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Time and length scales in supercooled liquids
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We numerically obtain a quantitative demonstration that development of spatial correlations of mobility as
temperature is lowered is responsible for the “decoupling” of transport properties of supercooled liquids. This
result further demonstrates the necessity of a spatial description of the glass formation and therefore seriously
challenges a number of popular alternative theoretical descriptions.
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Transport coefficients in liquids approaching the calori-connection between these two aspects. We finally discuss the
metric glass transition change by many orders of magnitudenportant theoretical consequences of our findings.
[1]. It was discovered about a decade ago that conventional We investigate the binary Lennard-Jones mixture pro-
hydrodynamic relations are not valid in supercooled liquidsposed in Ref[12] with Ny=1097 particles of typeA and
in the sense that various transport properties “decoupleNg=275 particles of typeB at densityp=1.2. TheN=N,
from one anothef2,3]. In a standard liquid the viscosity, +Ng particles interact via a Lennard-Jones potential,
translational diffusion coefficienD, and temperatur@ are  V(r,p) =4€,4[(Tup/T ap) 2= (0upltap)®],  With @,
linked by the hydrodynamic Stokes-Einstein relati@y =A,B. Time, energy, and length are measured in units of
«T, which breaks down for supercooled liquids. The productgAA, e andw/mAUAzA/ﬁAA, respectively. Other parameters
D 5 can be orders of magnitude larger than its hydrodynamigye €ap=1.5, €gg=0.5, og=0.88, oaz=0.8. Newton
expectation at the glass transition, a puzzling observatiopquations are integrated via a leapfrog algorithm with time
which has received considerable interest in the last decadgep 0.01. Velocity rescaling is used to thermalize the system.
[2—-6]. We study the system at equilibrium for a wide range of tem-

'We have numerically obtained a quantitative link betweerperatures T e[0.42,2.0. Since we measure fluctuations of
this decoupling phenomenon and the existence of spatial cofgcal dynamical quantities, extremely long simulations are
relations in the dynamics of supercooled liquids, also callehecessary to ensure not only thermal equilibrium, but also
“dynamic heterogeneity'{6]. We define here dynamic het- hat sufficient statistics is recorded. We use the parallelized
erogeneity as expressing the fact that local dynamics of thgigorithm developed by Plimptoji3], and at allT runs of
liquid becomesspatially more correlated a$ decrease§7]. length at least 10f), are performed. Our computer capabili-
This naturally implies the existence of a wide distribution ofjes fix the lowest studied temperature. Characteristic tem-
relaxational time and length scalgs8]. Decoupling results  peratures for this system are the onset of slow dynamics,
because different transport coefficients correspond to differTko,l_o andT.~0.435, the location of the mode-coupling
ent averages over those broad distributiffis singularity in the analysis of Ref12].

Increasing heterogeneity was previously reported in @ First, we measure the temperature dependent coherence
number of numerical work§9], but its direct relevance to length ¢(T), associated with the ordering of the liquid's dy-

transport was not established. On the other hand, experhamics by measuring spatial correlations between individual
ments have quantified decouplif,4,6, but spatial corre-  particle relaxation§9]. We use

lations were only indirectly measurg@,10] because they are
presently inaccessible to scattering experiments since
neutrons/light probe too small/large length scales, and no N
obvious temperature dependence was foitll]. The spe- F(r,t)=>, 8(rj(0)—r)codik-[r;()—r;(O)]} (1)
cial feature of this work is therefore to reconcile in a direct =1
manner two facets of the slow dynamics of supercooled lig-
uids. Our results demonstrate the correctness of the widely
shared belief that decoupling is most naturally interpreted iras a natural local indicator of the dynamics, siriegk,t)
terms of heterogeneous dynamics, a result which has been(F(r,t)) is the real part of the standard self-intermediate
actively sought in the last decade and has deep theoreticatattering function{- - -) stands for an ensemble average at
implications. temperaturdl, while r(t) is the position of particl¢ at time
Our argument shall be presented in three steps. In large In our definition, dynamic heterogeneity implies that
scale numerical simulations of a well-characterized liquidF,(r,t) becomes long-ranged correlatedTas lowered] 14],
model [12], we first quantify dynamic heterogeneity, then as can clearly be observed in the snapshots of Fig. 1.
decoupling, to finally establish in a third step the quantitative The measurement of the mean size of the dynamic clus-
ters shown in Fig. 1 involves the study of a two-point, two-
time correlation function as already discussed in several pa-
*Also at Laboratoire des Verres, Universitdontpellier II, pers[7,9,14—-16. We extract{(T) from the wave vector
34095 Montpellier, France. dependence of the Fourier transform of the correl@ir):
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FIG. 1. Snapshots of the simulation box where points with=F(r,t) — F¢(k,t)>0 are represented with radii proportional & at
temperatures = 2.0 (top left), 0.6 (top right), and 0.45(bottom), with k=5.41, t=7(k=5.41T). Increasing spatial correlations of the
particles’ individual dynamics whem is lowered is evident.

4 1 T
Fi(0, 1) F(r, 7)) —(F(r,7))?
Ck(r)=< k(0,7) k(2 )) — (Fl 2)> @ AL ° |
(F(r,m)%) = (Fx(r, 7)) .
St o
where 7=7(k=|k|,T) is the relaxation time defined in a ~ L
standard way from the time decay®f(k,t) [12]. The shape 1k ° i
of Cy(r), the temperature dependence &(fT), and their o ®
theoretical interpretation in the context of a renormalization 0 * ) !
group analysis are the main objects of Ré®6], so that we 1 L5 2 2.5

only report the data fof(T) in Fig. 2 without discussing ur

them further in the present report. Note that this first step is FIG. 2. Dependence of the coherence lertffh) measuring the
also the most demanding in terms of numerical resources. mean size of the clusters of Fig. 1 on the inverse temperature from

Second, to probe decoupling, we measure with a greahe spatial fluctuations of(r,t), for k=5.41 andt=r, see Eq.
precision the temperature and wave vector dependences ). These data are discussed in detail in R&6].
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FIG. 4. The quantityX(k,T), Eqg.(3), as a function of the scal-
vectorsk=7.21, 6.61, 6.00, 5.41, 4.81, 4.21, 3.00, 2.40, 1.80, 1.20!"9 Variablek¢(T) for various T. The horizontal full line is the
diffusive prediction,7Dk=~ const. Departure from diffusion arises

and 0.60(bottom to top. The dashed line is 1D/, indicative of the . ) ) .

- L at largek¢, directly demonstrating that the decoupling of different
7(k=0.T) limit. Decoupling is observed as the temperature depen_trans ort properties results from an increasingly spatially correlated
dence is stronger at larger wave vectors. port propert u : ingly spatiaily

dynamics.

FIG. 3. Temperature dependence «tk,T) for various wave

the relaxation timer(k,T) defined above. Our results are
presented in Fig. 3. We find that the temperature dependen
of 7(k—0,T) is the same as the inverse diffusion constan
D1, as expected in a diffusive regime, while for wave vec-
tors close to the first peak of the static structure fadtgr,

~7.2, the temperature dependence is stronger, and follo fy of the problem. Experiments report moreover thay
h f the vi i lishi ling i [ . i i o .
that of the viscosity, establishing decoupling in our modeNna With 1> a0 [2,4.6]. We find similarly that, at fixed,

system. This finding has already been reported in several . ; ] .
numerical workg3,9,12,17, and is not unexpected in a sys- 7D ;,fﬁ'_ The_ dynamic scaling discussed in RE16], ¢
tem characterized by broad distributions of time scales. 7 Yields indeed the observed power law,

We can now establish our main result which is the link
between decoupling and dynamic heterogeneity. It stems

from intermediate wave vectors,<k<<k,, for which a

crossover is observed in the temperature evolution ofVith an exponen/z~0.35. Various values for this expo-
7(k,T), uniquely governed by the value of the scaling vari-N€nt have been reported from experimej@d8| and a pre-

able k¢(T). We find that r(k,T) follows D! when k¢ cise characterization of all these exponents for various lig-
<1, or 5 for k€>1. It is th;erefore useful to define the Uids on a wide range of length scales would be most useful.

following ratio: Note that the use of Fhe crossover scaling fun(_:mf(m) in
Eq. (5) would automatically yield a smaller effective value of
7(k, T)D(T) the exponen3/z on a restricted time window.
X(k,T)= TKTODT 3 Finally, we discuss the theoretical interpretations and con-
(K, To)D(To) . ! .
sequences of Fig. 4. These results constitute the direct dem-

since X(k,T) is wave vector independent through the de-Onstration that, much as in ordinary critical phenomena, large
nominator, and is temperature independent 7ifk,T)  SPatial correlations not only accompany but also influence
«D~}(T), so that by definitiorX(k,T)=1 if no decoupling the properties of supercooled liquids, and therefore the glass
OCCUrs. formation itself. Thus, they are a striking confirmation that
Instead we find that time scalegk,T) spanning seven spatial approaches are necessary to ur_lderstand the formation
orders of magnitude can be collapsed on a unique, nontriviglf glasses, and several such quantitative approaches can be

elieve, however, that the behavior is qualitatively similar to
our numerical investigations because even an increase of
several decades in time scales corresponds to a very modest
V\gﬁange of the coherence lendt{il), which is the key quan-

gée more pronounced, as can be understood from Fig. 4. We

D~ 7?7, (5

When a growing length scale for dynamic heterogeneity is
X(k, T)=Ak€(T)]. (4)  included, our results are very naturally explained, just as the

decoupling phenomenon [§]. Tuning the wave vector in

We find thatX(x)=1+x? with B~1.6 represents the nu- Eq. (1) amounts to probing the dynamics on different length
merical data quite well, so that the diffusive regime is limitedscales, smoothly interpolating betwed&n ! (k—0) and
to small values of the scaling variable. Note that this 5 (k=~kg), as is observed in Fig. 4 which clearly demon-
scaling extends from the onset temperafliggo well below  strates that the crossové (T)~ 1, is ruled by the increas-
the mode-coupling temperatuie. From the scaling behav- ing correlation length of dynamic heterogeneity.
ior (4), our main conclusion is therefore that dynamic het- Our findings also confirm that dynamic heterogeneity is a
erogeneity emerging &t, and increasing whefi is lowered  central aspect of the dynamics of supercooled liquids in that
is directly responsible for decoupling. time and length scales are intimately connedtéd9]. This

Decoupling phenomena have been experimentally charaés at odds with the opposite belief that slow dynamics
terized close to the calorimetric glass transition where theymerges because of the local blocking of the particles with-
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out any relevant length scale beyond the interparticle disis seriously challenged by the present work. Quite impor-
tance, the famous “cage effecf23]. Our results make it tantly, this includes a number of approaches which have been
clear that thex relaxation is instead a cooperative phenom-nonetheless much applied to describe experimental results
enon where single particle dynamics are coherent on thg3 26,27.
length scalet(T) much larger tharky*, which is in turn Our conclusions are drawn from a scaling relation discov-
directly responsible for the temperature behavior of the timesred for a specific, yet paradigmatic, model system. Although
scales. Moreover((T) starts to grow significantly and con- we believe they are generic to supercooled liquids, the ab-
nects to time scales even in the regife<T<T, where a  sence of any data on different systems emphasizes both the
mode-coupling analysis supposedly applig®,23. This  special feature of this work and the need for further detailed
confirms that heterogeneous dynamics, decoupling, and acihyestigations of the slow dynamics of various supercooled
vated dynamics set in at the onset temperafiyevhich is jiguids. It is clear, for instance, that the precise experimental
therefore the key temperature scale of the problem, as ORsparacterization o (T) should become a central goal for
Slgsceed[ltgrﬁz;],vrlle\:/reenno?(eSIt%r;P(t:ﬁgta?san%z ?f?gﬁ[‘%?;@g;;gffuture investigations, and the present work therefore suggests
correlations[25], the incorrect identification of . as a key a way to access physically relevant length scales.
temperature scale, and the absence of decoupling in the | thank S. Whitelam and J.P. Garrahan for a fruitful col-
present formulation of the mode-coupling theory represenfaporation[16] and discussions, J.-L. Barrat, J.-P. Bouchaud,
major failures of this approach. and G. Tarjus for useful correspondence. This work was sup-
Our results constitute therefore a sharp test to discriminatgoried by CNRS(France, E.U. (Marie Curie Grant No.
between the many theoretical approaches to the glass tra”ﬂPMF—CT—ZOOZ—OlQZ)?, Worcester College OxfordUK),

tion problem[1]. Indeed, any theory in which time scales do and Oxford Supercomputing Center at Oxford University
not directly follow from the existence of spatial correlations (UK)

growing whenT is decreased below the onset temperalyre
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