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Off-equilibrium dynamics of the frustrated Ising lattice gas
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We study by means of Monte Carlo simulations the off-equilibrium properties of a model glass, the frus-
trated Ising lattice gas in three dimensions. We have computed typical two times quantities, such as density-
density autocorrelations and the autocorrelation of internal degrees of freedom. We find an aging scenario
particularly interesting in the case of the density autocorrelations in real space that is very reminiscent of spin
glass phenomenology. While this model captures the essential features of structural glass dynamics, its analogy
with spin glasses may make possible its complete description using the tools developed in spin glass theory.
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Much effort is currently being devoted to reaching a re
sonable theoretical understanding of structural glass phy
While the huge amount of experimental work availab
shows an extremely rich phenomenology, a successful
scription in terms of microscopic models is still lacking. Th
theoretical models available are mainly phenomenologi
basically focusing the non-Arrhenius relaxation on the
called fragile glasses@1#. Among the most successful one
are thefree volume model@2# and theentropy model@3#, in
which the relevant variables for the description of a gla
transition from a supercooled liquid phase are, respectiv
volume and entropy. While the latter model predicts the
istence of a thermodynamic second order transition at a
defined temperature, it is extremely difficult to obtain e
dence of it since it is, in practice, experimentally inacc
sible. Another successful approach has been themode cou-
pling theory of Götze and Sjo¨gren @4#. This dynamical
approach is qualitatively correct in predicting the behavior
time correlations and responses in supercooled liquids.
cently it was shown to correspond to the high temperat
limit of a dynamical theory of spin glasses@5#. This raised
the interesting possibility of describing the structural gla
physics by exploiting the analogy with some spin glasse
which the transition is discontinuous as originally sugges
by Kirkpatrick et al. @6#. Moreover, some finite dimensiona
models have been proposed whose mean field limit wo
provide such a transition@7#. Nevertheless, although spin an
structural glasses have some basic features in common,
as the characteristic slow dynamics, an essential differen
the absence~presence! of quenched disorder in structura
glasses~spin glasses!. Unlike in spin glasses, the nature
the glass transition may be purely dynamical in origin, wi
out an underlying thermodynamic transition. The existen
of a growing correlation length, for example, has not be
considered up to very recently in structural glass models@8#.
The absence of a simple microscopic model makes th
questions very difficult to answer and much of the pres
knowledge comes from computer simulations of Lenna
Jones systems@9# or from simple kinetically constrained

*Electronic address: stariolo@mail.ufv.br
†Electronic address: arenzon@if.ufrgs.br
PRE 591063-651X/99/59~5!/4762~4!/$15.00
-
s.

e-

l,
-

s
y,
-
ll

-

f
e-
e

s
in
d

ld

ch
is

-
e
n

se
t
-

models@10–13#. These, in particular, have dynamically se
induced frustration effects obtained by restricting the p
sible Monte Carlo movements and reproduce reasonably
the glassy phenomenology. However, although having
advantage of being lattice models, it is not obvious how
relate thead hockinetic rules to the underlying physics.

A possible candidate to fill in this gap is the frustrat
Ising lattice gas model~FILG! @14#, a Hamiltonian lattice gas
in which the presence of internal degrees of freedom s
jected to quenched disorder mimics the geometric frustra
that slows down the motion of the molecules as the system
cooled or compressed. The introduction of internal degr
of freedom is responsible for the slowing down of the diff
sional dynamics of the particles and the necessity of con
ering them in order to describe the essence of glass phy
has recently been addressed by Tanaka@15#. The thermody-
namic properties of the FILG in three dimensions~3D! as
well as its equilibrium dynamics have been studied by Nic
demi and Coniglio@16#. The model shows many glass pro
erties, including dependence on the cooling~or compression!
rate, stretched exponential behavior in correlation functio
a dynamical singularity in which the diffusion constant go
to zero, the breakdown of the Stokes-Einstein relation alo
with anomalous diffusion at intermediate times. As in ma
glasses, no singularities in the linear susceptibilities are
served; in particular, the compressibility is continuous eve
where. Scarpettaet al. @17# studied an equivalent, nonloca
version of the FILG@the site frustrated percolation~SFP!# in
2D, finding a behavior similar to the 3D FILG, the ma
difference being the~Arrhenius! dynamical singularity oc-
curring at zero temperature. This model also seems to re
the glass transition to a percolation-type transition as e
denced by the onset of several precursor phenomena@17#.

Nonequilibrium phenomena, aging being one examp
are widespread in a great variety of systems, including po
mers, granular materials, and ferromagnetic coarsening@19–
21#, and appears in the relaxation dynamics of both spin
structural glasses, both theoretically and experimentally
this Rapid Communication we report results for the o
equilibrium dynamics of the FILG in three dimension
showing a characteristic aging dynamics present in some
times quantities and some possible scaling scenarios. Of
ticular interest are the results for the density autocorrelatio
R4762 ©1999 The American Physical Society
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which suggest the definition of a nonlinear compressibi
which may contribute information on a possible thermod
namic transition analog to the magnetic transition in s
glasses.

The FILG is defined by the Hamiltonian

H52J(̂
i j &

~« i j s is j21!ninj2m(
i

ni . ~1!

There are two kinds of dynamical variables: the site occu
tion ni50,1 (i 51, . . . ,N) and the particles internal degree
of freedom,s i561. The usually complex spatial structu
of the molecules of glass-forming liquids, which can assu
several spatial orientations, is in part responsible for the g
metric constraints on their mobility. Here we take the si
plest case of two possible orientations, and the steric eff
imposed on a particle by its neighbors are felt as restricti
on its orientation due to the quenched random variables« i j
561. The key role of the first term of the Hamiltonian
that whenJ→` ~recovering the SFP! no frustrated link can
be fully occupied, implying that any frustrated loop in th
lattice will have a hole and thenr,1 preventing the system
from reaching the close packed configuration. Finally,m rep-
resents a chemical potential ruling the system density~at
fixed volume! and, by takingm→` we recover the Edwards
Anderson spin glass model. It should also be mentioned t
after including gravity, the same model successfully d
scribes granular materials under vibration@22,23#, another
class of systems where geometric frustration rules its beh
ior.

By increasingm the model presents two characteris
points@16,17#. For m<0.75~low density! it shows liquidlike
behavior, time correlation functions decay exponentia
equilibration is quickly achieved, and the particles’ me
squared displacement grows linearly with time; a simple d
fusion scenario. Atm'0.75 there is a percolation transitio
~the corresponding density beingr'0.38). Dynamically, it
manifests itself in the onset of two different relaxation r
gimes in the correlation functions, a fast exponential rel
ation at short times and a slow relaxation at longer tim
characterized by stretched exponentials. The diffusion is
linear for long times but the diffusion coefficient becom
smaller as the density grows. Also, for a fixedm, the equi-
librium density depends on the cooling rate. The dynam
becomes slower as the chemical potential grows~or equiva-
lently, the temperature is lowered! and a second transition i
reached form>6. This is a spin glass transition associat
with the freezing in of the internal degrees of freedom.
terestingly, at this point a dynamical singularity is al
present, manifested by the vanishing of the diffusion c
stant. Besides the qualitative analogies with the physical p
cesses typical of glass-forming liquids, there are a few po
of more fundamental character. The presence of two cha
teristic temperatures~or chemical potentials! separating dif-
ferent dynamical regimes is common with a class of me
field theories of spin glasses and also with what is obser
in real glass formers. The percolation transition correspo
to the dynamical transition in mean fieldp-spin or Potts
glasses or with the glass transition in the mode coup
theory. In the FILG the dynamical signature of the transiti
is a consequence of the appearance of percolating cluste
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geometrical feature that may be responsible for the slow
down of the dynamics in structural glasses. The second t
sition corresponds to theideal glass transitionat which the
relaxation times diverge and the diffusion constant goes
zero. In the FILG the structural manifestation of this tran
tion is the presence of afrozenpercolating cluster. The den
sity of the system approaches a critical valuerc'0.7, attain-
able only by an infinitely slow cooling. These facts make t
FILG an important model for studying different aspects
the glass transition.

Different protocols can be envisaged for studying, for e
ample, correlations and response functions. We have
pared the model in a nonequilibrium state, setting the par
eters as in@16# with an initial density lower than the critica
one. Then the system is quenched to a supercritical chem
potential and dynamic correlations are recorded. We h
used a Monte Carlo dynamics that alternates flipping of
internal degrees of freedom, creation and destruction of p
ticles in a plane surface~which mimics a compression ex
periment! as in @11# and particle diffusion. The creation
destruction of particles is fast enough to destroy all partic
at long times if it is allowed in the bulk.

Consider the connected two-point correlation

c~ t,tw!5
1

N (
i

ni~ t1tw!ni~ tw!2r~ t1tw!r~ tw!, ~2!

where the global density at timet is given by r(t)
5N21( ini(t). We now define the density autocorrelatio
as Cn(t,tw)5c(t,tw)/c(0,tw). In Fig. 1 the behavior of
Cn(t,tw) is shown as a function oft in a semilog plot after a
quench in chemical potential to a valuem510, for waiting
times between 25 and 217. A typical aging scenario is
present, signaling the slowing down of the dynamics as
waiting time grows. For the longest waiting times the cor
lation presents a rather fast relaxation to a plateau in wh
the system is in quasiequilibrium: the dynamics is station
and the fluctuation-dissipation relations hold. The plate
separates two time scales typical of glassy systems: ab ~fast!
relaxation for small time and ana ~slow! relaxation at longer
times, corresponding, respectively, to the fast movement
the particle inside the dynamical cages and the large sc
cooperative process that takes much more time in orde
rearrange the cages. Moreover, in this very long time reg
(t@tw), the system falls out of equilibrium, the correlation
decay to zero asymptotically, and time translational inva

FIG. 1. Density autocorrelations after a quench tom510 at T
51 andJ510 for L520. The waiting times range from 25 ~bot-
tom! to 217 ~top! and the averages are over 50 samples.
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ance~TTI! no longer holds with the corresponding violatio
of the fluctuation-dissipation theorem~FDT!.

Since theCn(t,tw) curves have a complex behavior, it
possible to scale the curves only after a careful analysi
the different time scales present@24,25#. It is clear that only
for the largest waiting times can different relaxation sca
be observed. We restrict our analysis to the five upper cu
(tw5213, . . . ,217). In these curves, a fast initial decay
observed up to timest;100 MCS, corresponding to the a
ready mentionedb decay, which we will not analyze in an
more detail. Then a plateau characteristic of quasiequ
rium dynamics develops. Its asymptotic value astw→` de-
fines the ergodicity breaking~or Edwards-Anderson! param-
eter. For a fixed, largetw andt@tw , the system begins to fal
out of equilibrium and the correlations decay to zero. B
only the very early epochs of this decay can be obser
within the times of our simulations, although we can obse
the crossover between equilibrium and nonequilibrium
namics. Consequently, in order to obtain a good scaling
this last regime we have subtracted fromCn(t,tw) a station-
ary contribution of the form

Cn~ t,tw!5C`1At2a, tw fixed,t!tw , ~3!

with C` ,A and a as fit parameters. For the nonstationa
regime we assumed a time dependence of the f
h(tw)/h(t1tw) with h(x) given by @24# h(x)5exp@(1
2m)21(x/t)12m#, with m,1 andt a microscopic time scale
Note that this form is quite general as one recovers the c
of a simple t/tw dependence~full aging! when m51 and
stationary dynamics whenm50. The final scaling is shown
in Fig. 2. The scaling obtained is much better than assum
only full aging or activated dynamics, even after including
these cases the contribution from the stationary decay.

We have also measured, as shown in Fig. 3, the auto
relations of the internal degrees of freedom,

Cs~ t,tw!5
1

N (
i

si~ t1tw!ni~ t1tw!si~ tw!ni~ tw!. ~4!

The internal degrees of freedom correspond to a dilu
Edwards-Anderson~EA! spin glass and the curves should
compared to the ones of the 3D EA model@26#. From our
knowledge of the 3D EA model one may expect the scal
of the autocorrelation in the aging regime be of the fo
t2aC̃(t/tw). Nevertheless we verified that an activated d

FIG. 2. Scaling plot of the five upper curves of Fig. 1. T
initial five points (b decay! were discarded and the parameters
A50.59, a50.46, andm50.9. See text for details.
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namics scaling of the formCs(t,tw)}C̃@ log(t)/log(tw)# works
better. Moreover, doing an analysis similar to the one
Cn(t,tw) the scaling can be slightly improved~see Fig. 3,
inset!.

This Hamiltonian lattice model presents the essentials
structural glass phenomenology. In particular, the results
the density autocorrelation are very promising, sugges
that it may be possible to apply spin glass ideas and te
niques for an analytical investigation of the model@18#. The
similarity between the density autocorrelation and the s
glass overlap function suggests the introduction of a non
ear compressibility in analogy with the spin glass susce
bility, which may be a good quantity for studying the pos
bility of an underlying phase transition with a growin
correlation length in the model. Another issue that must
studied is the precise form of the violation of FDT throug
the so-calledfluctuation dissipation ratio@27#. Also, other
protocols may be implemented in order to probe the off eq
librium dynamics of the system. Work in progress, keep
fixed the global density and performing a quench in tempe
ture, indicates that the phenomenology is similar to what
have presented here. Moreover, the evaluation of the
mean square deviation of the particles and the incohe
scattering function~which is related to the Fourier transform
of the density correlations! also show evidence of slow dy
namics and aging. The results of these investigations wil
presented in a future publication. We are working also in
2D version of the model: here, some differences are expe
with respect to 3D because the dynamical singularity o
occurs forT50 (m→`) and the relaxation time diverge
with an Arrhenius law. Still, other issues can also be e
plored. For instance, to what extent, if any, the scenario
the 3D model presented here changes as one goes to in
range connections. In the mean field version, where both
and second order transitions show up, it might be poss
that different aging regimes are present@18#, and it would be
interesting to know if the FILG is a finite-dimensional ve
sion of a model whose mean field limit has a discontinuo
transition.

This work was partially supported by the Brazilian age
cies CNPq and FAPEMIG. We acknowledge M. Sellitto f
a careful reading of the manuscript and J.A.C. Gallas
providing us with time on his alpha station.

e FIG. 3. Autocorrelation of the internal degrees of freedom af
a quench tom510 with T51 andJ510 for L520. Waiting times
from 25 to 217 ~top to bottom! and average over 50 samples. Ins
scaling witht050.5, m50.9, a50.091, andA50.057~see text!.
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