluctuations
occurring on the time scale of 7;. A similar behavior is
also observed for CB gels with no dispersant (data not
shown).

Figure E displays the g-dependence of the height of the
peak of x(7,q), x*(¢), for the two samples. For both
gels, x*(q) has a peaked shape, first increasing with ¢
but eventually decreasing at large scattering vectors. Dy-
namical fluctuations are more pronounced when no dis-
persant is added, i.e. for the gel with stronger interpar-
ticle bonds, for which the estimated U is 2 to 3 times
larger than for the sample with 0.2% dispersant. This is
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FIG. 2: Peak of the dynamic susceptibility, x*, vs ¢q for a CB
gel with 0.2% dispersant (squares) and no dispersant (circles).
Inset: same data normalized by the squared amplitude of
g2 — 1.

consistent with the intuitive picture that dynamical het-
erogeneity grows as the sample is increasingly jammed.
Indeed, we expect the size of regions that rearrange co-
operatively to be larger in gels with stronger interparticle
interactions, yielding larger fluctuations. Additionally, it
is conceivable that the relaxation process itself is more
heterogeneous in time for stronger gels, where internal
stress build-up and release is likely to be more impor-
tant, further contributing to enhanced fluctuations. In
ref. [@], X was normalized by the (g-dependent) squared
amplitude of the relaxation of go — 1, in order to com-
pare data obtained at different ¢’s. @] Here, such a
correction is affected by a large uncertainty, since the
short-time behavior of g» is not accessible to the CCD.
The height of the peak of the variance normalized us-
ing the amplitude estimated via the scaling procedure,
x* /A2, is shown in the inset of fig. E Although the data
are more noisy, the peaked shape observed in the main
plot is preserved.

The g dependence of x* found here is very different
from the one measured in low-q light scattering experi-
ments on strongly attractive gels [@], where x* ~ ¢q. A
growing trend in the low ¢ regime, although with x* ~ ¢2,
is also predicted for dynamically facilitated models, for
which x* saturates in the opposite limit ¢ — oo [B] For
a 2-D granular system [ﬂ] and a Lennard-Jones glass for-
mer [L5], a non-monotonic behavior has been reported,
with x* initially growing with ¢ but then decreasing after
peaking at a length scale comparable to the inter-particle
distance. The high-q regime has been explored for hard
spheres within the mode coupling theory in [[4], where
the amplitude of x4, a lower bound for x4, was reported
to decrease with ¢ around the peak of the static structure
factor.

In order to provide a general framework for these ob-
servations, we propose a simple scaling argument for
the length-scale dependence of dynamical fluctuations in

log x*
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FIG. 3: (Color online) Inset: schematic representation of the
rearrangement events within the scattering volume. Succes-
sive events at the same location are indicated by circles of dif-
ferent grey level. Main figure: qualitative double logarithmic
plot of the proposed g-dependence of dynamical fluctuations.
Left axis: x* (continuous line, blue); right axis: Ngy' (dashed
line, red), and N;;}, ~ V4 (dotted line, black).

glassy systems. We assume the dynamics to be due to
random rearrangement events each affecting a “blob” of
volume V;,.The fluctuations of ¢; then stem from fluc-
tuations of Nio, the total number of events needed to
decorrelate the scattered light. In determining Niqt, one
has to take into account that one single event may not
displace particles far enough to fully suppress the local
contribution to the scattered light; additionally, one sin-
gle event may affect only a portion of the whole scattering
volume. Thus, Niot ~ NpiobNev, where Npiob ~ Vie/Vo
is the number of blobs of volume V4, contained in the
scattering volume Vi, and N, is the number of rear-
rangement events that are needed, at any given location,
to relax the local contribution to the correlation function.
The inset of fig. E is a schematic representation of this
concept for Npjon, ~ 50 and Ney = 2: in this case, go — 1
decays to zero when at least two rearrangement events
have occurred at every location in the system. Given
the random nature of the events, Ny fluctuates, and so
does ¢y, with var(cy) ~ var(Niot). According to the cen-
tral limit theorem, the relative variance of Ny, —and
thus xy— is expected to scale as Nt;tl ~ (NpiobNeyv) L.

We stress that in general both Nypje, and N, are g¢-
dependent quantities. Indeed, N, decreases as ¢ in-
creases, because fewer events are needed to displace
the particles over the smaller distances corresponding to
larger scattering vectors. More specifically, we expect
Ny ~ ¢~ 2 if the particle displacements due to succes-
sive events are uncorrelated (“Brownian-like” rearrange-
ments), in which case the system’s average relaxation
time scales as 7. ~ ¢~2, since in our model the average
number of events is proportional to time. By contrast,
Ney ~ ¢ 1 if the displacement direction persists over
several events (“ballistic-like” rearrangements, for which
7. ~ ¢ 1), as found for internal stress-driven dynamics

[ﬂ, @, @] Therefore, the g-dependence of N, may be di-



rectly inferred from the average dynamics: Ney ~ 7-(q).
Note that at very large ¢ Ne, should saturate to one,
when the particles’ displacement due to one single event
exceeds 1/q, the length scale probed in a scattering ex-
periment. By contrast, there are no a priori prescriptions
on the ¢-dependence of Npjo. However, it is reasonable
to assume that the latter be an increasing function of
q, since in glassy systems rearrangements involving dis-
placements over large distances (probed at low g) are
likely to require the highly cooperative motion of many
particles, whereas smaller displacements (probed at high
q) may be achieved independently by clusters containing
just a few particles. Thus, for ¢ — 0, Ny0p is expected to
saturate at a lower bound, which may be as low as 1 when
14 is larger than the scattering volume, as observed in
[@] In the opposite limit, ¢ — oo, Nyjop should saturate
to N, the number of particles in the system.

The main panel of fig. E illustrates schematically the
g-dependence of Nb}c{b and N ;! (right axis) and that of
X* ~ (NblobNey) ™t (left axis). At low ¢, x* increases
with ¢, since N} saturates to one whereas N;! is an
increasing function of ¢, as discussed above. This is the
regime observed for the strongly attractive gels of ref. ]
(for which Npjop = 1 and x* ~ N, ~ 7,.(¢)~! ~ ¢) and
discussed, in the diffusive limit, in [E, @] At very large
q, X* tends to a constant value, because N&;b and N}
saturate to N I and one, respectively. The behavior of
the dynamical susceptibility for intermediate ¢’s depends
on the detailed interplay between Npjop, and Ney,. In fig. E
we have sketched the case where Nl;;b decreases faster
than N_,! grows, yielding a peaked shape of x*, as ob-
served in the experiments presented here.

Simulations of glass formers and experiments on 2D
granular materials suggest that x* is maximum on the
length scale of the particle size. Colloidal gels present an
additional characteristic length, the size of the (fractal)
clusters that compose them. For the gels of ref. [@], X
was shown to grow with ¢ for length scales intermediate
between the cluster and the particle size. For the CB gels
studied here, x* peaks at ¢ ~ 20 — 50 pm~! (see fig. ),
corresponding to a length scale 27/q &~ 125 — 300 nm
slightly smaller than the particle size. Collectively, these
observations suggest that the crossover length scale for
dynamical heterogeneity in colloidal gels is of the order
of the particle size, similarly to molecular glass formers
and granular materials, rather than the cluster size.

Our measurements demonstrate that XPCS may be
used to obtain quantitative information not only on the
average dynamics, but also on its heterogenous behavior.
This opens a new way to investigate dynamical hetero-
geneity in a wide variety of materials, possibly includ-
ing molecular glass formers, whose characteristic length
scales match those probed by XPCS. For the CB gels,
dynamical fluctuations increase with ¢, peak around the
inverse particle size, and decrease at larger scattering vec-
tors. This behavior and that of other systems can be

rationalized by a simple scaling argument, providing a
general framework for understanding temporal fluctua-
tions of the dynamics in glassy systems.
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