Soft Matter

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

Soft Matter

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's

standard Terms & Conditions and the Ethical guidelines still

&;ﬁm apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript

or any consequences arising from the use of any information it

contains.

ROYAL SOCIETY
OF CHEMISTRY www.rsc.org/softmatter


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 8 Soft Matter
CREATED USING THE RSC LaTeX PCCP ARTICLE TEMPLATE - SEE www.rsc.org/electronicfiles FOR DETAILS

ARTICLETYPE WWW. ISC.org/xoaxaxx | XXXXXXXX

Spatial correlations of elementary relaxation events in giss—forming
liquids

Raffaele Pastor®, Antonio Conigli® and Massimo Pica Ciamafr3

Received Xth XXXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX
First published on the web Xth XXXXXXXXXX 200X

DOI: 10.1039/b000000x

The dynamical facilitation scenario, by which localizethxation events promote nearby relaxation events in araagling
process, has been suggested as the key mechanism conrbetimicroscopic and the macroscopic dynamics of struc:
glasses. Here we investigate the statistical featuresigfpiocess via the numerical simulation of a model struttgiass.
First we show that the relaxation dynamics of the system sctwough particle jumps that are irreversible, and thahoabe
decomposed in smaller irreversible events. Then we showetith jump does actually trigger an avalanche. The chaist -
of this avalanche change on cooling, suggesting that tlasagbn dynamics crossovers from a noise dominated regingze
jumps do not trigger other relaxation events, to a regimeidatad by the facilitation process, where a jump trigger enui
relaxation events.

1 Introduction nario, reproduce much of the glassy phenomenology and aic at
the basis of a purely dynamical interpretation of the gless-
Structural glasses, which are amorphous solids obtained bajtion. Different numerical approaches have tried to idgnt
cooling liquids below their melting temperature avoidimgss  irreversible relaxation event®2% and both numeric&kh4-
tallization, provide an array of questions that has beett-chaand experimental works?*revealed signatures of a dynai 1i-
lenging researchers in the last decddésThese include the cal facilitation scenario.
nature of the glass transition, the origin of the extracadig Here we provide novel insights into the dynamical fail -
sensitivity of the relaxation time on temperature, the Beso tation mechanisms through the numerical investigation ot a
peak, the relaxation dynamics. In this respect, here we conmodel glass former. We show that it is possible to ider ‘ifv
sider that there is not yet an established connection bﬂtwe%|ng|e partide jumps that arelementaryre|axation3, beinr
the short time single particle motion, and the overall macro short-lasting irreversible events that cannot be decoegpine
scopic dynamics. When observed at the scale of a single pag sequence of smaller irreversible events. We then cldrify t
ticle, the motion of structural glasses is well known to be in these jumps lead to spatio-temporal correlations as eac, - it
termittent. This is Commonly rationalized ConSidering leac triggers Subsequentjumps in an ava|anching process. Ahe s
particle to rattle in the cage formed by its neighbors, util tistical features of the avalanches changes on coolinguido
jumps to a different cade Conversely, when the motion is  the temperature where the Stokes-Einstein relation fiesths
observed at the macroscale, a spatio-temporal correlgted ddown, the dynamics shows a crossover from a high temr e rc -
namics emergés Dynamical facilitatior?8, by which a local  tyre regime, in which the avalanches do not spread ana uie
relaxation event facilitates the occurrence of relaxatioents dynamics is dominated by thermal noise, to a low tempe: c.wure
in its proximity, has been suggested as a key mechanism cofegime, where the avalanches percolate. These resultes. gy
necting the microscopic and the macroscopic dynamics. Intg interpret dynamical facilitation as a spreading proégs s
deed, kinetica”y constrained lattice mO&eWhiCh prOVide and m|ght open the way to the deve|oping of dynamica| piou
the conceptual framework of the dynamical facilitation-sce gpilistic models to describe the relaxation of glass fosn
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disks, with a diameter ratioy /os = 1.4, known to inhibit
crystallization, at a fixed area fractiop= 1 in a box of
side L. Particles interact via an soft potenfil V (rjj) =

e ((aij —rij)/oL)? ©(aij —rij), with a = 2 (Harmonic). Here

rij is the interparticle separation aog the average diameter

of the interacting particlesThis interaction and its variants
(characterized by different values af) are largely used to
model dense colloidal systems, such as foinmicrogels$®

and glasse¥-3% Units are reduced sothat =m=¢ =kg =

1, wherem is the mass of both particle species dgdthe
Boltzmann’s constant. The two species behave in a qualita-
tively analogous way, and all data presented here refereto th
smallest component. _ _ 0,0018 0,0020 0,0022 0,0024
Cage—jump detection algorithmWe segment the trajectory T

of each particle in a series of cages interrupted by jumps us-

ing the algorithm of Ref?, following earlier approachés.

Briefly, we consider that, on a timescalef few particle col- ~ Fig. 1 Average persistence timép), cage duration(ty) and jump
lisions, the fluctuatior§?(t) of a caged particle position is of duration,(Aty), as a function of the temperaturi) grows as an
the order of the Debye—Waller factor (DWFR). By compar- ~ Arenius(ty) L exp(A/T) (red full line), whereastp) is

ing Sz(t) with <u2> we therefore consider a particle as caged if.compatlble with seyeral super—Arrzhen|u§ lavise black full Ilne.w
(1) < (12), and as jumping otherwise. Practically, we com- is, for example, a fittp) 0 exp(A/T?), while the black dashed i

2 5 is a Vogel-Fulcher lawt,) O exp(B/(T — Tp)), predicting a
puteS*(t) as{(r(t) — (r(t))s))s, where the averages are com- divergence at a finite temperatufg~ 0.001. The arrow indicates

puted in the time intervalt — & : t + ], with § ~ 10, and  the temperaturd = 0.002 where(t,) and (t) decouple and the -

tp is the ballistic time. At each temperature DWF is definedrejation breaks dowrConversely/At;) remains roughly constant
according to Ref3, (u?) = (r?(tow)), wheretpy is the time  on cooling.

of minimal diffusivity of the system, i.e. the time at which

the derivative of logr?(t)) with respect to lo@) is minimal.

At each instant the algorithm allows to identify the jumping reversible events. Here we show that the jumps we have "uc. -
particles and the caged ones. We stress that in this appaoachified are irreversible, and we give evidence suggesting ...
jump is a process with a finite duration. Indeed, by moni@rin these can be considered as ‘elementary’ irreversible syieg .
when$* equals{u?), we are able to identify the time at which that they are the smallest irreversible single—particleenat
each jump (or cage) starts and ends. We thus have accessl|&ast in the range of parameters we have investigated.

the time,ty, a particle persists in its cage before making the |nyestigating both the model considered Héras well as
first after an arbitrary chosdn= 0 (persistence time), to the the 3d Kob-Andersen Lennard-Jones (3d KA LJ) binary 1 1ix-
waiting time between subsequent jump of the same patiicle t,re34 and experimental colloidal gla®s we have previously
(cage duration), and to the duratidfy and the lengtiiry of  shown that the protocol defined in Sec. 2 leads to the ™ .cr i-
each jump. fication of irreversible events. Indeed, the mean square u..
placement of the particles increases linearly with the nermb
of jumps, allowing to describe the dynamics as a contint ==
time random walk (CTRW.

Within this approach two fundamental timescales are fou. ..,
the average persistence tintg) and the average cage a..
The idea of describing the relaxation of structural glasses tion (ty). The former corresponds to the relaxation time ¢ "~
consisting of a sequence of irreversible processes is mgt ne wavelength of the order of the jump lengthr;), while the
and different approaches have been followed to identifgehe latter is related to the self diffusion constabt{d (Ar%)/ (ty).
events. For instance, irreversible events have been assdci Fig.1 shows that the two timescales are equal at hight .-
to change of neighboté™5 to displacements overcoming a ature, but decouple at a temperatliger 0.002,which marks
threshold in a fixed time lag$, to processes identified through the onset of the Stokes-Einstein (SE) breakdown at the wave-
clustering algorithm applied to the particle trajectoffe®’, or  length of the jump lengthWe find that(t,) shows an Arrhe-
to more sophisticated approachésWe notice that since at nius temperature dependeng) O exp(A/T), while (tp) in-
long time particles move diffusively, all procedures thadse  creases with a faster super—Arrhenius behavisee the ca, -
grains the particle trajectory enough will eventually itiirir- tion of Fig.1) Itis worth noticing that the decoupling betwe 1

3 Results

3.1 Jumps as irreversible elementary processes

2| Journal Name, 2010, [vol]l 1-6 This journal is © The Royal Society of Chemistry [yea |
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Fig. 2 Mean squared jump Iengt(lz\&r§> as a function of the jump . - .
durationAt; at different temperatures. Fig. 3 Excess probability to observe contemporary jun@gr,0),
as function of the distance and at different temperaturgndisated.

The dashed line is a guide to the eyésxp(—1.35/r).

the average persistence and waiting time, is known to con-

trol the breakdown of the SE relation at generic wavelengthsyeafined as

and to induce temporal heterogeneifie¥. These findings 1 N

suggest thaly may represent a crossover from a localized to b(r,t) = N z bi(t)3(r —ri(t)). 1)

a more correlated relaxation procegssimilar scenario has :

been recently reported for models of atomic glass formigpg li Hereb;(t) = 1 if particlei starts a jump betweenandt + dt,
uids, where the SE breaks down and the size of dynamics hewheredt is our temporal resolutiory; (t) = 0 otherwise. Th'.
erogeneities markedly accelerates below a well definedevaluscalar fieldb allows to investigate the statistical features of u.c
of T,.38 facilitation process by which a jump triggers subsequertc i

We performed two investigations supporting the elemen-To this end, we indicate withb(r,t))y0,0~1 the probability
tary nature of the jumps we have identified. First, we havehat a jump starts irft,r) given a jump in(t = 0,r = 0), and
considered the change of the average jump durgidy) on  investigate the correlation function
cooling, as the duration of elementary relaxations is etquec (b(r,t)) (b
not to grow with the relaxation time. Fig. 1 shows that the Cy(r,t) = { )/6(0.0)=1 ] )
(Aty) is essentially constant, despite the relaxation tiftipe g(r.t)
varying by order of_m_agnitudes. Indeed, at _IOW temperaturg,q o g(r,t) is a time dependent generalization of the rau...
(tp)/(Ats) > 1, clarifying why we call them ‘jumps’. Then  yi«tinution function
we have considered how particles move while making a jump. L
Fig. 2 illustrates that the mean squared jump length grols su _ IR
diffusively as a function of the jump duration, with a subdif glr,t)dr = 2rmrp(N—1) i; or=Ir® -, @)
fusive exponent that decreases on cooling. Conversely, one
would expect a diffusive behaviour if jumps were decomposthrough which we avoid the appearance of spurious ¢ i
able in a series of irreversible steps. lations in the correlation functio@;(r,t) due to the shor.

These results supports the identification of the jumps wéange ordering of the system. In Eq.@) is the spatic
have defined with the elementary relaxations leading to théemporal average of the jump birth, and decreases on ¢y

macroscopic relaxation of the particle system. as(b) = ({tw) + (Aty))~* (at low temperatureb) ~ (ty) " as
(tw) << (Aty)). Accordingly, the correlation functioB;(r,t)

is the probability that a jump triggers a subsequent or  w. a
3.2 Correlations between jumps distance after a timet.
We first consider the spatial correlations between coriern-
While each particle behaves as a random walker as it performorary jumps, where two jumps are considered contemporarv
subsequent jumps, yet jumps of different particles could bef occurring within our temporal resolution. Fig. 3 showsu.:
spatially and temporally correlated. We investigate tteese  C;(r,0) decays exponentially, with a temperature indepe: scii
relations focusing on the properties of a jump birth scaéddfi  correlation lengthé;(0,T) ~ 1.35. This result clarifies thi .

(2)
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Fig. 5 Panel a shows that the amplitudg) of the jump

Fig. 4 Evolution of the spatial correlation between jumps with
time. Each panel refer to a different temperature, as itelita
Within each panel, the different curves correspond to

t = 0,10,20,30,100,500,10° and 18, from top to bottom. At high
temperature data corresponding to the largest times asnyias

correlation functiorC,(r,t). Panels b and c clarify that a first
exponential decay is followed, at low temperature, by aisécme,
which approximately follows a power law.

the correlation is too small to be measured.

10
jumps aggregate in cluster of roughWorr ~ p7TEj2(O) ~5 L
events. A similar scenario has been observed in a different r
model system, where jumps have been observed to aggregateiJ
in clusters of roughly % particleg!. Our results also support
previous findings suggestiR§that the elementary excitations
of structural glasses have a temperature-independenthleng
not larger than few particle diameters and are consistehtavi
recently introduced first principle extension of the Modei€o
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pling Theory?. The investigation of the displacements of the 1
particle jumping in each cluster does not reveal charatteri
spatial features. Structured particle motion, such asggtri

like particle displacement8 or displacements reminiscent of
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T1 event4! must therefore result from a succession of eventd 19 6 Time dependence of the jump correlation length, at difi. =

rather than a single one.

We now consider the time evolution of the spatial correla-
tion between jumps. Fig. 4 illustrates that at all tempeegu

temperatures. The data suggest that at low temperature the
correlation length slowly grows in time, &(T) 0191,

and times the decay of the correlation function is compatibl gptain reliable estimates of its time dependence and eor. .

with an exponentialC;(r,t) O A(t)exp(—r/&;(t)). The time

tion length, despite intense computational efforts. N

dependence of the amplitude is illustrated in Fig. 5. At alljess, our data clearly show the reported exponentialto =
temperatures the short time decay of the amplitude is expone |3 crossover in the decay of the amplitudeQyfr,t). The

tial, A(t,T) = A0, T) exp(—t/Ta(T)), the characteristic decay nighest temperature at which this decay exhibits a powei lc.
time slightly increasing on cooling. While no other decay istail, is consistent with the temperatuFewhere t,) and (t,
observed at high temperatures, at low temperatures the expfirst decouple, and the SE relation breaks down (see Ser-~..)
nential decay crossovers towards a much slower power-lawhijs suggests that the breakdown of the SE relation is wiate
decayA(t) ~ ™% with a~ 0.4. Fig. 6 shows that the correla- g 5 crossover in the features of the facilitation processina/

tion length slowly grows in time, approximately &s(t) ~ t®,
with b~ 0.1.

vestigate this crossover focussing on the number of junions. u
gered by a given jump. This is given by (T) O [5° n(t, T)d,

The initial fast decrease of the amplitude makes difficult towheren(t, T) = [C(r,t)rdr O A(t,T)&2(t, T)dt, is the num

4| Journal Name, 2010, [vol] 1-6
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ber of jumps it triggers at time As at high temperature the 4
variation of the correlation length is small with respecttat

of the amplitude, one can assurf&,T) ~ (0, T) and es-
timate Ny (T) O A(0, T)E2(0,T)Ta(T). At low temperature,

the integral is dominated by the long time power law behavior
of the amplitude and of the correlation length, and the num-

ber of triggered events divergeshds(T,t) O g A(t)E2(t)dt [
t—a+2b+1 0 t0'8.

4 Discussion

We conclude by noticing that the above scenario suggestsg
to interpret facilitation as an infection spreading pracen
which a particle is infected each time it jumps. Since each 5
particle can be infected more than once, the relevant infec-
tion model is of susceptible-infected-susceptible (Sigket

In this framework, the exponential to power—law crossower i
the decay of the amplitude &f(r,t) signals a transition from

a high temperature resilient regime, in which a single itddc
site only triggers a finite number of infections, to a low tem-
perature regime in which the number of triggered infection
diverges. A complementary interpretation can be inspired b
the diffusing defect paradighf?. We suggest that the correla-
tion length of contemporary jump&;(0), is akin to the typical
defect size, which, according to our results, is tempeestur
dependent. In the high temperature regime, this is the only
relevant correlation length, as defects are rapidly cteatel 12
destroyed by noisy random fluctuations, before they can sen-
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correlations.
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