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Dynamical Heterogeneities in a Supercooled Lennard-Jones Liquid
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We present the results of a molecular dynamics computer simulation study in which we investigate
whether a supercooled Lennard-Jones liquid exhibits dynamical heterogeneities. We evaluate the non-
Gaussian parameter for the self part of the van Hove correlation function and use it to identify “mobile”
particles. We find that these particles form clusters whose sizes grow with decreasing temperature. We
also find that the relaxation time of the mobile particles is significantly shorter than that of the average
particle, and that this difference increases with decreasing temperature. [S0031-9007(97)04184-7]

PACS numbers: 61.43.Fs, 02.70.Ns, 61.20.Lc, 64.70.Pf

An outstanding problem in the dynamics of supercooleddynamical heterogeneities can be observed in a 3D system
liquids is to understand why they exhibit nonexponentialand, if so, to determine their properties.
relaxation of time correlation functions [1]. Two limiting ~ We perform extensive simulations of a binary (80:20)
microscopic scenarios have been proposed to explain thisixture of 8000 Lennard-Jones particles consisting of
behavior [2]. In the so-called “homogeneous” scenariofwo species of particlesA and B. The interaction
all the particles relax identically by an intrinsically nonex- between two particles of typer, 8 € {A, B} is given
ponential statistical process, while in the “heterogeneousby V,g(r) = 4€apl(0ap/r)'? — (0ap/r)?] With €44 =
case the nonexponential relaxation is due to a superposi-0, 44 = 1.0, €45 = 1.5, o4 = 0.8, egp = 0.5, and
tion of individual exponential contributions with different oz = 0.88, with a cutoff radius of2.50,5. Note
relaxation rates. that the AB interaction is stronger than both th&A

Recent NMR experiments [3], followed by optical spec-and BB interactions, a fact which will be important in
troscopy, forced Rayleigh scattering, and further NMR exthe subsequent discussion of the results. We report all
periments [4] has given evidence that, in the supercooleguantities in reduced units, that is, length in unitssaf,,
liquids studied, the relaxation is not homogeneous. Howtemperaturel’ in units of e44/kg, and timet in units of
ever, these experiments are neither able to determine the€;2,,,, /¢,,, wherem is the mass of either an or B

microscopic mechanism that is responsible for these heparticle. We study the system at ten different valueg of
erogeneities nor to measure their properties, such as theiinging between 0.550 and 0.451. At each temperature,
size or shape [5]. Moreover, ndirect evidence of the the system was equilibrated for a time longer than the
spatial correlations which might be expected to arise betypical (primary) relaxation time of the system before
tween particles or regions with similar mobility has as yetevaluating the quantities presented below. At the lowest
been reported. T, quantities were evaluated for ovérx< 10° time steps.
Dynamical heterogeneities have also been observed iall simulations were carried out in the microcanonical
computer simulations [6]. However, these simulationsensemble.
were restricted to two dimensions and because it might The dynamics of this model has been characterized
be expected that the dynamics of particles in two andn detail in previous simulations performed at different
three dimensions is significantly different, it is not cleartemperatures and at constant density [9]. In particular, it
whether the dynamical heterogeneities observed in thesgas found that at low" the dynamics is described well by
simulations have a counterpart in three dimensions. Byhe mode-coupling theory [10] with a critical temperature
analyzing the trajectories of monomers in a Monte Carlor,. = 0.435 and a critical pressur®, =~ 3.03. Thus in
simulation of a dense polymer meld & 3), Heuer the vicinity of the point(7,, P.) the relaxation of the
and Okun [7] showed that in this system dynamicalsystem is very slow and the diffusion constants are small.
heterogeneities occur on short length scales, but the natuhe the present work we approach the state péint P..)
of the heterogeneities was not explored in detail. Thuwia a different path than that used in Ref. [9], on a straight
despite the experimental evidence for the existence dfne in theT-P plane along which density increases with
dynamical heterogeneities, their microscopic propertieslecreasing” [11].
are unknown and phenomenological models are used to To detect the presence of dynamical heterogeneities,
interpret experimental results [8]. In this Letter, wewe investigate the time dependence of the self part
study a simple, glass-forming liquid to investigate whetherG,(r, r) of the van Hove correlation function [12] for
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the A particles, wherer is the distance traveled by a G,(r*,t*)=G$(r*,t*); that is, r* is the value ofr at
particle in a timer. To a first approximationG,(r,7r)  which the normalized difference starts to become positive
has a Gaussian form but deviations from this form atand very large (see Fig. 2)We thereby define “mobile
intermediate times have been observed in simulationparticles” as A particles that have moved farther than a
of glass forming liquids [9,13,14] and are thought todistancer” within a timer*. With this definition, the to-
reflect the presence of dynamical heterogeneities [15}al number of mobile particles at arfy studied is a few
Such deviations can be characterized by the non-Gaussidindred (out of 640@ particles), and thus constitute ap-
parametewy,(t) = 3(r*(¢))/5(r*(¢))> — 1[16]. Figure 1  proximately 5% of the system. We note that the results
shows the time dependence @f for the A particles at presented below concerning the properties of the mobile
three different temperatures. We find that (i) on the timeparticles are relatively insensitive to the details of this
scale at which the motion of the particles is ballistig,is  definition.
zero; (ii) upon entering the time scale of tBerelaxation, Snapshots of the configuration of the mobile particles
a, starts to increase; and (iii) on the time scale of theshow that these particles tend to form clusters; that is,
a relaxation, a, decreases to its long time limit, zero. they are not randomly distributed throughout the system.
We observe that the maximum value®f increases with The spatial correlation between mobile particles is shown
decreasingl’, which is evidence that the dynamics of in Fig. 3, where we compare (cf. insegy,.4,(r) and
the liquid becomes more heterogeneous with decreasingu4(r), the radial distribution functions for the mobile
T. Furthermore, we find that the timé at which this particles and for the bulk, respectively. (In the following,
maximum is attained also increases with decrea%ing “bulk” refers to all of theA particles.) We find that
To determine the reason for the strong increase,dh  at short and intermediate distances<{ 4) the mobile
the B-relaxation regime, we compa¢g (r, r) with the dis-  particles are more strongly correlated than the bulk. This
tribution that is obtained from the Gaussian approximationjs demonstrated more clearly by computing the ratio
that is, by assuming that(r, ) is given byGé(r,1)= " gamam(r)/gaa(r), which is shown in Fig. 3 for three
[3/27(r2(t)) P2 exd —3r2/2(r%(1))], where(r3(r)) is the  differentT. From this figure we see that with decreasing
mean squared displacement of the particles. In Fig. 2 wé& the relative correlation between the mobile particles
show[G,(r, 1) — G4(r,1)]/GS(r,t) fort = 1*,wherer* de-  increases. The relative height of the first nearest neighbor
pends orf" (see Fig. 1). For small and intermediate valuespeak ¢ =~ 1) increases quickly and the ratio decays more
of r (r =0.6) the relative difference betweeat® andG,  slowly as a function ofr if T is decreased. At the
is less than a factor of 3. However, for largerG$ un-  lowest T, the size of the cluster is on the order of 3—
derestimates;, significantly. The discrepancy increases4oaa [17]. If we assume a molecule of diameter 0.4—
strongly with decreasing@ in that the normalized differ- 0.5 nm, we find that the clusters have a size of about
ence becomes as large B¥ at the lowestT (see Fig. 2 1 nm, which is in rough agreement with experimental
inset). Thus we find that in the supercooled liquid thereexpectations [4,5]. We note that at small wave vectors
is a significant number of particles that have moved farthe partial structure factors for the bulk do not show any
ther than would be expected from the Gaussian approxindication of the presence of these clusters. Thus it is
mation, in agreement with the results of Ref. [13]. Weperhaps not surprising that no evidence for the presence
definer* as the larger of the two values offor which
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FIG. 2. [G,(r,1) — G&(r,1)]/G8(r, 1) versusr for t = ¢* for

FIG. 1. Non-Guassian parametap versus timet for 7 = T = 0.550, T = 0.480, andT = 0.451. The arrow marks the
0.550, T = 0.480, and T = 0.451. The arrows mark the location of r* for T = 0.451. Inset: the same quantity on a
location of the maximum, that is, of. logarithmic scale.
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6.0 S e relaxation time could, for example, be defined as the time
i it takes a correlation function to decay4o' of its initial
— m 1 value.) This ratio is approximately 3 for the high&sand
Gamam | approximately 10 for the lowe§t. It is not unreasonable
- to extrapolate that at temperatures closel'tothe ratio
between the relaxation times become as largias 104,
g similar to values reported from experiments [3,4,8]. Itis
also interesting to note that therelaxation time off ™
. is on the order of the end of th@ relaxation of the bulk.
P . This suggests that the relaxation of these clusters might be
1.0 o aaG S e I related to the3 relaxation of the bulk.
| Also shown in Fig. 4 is the probability?(r) that a
0.0 : . . . . particle which was mobile at time zero is still mobile
00 10 20 30 40 50 6.0 at time ¢, at the lowestT investigated (bold dotted
r curve). We define?(¢) by ((N(t) — N(0)?/N4]/[N(0) —
FIG. 3. Inset: radial distribution functiogu,.4.(r) andgsa(r) ~ N(0)?/N4]), whereN, is the total number ofA particles
for lthe.mobile and. bulk particles, respectively, fbr= 0.451. and N(7) is the number of particles that were mobile
Main figure: Ratio betweema,an(r) and gaa(r) for 7= 4 time s = 0 and still mobile at timer. A related
0.550, T = 0.480, andT = 0.451. . . . .
correlation function for the least mobile particles has been
measured in experiments [3,4]. We see tiRatecays
of such clusters was found from the structure factoron the time scale of the intermediate scattering function
measured in the neutron scattering experiments of Lehenyf the mobile particles, demonstrating that the lifetime
et al. [18]. of a cluster is of the order of the relaxation time of
What is the effect of these clusters of mobile particlesthe particles which constitute the cluster. However, the
on the bulk relaxation dynamics? To explore this questiorifetime is significantly shorter than the-relaxation time
we compute the incoherent intermediate scattering functioaf the bulk. More details on the dynamics of the particles
FAm (g, 1) for the mobile particles and compare it with that within the clusters will be given elsewhere [17].
for the bulk particIeS,FgA). These correlation functions,  We find that the existence of clusters of mobile particles
shown in Fig. 4 for threel, are calculated at a wave is related to small, local equilibrium fluctuations in
vectorg = 7.2, which coincides with the location of the composition [19]. At all7, the pair correlation function
main peak in the structure factor [9]. From this figure 8ams(r) between theB particles and the mobile particles
we see thatF“”) decays faster thaw'¥ and that the is smaller than the bulk quantitg,p(r) for r = 3.
ratio between the relaxation time of the two autocorrelation’hus mobile particles have fewes particles in their

functions increases with decreasing temperature. (ThéiCinity than do genericA’s. Because in this system
the attractive interaction betweet and B particles is

stronger than either th&A or BB interaction, the presence
: : E—— of a B between twoA’s lowers the potential energy,
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= A particles in aB-rich region can thus be expected to
=2 0.8 1 I have a reduced mobilityA particles in aB-poor region,

e however, will have a reduced effective attraction between

them, resulting in a higher mobility [20].
Via this mechanism we expect that this sort of dynami-
r cal heterogeneity will occur in other fragile glass-forming
systems, since local equilibrium fluctuations arising in the
- arrangements (packing) of the molecules will always be
present [21]. Energetically favorable packings will reduce
ot the local mobility, while less favorable packings will en-
hance the local mobility. Such correlations have also been
observed in recent spin-glass simulations [22].
In summary, we have established for the first time the
FIG. 4. The incoherent intermediate scattering function forexistence of spatially correlated dynamical heterogeneities
the mobile (bold lines) and the bulk particles (thin lines) for;, 5 three dimensional simple glass former and charac-

T = 0.550 (dashed line),T = 0.480 (solid line), andT = terized f thei i 0 imulati
0.451 (dash-dotted line). Bold dotted line: Probabiligythat ~ ‘€M1Z€0 Some o their properiies.  Lur simulations sug-

a particle which is mobile at time zero is also mobile at time gest that experiments which focus only on quantities like
for T = 0.451. the structure factor will be hard-pressed to observe these
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heterogeneities. Our findings also raise many questions{9] W. Kob and H.C. Andersen, Phys. Rev. Lefi3, 1376
for example, does this type of dynamical heterogeneity ex-  (1994); Phys. Rev. 51, 4626 (1995)52, 4134 (1995).
ist also in other glass formers? Are these heterogeneitidé0] W. Gotze and L. Sjégren, Rep. Prog. Physb, 241

related to the localized modes found in glasses at low
temperatures [23]? How are these features related to tHall
relaxation processes predicted by the mode-coupling the-
ory? Investigation of these questions promises to lead to a
better understanding of the dynamics of glass formers from
the supercooled liquid state down to the low temperature
glass.
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