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Brownian dynamics simulations of aging colloidal gels
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The aging of colloidal gels is investigated using very long duration Brownian dynamics simulations. The
Asakura-Oosawa description of the depletion interaction is used to model a simple colloid polymer mixture.
Several regimes are identified during gel formation. The intermediate scattering function displays a double
decay characteristic of systems where some kinetic processes are frozef.ré&laxation at short times is
explained in terms of the Krall-Weitz model for the decorrelation due to the elastic modes present. The
relaxation at long times is well described by a stretched exponential, showing a wide spectrum of relaxation
times for which theq dependence is,=q~ 2?2 lower than for diffusion. For the shortest waiting times, a
combination of two stretched exponentials is used, suggesting a bimodal distribution. The extracted relaxation
times vary with waiting time as,= T\?V'GG, more slowly than in the simple aging case. The real space displace-
ments are found to be strongly non-Gaussian, correlated in space and time. We were unable to find clear
evidence that the gel aging was driven by internal stresses. Rather, we hypothesize that in this case of weakly
interacting gels, the aging behavior arises due to the thermal diffusion of strands, constrained by the percolat-
ing network, which ruptures discontinuously. Although the mechanisms differ, the similarity of some of the
results to aging of glasses is striking.
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I. INTRODUCTION The properties of nonequilibrium systems as they age are
not only relevant for applications, but are also a crucial step
Like other nonequilibrium phenomena, colloidal gelationto understanding the very nature of gels. Indeed, if slow ag-
has attracted considerable interest in the last 20 years. Cadhg were not a feature of the gels, phase separations would
loids are found in many forms and are highly relevant foronly result in equilibrium phases.
industry. Muds, paints, cosmetics, and many food products The dramatic slowdown of the dynamics in gels has
are examples where understanding of colloid science is eprompted investigations into their possible link with glasses.
sential in the design of product properties. Studies can b&hile gels are usually found at lower volume fractions and
conducted over a wide range of densities, and the interaavhen strong interparticle interactions are present, colloid
tions can be finely tuned in terms of range and depth ofjlasses are usually found at high volume fractions, above
potential by altering the particle coating, solvent conditions,»=0.58, or for deep quenches. They share many properties
or solutes present. such as being out of equilibrium, nonergodic, lacking long
Importantly, under certain conditions it is possible torange order, and having slow dynamics. Since work on the
make colloid particles form a macroscopic gel. Althoughglasses and their aging is extremely topical in soft condensed
there is no universal definition, a gel is usually understood tanatter, this work will look for similarities between the aging
be a percolating viscoelastic network that has no long rangef colloid gels and glasses.
order (although it may have some local orglelout a charac- There is abundant literature on gels and on colloid poly-
teristic length scale is present; gels are usually fractals at lowner systems in particular. Asakura and Oosawa were the first
volume fractions but this is not a necessity. Common exio describe the attraction between colloid particles when
amples of colloid gels include yogurt, toothpaste, and claysnonadsorbing polymer is present in soluti@j. The deple-
The system under study here is a colloid polymer mixturetion mechanism that is responsible for this can be understood
Such systems have been known to have interesting equiliba different ways. The essential point is the presence of a
rium and nonequilibrium properties for many yegt$ they  region around the colloids from where the polymer coil cen-
are also a stepping stone to understanding the more complier of mass is excluded. When two colloid particles come
cated mixtures that make up many ordinary products: shantogether the regions of excluded volume overlap, resulting in
poo and paint are examples that involve complex polymean increase of the free volume available to the polymer, caus-
colloid mixtures. Such systems can display depletion floccuing an increase of their entropy and an overall decrease of
lation, and the resulting gels are often used as one of ththe free energy of the system. The problem can also be ana-
simplest models of weakly attractive systems due to theityzed in terms of the net osmotic pressure on a pair of col-
relative simplicity arising from the absence of charge effectsloids as they come together.
Theoretical work on the system was done by Y&8ij, who
independently rediscovered the Asakura and Oosawa model,
*Electronic address: rimd2@phy.cam.ac.uk and demonstrated the presence of spinodal instability in the
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system. Gaset al. treated the polymer as a perturbation to  Experiments on the dynamics of colloidal gels have been
the hard sphere results, thus producing the first phase digerformed by Krall and Weitg23] for the short timelor 3,
grams[4,5]. Lekkerkerkeret al. [6] used a free volume ap- see below relaxations. They also presented a model for the
proach to treat this problem while Djikstret al. formally  elastic modes present in a fractal gel, from which the mean
integrated out polymer degrees of freedpr. It has been squared displacements of strands constrained by the network
shown that for size ratios below=0.154 there can be no can be calculated. Working on gels at densities comparable
three-body interactions and that the two-body Asakurawith this work, Romeret al. [24], showed that the predic-
OosawaAO) potential can therefore be an adequate descriptions of this model held even for nonfractal structures.

tion. A review of the details of the different approaches to the Both short and long time scale dynamics were observed
colloid polymer system can be found[if]. It is importantto by Solomon and Varaddr5] in their study of adhesive col-
note that the depletion potential gives well controlled sysoids at low volume fractions and for interparticle interaction
tems where the interparticle interaction potential well is usu-strengths close to that used in this work KTI). The Krall-

ally in the range of (1-1®T, very different from emul- Weitz model was used at short times, with a simple exponen-
sions, for example, where the interaction energy can be ofal observed at long times.

order 10®&T. A commonly calculated quantity is the intermediate scat-

Felicity et al. [8] and Lodge and Heyd®] modeled col- tering function(ISF), a time dependent correlation function.
loid gels interacting via a Lennard-Jones potential and studwhen looking at glasses and gels the self-part of the ISF will
ied their viscoelastic properti¢8,10]; Bijsterboschet al.in-  display a double decay: at short times a fast decay often
vestigated fractal colloidal gels for various interactions usingeferred to as the8 relaxation, and at long times a second
Brownian dynamics simulation methodd1]. Dickinson decay called thea relaxation. Structural arrest, brought
[12], and Bos and van Opheusdér8] have worked on stress about by increased density for hard spheres or by quenching
relaxations after shear stresses were applied. 8bgehave  for a Lennard-Jones system, leads to a wide separation of
worked on percolatiofil4] and phase transitiorjd5] in the  these time scales and the appearance of a plateau at interme-
colloid polymer system. The yielding behavior of two- diate times(see Ref[26] and references therginSince the
dimensional2D) colloid gels was investigated by Westtal.  scattering function is wave vector dependent, spatial infor-
[16]. mation can also be obtained.

Experimentally, most notable was the work of Grant and The « and B relaxations are often explained in terms of
Russel[17], Poonet al. [1], Lekkerkerkeret al. [18], and  the cage effect. For a system of purely repulsive particles, a
Verduin and Dhont{19]. An important result from all of particle is confined by its neighbors which form a cage
these works was that at moderate volume fractions<@1 around it; the particle is free to diffuse within its cage, thus
<0.4) gelation can be expected to occur for high polymersetting theg time scale. The time required for the particle to
concentrationgdeep quenchgsAlso, for ranges of interac- diffuse out of the cage is the time scale. As a system
tion of less than one-third of the particle diameter, no liquidbecomes denser, cage rearrangements become increasingly
phase formed; the liquid-gas binodal becoming metastablgifficult, causing thea relaxations to occur on longer time
with respect to fluid-solid phase separation. In light scatterscales. For systems of attractive particles, one can talk about
ing, the gelation is marked by the “freezing” of the evolution an open cage, whereby a particle would be confined to its
of the lowq peaks, demonstrating that the dynamics becomeeighbors because of the attractive forces. This also results in
arrested as the sol-gel transition is reached. two relaxation time scales. On this basis it has been argued

The following experiments are explained in more detailthat the gel transition should be described in terms of mode
since they contain the most interesting data for comparisogoupling theory(MCT) as an ergodicity breaking transition
with our simulations. Cipellettet al.[20] have produced ex- [27-3(. MCT has helped considerably in understanding su-
perimental results on the aging of polystyrene colloid gels apercooled liquids[26] and high volume fraction colloid
low volume fractions (10*<$<10"%). The gels were glasse§31], and its predictions are now being tested for gels
formed by aggregation due to the van der Waals forces, angs well[25]. The kinetic arrest of gels has also been reported
were found to be fractal. The aging behavior was sampleghy Segreet al. [32], who compared it to the features of the
for waiting time going from hours to ten days, the relaxationshard sphere colloid glass transition.
were stretched exponentials with the exponent greater than 1. |deal MCT assumes closeness to equilibrium and is there-
The unusual scattering vector dependence of the relaxatiofare useful only for the fluid-gel transition. Nonequilibrium
times, 7;q ", was explained in terms of a dipole elastic MCT has also been developed by Bouchaal. [33]; this
field caused by the high internal stresses of the gels. Theredicts aging behavior. Some of these predictions have been
waiting time dependence of the relaxation times was nearlyualitatively tested on a Laponite glagal]. However, ear-
linear, 7o rev'g, following a period of exponential growth lier theoretical models have been shown to have interesting
(this exponential regime was also observed in an aging clagging properties. For example, Cugliandolo and Kurchan
suspension21]). solved the spin glass model for out of equilibrium dynamics

The same group, in a series of rheology and dynamic lighf34]. Crucially, these equations are identical to those pro-
scattering experiments, also found the same behavior in duced by some MCT models.
system composed of multilamellar vesicles, where, once Another approach to explaining the behavior of glasses
again, it was thought to be the strong intermaepulsive  has been the study of the properties of the potential energy
stresses that dominate the respojsg. surface(PES as proposed by Goldstej5]. One model that
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uses this concept is the successful trap model of Bouchauspherical particle ¢), applied individually: this is the free
[36] which has been widely applied for spin glasses and ofiraining approximation. So the drag force on each particle
which many variants exist. This was one of the first modelssatisfies the relation

to make useful predictions about aging. Another formalism is

now introduced to facilitate discussion. The inherent struc- fP=—av;=—6mndv;, 2
tures(IS’s) of a system are defined as the local minima of the ) ) ) o ) )

PES; all points in configuration space which end up in thevheres is the viscosity of the liquidd is the particle diam-
same IS following a steepest decent path define the basin &f€l. andv; is the velocity of particla.

that IS[37]. Sciortino and Tartaglia distinguish between four ~ The inertia terms are neglected so this becomes a force
dynamical regimes. There is a high temperature region Wherl@alance_ equation, which is _solved for the displacements of
the system is fluid; an intermediate region where the systerfi€ particles. The conservative forces are the sum of a steep
is always close to the ridges separating the different basin§0re potential and the depletion force obtained via the fol-
this being the regime in which MCT is successful; and alowing two-body potential energy term:

third regime is found at lowl where the system populates 1

IS’s with lower and lower energy. When the time of escape U== 2 [Unc(rip) +Uao(rip], (3)

from a basin becomes longer than the experimental time 29

scale the system no longer equilibrates; this is the fourth ] ) .

regime, normally called a glag88]. In this formalism the ~Where the first termlyc is the power law repulsive hard
two-step relaxation of the correlation function is seen as de€0re,

coupling of the fastintrawell) vibrational excitations and the

—-n
slower rearrangements corresponding to the system sampling Unic - (ﬂ) ()
different basins, which for loW may require activated pro- kT d
cesses.

It is useful to set up a few hypotheses about the possibl@=36 is used to avoid anomalies that may result from hav-
causes of aging in gels. First, very slow crystallization abouiNd & softer potentigl40] while retaining computer time ef-
some locally highly ordered regions is a possibility, althoughficiency. The two-body depletion potential used was
this is not normally seen in experiments. Second, the aging 3
may be stress driven, as was argued in order to explain the @:QH(L r) |_2ri_ E(ri) —A
results of experiments on some experimental systems kT Y d 3\d
[20,22. Third, thermal fluctuations and random breaking of ) . . . .
bonds may allow relaxation of the network as suggested bY"her?rij is the separation between spheresdj, andd is
Solomon and Varaddi25]. Compactification of strands up to the diameter of the colloid particles. Kfis the size(diam-

a point where they might dislocate has also been suggesté&iéd ratio between a polymer and a particle at the polymer
as a possibility to explain the collapse of transient ga@. ~ volume fractiong,, then

: ©)

L=1+Kk,
Il. METHODS oL3
A. The model A= 3

The Brownian dynamics model is based on a Langevin
type equation of motion for each colloid particle with a fluc- 3¢y
tuating random force accounting for the thermal collisions of =

=—,
the solvent molecules with the particle. The polymer coils 2k
are not simulated, their presence being felt only through the .
attractive potential between the colloids: 1, S
v—pEC, B, D H( L, %) N rc-i- ©
MX=FC+FB+FP=0, (1) 0 Mo

whereM andX are the inertia and position matrices, respec-Strictly speaking, the parameteﬁrp:%wke‘de'nR, whereng
tively; FC are the conservative forceB® are the random is the polymer number density in a reservoir of pure polymer
Brownian forces, an&P are the dissipative drag forces. This which would match the chemical potential of the polymer
last term encompasses all the hydrodynamic interactionssolution with colloid particles at volume fractiap [6]. It is
which couple the forces on the particles through the solventuseful that the potential used here is of finite range, as this
It is these forces that oppose the relative motion of the paravoids truncation errors and allows us to define the nearest
ticles and are most important in flow. They will affect non- neighbors and interacting particles precisely.

equilibrium phenomena at rest, but in common with many The Brownian forces represent the action of the liquid
others we neglect the many body interactions in this study. Irmolecules averaged out over one time step. They average out
this model, this term is reduced to the Stokes drag for do zero, and are uncorrelated in time:
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(Fg)=0, (7) self-part of the Van Hove correlation function, which
samples particle displacements in time:
(Fg(t)Fg(t'))=2makgTs(t—t"). (8)

1 N

The fluctuation-dissipation theorem relates the magnitudes of g(r)= ) ; 8([ri—rjl=r),
Fg and « by enforcing that every squared separable degree 7
of freedom SatiSfieS the equipartition theorem. Where<n> iS the average number density, and

In order to simplify the calculation, reduced units are used
in the simulationkgT becoming the energy unit. The poly- 1N
mer volume fractionp, is the only control parameter for the Csr=y EI (8(Iri(t)—ri(0)[ 1)),
depth of the potential, and the ratio of the colloid to polymer
size k controls the range of the potential. This was fixed atwhere(- .-} is an average over time origins. The quantity
k=0.1 for all simulations shown here.

All distances are measured in units of the colloid parti- S(r,t)=4mr?Gy(r,t)
cle’s diameterd.

The natural time unit to use is the Brownian relaxationgives the probability of finding a particle at a distamcafter
time. It is defined as the time for a particle to diffuse its owna timet, andG(r,0)=g(r).

length scale by Brownian motion, In the Gaussian approximation,
7 1 —r?
TR=] - 9 Gy(r,t)= e p( )
R KgT s(r,t) (47D1)%? *P 2Dt

For a micrometer size particle in wateg, is of the order of  \\hich is a solution of the diffusion equation.

0.2's. Note, however, the strong dependence on particle size. oyr results are divided into two parts; the first part will be
The typical length of runs shown here was 580@nd the  concerned with “macroscopic” quantities, i.e., correlation
longest run was twice that. This is a great increase compargginctions and quantities that have been averaged over several
to previous studies, which were typically run for aboutgystems; the second part will look more closely at the “mi-

100rg. ) ) ) ) ) _croscopics” of individual systems.
The system being simulated is a three-dimensional cubic
box with 4000 particles in periodic boundary conditions. Il RESULTS

B. Quantities of interest A. Macroscopics

As mentioned earlier, the self-part of the intermediate AS in previous simulationd14,15 the samples were
scattering functionalso called the incoherent intermediate equilibrated at high temperature & 0) and instantaneously
scattering functiongives information about the relaxation of quenched to an appropriate valuedyf. Work in [15] deter-
density fluctuations in the sample. It lets us assess wheth#nined that for¢,=0.3 crystals were no longer obtained. For
particles are displaced on a length scale set byRor  these relatively deep quenches, amorphous, nonequilibrium
whether kinetic processes of that wavelength are “frozerstructures were obtained; these networks come under the
out.” It is a commonly calculated quantity as it can be mea-general name of gels or transient gels when seen experimen-

sured in light scattering experimenfig0]. It is calculated tally before they collapse under gravity. They are qualita-
from simulation data by tively similar to gels created experimentally and Lennard-

Jones(LJ) gels from simulations. All gels considered here
have$=0.30 and¢,=0.40, giving a potential minimum of
Unmin= —8KT. Properties are averaged over five samples un-
less otherwise stated.

wheret,, is the waiting time for that sample. In periodic In Fig. 1 the potential energy of the systelris scaled by
boundary conditions we can consider only a closed set o) —2U/NU,,;,, giving the approximate number of neigh-

1 _
FJ(q.t,t,)= N Z @i [7i(tw) —ri(ty + ] (10

wave vectorg]. Therefore, for each axis we have bors assuming interparticle distances are near the potential
minimum. The gel particles have approximately seven neigh-
2mn bors. It is immediately obvious that we are dealing with a

= n=012..., nonequilibrium system since, after the initial very fast drop

in energy after quenching, a long regime of slow decay is

with L the linear dimension of the box. To improve the sta-entered; no equilibrium value was ever reached in the simu-
tistics the results are averaged over thg, andz axes. Since lations we ran. Such small decays can be fitted with a num-
it depends on bothandt,,, Fsis a so-calledwo-time quan-  ber of functions; however, for comparison with Kob and Bar-
tity, which is most useful in determining and characterizingrat[41], it was fitted with a power law) =at~°, as shown in
any aging behavior if it is present. the inset of Fig. 1, yieldingp=0.3.

In order to calculate particle correlations in real space the It is revealing to look at the total number of bonds in the
radial distribution functiorg(r) is calculated, as well as the system as gelation occurs. When plotted on log-linear scale
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FIG._ 1. P(_Jtential energy of gel, from formation to aging. The fit FIG. 3. 3 relaxation at short times fajd=23.0, 32.9, 46.0, with
for the inset is a power law. stretched exponential fits given in tegwhite ling). Inset: mean

. . . . . squared displacemefttlack circles for the same time scale with fit
(Fig. 2 three different growth regimes are evident, the flrstto Eq. (11) (white line).

up to 10rg, another from 16 to around 108k, and the last

one from there on. Note that, ;ince the ordinate range is Figure 3 shows the initigB relaxation decay for increas-
small, a log-log p'Iot shoyvs p_ractlcally the same result; henc@ng values ofg. As the gel forms, the mean squared displace-
one cannot easily distinguish between a low power lawnmenis of the particles are Fickian, but as aggregation pro-
growth and logarithmic growth. The fits are of the fof  oads the behavior becomes subdiffusivar (7)2)=te, e
=clog(t)+d, where the values afare shown on the plot. AS 17 Finally, for measurements in the region of interest the
explained in the discussion we are here mostly concerneg,qaan squared displacement takes on the form of Fign-3
with behavior over the last of these regimes. sed, where a plateau is reached at displacements that are
The ISF was found to display the expected two-step regma|| compared to the particle size. This is interpreted in
laxation at short g relaxation and long @ relaxation  erms of the Krall-Weitz model for the initial decay of the
times. These time scales are treated separately here since & e|ation functiorf23]. This model considers the relaxation
averaging cannot be done in the same way. For the waitinge {0 the elastic modes present in the gel, with the particles
time independenp relaxation an average over time 0rigins 5ssymed to be confined to the gel strands. Their conclusion

can be used, whereas for the relaxation the nonergodic 55 that the mean squared displacement should obey
nature of the system means that only an ensemble average

can be performed. (Ar(1)%)=8q1—el~7"], (11)

8 The particle displacements are constrained to an amplitude

o, the stretched exponential form comes about from the sum
of the relaxations on all length scales.

Consistently with the model we are using, tBedecay
was fitted with the following law which is closely related to
a stretched exponential:

Fs(at)=exd q*(Ar?(t))/6] (12

for all g vectors, with{ Ar?(t)) from Eq.(11). The results are
shown in Fig. 3 for three different values @f The values of
the parameters were determined by fitting E44) and(12)
to the data in Fig. 3. The fit parameters wegre 0.4+0.1,
8=(0.075+0.004), and75=(0.26+0.04)r%.

The maximum mean squared displacemé&htexcluding
5, 10 100 1000 15000 any a processessets the height of the plateau F, via

. ¢ )
Time (units of 7y) Fs(q,t)=(1/N)Eie‘q2(“i)’6=f§, wheref? is the nonergod-
FIG. 2. Total number of bonds in the gel. The three straight Iineé'City parameter for the incoherent scattering. Figure 4 shows

and their gradient are superposed to highlight the three different@t the nonergodicity parameter decays exponentizzilly for in-
logarithmic regimes. creasingg; 6° can then be extracted sindg=e™ (997 in

Nbonds / 2Npart.
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FIG. 4. Nonergodicity parameter as a functiongpfwith expo-

- FIG. 5. g vector dependence of the intermediate scattering func-
nential fit.

tion for long times and fits to Eq12). From top curveqd=2.30,

. . . . 3.28, 4.27, 5.26, 6.25. The waiting time is 16Q0 Inset: collapse
the Gaussian approximation. The previously extracted valugs yhe same data when scaled as described in text and plotted

of 6 was used for the fit. However, there is a small ambiguityagainst stretched time.
about where exactly, should be measured, since whan
processes are also present there is no true plateau;
case the values df; were measured after zg.

We now turn to the long time dynamics. The second de
cay (a relaxation is the part of the dynamics that is ex-
pected to show signs of aging. Because the system is noner-

godic, an ensemble average cannot be replaced by a time f t—t Ky
_ q w

n thg?ower one(see the curves far,= 207z and 100G+ in Fig.
6). These relaxations were fitted with a double stretched ex-
‘ponential:

average. Unfortunately, very long runs are needed in order to

get to the time scales that are relevant for this study, and Tal

therefore only a limited number of runs can be performed ,

due to computer time limitations. The averages were there- t—t, |2

fore performed over a set of five runs. Information about the +Alex;{ _< 7 ] } ' (14)

dynamics on different wavelengths can be extracted by look- S . Loz ! : .

ing at data from a fixed waiting time and sampling at differ- The Just|f|cat|on. for this Iaw.|s given in the. discussion

entq. For a givenq the waiting times were then varied to section. Once again the relaxc?mon times contain wavelength

observe the aging in the dynamics. dependent informations,,,~q"2; from the fitsv,~2.2 for
Figure 5 shows the relaxations for a single waiting time all appropriate waiting times as summarized in Table/},

and theq vectorsqd=2.3, 3.28, 4.27, 5.26, and 6.25. The was found to depend only very weakly on The exponent

!

relaxations were fitted to a stretched exponential law: u,=0.7 was held constant arfg was used to give the cor-
rect plateau height.
Fs(a,t)=Aexp{—[(t—ty)/7,(a)]"}, (13 The significance of these exponents is discussed in the

) ) next section.
whereA is a constant chosen to be the plateau heightand

is kept constant for differeng. The daFa collapse onto f”‘ TABLE I. Summary of the exponents as a function of age of the
master curve when plotted as a function of stretched t'm%el.
(t—ty)* once normalized by and 7, (inset of Fig. §. The

relaxation timesr,(q), which are extracted from the fits for ¢ ;.. u v Double exponential ]  u) v}
differentq, were found to follow a power law relationship
100 Y 0.7 0.7 22
To~q " 200 Y 085 07 21
500 045 3.0 Y/N 09 07 22
with v=w(t,). The best fit values extracted were slightly 750 050 2.7 N
age dependent, as summarized in Table I. 1000 062 25 N
For waiting timest,,<1000rr, values ofu decreased, 1250 070 2.3 N
and it was noticed that the quality of the fits decreased, betso0 070 23 N
coming impossible fot,, <5007y . The « relaxation at these 20g0 072 2.2 N

early times displayed a relatively fast decay followed by a
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FIG. 6. Intermediate scattering function at fixgd=6.25 and
increasing waiting times, from leftt,,=207gz, 1007k, 5007g,
1500rg, 2250r%.

FIG. 7. Intermediate scattering curves made to coincidE st
=0.71.

) ) _ Another scaling was proposed by ksel and Rieger for
Flgulge 6IIShOVc\iIS the aglgzg blehav(ljor of the %e|5- TTIe datghe LJ supercooled fluid resulfd3] and was attempted for
were all collected at a singtgvalue,qd=6.25. The smallest o =
R, : ) O parisonF¢(q,t,t,,) ~ F{In[(t+t,)/u]/In(t,/w)}, whereu
waiting time considered here is 29. As the waiting times s it parameter and plays the role of an effective micro-
were increased from 2@ up to 2250 a lengthening of the ¢ ic length scale. This was proposed by Fisher and Huse in

B plateau was observed, with the relaxation of the systemyo context of spin glassd@4]. This scaling was also ap-

becoming slower with increasing waiting time. This is clas-pjiaq to our data; however, it did not produce a successful
sic aging behavior for nonequilibrium systems and glasseéollapse.

and has been seen for supercooled LJ systems by Kob and
Barrat[41].

The data collapse of the decay is often observed in
experiments on glasses, where one finds that each set of dataOver the period of time considered, it is seen that, al-
can be scaled using a single time scale which encompass#®ugh the average number of bonds in the system increases,
the whole parameter dependerid2]. Hence the following there is little increased crystallinity as shown by the local
scaling: order parameter, denotefg, (main part of Fig. 9. The local
crystalline order parameter is defined as the fraction of par-
ticles that are 12 coordinated or neighboring a 12 coordi-
nated site. The inset of Fig. 9 shows the probability density
distribution of the coordination of the particles in the system.
The initial crystallinity, which is present very soon after the

B. Microscopics

Fo(a,t,t,)~F(t/7,)

with 7,=7,(t,). Using an arbitrary value oF;=0.71 to
define a relaxation time for each curve=t(F;=0.71), the

results were rescaled and replotted on Fig. 7 using waiting
times=100rg. The lower limit was chosen to be at the start
of the last regime seen in Fig. 2. As can be seen, the data il
the range considered appear to collapse well. This relatively
good collapse is surprising in that the exponent of the
stretched exponential varies with waiting time.
Figure 8 shows the dependencergfont,,. The interpre-

tation of the results in Fig. 8 is slightly ambiguous. It is

possible to interpret these data in two ways: first, in terms ofg

a single power law regimey~t§V with £=1.26; second, in
terms of two power law regimes, the first wigr=1.33 and
the second withE=0.62, the separation between the regimes
being around,,=1000rg . All of these possible values f@r

are not far from 1, which is similar to the aforementioned
results of Kob and Barrd#41]. It was also checked that the
same behavior resulted if values of were extracted di-
rectly from the fitted stretched exponentials. The issue of one
or two regimes will be discussed further on.
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FIG. 9. Crystalline order parameter. Inset: distribution of par-  FIG. 10. Self-part of the Van Hove correlation function. Main
ticle coordinations in gel: solid lin,,=3000rg; dot-dashed line, graph: long time intervalt=3000r. Inset: short time interval,
ty,=1007%. 8t=107;. The peak area is fitted with a Gaussian, shown as a

. . o ) dot-dashed line.
qguench, is just the result of the high initial colloid volume

fraction together with the strong local order, which is itself 5 three-dimensional3D) representation of the gefnot

due to the lack of angular rigidity of the bonds. There isshown herg Clusters of particles are observed to be dis-

therefore no ambiguity about a gel with a nonzero crystallingyjaced by similar amounts; in fact, this was also true when

local order parameter. At later times an increase of the avelsg|or coding displacements that were less than the peak
age position of the peak is seen, but no significant increase ijajue. In order to show the presence of collective displace-

crystallinity. This already rules out one of the possible hy-ments clearly, a velocity correlation function was calculated:
potheses for the aging of the gel, namely, slow growth of

crystals around the crystallites present from formation. 1 N

In order to obtain a better understanding of the relaxation Co(N = w > (G —(ri—r)o(r)-v(r)), (15
mechanisms at work, the particle dynamics are sampled in .
real space through the Van Hove correlation functig(r.,t) N . . o
gives the probability of finding a particle at time- 6t ata ~ WhereW==2{uv(r;)-uv(r;)) is used to normaliz€, . This is
distancer from its position at time. Due to the nonergodic- Shown in Fig. 11 fort,,=4000rz and velocities calculated
ity, it is not possible to time average this correlation functionOver an interval ofAt=507z. The data are fitted with an
either. However, the accuracy of this result was checked bfxPonential, allowing a characteristic correlation lengh
averaging over a time interval that was short compared wit= 1.9 to be extracted. An interesting point was that the re-
the typicale relaxation time scale. Figure 10 shows a pair ofsults for the velocity correlation function, for all times be-
typical results; they were calculated figy=3000rg and 6t
=507z and 3006y for the short and long time intervals,
respectively. For these parameters we expect to be iBthe
plateau for the former time interval and in therelaxation
regime for the latter. Indeed, the peaks of the distributions
are around 0.0b and 0.1@, which are consistent with ear-
lier deductions about those regimes. Also shown on Fig. 10
are the Gaussian fits for the peaks and the regions aroun__
them. The difference in the behavior of the dynamics in those=
two regimes can here be seen more intuitively. For times ug
to and including theB plateau, the gel particles’ displace-
ments are nearly Gaussian, consistent with a diffusionlike
mechanism. The main part of the plot shows the displace-
ments during thex relaxation regime; the distribution is very
much broader, with the longer displacements not fitting
within a Gaussian. The displacements found after the peal
follow a power lawS(r,t)~r ~f, with f=2.8+0.4.

The strongly non-Gaussian displacements rule out a dif-
fusive mechanism and hint at cooperative motion. This can FIG. 11. Displacement correlation function, with an exponential
be seen visually when color coding particle displacements ofit.

1

4
r (units of d)
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FIG. 12. Close-up of the intermediate scattering functiqd;

—6.25,t,=500rg. Inset: the same for a 500-particle system. FIG. 13. Close-up of the scaled total number of bonds in the

system and a ten-point running average.

yond the B relaxation, were practically unchanged, thereby o o ) .
showing that, whatever the relaxation mechanism, the sani&€ finite range of the potential, it is possible to define bonds
degree of cooperativity is present. exactly as being within the interaction dlsta'nce; therefore, we
Now it is known that particle displacements are spatiallyused a procedure that kept track of all particles that have had
correlated, their temporal distribution can be studied. For thi®roken or created bonds within a given time interval. Re-
we calculated the intermediate scattering function for amarkably, this shows that a high fraction of the particles
single gel, with no averaging procedure, i.e., over a singlebr_eak and create bonds QUr|ng the evolution of the system.
run. In Fig. 12 thes relaxation and the plateau are not ap- Nine percent of the particles were found to have broken
parent due to the linear time scale, which is useful for combonds(slightly higher for the created bondshen compar-
parison with other microscopic results. It is apparent that thé"d configurations 50£ apart. This is a much higher num-
relaxation processes at work are not evenly distributed iPer than what would be expected from Fig. 13, which reflects
time. A succession of plateaus and sharp drops is observe@Nly on the net number of bonds created and broken. This
One must remember that this function is averaged over affumber is probably an underestimate since it does not in-
particles in the system; therefore a sharp drop in the averagédude bonds broken and recreated between the same pair of
function must be a sign of major cooperative rearrangemen@amdes over that time interval. Over any sizable time inter-
For a smaller sized system where a greater fraction of th¥al there is always a surplus of created bonds. In order to
particles is included in any given strand, the plateaus ardlustrate the effect of the dynamics, we show on Fig. 14 the
closer to the horizontal and the fast decorrelations ar@roportion of particles that change their near neighbor envi-
sharper(see the inset of Fig. 12 for a 500-particle system
Following on from the localization in time and in space of 05
cooperative motion, we found similar nonuniform behavior
for the total number of bonds in the system, a close-up of
which is shown on Fig. 18scaled to show the average num-
ber of neighborks A running average has been used to better-§
show the underlying trends of the data. Here again fast in-§ )
creases are interspaced with plateaus and short time deg os | ,dM " 8
creases. Qualitatively, we can see that both the size and gres o™
dient of the rapid increases tend to decrease as time goes 0% '
This was also true of ¢, and the same behavior is apparent £ o2 | mwm”
in close-ups of the energinot shown herg It is consistent g At, =1000 1,
with a slowing down of relaxation processes as the gel agess  |# Ot, =2000 1,
Considering that the particles are strongly localized, it is € o1 O, =3000 7, |
surprising to see substantial decreases in the total number & Ot, = 4000 7,
bonds in the system. The lifetime of a bond based on a
simple diffusion over a barrier argument iSpgng 0 - : ‘ :
~ rpe” V/*eT~3100r for a pair of particles interacting with 0 200 t—‘t%: (units ofcﬁ) 800 1000
this potential. When taking into account the average number
of neighbors within interaction range, one would not expect FIG. 14. Fraction of particles that change their nearest neighbor
to find many broken bonds in any given time interval. Due toenvironment for increasing waiting times.
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FIG. 15. Radial distribution function done with all the particles  FIG. 16. Averaged normal stress tensor compongrggative of
in the gel and by selecting particles with broken bonds. pressurg raw data in black, 20-point running average in white.

ronments compared to a reference configuration chosen egehind, while the second peak is due to the particles that are
ery 100G. There are three points of importance. There is gust beyond the interaction distance, i.e., the ones that have
short time interval where about 5-7% of the particlesjust broken off. This second peak at the limit of the potential
change environment within a couple of. This regime is is probably related to the initially rapid increase seen in Fig.
independent of the reference configuration and correspondss, since it most likely shows that a lot of particles are hov-
to the B8 decay. Its age independence suggests that there iseting near the edge of the potential well, accounting for
continuous process of breaking and creating bonds at shortuch of the bond breaking as they pop in and out when the
times. This is further discussed in the next section. Figure 14trand is deformed by thermal motion.
also has a second regime which is waiting time dependent Exactly the same observations were made about the par-
and mostly follows the trends of the aging behavior, i.e., theicles that had created bonds in any reasonable time interval.
rate at which particles change environment slows down with  The internal stresses of the gel were also investigated.
increasing waiting time. The third point to notice is the ab-They were postulated to be the driving force of aging in
solute values. For the top curve the changes in the gel insther studie$20]. It is known that gels formed with periodic
volve 27 % of the particles, a huge number considering thédoundary conditions have nonzero normal stre§46k and
relatively small distances moved by the particles. experimentally a gel that has been detached from the walls of
The presence of particle displacements that are greatés container shrinks macroscopicallg0]. Figure 16 shows
than the contribution from the elastic modes, of correlatedhe average of the normal stresses, raw data in black and the
dynamics, and of a high fraction of particles changing envirunning average in white. The raw data show the high fre-
ronments means that we expect to find some correlations iquency noise due to the Brownian fluctuations, but the pres-
the position of those particles that have broken bonds oence of underlying slow fluctuations in the average value is
changed environment. However, breaking bonds in a concenevealed by the running average. The general trend is that of
trated system is always going to lead to some correlatiom decrease, and there are large fluctuations in the average,
between the particles involved; to see this, imagine pullingalthough not as large as any of the fluctuations in the raw
away one of the particles of a tetrahedron—the three pardata. A spatial stress correlation functiorC (R)
ticles left behind have all had a broken bond and are highly=(o(r)o(r +R)) was calculated, where is the average of
correlated in space. the diagonal elements of the stress tensor calculated at each
A visual inspection of the gel with highlighted particles particle. It was found to show only very low spatial stress
where bonds had been broken confirmed the suspected c@errelations.
relation; we also calculated a pair correlation functggyr) The distribution of bond lengths in the gel was found to
by selecting the particles that had broken bonds in a givebe quasiequilibrium with only a small discrepancy at dis-
time interval(Fig. 15, and comparing it to the normal pair tances beyond the potential minima due to the normal
correlationg(r). The correlation shows up igy(r) as a stresses present in the system, as can be seen on Fig. 17.
higher first neighbor peak and a large peak beyond it that is
found at the limit of the interaction potential, which is no
surprise since it is by definition the distance at which one
considers a bond to be broken. In terms of the previously This study of the dynamics of gels formed from colloids
given argument about pulling apart a tetrahedron, the highdnteracting via a depletion potential has showed that complex
first peak is due to the strong correlation of the particles lefbehavior arises during aging. The following discussion is

IV. DISCUSSION
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gimes seen on Fig. 1 occur after percolation, it is beyond the
scope of this paper to explain all three; our attention is here
1 focused on the last one for several reasons: it is expected that
— P{r) = exp(-U/KT) the behavior may be less complex in this region; these time
©P(r;) from simulation scales are more accessible to experiments, thereby providing

% interesting comparisons with the simulation results and in-

3 sights that may be tested on real systems. In order to study
g the aging and not the formation and consolidation behavior

o5 the work showed here focuses on the behavior in the regime
a_‘: from 100rg after quenching onward.

As an aside, it is worth mentioning that the noise in the
energy of the gel varies &&T(U)?~1/f1* this value being
closer to the 1/ flicker noise than the more usualfiwvhite
noise. This has been linked in the literature to self-organized
criticality and to cooperative behavior in complex systems.

%5 0.95 N BT 1.1 However, this needs to be studied further before conclusions
r (units of d) can be drawn from it.
FIG. 17. Distribution of bond lengths in gétircles. The black _ ‘ )
line is P=exp(~U;; /kT). Recall that the range of the potential is B. Correlation functions: g relaxation
1.1d. The self-part of the ISF calculated for this system dis-

structured in the same way as the presentation of the resultglayed the classic two-step relaxation. Both of these relax-
while trying to place the results in the context of previousations were found to be well approximated by stretched ex-
findings. ponentials with a plateau between them.
The age invariant short time dynamics corresponding to
the B relaxation was interpreted in terms of the Krall-Weitz
A. Energy and Npongs model for the decorrelation due to the elastic modes present

It was found that the total potential energy of the systemin a gel. Although they first used it for describing low vol-
could be described in terms of a power law with an exponentme fraction fractal gels, the physical reality of the model is
b=0.3, which is a value intermediate between those obstill present even though the gel is not a fractal object. This
tained by Kob and Barrat for a Lennard-Jones glass ( model has been shown to work well in describing gels at
=0.14)[41] and by Paris{46] (b=0.7) for a Monte Carlo  higher¢ by Romeret al.[24] with reduced values o#? and
generated glass. However, the total number of bonds in th&: reflecting the compactness of the gels.
system was found to grow in three separate logarithmic re- The mean square displacements andg@irelaxation were
gimes. Some of this three-regime structure was also presefitted using Eqs(11) and(12); the value of the exponent was
in the energy plot, demonstrating the difficulty in describingdetermined to bep=0.4+0.1, which is distinctly smaller
accurately these very slow growths and decays. The impoghan that found by Krall and Weitz for their low polysty-
sibility of calculating these quantities in experiments makegene gel p=0.7) [23]. Romeret al. also foundp=0.7 for a
verification difficult if not impossible. It is, however, worth high ¢ polystyrene gef24]. However, Solomon and Varadan
mentioning that Bouchaud’s trap mod&6] predicts a loga- foundp=0.5 for a low¢ thermoreversible gel of silica par-
rithmic dependence on time of the energy. Such logarithmidicles[25]. In the Krall-Weitz modep is related to the length
dependences can also be seen in a variety of systems, fe¢ale dependent spring constant for fractal clustersc(&
example, crumbling thin sheefd7]. However, whether the ~s A and p=pB/(B+1). From computer simulationsd
slow growth of the number of bonds is interpreted as a power- 3.1 for DLCA[49]; from Krall and Weitz and from Romer
or a logarithmic law, the presence of three distinct regimes i€t al. p=0.7, 8=2.3; whereas from Solomon and Varadan
of much interest and demonstrates the complex behavior ap= 0.5 and thereforg=1.0 for thermoreversible gels which
sociated with the formation and consolidation of the gel. Wethe authors believed had some angular rigidity on the local
know from previous work that the time to percolate is lesslevel due to surface roughness and a different aggregation
than 1rg [14]. Following this, one would expect some fast mechanism leading to a locally denser gel. Furthermore, pre-
consolidation of the network during which thin strandsvious studies by one of the authors on 2D gel networks
coarsen. Since diffusion processes occur, by definition, omhere trimers provided some angular rigid[ty6] showed
the time scale of 1z, one would expect complex and fast that for such systemg~1.1-1.3. All of these results sug-
rearranging at relatively short times and short length scaleglest, as proposed by Solomon and Varadan, that the elasticity
as was seen by Haet al. for 2D colloid simulations, where exponentg is strongly dependent on the angular rigidity of
compactification was obvious at short timeé8]. However, the local network. Hergp=0.4 and thereforgg=0.66, sug-
given that we know that the end product of this is not atgesting a structure that only slowly becomes more compliant
thermodynamic equilibrium, these fast rearrangement prowith the increasing length scale. There are several factors
cesses must be inactive at intermediate to long tifodser-  influencing this in these simulations. First, there is no im-
wise, equilibrium phases would resulAlthough all the re-  posed angular rigidity for the colloid interactidthis is dif-
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ferent from experimental particles, which may be rough orthe variation of the exponent of the stretched exponential,
deform under the strength of the interactipnSecond, the ©=0.45-0.72 ast,,=500rg— 2250rg, clearly indicates a
colloid volume fraction used here i¥=0.3, much higher reduction of the width of the mode distribution. Furthermore,
than in most experiments. And third, the interaction range iseveral observations point to the possibilitysdfy) being a
very small (0.4); this has been shown by Lodge and Heyesbimodal distribution where the short time modes are widely
[45] to affect the structures obtained when forming the gelsseparated from the long time modes: the variatiop iis fast
Long interaction distances resulted in the creation of geldor small waiting times and levels to~0.7 for longer wait-
where the local structure was very compffor example it~ ing times; there is a change in behavior fgr500 where
can be seen as a Sp“t second pealg“n)], whereas when the a relaxation ap_pea.rsl to haV.e a “faS.t" decay followed by
shorter ranged potentials were used “fluffier” structures re-2 “Slow” one, making it impossible to fit a stretched expo-
sulted. Although the latter is the case in this study, at thesB€ntial. Hence the success of using a function containing two
very long times the local structure is compact as can be seetétched exponentials to fit the decay of theelaxation up
in theg(r) function for the whole gel shown in Fig. 15. It is 0 waiting times oft,,=1007z. In this scheme each of the
obvious that a thicker, more compact strand of colloids has §xPonentials describes one part of the distribution. This be-
higher angular rigidity. Furthermore, this third point is havior was reproduced by numerical integration of the
strengthened by the higl. This also partially negates the Lgplace transform for dlstrlbutlons of modes made of two
first point since the lack of angular rigidity of a single bond widely separated Gaussians. All of the correlation function
becomes irrelevant if there are no singly connected particledata can then be explained.and u, describe the distribu-
in the strand. This explains the high angular rigidity of thistion of the “slow” modes, u= u,=0.7=0.2 for all waiting
structure and hence the low valuespadnd 8. An interesting  times larger than the time for the slowest of the “fast” modes
point that arises out of this discussion is that, for a giverto relax. u;, which describes the distribution of the “fast”
maximum depth of potential, the rigidity of the gel may be modes, increases toward 1.0 as the distribution of the modes
influenced strongly by the range of the potential. This maythat have not yet relaxed narrows. For intermediate to long
explain why for the higher volume fraction gels of Romer waiting times, a single stretched exponential is recovered.
et al. p=0.7, the same as for the Krall and Weitz low vol-  The g dependence of the characteristic relaxation times
ume fraction gels, although the range of the interactions,,7.,,7,, extracted from the fits also contains information
present in the aforementioned experimental systems was nabout the processes at work.at long waiting times and
clear. v,=2.2+0.1; for the latter exponent this was true for all the
This physical picture is confirmed by direct visualization waijting times back tat,,=100rg. This is very close to a
of the gel. This shows the clusters of particles moving relagiffysive law 7~q~2, yet with a consistent deviatiom; was
tiv_e to each pther on'time scal_es of ordetgl Furthe.rmore, found to vary only very weakly witly, highlighting the fact
this is consistent with the high number of particles thatihat different mechanisms are responsible for the “fast” and
change environment during such time intervals. This is agjow” relaxations. It also shows that these “fast” modes are
direct consequence of clusters in relative motion within anot related to the Krall-Weitz elastic modes which showed
relatively stiff structure, thereby causing many bonds tOup in experiments as~q 2.

break and reform. _ Comparing these relaxation processes with the much bet-
The length scale dependent plateau height as charactggy studied glasses, the relaxation behavior is more com-

ized byfj was found to have a very largewidth. This result  plex in this case than for homogeneous supercooled liquids
is very similar to Puertast al. [30], who simulated the ap- [41]. It may not be surprising that there should be some
proach to gels in concentrated fluids near the glass transitiomrocesses that would be specific to gels, considering their
They obtained a similar broad dependence, showing agaigpatial inhomogeneity.

the strong confinement of the particles due to the short range This framework also explains why in experiments a con-
potentials. This extends their results to a lowethan they  stant value of the stretched exponential exponent is usually

used. A further distinction is that this result is at a point Onfound, since the “fast” modes observed here would be inac-
the phase diagram deep in the gel state, whereas they weredassible.

the fluid state, leading up to the gel.

D. Correlation functions: Aging

C. Correlation functions: « relaxations — . I
When considering the ISF in nonequilibrium systems, ag-

The « relaxation for waiting times=500r was found to  ing can be observed to occur as a lengthening of the plateau
be well described by a stretched exponenfa(q,t,ty)  atintermediate times. The response becomes strongly depen-
=Aexp—[(t—t,)/7,]"}, where the exponent was always  dent on waiting time after the quench. This was seen clearly
<1.0. This type of law is often observed and results from théin our data. By making the curves coincide at one poéamt
presence of relaxation modes with a wide distribution of timeequivalently using the extracted parameters from thg, fits
scales. This can be written as a Laplace transform over theollapse within a fairly short time window was observed. It
distribution  of  relaxation  modes [42]:  F(t) is obvious that, since the exponents of the stretched exponen-
= [op(y)e "'dy. The exponent of the stretched exponentialtials are slightly waiting time dependent, the collapse cannot
is strongly dependent on the shape of the distribution), be perfect over a long time scale; however, it is an important
wider distributions leading to lower exponents. In this study,feature displayed by many gels and glagst8. The depen-
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dence ofr, on the waiting time is explained from the previ- different from this work. Further work is necessary before
ous deductions about our system, taking into account the faconclusions can be drawn from this.

that 7, is nearly equivalent ta-, for a single stretched ex-

ponential describing the whole decay. The presence of slow F. Cooperative dynamics

and fast modes, and therefore a change of behavior once the . . - .
.~ The microscopic data presented also indicate that aging
slow modes are no longer present, was observed again in

. . . o does not occur as a continuous process but rather as a suc-
what appeared to be two different aging regimes in Fig. 8. “i:ession of “events” which occur on a time scale that in-

is in fact a confirmation of that change in behavior due to the

T . X X treases with increasing waiting time, as was observed in a
distribution of modes going from bimodal to single peaked.dos(_:,_up of the number of bonds per particle. Indeed, it

Therefore, the correct value gfto compare to experiments geemed that for some short time intervals the number of
is £=0.66. Previouslyz~t}, with £=0.88[41] andé~1.1  ponds in the system decreased. These events involve a rela-
[44] were found for glasses, close §o-1, which would be tively large number of particles moving cooperatively, since
the simple aging case. they can be seen even on a correlation function averaged
The experimental studies of Cipelleti al. reported v over 4000 particles, and they dominate the gel dynamics for
=1, i.e., 7,~q !, meaning the length scale displacementtime scales greater than the duration of f@lateau.
scaled linearly with time. This was done for both attractive While the idea of cooperative dynamics in nonequilibrium
and repulsive systems, where it was thought in both casesystems is not new, stringlike motion of chains of particles
that the relaxation of internal stresses dominate the dynanioving cooperatively having been observed in supercooled
ics. The theoretical argument from the same studies also efquids (simulations and experiment§51,52, the behavior
plained their value of the exponept=1.5. The aging be- S€en here is more reminiscent of the work of Sanya and Sood
havior found Wa57a~t§, with £€=0.9 after a period of [53], _Who _studled a dense binary colloid mixture in which
exponential growth for the gelE20] and é=0.78 for the steplike displacements were observed. This was accompa-

repulsive systeni22]. The very different values oft and v n_|ed by some hopplng _back mot|o.n as weII..It Is likely that a
) . . ) . .__site hopping scenario is responsible for this, whereas back
obtained here point to major differences in the mechanism

f a0 it th i £ th laxation ti look and forth displacements were not observed in the gel case,
Zimaigrng even It the scaling ot the relaxation imes 100 Salthough such motion may be present at shorter times.

Unsurprisingly, these correlated dynamics were linked to
. a correlation in the localization of the particles that have
E. Real space displacements broken or created bonds for a given time interval. The rela-

The Van Hove correlation function gives us a more intui-ivély high number of bonds brokefand createyin the gel
tive idea of the particle displacements in real space. For larg@n€n comparing configurations separated by a fixed time
observation times and long waiting times, as is the case iinterval is an indication of theasewith which thermal fluc-

Fig. 10, the system is in a regime where the displacement%‘ations of the strands disrupt the network, causing a high

are greater than thg plateau regime. For comparison with a rreaSCJ:?ch:Lgasrt:tlg TI t?ﬂ%g?_:geeﬁg\g&znrgf&té -gplt?];aé b‘l"ahi&;
system with diffusionlike displacements, a Gaussian was ﬁt'means that thg micri/)sco i sgtructure of dense clug 9 é
ted to the peak. The very large tail present shows just how P

non-Gaussian the dynamics are within therelaxation re- or less stronglyjoined together in a network will have some

gime. The displacements around the peak and up tod0 25preferential weak points. These are usually found between

appear to be Gaussian distributed, leaving the aforemer%be denser clusters; see Westl. [16] for an example in 2D

. . . o . . of where a gel ruptures when sheared. Large thermal fluctua-
tioned large tail. Not all displacements within this tail are ; | likely t much disruption in a homo-
caused by the same physical processes. We can distinguigﬁnS are fess Tikely 10 cause as much disruptio aho
between two types of behavior. First, single particle move 9= ¢%US glassy system.
yp » Single p
ments: particles break away from the network, becoming part
of the gas phase before rejoining the network somewhere
else or moving along the gel by surface diffusion. These Although the trend in the slowly fluctuating average value
particles make up all the displacements greater trdinblt  of the stress data from Fig. 16 is the result of the microscopic
the numbers concerned are smallie to the high coordina- aging “events” that occur in the gel, it is now thought by the
tion of the particles in the ggli.e., they could not account authors to be unlikely to be the driving force. While it was a
on their own for thex relaxation. Second, there are particles surprise to find that the stresses were not spatially correlated,
that have moved distances of around @2%<1d, but this may point to the fact that forces that can be sustained by
which never leave the network, and for which the displacethe intercolloidal bonds are not very great in comparison to
ments are correlated in time and space. We also note that thilee stresses occasioned in the strands by the thermal fluctua-
part of the displacements found after the peak follows &ions, even though they suffice to confine the individual col-
power law with an exponent=2.8+0.4. This is, within loid particles to the gel. Under the influence of thermal fluc-
errors, what was deduced by Cipellettial. and predicted by tuations, strands can break bonds relatively easily; this is the
Bouchaud and Pitarfb0]. However, as we have just seen, only explanation for the large number of bonds broken in the
their system is quite different, being strongly attractive, andsystem. A further clue that supports this argument is the rela-
other parameters such as the wave vector dependence diee size of the high frequency stress fluctuations compared

G. Stresses
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to both the average value of the stress and the size of thae separation of time scales in supercooled fluids. In the
slow fluctuations. In both cases the stresses caused by tlsase of a temperature jump the system equilibrates rapidly to
thermal fluctuations are of much higher magnitude. This supthe bath temperature in the same basin. The exploration of
ports the idea that the internal stresses cannot be responsitdenfiguration space takes place on a much longer time scale;
for the aging, and that the slow fluctuations in the averagéence the aging observed as the system lowers its configu-
and the generally decreasing trend of the average stress awgional energy. This description is fitting for our system

consequences of the aging, not driving factors. where Fig. 17 shows that the system is in quasithermal equi-
librium while of course not being in thermodynamic equilib-
H. Aging and glasses rium. For the correlation functions calculated for a Lennard-

. L : .. Jones binary mixture, Sciortino and Tartaglia observed
It is not yet clear why the relaxation times increase with . I . .
Y . . : stretched exponentials for the equilibrium fluid, but logarith-
waiting time; however, the mechanisms invoked here involve_ . e . .
. . mic decays for the out of equilibrium LJ fluid. Note that this
breaking the network under the thermal fluctuations. Presumlé in fact a MCT prediction for auenches near A point
ably, the network will break preferentially at the point at P q § point.

which it is weakest. These weak points between the strandcs?nce again, S“peTF’OS'“OT‘ of tl@erelaxatlon held and relax-
ation time scales increasing witly were found.

hat mak he network woul n i rin tim . . ) .
that make up the netwo ould tend to disappea time The different regimes seen in the evolution of the total

(they will keep breaking until they doAs the network be- ) . . ;
comes devoid of such weak points, we can expect the d Fumberf(:; bcl):‘ng; in the gﬁ'r? ) ca&;hen(?eSLntirgret;d n
namics to slow down, thereby causing the aging behavioro = O the , in much the way (@8] and[54]. After the

Further work is under way to clarify this issue. mstgntaneous quench the_system is still f[uid as ag.gregation
Comparison of this work with that of Kob and Barrat 2€9ins (G t0 107g); this is followed by ridge dominated
reveals great similarities in the overall properties of the redynamics (18g to 100rg), and finally the aging behavior of
laxation dynamics in these gels and glasses; the same agiffg last regime, dominated by the slow sampling of IS’s of
was seen in the correlation functions, as well as superposlower and lower energy.
tion of thea relaxation regime. However, it is clear from this ~ The similarities of this work on supercooled fluids with
work that the microscopic mechanisms by which the agingpurs are striking, and the only difficult point concerns the
occurs in the gels are different from the ones observed ishape of thex relaxations. Whereas studies of the PES of
homogeneous glasses, the dynamics in the latter involvingquids found logarithmic decays, we had two regimes of
cooperative motion of strings of particlés1]. Similarly,  stretched exponentials. It is possible that theelaxation is
comparison with the work of Puertad al. [30] shows the more strongly influenced by microscopic mechanisms than
same overall behavior, even though their simulations focusedas previously thought. Those mechanisms could well be
on the fluid states leading up to the gel transition. The relaxdifferent due to the localization of the particles within
ation mechanismgalthough they did not report any details strands rather than being distributed homogeneously; the
were very probably similar to what was observed3d]. thermal fluctuations in strands being enough to break the
The aging behavior predictions given by nonequilibriumnetwork, thereby causing aging, even though thermal fluc-
MCT are power law regimes either side of teplateau, a tyations of a single particle are very rarely enough for them
waiting dependentx relaxation time, and violation of the g preak away from a strand.
fluctuation-dissipation theorem. Although the predictions are This highlights a problem concerning general theories of
not specifically tested here, our data, at least qualitatively, arghe glass transition. If the microscopic details that bring
not in disagreement with them. We found a stretched expogpout the final relaxation affect the macroscopic observa-
nential fit to be better than a power law for therelaxation  tions, as was seen when comparing our results with those of
but within a certain region near the plateau a power law iCipelletti et al. [20] and Solomon and Varad4@5] and the
certainly possible. aforementioned results for supercooled fluids, then a theory
The potential energy surface approach lends itself well tqjxe MCT which works with averaged quantities is unlikely
the interpretation of our data and to comparison with agingo pe able to distinguish between them. On the other hand,
glasses. In this picture, the gel would be in a regime in conthere seems to be a greater chance to incorporate different
figuration space where the system samples basins of ISigjcroscopic relaxation theories when using the PES ap-
with ever decreasing energy, but with the barriers betweeRroach in order to estimate the time to explore different ba-

inherent structures becoming greater than the thermal energyns and to understand their relation with the aging time.
in the system. The slow hopping over barriers manifests it-

self in the gel as network rearrangements, and hence the
behavior of quantities such as the total number of bonds in V. CONCLUSIONS
the system.

Based on the work of Kobt al.[54], who showed that an To conclude this study, we can say that simulations now
effective time dependent temperature can be defined for amppear to be a reasonable way to study the short term aging
aging system, Sciortino and Tartagl8] proposed an out of of soft materials. It has allowed us to study the intermediate
equilibrium thermodynamics framework based on the IS descattering function of an aging gel in order to compare it to
scription of the PES. In this picture, the free energy is sepaexperimental studies, while at the same time understanding
rated into a basin term and a configuration term, reflectinghe microscopic mechanisms responsible for aging. The con-
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clusion is that for this weakly attractive, gel-forming system VI. ACKNOWLEDGMENT
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