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The microscopic details of local particle dynamics is studied in a glass-forming one component
supercooled liquid modeled by a Dzugutov potential developed for simple metallic glass formers.
Our main goal is to investigate particle motion in the supercooled liquid state, and to ascertain the
extent to which this motion is cooperative and occurring in quasi-one-dimesional, string-like paths.
To this end we investigate in detail the mechanism by which particles move along these paths. In
particular, we show that the degree of coherence—that is, simultaneous motion by consecutive
particles along a string—depends on the length of the string. For short strings, the motion is highly
coherent. For longer strings, the motion is highly coherent only within shorter segments of the
string, which we call “microstrings.” Very large strings may contain several microstrings within
which particles move simultaneously, but individual microstrings within a given string are
temporally uncorrelated with each other. We discuss possible underlying mechanism for this
complex dynamical behavior, and examine our results in the context of recent work by Garrahan and
ChandlefPhys. Rev. Lett89, 035704(2002] in which dynamic facilitation plays a central role in

the glass transition. €004 American Institute of Physic§DOI: 10.1063/1.1644539

I. INTRODUCTION average string size, were studied in simulations of a Lennard-
Jones(LJ) binary mixturé® and a polymer meft’ The mean
The increasing complexity in the dynamics of liquids string size was shown to have a maximum during the period
cooled towards their glass transition has received muckvhen the dynamical heterogeneity as measured in terms of
attention:~® It has been demonstrated in simulatibifSand  the non-Gaussian parameter is most pronounced. Similarly
experiment&~*° that both stretched exponential relaxation correlated structures were also observed in the simulation of
and the decoupling of transport coefficients in supercooleé nonrandomly frustrated model of spin glasses that are per-
liquids are to a large extent a consequence of the emergenggived as a model for glass forméfsExperimentally, a
of dynamical heterogeneity upon coolifig* Physical re-  number of studies find direct and indirect evidence for dy-
gions in these liquids consist of subensembles of particlefamically correlated groups of particles. Using an approach
that have temporarily enhanced or diminished mobility relathat corrects multiple scattering noise in inelastic coherent
tive to the averag®'~*°Those particles that have enhancedneytron scattering experiments, Russina and M&3%ex-
mobility aggregate into clusters that grow in size with de-pjored the microscopic dynamics of a supercooled liquid at
creasing temperature. This has been demonstrated througfsgall wave numbers and found evidence for collective fast
number  of compgtaﬂonéfﬁlgﬂ and also experimental  a1omic motion on the scale of the intermediate range order
studies. A closer inspection of these clusters reveals thafong in the static structure. In view of the spatially extended
within any cluster of mobile particles, smaller subsets movenaracter of the collective excitations, they argued that they
together in a correlated fashion where several particles 'Enay be evidence for strings. A direct experimental observa-

placemeach other along one-dimensional,. “string-like” tion of string-like motion was made by Marces al2” and
paths.” It has been speculated that these strings are the ek i g 440 in concentrated quasi-two-dimensional colloidal

ementary unit of cooperative motighoriginally envisioned liquids. Using three-dimension&BD) confocal microscopy,

H 7
by Adam and Gibbs! Weeks and Weit? showed unidirectional motion of neigh-

Previously, the existe.nce of these dynamically Correlate({’)oring particles in colloidal systems and attributed these mo-
structures, and the transient nature dndependence of the i,<'in part to string-like particle rearrangements

The concept of string-like motion plays an important
@Permanent address: Chemical Physics Program, Institute for Physical Saiele in the development of new emerging theories, as well as
ences and Technology, University of Maryland, College Park, MD 20742-n more traditional theories of the glass transition. For ex-
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description of dynamics in supercooled liquids. Central toprised of strings? a fundamental connection between strings
the theory is the notion of dynamic facilitation, originally and the CRR of Adam and Gibbs is likely, but remains to be
introduced by Fredrickson and Andersé’ Dynamic fa-  shown.
cilitation corresponds to the idea that when particles in a  The above examples clearly demonstrate the relevance
microscopic region of space are mobile, they influence thef string-like rearrangements both in new and well-
dynamics of particles in neighboring regions, enabling thenestablished theories of the glass transition. Nevertheless,
to become mobile, thereby allowing mobility to propagatelittle is known about the microscopic details of this dynami-
through the systedff:** It has been argued that the observa-cal pattern. For example, it is still elusive as to how the short
tion that highly mobile particles in a supercooled liquid time rattling motion of particles within their temporary cages
move along correlated strings is a confirmation of this centragvolves into structured correlated motion that is manifested
idea** Previous analysis of the system studied in the preserais string-like motion along a one-dimensional path. In par-
paper indeed suggests that clusters of highly mobile particleicular, it is important for the further development of these
are formed as a result of mobility propagation initiatedtheories to understand the mechanisms involved in the for-
within a nanoscopic local structure and facilitated throughmation of these local excitations, e.g., how these motions
quasi-one-dimensional string-like rearrangeméhts. occur, how large strings develop, and to what extent the mo-
String-like rearrangement of particles has also been redion is coherent and cooperative. To investigate these ques-
ognized in the potential energy landscape or “topographic’tions, we performed a detailed microscopic analysis of
view point of dynamics in supercooled liquitfs>? In this  string-like motion in a one-component glass-forming liquid
picture, the structural relaxation of particles at sufficientlydescribed by the Dzugutov potential, at temperatures above
low temperatures is attributed to transitions between localhe mode coupling temperatuiig,cr. Our analysis answers
energy minima, or inherent structures, of the multidimen-several of the above questions and provides insight into the
sional potential energy hypersurface. In fragile liquids, simi-most probable mechanism for the formation of strings. The
lar to the scenario described in terms of multifunnelPaper is organized as follows: The model used for our simu-
Structure§,3v54 basins in configuration space are 0rganized|ati0n3 is described in Sec. Il. In Sec. lll, we bI'IEﬂy charac-
into “metabasins_ﬁo!szBuChner and Heué? and D0|iwa and terize the bulk dynamiCS to ascertain the dynamical prOper-
Heuer’ recently showed that, upon deep supercooling, a |iq1ies of the system at several temperatures above and below
uid becomes trapped in a single metabasin for an extenddfie onset of supercooling. The average properties of the mo-
period of time, making frequent hops within the metabasinbile particles are also studied in this section to establish a
and infrequent excursions from one metabasin to anothebasis for the detailed analysis of the mechanism for the de-
Schraderet al®® showed that transitions between inherentvelopment of string-like motion described in Sec. IV. We
structures involve string-like motion. Further, Deneiyal®®  close by drawing our conclusions in Sec. V.
observed that transitions between metabasins involve coop-
erative rearrangement of particles. The relevance of stringy MODEL AND SIMULATION
like motion during inherent structure and metabasin transi-
tions was recently investigated in detail by Vogelal®® 1t A Model
was demonstrated that although string-like motion facilitates ~ The model used in our simulations is a monoatomic sys-
both types of transitions, it is of particular importance fortem described by the Dzugutov potenﬁ%\lwhich is de-
metabasin transitions. All these studies suggest that the cogigned to prevent the nucleation of the ground state crystal
cept of string-like motion is essential for understanding howstructures. This potential evolved from a pair potential that
particle rearrangements lead to exploration of configurationvas originally developed for metallic liquid§.In the origi-
space. nal potential, the parameters were optimized to reproduce the
Perhaps the most well-known theory that connects dystatic structure facto®(q) of liquid lead measured in a neu-
namical properties of supercooled liquids to their thermody+4ron scattering experiment close to the melting pofnt
namic properties is the Adam—Gibbs thedffthe main pre- =623 K. This pair potential includes, in addition to terms
diction of the theory relates the structural relaxation time describing the strong short-range interactions and the usually
to the configurational entrop, through the relationr,, predicted Friedel oscillatioff, a soft repulsive component
~exd1/(TS;)]. This relation has been tested in simulationsrepresenting the screened Coulomb repulsion between the
and appears to be valid across a wide spectrum oibons.
liquids 8154 Despite the validity of the theory, the coopera- In its present form, the Dzugutov potential is character-
tively rearranging region§CRR) that are central to the ized by the presence of two repulsive regimes and one attrac-
theory and that are related to the configurational entropytive region. Its main repulsive part is identical to that of the
have not been definitively identified. It is reasonable toLJ potential, but the Dzugutov potential features an addi-
proposé® that the CRR are associated with the mobile re-tional maximum at a range typical of next-nearest-neighbor
gions of the supercooled liquid. Indeed, a recent sthidy coordination distances in closed-packed crysighis
demonstrated a connection between the Adam-Gibbs theomaximum suppresses crystallization by disfavoring closed-
and spatially heterogeneous dynamics in simulations of wapacked ordering. On the other hand, the maximum is located
ter. In particular, they showed that the average size of clusin a region between the distances bounded by the first and
ters of mobile particles, defined as in Ref. 16, is related to théhe second neighbor shells in the icosahedral polytope,
size of the CRR! Since we know that clusters are also com-causing the preferred local order in the system to be icosa-
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TABLE I. Parameters of the Dzugutov pair potential. have minima at the same position, but unlike the LJ poten-
tial, the Dzugutov potential has an additional repulsive piece.
Figure Xb) shows the pair correlation functiog(r) of a
16 5.82 11 1.87 1.28 0.27 1.94 17 576-particle Dzugutov liquid & =0.42 andp=0.85, and
shows a split second peak as observed by Dzugetal.”2

The Dzugutov model has been used in studies of super-
: _ _ _,  cooled liquid§®'#"3as well as in simulations of freezirfg,”
rgle in the glass formgtlon of some sm’nplg systéfhs, . where the observed solid structure for sufficiently long relax-
since the “frustration” inherent in packing icosahedra in a40n ynon supercooling is found to be a monoatomic dode-
Euclidean three-d|men5|or_1al space mqkes '_t impossible t8:';1gonal quasicrystal. By construction, however, such trans-
form a Iong-rangg crystalline structure in which egch oMo rmation can be delayed, and the potential stabilizes the
has such an enywopment. Hence, a system described by ttﬂ?ﬁe—component liquid in a metastable supercooled state, al-
Dzugutov potential is a good glass former, and can be study, ,inq 5 time window long enough for the observation of the

ied in the supercooled regime prior to nucleation of the CYSessential dynamical properties. In terms of its glass transition

tal. Near and below this system is known to exhibit a first behavior, the model is known to be a fragile liqdfdThe

sharp diffraction peak and a split second peak in the structurgupercooled regime, characterized by the super-Arrhenius
factor/? These are common features of metallic glasses,

) . slowing down of the diffusion coefficierd, is found to set
which have an inherent structure that can be accounted for By, -+ o0 indT=0.872 The critical temperature of MCT, es-

icosahedral coordination of the first neighbor shell. These; -4 from a power law fitting o, is Ty,c7=0.472 It has
systems are, however, multicomponent systems whose Struﬁéen showf? that the onset of supercooled dynamics is ac-
ture is mpstly dictated by thg presence of short-range Chemlfompanied by a significant change in the features of the in-
cal ordering. The Dzugutov liquid can thus.be perceived as Eerent structures, where structurally distinct domains have
(_)ne-component reference syste_m for multlcomp(_)ner_wt metalsean observed. Specifically, it has been demonstrated that the
lic glass form_ers, whose relgxatlon on supercooling InVOIVe?ocaI icosahedral configurations form extended domains the
both topological and chemical ordering. Hence, the model ¢ o \which grows as the glass transition is approadhed.
provides a unique opportunity m_separatmg the Cont”bu'['onl'hese configurations are observed to show a tendency for
of these processes to the formation of glgsses. L low-dimensional growth, and eventually percolate below
The explicit form of the Dzugutov pair potential is €x- 1 jeading to a dramatic increase in the structural relax-
pressed &5 ation relative to the diffusiof®”3It has been further shown
V=V;+V,, that the structural heterogeneity is accompanied by dynami-
cal heterogeneity, where patrticles initially inside the icosahe-
dral clusters are found to have less mobility than those in the

m A c a B d b

c
Vi=A(r M- B)ex;{—

, r<a, , X
r—a nonicosahedral environmefit.
V,=0, r=a, oy
d B. Simulation
V,=Bexp —-|, r<b, . . .
2 F{r—b) Our molecular dynamic§MD) simulations are per-
formed for a system of 17576 particles in a temperature

V2:O, r?b,

range 0.42-1.0. For all state points studied, the simulations
where the parameters are compiled in Table I. In Fig),1 are done under isothermal conditions and at a constant den-
we plot the Dzugutov potential together with the LJ poten-sity p=0.85 (NVT ensemblg Periodic boundary conditions
tial, where the latter is shifted up by an amount 0419 are used in all three spatial directions. To prepare the system,
align the minima for the sake of comparison. Both potentialghe liquid is cooled and equilibriated in a stepwise manner

@]

2F — Dzugutov potential 7
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FIG. 1. (a) Dzugutov potential plotted together with LJ potential, where the LJ potential has been shifted up byt6.4f@fphasize that the two potentials
have minima at the same position. The Dzugutov potential has a maximum at a distahée. (b) The pair correlation functiog(r) of the Dzugutov liquid
atT=0.42.
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(b)

FIG. 2. (8) Mean square displacemefi(t)), and(b) self-intermediate scattering functiény(q,t) plotted as a function of time for different temperatures.
Fs(q,t) is evaluated afj=6.82, which corresponds to the maximumS§fy). The temperatures from left to right afe= 1.0, 0.75, 0.65, 0.55, 0.52, 0.49, 0.46,
0.43, and 0.42.

starting fromT=1.6. At eachT studied, several independent explore whether the mobile particles in the Dzugutov liquid
samples are prepared to improve statistics. All analysis oform clusters. At any time intervaAt, we identify highly
bulk dynamic properties is conducted over the entire range dnobile particles by monitoring the displacements of %'lepaf-
T, however, our detailed study of string-like motion is re- ticles within this time window and, as in prior yvorR o
stricted to the lowest temperature simulatdd; 0.42. The W€ select 5% of the particles with the largest displacements.
. . . ) . Lo . ; ; 6,19 :

integration time step used in the simulation is 0.01. All unitsFollowing previous work>*®we define a cluster as a group
are quoted in LJ reduced units: length in unitsrotempera- of highly mobile particles that are within the first neighbor
ture T in units of e/kg, and time in units ofoym/e. The shell of each other, where the first neighbor shell is defined
massm and the distance are set to unity. The simulations Py the distance of the first minimum gfr), cf. Fig. 1(b).
carried out for the present study, prior to postanalysis, re- Figure 3 shows several typical clusters obtainedrat

quired roughly 1300 cpu hours on a AMD Athlon 20004p ~ =0.42. Obviously, there are a variety of clusters that have
Myrinet cluster. different shapes and sizes, so that a statistical analysis is

necessary to determine the transient natureTasielpendence
of the clusters. We calculatB(n(At)), the probability of
finding a cluster of siza at a time intervalAt, and from this,

In order to demonstrate that the system studied showge compute the average cluster size. The weight-averaged
typical glass-forming liquid behavior we show the meanmean cluster siz8(At) can be obtained using the relatiBn
square displacemeriMSD) and the incoherengself) inter-
mediate scattering functiof¢(q,t). The typical time re- 3n?P(n(At))
gimes observed for these quantities will also serve us in S(At):m' @
marking and comparing the time scales relevant in the later
analysis of string-like motion, which is the main goal of our
study. Figure Pa) shows the MSD for the Dzugutov liquid at
different temperatures. Typical of supercooled liquids, the
ballistic and diffusive regimes at short and long times, re-
spectively, are separated by a plateau regime at intermediate -
times. The plateau, which results from the temporary “cag-
ing” of each particle by its neighbors, extends to longer
times as the system is cooled towarfig. The incoherent
intermediate scattering functioRg(q=6.82f) in Fig. 2(b)
exhibits a two-step relaxation at temperatures below the on-
set of caging. It is well established for supercooled lig(fids
that the short-time decay, the plateau, and the long-time de-
cay can be attributed to vibrations, tigeregime, and thex
regime, respectively. The average relaxation time of #he
process,r,, can be characterized by theeldecay time of
F<(qg,t). MCT predicts that the temperature dependence of
7, IS well described by a power law,~(T—Tycr) 7,
from which the mode-coupling critical temperatdrger can
be estimated. Accordingly, the power-law fit to our data
yields Ty,c7~0.4 as found in Ref. 72. FIG. 3. (Color) Example of typical clusters formed by the 5% most mobile

Next we show the average properties of mobile particleé)articles that are found &t=0.42 at the timeAt=102.4. Particles belong-
ing to the same cluster are colored the same. Note that in the simulation all

in the'DZUgUtOV liquid so as to be at_’le t(? compare t.heirparticles have the same size, but for the purpose of visualization all particles
behavior with that of other glass-forming liquids. We first not in the subset studied are shown as dots.

IIl. DYNAMICS OF THE BULK
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FIG. 4. The mean cluster siZeas a function of time\t for temperatures,
from left to right, T=1.0, 0.75, 0.65, 0.55, 0.52, 0.49, 0.46, 0.43, and 0.42.
(Insey Probability distributionP(n), at the timeAtc for T=0.42. The solid
line is a power law fitP(n)~n~". 7is found to ber=1.69+0.16.

FIG. 6. (Color) Large cluster identified af=0.42 at a timeAt=102.4. For
the purpose of visualization all particles in the cluster are represented by a
sphere of radius 1.0, while all other particles in the system are represented

In Fig 4. we depictS(At) for different T. It can be seen by a sphere of radius 0.1. Particles moving in the same string are given the
L ) same color. Those particles in the cluster that are not involved in string-like

clearly that the mean cluster size increases rapidly UPORotion are colored gray.
cooling towardsT yct. Moreover,S(At) shows a peak at an
intermediate timeAtc that coincides with the time of the

MSD crossover from the caging regime to the diffusive re-the MCT and, hence, the dynamical process which manifests
gime, cf. Fig. 2. We extrachtc for eachT, and fit the data jiself in the formation of the clusters precedes the long-time
by a power lawAtco(T—Tycr) * as was done in Ref. 19 gt ctural relaxation.

for a supercooled polymer melt. It is evident from Fig. 5 that  apnother interesting similarity between different systems

a power I_aw, with an expone_mz_ 1_39; Q.l?, yield_S area- pecomes obvious when inspecting the probability distribu-
sonable fit for the Dzugutov liquid. Within the estimated nU-tjon of the cluster size. In accordance with previous

merical error, this is consistent with=1.47+0.16 observed orks161928 Fig 4 shows thatP(n) at the characteristic
in simulations of a polymer melf Thus, the transient nature {jme Atc is well described by a power la®(n)en ™ (mul-
of S(At) is similar to that found in previous studies includ- (iplied by an exponential cutoff fof >Tycr).’® The expo-
ing experimental work on colloid.In all cases studied, the ent 7=1.69+0.16 for the Dzugutov liquid af=0.42 is
peak ofS(At) lies in the lateg/early-« relaxation regime of  gimjjar to that found for a polymer mekr=1.62+0.12)
close toTycr,® but it is different from the values obtained
for a binary LJ mixture(r=1.9)*® and a colloidal system

10% N - (7'=2.2'i0.2).28.A'|th0ugh the value of the exponenmay be
: 0 At E nonuniversal, it is noteworthy that, for all systems studied so
r —at, ~ (T - 0.394) "% 1 far, the distributionP(n) at the characteristic timatc ex-
O At ] hibits a power-law behavior whefi— Ty, 7. We note that
102k —- At ~(T- 0.394)"4° classical percolation theofyimplies 7>2. In contrast,r<2
. E Atr 1408 3 was observed in all computational approaches. It has been
g ot ~(T-0.395) argued® that this discrepancy may result from the finite sys-
3 X tem size and/or the intrinsically dynamic nature of the clus-
10'F i ters in contrast to the static nature of the clusters in percola-
; ] tion theory. On the other handr=1.4+0.15 was also
reported in experimental work on static clustéts:urther,
considering the relatively large size of the present system we
10°5 L e expectP(n) to be only weakly affected by the system size in
10 10 10 the studiedT range.
T-04 A closer inspection reveals that the clusters, especially

FIG. 5. Temperature dependence of the peak titiesandAt, character-  the larger ones, contain several strings, i.e., groups of par-
izing the times when the mean cluster size and the mean string size, respetieles that follow each other in quasi-one-dimensional pé&hs.
tively, are maximum. For completeness. the titheavhen the non-Gaussian Th|S decomposition of the C|usters iS C|ear|y seen in F|g 6

parameter(not shown of this system is maximum is also plotted. In the - L L . . )
figure, the lines show results from nonlinear curve fitting of each data poiny\’here the different colors indicate distinct strings. To iden

to a power law~(T—Tycr) 7, whereTycr and y are used as free fit tify_ the strings we compare shapshots of the particle cor_1figu-
parameters. In all cas@gcy is close toT=0.4. rations at two different times, say at some reference time
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FIG. 7. The fractiorf (At), expressed in percentage, of mobile particles that ;i 8. The mean string size as a function of timeAt for temperatures,

move in nontrivial strings for temperaturds=1.0, 0.75, 0.65, 0.55, 0.52, from left to right, T=1.0, 0.75, 0.65, 0.55, 0.52, 0.49, 0.46, 0.43, and 0.42.

0.49, 0.46, 0.43, and 0.42. (Inse} Probability distributionP(1), at the timeAt, for T=0.42. The solid
line represents an exponential () ~exp(=I/l,), wherel, is found to be

. _ 1,=2.38£0.24.
=ty and at a later time=ty+ At, and search for mobile

particles that have replaced neighboring mobile particles

within a radiuss'®. More precisely, we construct strings by increases with decreasinf Thus, long strings are mainly
connecting any two mobile particlésand j if min[|ri(to  formed in the lates/early« relaxation regime where the
+At) = rj(to)|,[ri(to) —ri(to+ At)|J< 6. Following Donati  mean length increases upon cooling. This time regime also
et al!® we useds=0.6 for our analysis. Although the choice corresponds to the timt& when the non-Gaussian parameter
of §is somewhat arbitrary, a different choice does not affecty,(t) is maximum(not shown. An important difference be-
the qualitative features of our results, provid@ds chosen tween strings and clusters exists for the respective size dis-
smaller than the particle radius In fact, this has been con- tributions. At the respecti\/e peak times fbe 042,P(n) is
firmed in Ref. 20, where the mean string length was calcuwell described by a power lavef. Fig. 4) while P(l) shows
lated for differents. an exponential decay. Such behavior was also found in simu-
As found also for a LJ mixture in Ref. 10, there are somejations for a binary LJ mixtur€ and a polymer mef® where
mobile particles in the clusters that are not involved ing detailed study on the transient nature andependence of
string-like motion according to the criterion used. We thusstring-like motion has been performed in association with
wish to ascertain the relevance of string-like motion for re-polymer specific effects of bulk relaxation. As pointed out in
laxation in the highly mobile domains of the system. To ad-Ref. 10, the observed exponential behavior is analogous to
dress this issue, we compute the fractitit) of mobile  that reported for equilibrium polymerizatith®? of linear
partiCIES that are involved in nontrivial String—like motion, p0|ymer chains, in which the bonds between monomers

which means strings consisting of three or more particlespreak and recombine at random points along the backbone of
Figure 7 shows that the fraction grows significantly wiien the chain.

is decreased. For example, &t , roughly 70% of the mo-
bile particles are involved in string-like motion fof BING-LIKE MOTION
=0.42. Further,f(At) has a maximum at a temperature- IV. MECHANISM OF STRING- oTio

dependent timé\t;~Atc, cf. Fig. 4. These results indicate Thus far, we have explored the average properties of
that string-like motion is an important channel for the relax-strings, and have shown that string-like motion is an impor-
ation of mobile particles and becomes increasingly signifitant channel for relaxation in the domains of mobile particles
cant with decreasing. in this model liquid. In this section we investigate further the
In analogy to the mean cluster size, the weight-averagedetails of string-like motion beyond what the length distribu-
mean string length,, can be calculated as a function of time tion and mean length reveal. What we intend to accomplish

and temperature is to trace the string-like motion with an increasing amount
S12P(1(At)) of microscopic detail, in order to understand precisely how
L(At)= 3 particles move in strings. In doing so, we study a number of

2IP(1(AD) issues relevant for cage rearrangement, cooperative motion,
wherel is the number of particles in a string aRgl (At)) is  and dynamical heterogeneity.

the probability to find a string of lengthin the time interval As we have seen, strings are largest at times in the late-
At. In Fig. 8,L(At) is displayed for differenl. The time  glearlyw relaxation regime of the MCT, indicating that the
and the temperature dependence of the mean string lengthotion of mobile particles is highly cooperative on this time
are essentially similar to that of the mean cluster size. Irscale. However, the mechanism by which this cooperativity
particular,L(At) peaks at a timeAt, which is within the is realized is not apparent, i.e., the strings found gt may
numerical error ofAt;, and the maximum value df(At) result from a series of local rearrangements at shorter times.
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FIG. 9. Square displacemerﬁ(At) of particles in strings that represent typical example&@ptoherent motion an¢h) noncoherent motion. Note that here,

and in all other figures in this section depicting displacements of particles, the data have been smoothed using running averaging scheme irawhich seve
successive data points are replaced by their average to remove vibrational motion. Each data point is an average of 40 successivéedgiiaaieinttso

200 MD stepsor a time range ofAt=2.

For example, one can imagine that the strings are formed aghereas the jumps of the other particles occur individually at
a result of:(i) a “coherent” type of motion where all par- later times. In particular, the delay between the individual
ticles in a string move simultaneously in a single event, or inumps is much larger than the dephasing time due to the
a time interval shorter than the dephasing time of the rattlingage-rattling motions for which an estimate, based on the
motions within the local cagesii) a sequential type of mo- onset of the plateau regime of the MSD, yieltig,~5, cf.
tion where the particles in a string follow each other in aFig. 2. Thus, the motion of particles in this string is not
strictly ordered manner along the “backbone” of the string, coherent.
i.e., the head of the string moves first and the tail last, but at As can be seen in Fig. 10, the situation becomes even
relatively widespread time intervals; @ii) a nonsequential, more complicated for large strings. In this figure, the square
temporally random type of motion where single events indisplacementsiz(At) of the individual particles constituting
which the individual particles move into available empty one large string are organized in three panels to emphasize
space dominate on short time scales before some structurdéeht subunits of the string, which we call “microstrings,” can
path emerges. Of course, the actual mechanism may also e identified within which the particles move nearly simul-
a combination of all these processes where the prevailintaneously. For example, the particles labeled 6, 7, 8, 9, and
mechanism depends on both the temperature and the lengtl® jump together as a unit nearly at the same time, while the
of the string. This is what we aim to determine in this sec-motions of the other subunits occur at different times. All
tion. these examples show that the string-like motion realized at
To investigate these processes, we first examine the irsome timeAt, is a consequence of diverse processes at
dividual motion of particles in strings, where we assess thehorter times, some of which are coherent and some of which
squared displacement of each particle in the strings. Themmre not. To unveil these complicated processes we next in-
we investigate the relative motion of pairs of particles inspect the motion of pairs of particles within strings in which
strings that replace each other, where the relative motion iene is replaced by the othéfreplacing pairs”).
either with respect to their current positions or the original
position of the replaced particle in the pair. In all cases wez, Replacing pairs
begin our analysis by inspecting several representative . _ I . : .
strigngs. Then, Wg calcu?/ate vgriousgensemble avgraged quan- Accordmg to_ the|r_ definition, s_trlngs consist of pairs .Of
tities to obtain information about the typical behavior. To do mOb'I_e particles in which one _partlcl_e replaces the ot_her na
this, we first identify strings in the time intervat, from time interval At. Valuable insights into the mechanism of

some reference timigy. Then, starting from the origin of this string—like motion can be derived by ".‘?pe‘:tif‘g the Irelative
time interval we monitor the trajectories of the particles dur-motions Of. these paurs. Suppose pal’tIC.||E$’1C.ij. copsutut_e
ing the formation of the strings. such a pair in a string that has been identified in a time

interval At, , and let us further assume thateplaces, i.e.,

the condition dr;;(At )<6=0.6 is satisfied, where

, , , drij(At))=[r;(to+ At ) —ri(to)|. Then, the calculation of

1. Single particle motion dr;;(At<At,) for all pairs in a string and identification of
First, we assess the individual motion of particles inthe times when each pair first satisfies the criterion

strings during the formation of the strings by showing thedr;;(At) <& shows when the individual replacements in the

square displacements of the constituting particfé$At), string take place. Therefore, in this section we slioy(At)

for two typical examples, see Fig. 9. For the string consid<or all pairs in a typical string found att, , and then inspect

ered in Fig. 9a), all particles move together within a short the replacement mechanisms.

period of time by about one interparticle distance along a  Figure 11 depicts the plot adr;;j(At) in the time win-

single path to replace the neighboring particle, suggesting dow betweenty and to+At, . A number of issues can be

nearly coherent type of motion. In contrast, for the stringunderstood from the figure. Apparently, the replacements oc-

studied in Fig. %), two particles move forward as a pair, cur as sudden jumps, where for this string some of the jumps

A. Analysis of typical examples
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100

FIG. 10. (Color) The square displacemerﬁ(At) of particles in a large string. Those patrticles that are moving together are grouped in the same panel. We
refer to these subunits as microstrings. The position of particles in the string at the jiemadt,+ At, are shown by spheres, where the numbered spheres
represent positions &tt, and the remaining gray spheres represent the positions of the corresponding particles at the referépce time

take place in group&e.g., pairs 2, 3, and)4t about the same <ty+At, . When this happens, we select the time of the final
time, while others(e.g., 5, 6, and J7are well separated in successful jump as the replacement time in the following
time. Occassionally, we also observe unsuccessful replacenalysis. By inspecting the duratidar (cf. Fig. 11) required
ment attemptge.g., pair 7, where the replacing particle re- for all pairs in a string to undergo successful replacement
turns to its initial position prior to the jump, before the suc- jumps, we can ascertain if the motion is coherent or not. If
cessful replacement eventually takes place at a later time these jumps occur at once or within a short period of time,
then we conclude that the motion is coherent, or simulta-
neous. Clearly, for the string analyzed, the motion is nonco-
1 ; | ; herent since the replacements occur at widely separated
5 1 times, andA7=62 is much longer than the dephasing time.
7 4 Nevertheless, the string contains a subunit or microstring that
moves simultaneously, as was recognized in the last subsec-
tion using a different approach.

When the motion within a string is noncoherent, we can
further investigate whether or not the string-like motion in-
volves sequential jumps of the constituting particles along
the “backbone” of the string. This can be achieved by ob-
serving the time sequence of the replacement jumps in com-
parison to the pairs’ order along the backbone of the string.

, R However, due to partial coherent motion, as seen in pairs 2,
75 100 125 3, and 4 of Fig. 11, the identification of sequential motion
At becomes complicated, since for these pairs the sequence be-
FIG. 11. A plot ofdr;;(At)=|r;(to+At)—ri(to)|, which characterizes the comes indistinguishable or the order irrelevant because the
time when the conditiomlr;; (At ) <5=0.6 is first satisfied for any pair j pairs jump together almost at once. In any case, to gain some

in a particular string, i.e., the time when parti¢lées replaced by particlg g : ; ; ;
The pairs are labeled with a number describing their positions in the strin mSIth’ we define Sequentlal motion for St”CtIy ordered

from head to tail, where the pair at the head is labeled 1 and the pair at tfi_é"mps- _That m_eans only those strings th_at show replacement
tail is 8. jumps in a strict order from head to tail are considered as

ONONDWN—=
1
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FIG. 12. The relative motionir{,(At) (solid lineg of replacing pairs that EIG. 13. Probability d|str|but|9rP(A r_), whereAr'ls the time petwgen the
are moving(a) coherently andb) noncoherently. The separation time and first and the last replacement jumps in a strio Fig. 11). The filled circles
the separation distance between the replacing pairs are indicatadgy ~ ShowP(A7) for all strings, while the shaded and unshaded bars represent
andAr ., respectively. To mark the time when the replacement jumps tookP (A7) for strings of lengthl <7 and|=7, respectively. The axis of the
place, we plotdr;;(At) (dashed ling for each pair. The horizontal lines WO bars have been shifted from each otherdwy=1.0 for clarity. In the
mark the distancelr;;=0.6. inset we show the extent of coherent mation Wh_en we _analyze different
string lengths separately. For those strings in which particles that are not
moving simultaneously, we calculate the probability of strings that exhibit
sequential type of motion.

displaying sequential motion. Thus, the string analyzed in

Fig. 11 has a sequence in which 4, 3, and 2 move before 1,

and hence the motion in this string is not considered sequertelayed, this plot shows, immediately preceding the jump
tial. However, we observe other examples that exhibit setime of the replacing particle, a bump in the pIotcbﬁ(At)
quential motion. In the next section we perform a statisticalcf. Fig. 12b) as an example Then, the height4r.) and
analysis to quantify this and the other mechanisms. the width (Atsep of this bump([cf. Fig. 12b)] characterize

In the above considerations, we based our analysis at theow far and how long the particles separate during the re-
level of strings to determine the rearrangement mechanismplacement process. From the tilé;.,we can infer if a pair
For example, by measuring the time spanof the replace- undergoes a coherent motion or not, while e, gives us
ment jumps in the whole string, we were able to examineadditional information on the overall cage rearrangement.
whether the motion is coherent or not. However, with thisClearly, the pair depicted by Fig. (& exhibits a coherent
approach we cannot distinguish those cases where the majoump, while the motion illustrated in Fig. 18 is noncoher-
ity of the particles move simultaneously from those where allent, since the jump of the replacing particle exhibits a sig-
jumps are well separated in time. Consider, for example, aificant delay.
string that consists of particles. If one of then particles
jumps at a much later time while all the others jump simul-
taneouslyA 7 will be large simply because of the one particle
with a delayed jump time. Hence, the motion will be inter- Thus far, we have studied string-like motion by inspect-
preted as noncoherent although most involved particles moviag several representative examples. In this analysis, it has
simultaneously. To capture this behavior, we re-examine theeen demonstrated that the particle rearrangements involved
relative motion of particles in replacing pairs, but this timein string-like motion result from a complex procedure in-
with respect to their current positions, i.e., we calculatevolving different mechanisms. In order to determine the
drﬁ(At)E|rj(to+ At)—ri(to+At)| for any pairi andj in dominant mechanism, it is necessary to perform a statistical
any given string for which replacesi. Notice that in our analysis. Therefore, we now calculate different probability
previous analysis the current positioiit,+ At) of particlej distributions that quantify the average behavior.
is compared to the original positian(ty) of particlei, but We first show the probability distributioR(A 7) of the
not to the current position. With this approach we will be time interval AT between the first and the last replacement
able to determine the probability of coherent motion at gumps in a given string. In Fig. 13 we pl&(A ) obtained
level of replacing pairs. by averaging over all strings found in a time intervd, ,

In Fig. 12 we show examples (nfricj(At) for represen-  for T=0.42. This distribution quantifies the extent of coher-
tative pairs in two strings. This figure also includes the plotsent motion at a string level. As can be seen in the figure,
of dr;;(At) for the corresponding pairs, to mark the jump P(A7) is a monotonically decreasing function of the time
times described above. If the jump for a given pair occursAr.
simultaneously, the pIotcn‘ricj(At) remains flat, as shown in To determine quantitatively the extent of coherent mo-
Fig. 12a), since the particles do not separate significantlytion, we must assign a cutoff time interval below which the
during their motion. On the other hand, if the replacing par-motion can be regarded as coherent. Ideally, we wish to de-
ticle waits some time before it jumps into the position va-fine coherent motion as a process where the jumps occur at
cated by a replaced particle, i.e., if the replacement process [gecisely the same time, but because this is an unlikely pro-

B. Analysis of ensemble averaged quantities
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cess we must choose a reasonably small time that capture: 0.4 . - L I B
this event. In particular, this choice must be larger than the I (a)
vibrational time scale, since we are interested only in rear-
rangements that contribute to string-like motion, and these 0.3
are beyond the individual vibrations. Therefore, by inspect-
ing the MSD or intermediate scattering function of the bulk ~ &
(cf. Fig. 2, we define coherent or simultaneous motion as a 3 0.2
process where all particles in a string undergo replacementa-
jumps in a periodA7<5. Based on this definition, we find
that about 21% of the strings are moving simultaneously.

If we study small (<7) and large (=7) strings sepa-
rately, we find different probability distributions. For the

S

small strings,P(A7) is large for short time scale@ 7<5), %% 10 15 20 25 30
while for the large strings no monotonic decay, but instead a Atsep
broad distribution ofP(A7), is observed. In particular, in 0.4 - I - T ' .

terms of the criterion used to quantify the coherent motion,
we find that none of the large stringb=7) moves coher-
ently when considering the motion of all particles in the 0.3
string, whereas roughly 26% of the small strings<¢) do. .
This probability grows to roughly 45% for the smallest string &
size,| =3 (see the inset of Fig. 13 for more detailShese ﬁ
findings show that only small strings can move coherently as &
a unit whereas in large strings distinct subunits of the strings
move at different times, resulting in an overall large time
interval A7 for the entire string, and hence implying a non-
coherent type of motion at the level of strings. Nevertheless, . ,
we show later below that at the level of the individual sub- . 1
units, or microstrings, the motion is coherent. Arsep

For those strings that do not move coherently, i.e., 79% S o
of the strings, we quantify the relevance of sequential type of 'G: 14: Probability distributions dg) the separation timétsg,and(b) the

. B . . ; . separation distancar ., of replacing pairs during the replacement process.
motion by counting those strings in which particles undergo
strictly ordered jumps along the backbone of the string dur-
ing a rearrangement process. We find that 35% of thesgon up to a cutoff timeAtg,~5 for estimating the probabil-
strings exhibit sequential motidief. inset of Fig. 13, while ity of coherent jumps in pairs, we find a value of 0.56.
65% of the strings that are found to be noncoherent exhibit gherefore, about 56% of the replacing pairs move simulta-
nonsequential, temporally random motion in which one omeously in the replacement process. This number is signifi-
more particles disrupt the ordered sequence of the replaceantly larger than that obtained by analyziRgA 7) (21%).
ment jumps. In fact, out of all strings, coherent as well asThe difference shows the presence of a substantial number of
noncoherent, this amounts to nearly 51%. Therefore, nonsetrings that have been counted as noncoherent, while the ma-
quential type of motion appears to be an important elemenjority of the particles in these strings actually move simulta-
of the string-like motion. If we further break down our analy- neously in microstrings. Therefore, the two probability dis-
sis for different sizes, we find that sequential type of motiontributions complement each other and, only in combination,
is more prevalent than nonsequential motion for smallegive us complete information on the extent of coherent mo-
strings. For example, we find that about 63% of noncoherention in strings.
strings of sizel =3 undergo ordered jumps along the back-  Additional information about the rearrangement of par-
bone of the strings, while only 9.2% of strings with size ticles in strings can be extracted by examining Fig(bl4
=7 show strictly ordered jumps. Hence, as may be expectedyhich shows the probability distributioR(Arg.) of an ex-
strictly ordered replacements occur prevailingly for smallcess separation distande ., between replacing pairs in a
noncoherent strings. string during the replacement process. Questions such as,

To gain further insight into the rearrangement mecha-'‘By how much do particles separate from each other during
nisms and to further establish the concept of microstringsthe replacement process as compared to the size of the cage
we will next discuss the statistical analysis done at the levetadiusr.?” can be studied. Clearly, high probability is at-
of replacing pairs in strings. We first calculate the probabilitytained for small separations, with the tail of the probability
distribution P(Atge) that characterizes the separation timesextending toAr¢.s~1, i.e., one interparticle distance. In fact,
Atgep between replacing particles. Figure(addisplays the — most pairs have\r.;<r., wherer. can be estimated using
probability distribution obtained by averaging over all re- three-time correlation functiod$.As shown in the Appen-
placing pairs in strings found at a time intervat, for T  dix, this analysis yields .~0.45 for the Dzugutov liquid at
=0.42. Similar to what we find fronP(A7), P(Ats) de- T=0.42, i.e., the cage radius is slightly smaller than the half
cays monotonically. If we integrate the probability distribu- interparticle distance, which is consistent with previous find-

0.2
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ings for supercooled liquid¥:2384Based on this estimate, an event when the two particles belong to two different subunits
integration of P(Arg.) in the rangeAr.s<r yields 0.81, of the string, i.e., different microstrings. The present findings
suggesting that only 19% of the pairs separate by a distander the mechanism of string-like motion are consistent with
larger than the cage radius during the replacement procesthe outcome of a study on the particle rearrangements result-
Since coherent motion leads to small pair separations, e.gng from the transitions between successively visited inher-
Argeg<rc, the high probability in this region is again con- ent structures of a binary LJ liqufd.There, it was observed
sistent with the previous finding that large strings typicallythat long strings identified after sequences of transitions do
consist of several microstrings in which the particles movenot result from a coherent motion of all particles during a

simultaneously. single transition, but instead the particles replace each other
at different times either in single-particle type motion or in
V. DISCUSSION AND CONCLUSION small microstrings. Moreover, back-and-forth jumps of mi-

We studied the microscopic dynamics in a glass-forming°rostrings were observed.
one-component supercooled liquid modeled by the Dzugutov  Altogether, the following picture appears to emerge: On
potential. We found that a dominant mode of motion byVery short time scales, small groups of particlesicro-
highly mobile particles is string-like motion. To gain insight String9 move together and, hence, the length scale of coop-
into the mechanism that leads to the emergence of strings w@ative motion is small. At longer times, the interplay of
conducted a detailed investigation of the nature of string-likéhese individual motions leads to the formation of larger and
motion. For this purpose, we identified strings in a time in-larger strings, which in turn aggregate into clusters. Within
terval At, where their mean value shows a maximum, andhese dynamical objects, particles assist each other to escape
traced the trajectories of the particles in the strings duringfom their respective cages and the length scale of coopera-
this period of time. We monitored both the single particlelivé motion becomes maximum at times in the Ialearly-«
motion and the relative motion of pairs in which one particle"laxation regime. At even later times, the cooperativity di-
replaces the other. Inspecting the data for several represent&inishes due to the independent diffusion of the particles.
tive examples we found that the string-like motion resultsAlong these lines, it may be suggested that—in analogy to
from a complex interplay of diverse processes. Because dhe formation of the strings due to the concerted motion of
this diversity, we performed statistical analyses to determinémaller subunits—the growth of the clusters may be a con-
the dominant mechanism of string-like motion. sequence of the interplay of various strings. In other words,

We found that if one defines a string as coherent if ancdFooperativity on various time scales and length scales may
only if all particles within that string move simultaneously in be the basis of spatially heterogenous dynamics.
a short period of time, then only 21% of the strings fall into ~ One may ask why the small length scale associated with
this category, and they are typically small strings. For exthe cooperativity of particle motion observed at short time
ample, about half of the strings of lendti 3 show coherent scales increases and becomes organized into larger, quasi-
motion. Noncoherent strings are found to exhibit particleone-dimensional objects in the lggéearly-« relaxation re-
motion that is both sequential, i.e., motion in which particlesgime. Very recently Garrahan and Chantfieand Berthier
move in a strict order of head to tail along the backbone ofnd Garrahatt*> proposed that dynamics in a supercooled
the strings, but at widespread time intervals, and nonsequefiquid can be understood via two simple ingredients, namely,
tial or random motion. The extent of sequential motion in thethe existence of spatially heterogeneous dynamics and the
noncoherent strings was found to be about 35%, from whictiacilitation of dynamics in the vicinity of regions exhibiting
temporally random, nonsequential motion was estimated tdigh particle mobility. The mechanism for the formation of
be about 65%. Thus, for most noncoherent strings, we findarge strings resembles the concept of dynamic facilitation.
that individual particles or microstrings move in a nonse-In particular, one may speculate that the local excitations
quential manner. In particular, sequential motion is usuallyenvisaged by Garrahan and Chandler are associated with the
not observed for long strings. coherent motion of particles within microstrings, thereby fa-

For a substantial number of noncoherent strings, simuleilitating the creation of neighboring excitations that extend
taneous(coherent motion is observed within small subunits throughout the string.
of the strings, referred to as microstrings. Hence, there is  Another possible reason for string-like motion lies in the
coherent motion on shorter length scales. Quantifying thdocal static structure of a supercooled liquid. In a numerical
degree of coherence at the level of replacing pairs revealstudy of a 2D monodisperse system of particles, Reichardt
that 56% of the particles in replacing pairs move simulta-and Reichard® found fluctuating topological defects that
neously. In addition, only 19% of all replacing pairs separatgform a string-like structure. Although this observation has to
by a distance larger than the cage radius during the replacée further investigated for a 3D system such as ours, weak
ment process. Thus at the level of replacing pairs the motioone-dimensional fissures may possibly develop in the liquid,
is for the most part coherent, whereas it is noncoherent at theroviding a path for string-like motion. Dzugutost al.”
level of strings. These observations show that intermediate agstablished a relation between dynamical heterogeneity and
large strings are formed as a result of subsequent motion aftructural heterogeneity for the studied model liquid. In par-
smaller subunits, either single particles or microstringsticular, it was demonstrated that clusters of icosahedrally co-
within which the particles move coherently. Individual mi- ordinated particles exist in the Dzugutov liquid where, on
crostrings are not coherent with each other. Thus, the reaverage, the particles inside and outside of an icosahedral
placement of a pair of particles becomes noncoherent in thenvironment show reduced and enhanced mobilities, respec-
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— shown thatx,,(r o) = — 3t o1 results from stochastic dynam-

ics in a harmonic potentidl. Choosing the intervalaty; and

At,, in the caging regime, these effects can be used to esti-
mate the cage size for supercooled liqutti&#*Figure 15
shows x;5(roy) for Atg;=10, 100, andAt,,=102.4 atT
=0.42. Obviouslyx,, is negative for all values afy;. Thus,

as a signature of the cage effect, on average a particle moves
opposite to the direction it has moved before. Fgi<r.

\ - . =
\ o0, - 180 At12_'1(1)224'3 ~0.45, the curves nicely follow;(r o)) = — 37 o; indicating
04k \\ t'stg_; 5X’ Atyp =102 i that the particle is dragged back by a constant fraction of its
\ ' previous displacement. On the other hand, the back dragging
oy N effect decreases fary;>r.. Therefore the cage radius can
0 0.5 1 1.5 2 2.5 3 be estimated to be.~0.45.
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