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Nontopographic description of inherent structure dynamics in glassformers
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We show that the dynamics between inherent structures in glassforming systems can be understood
in purely dynamical terms, without any reference to “topographic” features of the potential energy
landscape. This “nontopographic” interpretation is based instead on the existence of dynamical
heterogeneities and on their statistical properties. Our view is supported by the study of simple
dynamically facilitated models of glassformers. These models also allow for the formulation of
quantitative theoretical predictions which are successfully compared to published data obtained in
numerical and experimental studies of local dynamics of supercooled liquid2008 American
Institute of Physics.[DOI: 10.1063/1.1593020

I. INTRODUCTION dynamics. This we demonstrate using the simplest models
which capture the phenomenon of dynamic heterogeneity,
In 1969, Goldstein suggested that the dynamical slowand for which the landscape properties are completely irrel-
down of a liquid approaching its glass transition could beevant (Secs. Il and Il). We also show that a satisfactory
understood in terms of its potential energy landscaphe quantitative agreement with numerical and experimental
practical implementation of this description was later intro-studies of mesoscopic systems can be obtaif@st. V),
duced by Stillinger and Weber via the inherent structl®  emphasizing the relevance of the nontopographic description
formalism? The landscape or “topographic” view has be- of supercooled liquid dynamics discussed in this paper.
come one of the paradigms in the fi€liThe purpose of this
paper is to pursue, however, the rather orthogonal idea thal v\ AMmICAL HETEROGENEITIES VERSUS “HIDDEN
the landscape descrlpn_on_ is essennglly incomplete, in _thﬂ\lHERENT STRUCTURES”
sense that from the statistical properties of the IS, or similar
static characteristics, it is not possible to capture the central In a cold dense liquid mobility is sparse. A microscopic
spatial and dynamical aspects of the physics of glassformer§nmobile region is mostly surrounded by other immobile
Instead, we aim here at a “nontopographic” reinterpretation€gions. It can become mobile only if it is next to a rare
of the dynamics between the IS, showing that the central rol@licroscopic mobile region; its dynamics is facilitated by the
is played by dynamical heterogeneities, without resorting tdPresence of an unjammed mobile neighbor. This is the con-
any Specia| features of the potentia| energy |andscape_ Cept of dynamic facilitation, originally introduced in Ref. 12,
The connection between the existence of a dynamicaihich leads to the phenomenon of dynamic heterogen-
correlation length and the landscape description is in faceity.">**
implicitly present in the original papers, although it only The elementary models which capture the idea of dy-
clearly appears in more recent woficd® The connection namic facilitation are the Fredrickson—Anderd@i\) (Ref.
relies on two remarks(i) According to Goldsteit the land-  12) and the East spin facilitated modelgsee Ref. 16 for a
scape is useful for “viscous” liquids, for which a separation comprehensive reviewThey consist of a chain of two-state
of time scales between fast vibrations and slower structura#pPins,n;=0,1(i=1,...N), with noninteracting Hamiltonian
relaxations exists. This gives rise to the notions of “basins”H=Z;n;, and single spin flip dynamics subject to local ki-
or “traps” which are then purely dynamical conceptdi)  hetic constraints. In the FA model, a spin can flip if either of
Escape from these traps was described to be “localized” irits nearest neighbors is in the up state, while in the East
space’ a fact which was later numerically confirmgdhe  model a spin can flip only if its nearest neighbor to the right
transition rate between basins therefore becomes extensii&up. The equilibrium behavior of both models is that of an
“for large enough systems>How large the system must be, ideal gas of binary excitations, with an equilibrium concen-
what is the geometry, and what are the typical length andration of up spins given bg=1/(1+e"") at temperaturd.
time scales of these rearrangements are crucial questions I&f Iow temperatures the dynamics is glassy due to the com-
unanswered unless spatial and dynamical aspects are iRetition between decreasing the energy and the need for fa-

cluded explicitly in the theoretical description. cilitating spins. The FA model is Arrhenius, or strong, in the
In what follows we show that natural answers can beiarggfrirn of supercooled |i_qUid]!>7, with relaxation timety,
obtained in the context of dynamical heterogeneittetius ~ =€” . The East model is super-Arrhenius, or fragitg,

leading to a consistent qualitative interpretation of the 1S=e(Tn2)
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¢ €(T), L=32¢(T). In Fig. 2 we show instead an IS trajectory
FIG. 1. (Top) An IS trajectory in the FA model af=0.6 and system size and its corresponding,s time series in a case where the
L=200=232((T); vertical axis is space, horizontal one is time, up spins aresystem size is much closer to the coherence length,
black. (Bottom) The corresponding time series of the IS energy. =4¢(T). The time series foe,;s now displays the coherent
changes in IS energies also observed in numerical simula-
tions of “sufficiently small” supercooled liquids%2° Obvi-

In order to study the dynamics of the IS in the FA andously, “sufficiently small” only becomes a well-defined
East models we consider the single spin Monte Carlo dynamstatement whei(T) is first defined. We emphasize also that
ics in equilibrium at temperaturg, using a combination of these “hidden structures” follow here from the presence of
Metropolis and continuous time algorithrtfsAt each Monte  gynamical heterogeneities, with no obvious relation to spe-
Carlo step, we quench the system by running a zero tempergific topographic features of the energy landscape, which in
ture Metropolis dynamics. We thus obtain the finiteand itS  this case is trivial.
corresponding IS trajectory, as initially suggested in the con- Al the features of thee,s time series in Fig. ottom
text of liquids. In Fig. Itop), we show such an IS trajectory can be traced back to the slow bubbles, i.e., dynamic hetero-
in the FA model afT=0.6. The vertical axis corresponds to geneities, in the trajectory of F|g(]@p) The fast spikes in
space and the horizontal one to time. [down) spins in the  Fig. 2(bottom) correspond to smaller bubbles that “wet” the
IS configuration are denoted bla¢khite). The IS structure |arger ones, which in turn determine the more persistent pla-
trajectory is very close to that of the corresponding fiffite teaus ine,s. In principle, one could renormalize out the
one. This is due to the fact that, as a consequence of thémaller bubbles and obtain a time series for “metabasins” in
kinetic constraints, an up spin can be relaxed under th@nalogy with Refs. 7—9. In our case this is unnecessary since
quench only if a neighbor is in the up state, so that theye know the space time distribution of bubbféand we can
quenching procedure does not break the continuity of the Upherefore account for the effect in the IS dynamics of the
spin “world-lines.” This IS trajectory then displays the struc- whole range of dynamical heterogeneities. This is especially
ture of a dense mixture of “bubbles® separated by excita- important in the case of the East model, where the hierarchi-
tion lines, as discussed in Ref. 14. In Fighdttom, we  cal nature of the dynamics leads to a fractal wetting structure
show the evolution oks, the (extensive energy of the IS,  which in turn is responsible for the temperature dependent

as a function of time. The time series is featureless, corre- stretching of correlation functions characteristic of fragile
sponding to a sequence of many uncorrelated events. This &stems*?*

analogous to what is found in simulations of liquids for high
temperatures or large system siZé8.

The existence of a dynamical coherence lengff,), is
however clear from the IS trajectory in Fig. 1. Individual
transitions in the IS correspond to the birth or closure of the  Each event in the time series efs of Figs. 1 and 2
trajectory space bubbles, i.e., the branching or coalescence which increases/decreases the energy of the IS corresponds
excitation lines. The dynamical correlation lengtiT) is  to the birth/closure of a bubble in trajectory space. The dis-
thus given by the typical size of the bubbles, which is fixedtribution of time intervals between events is then given by
by the equilibrium concentration of excitationd,(T) the distribution of time extensions of bubbles, or lifetimes of
=c Y(T). In Fig. 1, the system sizke is much larger than dynamical heterogeneitiep(t). One ha¥"

lll. LIFETIME OF HETEROGENEITIES VERSUS
“HOPPING TIMES”
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FIG. 3. (Top) IS energy correlation functioi©(t) for the FA model at FIG. 4. Same as Fig. 3 but for East modélop) Temperatures ar&
variousT=1.0, 0.6, 0.4, 0.3, and 0.@rom left to right and system sizes =1.0, 0.6, 0.4, 0.3from left to righy, and the stretching exponents are
L=4¢(T), in a log—double log scale. The lines indicate stretching expo-3=0.55, 0.45, 0.37, and 0.2#om left to right. (Bottorm) Temperatures are
nentsB=0.57 andB=0.5 (from left to right). (Bottom) Distribution of hop- T=1.0, 0.6, 0.4, 0.3, 0.26rom left to righd, the fits are from Eq(2) with
ping times; symbols correspond to simulation data at temperalu€is0, B fixed by the correlators.

0.6, 0.4, 0.3, 0.25, 0.22, O(&rom left to righ, and lines to fits using Eq1)

with fixed B=1/2.

Figures 3 and 4 show that E¢l) indeed describes the

o th-1 p distribution of times between events—or “hopping times” in
p(t)=f p(O)p(t|€)de= ﬁ—e’“’tfe') : (1)  the language 8f—in the IS time series. Figure(®p) pre-
0 teV(B) sents for the FA model, at various low temperatures for sys-

where p(€)=ce ¢ is the distribution of length scales of tem sizesL=4¢(T), the IS energy correlation function,
heterogeneitiegy(t|¢) is the conditional distribution of cor-  C(t)=[(es(t)eis(0)) —(efs)1/L. An almost temperature in-
responding time scales, ardis a normalization factor. The dependent stretching, close ©=1/2, is obtained, as ex-
stretching exponeng is temperature independeng=1/2, pected at low temperatures, Ed). In the lower panel of
for the FA model, and decreases wilHor the East model, Fig. 3 we show the distribution of the logarithm of hopping
with BT at low temperatures. The correlation functionstimes,m(Int), for a similar range of temperature and similar
are determined through the persistence functiBft)  Sizes. From Eq(1), we have

= [T p(t")dt’ =ex{ —(t/t)?]. These models are an explicit t\8 £ 8
w(Int)= NGB\ T rel) ex;{—(;el) } (2

realization of stretched relaxation induced by the distribution
of time and length scales of heterogeneous regtbns.

To numerically access the distributigb), we follow the ~ Symbols in the bottom panel of Fig. 3 indicate simulation
empirical procedure of Refs. 6 and 7. As for these simuladata, while lines correspond to fits using E2). with 8=1/2,
tions of supercooled liquids, we strike a compromise bei.e., the single fitting parameter is the relaxation titpgT).
tween small enough system sizes, comparable to the dynamithe fits are excellent over several orders of magnitude. Fig-
correlation length in order to distinguish between individualure 4 presents a similar analysis for the East model, for sys-
events, with large enough ones to avoid finite size effectstems sized =8¢(T). The top panel show€(t). The tem-
corresponding here to an upper cutoff of the intedfgl perature dependence of the stretching is obvious, and follows
Again, the procedure becomes well-defined wipg¢6) has  well the theoretical expectations. The bottom panel gives the
first been defined, Eq.l). In practical terms, we seek the data for hopping time distributions, and fits using E2),
smallest system size for which autocorrelation functions conwhere nows(T) is fixed from the corresponding values for
verge to those of the bulk. In the case of the FA and Eas€(t). Again, the fits are good over several orders of magni-
models we have checked that this is obtained for systems dfide.
length L=4¢(T) and 8&(T), respectively. The difference The agreement between theory and simulations does not
stems from the hierarchical structure of time scales of th&eome as a surprise. This step was necessary, however, to
East model which enhances the relevance of larger lengtéstablish the actual link between the heterogeneous dynamics
scales with respect to the FA case. of the system and the distribution of “hopping” or “trap-
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ping” times as measured in Refs. 8—10. It also shows that 10° g~
these name&opping, trappingsomehow obscure the physi- F
cal interpretation.

IV. COMPARISON TO SIMULATIONS
AND EXPERIMENTS

7(ln(t))

1072 E

The spin facilitated models studied above are a simple
instance where the phenomenon of dynamical “trapping” oc- i
curs due to the presence of spatial dynamical heterogeneities. 1074 =
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Moreover, they are simple enough that the statistical proper- 10 10 t (i?ﬁ MD slt%ps) 10 10
ties of the “traps” can be worked out analytically. The basic
initial observation of Stillinger and Weber was precisely the 102 pr—rr—rr :
presence of these “hidden structures in liqufc?® More re- C 3
cently, quantitative studies of the statistical properties of the 100 E 3

IS dynamics in liquids have appearéd® The purely topo-
graphic interpretation of the data made in Refs. 8—10 was the
main motivation for the current paper, since we think that the
“basins,” “metabasins” or “traps” described in these works
are a manifestation of the presence of dynamical heterogene-
ities, but not necessarily of static “traps,” as discussed in the 10-6 Lo
previous sections. 10!
Having theoretical predictions from the spin facilitated
models, it is tempting to reanalyze published data to checkc. 5. Fits of L data from Refs. @op) and 9(bottom using Eq.(2). The
whether predictions are able to describe also more realistigoints are the published data, while the full lines are the fits, using two

models and experiments. Our ambition here is not to clainiitting parametZrS(, B and tyg Y)Zt( each T. (Tg)p)( (T,B.te) a;;
: - - : 149,0.225,30641(0.575,0.275,272 (0.669,0.316,257 (0.764,0.428,1
that one-dimensional spin models are enough to describe tff;%m top to bottom. (Bottom) (0.4,0.234,29500 (0.435,0.254,24200

physics of three-dimensional molecular supercooled |iquidS(,0.465’0.246'8820 (0.5,0.210,1268 (0.6,0.358,3138 (0.8,0.380,452
but rather to show that the mechanism described above is (&.0,0.589,208from top to bottom.

simple and robust one, with an applicability well beyond
these simple modef€.The success we had in fitting real data
shows that even the simple models studied here provide
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tge use of noncontact atomic force microscopy techniques

guantitatively accurate effective description of the dynamic re =20 nm, i.e., not very large compared fo the estimated

of liquids, and demonstrates the relevance of our theoretical ~© of het.erogeneltlelé.Fortunately, since the polarization
approach signal oscillates between two or four discrete levels, fast

In Fig. 5, we present the data for hopping time distribu—;herm?l quTtuatlons tﬁnlythproduce oscﬁgﬂor&; ta%mtj.t the?e
tions from the simulations of Refs. @op) and 9 (bottom). IScrete values, so that the corresponding distributions or

The lines through the symbols are fits using the distributio switching tw_nes can directly be_compared to E2), there-

for dynamical heterogeneities log times of the FA/East mod-°"® bypassing the_ IS f:onstructl(_)n._ . .

els, Eq.(2). Apart from an irrelevant normalization constant, _. We reproduce in Fig. 6 the distributions presented in the
there are only two fitting parameters, the stretching exponerf'g' 5 of Ref. 24, where we have adopted a log scale for the

t . :
B and the relaxation timg,,. The fits to the data of Denny tme axis, and representer(Int) instead ofp(t), so that the
et al. (top) are as good or better than those with a log norma

Fomparison with the theoretical predicti¢®) can be made
distribution, as predicted by an activated scafiiie agree- " the entire range of time scales and also to facilitate the
ment is also very good for Doliwa and Heuer’s dakbet-

comparison with the results presented above. Again, we ob-
tom), which we have chosen to presentz&@n t) rather than
as p(t) as they were originally published in Ref. 9. The 10° ¢
deviations in the fits in this case are a consequence of the i
data for the very short times investigated in Ref. 9, where we
expect the mechanism of dynamical facilitation to be less
relevant, so that Eq2) should describe the tails of the dis-
tributions more accurately than the small tinfés.

Finally, we have compared ER) to experimental ob-
servations. Although changing the system size is not conve-
niently realized in experiments, it is still possible to investi- .
gate the dynamics in “mesoscopic” regions, i.e., regions of a T T~ —
size comparable to the dynamic coherence lerth). In t(s)

Ref. ,24’ time series for molecglar polarization Werg Obtalne%IG. 6. Distributions of molecular switching times in polyvinyl acetate at
by Vidal Russell and Israeloff in local probe experiments 0nagg K, from Ref. 24, and fits using E(R) with 8=0.67,t,,=0.070 s(up),
polyvinyl acetate films. Typical length scales probed throughand 8=0.63,t,,=0.021 s(down).
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tain an excellent fit of the experimental data to E2).for the  the language of heterogeneities, what is the meaning, if any,
complete experimental time window. The stretching expo-of the crossovers reported closeTg? Second, since these
nents we find,3=0.67 and 0.63 for the up and down polar- crossovers somehow justify the use of the mode-coupling
izations, respectively, are slightly larger than the ones estitheory aboveT., why does the theory apparently work in a
mated in Ref. 24. This is because the latter stemmed from segime where the dynamics is heterogenous, and why does it
fit to a stretched exponential form of the tail of the distribu- eventually break down at lower temperatures?

tion. Instead, it is clear from Fig. 6 that the power law pref-
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