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Particle jJumps in structural glasses

Massimo Pica Ciamarf&, Raffaele Pastor® and Antonio Conigli6*

Particles in structural glasses rattle around temporauilibgum positions, that seldom change through a procdsstnis much
faster than the relaxation time, known as particle jump.cSithe relaxation of the system is due to the accumulationasfym
such jumps, it could be possible to connect the single peugtzort time motion to the macroscopic relaxation by urntdeding
the features of the jump dynamics. Here we review recentteeisuthis research direction, clarifying the features afticles
jumps that have been understood and those that are stilf im@stigation, and examining the role of particle jumpdiifierent
theories of the glass transition.

1 Introduction quantities. Indeed, on the one side the motion of a particle
is affected by the local structure, on the other side macro-

Structural glasses, which are formed by many liquids cooledcopic relaxation occurs as particles eventually diffuBat-
below their crystallization temperature, provide an arody ticle motion in supercooled liquids has been previoushggv
questions that is challenging researchers since many .yeatsgated, and intermittency has emerged as a universalrieatu
In particular, as a liquid is supercooled one observes k-stri In supercooled liquids, particles rattle for a long timelard
ing difference between the temperature dependence of the dg temporary equilibrium position, as in crystals, until ate
namical and of structural properties. From the dynamicatime they jump and start rattling around a slightly differen
viewpoint one observes the relaxation time of these systemequilibrium position. This intermittent motion is appatém
which is of the order picoseconds at the melting temperatureFig. [, that illustrates experimental results on the motbn
to sharply increase on cooling. Conventionally, one cagrsid  colloidal particles in suspensions obtained by E.R. Weekis a
the supercooled liquid to fall out of equilibrium when the re D.A. Weitzt. This intermittent motion is referred as a cage—
laxation time reaches the value of 100s, and defines the-corrfump motion. It is usually described by saying that the parti
sponding temperature as the glass transition temperaiyre, cles, caged by their neighbors, rattle in their cage for dewvhi
This only slightly depends on the cooling rate. At the glassbefore jumping to a different cage, even though this is agros
transition temperature the dynamics is so slow that thediqu oversimplification of the actual physical process takiragpl
is in all respect an amorphous solid. As the temperature de- Here we review recent results on the cage—jump motion of
creases towardgy a class of supercooled liquids, known as supercooled liquids. We have two goals. On the one side, we
fragile, also exhibits qualitative changes in the reloo@tly-  want to emphasize attempts to relate the cage—jump motion to
namics. In particular, above a temperatlie- Ty the dynam-  the macroscopic relaxation of the system, which would allow
ics satisfies the Stokes—Einstein (SE) relation, the difftys  to connect the micro to macro scale. For instance, we will
being inversely proportional to the viscosity, while belth@t  see that it is possible to easily relate the diffusivity ahd t
temperature the SE relation is violated. Despite thesenreagelaxation time to features of the cage—jump motion, within
dynamical features, the structural properties of theseBys  the so called continuous time random walk approximation. In
are found to be almost temperature independent. This is thgddition, we will see that there are attempts to relate other
‘glass conundrum’. From the thermodynamic viewpoint, afeatures of the dynamics of supercooled liquids, such as dy-
signature of the dynamical slowdown is only observed close t namical heterogeneities, to the jumps. On the other side, we
the glass transition temperatufig, where the system falls out want to clarify what is the role of the single—particle junips
of thermal equilibrium and the specific heat exhibits a jump. different theories of the glass transition, including dyreal

The investigation of the single particle dynamics of super-facilitation approaches, the mode coupling theory, theloam
cooled liquids and structural glasses offers a way to ret®nc first order theory and elastic models of the glass transition
the temperature dependence of dynamical and of structur@eviewing previous works that have investigated this daest
we suggest that a better understanding of the features of the
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ing a single system, the prototypical Kob—Andersen Lernnard the determination of the jump length, found this to be expo-
Jones three dimensional binary mixtdreWe thus refer to nentially distributed, with an average size slightly desre
our own data, that mostly reproduce earlier results obtaineing on cooling2%. The typical jump length, however, is al-
by others investigating different systems. The paper is-org ways much smaller than the typical interparticle distarsee (
nized as follows. Sef] 2 describes the jump process, andsshowig. [I), as opposed to the jumps occurring in crystals. The
results clarifying that jumps occur in cluster of few pad&;  decrease of the jump length with temperature makes the iden-
which implies that a single particle jump is the projectidn o tification of jumps problematic at low temperature. Further
a cooperative process on the trajectory of a particle. [Bec. Bore, the small jump length implies that a particle that per-
compares the clusters of jumping particles with other dynamforms a jumps does not usually change neighBaas in crys-

ical particle clusters characterizing the relaxation oicural ~ tals. Accordingly, local structural rearrangements aissed
glasses, namely dynamical and elastic heterogeneitiesl4Se with the change of one or more neighb&re# are likely to
considers successes and limitations of a jump—based &inetoccur through a sequence of jumps.

description of the relaxation of glass formers, the cortirs Successive jumps of a single particle could be either corre-
on the role of these jumps in different theories of the glasgorrelated and uncorrelated jumps correspond to transitio
transition. Future research directions and open proble®s apetween inherent structures belonging to the same energy

summarized in the conclusions. metabasin and to different energy metabasins, respectivel
Ascertaining whereas jumps are correlated or uncorrelated
2 Jumps identification and properties a delicate task, and the degree of correlation most probably

depends on the operative definition of jumps. For instance,
The introduction of jumps in the description of the dynamicsjumps can be identified:1” by requiring a particle to move
of liquids traces back to the classical hole model by Frehkel more than a threshold, in this case, they will be certainly
where liquids are depicted as sitting on distorted lattinesn  identified as uncorrelated & is large enough, as this proce-
attempt to describe their short ranged order. The presence dure corresponds to the coarse graining of the trajectoey of
a lattice suggests the introduction of localized excitatias- ~ particle that moves diffusively at long times. Conversdly,
sociated to lattice vacancies and of an hopping dynamics ifHmps are identified via coarse graining procedures ofgarti
between lattice sites, the jumps. Indeed, early whbrked-  trajectories that do not constraint the jump length, theirth
eled the relaxation dynamics of liquids as resulting from a
sequence of jumps triggered by the presence of holes. This

dynamical process is clearly inspired by the hopping diffas f 1 T (b)
observed in crystafs where (i) a jump involves a single parti- » w (a)

cle and an hole, (ii) the typical jump length is the interaitom 8T ; q

spacing, which is roughly temperature independent, (piqe L} -

ticle that jump changes its neighbors, and (iv) jumps are un- | ¥ i

correlated, which implies that holes perform a random walk. ad oty b tc

Subsequent works, however, clarified that the jumps iden-
tified in supercooled liquids differ from those charactieriz 4 ¥
crystals in almost all of these features. Perhaps the mast im
portant difference between the jumps observed in crystelsa 2 [ ) -
those observed in liquids, is that the latter does not irevalv e
single particle exchanging its position with an hole. Rathe w w -
one observes a small number of close particles to perform a
jump at the same tinfe®; accordingly, a single—particle jump
is the projection of a cooperative motion on the trajectdry o Fig. 1 (a) Single particle cage—jump motion revealed from the

a single particle. The number of particles involved in such Brajectories of particles in the bulk of an hard—sphereoodé

CQOperative rearr%ngement is less _tha_n ten, and does. 1Yot Vagspension, at a volume fractign= 0.52. Axes are labeled in
with temperatur€=®. Because of this, jumps are consideredmicrons, and the circle illustrates the particle size. (i) ) are

localized excitations, even though ascertaining theirelegf  magnifications of two of the trajectories, with tick markslicating
localization is an important open issue, as discussed if35ec spacings. Reprinted from Chemical Physics, 284, E.R. Wae#is

A second important difference concerns the jump lengthD.A. Weitz, Subdiffusion and the cage effect studied near th
and its temperature dependence. Indeed, studies that hag@lloidal glass transition, Pages No. 361-367, Copyrighog),
identified jumps via coarse—graining procedures allowing f With permission from Elsevier.




cess has not yet been accomplished. A question of interest
that has been clarified concerns the kind of motion performed
by a particle while jumping. For instance, one might expect
that a particle jumps as its local environment slightly dman
giving rise to a net force acting on the particle. If this ig th
case, particle motion during a jump should be superdiffusiv
Conversely, one might expect that in order to jump a parti-
cle should overcome a free energy barfeiin which cases
the motion should be subdiffusive. This question has been ad
£ « |- 046 dressed by studying how the squared jump length scales with
10°E %ﬁ\i\fﬁ the jump duration. Results obtained investigating thedsiesh
10-5(;‘1‘0‘ 1055 Ll:)\go‘ o 1@;;4 048 055 056 ko Kob-Anderson Lennard Jones mixturg, il!ustrated in Eig. 3,
At T and analogous results obtained investigating a system ief Ha
monic sphere® show that jumps are diffusive at high temper-
ature, and become subdiffusive on cooling.

We conclude this section by noticing that there is an aspect
Kob—Andersen mixture. Different curves refer to the difetr .Of the jump motioq tha-\t has notyet been properly invesltigate
temperatures as specified in the legend of panel (c). Panel (d its degree of localization. '”dee‘?" a Sma” and tempera'l,l"re
illustrates the temperature dependence of the averagesvafithese ~ dependent number of close particles is always seen to jump at
time scales. The figure also shows the temperature depandénc  the same time, suggesting that jumps are localized overia typ
the relaxation time identified from the decay of the self—scattering cal and small temperature independent length scale. Howeve
correlation functionF (g, 7) = 1/e, whereq is that corresponding to it is also possible that these process requires the coaperat
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Fig. 2 Probability distribution of the persistence waiting tinag, (
of the cage waiting time (b), and of the jump duration (c),tfar LJ

the maximum of the total structure factor. Adapted form R&f. of particles surrounding those that perform a jump. If teis i
Similar results have been observed in other atomistic nscafel the case, the size of this surrounding region defines a coop-
structural glassést® and gel€?, and are commonly observed in erative length scale associated to the jumps. We name this

facilitated lattice models (see SgE. 5). length scale ‘cooperative jump length’ for ease of refeeenc

Indeed, as discussed in SEt. 5, ascertaining the existénce o
the cooperative jump length and its temperature dependence
correlation needs to be checked. A literature survey suggesmight allow to contrast kinetic and thermodynamic the aiti
that jumps may be correlated in the aging regfheand in  descriptions of the glassy phenomenology.
polymer melts due to the topological constraint provided by
the polymer chaif (and references therein). Conversely, in
thermal equilibrium jumps appears to be uncorrel&f&df

notin the deeply supercooled regime. Particles performing a jump at the same time or in a short time
Three timescales characterize the jump motion. The longesfterval can be considered as a localized excitation. Here w
timescale is the average time a particle persists in itsitmta  consjder what is the relation between this excitation ared th
before performing its first jump, given an initial obsereati  |ocalized excitations identified by the dynamical and étast
time. This is known as the persistence tirje, The other  peterogeneities. Dynamical heterogene®feare clusters of
timescales are the tintg a particle waits in a cage, as mea- particles with correlated motion, that are commonly idiéedi
sured from the time the particle entered that cage, andthe ju yja the investigation of the time dependence of the distidiou
duration,At;. Fig.[2 illustrates the probability distributions of f particle displacements, the van—Hove distribution fiorc
these time scales for the LJ Kob-Anderson mixture, as well ag supercooled liquids, the van Hove distribution has thessa
the temperature dependence of their average values anel of tgian shape expected in homogeneous systems at short times,
a relaxation time,r. Similar results are found for other sys- \hen particle displacements reflect the velocity distidmt
tems'®. We note that the persistent time and the waiting timegnd at long times, when particles move diffusively. At an in-
coincide at high temperature and do not differ much at lowtermediate timescale the van Hove distribution is not Gaus-
temperature, although they have a different temperature d&jan, but has long tails indicating that some particles rdove
pendence. SeL] 4 shows how these quantities allow to mod@lych more than the average. These particles can be identi-
the relaxation dynamiCS Of the SyStem W|th|n the Continuousﬁed using different approacheS. A possible appréam to
time random walk approximation, and how the breakdown ofidentify them with the 5% of the particles with the larges-di
the SE relation is related to these timescales. placement, where this percentage is arbitrarily fixed. A dif
A detailed investigation of the dynamics of the jump pro- ferent approach is to identify the#h2® with those particles

3 Connection with other localized excitations




hetergoeneities is larger than that of the jump dynamics. Al
of these results suggest that dynamical heterogeneisedt re
from a sequence of jumps.

The connection between particle jumps and dynamical het-
erogeneities is not fully understood. An important obstova
is the presence of a facilitation mechanism, whereby a jump
triggers jumps of nearby particles, in an avalanching pssce
This mechanism explains how DHs emerge from a sequence
of correlated jump%2:2627 Facilitated modekE==20 offer a
vivid picture of this process, as they associate partidies t
jump to defects, and the avalanches to the diffusion of these
10, 1 ‘ ‘ - ‘102 defects. However, the precise mechanism by which this fa-
At cilitation mechanisms occurs is not precisely understdod.
deed, one would expect the avalanche that develops through
the facilitation process to spread like an infection, legdio
Fig. 3 Dependence of the squared jump length on the jump a fast relaxation of the system. Conversely, avalanches are
duration, for the Kob—Andersen LJ mixture, for different Conﬁned’ as they 0n|y grow until reaching a size of the or-
temperatures as in Figl 2. The figure reveals that the jumpse  qer of the dynamical heterogeneities. Indeed, some pesticl
increasingly s.ubdlffuswe on cooling. Analogous resutlsé'!been appear immune to the facilitation process, at least for g lon
:jgpo_rteo! ford'ﬁere.nt model SZVSte.&ISDue to _the exponential time, as if requiring a large change to their environment be-
istribution of the jump duration, illustrated in FIg. 2betnumber - . S .
of long—lived jumps is small, which is why data are noisy agéa fore being able to jump. In kinetically constrained models
values of the jump duration. Adapted from Refl 10. (see Sedtls), th_ese particles are those tha_\t belong to tb_i:or
clusters of particles that cannot perform jumps due to kinet
constraint€?. In the continuum, these particles are expected to
whose displacement is larger than a threshold, which is fixe®e embedded in regions of high mechanical strength, or with
by comparing the actual van-Hove function with that expecte high structural order. The size of these regions has been ob-
should the particles move diffusively. Either case, pttic served to grow on cooling.
contributing to the tail of the van Hove function are found to  Research in this direction should certainly consider the
be arranged in clusters, which we will refer to as dynamicalpresence of a third definition of cluster of localized paetic
heterogeneities. that emerges from the analysis of the spatial propertielseof t
While there are similarities between dynamical hetero-soft vibrational modes of amorphous materials. Indeed, in
geneities and the cluster of particles that have performed amorphous materials there are soft vibrational modes tieat a
jump, these should not be identified. First, dynamical hetdocalized: in the corresponding eigenvectors, only fewtipar
erogeneities involve particle displacements of the orfithe®  cles have a not negligible displacement, and these few par-
interparticle distance. Indeed, they have been obserdeddo ticles are localized in space. Earlier works called jumpes th
to a string motion, whereby a particle occupies the positiordisplacements associated to these modes, and found them to
previously occupied by a different partié®2>. Conversely, comprise 10 or more particlé33 The soft modes are re-
the length of the jumps is much smaller. For instance, for thdated to the spatial elastic heterogeneity of the systertheas
usual LJ KA mixture, at a density = 1.2, the squared jump are localized in regions of the system characterized bylsmal
length(Ar?) decreases from.B5, atT = 0.575, to 01, inthe  values of the local shear modulus, or where the amplitude of
deeply supercooled regimeht= 0.45. Assuming successive vibration is largé&1?343%> These regions are known as ‘soft
jumps to be uncorrelated, this implies that to move of a dis-spots28. Connections between dynamical heterogeneities and
tance comparable to the interparticle spacing, a particlstm soft spots, and between soft modes and jumping particlgs, su
perform a numben = p*z/d/<Ar§) of jumps varying from  gest an interplay between particle motion and evolutiomef t
n~ 4, at high temperature, to~~ 11, at low temperature. Sec- local elastic properties. Such an interplay, and partitytae
ond, the typical size of dynamical heterogeneities inaea@as  evolution of the local elastic properties, has not been gt
the dynamics slow dow#?, at the point that these clusters have fully investigated. Recent works in these direction shothed
been associated to the growing cooperatively rearran@ng r soft spots survive many elementary structural rearrangésne
gionZ2:24 while conversely the size of the clusters of jumpingi.e. many jumps, so many that their life time is correlatethwi
particles is constant. Possibly, the size of DHs could be rethe relaxation time of the syste¥h This might open the way
lated to that of the cooperative jump length introduced & th to a coarse grained description of the relaxation dynanfics o
previous section. Finally, the typical time scale of dyneahi supercooled liquids and structural glasses in term of poftss
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The open question is that of determining the coarse—grainephysical processes, including electronic transport irordis
dynamical rules governing the evolution of the soft spats, i dered systenfé:45 diffusion in porous media or biological
cluding their interaction, diffusion, annihilation anceation.  systemé®=48 blinking quantum dot®, seismicity?®, spin
Finally, we consider that jumps have also been observedlasseg!. Notice that some of these processes are clearly out—
to play a role in the dynamics of amorphous glassy systemef-thermal equilibrium. Out—equilibrium phenomena con-
under shear. In these systems the relaxation occurs througterning supercooled liquids that have been described  thi
a sequence of relaxation events known as shear transformfiamework include agint, and the diffusion of driven parti-
tion zones83? (STZs). STZs are extremely close to clusterscles®?.
of jumping particles. Indeed, both involve few particlesttb These diverse systems share a similar dynamics consisting
aggregate at long times giving rise to DHsand both occur  in subsequent jumps between energy (or free energy) minima.
where the soft spots are localiZ%d This analogy suggests The most important quantity fixing the time evolution is the
that results obtained investigating STZs could also hold fo distribution of the waiting time in between jumpB(ty ), that
the cluster of jumping particles. This analogy is of intéres in the case of supercooled liquids has finite moments, as all
because the STZs, that occurs at zero temperature, can be i- the particles eventually jump. This distribution is expo
vestigated in an energy landscape appréictResearch in  nential if jumps originate from a Poissonian process. In su-
this direction allowed to associate to the STZs a size r@latepercooled liquids, this is only observed at high tempessur
to the number of particles involved in the rearrangement, ofConversely, as the temperature decreaBés,;) develops a
orde*1:42100. This number is sensibly larger than the num-power law regime at shot§, and a stretched exponential de-
ber of particles undergoing large displacements in a jurp, ocay at large,, as in Fig[2b. This non—-exponential behavior
order 10. Given the analogy between clusters of jumping parleads to a distinction between the probability distribotaf
ticles and STZs, this finding supports the idea that jumps ddhe persistence timé,(t,), which is the time at which a parti-
actually require cooperative rearrangements in theilosumd-  cle perform its first jump as measured form an arbitraryahiti
ing regions, and therefore the existence of a jump cooperati observation time, and the waiting time distributi®fty, ), the

correlation length. two distributions being connected by the Feller rela®?f,
_ T
Ftp) = () (1= J§" 9(tw)dlt ).
4 Continuous time random walk Within the continuous time random walk framework, it is

straightforward to relate the diffusion coefficielt, and the
The continuous—time random walk formalism allows to makerelaxation time at every wavevecipe= 271/A smaller than the
predictions concerning the relaxation dynamics of superaverage jump size, i), (t,) and to the average jump length
cooled liquids by assuming the absence of spatial and temiAr;). One finds
poral correlations between the jumps. Before describiageah

predictions, let us stress that the jumps are actually kdee, D - 6 (Or3)
even at high temperature. Indeed, uncorrelated jumps give N (tw)
rise to particles with uncorrelated spatial positions,levhon- T O (tp)+ (my — 1) (tw) +my (Aty), 1)

versely liquids have short ranged correlations. Furtheemo
at low temperature successive jumps of saeneparticle are  wherert, is estimated as the average time a particle needs to
expected to be anticorrelated, as particles will jump baak a makem, (T) = A2/(Ar3(T)) jumps. In the above estimation
forth between nearby positions before entering the difeisi of T, we have taken into account that jumps have a finite aver-
regime. Similarly, correlations between successive ngiti age duratio{At;), which is actually negligible at low temper-
times of a single particle are expected. Despite these obseatures as illustrated in Fifil 2. There have also been ateempt
vations, it is interesting to consider what predictions ban to describe the full time dependence of relaxation funétton
obtained for the relaxation dynamics when all of these eorrewithin the CTRW framework.
lations are neglected. This strong approximation leadeg¢ot  We have recently observed that these predictions work well
continuous time random walk (CTRW) description of the re-for the KA LJ model systerd®, as illustrated in Fid4, for a
laxation dynamics of structural glasses. system of harmonic spherSs as well in experiments of col-
The CTRW is a particle diffusion model, originally in- loidal suspensior¥. This is an unexpected result given the
troduced by E.W. Montroll and G.H. Wei¢§ that general- expected presence of correlations between jumps of a same
izes random walk processes by introducing stochastic waitparticle and between jumps of different particles. These co
ing times and stochastic jump lengths. With respect torelations appear to be relevant only in the deeply supeecbol
other stochastic diffusion models, e.g. Levy flights, theregime, where deviations from the CTRW predictions are ob-
distribution of jump lengths is assumed to have finite mo-served.
ments. The CTRW proved useful to describe a variety of The CTRW can also be related to DHs and to breakdown




10622 101§b 5.1 Jumps in kinetically constrained models
A 35 Wk T8 The cage-jump motion inspired the development of purely ki-
©10°F 10,@ s netic theories of the glass transition, exemplified by Kaadly
e g constrained lattice model®2® (KCMs). In particle based
10° _4@‘ I [ e models, particles sit on a lattice and move by hopping into
10 10 10 1 100 1¢ . . L _
ArOE O n, nearest neighbors empty sites. While this dynamics resesmbl
1055 - the hopping motion of particles in crystals (see $éc. 2xahe
IS 708 models are characterized by a kinetic constraint, accgridin
10'F| 2 TZo%9 50 which a jump is allowed provided the local environment sat-
F 108 (o isfies some condition. This kinetic constraint play a vitdér
T 10°E o TIoae 2 as it implies that a jump is not a local process involving a par
i T=0445 ticle and an hole, but rather a cooperative process invglvin
10°F u few lattice sites. Because of this, a jump changes the lozal e
2 (44 vironment of nearby particles, and might allow or inhibieith
10— - Ll L jumps. This process, termed kinetic facilitatféncreates cor-
10" 10° 10° 10*

relations between subsequent jumps, and allows to raizenal
the super Arrhenius temperature dependence of the redaxati
time26:28  The jumps introduced in kinetically constrained

Fig. 4 Panels (a) and (c) show that the CTRW predictions (see textjnodels differ from those observed in supercooled liquigs, a
reproduce measurements of the diffusion coefficient anHeof t they imply particle displacements of the order of the inderp
relaxation time at different wavectors of the KA Lennardigl® ticle distance, the lattice cell size. While this could beia m

mixture, if not at very low temperatures. The failure at low nor difference, it is also possible that these models owé&rlo
temperature occurs as successive jumps of a same partidebe structural reorganizations occurring at small lengthess,ghat
anticorrelated, as exemplified by the transient subdiéuiv might introduce a correlated dynamics mediated by an elasti
dependence of the mean square displacement of the padittée  coypling. To overcome this difficulty, one might considee th
number of jumps, illustrated in panel (b). KCMs as a coarse grained description of an actual physical
system, in which case each site represents a spatial remgion,
jump inducing the structural relaxation of that region. Ref

less of the physical interpretation, KCMs offers a simpld an
appealing picture of the dynamics slowdown of supercooled
liquids, but have two disadvantages. First, these models ar

@0+ (m, 1) [, O m, At

of the SE relation. To clarify the relation with DHs, as mea-
sured for instance by the dynamical susceptibility, we wters
that DHs have both a temporal and a spatial contribdfon

The temporal one originates from fluctuations in the jumpin . A S
P g JUmp gextremely schematic so that it is difficult to quantitatives-

time, while the spatial ones reflect the spatial correlatithe late themn to diff t ohvsical svst S d. sinceiki
jumping particles. The CTRW approach captures the tempo—ae em lo diierent physical systems. >econd, sincelkine

ral heterogeneity, as it allows for not exponential waitiinge ga"g (;pr)tgtralnedeot(jelcjs havg attr:w'?l Ham|ltonf|§1 nr’] th?./ a
distributions. This implies the temporary coexistence af p y definition unable to describe the large speciiic heat jJump

ticles that have performed many jumps, and of particles thagpcutm?r? a(tjt?_e_glass_trar:snmrl])t?{npgrature.ﬁ%%rpo%osedlre
have performed few jumpg8. Spatial correlations are not cap- |es| ofhis de |C|ency|nvlo vteh_a I'e erfescrlp h gdsérgg&'
tured as the CTRW approach nothing says about the spati?f:"’le Jump processes. In this line of research, !

correlations of the particles that have performed many gimp t|rstthcqn?hected ;he requatlon d)t/_namlcs (.)f sup?rcooledd:?ub
The temporal heterogeneities also allow to interpret tleabor 0 their thermodynamic properties in a jump framework, by

down of the SE relation{t, = const). Indeed, from Ed.]1 assuming each jump to involvel 1/s:(T) particles, Where .
one understands that this breakdown is mainly due to the deS—C(T) is the excess entropy per atom of the supercooled liquid.

coupling of the two timescale@,) and(tp), even though the
temperature dependence of the squared jump ledgh also
plays arole.

5.2 Jumps in the free volume theory

The cage—jump motion has also been the primary source of
inspiration of less schematic theories of the glass triamsit
starting from the free volume theory by Cohen and Turn-
bul®3=65 In this theory the probability for a particle to es-
Since particle jumps are an ubiquitous feature of supeecbol cape from its cage only depends on its free volume. Specif-
liquids, it is interesting to consider their role in thearige- ically, the theory assumes (a) that the total free volufme
scribing their slow dynamics and the glass transition. of anN patrticle system is redistributed independently among

5 Jumps and theories of the glass transition




the particles, so that the single particle free volume probthe slightly supercooled regime, where standard MCT works
ability distribution is p(v¢) = (v¢)“texp(—vs/(vi)), where  and no additional relaxation channels are considered.di ad
(vi) = Vi /N, (b) that a particle is not able to jump out of tion, both approaches used to extend the MCT have not a clear
its cage if its free volume is smaller than a threshold, i.erelation with the jumps. Indeed, when MCT is extended by
if vi < Vi, (c) that the probability for a particle to perform modifying the memory kerné®’ one actually simply intro-

a jump does not depend on, as long asvs > vi. From  duces a new relaxation channel without making reference to
these assumptions, one finds the escaping probability to bigs physical nature. That is, there is no reason to identify t
P= f\;; p(v¢)dvs, and can estimate the relaxation timeo new relaxation channel with the jumps described in the vevie

be T = To/P = Toexp(V}/(vs)), with Ty a microscopic time. Similarly, when th_e_MCT is exter_lded developing a dynamic
Cohen and Turnbull estimatéd; ) = A(T — To), and thus pre- free energy des_crlbmg the escaping process one fln(_js the typ
dicted a super-Arrhenius Vogel-Fulcher—Tamman (VFT) beical length of this escaping process to grow on coctingr
havior for the relaxation time. to have a non monotonic temperature depend&ce Con-

The free volume theory is extremely appealing due to its/€"Sely, all estimates of the single particle jump lengtgst
simplicity. We note that it considers jumps to be collective that this decreases on cooling. The contrast between these
processes, as in order to jump a particle needs to have enou° Scenarios could be resolved whether jumps were found
free volume, which is a property of the particle and of its im- L0 P€ characterized by a growing cooperative jump corraiati
mediate neighbors. However, the theory also implicitly as-length, related to the size of the region |.nvolv_ed in the rear
sumes that there is a small length scale process that altows ffangement rather than to the actual particle displacenasnt,
the redistribution of free volume. Because of this proctigs, discussed in SeEl 2. The connection between a localized re-
free volume of all particles change in time; sooner or labr, laxation event and properties of the syste_m on a large length
particles will have enough free volume to perform a jump. Asscglf has also been recently suggested in free volume mod-
the free volume theory does not model this free volume redis€IS™
tribution process, it does not consider the presence ofadpat
correlations between jumping particles, and says nothing a
concern dynamical facilitation and dynamical heterogée®i

5.4 Jumps in the Random first order theory
5.3 Jumps in the Mode Coupling Theory

The idea that particles in supercooled liquids spend most ofhe random first order theory (RFOT) of the glass transi-
their time rattling in the cage formed by their neighborgph  tion”>~8%introduced activated events to extend the mean filed
a primary role in the development of the mode coupling the-description suggested by the analogy wjthspin models.
ory88=68 (MCT) of the glass transition. The MCT, which is Simply put, in this picture a glassy system is seen as a collec
considered to provide a mean-field description of the dynamtion of droplets, associated to the cooperatively reairang
ics of structural glasses, is a first—principle theory that-s region introduced by Adam and Gib¥s that continuously
ceed in making specific predictions for the time evolution ofreconfigure through activated proces®esThe random first
correlation functions of a liquid starting from its Lagraag,  order theory models this process through a free energy éor th
using a projection operator approach (see Ref. 69 for a rereconfiguration of a droplet, introducing a bulk and a swefac
view). These predictions work well at high enough temperafree energy in analogy with the free energy of nucleation of
ture, while they fail at lower temperatures. In particuMCT droplets in second order phase transitions. There is, henvev
predicts a power law divergence of the relaxation time ex$te not a consensus regarding the temperature and dropletesize d
of the observed super-Arrhenius behavior, and does natallo pendence of this free energy. Possibly, this question doeild
to rationalize the breakdown of the Stokes—Einstein mtati settled through a better understanding of the dynamical pro
To go beyond this mean field description fluctuations arertake cess by which a droplet relax, that is expected to involve cor
into account via the introduction of activated events, galhe  related single particle jumps. In this respect, the contoalse
identified with hopping events. In the mode coupling frame-resolved is that existing from the length scale charadteyiz
work, this has been done either modifying the memory kerthe jumps, which is not temperature dependent, and the typi-
nel introducing an addition relaxation channels assoditde cal size of the droplets, that conversely grows on cooling. A
these jump&:’L as well as developing a dynamic free en- appealing scenario involves, once again, the elastic ptiepe
ergy describing the escaping proc&s&:73 While also called  of the system and the cooperative jump length, as a jump may
jumps, the activated processes invoked within this exténdeinvolve the deformation of a surrounding region. The size of
MCT theory have not a clear connection with the jumps dis-this region, associated to the droplet size, could be rtlate
cussed in this review. Indeed, particle jumps are obsenved ipoint-to—set correlation lengtfs2”.




5.5 Jumps in Elastic models 3 Y. Frenkel,The Kinetic Theory of Liquid©xford Univer-
sity Press, Oxford, 1946.

In Dyre’s shoving modé® the relaxation of supercooled lig- 4 C.T.Chudley and R. J. ElliotBroc. Phys. So¢1961,77

uids is postulated to occur through localized structurat-re
rangements involving the overcoming of a free energy barrie
The model is termed elastic, as the free energy barrier ¢s ass
ciated to the plateau shear elastic modulus of the sy&&M
Gp. This association allows to predict that the relaxatioretim L _
should scales asC exp(Gy(T),/T), in remarkable agreement O. Dauchot, G. Biroli, P. Harrowell and D. R. Reichman,
with experimental data. The dependence of the activation en Phys. Rev. Lett2010,105 135702.
ergy on the shear elastic modulus suggests that a localized A-S-Keys, L. O.Hedges, J. P. Garrahan, S. C. Glotzer and
event actually involves the deformation of the system on a  D- ChandlerPhys. Rev. X2011,1, 021013.
large length scale. Since the model does not make specifi@ R. Pastore, A. Coniglio and M. P. CiamarEoft Matter
assumptions regarding the features of the relaxation syignt
is hard to say whether these can be connected to the jumps? J. Helfferich, F. Ziebert, S. Frey, H. Meyer, J. Farago,
However, in particular if the jumps are found to be character ~ A. Blumen and J. Baschnage®hys. Rev. E2014, 89,
ized by a growing length scale, their identification is cieflta 042603.
tempting. In this line of research, it would be interestiog t 10 R. Pastore, A. Coniglio and M. P. Ciamar&zjentific Re-
investigate how the energy barrier overcome during a jump is  ports 2015,5, 11770.
related to the plateau shear modulus. 11 V. K. d. Souza and D. J. WaleShe Journal of Chemical
Physics$2008,129 164507.

i 12 A. Widmer-Cooper, H. Perry, P. Harrowell and D. R. Re-

6 Conclusions ichman,Nat Phys 20084, 711715

, ) 13 H. Shiba, T. Kawasaki and A. Onulghys. Rev. F2012,
In summary, we have reviewed results on the cage—jump mo- 86. 041504,

tion of supercooled liquids, and clarified that jumps are-pro

cest:?‘els |n\f|E)rI]vmg thefstﬁnsmle dlsplgctement ofta sma;lll gvbu(;a 2009,102 125701.
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particle of the group move a distance which is muc _

smaller than the interparticle distance, and that decsease 16 L- O- Hedges, L. Maibaum, D. Chandler and J. P. Garra-

cooling. The mechanism by which these jumps accumulate Nan.The Journal of Chemical Physic2007,127, 211101.

leading to the relaxation of the system, and to the glass phe:/ C: D- Michele and D. LeporinPhys. Rev. E2001,63,

nomenology, is not fully understood, even tough it certainl 036701.

involves a facilitation process. 18 K. \Wollmayr-Lee,The Journal of Chemical Physic2004,
More work is needed to clarify the connection between the 121,4781-4794.

jumps and different theories of the glass transition. Irs thi 19 J. Helfferich, K. Vollmayr-Lee, F. Ziebert, H. Meyer and

respect, we notice that the extent to which jumps can be con- J- BaschnageEPL, 2015,109, 36004.

sidered as localized events has not yet throughly investiga 20 P. Chaudhuri, L. Berthier and W. KoBhys. Rev. Lett.

Indeed, it is certainly plausible that in order for a jump t o 2007,99, 060604.
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of this region would provide an estimate of a jump coopera- 123 244501.
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