VOLUME 80, NUMBER 11 PHYSICAL REVIEW LETTERS 16 MRcH 1998

Stringlike Cooperative Motion in a Supercooled Liquid
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Extensive molecular dynamics simulations are performed on a glass-forming Lennard-Jones mixture
to determine the nature of the cooperative motions occurring in this model fragile liquid. We observe
stringlike cooperative molecular motion (“strings”) at temperatures well above the glass transition. The
mean length of the strings increases upon cooling, and the string length distribution is found to be
nearly exponential. [S0031-9007(98)05583-5]

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

The concept of cooperative molecular motion [1,2] isstring length increases with decreasing temperature, and
commonly invoked to rationalize dramatic changes in thehe string length distribution is nearly exponential.
transport properties of liquids as they are cooled toward We performed extensive molecular dynamics simula-
their glass transition [3]. In the heuristic Adam and Gibbstions of a three dimensional binary mixture (80:20) of
model [1] of supercooled liquids, relaxation occurs through8000 LJ particles where the interaction parameters [13]
“cooperatively rearranging regions” which grow with de- are chosen to prevent demixing and crystallization [11].
creasing temperature. A more rigorous treatment of collecfen temperature¥ between 0.550 and 0.451 above the
tive motion in liquids by Zwanzig and Nossal emphasizeditted mode-coupling temperaturé. = 0.431 [11] are
the occurrence of momentum density excitations whosstudied. We emphasize that this temperature range is
lifetime grows as the temperature is lowered [4]. Mode-well above the glass transition, so that our system is read-
coupling theory (MCT) [5] attributes the slowing down of ily equilibrated. Physical aging effects, which complicate
particle motion at low temperatures to “backflow” collec-
tive particle motion which eventually causes a structural
arrest of the liquid dynamics. However, there has been no
direct experimental observation of these kinds of coopera-
tive motion.

Computer simulations offer advantages over experi-
ments on real liquids for the investigation of collective
particle motion. In molecular dynamics the position and
velocity of all the particles are known at all times. As
a consequence, correlation functions quantifying the mo-
tion of particular subsets of particles can be readily deter-
mined. Recent experiments [6,7] and simulations [8,9]
have identified dynamical heterogeneity in supercooled
liquids and spin glasses [10]. It is natural to suppose that
cooperative motion might be associated with this dynami-
cal heterogeneity. A well studied Lennard-Jones (LJ) sys-
tem, recently introduced to study the dynamics of simple
supercooled liquids, provides a particularly good model to
test for cooperative motion, since its properties have been
well characterized [11] and evidence for dynamical het-
erogeneity has already been identified for this model [9].

In this Letter, we test whether cooperative molecular
motion occurs in this model fragile glass-forming liquid. . ] . . ) )
We find that molecular motion indeed becomes increast!C: 1- Mobile particles in a subregion of the simulation

inal llecti i H th . - “box shown at two different times. Light spheres: particles at
Ingly collective upon cooling. HOWever, the regions In-, _ o park spheres: same particles at a later time. The white

volved in this motion are not compact, as usually supposegegments connect the same particles at the two times. White
[1,12], but instead form stringlike structures. The averagearrows mark the path followed by some of the particles.
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lower temperature simulations [14], are not relevant heremum value near a characteristic time- * [9,16]. No
Data for up to 25 ns4( X 10° time steps) for the lowest significant peak at = 0 exists for the distinct part of the
T following equilibration are stored for eadh. Details van Hove correlation function calculated between mobile
of the simulation are given in [9,15]. and the remaining relatively immobile particles, showing
Previous simulations in the supercooled region [9]that the relative motion between mobile and less mobile
showed that a small fraction of the particles undergoegarticles is quite different.
large displacements on time scales long compared to We further quantify the collective particle motion by
the average collision time, and short compared to thexamining the angular correlation between the motion
structural relaxation time [16]. In the following, we define of two neighboring mobile particles. Figure 3 shows
these particles as “mobile” using the same definition as contour plot of the probability distribution of the
given in Ref. [9]. Figure 1 shows a snapshot of theselisplacement vectobr;(t*) = 7;(t*) — 7;(0), projected
mobile particles in a subvolume of the liquid at our lowestonto the plane defined b§/r,~(t*) and7;; = 7;(0) — 7;(0),
T. The light spheres correspond to the mobile particlesyhere j denotes a mobile particle within the NN shell
at + = 0, while the dark ones correspond to the samey a mobile particlei. The vector7; points in the
particles at a later time. We see that at any given time thgijrection of the positiver axis. The contours divide the
mobile particles are spatially correlated [9]. Viewing therange of values of the probability into 20 intervals so that
mobile particles at two different times as in Fig. 1 revealsthe probability inside the innermost contour centered on
a cooperative motion along stringlike paths. Collective(.7,0.0) is at least 20 times higher than the probability
motion was recognized in previous simulations of glassutside the outermost contour [20]. The distribution has
formation, but the nature of the motion was not studiedheen calculated using all mobile particles that have at
quantitatively; see e.g., [17]. This kinetic structure is eveneast one other mobile particle in their NN shell. If more
clearer in an animation of the particle dynamics [18].  than one mobile NN particle exists in the proximity of a
To quantify the nature of this correlated motion, we cal-reference mobile particle, then the averaging for the data
culate the distinct part of the van Hove correlation functionin Fig. 3 includes all distinct pairs of NN mobile particles.
[19] G (r.t) between mobile particles, which measures|, the absence of any correlation betweén,(:*) and
the time-dependent density of mobile particles atadistancy:ij, the contour plot should have a rotational symmetry

r from the position of an arbitrarily chosen mobile particle gjot the origin. Instead, the pronounced asymmetry of

att = 0. If the particle motion is correlated so that the {he contour plot in Fig. 3 shows that it is much more
position of the original mobile particle is occupied with ropaple for a mobile particle to move in the direction of

high probability by another mobile particle at later times, gnother mobile particle than in any other direction. This
then G4 (r, 1) should develop a strong maximum aboutasymmetry, as well as the area under the peak at0
r = 0. This effect is evident in Fig. 2, which presents i, Fig. 2, increases with decreasing temperature. It is this

G (r,1) atdifferent for the lowest'. Ats > Othe height  gynamical correlation that appears to cause the stringlike
of the nearest-neighbor (NN) peak decreases, and a pe rphology of clusters of mobile particles.

atr = 0 develops and grows with time, reaching its maxi-
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0.0 . 4.0 FIG. 3. Contour plot of the probability distribution of the
vector 67;(¢*) in the plane defined byr(t*) and 7;;. The
vector 7;; defines the positiva axis. The increment between
FIG. 2. Distinct part of the van Hove correlation function any two contours is 5% of the total range. The distribution
G/ (r,t) between mobile particles at various vanishes by definition in the circular central region.
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FIG. 5. Probability distributionP(n) of string lengthsn for
variousT. Inset: First momentn) of P(n) vsT.

participates in strings as the system is cooled. Notably,
lated stringlike motion af” = 0.451. Line segments connect equilibrium scattering experiments [23].

identical particles at successive times as in Fig. 1. The arrows The original motivation for invoking cooperative mo-
ig‘r)r"ej’sthgn%"’s‘trt‘o‘)fasorr%e of t{‘el p?rﬂ%'es- g}te S'Zhe OfIth'ShC'USIinon in glasses was to rationalize the large growth of the
the sizF:e of the mg%céllerzn%etgkeﬁ asnme va%rpdeingvégslergdi pparent activation energy for transport in supercooled
0.37 nm [7]. iquids [1,24]. Stringlike collective motion provides a
natural structure to identify with this increasing activation
To measure the number of particles involved in theEneray- A simple possibility would be that the activation

stringlike cooperative rearrangements, we define strings by c9Y Increases in proportion to the average number of

connecting two mobile particlesand j if min[[7: (1) — |¥article3n in the string (see Fig. 5) [1,25]. A prelimi-
7.(0)] |ﬁ‘((% ~F 0 <p6 — 06 [21]j This cr(l)ndition nary comparison of the change of the apparent activation
L T & e : energy of supercooled liquids such @gerphenyl shows

implies that one of the mobile particles has moved, and change in activation energy similar to what we observe
second mobile particle has occupied its position. Figure % .
[18] shows a representative string which has a Iooplikeor {n) over a corresponding temperature range [26]

form. Most of the strings have free ends, but loops occur Our simulations demonstrate that long lived, highly

with modest frequency. The averade lenath and size of thcooperative, collective particle motion can be observed at
. . q Y- i 9 gth and siz Femperatures significantly higher thdp of MCT. The
strings increase ag decreases; their magsdistribution

4 i . : existence of stringlike structures in liquids should have
p Ig)QSVSeh;)I;vrt]r:gﬂ’F ('g) ?Sf(;r thrrg)irﬂzfglea;x -I;)r:wiﬁzg:"(i)ge important implications for theories of dense liquids [5],
E)’(n) g exp(—n/(n}n) whe?g the avergge E‘)string Ie’ng.tﬁ”’ relaxation of liquids in constrained geometries [27], fluid
(n) increases with decreasiry (see inset). For smail, viscoelasticity abovel’, [28], and physical aging below

the average radius of qvratioR. of the SHNGS ADDEArS T, [3]. In particular, the relationship between strings and
- ) gyratiar, gs app “floppy modes” and the boson peak [29] merits further
to grow linearly with(n), while for largen, an exponent

. o . investigation.
near 1/2 is observed, similar to discrete random walk We acknowledae useful conversations with Ra
chains. Observations similar to Fig. 5 have been found irM 9 y
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fraction of mobile particles involved in strings defines

an “order parameter” for describing the changing popu-

lation of mob@le particles._ This fraction increases from *Corresponding author (sharon.glotzer@nist.gov).
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