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The potential energy landscagEL) of binary Lennard-Jone$BLJ) mixtures exhibits local
minima, or inherent structuredS), which are organized into metabasi(idBs). We study the
particle rearrangements related to transitions between both successive IS and successive MB for a
small 80:20 BLJ system near the mode-coupling temperalye;. The analysis includes the
displacements of individual particles, the localization of the rearrangements, and the relevance of
string-like motion. We find that the particle rearrangements during IS and MB transitions do not
change significantly af,cr. In particular, an onset of single particle hopping on the length scale

of the interparticle distance is not observed. Further, it is demonstrated that IS and MB dynamics are
spatially heterogeneous and facilitated by string-like motion. To investigate the mechanism of
string-like motion, we follow the particle rearrangements during suitable sequences of IS transitions.
We find that most strings observed after a series of transitions do not move coherently during a
single transition, but subunits of different sizes are active at different times. Several findings suggest
that, though string-like motion is of comparable relevance when the system explores a MB and
when it moves from one MB to another, the occurrence of a successful string enables the system to
exit a MB. Moreover, we show that the particle rearrangements during two consecutive MB
transitions are basically uncorrelated. In particular, different groups of particles are highly mobile.
We further find the positions of strings during successive MB transitions weakly but positively
correlated, supporting the idea of dynamic facilitation. Finally, the relation between the features of
the potential energy landscape and the relaxation processes in supercooled liquids is discussed.
© 2004 American Institute of Physic§DOI: 10.1063/1.1644538

I. INTRODUCTION inherent structurélS). The resulting tiling of the configura-
tion space into nonoverlapping basins of attraction simplifies
Potential energy landscagEL) approaches, which are the thermodynamic description of the syst&fmA link be-
based on the pioneering, work of Goldstéihave proven tween thermodynamics and kinetics is suggested by the
useful in the field of the glass transition phenomefidhin -~ Adam—Gibbs relation which connects the relaxation times
these approaches, the high-dimensional vector of all particl@ith the configurational entrogySuch a link was qualita-
coordinates is considered as a point moving on the potentiajvely established by Sastrgt al® who observed that the
energy surface. A PEL description is particularly useful atonset of nonexponential relaxation is accompanied by the
sufficiently low temperatures where the evolution of the syssampling of IS with progressively lower potential energy
tem can be decomposed into vibrations about local minimaipon cooling. Later, the Adam—Gibbs equation was shown to
of the PEL on short time scales and transitions among dishold quantitatively in simulations of watét, a binary
tinct minima on long time scalé'sin computational work on  Lennard-Jone<BLJ) liquid,** and silica*? Further, depen-
supercooled liquids, a detailed picture of the PEL is accesdence of the fragility on the shape of the PEL was
sible. Following Goldstein’s idea, Stillinger and Web@-  reportedt™*2Such a relation was long proposed by Stillinger
troduced the concept of basins where a basin in configuratiowho suggested that strong liquids have a uniformly rough
space is defined as the set of points that via steepest desceL, while the IS of fragile liquids are organized into meta-
path along the PEL maps onto the same local minimum, obasins(MBs)** or, equivalently, funnel$>
Several workers studied the relation between the proper-
dauthor to whom correspondence should be addressed. Electronic maiF.jes of the PEL and the trajeCtories of the individual partides
mivogel@umich.edu in more detail. Schraderet al!® confirmed Goldstein’s
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picturé showing that the dynamics of a BLJ liquid below the Vaﬁ(r):4eaﬁ[(gaﬁ/r)12_ (gaﬁ/r)ﬁ] (1)

critical temperature of the mode coupling thedCT),*®

Tmer, €an be separated into local vibrations and transitions, ; _ _ _

b(’\aﬂtcv;een IS. FurtFr)\er strir|19—like dis\gl)llacelments of grou;:)ls O?Ith the parametersN=N,+ Ng=65, Na=52, oas
articles were found,durin IS transitions similar to the mo-_o'&TAA’-UBB:O'S&-TAA' €as=—1.5an, €g5=0.5¢an, aNd

P 9 r.=1.8. Linear functions are added to the potentials to en-

tion observed in the equilibrium liquit!. Instantaneous nor- sure continuous forces and energies at the cutaffThese
mal mode analysis suggests that a transition from nonac%odifications of the original potential of Kob and
vated to activated dynamics takes place Tjcr.2 %

: heT- Anderseri>** are necessary for the simulation of small
However, the method to determine a correct distribution Ofsystemé.g’” The data were generated using Langevin mo-
saddle points is still a matter of debafe* in different ap-  |ocyar dynamicsMD) simulations with fixed step sizk
proaches, no change of the dynamical behavidrgir was =0.015= (2kg TAt/m¢) Y2, equal particle masses, friction
observed, but activated barrier crossing was found to be rekonstantg=1 and periodic boundary conditions. All results
evant already abov&ycr.**"*° Doliwa and Heuet*cal- o reported' in UNits O an, M, €xn, andMZAZ/2exs fOr
culated the diffusion constabt(T) from the static properties

o | length, mass, energy, and time, respectively.
of the PEL by taking into account the organization of the 1S At regularly spaced times , we quench the MD trajec-

into MBs. In this way, the effect of back-and-forth jumps, (1) to the bottom of the visited basifSyielding the
which frequently occur between the IS within the same MBdiscontinuous trajectory of I%(t,).% In the IS trajectory, the

but do not contribute to long-range diffusion, can be elimi-gujes at subsequent are identical until a transition to a

nated, and only hopping between MB is considered, Whidhew basin of attraction takes place. These multiple entries

gay resieth()sI? a random walk on the PEL. According Oare eliminated so that the resulting trajectory only contains
ennyet al:

transitions betwee_n IS W't_h,'n aMB involve o g separated by transitions. Further, we apply an interval
very small flexing of a cage, while transitions between MBicqtion method described in Ref. 24 to ensure that all rel-
involve collective rearrangements.” Hernandez-Rojas and,, ot transitions between the regular quenches are resolved.
Wales observed that upon cooling the distance atoms Movfe fingl set of trajectories(t;) contains all successively
during an IS transition decreases significantfr &tTycr - _ visited IS and consists of more than*1® for the studied

Despite this progress, the relation between the dynam'%mperature§'|=0.435 andT,=0.500. From&(t;), we ex-
of single particles in real space and the motion of the SYSteMact the N trajectories of the individual particles,i(tj),

in configuratio_n space is still elu_sive. In this paper, we, nich form the basis of the present analysis. A straightfor-
present a detailed study of the particle rearrangements resuward algorithm is applied to construct the MB% First, all
ing frl_om. Otlransnlons between Ioc;]al minima of thefPEL_ of ame intervalt! ,t}] are searched whetéis the time of the
I\BAIEJ qu atT;TMCT' Due tobt e organization of | lgto first andt} #t] the time of the last occurrence of the §&;).

, We consider transitions between consecutive anchext, any two overlapping time intervaﬂsjf,t'-]u[tﬂ,t[(] are

consecutive MB vyhere the latter result from a SEres of ,th%ombined. Strictly speaking, IS that occur exactly once in the
former. For simplicity, we refer to the corresponding d's'trajectory £(t)) (tjf:tb form trivial MB. Here, we exclu-

glﬁ(l:_eme; s Iast I? |(\j/|y|£ admlcs a_nd It\/IBt:ynamms, rE"szc][gehéively use the term MB for nontrivial MB. Thus, the MB
q minge ;e ?he Joh _én%m;c_s 0 the pégcesg’ ;m transitions studied consist of several IS transitions.
ynamics to theJohari-Goldsteih 8 process” and, hence, For PEL approaches, it is essential to use small systems,

our approach may yield valuable insights into the nature 0Because otherwise interesting effects are averagedP oiit.

these relaxation processes in supercooled liquids. Th%ince large systems consist of many independent sub-

present analysis of IS/MB dynamics includes measures f°§ystems, which evolve in parallel, the relaxation steps of

. Neach subsystem are masked by the time evolution of the rest
qf the rearrangements and t.h.e relevance of string-like MO%( the system. On the other hand, the system should not be
tion, which is bft‘"e‘_’e%' ;tgsgacmtate the structural relaxation ,, ¢ 59 as to avoid significant finite size effects. As was
in supercooled liquid$’?**°We focus on two temperatures discussed previousk:*® N =65 turns out to be a good com-

Th>Tyer and Ti<Tycr. In this way, we can investigate ., ige Specifically, comparing the dynamics of systems
Whethef a _chan_ge_of the transpglr; 3T§320han_|sm o_bserv_ed folith N=65,N=135, andN=1000, it was observed that the
the equilibrium liquid aff ~ Tycr,™ >*"*"manifests itself in respective diffusion constanB(T) are identical within 20%
distinct 1S/MB dynam!cs. To angl_yze IS/MB dynamics be- for all temperatured =Tycr.® In addition, in our case, a
yond the concept of single transitions, we study the correla-

i f th iicle displ s duri " IS/NchriticaI temperaturél y,c1=0.45+0.01 was obtained from a
ion of the particle displacements during consecutive ower-law fit to D(T)*® as compared to a valu&ycr

;'racr;.snmns. In view of our dr'?su?s anfd Sr('e”c.ent (?xp('ar;ment?:0.435 established for larger BLJ systetis? Therefore,
Indings, we suggest a modification of Stillinger's picture o significant finite size effects are absent for Ty cr, and—

th_e relation between the feature_s o_f the PEL and the relaxs-imilar to what is known for larger BLJ system$i—the
ation processes in supercooled liquids. N=65 BLJ system can be regarded as a model of a typical
supercooled liquid.
The mean waiting time in the MB,ryg(T)), was cal-
The simulations used to generate the data analyzed hepeilated in previous work on the system studiéé Its rela-
are described in Ref. 24. In summary, we investigate a BLdion to the time constant of the processs, , depends on the
liguid characterized by the interaction potential system size. FON=65, 7,/{yg)~30 is found atT, and

Il. MODEL AND SIMULATION
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FIG. 1. Probability distributiong(drs) and p(dryg) characterizing the  FIG. 2. Probability distributionp(dr,s;dE,s) describing the displacements
displacements of the A particles during transitions between consecutive inef the A particles during transitions between consecutive inherent structures
herent structures and consecutive metabasins, respectively. Dafg for with energy differencedE,5 (T=0.435). We distinguish between energy
=0.435 andT,=0.500 are comparedLines) Exponential decays obtained differences dEs<0.5(dE,), 0.5<dEg<1.5(E,) and 1.5
by interpolating the data atr,g,z=0.3. <dEs (dE). (Lines) Exponential decay$\; exp(—dr,s/dr,) where the
factorsA; were chosen to match the respective cup@dr s;dE;s) anddr
was obtained from an interpolation pfdrs) (cf. Fig. 1.
T,,. The mean waiting times in the 167,5(T)), are approxi-
mately a factor of 6 shorter than the corresponding
(mmg(T)). For the diffusion constants, a rati(T,)/D(T)) string-like motion—do not include the B particles, because
~10 was reported*?® Despite such a moderate variation of the dynamics of the minority component of the 80:20 mix-
the diffusion constant, a significant change of the transporture, though qualitatively similar, is somewnhat fadtéf so
mechanism was observed for various models of supercoolediat a superposition of the respective results may disturb the
liquids in a comparable temperature range. Specifically, anderlying functional forms of the distribution functions.
secondary peak develops in the van Hove correlation func- The IS transitions are further characterized by the dis-

tion upon coolingT— Tycr, Which is usually interpreted as placement of the whole configuratiodrz==/2,dr|s, and

an onset of single-particle hoppirig®3!-32 by the absolute value of the energy difference of the involved
IS, dE;s. ForT, andT,,, we find that the probability distri-

IIl. RESULTS bution p(dE;s) is well described by an exponential decay at

sufficiently largedE;s. Moreover, the mean energy differ-
ence decreases upon cooling (dEg(T;))=0.78,
First, we study the particle displacemeudtss resulting  (dE;g(T,))=0.98). The probability distributionp(dr%) for
from IS transitions, i.e., the displacement of partictluring  the studied temperatures are broad and asymmetric. They
the transition &(t;)— &(t;,1) is given by drig=|r'(t;;;)  exhibit a peak atlriz~4 and extend tarig~17, indicating
—r'(tj)|. In Fig. 1, the probability distributiop(drs) for  that the IS dynamics shows a large diversity. Thus, an analy-
the A particles of the BLJ liquid is displayed. For both tem- sis in terms of statistical quantities is necessary.
peratures, a rapid decay dominates the distributions. Specifi- Next, the relation between the IS dynamics and the en-
cally, for sufficiently large displacemenis(dr,s) decays ex- ergy differencedE g is analyzed by means of the probability
ponentially. Thus, the distributions fof >Tyct and T distributionsp(dr,s;dEs). In Fig. 2, we see that the mean
=<Tuct do not exhibit a striking difference, but the tempera-displacement of the A particles increases vdths. ForT,,
ture dependence manifests itself in variations of the meagdr,s)=0.06 and(dr,s)=0.13 are obtained for energy dif-
particle displacement (@rg(T,))=0.081, (drg(Ty))  ferencesdE,s<0.5(dE,) anddE=1.5(dE), respectively.
=0.093). These findings are consistent with those ofThus, a large variation of the potential energy is accompa-
Schraderet al’® on a 50:50 BLJ mixture N=800) where nied by large particle rearrangements. To study IS dynamics
p(dr,g) for T~Tycr was described by a power-lelwrfss/2 in different regions of the PEL separately, we consider the
at smalldr,s and by an exponential decay at lardes. probability distributionsp(dr,s;Es), whereEs is the en-
There, it was concluded that the latter functional form resultergy of the initial IS of the transition. The results foy in
from particles taking part in a local event, whereas theFig. 3 show that the energl,s weakly affects the particle
former is caused by particles adjusting to this event. Consisdisplacements. Hence, IS dynamics in different regions of
tent with this interpretation, the deviations from an exponenthe PEL are comparable. We note that the resultsTfoare
tial behavior at smaltir,g are less pronounced in our case of qualitatively similar to those shown in Figs. 2 and 3. Further,
a smaller system, supporting the idea that Ne¥65 system it was determined that the basic features of our findings do
resembles an indepent subsystem of a larger BLJ liquid. Imot depend on the specific choice of the energy limits.
contrast to Schradest al,'®> we—except for an analysis of It is known from both experimerft$*? and

A. Transitions between inherent structures
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FIG. 5. Typical example of string-like motion during a sequence of transi-
tions between inherent structures. The gray and the black spheres visualize
the particles before and after the sequence, respectively. The different shades
of gray denote particles replacing their neighbors at different times. It is
seen that the “macrostring” after the series contains two “microstrings” due

to individual transitions. The microstring on the left hand side is active first,
the one on the right hand side five inherent structure transitions later.

bile and immobile particles were randomly distributed
throughout the system a probability distributige(m,s)
=1/64 would result for both the most mobile and the most

ment of the A particles during transitions starting from an inherent structurémmOb'Ie A part'de' Figure 4 shows that a random distribu-

of energy E;s at T=0.435. We differentiate between energi€sg
<—297 (Ep), —297<E;s<—295En), —295<E;s<—-293 E,,) and
—293<E5(Ey)-

simulationg®3%4344that molecular dynamics in supercooled

liquids are spatially heterogeneous. We analyze whether par-

ticles experiencing similar displacements due to IS transi

tions are spatially correlated, too, as suggested by Schrgd

et all®

N=65, we focus on the A particles with the largest and th

smallestdr,s during the respective transition and analyze the . L : :
1S g P we first raﬁk all We quantify the contribution of this dynamical pattern to the

mobility of their neighbors. Specifically,
particles according to theitr,5 and assign mobilities,5 so
that m;g=65 is attributed to the most mobile angs=1 to
the most immobile particle. Then, we pick the most mobile
particle, rearrange where required the mobilities of the re
maining particles ifys=1,...,64) and calculate the probabil-
ity p(mg) that a particle in the first neighbor shell of the
selected particle has the mobilitys. Finally, this procedure
is repeated for the most immobile A particle. Hence, if mo-

0.06
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FIG. 4. Probability distributionp(ms) and p(myg) for the mobilities of

the particles in the next neighbor shells of the A particles with the largest

Since a cluster analysis is limited by the system size

AN (t) =t )L () =1 () ]1< 6=0.6,

tion does not apply. Instead, the particles with the largest
displacements are mostly surrounded by other highly mobile
particles. Thus, spatially heterogeneous dynamics is also ob-
served when analyzing IS dynamics of a 65-particle BLJ
liquid close toT ¢t -
For supercooled liquids close Tq,c7, it has been dem-
nstrated that the relaxation of highly mobile particles is
cilitated by “string-like motion” which means that groups
particles follow each other in quasi one-dimensional
athst’29304546gee Fig. 5. In addition, such strings were
reported for the IS dynamics of a 50:50 BLJ liqdrdHere,

(0]

(o)

IS dynamics in more detail. Similar to Donat al.!” we
construct strings by connecting any two particieand k if
where
we now consider both the A and the B particles of the mix-
ture. Sinces is smaller than the hard-core radii of the A and
the B particles, this condition implies that one particle has
moved and another particle has occupied its position. With
this definition, string-like motion is observed during 29% of
the transitions aff,. On the other hand, for 86% of those
transitions where string-like motion occurs, the most mobile
particle is involved in a string. This is consistent with a spa-
tial correlation of highly mobile particles, cf. Fig. 4.

The strings can be further characterized by their lehgth
i.e., the number of participating particles. In Fig. 6, we dis-
play the mean number of strings of lendtmvolved in one
transition,{n;s(1)). This quantity is related with the average
number of particles moving in strings during one IS transi-
tion by (Mg)=3,1{nis(l)). For T, and Ty, the decrease of
(nig(1)) is consistent with an exponential decay. However,
we find that the functional form of the decay depends some-
what on the choice ob. Moreover, finite size effects can be
expected fol =5 due to the small system size. In any case,
exponential decays were also observed for the probability
distribution of the string length when analyzing the dynamics
of equilibrium liquids*”?°4>46We emphasize that the ob-
served temperature dependencé.dfs) does not imply that
string-like motion is more important at higher temperatures.

(mo) and the smallestim) displacement during the respective inherent INStead, one must take into account that only particles that

structure and metabasin transition. Dashed I(en,g/yg) = 1/64.

show a certain minimundr g can fulfill the above specified
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FIG. 7. Probability distributiongp(z,,s) and p(z; g) characterizing the
number of particles participating in the rearrangements due to transitions
FIG. 6. Mean number of strings of lengthobserved during transitions Dbetween successive inherent structures and metabasins, respdcfively.
between successive inherent structureéni(l))) and metabasins (2] The results foiT;=0.435 andT,=0.500 are comparedDashed linejs
((nwe(1))), respectively. Data for temperatur@s=0.435 andT,=0.500  Interpolations of the data foF, with a Gaussian.

are shown(Lines) Interpolations with an exponential decay.

B. Transitions between metabasins

Recalling that Stillinget* related thex process to MB

replacement criterion and, thus, a larger mear, " .

. . ransitions, we now turn to the particle rearrangements dur-
displacement—as was observed at the higher temperatur% these transitions. For this purpose, we search the IS with
(cf. Fig. 1) tends to lead to a larger numbgX/s). Indeed, it 9 ' burpose,

o L . the lowest energy in each MEB(t,), wherek is the index of
was found_ for_ equ_|I|br|u_m liquids that the fgglcgon of par- the MB, and degf)i/ne the partli%c(lek)displacement during a MB
tlcles_movmg In strings Increases upon COO'. g: transition as the one obtained by a comparisoig(of) and

Finally, we study the Iocah_zgtlon of part_|cle rearrange- &(tes1). Sincek andk+ 1 are not the indices of consecutive
ments resulting from IS.tranS|t|ons. For this purpose, WeIS but of consecutive MB, these displacements are caused
measure the number of mvolvgd particles by the quantme%y a sequence of IS transitions. In what follows, we describe
2115 andzy,s. The former is defined as the particle displacement during a MB transition by the vec-

dris tor dryg(k) and denote its absolute value @isg .
21,|s=_§/; dR<’ 2 The probability distributiong(dryg) calculated forT,
e IS and Ty, are included in Fig. 1. Since MB dynamics results

wheredRys is the maximum displacement of an A particle from several IS transitions, the mean displacement
during the respective transition, and the latter is calculateddrve(T)) is larger than(drs(T)). For the temperature de-

according t6’ pendence of MB dynamics, we find different mean values
_ (drys(T)))=0.18 and(dryg(Ty))=0.20, but the shape of
[Ziea(drg)?]? the distributionsp(dryg) at T, and T, is comparable. Simi-
08Ty 4 @ arto p(dris), the distributions are well described by an

2ieA(dri|s)4 . . .
exponential decay at larger,,s. Interestingly, for neither

In the case whera particles move the same distance and thetype of transition, there is enhanced probabilitydais; s
remainder is immobilez, ;s andz, s equaln. In Fig. 7, we  ~1.0. Hence, single-particle hopping on the length scale of
show the probability distributiop(z, 5) for the studied tem-  the interparticle distance observed for various larger models
peratures. Foil, and T},, the distributions are nearly sym- of equilibrium liquids atT~Tycr>>31*2does not manifest
metric and peak at; s~ 16. The shape of all curves can be itself in IS and MB dynamics of our small system. The mean
described by a Gaussian with a width parameter4.5,  energy difference of the IS involved in the MB transition,
which again reflects the diversity of IS dynamics. The distri-{dEyg), increases from 1.42 &t to 1.56 atTy,.

butionsp(z,,s) (not shown are close to a Gaussian centered  To analyze whether particles showing similar mobilities
atz,,s~17 and characterized ly~7.5. A closer inspection during MB transitions are spatially correlated we calculate
reveals that the mean valués, ) and(z,s) decrease by the probability distributionsp(myg) which, analogous to
about 0.5 when decreasing the temperature fiigyrio T, p(my), characterize the mobility of the neighbors of the
i.e., IS dynamics becomes slightly more local upon coolingmost mobile and the most immobile A particle during a MB
We emphasize that the value of about 16 for the number ofransition. It is evident from Fig. 4 that the most mobile
particles involved in IS dynamics should not be taken tooparticle during a MB transition is prevailingly surrounded by
literally since measures of the localization different fras ~ other mobile particles. Moreover, a comparisonpgins)

andz, s can yield values that are up to a factor of 3 smaller.andp(myg) shows that the spatially heterogeneous nature of
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IS and MB dynamics is very similar &i~Tycr. To gain dr. - T
further valuable insights, we study the localization of the .~ sSQ°
particle rearrangements due to MB transitions using the % 10 b dr. 'E
quantity z; ;g defined in analogy to Eq2). Inspecting the - y SQ°
probability distributiongp(z; yg) for Ty and Ty, in Fig. 7, we =~ A dr. : T
see that a comparable number of particles participates in 19§ 1 IS
and MB dynamics, suggesting that basically the same grouy e drIS: E

of particles is “active” during all IS transitions involved in  ~

the respective MB transition. Further, similar to IS dynamics, ,_‘9 0.1
MB dynamics is slightly less local at the higher temperature E
(<Zl,MB(T|)>:17'7I <Zl,MB(Th)>:18'3)' Hence, we f|nd no E—L

indication that the length scales attributed to the spatiallymg 0.01 | o A‘:l

heterogeneous nature of IS and MB dynamics, respectively | : '

increase upon cooling. 0 02 04 06 0.8 1
We further explore the spatial heterogeneities associatet dr. . dr

with MB dynamics by investigating the relevance of string- IS* 77SQ

“.ke mOtlo.n' With th? same deflmtlon asin the. preVIOOUS S€Ch. 8, Probability distributionp=(drsq) andp’(drsg) describing the dis-

tion, we find that string-like motion occurs during 87% of all placements of the A particles during sequences of inherent structure transi-

MB transitions afT, where the average number of particleStions that occur when a metabasin is explof&jl and when a transition

that move in strings during a MB transition amounts tobetween different meta basins takes plébg respectively T=0.435). For

<N >:7'2. These numbers indicate that string-like motioncomparison, we included the corresponding results for the involved indi-
YMB . - . vidual transitionsp&(dr,s) andp'(dr,g).

yields an important contribution to the particle rearrange-

ments during MB transitions. In other words, the group of

particles that takes part in MB dynamics usually achieves the,qtivated by the overall displacements during Bi@nd T

large displacements by means of string-like motion. The relgequences, see below. However, we ensured that the basic
evance of this type of motion for MB dynamics is also ob-featyres of our results are unchanged when the numbers are
vious from Fig. 6 where we display the distributions yaried in a meaningful range. The IS transitions involved in
(nwe(l)) characterizing the mean number of strings ofihe E and T sequences, respectively, are denote® asd T
length| during one MB transition. transitions in what follows.

Figure 8 shows the probability distributiops$T(drso)
andp&T(dr,g) for the displacements of the A particles dur-
ing theE/T sequences and te'T transitions afl| , respec-

Due to the organization of the IS into MB, two different tively. While different mean displacementsdr,g)"
processes are relevant when the system samples the PEk(drg)E are found for the single transitions, the rearrange-
First, the exploration of a MB, i.e., the back-and-forth jumpsments during theE and theT sequences are described by
between the IS in the same MB and, second, the transitionearly identical distribution functions. Thus, the smaller
between distinct MB. In this section, we study the particlemean displacements during tlietransitions and the back-
rearrangements involved in these processes by following thend-forth jumps between IS within the same MB lead to the
particle rearrangements during suitable sequences of IS trapffect that fourT transitions result in the same overall dis-
sitions. Since the diffusion constant is basically determineglacement as, on average, niBéransitions. In other words,
by the trapping of the system in long-lived M8?°we now  the particle rearrangements during the exploration and the
focus on MB within which at least six IS transitions occur, transition process are very similar at the level of sequences
i.e., we consider 49% of all MB. To investigate the explora-of transitions. Despite the quantitative differences, the distri-
tion process and the transition process separately we colbutions for the single transitionpE(dr,s) andp’(dr,s) are
structE and T sequences using the following criteria: &n  still comparable. In particular, due to the correlation between
sequence combines all IS transitions connecting the two 1&e particle displacement and the energy differedégs,
within the same MB that show the largest distadc%. This  (cf. Fig. 2 some of the deviations result from the fact that
means that, on average, nine IS transitions formEase- larger mean energy differences are found for Thé&ransi-
guence forT,. To obtain theT sequences we unite four IS tions. Strictly speaking, when calculating the distributions
transitions that occur when the system moves to another MBpE(dr s;dE;s) andp'(drs;dE,s) we find that both distribu-
More precisely, if two successive MB are separated by mord¢ions are very similar for IS transitions characterized by high
than four IS transitions, we choose four jumps in the middleenergy differences, but somewhat different in the case of
of this series. On the other hand, if the MB are separated bgmall dE;s.
less than four IS transitions, we add the adjoining transitions  The findinng(drSQ)~ pT(drSQ) enables us to study the
within the involved MB to the sequence. We do not regardrelevance of string-like motion for the exploration and the
the latter procedure as a serious problem because, in amgansition process without any effect of the respective mean
case, long-lived MB are exited by a series of ev&his that  particle displacemer(see the discussion of Fig).6This was
it is not completely clear which individual transitions are aone reason for the specific choice of the parameters when
part of the escape process. The chosen numbers are alsonstructing the sequences. The distributi(1m§Q(I)>E'T for

C. Sequences of inherent structure transitions
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only 15.4% and 13.7% of the macrostrings during Ehand

theT sequences, respectively, are the consequence of a single
event. On the other hand, 48.4%)(and 57.5% ) of the
macrostrings are composed of at least one microstring. The
remainder, namely, 36.2%) and 28.8% T), can be traced
back to concerted single-particle type displacements in suc-
. v : cessive jumps. Likewise, for 47.8%) and 53.8% ) of

o B IS all particles involved in macrostrings of lengitk 3, the re-
placement of the neighboring particle takes place during a
single transition, while, for the remainder of the particles,
several displacements must add up for the replacement crite-
rion to be fulfilled. Of course, these numbers depend on the
definition of the strings. Nevertheless, they show that most
macrostrings, especially, the long ones, do not result from a
coherent motion of all particles, but from subsequent mo-
tions of single particles or small groups of particles.

FIG. 9. Mean number of strings of lengttresulting from:(i) single tran A typical example of the interplay of microstrings and
sitio-ns.betweenusuccessive int?erent strgtljctur:s vigsited d-uring t?]e exploratios‘lﬁlngk_:"p_am(_:Ie motions in for_mmg a large macrostring is
((nis(1))E) and the transition procesér(s(1))™) and(ii) sequences of tran- SNOWN in Fig. 5, where the different shades of gray denote
sitions of inherent structures visited during the exploratioms(1))E) and ~ particles replacing each other at different times. It is also
the transition process(fisc(1))) (T=0.435). (Lines) Interpolations with  seen that the replacements do not start and end at the “head”
an exponential decay. (right hand sit¢ and the “tail” (left hand sidg of the string,
respectively, but occur in a random order. Though ordered
sequential replacements along the string are observed in
many instances, we still regard the scenario in Fig. 5 as a
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the mean number of strings of lendtduring onekE and one

T sequence at|, respectively, are displayed in Fig. 9. The | "
good agreement indicates that string-like motion is of similartylo'cal exa_lmple. .

importance for the particle rearrangements during the explo- Especially, the macrostrings of tesequences may be a

ration and the transition process, respectively. This findinc_iumle result of individual motions. Since the IS within a MB

excludes that it is simply the occurrence of string-like motion re V'Sr']ted _Eevcle(ral tén}est,hthe m|cr9rstr|ngs (t)'f Ew;gquc:fncctes
that allows the system to escape from a MB. This point willmay show back-and-forth jumps. To quantify this effect we

be further discussed later in this section. For comparison, Wgalculated _t_he probability that a_microstring obse_r.ved.during
include the distributiongn,s(1))® T characterizing string-like an & trarésn{/c\)/n ]fgrgptsh bta?k df;'gg a fla:r(]ar ”?”S'“‘t"? n thﬁ
motion during the individuak and T transitions, in Fig. 9 same - Ve 1in at for 24.5% of h€ microsirings a

Both distributions can be interpolated by an exponential departlcles jump back FO thel_r initial positions. Hence, back-
cay, suggesting that the basic features of string-like motioﬁmd'forth Jumps of mlcrostrlngs are a frequent phenomenon
are comparable for the different types of transitions. As wa hen obs_ervmg IS dy_n_amlcs W"h”? a MB' In comparison,
discussed above, the quantitative differences result at least FHe back-jump probability for the mmrqstrmgs during the
part from the distinct mean particle displacements due to thgEYUences amounts to only 2%. Considering also the results

E and theT transitions(cf. Fig. 8. Taking also into account !n F|g._ 9.’ one may speculate that_, though string-like mo'u_on
that a comparable number of particle participatef iand T is of similar relevance for the particle rearrangements during

transitions (z,,95=16.3, (z,,9T=16.3 for T)) we con- tEe exploration a?d the traPTltl?n protchests, rest;gl)ecttl%/ely, |tt|s
clude that the different types of transitions show at most/'€ occurrence of successful strings that enables the system

some quantitative differences in the vicinity ®f,cr, sup- to escape from a MB.
porting our prior finding that IS dynamics in different re-
gions of the PEL are comparahisee Fig. 3.

Next, we study the mechanism of string-like motion.
When comparingnsg(1))E T with their counterparts for the The results of Doliwa and Heuér*® suggest that jumps
single transitiongn,g(1))E'T (cf. Fig. 9, it becomes obvious between MB resemble a random walk on the PEL. To check
that the distributions have different slopes in a semilogariththis conclusion, we study the correlation of particle displace-
mic representation_ Hence, one may 5pecu|ate that a Strm@ents resulting from MB transitions at two different times,
observed during a sequence does not result from a Singiee., four-time correlation functions are considered. To mea-
transition, but from the interplay of particle displacementssure for how many MB transitions an A particle remembers
due to subsequent jumps. For example, one can imagine thtte direction of an initial motion we define the correlation
a long “macrostring,” defined as a string during a sequencefunction
i; composed of sgveral “.mi(_:r_ostrings” r9§ulting from the drys(k)  drys(k+AK)
displacements during the individual transitions of the series. D(Ak)=<d 0 d K AK >
This will now be studied in more detail. For this purpose, we Fue(K) - drivg( )
consider all macrostrings of lengi=3 and analyze how Here, the bracket§..) denote the average over all MB tran-
many of them result from a single transition. We find thatsitions and all A particles. Due to the properties of the scalar

D. Correlation of successive particle displacements

4
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i T T 1T T 3 T T T A may occur several times when the system explores a MB, the
(@) | M(ak)| 4 G I M@&j) | information about the initial mobility is not completely lost
0.5 emeD@b | 1 o-oD@) | Hgs5  until the MB is exited.
- Very recently, Garrahan and Chandfe® proposed that
01— bulk dynamics in supercooled liquids can be understood
- based on two simple ingredients, namely, the existence of
-0.5 (‘) ' ‘5 ' 1'0 —s (') . '5 . 1'0 — 505  spatially heterogeneous dynamics and the facilitation of dy-

Ak Aj namics in the vicinity of mobile regions. To check this as-
sumption, we study whether strings during consecutive MB
FIG. 10. (a) Correlation functions that relate the displacements of single Atransitions are spatially correlated. For this purpose, we first

particles during different transitions between metabasinsT80.435. oo 4 terize the positions of all strings by their center of
D(Ak) measures the correlation of the directions of subsequent motions;

M(AK) correlates the respective relative mobilitigst, Eqs.(4) and(6)]. ~ Mass. Then, for every string during the MB transitior-k
(b) Analogously defined quantitieB(Aj) and M(Aj) characterizing the + 1, the minimum distance between its position and the po-
f:orrelation of the particle displacements during different transitions betweessitions of any string during the transitido—1—k is deter-
inherent structures. mined. Finally, we repeat this calculation for randomly cho-
sen positions of the strings during the MB transition: k
+1. For the actual strings & , we obtain a mean minimum
product, D(Ak) will be positive (negative if, on average, distance(d)=1.3 which is slightly smaller thafd)=1.5
the displacements of a particle during the MB transitionsfound for a random distribution, suggesting that dynamics in
E(t)— &t 1) and E(ts al)— E(tesaks1), respectively, the vicinity of mobile regions may be somewnhat facilitated.
have the saméopposite direction. Another property of the However, the observed effect is weak and needs to be vali-
particle displacement during a MB transition is the mobility. dated for larger systems.

Different from the definition used so far, we now character-
ize the relative mobility of a particle by IV. DISCUSSION AND SUMMARY

We studied the particle rearrangements during transitions
, (5)  between consecutive IS and consecutive MBs of a 80:20 BLJ
(drye(k)) liquid at T,>Tyer and T, <Tycr. Considering that the mo-
tion of the system on the PEL can be decomposed into the
exploration of MB and the transition between distinct MB,
we compared the particle rearrangements resulting from both
processes. This analysis was done both at the level of single

M (AK) = ( (k) m(k+ AK)) (6) transitions(E and T transitiong and at the level of suitable

sequences of transitiolE and T sequences Since the time
relates the relative mobilities during different MB transitions. constants for the dynamics of the A and the B particles of the
To study the correlation of the particle displacements resultBLJ mixture are somewhat differefit>*we mostly focused
ing from different IS transitions, we define the correlationon the motion of the former. However, with respect to all
functionsD(Aj) andM(Aj) in analogy to their counterparts studied quantities, only minor differences are observed for
for the MB transitions. the B particles.

Figure 1@a) showsD(Ak) and M (Ak) for the MB dy- Comparing the results foF,>Tycr and T\<Tyct, NO
namics atT,. Inspecting the latter correlation function a change of the basic features except only gradual variations
rapid decay is evident. For the former, the negative sign ofvere found. For IS and MB dynamics, the mean energy dif-
D(Ak=—1) implies that subsequent motions are backwarderencegdEs,g), the mean displacement of the A particles
correlated, i.e., the particles tend to move towards their olddr g}, and the mean number of A particles taking part in
positions during the next jump. However, the valiib§Ak  a transition(z; ;5/vg), decrease upon cooling, but the shape
=1)|<1 andM(Ak=1)<1 indicate that the particle rear- of the corresponding distributions is basically unchanged.
rangements during consecutive MB transitions show only d&or T, and Ty, the distributionsp(z,,syg) are close to
small correlation. Hence, a random walk on the PEL is in-Gaussian and, over a wide range, the cup@sr s;g) de-
deed a good approximation for the jumps between MB. Incay exponentially. The decrease @Esg) is consistent
addition, the findings imply that, during different MB transi- with the decline ofkgT. The variation of(drgyg) is, at
tions, different groups of particles are highly mobile andleast in part, a consequence of the changing mean energy
form strings, corroborating our speculation that the occurdifference, because it was found that large changes of the
rence of a successful string results in the escape from a MBenergy are accompanied by large particle displacements.

For comparisonD(Aj) and M(Aj) characterizing IS Hence, when observing IS and MB dynamics in a 65-patrticle
dynamics afT, are displayed in Fig. 16). Due to the back- BLJ liquid, there is no evidence that the mechanism for the
and-forth jumps between the IS within a MB the correlationsparticle motion is discontinuously altered B{ct. In par-
persist for several IS transitions. In particular, sequences dfcular, we do not find single-particle hopping on the length
back-and-forth jumps between two IS result in a oscillatoryscale of the interparticle distance.
behavior of D(Aj). M(Aj) does not completely decay These results are consistent with findings by Schrader
within the first 15 IS transitions. Since the same transitioret al,'® who concluded that single-particle hopping observed

(k)= dryg(k) —(dryg(k))

where(dryg(k)) is the mean displacement of an A particle
during the MB transitioré(t,) — &(tx+1). Hence, the corre-
lation function
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for the equilibrium liquid atT~Tycr does not result from tively. Constructings andT sequences such that comparable
transitions over single barriers, but “the jump occurs via aparticle displacements result, we observddsq(l))®
number of intermediate IS.” At variance with the outcome of =~(nsg(l))" for the mean number of strings of lengtlur-
the present work, Hernandez-Rojas and Wdlesported a  ing the respective sequences. Thus, string-like motion during
“distinct change in behavior” aff ~ Tt when investigat- the exploration and the transition process is not different,
ing the particle rearrangements in a kinetic Monte Carlo apsuggesting that the probability to find a string depends
proach. Sincd;=0.435 is still close tdycr=0.45+0.01it ~ merely on the displacements of the particles.
may be useful to check our results over a broader tempera- Concerning the mechanism of string-like motion, it was
ture range. With this reservation, the absence of a significarffemonstrated that the formation of strings results from the
change of the dynamical behavior Bycr supports that the concerted interplay of the particle rearrangements related to
sampling of the PEL changes gradugﬁ@ﬁ instead of dis- Subsequent IS transitions. In other words, most macrostrings
continuously as concluded in normal-mode analysigjefined as strings that result from a series of transitions do
approache$®=22 On the other hand, since our findings are not arise from a coherent motion of all particles at the same
related to the exploration of the PEL they do not allow us totime, but from coordinated displacements of subunits at dif-
draw conclusions about the validity of MCT predictions for ferent times. These subunits include both single particles and
the equilibrium liquid. microstrings, i.e., small groups of particles replacing each
In addition, we analyzed the dependence of IS dynamic§ther within one transition. Further, the subsequent particle
on the energy of the initial ISE,5. Weak variations of replacements in a macrostring do not necessarily start at the
(drig(Ejg)) indicate that the energy has a minor influence."head” of the string and end at the “tail”, but successive
These results suggest that IS dynamics in different regions deplacements often take place at random positions in the
the PEL are comparable. Such behavior is in accordance witgtring (cf. Fig. 5. For IS dynamics inside the MB, the for-
the current picture of the PEL of fragile glass formers whergmation of a macrostring frequently includes back-and-forth
a comparable ruggedness is assumed throughout themps of the involved particles. All these findings elucidate
landscapé:* Moreover, a weak dependence of IS dynamicsthat string-like motion is a complex dynamical process in
on E,s is consistent with our findings for the particle rear- which several rearrangements within a group of particles oc-
rangements durin§ and T transitions, i.e., for IS dynamics cur. In view of this result, the observatidp, |s)~(z; vg) for
occurring when a MB is explored and when a transition bethe number of particles taking part in IS and MB dynamics,
tween different MB takes place, respectively. We observedespectively, becomes plausible. Since particles that are “ac-
that the mean displaceme(rdr|S>T, is somewhat larger than tive” during a MB transition mostly participate in strings, the
(dris)E, but this effect results in large parts from larger meanmultistep nature of this type of motion has the consequence
energy differences during thE transitions. In addition, the that basically the same group of particles is active during all
number of particles involved in IS dynamics and in string-1S transitions involved in the respective MB transition.
like motion are similar during the exploration and the tran- ~ The multistep nature of string-like motion appears to
sition process. Hence, with respect to the accompanying pasupport Garrahan and Chandfet® who stress the impor-
ticle rearrangements, no principal differences exist betweetance of dynamic facilitation, i.e., they assume that regions
IS transitions near the bottom of a MB and near the ridgeshowing high mobility assist neighboring regions to become
between distinct MB. mobile. However, the formation of strings may also be re-
We further showed that the particles participating in I1Slated to local structural properties of supercooled liquids.
and MB dynamics, respectively, i.e., particles showing highBased on the mechanism of string-like motion Gebremichael
displacements are not randomly distributed, but rather residet al*® suggest that temporary fissures open a quasi-one-
prevailingly in the next neighbor shell of each other. Thus,dimensional channel in which the particles can move in
consistent with previous computational work on supercooledtrings. Further investigation on this point is underw/ay.
liquids 17293043445 and MB dynamics al~ Tyt are spa- Finally, we studied the correlation of particle displace-
tially heterogeneous. In experimefit$'! a spatially hetero- ments during different transitions between MB, i.e., time cor-
geneous nature was observed for dynamics figaThough  relation functions of displacements were investigated. We
the dynamical heterogeneities Bt Tycr and atT=T,, re-  find that the displacements of any one particular particle dur-
spectively, show similar features, e.g., a comparable raténg consecutive MB transitions are basically uncorrelated. In
memory>° their exact relation is still elusive. other words, different groups of particles are mobile during
An analysis of string-like motion revealed that this dy- successive MB transitions. In contrast, when relating the par-
namical pattern is observed during 29% of the IS transitiongicle rearrangements due to different IS transitions, the back-
and during 87% of the MB transitions @t. The latter value and-forth jumps between the IS within a MB and the process
together with( V,g)= 7.2 obtained for the mean number of of string formation result in a correlation of the particle dis-
particles forming strings per MB transition indicate that placements that persists for several IS transitions. To check
string-like motion is very important for MB dynamics. On the concept of dynamic facilitation at the level of MB dy-
the other hand, this type of motion appears to be less relevanamics we investigated whether the strings during two con-
on the shorter time scale of IS dynamics. To gain furthersecutive MB transitions are spatially correlated. For this pur-
insights, we compared string-like motion during sequencepose, we calculated the minimum distance between a new
of IS transitions that take place when the system explores string and any of the old strings. We found a mean minimum
MB and when it moves from one MB to another, respec-distance that is 15% smaller than in the case of a random



J. Chem. Phys., Vol. 120, No. 9, 1 March 2004 Particle rearrangements during transitions between local minima 4413

distribution of the new strings, suggesting that new stringdVhen the system jumps between IS organized into a MB,
tend to be formed near regions where string-like motion hagroups of spatially correlated particles achieve compara-
taken place. This finding is again consistent with the conceptively large displacements by performing string-like motion.
of dynamic facilitation. However, the effects observed forIn doing so, the strings arise, for the most part, not due to a
MB dynamics are weak and need to be validated in futurecoherent motion of all involved particles during a single IS
investigations. transition, but from the interplay of displacements of various
Stillinger** assigned ther and the(Johari—Goldstein@  subunits taking place at different times. During the explora-
procesé to MB and IS dynamics, respectively. From experi- tion of the MB, the system enters energetically less favorable
mental work, it is known that both processes often mergaegions near the ridge of the MB from which it either escapes
into a single high temperature relaxation ndajcr.22°%%  to a new MB or returns to the bottom of the old MB. While
Multidimensional nuclear magnetic resonance experimenti the latter case, the formed strings dissolve due to the back-
have shown that the molecular reorientations associated withard motions of the involved particles, they persist in the
the «®*~>®and the 8 proces¥’ >’ close toT, are complex former. The particle rearrangements during different MB
multistep processes. The multistep reorientation duringdthe transitions are basically uncorrelated. In particular, different
relaxation is restricted to a small section of the unitgroups of particles are mobile and form strings. Hence, one
spheré’~%where the accessible solid angle grows with in-may speculate that successful string-like motion results in
creasing temperaturé:>3°8|n addition, computational stud- the escape from a MB.
ies have revealed that the length scale associated with the
ially heterogen nature of r incr
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