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We use multispeckle dynamic light scattering to measure the dynamic structure factor, f (g, 7), of gels
formed by aggregation of colloids. Although the gel is an elastic solid, (g, 7) nearly completely decays
on long time scales, with an unusual form, f(g, 7) ~ exp{—(7/77)*}, with u =~ 1.5 and with 7 o ¢~ '.
A model for restructuring of the gel with aging correctly accounts for this behavior. Aging leads to a
dramatic increase in 7,; however, all data can be scaled on a single master curve, with 7, asymptotically
growing linearly with age. This behavior is strikingly similar to that pregdicted for aging in disordered
glassy systems, offering convincing proof of the universality of these concepts.

PACS numbers: 82.70.Gg, 61.20.Lc, 61.43.Hv, 82.70.Dd

Disordered systems far from equilibrium typically relax
very slowly; as a result, response functions that charac-
terize equilibrium material properties behave in a highly
unusual way. If the response functions are measured over
a relatively short period of time, they sample quasiequi-
librium properties over the measurement period; however,
they can vary substantially if they are measured at a dif-
ferent time, as the material will have relaxed, or aged, to
a new state. Often, the decay time of correlation func-
tions depends on the waiting time after the system is
first quenched, t,, reflecting the aging of the material,
and complicating considerably the study of its properties.
However, aging effects are predicted to exhibit some sur-
prisingly universal features. the dynamics of the system
slow down with age, but response functions can never-
theless be scaled onto a single master curve [1-3]. The
physical picture that underlies these predictions is that
the system becomes trapped in alocal minimum of some
generic energy landscape, with the time to escape from the
deepest local minimum dominating the response functions;
this time is ultimately a significant fraction of ¢,,, leading
to the observed aging phenomena. The effects of aging on
response functions, such as the viscoelasticity, have been
studied extensively [1]; however, the consequences of ag-
ing on the dynamic structure factor, which is the most di-
rect measure of aging effects, have been explored amost
exclusively in theoretical [3] and simulation [2] work on
disordered glassy samples. While there have been some
studies of aging in colloidal glasses [4], there is a dearth
of experiments to directly test these concepts on structural
relaxation, and to test their generality and applicability to
other materials.

In this Letter, we present the results of an investiga
tion of aging of colloidal gels. There are suggestions
that colloidal gelation can exhibit similarities to the col-
loidal glass transition [5]; here we show that colloidal
gels exhibit aging behavior similar to that predicted for
glassy samples. We measure ultra-low-angle static and
dynamic light scattering (SLS and DLS, respectively) at
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many scattering vectors simultaneously, spanning almost
two decades: 100 cm™! < ¢ < 7000 cm™~! [6]. For DLS,
we take advantage of the multispeckle technique [6] to
reduce the measurement time to the longest delay in the
dynamic structure factor f(q, 7), a factor 10° to 10* less
than that required in a traditional experiment; this alows
“snapshots’ of the dynamics to be taken, thereby directly
probing the aging. We find that f (g, 7) initialy decays by
only afew percent to a plateau, as expected for agel whose
vibrational modes are thermally excited [7]. However, on
time scales of several hours, a complete decay of f(g, 7)
is observed; strikingly, thisfinal decay is faster than expo-
nential. In addition, the dynamics strongly depend on the
age of the gd r,,, with the characteristic relaxation time
7y increasing by more than 2 orders of magnitude as the
sample ages. However, 7, asymptotically becomes nearly
linear with ¢,,, and al the data can be scaled onto asingle
master curve; this is exactly as expected within the uni-
versal picture for aging. We present a model, based on
restructuring of the gel due to shrinkage, that correctly ac-
counts for this unusual behavior. These experiments offer
the first direct, full characterization of the evolution of the
structure of an aging material, and provide convincing sup-
port of the validity and generality of many of the universal
features predicted.

The gels are prepared by aggregating polystyrene col-
loids of radius @ = 10.5 nm, at volume fractions 104 <
¢ < 1073. They are suspended in a buoyancy-matching
mixture of H,O and D,0 [8], to prevent the collapse of the
tenuous network due to gravity. Aggregation is induced
by adding MgCl, to a final concentration of 16 mM. In
Fig. 1 we show thetime evolution of the scattered intensity
1(g), after initiating the aggregation of a sample with ¢ =
4.8 X 1074, From the high-¢ behavior of I(g) we de-
termine a fractal dimension d; = 1.82 immediately after
gelation, consistent with diffusion-limited cluster aggrega-
tion (DLCA) [9]. The characteristic peak in the scattering
at small ¢ is due to the relatively monodisperse size distri-
bution of clusters near gelation [8]; at early times, the shift
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FIG. 1. Static scattered intensity time evolution for a colloidal
gel with ¢ = 4.8 X 107%. Curves are labeled by the time
elapsed after initiating the aggregation. Inset: Time dependence
of the fractal dimension. Gelation occurred a ¢ = 6000 sec.

to smaller ¢ and the increase in the height of the peak re-
flect the growth of the clusters. After about 2 h, the static
light scattering stops evolving in time, indicating that a
space-filling network of interconnected fractal clusters has
been formed. The peak position ¢.,.x is related to the ra-
dius R, of the clusters forming the gel by gmax = 1/R..
The static light scattering from this gelled structure ex-
hibits little change over severa tens of hours: the peak
position is fixed and only a small growth of the intensity
for ¢ < gmax and adlight increasein d, are observed (see
inset of Fig. 1). Remarkably, however, after several days,
the very low-¢q intensity increases by a factor of 10, and
the peak almost disappears, as shown by the last two data
setsin Fig. 1. Theincreasein dy suggests that the gel be-
comes more compact [10]. Eventually, this compaction is
accompanied by the development of inhomogeneities on
large length scales, resulting in the large increase in scat-
tered intensity observed at very low ¢. Indeed, “lumpy”
regions are clearly visible by eye at the later stages.

To follow the aging of the network, we use DLS to
prabethe gel dynamics near the peak in the structure factor.
Typica results are shown in Fig. 2, where we plot f(q, 7)
for a gel with ¢ =5 X 107, measured 67 hours after
gelation. We define 1, = 0 by the gelation time, deter-
mined from the time of the arrest in the shift of the peak
of the static light scattering. The f (g, 7) exhibit an initia
decay to a very high plateau that extends for more than
two decades in 7. However, despite the solidlike rheo-
logical behavior of the gdl [7,11], at very long times, the
data exhibit an unexpected final decay, even at scattering
vectors comparable to ¢m.x, indicating that the dynamics
extend to length scales up to R... Interestingly, very little
change in the structure is detected by SLS on time scales
comparable to the relaxation times measured by DLS. The
shape of the correlation functions is quite unusual: their
decay is faster than exponential, and they depend on the
product g7. We show this by plotting the final decay of
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FIG. 2. Dynamic structure factors f(g,7) for a colloidal gel
with ¢ = 5 X 10, Fromright to left, ¢ variesfrom 249 cm™!
to 6745 cm~!. Inset: f(g,7) vs (¢7)*/2, for ¢ > Gmax.

f(g,7), for al g = qmax, logarithmically as a function of
(g7)*, with & =~ 3. As shown in the inset of Fig. 2, al

the data scale together on a straight line; therefore, for
large 7, f(q,7) = exp[—(/7)**]. A similar stretched
exponential form also describes the datafor ¢ < gmax, a-
though the quality of the data is not as good. The ¢ de-
pendence of 7, can be determined by plotting 7//7max,
where Tmax = 7r(¢max), @ afunction of the scaled scat-
tering vector g/qmax- AS shown in Fig. 3, al the data
for different times and ¢ collapse onto a single curve, a-
lowing a precise determination of the behavior. We find
7 o g 1 for g > gmax, asimplied by the scaling shownin
Fig. 2, with amuch weaker dependencefor g < gmax- The
limited frame rate of the charge-coupled device (CCD) and
the height of the plateau, which is close to unity at the
lower ¢, do not allow us to study the short time behav-
ior of f(g,7) in detail. Nevertheless, analysis of data for
gels at lower concentrations, where the plateau is lower,
shows that the initial decay rate scales as ¢2, and the
plateau height varies as exp(—¢282/6), where § is the ¢-
dependent maximum excursion of aparticlein the network,
due to thermal excitation of elastic modes [7].
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FIG. 3. Scaled final decay time of the dynamic structure factor,
Tt/ Tmax [Tmax = 7(gmax)], @ a function of scaled scattering
VECLOr ¢/ qmax, TOr colloidal gels with 107* < ¢ < 1073. The
line is a power low fit of the data for ¢ > gmax-
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The evolution in the static light scattering from the gel
is accompanied by a dramatic slowdown of the dynamics
with sample age, as shown in Fig. 4, whereweplot f(g, 7)
for a single scattering vector, g = 6756 cm™!, but for dif-
ferent ages, for a sample with ¢ = 4.8 X 10~*. Similar
behavior is observed for all scattering vectors, with the ¢
dependence of 7, preserved throughout the aging. The
relaxation time increases by more than 2 orders of magni-
tude, while the plateau preceding the final decay of f (g, 7)
becomes flatter and its height increases; this suggests that
G’ isincreasing with age as a result of the restructuring
[1,7]. However, the shape of the decay of f(g, 7) remains
essentially the same; indeed, data for different ¢, can be
scaled onto a single master curve by plotting f(g, 7) as
a function of 7/7¢, as shown in the inset of Fig. 5. This
behavior is characteristic of the universal picture for ag-
ing [2,3]. To further investigate this aging, we show the
evolution of 7, with z,, in alogarithmic plotin Fig. 5. Ini-
tialy, 7, grows nearly exponentialy, while for large 1,
the growth rate decreases, ultimately becoming approxi-
mately linear, 7 ~ ¢/, with v = 0.9 * 0.1. This behav-
ior is also characteristic of the universal picture for aging.
Thus, these results confirm that the model for aging applies
to colloidal gels, and that the universal features predicted
are observed experimentally.

Interestingly, a temporary but pronounced decrease in
7 is observed at long times, indicated by the arrow in
Fig. 5; this behavior is reproducible, and corresponds to
thefirst appearance of large inhomogeneitiesin the sample.
This suggests that the restructuring on large length scales
isaccompanied by the breaking of intercluster bonds, tem-
porarily weakening the network and increasing the decay
rate. We note that a similar weakening may also trigger the
macroscopic collapse observed for non-buoyancy-matched
gels [12].

Any model for the physical mechanism responsible
for this aging must correctly account for the unusual
g and 7 dependence of the data. The ¢! dependence
of 7, rules out diffusive motion and suggests instead
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FIG. 4. Time evolution of the dynamic structure factor at g =
6756 cm™! for a sample with ¢ = 4.8 X 107*. Curves are
labeled by the gel age 1,,.

that a drift mechanism is responsible for the decor-
relation of the scattered light, with a drift velocity
v~ (qry) 1 =5%x 1078 cmsec™! immediately after
gelation. However, we found no differences in the decay
for samples more poorly buoyancy matched and for
wave vectors paralel or perpendicular to the direction of
gravity; thus, we rule out sedimentation. We also rule out
propagation of phonons in the solid network; the resultant
glastic modulus, G’ = v?/p ~ 1071 dyne/cm?, is
many orders of magnitude less than the measured value
of G’ ~ 1073 dyne/cm?, obtained from the plateau of
f(g, 7) [7] and from mechanical measurements on similar
structures [11]. Finaly, thermally induced formation of
new bonds, or breaking of old bonds in the network would
result in a random process of rare, uncorrelated events,
which would lead to an exponential decay, and thus must
also be ruled out. Thus, a new mechanism is required to
correctly explain the observed dynamics.

To account for the unusual ¢ and 7 dependence of
f(g,7), we introduce a new model for the dynamics
based on the syneresis of the gel, the shrinking commonly
observed for polymer gels when the solvent quality be-
comes poorer and incipient phase separation ensues [13].
Syneresis would cause the gel to shrink continuously and
uniformly with time; however, adhesion to the cell walls
prevents macroscopic shrinking. Instead, the gel shrinks
locally and its inhomogeneity results in random regions
of higher deformation; because the gdl is elastic, there is
a displacement field around each of these deformations.
These inhomogeneities can then be regarded as localized
forces that deform the network. Since no externa net
force is applied, each inhomogeneity acts as a force
dipole. Thus, the displacement field AR adistance r from
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FIG. 5. Age dependence of 7, from the data of Fig. 4. The
dotted line is the fit of an exponential growth to the data for
ty < 10°s. The straight line is a power-law fit of the late
stage, yielding an exponent of 0.9 = 0.1. The arrow indicates
the temporary decrease in the relaxation time discussed in the
text. This point was not included in the fit. Inset: Scaling of
the data of Fig. 4
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an inhomogeneity of size ¢ falls off one power of r faster
than that due to a point force [14], namely as r 2. We
take AR to be proportional to the strain e(7) which would
have occurred in a time 7 if the sample were alowed to
shrink macroscopically,

AR ~ e(r)€3/r? ~ e(1)R3/r?, D

for r > ¢, and wherewe have set ¢ = R, since the frac-
tal gel isinhomogeneous up to R. and it is the largest in-
homogeneity that will dominate. To evaluate the effect of
the displacement field on the measured correlation func-
tion, we calculate the fraction of particles in the gel that
contribute scattering with time correlated intensity after a
delay 7; these are scatterers for which the displacement
islessthan ¢~ !. Particles close to an inhomogeneity will
have moved, and thus not have contributed correlated scat-
tering; therefore only particles a distance from the closest
inhomogeneity larger than athreshold value rp;,, such that
AR < ¢!, can contribute, giving

Fmin = [e(T)qR2]"/2. )

We assume that the inhomogeneities are randomly dis-
tributed with number concentration ¢, assumed to be low,
so that the probability P(ry;,) for an arbitrary point of the
gel to be at a distance larger than ry,;, from any inhomo-
geneity is

P(rmin) = eXp[_Cﬁiin = exp{—c[RCSe(r)q]3/2}, (3)

and f(q, 1) « P(rmin). Finaly, we assume that the strain
increases linearly in time, e(7) = a7, giving f(g,7) x
eXp[—(T/Tf)3/2], with 7, = c_2/3(R3aq)_1 ~q L
This form correctly captures both the ¢ and the 7 de-
pendence of the measured dynamic structure factor for
g > gmax- FOr g = gmax, the length scale of motion
required to cause decorrelation becomes longer than R,;
this requires the particles to be close to the inhomogeneity,
where the far-field dipole approximation is no longer
valid, presumably accounting for the observed change in
behavior.

Qualitative support for this picture is provided by the
experimental observation that samples prepared in round
cellswhich are gently spun, thereby detaching the gel from
the cell wall without breaking it, do indeed exhibit synere-
sis, shrinking by a factor of at least 2 in length scale. By
contrast, undisturbed samples do not shrink macroscopi-
cally, due to the adhesion of the gel to the cell walls. On a
microscopic level, the origin of the synerisisis most likely
the sintering of aggregated particles, due to the strong van
der Waals attraction acting on the relatively soft polysty-
rene colloids. Electron microscopy confirms that freshly
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aggregated particles retain their individuality, while the
particles in aged samples are fused together, resulting in
apronounced decrease in their center-to-center separation.

The observation of the age dependence of the dynam-
ics in colloidal gels confirms that the underlying physics
does provide a very genera description of these effects
which should be applicable to awide variety of materials.
The analogies between the aging of colloidal gels and that
of many glassy materials are intriguing [5]; more experi-
ments are required to test the generality of these aging phe-
nomena. However, gelation for most colloidal particles is
disrupted by gravitational collapse [12]; thus microgravity
experiments are required to study the aging of gels made
from most other colloidal materials [15].

We thank T. Lubensky and A. Levine for early dis-
cussions, B. Kirkmayer and K. Winey for the electron
microscope images, and E. Hohlfeld for help in the mea-
surements. This work was supported by NASA (NAG3-
2284) and NSF (DMR-9971432 and DM R-9704300).

*Current address. GDPC cc 26 Université Montpellier 11,
Montpellier 34095 France.
Electronic address: |ucacip@gdpc.univ-montp2.fr

[1] L.C.E. Struik, Physical Aging in Amorphous Polymers and
Other Materials (Elsevier, Oxford, 1978).

[2] W. Kob and J-L. Barrat, Phys. Rev. Lett. 78, 4581 (1997).

[3] J.-P. Bouchaud et al., Report No. cond-mat/9702070.

[4] D. Bonn et al., Europhys. Lett. 45, 52 (1997); W. van
Megen et al., Phys. Rev. E 58, 6073 (1998).

[5] P.N. Segre and D. A. Weitz (unpublished); J. Bergenholtz
and M. Fuchs, Report No. cond-mat/9909260.

[6] L. Cipelletti and D. A. Weitz, Rev. Sci. Instrum. 70, 3214
(1999).

[71 A.H. Krdl and D.A. Weitz, Phys. Rev. Lett. 80, 778
(1998).

[8] M. Carpineti and M. Giglio, Phys. Rev. Lett. 68, 3327
(1992); M. Carpineti and M. Giglio, Phys. Rev. Lett. 70,
3828 (1993).

[9] M.Y.Lin, H.M. Lindsay, D.A. Weitz, R.C. Bdll, R. Klein,
and P. Meakin, Nature (London) 339, 360 (1989).

[10] Y. Kantor and T. A. Witten, J. Phys. Lett. 45, L675 (1984);
C. Aubert and D.S. Cannell, Phys. Rev. Lett. 56, 738
(1986).

[11] T. Gider, R.C. Ball, and D. A. Weitz, Phys. Rev. Lett. 82,
1064 (1999).

[12] N.A.M. Verhaegh et al., Physica (Amsterdam) 242A, 104
(1997); W.C.K. Poon et al., Faraday Discuss. 112, 143
(1999).

[13] E.S. Matsuo and T. Tanaka, Nature (London) 358, 482
(1992).

[14] L.D. Landau and E.M. Lifshitz, Theory of Elasticity
(Pergamon Press, Oxford, 1975).

[15] NASA program: Physics of Colloids in Space.



