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From molecular dynamics simulations for up to 25, results are reported on structural dynamics in
glass-forming metallic NisZrgs melts at 700 and 785 K. After elimination of high-frequency fluctuations,
cascades of atoms and avalanches of atom chains, local in space and time, are identified as complex processes
that govern the heterogeneous low-frequency dynamics in sufficiently aged structures near the glass

temperature.
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[. INTRODUCTION dler[20] in their “nontopographic” description of dynamics.

During the liquid-to-glass transition a dramatic slowing They gdopt th_e idea Qf dynamica! facilitati_{ml], qccording
down of structural relaxation takes place in the vitrifying {© Which mobile particles in a microscopic region of space
melt, yielding a change in the dynamics from liquid to mflugnce the dyngm|cs of atorr_ls in ne|ghbor|ng regions, by
solidlike. Following the idea of Adam and Giblig], the ~ Making them mobile and allowing, in this way, propagation
slowing down often is attributed to increasingly cooperative®f mobility through the sample. Dynamical facilitation and
dynamics in the system accompanied by an increasing spatilé MD results of clusters of mobile atoms have been
dynamical heterogeneitfe.g.,[2—4]). Dynamical heteroge- brought together by assuming that the clusters of highly mo-
neity and cooperative behavior have been verified experibile particles are formed as a result of mobility propagation
mentally [2-5] at temperatures around the experimentalfacilitated through quasi-one-dimensional stringlike arrange-
glass-transition temperatufg; and in molecular dynamics ments[11].

(MD) simulations[6—12] for relaxed melts around, the While these approaches are concerned with the dynamical
critical temperature of the mode coupling thediyCT) heterogeneity in the undercooled melt, we here shall consider
[13]. T describes a transition from high-temperature dynamwhether and how solidlike behavior results from these pic-
ics in the melt by homogeneous viscous flow to low-tures under further cooling the system. Solidlike behavior,
temperature dynamics by thermally activated events in @&xpected for a well-relaxed amorphous state around and be-
pseudoarrested stat&g means the caloric transition tem- low Tg, implies in essence that structural changes take place
perature visible, for example, by a jump in the specific heatas rare processes on a meso- or macroscopic time scale. Dy-
T usually is found below and shows marked cooling-rate namical heterogeneity around and beldw is of particular
dependencd 14,15, reflecting the kinetic, nonequilibrium interest, since Glotzef9] discussed evidence for a diver-
features of the caloric transition. gence in the spatial extension of mobile clusters in under-

Early MD computer simulations revealed heterogeneougooled liquids when approaching the Kauzmann temperature
dynamics in the liquid above and aroufid in form of co- Tk from above, whereTy is discussed in the literature
herent motions of chains or rings of atoff6-18, while  [14,22 as the lower limit of the experimentally accessible
single-atom translation motion turned out to be increasinglycaloric glass temperaturis.
suppressed with decreasing temperature. Experimental sub- In order to get insight into the corresponding microscopic
stantiation of this picture was obtained, for example, in me-dynamics in vitrifying metallic systems, we have carried out
tallic glasses from diffusion experimerits9], where the ex- long-time molecular dynamics simulations on the microsec-
treme low isotope effect gives strong support for theond scale for a binary NEZry s model in its glass-forming
assumption of coherent motions of groups of atoms as funregime at 700 and 785 K. Extending the simulations from
damental processes. More recent analysis of MD studies réhe usual nanosecond to the microsecond scale is like open-
garding spatial distribution of the most mobileesp. most ing a window to study a new dimension. It makes visible the
immobile) atoms in undercooled liquids proved that particlesdynamics of processes from which nanosecond-scale simula-
with enhanced mobility aggregate into clusters, within whichtions depict only short segments such as momentary snap-
atom motions take place in a correlated manner along stringshots. For a simulated, suitably aged vitrifying model of the
like paths[11]. Closer inspection revealed that during the NigsZrg s melt at 700 K, preliminary analysi®3,24 of the
motion along the paths the degree of coherence depends early 1.2us of the evolution path gives rise to the picture
the length of the strings in the way that for longer strings thethat irreversiblgor extreme low-frequengydynamical coop-
motion is coherent only in shorter segmeft4]. The latter  erativity takes place in terms of avalanches, localized in
“microstrings” seem to correspond to the mobile atom chainspace-time, and formed by cooperatively acting, correlated
observed earlier. transitions of atom chains, mutually triggering and mutually

A further type of cooperative dynamics in undercooledstabilizing each othef23]. By “suitably aged” we mean a
liquids has been considered recently by Garrahan and Chasystem with arw-relaxation time larger than &s. Below we
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shall present the results of a more detailed analysis of com- - 1.0 "wt_. S I R
parable data, which now extend over a significantly longer S 08l 3 ~
range of time. & Zm700 K
In the following, we shortly describe our simulation 06 Ni-700 K \ T
model and some of its properties. For characterizing the dy- 04l N]{}?‘zz éfK 1
namics of the simulated system on the microsecond scale and .
allowing comparison with higher-temperature short-time LR :::! L RRAIRN ABAL
data, we then present the self-part of the intermediate scat- 107E } / 3
tering function and the time-averaged mean-squares dis- 2 Ni-900 K ]
placement in the time window from 18 to some 10° s at & 1 Ni-785 K- \ / ]
700 K and above. The further results are concerned with the E 102k Ni-700 K ,
analysis of the irreversible dynamics and atomistic processes A F &/ / E
that take place on the microsecond scale. .% i e o g / 1
Y 103¢ f*": - E
Il. METHOD AND MODEL gfl e T
The MD simulations are carried out for a binary,Nar, s 1™ 1077 USRI
model. NiZr stands for the broad class of glass-forming bi-
nary transition-metalTM) systems[25] built from small, FIG. 1. (a) Self-part of the intermediate scattering function in

late, and large early TM atoms. Our results rely onsimulated NsZrgsfor Ni and Zr at 700 K, and long-time part for
isothermal-isobaric(N,T,p) simulations for a NjgZros  Niat 785 and 900 K(b) The time-averaged mean-square displace-
model [26—28 with atomic couplings adapted @b initio ~ Ment in simulated NjisZro 5 for Ni and Zr at 700 K, and long-time
hybridized nearly-free-electron-tight-binding-bond calcula-Part for Ni at 785 and 900 K.

tions[29] and a volume-dependent energy term that models . i .
the electron-gas effect of tre and p-electron systems. For known for metallic glasses from a number of simulations

648 atoms in a periodically repeated box, the equations df€-9-[11,12,19,26,2F), which means an initial decay below

. . . . . . 13 H H
motion are numerically integrated as in our earlier simula-S0Me 10°°s due to atom vibrations, an extended plateau

tions by a fifth-order predictor-corrector algorithm with time "€9ime, and the latg regime indicating the onset of the final
step 2.5<10°%5 s at fixed temperature, the latter being mea-¢ decay. For 700 and 785 K, thedecay timer, is outside
sured by the mean kinetic energy. the range of data displayed in the figure. By fitting a
The considered temperatures are below the critical temStrétched exponential Ia"‘fl to the ISF curvez.can be esti-
peratureTc of the MCT[13], found at 1120 K for the present Mated as7,(700 K)~10"s, 7,(785 K)=2X10"s, and

Nig.sZrp 5 model[26,27]. 700 K even is below its Kauzmann 7,(900 K)~7x 107 s. . _
temperature found af, =750 K[28]. The ®,(q, 7) curves should be compared with earlier re-

sults for the same NiZry 5 model [26,27). In [26,27], the
concentration-averaged intermediate-scattering functions
. RESULTS ®(q,7)=0.5% (®y(q, 7 +DP,(q,7) were presented for a
A. Intermediate scattering function and averaged mean-square ~ SEries of temperatures on a time window upr@round 1 ns.
displacement At 7 near 1 ns, they indicate fab(q, 7) a plateau value of
i . . , 0.862 at 700 K and of 0.832 at 800[R6]. These data are in
As first result, Fig. 1a) displays the self-part of the inter- qjiapje accordance with values following from the present
mediate scattering functioiSF), data, 0.870 foxb(q,7) at 700 K and 0.847 at 785 K.
®,(q,7) = <expliq- (X.(7+1) =x (D))> A, (1 The long, flat plateau at 700 and 785 K, extending from
A_(q ) -p{ 9 Oalr+O=Xp(Inen, ) 101 to 10°8 s (respectively 5< 10°° s), indicates that there
for A=Ni,Zr, scattering vectom=21.6 nm* (as used i re in essence, no persistent changes in the atomic arrange-
[26,27 ), and temperatur&=700 K. In addition, the large- ment for delay times in this interval. The flatness of the
time ISF is included for Ni at 785 and 900 K. In EQ), the  pjateau implies, for the short-time fluctuations, visible by the
double brackets mean averages over the partitl#Stype A gecay below and around T8 s, that they are reversible ex-
and over the evolution time with averaging ovet up t0  citations only, or else they would add up to a slow decay in
3.85us at 700 K, 2.4%us at 785 K, and 1.4s at 900 K. the g regime, as found in the present 900-K curve for Ni. A
As a further quantity we consider in Fig(t the time-  fina| slope in theg regime of the intermediate scattering
averaged mean-square displacemeateraged MSD function is well known for temperatures around and above
2 s o _ 25 Te. It is demonstrated in a number of simulations for rather
<rADZa= <P+ = xo(O e @ different systems, such as models of undercooled metallic
The double brackets again indicate averaging over the pamelts, e.g., NiZi{26,27] or CuZr[31], molten SiQ [32], or
ticles of typeA and over the evolution timeas described for  the Lennard-Jone80] and the Dzugutov liquid11]. In all
the ISF. these cases, the finite slope in tAeregime demonstrates a
®,(q,7) is shown in Fig. {8 on a logarithmicr scale  marked, continuous adding up of irreversible structural
over eight decades. It displays the expected features wethanges from the atomistic time scale to thdecay. On the
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ST which reflects the approach towards the arrested state of the
E Ni MCT [35]. It is known from the work of Shlesinger, Klafter,
z avLJi | SR and Zumofer[36] that a fractal dimension of waiting times,
5 T Vi hidden behind the intermittent dynamics in undercooled
\:).01_ ! m |V 4 melts, gives rise to the power-law decays, e.g., in the time-
| averaged MSD. Such features are not accessible in the
‘ am-Nig sZro s present analysis, as they would require much longer simula-
| | 2, av-Zr 700 K tion time beyond the microsecond range. However, for dif-
A fusion in glassy solids belowg and well belowTg, it is
0 INNENN known from experiment§19] that particle penetration fol-

0 0.5 1.0 15 2.0 25

t[us] lows the laws of Brownian motion.

In order to extract the long-time fluctuations and irrevers-

FIG. 2. Mean-square displacements in simulated amorphouile structural changes hidden behind these motions, we in-
NigsZros at 700 K from original atomic dynamicéNi,Zr) and  troduce time-averaged atomic positions as special diagnostic
from low-frequency filtered dynamio&v-Ni, av-Zp. The plateaus tool,
I-VI indicate classes of equivalent configurations.

Ya(t) = f dt’ g(t-t")x,(t"), 4
other hand, existence of a flat plateau has been already dem-
onstrated for the NisZry5 model[26] at 700 and 800 K. —

The basic features depicted in FigblLfor <r?(7)>,, the g(t) = exd - 1/2(t/ 10) 2N 2775, (5
time-averaged MSD, are in accordance with the behavior
known for this quantity at temperatures around and aligve
(e.g.,[11,33,34 ). Clearly visible is the ballistic and vibra-

tional ” regime, an overshooting before entering the efirly .\~ L. - configurationy,(t)} presents the long-

regime, the subdiffusive transient region in the range of th(%ime low-frequency dynamics of the amorphous structure, in

late /3 regime, and the final approach towards a diffu"Sive'particular the processes relevant for vitrification of the melt
linear-r dependence. A special feature is the flat part ofghe Figure 2 also includes the MSD corresponding to the

regime in the 700- and 785-K curves, which reflects the
properties already discussed in context with the flat part i’ n(®),
the corresponding ISF. In th&r?(7)>,, the onset of devia- UA(t,t)a = {|Yn(t + to) = Yn(to)|Dnea. (6)
tion from flat behavior in the late part of the regime is )
rather clearly visible, yielding an onset time ok407° s at AS to be expected, t@(t',tO)A remain close to zero at .short
700 K and 5 108 s at 785 K. times, as the thermal vibrations are suppressed in these
curves, and they follow the gross features of thé,t), at
larger times.

TheU?(t,to) A curves display plateaus of constartt,ty) 5

Both quantities considered in Sec. Il A reflect time aver-values reflecting nearly constant configuratidys(t)}. In
ages over particular microscopic processes. In the presepig. 2, some of the plateaus are denoted by I, II, IlI, etc. Our
section we are |00king for the atomistic, micrOSCOpiC detaileurther ana|ysis refers to Changes between the related con-
of the underlying events. In order to make visible effects offigurations and uses these changes to characterize the low-
the individual events, we use, aS[QB,24], the mean-squares frequency evolution of the structure.

displacement without averaging along the evolution path, Changes between configurationstaandt, are analyzed

For our purposerys=3 ns turns out to be appropriate,
yielding that in they,(t) all motions are averaged out that
reversibly take place on a time scale short against 3 ns, while

B. Microscopic processes at 700 K

that is, by comparing, for example, the averaged atomic positions at
Wt o) = (Xt + to) = Xn(to) Prcas 3) the selected times with help of the displacements
Ayn(t,ty) = Yn(ty) = Yn(ty). (7)

where the simple brackets denote averages over the particles
of type A andty means an initial reference time with con- A typical example for the distribution of displacement
figuration{x,(tp)}. Figure 2 presents the related MSD fbr valuesAy is shown in Fig. 3, presenting in a semilogarithmic
=700 K along the evolution path up to 2 with {x,(t;)}  plot the probability functiorP(Ay) of displacements versus
generated from a well-relaxed 980-K configuration of our\s“Ty deduced from our simulations for the case 0.7 us,
previous studie$26,27] by further cooling it with a rate of t,=1.73 us.[P(Ay) is evaluated by creating a histogram of
10°K/s. the atomic displacements with a channel width of 0.0195 nm
The spiky structure of the MSD curves in Fig. 2 is due toand dividing the number of atoms in each channel by half the
reversible short-time fluctuations in the atomic positions,distance between the two nearest channels with nonvanishing
such as thermal vibrations of the atoms or overbarrier monumber of atomg.The atomic displacements during the se-
tions of isolated atoms or groups of atoms between competected time interval of Jus extend up to 0.41 nnP(Ay)
ing equilibrium configurations in the rather rigid matrix of decreases strongly at intermediate values 0.0Xuy
surrounding materigl23,24]. The intermittent dynamics vis- <0.09 nm, where the linear slope in the plot indicates non-
ible by the spikes was recently related to the cage effectGaussian decay. At larger valugs/>0.09 nm an excess
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=2.18us. It is characterized by mere particle exchanges
4=0.7us, £=1.73us within two pairs of adjacent Ni atoms. According to this,
10! Aw between 1.73 and 2,2s a marked relaxation takes place,
° which eliminates most of the displacements seen in Rg. 4

The individual processes in the formation and decay of the
pattern can be related to individual steps in the smoothed
MSD in Fig. 2. For example, the left-hand flank of pe&ain
0“3 = 016 Fig. 2 corresponds to displacement of groupf atoms en-

2 \(Ax/nm) - circled in Fig. 4a), while the right-hand flank reflects the
return of these atoms.

FIG. 3. Probability diStI‘ib_UtiOﬂ of displacement valuayg be- A behavior different from Figs. @) and 4b) is seen in
tween the times; andt, vs VAy. Figs. 4c) and 4d). Figure 4c) corresponds td;=0.38,t,

=0.5us. It indicates a chain of displaced Ni and Zr atoms,
contribution is found inP(Ay) due to a few distinguished gjmilar to Fig. 4a). Unlike the latter, the pattern in Fig(e)
atoms with displacements above this value. In the fO”OWingjoes not relax, but is followed by an avalanche of further
these atoms shall be named shortly “transferred” atoms.  structural changes as illustrated by Figdy depicting trans-

In order to characterize the distribution in space, Fi@) 4 ferred atoms betweeiy =0.38, t,=0.7 us. The avalanche
displays by straight lines the atomic displacemeX¥$t,,t;)  drives the system from one metastable configuration to a
in the selected time interval projected onto the drawingsecond one. As can be inferred from Fig&)4and 4b), the
plane. In Fig. 4a) are included the(projected positions  second one is rather stable over about dsSof further evo-
yn(ty) of the transferred atoms, symbolized by light gray |ution of the system, up to temporary excitations and particle
circles for Ni atoms, dark gray for Zr. exchange processes.

The transferred atoms form groups in space, as demon- The present findings support the picture that at 700 K in
strated by Fig. @). From analyzing a series ¢fy,t,) pairs, the considered system, irreversible—or low-frequency—
the pattern of the transferred atoms turns out as a rathestructural changes take place by exchange processes or by
robust signature of the structural change. The plateaus afvalanches and cascades of transferred atoms, where the lat-
nearly constanti?(t), values, labeled as I-VI in Fig. 2, indi- ter mean reactions between else reversible fluctuations in the
cate classes of equivalent configurations in the way that fosystem. Processes of this type seem to form the mechanism
two configurations from the same class, there are no trange relate the structural dynamics in the solidlike state below
ferred atoms at all, while when comparing configurationsthe experimentalg to the fluctuation dynamics arouric.
Interpretation of irreversible dynamics as a result of interac-
tions between reversible fluctuations already has been pro-
posed by Argon and Sh87] in the discussion of viscoplastic
deformations under load, where they attribute it to elastic
interactions between ellipsoidal deformation centers.

— 10%E ' ' ' ' E from two different classes, the topology of the pattern of
P i . ] transferred atoms remains the same, independent of the se-
g C a-NiosZros ]

=) , lected class members.

%\ 10 T=700K 3 Figure 4b) shows the projected pattern faf=0.7, t,

&
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C. Low-frequency processes at 785 K

When we consider avalanches as particular vehicles of
irreversible local structure changes at 700 K, the question is

a ‘ L\g < ‘ raised on how the system, with increasing temperature, turns

‘;;1) \ﬁé‘s into a common undercooled melt. In order to approach this,
‘ ;«%’g\; ) ‘ :‘«*ﬁ‘w‘y 8 we display in Fig. 58) MSD curves from “averaged” atomic
A C M~ AR positions{y,(t)} at 785 K. Avalanches are reflected by steps

_ &) 1=0.38s &)

=050 s || 1038 s, =07 pis in the curves as demonstrated by Figd)%and Hc). Figure

5(b) shows an avalanche that starts at Qu&with the rare
FIG. 4. Atomic displacements between timgsand t, from event of a chain displacement in the Zr subsystem, as can be

low-frequency filtered dynamics. The lines indicate the displace-deduced from Fig. @), fol_lowed by a casc_ade n the Ni
ments. The circles mean the positions,aif transferred atoms with Subsystem. Figure(§) provides one with mainly Ni atoms.
displacements larger than 0.09 nifight gray, Ni; dark gray, zr A comparison of Figs. ®) and Jc) clearly shows that dif-
atoms. (a) Reversible chain displacemeffor atom groupA (see ferent regions of the melt are concerned by these avalanches.
text)]. (b) Pairs of two-particle exchange®) The initial part of an ~ Closer inspection of the data shows that, for example, also
avalanche breakthrougtd) The avalanche of irreversibly displaced the steps at 0.8 and 0.98 are the traces of avalanches of
atoms.[In (c) and (d) the displacements of only the transferred clusters of 27 and 36 transferred atoms. The steps in the time
atoms are shown for clarifly. range between these avalanches, however, reflect a series of
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. By elimination of the high-frequency dynamics through
N /JW low-pass filtering, we mad(_e visible the traces of low-

! frequency processes, which in essence provide the irrevers-
ible structural changes in the solidifying melt on mesoscopic
times. For the 700 K structure, three processes of different
type have been found: particle exchange events, a chainlike
motion, and an avalanche process. While the isolated chain-
like motion turned out as a reversible, thermally activated

a excitation only, the exchange events and the avalanche pro-
P i ; cess indicate long-living structural changes, resembling irre-
versible processes on the present microsecond scale. The par-
ticle exchange events in their effects are comparable to the
ring proces$38—40. But while the latter were introduced as
coherent excitations in the systdd0], the exchange events
here seem to be the irreversible remainders of a sequence of
amNisZros (3 B - 1asms oy omy complex processes.
r=msk L0 D [ a-tsius The formation of the avalanches as an irreversible result

7 of interacting processes of atom-chain motions, mutually

triggering and stabilizing each other, has been discussed in
FIG. 5. (&) Mean-squares displacements from low-pass filtered 99 9 g

) . T our earlier studyf23]. The present treatment now is able to
atomic dynamics at 785 KZr curve enlarged five timésAt(b) and - . . -
At(0): time intervals for the displacements in pan@fsand (c). (b) follow the formation process in some detail. Our analysis

The pattern of transferred atoms in the avalanche between 0.71 an dicates for the avalanche observed at 700 K and, e.g., for

0.78 us, starting with a chain of displaced Zr atoms followed by at e avalanches at 785 K in Figsaband 3b), that they start

Ni cascade(c) The transferred atoms in the avalanche between 1.4 ith a strlng_llke_ atom-chain motlon, followed b)_/ a SEries of
and 1.61us. urther atomic displacements in the form of moving chains of

atoms or cascades of atoms, until apparently a new meta-
stable configuration is reached.

It is tempting to identify the avalanches with the regions
of dynamic facilitation recently used by Garrahan and Chan-
adler[20] in their nontopographic description of dynamics in
supercooled liquids. We must state, however, that avalanches
in the present system, e.g., the one at 700 or the one at 785 K

T=785K i

<TX(t) >ni. ze [nm?]

g

(=}

=
T

(b)

14,=071ps
£,=078ps

successive chainlike processésith six, nine, and nine
transferred atoms in the stgp3he chains apparently stabi-
lize each other and prepare the conditions for the final, cat
strophic event at 0.98s.

As obvious from Fig. ), at 785 K, the frequency of
avalanches and cascades_is F““Ch higher tha_n at 7OQ K.Th round 1.6us, mean local events in spaandtime, forming
moreover, group together in time, forming active periods an

. ; A rom metastable configurations and ending up in long-living
periods of calmness. This grouping together becomes MOIe atastable configurations of the system

pronounced at higher temperatures, as can be infe_rreq, for The low-frequency analysis of the 785-K data reveals fur-
example, from the MSD da@;{l at 900 .K' The data 'n.d" ther details. Tr?ere, gn the);ne hand, avalanche processes are
cate superavalanches consisting of series of successive 8und. On the other hand, a series of stringlike chain transi-
lanches separated by periods of calmness. tions takes place, where the chains follow each other with a
delay of about 25 ns. Although this process ends up in a final
avalanche, it may be considered as an indication how dy-
The present paper is concerned with irreversible, low-namics by stringlike chain transitions and by avalanches
frequency dynamics in a simulated undercooled, well-merge together and how by such processes mobility is trans-
relaxed, and suitably aged vitrifying NiZro5 MD model  ported through the system. The 785-K data provide the link
system. Suitably aged here means a system avittlaxation  between our findings at 700 K and the picture of heteroge-
time larger than lus. Our analysis of the ISF and the time- neous dynamics in undercooled liquids at temperatures
averaged MSD shows that under this condition there is @round T, sketched, e.g., in the recent study on particle
separation of about three orders of magnitude in time bedynamics and the development of stringlike motion in the
tween high- and low-frequency dynamics for the presensupercooled Dzugutov liquidl1] or the investigation of spa-
model. The negligible slope of the ISF and of the MSD in thetially heterogeneous dynamics and dynamic facilitation in
region between high- and low-frequency processes indicatesimulated viscous silichl2)].
a negligible probability for structural fluctuations with decay  Although there is a close interrelationship between the
times in this time window. The negligible slope also indi- 785-K data and the various pictures for the dynamics in the
cates that the high-frequency dynamics reflect reversible prasupercooled melts at higher temperature, there is a significant
cesses only. This situation is markedly different from thedifference towards the behavior at 700 K, below the Kauz-
dynamics at higher temperatures in the commonly considmann temperatur&y,. The 700-K data substantiate the idea
ered undercooled liquids, e.g., aroumg, where high- and that at this temperature the structural dynamics take place by
low-frequency processes are much less separated in time amdlividual, irreversible events separated in space and time,
continuously merge together, yielding a marked probabilitywhere the avalanche turned out as a promising example of
of decay processes for all decay times. such a procesgThe second type of processes, the particle

IV. DISCUSSION AND CONCLUDING REMARKS
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exchange, is of minor importance for structural dynamics. It For the well-relaxed TM system around its Kauzmann

may be of importance, however, regarding the diffusion oftemperature, our results support the view that the irreversible
particles) It is the price paid for the necessary ultralong avala_mches and cascades promote the proceeding vitrification
simulations of the rather immobile system that the 700-kand isothermal relaxation of the structure. The proceeding

data do not allow statistical sampling over the processeftriﬁcaﬂon may be characterized by a decreasing probability

However, at least for the present sample there are clear indi2" such events. In this context, vibrations and coherent over-

cations that heteroaeneous dvnamics beTovare character- arrier motions of individual atom chains turned out as re-
9 y ® versible excitations only, in agreement with the increasing

ized by events separated in space and time. _ reversibility at decreasing temperature observed for atom-
Clearly, the detailed structure of intermittent dynamicscnain motions by simulations in the méH5]. Concerning
visible in the present MSD of smoothed atomic positions will{he low-frequency behavior of glass-forming, undercooled
average out for larger samples. However, for larger samplegpetallic melts, it is tempting to relate the additional wing of
there are observatiorig1] that volume elements of present |oss processes found recently on the high-frequency side of
size as fractions of the larger system show fluctuations simithe « peak in the mechanical loss spectrum of a ternary,
lar to those described here. This corroborates the idea that inetallic Zr glass neaffg [46] to complex, low-frequency
larger systems, the dynamics can be considered as a supgrocesses like the present avalanches.
position of avalanches and cascades, localized in space and The present results demonstrate explicitty how, in a
time like the present ones, which locally induce intermittentmetallic-bonded system, macroscopic relaxation times
dynamics but which show smooth behavior when averagingmerge, even in presence of the unavoidable large density of
over mesoscopic volume elements. At this point our treathigh-frequency thermal fluctuations. Regarding processes
ment comes into contact with the energy landscape interprawith decreasing temperatures, our observations provide a
tation [42—44] of the complex mechanical properties and smooth link between the phenomenon of flow in the under-
thermodynamics of glasses. Our results support the assumpeoled melt and isolated dynamical events, local in space
tion that there exist long-living metastable configurations ofand time, characteristic for a finite-temperature solid. We
the structure, forming mesobasins in the energy landscapshall not rule out that in less-relaxed samples irreversible
around which the commonly studied transitions among difstructural dynamics and relaxation take place by overbarrier
ferent energy basins take place as rapid, mainly reversiblmotions of individual chains of atoms until the chain system
fluctuations. Our treatment visualizes in space the changdsas reached a metastable equilibrium. Rejuvend#éiah4g
between adjacent mesobasins in terms of the related tranef the glassy state by shear deformations may be one way to

ferred atoms pattern. generate such less-relaxed samples.
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