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Aging in short-ranged attractive colloids: A numerical study
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We study the aging dynamics in a model for dense simple liquids, in which particles interact through

a hard-core repulsion complemented by a short-ranged attractive potential, of the kind found in
colloidal suspensions. In this system, at large packing fractions, kinetically arrested disordered states
can be created both on coolifattractive glassand on heatingrepulsive glass The possibility of

having two distinct glasses, at the same packing fraction, with two different dynamics offers the
unique possibility of comparing—within the same model—the differences in aging dynamics. We
find that, while the aging dynamics of the repulsive glass is similar to the one observed in atomic
and molecular systems, the aging dynamics of the attractive glass shows novel unexpected features.
© 2004 American Institute of Physic§DOI: 10.1063/1.1695326

I. INTRODUCTION very unusual. Correlation functions show a subtle logarith-

. . mi while th rticle mean- r isplacement fol-
In the last years, the physics of systems characterized bl¥) ¢ decay, e the particle mean-squared displacement fo

o ) . . ws a power-law in time.
short-ranged attractive interparticle interactions—short in S .
. . . The complex dynamics in short-ranged attractive sys-
comparison to the particle size—has been the focus of sey-

eral investigations. A good example of this type of systemstems has been interpreted within mode coupling theory

are colloidal solutions, since the intensity and the range o#MCT)'7 Theoretical pred|gt|ons do qot depend on the de-
the potential can be finely controlled by changing the solvenfailéd shape of the attractive potential and have been con-
properties or the chemistry of the dispersed particles. Thgr.rnse_dlzfor many different ﬂgdehzatmn of the_zezxttractwe
short range of the attractive interaction produces thermodytil" A set of s_lmulatlong and experiments ““have
namic features which are not observed in atomic or molecu¢onfirmed the existence of such complex dynamics.

lar system (where the interaction range is always long In numerical work based on the square well system
ranged.'* Recently, theoretical, numerical and experimental(SWS, one of the simplest models studied, it has been
studies have focused on the dynamical properties of thesghown that a diffusivity maximum in temperature appears
systems. One of the most astonishing discovery is that, avhen the width of the square well is short enough compared
high density, the metastable liquid is characterized by a norto the hard-core diametét. The calculation of the iso-
monotonic temperature dependence of the characteristidiffusivity lines in equilibriunt* confirms the reentrant be-
structural times: The dynamics slows down not only uponhavior and the novel dynamics which take place in the reen-
cooling (as commonly observed in molecular systgnimit  trant region. Along an iso-diffusivity path, the decay of the
also upon heating. The slowing down upon heating can be sdensity—density correlation functions, which at high tem-
intense that a novel mechanism of arrest takes placehigh perature can be well described by a stretched exponential,
In the high density part of the phase diagram, for sufficientlypbecomes more and more uncommon upon cooling, showing
short-ranged potentials, a re-entrant liquid—glass line is obat low T signs of logarithmic decdy:*>%

served and a liquid phase emerges between two glasses. In Previous numerical work has focused on equilibrium
other words, moving along a constant density path, it is posproperties and on the dynamics near the predicted glass—
sible to pass from a glass phase to a liquid phase and thejlass transitio>~'>2*Here we report a study of the non-
again in a new glass phase just by progressively lowering thequilibrium dynamics. Starting from an equilibrium state in
temperature. The two glasses are named “attractive glasshe re-entrant fluid region, the system is quenched both at
and “repulsive glass” due to the different mechanisms, reqgw and high temperature. We are then able to explore—
spectively, attraction and excluded volume, which control theithin the same model—the aging dynamics for the attrac-
dynamical slowing dowfi.In the re-entrant liquid region, tive and repulsive glass, to find out if the differences which
between the attractive and repulsive glasses, dynamics {saracterize the dynamics in the glassy state show up also in
the out-of-equilibrium evolution. We discover that, while the
dElectronic mail: giuseppe.foffi@phys.uniromad.it aging dynamics of the repulsive glass is similar to the one
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observed in atomic and molecular liquiths?® the aging dy- 2 —r ;
namics of the attractive glass shows novel unexpected fea- e DD=0
tures. We also report comparison with a recent experimental L6p{==D/D=5101 & 1

® [Initial Point

study of aging in short-ranged colloidal systefhs.
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II. SIMULATION DETAILS

We investigate a system that has been extensively stud-
ied earlier in the equilibrium regime, a binary square well
mixture!® The binary system is a 50%—50% mixture Mf 0.56 0.58 0.6 0.62
=700 particles. The two speciélabeledA andB) are char- ¢
acterized by a diameter rati6=oa/og=1.2. Masses areé g 1. square well iso-diffusivity curveise., the locus of points in the,
chosen to be equal and unitary. The attraction is modeled by plane where the normalized diffusion coefficient is constémt three

a square well interaction defined according to different values oD/D, (Dy= o,y T/m data from Ref. 32 The extrapo-
lated ideal glass line is also report@thta from Ref. 28 Equilibrium start-
® Fij < Tij ing configurations a#h=0.608 andT; = 0.6 (filled circle) are instantaneously

guenched at=0 to T;=0.3 andT;=1.2 (plus).
Vij(n)=4{ —Uo 0jj<rij<ojj+A4; (o ' '

0 rij>0'ij+Aij,
. C diffusivity curves from Ref. 15 and the extrapolated ideal
yvhere;]rij _(U‘Jrg]J)T/EZ"_’JA_'/A"dBfRd Aj ohgg b\?ven chhosen glass line from Ref. 23 are plotted together with the quench
in such a way thaie;; =A;; /(d;; +4;))=0.03. We choose path selected in this work. Since the system, after the

Kg=1 andd thte detf]th oflthe potentlak)I:tl.thHentc;eTil uench, is out of equilibrium, all averages—represented in
corresponds 1o a thermal energy equal to the attractive WeEwe text by the symbo(-)—have been performed over the

depth. T_he diameter of _the_ small specie |s_chosen as unity Qlnsemble of the 60 initial independent configurations.
length, i.e.,og= 1. Density is parametrized in terms of pack-

ing fraction ¢=(pada+ pgd3) - /6, where p;=N;/L%, L
being the box size anl; the number of particles for each
species. Time is measured in unitsogf- (m/ug) Y2 The unit Numerical investigations of aging in glassy materials are
has been chosen consistently with Ref. 15, where the samesually accomplished by rapidly quenching the system from
system has been studied in equilibrium. A standard MD al-an equilibrium state to a new state, where the characteristic
gorithm has been implemented for particles interacting withtime scale of the structural relaxation is much longer than the
SWS potentialé® Between collisions, particles move along observation time. When the time scale of the final state ex-
straight lines with constant velocities. When the distance beeeeds the characteristic time of the simulation, equilibrium
tween the particles becomes equal to the distance wherannot be reached within the simulation time. Out of equi-
V(r) has a discontinuity, the velocities of the interacting par-librium time translation invariance does not hold and the
ticles instantaneously change. The algorithm calculates thstate of the system does not only depend from the external
shortest collision time in the system and propagate the trgparameters, but also from the time elapsed from the quench,
jectory from one collision to the next one. Calculations of thethe so-called waiting time,,. Indeed in the aging regime
next collision time are optimized by dividing the system in other notable effects emerge, i.e., violation of the fluctuation
small subsystems, so that collision times are computed onlglissipation theorefi~33and strong dependence on the story
between particles in the neighboring subsystems. of the systenf® Thus, in out-of-equilibrium conditions
With the present choice of parameters, the formation ottorrelation functions will depend both on the time of obser-
crystallites during the simulation run is not observed. Asvation t and on the waiting timet,,, i.e., Ca(t,,t)
compared to the monodisperse case, the slight asymmetry ia(A* (t,,)A(t,+1t)). Similarly, the one time propertiés.g.,
the diameters allows us to follow the development of thethe static structure factor or the energwill depend on the
slow dynamics over several orders of magnititiaVe  waiting timet,,.
choose to work at the packing fractigh= 0.608, being this The first quantity that we investigate is the average po-
density in the middle of the re-entrant region of the phasdential energy of the syster. At t,=0%, i.e., instanta-
diagram, as shown in previous calculatidnét this density  neously after the quenches to, respectiv@ly=1.2 andT;
we prepared 60 independent configurations, equilibrated at 0.3, the two systems possess the same potential energy.
the initial temperaturel;=0.6. Subsequently we quenched Then, witht,,, they start evolving toward different energy
these independent configurations to the desired final temsalues. The situation is represented in Fig. 2. While the sys-
peratures, and then we followed the evolution in time at contem quenched td;=1.2, i.e., in the repulsive regime, shows
stant temperature. The characteristic time of the thermostain increase in the potential ener@e., a progressive break-
as been chosen to be much smaller than the structural relairg of the interparticle bonding the one quenched td;
ation time and such that the system may equilibrate within=0.3 shows the opposite behavior. In both cases, the time
one time unit. Each of the 60 independent configurations hadependence of the potential energy shows a fast short-time
been quenched t6;=1.2, i.e., in the repulsive glass, and to (t,,<1) evolution(which reflects the equilibration of the fast
T:;=0.3, i.e., in the attractive glass and run up tte=2 degrees of freedopnfollowed by a much slower evolution,
X 10°. The numerical protocol is illustrated in Fig. 1. Iso- proper of the aging dynamics. The aging dynamics has de-

lll. RESULTS AND DISCUSSION

Downloaded 02 Feb 2005 to 141.108.6.154. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



8826 J. Chem. Phys., Vol. 120, No. 18, 8 May 2004 Foffi et al.

-2.5 HERARRALY T T T T T T
M | 115 i
o T=12
3+ <] Tf=0.3 - 1.1 /
AA
S ()
UN 1.05 B
3.5¢r J
1 i
g 2 0951/ -
100 10° 100 10t 10
w
FIG. 2. Average potential enerdy after the quench as function of the time FIG. 4. Same as Fig. 3 fof;=0.3.

ty, elapsed from the quench. The symbols are the simulation data and the
continuous line are the fits. Data fo<<1 are not shown since the kinetic
energy has mot yet equilibrated to the final value. Fer=1.2 the fit is
U/N=-2.77+0.01Int,) while for T;=0.3 we obtain U/N=—4.05

04304 the first peakiand only thergthe trend is reverted with re-

spect to the previous case, i.e., the intensitySgi(q,t,,)
around the peak decreases on aging. This observation agrees

tectable different trends at high and low temperatures. Whil@Vith equilibrium studies. Indeed, for the square well system,

served, at lowT the time dependence in log scale is notPeak toward the hard-sphere limit whereas lowering the tem-
linear and can be well fitted by —Ug~t,?, with a perature only promotes the structure factor oscillations at

~0.14. A similar form was successfully adop\tNed by Parisi forlarge wave vectof” It is perhaps interesting to recall that
a binary system of soft spheres in the aging regifiiehe wlthln MCT, the increase 08, at the_ first peak is respon-
time evolution of the aging structure can be followed bySible for_the for.matilon qf the repulsive glass, whereas the
numerical calculation of the partial static structure factors/ong lasting oscillations in the structure factor generates the

S.s(0,ty) defined as kinetic arrest in the attr_active glgé%. . o
. Next we study the intermediate scattering function, i.e.,
Sap(dtw) = (05 (d,tw) € a(d,tw)/VNaNp), (2)  dynamic density—density correlators. For a binary mixture

where the partia; d\(/aﬂsity variables are definedgagq)  this quantity is defined by
=3 exdiq-r(t) *]/VYN, andn;=N;/N are the partial con- " * / /
cen:ratignz. I(n)gquilibrium, tirlne tlranslation inF:/ariance im- Pap(AL1)=(Ca(A 1 0p(AL))/Sapl(ut"), @
plies S,4(q,t) =S,4(q,0), i.e., the static structure factor is a where the density variables,(q,t) have been defined be-
time independent function. fore. In equilibrium ¢,4(q,t,t") will depend only on the
The inset of Fig. 3 showSaa(q,t,) for the quench to  differencet—t’. When the system ages the density—density
T¢=1.2, for waiting times spanning four decades. Similarly correlators is a function df,, andt. In this paper, we show
to binary Lennard-Jones systefiighe variation of the static bap(a,t,t') as a function oft, and the time difference
structure factor is particularly small, for all 8 components. (t—t,), i.e., bap(d.ty t—t,). The density correlation is
With increasingt,, a very weak increase at all peaks of the normalized byS,z(a.tw). The upper panel of Fig. 5 shows
structure factors is observed. This is shown in the main figthe t,, dependence ofpaa(Q,ty, ,t—t,), With qog=8.72,
ure. Similarly for theT;=0.3 case, theS,4(q,t,) changes which lies between the first and the second peak in the static
are very small, as shown in Fig. 4. Interestingly enough, foistructure factor. On increasirtg, the decay of the correla-
tion functions becomes slower and slower. The time needed
to lose memory of the starting configuration grows. This is a
typical feature of aging systems and it has been encountered
both in experiments and simulation® The slowing down
of the dynamics on increasing, resembles the way the
1 structural arrest emerges in supercooled liquids on approach-
S ing the glass transition. Indeed, in this case, upon cooling
two characteristic time scales emerge, a fast decay around a
plateau value and a slow decay to zero. The time duration of
the plateau becomes longer, the closer the system is to the
<5 84 glass transition. On the other hand, in the aging regime the
’ ' control parameter is the waiting timg , which plays a role
analogous to that played byin equilibrium, i.e., the longer
FIG. 3. First peak of the static structure factor at different waiting tigne t,, the longer is the time requested to lose memory. In the

10" (circles, 10? (squarel 1C° (diamond$, 10* (triangles up, and 16 .
(triangles lefi. The quench is at;=1.2. For longt,, there is slow growth of same way as temperature measures the distance from the

the peaks of the structure factors. In the inset structure factors for the sanf@lass transition in equilibrium liquids,, measures the pro-
t,, are displayed. gressive thermalization of the structural degrees of freedom.
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FIG. 6. Same as Fig. 5 but for the quenchrat 0.3. In the inset ifa), an

FIG. 5. (a Density—density correlation functioaa(q.tw.t—t,) after a enlargement of the plateau area is shdsee text for detai)s

quench atT;=1.2 for qog=8.72. From right to left, longer and longer
relaxation time,t,,=10" (continuous ling 107 (dotted ling, 10° (short-
dashed ling 10* (long-dashed ling 10° (dot-dashed line (b) Same results

but for gos=6.37. such interpretation, since no clear plateau can be observed

for t,,>1.
A very interesting feature of the correlation functions in
the aging regime is the property of scaling with waiting time.
In summary, with increasing, the system develops a clear Theoretical studies suggest that correlators at different wait-
plateau, whose height is consistent with the value expecteiflg time can be rescaled by the equation
for the repulsive glass. h(t—t,)
Similar results are shown in the lower panel of Fig. 5 for Dap(dty t—1ty)= qﬁjtﬁ(q,t)Jr Dapl O, W) ., @
gog=6.37, which is close to the maximum of the static w
structure factor. Two main differences emerge between thevhere qﬁfjﬁ(q,t) accounts for the short tinf&.The h(t) =t
correlators at the two wave vectofs; The relaxation time is  case is the so-called simple aging case. For a binary mixture
longer for qog=6.37, (ii) the plateau is higher. Both this of Lennard-Jones spheres the system follgd)swith h(t)
issues follow, as expected, the trend of the equilibrium re=t* anda~0.882° Similar results have been also found in a
sults, where at the maximum of the structure factor a maxinumerical study of aging in a soft-spheres binary mixtdfes.
mum of the relaxation time and of the nonergodicity param-  We tried to apply this scaling relation to our system. We
eter is encounteret. focus on the low temperature quench, since the high tem-
The upper panel of Fig. 6 shows the density—densityperature one shows a phenomenology, which is similar to the
correlation functions for the quench a;=0.3 for qog Lennard-Jones case. In the case of aging;ef 0.3 no clear
=8.72. Similarly to what we found in the previous case, thescaling of the correlation functions can be performed. In Fig.
time of decay of the correlators grows with the waiting time 7(a) we show the crude tentative of data scaling. Correlators
ty . However, the shape of the functions is drastically differ-have been shifted in time to superimpose the correlators in
ent, confirming that even the aging dynamics reflects thehe region where 0 ¢,<<0.9. Figure Tb) shows the same
differences noted in the previous equilibrium studies. Twodata, this time shifted to maximize superposition for 0.35
notable differences with thel;=1.2 case are(i) The <¢,<0.5.In Fig. 8 the scaling coefficientsused to obtain
strength of thex-relaxation(i.e., the height of the plateain  the scaling in Fig. 7 are shown as function of the waiting
aging is much more intense, being now close to gigthe  timet,,. It can be seen that even if they could be fitted with
plateau does not significantly stretch in tiif@s shown in the power laws(with an exponentx~0.38+ 0.1 different from
insed) beyond t—t,~1. Similar trends are found for a the exponent found for the Lennard-Jones gabe collapse
g-vector closer to the first peak of the structure factor, a®of the differentt,, curves is not good.
shown in the lower panel of Fig. 6. It is worth making a comparison of our numerical results
A recent study of the glass—glass transition has sugwith recent data measured by Phairal,?’ for a system of
gested the possibility that the attractive glass is significantlcolloids with depletion interaction. In their experiment, the
destabilized by hopping proces€éswhich in the present authors measure the density—density correlation function in
context can be associated with the breaking of the interpathe aging regime for two system at different polymer con-
ticle bonds. The data shown in the inset of Fig. 6 supportentration, corresponding, respectively, to conditions where
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FIG. 7. Scaling of the density—density correlation functions Ter0.3.
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scaling for the region where 0<7¢4<0.9. (b) Best scaling for the region
where 0.35 ¢;<0.5.

the repulsive and the attractive glass are expected. To bett
compare with Phanet al. data, we calculated the density
dynamical structure factdirrespective of the particle type
for the sameg-vector of the cited experiment. Results are
shown in Figs. 9 and 10 where the=1.2 andT;=0.3
guenches are, respectively, compared with the experiment
results from Ref. 27lower panel. We present our results
in seconds, after converting the numerical units
[o- (m/ky,T)Y?] to physical units, as explained in the caption
of Fig. 9. The difference in the time scale can be ascribed t
the different microscopic dynamics implemented in the MD
(Newtoniar) as compared to the experimental ofiFown-
ian). Slight differences in the plateau values can be ascribe
to differences in the actual composition of the simulateiel
nary mixturg¢ and experimenta(slightly polydisperse sys-

tem). The agreement between the numerical and the experi-

mental data is impressive.

FIG. 8. Scaling coefficient used to obtain the scaling in Figa) and 1b).
The circle are the scaling coefficient for the case in Fig@),%he square for
Fig. 7(b).
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FIG. 9. Upper panel: total density—density correlation functionsdfag
=2.93 at different waiting times fof;=1.2. From right to left, longer and
longer relaxation timet,=3.67x10 4, 3.67x10 %, 3.67X10 2, 3.67

X 1071, 3.67x 10° seconds. The unit of time - (m/u,)*? used in the simu-
lations has been converted to seconds using4.1086<10° 1" Kg, o,
=2.02x10"" m, anduy /k,T=1/1.2 with T evaluated at ambient tempera-
ture, consistent with the experimental conditions. With this chaice
-(mlug)¥?=3.67x10° seconds. Lower panel: experimental data repro-
duced from Ref. 27.

Another important two-time observable is the mean-
squared displacemenMSD). In aging, it is defined as
‘arr(t—tw)—r(tw)|2>, wherer (t) is the position of the par-
ticle at timet and the averagé ) is performed over all the
particles and the independent configurations. Here we focus
on the total MSD, i.e., evaluated with no distinction between
gf’;\rticles of the two species.

Figure 11a) shows the MSD forT;=1.2. In analogy
with the case of the density correlators, at short times there is
no significantt,-dependence. At larger times the diffusive

rocess is visible. When the waiting time becomes large, a
lateau starts to emerge at intermediate times, between the

d
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FIG. 10. Upper panel: same as in Fig. 9 fby=0.3. At this temperature
o (Mlug)¥?=7.34<10°5. Lower panel: again experimental data are taken
from Ref. 27.
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L@T=12

different aging dynamics within the same model. In this ar-

10" ticle, we have realized this numerically for a model system
107 which shows both types of disordered arrested structures, the
af square well potential. We have found that the aging dynam-
10 ics is clearly different for the two glasses, both in the waiting
03 time evolution of the one-time quantities, and in the time
A evolution of the two-times quantities.
%) S The results reported in this article refer to a simple
= model system which capture the essence of the physics in-

troduced by the short-range attraction. The square well po-
tential is indeed a satisfactory representation of the coarse-
grained particle—particle potential in colloidal system, for
example, in the presence of depletion interactions. Of course,
dynamical features of the solvent constituents and of the
el il sl solvent—particle interactions may significantly affect the par-
107107 107 10 10" 107 10" 10" 10 ticle dynamics. In this respect, the experimental validation of

tt, the equilibrium results is very valuable.

FIG. 11_. (a ngn—sq_uare displaceme(r_MSD) fo.r the quench an'= 1.2 for turel?a‘():ta(;’:‘lzlillgli;,/ (\ENSGV\rI]I?F\l/ € S;?;vvci;hat the p_?rtltal Séatl.c S:r:uc-
increasing waiting times,,= 10" (continuous ling 1 (dotted ling, 10° W g opposite trends In the
(short-dashed line 16 (long-dashed ling 1P (dot-dashed ling (b) Asin ~ two cases, i.e., the first peak grows withfor the repulsive
(@) for T¢=0.3. glass while decreases for the attractive one. We have also
shown that the decay of correlation functions becomes
o ) o ) ) slower and slower on increasing in both cases, but with
ballistic (short timg and the diffusive(long time regime.  oteworthy differences in the strength of the relaxation
The duration of the plateau grows ggsincreases. As above, (much more intense for the attractive glass ¢asel in the
this behavior is similar to the one observed in previous simuspane of the relaxation itself. The analysis of the MSD brings
lations of a binary mixture of Lennard-Jones pam@l%:_:,. clear evidence that, while in the repulsive case there is the
~ This three time-region behavidballistic, plateau, diffu-  emergence of a plateau, whose time duration increases sig-
sive) is generally explained in term of the so called cagepificantly with t,,, in the attractive glass case this does not
effect. When repulsive interactions start to be dominant thg,anhen. Indeed, in short-ranged attractive colloids, activated
system slows down since each particle starts to get trapped f}ocesses can be associated with thermal fluctuations of or-
a shell of first neighbor particles. The length of the plateayyq, Up, which allow particles to escape from the bonds.
indicates the typical time that a particle needs to escape thigpege processes generate a finite bond lifetime and, at the
cage. The value of the plateau stands at the typical size of &mne time, may destabilize the attractive glass. It is impor-
cage, i.e., around 10% of Fhes diameter in agreement Withan; o find out how the difference in the aging dynamics
Lindemann's melting .cr|ter|0ﬁ. For T;=0.3, the MSD  gising from the different localization mechanisms are af-
shows a completely different behavigdfig. 11(b)]. Its evo-  tacted by the presence of activated processes.

lution can again be divided in three time-regions, but now Finally, we have shown that a good agreement is found
the short timgballistic) and the long timediffusive) regions between experimental and numerical data, also in the aging
bracket a long intermediate region where the MSD appeargynamic.

to grow as a power-law in time, with an effective exponent
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