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Computer simulations of structure and transport in glasses and 
supercooled liquids 
Peter H Poole 

In terms of developments in the study of glasses and glass- 
forming liquids via computer simulation, during 1997 and early 
1998, notable advances have been made in the quantification 
of dynamical heterogeneities in supercooled liquids; in 
particular several studies have identified a growing dynamical 
length scale as the glass transition is approached. New 
insights into the origins of 'polyamorphism' have been obtained 
from simulations of water and silica. Most significantly, a 
connection between equilibrium relaxation and inherent 
structures of liquids has been identified that suggests an 
underlying static origin for the glass transition. 
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Abbreviations 
IS inherent structure 
MD molecular dynamics 
TQ glass transition temperature 
VDOS vibrational density-of-states 

I n t r o d u c t i o n  
Historically, computer simulations have perhaps had their 
largest impact on the fundamentals of materials science in 
the study of amorphous systems, especially the liquid 
state. The  complexity of the microscopic structure and 
dynamics of liquids, and the glasses formed from them at 
low temperature, lends itself to a computational, rather 
than an analytic theoretical treatment [1]. Most realistic 
simulation techniques, for example, molecular dynamics 
(MD) simulations [2], are still limited to studying relative- 
ly small numbers of molecules (typically 103 atoms), and 
short overall physical t imes scales (typically 10 -8 s). 
Despite these limitations, simulations in the last few years 
have proven themselves capable of reproducing many of 
the liquid properties characteristic of the approach to the 
glass transition temperature, Tg. Also, improvements in 
computational models and techniques have established 
the ability to accurately reproduce and study the structure 
of at least some important glassy materials at a tempera- 
ture, T far below Tg. 

This review will report on recent advances that have 
occurred in the computer simulation of glasses, and of the 
liquids from which glasses are prepared. T h e  focus will be 

exclusively on research published during 1997 and the first 
few months of 1998. A remarkable number of notable 
works have been published during this period, and the 
concise format of the present review does 9ot permit a just 
accounting of all of them. I have therefore identified a few 
major topics on which to report, and ask the reader to 
excuse the bias that such a choice necessarily implies. 

S i m u l a t i o n  i n v e s t i g a t i o n s  o f  d y n a m i c a l  
h e t e r o g e n e i t y  
In an effort to understand the strongly nonexponential 
relaxation behavior observed universally for liquids 
approaching the glass transition, much discussion over the 
past few years has focused on the question of 'dynamical 
heterogeneity'  [3]. Though the term is used to mean dif- 
ferent things by different researchers, the underlying 
question is often expressed as: can nonexponentiai relax- 
ation be understood as a superposition of simpler, expo- 
nential relaxation processes, each with a different 
characteristic relaxation time; or, is nonexponential behav- 
ior intrinsic to the relaxation process even at the level of 
individual particles and/or short t ime scales? 

Experimental efforts to address this question are reviewed 
in another article in this issue [4]. However, it is not sur- 
prising that computer simulations are also being used to 
elucidate this question. T h e  detailed single particle trajec- 
tories generated in a M D  simulation can provide informa- 
tion on microscopic relaxation that is presently impossible 
to extract from an experiment.  T h e  results of the past year 
have been a number  of new, potentially important insights. 

Heuer, Spiess and co-workers [5-8] frame their studies of 
dynamical heterogeneity in the following way: if a subset 
of a liquid system is relaxing at a particular rate at a partic- 
ular time, to what extent is that same subset still relaxing 
at that rate at a later time? A system in which local relax- 
ation rates do not vary with time is termed homogeneous, 
whereas variation of the rate over time is defined as a het- 
erogeneous relaxation. A formal definition of the multi- 
time correlation function associated with this concept leads 
to a quantification of a 'rate distribution' and 'rate memo- 
ry' for the system. This  approach is in part motivated by 
the fact that such multitime correlation functions can be 
related to those measured in multidimensional NMR 
experiments [5]. Hence a strength of this work is that it can 
be applied both to simulation and experimental results on 
an (approximately) equal basis. T h e  muhitime correlation 
functions have been used to study relaxation in several sys- 
tems, including simulated polymers modeled via a bond 
fluctuation model [6]. T h e  formalism has also been 
applied to the experimental results of the relaxation of 
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polystyrene [7]. These particular studies suggest that, for 
polymers, the system is dominated by homogeneous relax- 
ation at high T, but that this becomes increasingly hetero- 
geneous as T decreases toward Tg. 

One of the motivating factors for the original discussions of 
dynamical heterogeneity was to attempt to identify a 
dynamically-defined length scale in glassforming liquids, 
and to test if this length increases (and perhaps diverges) as 
T approaches Tg [3,9]. To address this question, Kob et al. 

[10] evaluated from MD simulations the distribution, P(r), 
of values of individual particle displacements, r, in a glass- 
forming liquid. P(r) is found as a function of the time over 
which r is measured, and at several different T. The model 
liquid used is the same two-component Lennard-Jones 
mixture that was used to such good effect by Kob and 
Anderson [11] to perform simulation tests of mode-coupling 
theory which began in 1994. In the limit of both short and 
long times, P(r) follows a Gaussian distribution, but sub- 
stantial deviations from a Gaussian are found at intermedi- 
ate times, approximately corresponding to the latter part of 
the beta relaxation regime, the time scale on which individ- 
ual particles cease to be localized by surrounding particles. 
Furthermore, the deviations from Gaussian behavior 
increase as T decreases. These authors then identified the 
particles with the largest values of r in a given time interval, 
and examined their spatial correlation. It was found that 
these 'most mobile' particles are grouped into clusters 
which grow in size as T decreases. By extending this simu- 
lation series, Donati et al. [12] were able characterize the 
detailed morphology of these correlated groups of mobile 
particles. Rather than being compact clusters, the most 
mobile particles form highly ramified 'stringlike' groups in 
which their is a clear tendency for one mobile particle to 
move into the space vacated by a mobile nearest neighbor. 
These simulations demonstrate that the dynamics of indi- 
vidual particles becomes increasingly spatially heteroge- 
neous on approaching Tg. However, it has yet to be 
determined if the length associated with this spatial hetero- 
geneity might diverge, or if the effect is common to other 
liquids. 

In this regard of the results in [10] and [12], it is useful to 
note the studies of Yamamoto and Onuki [13,14] who 
examined a two-dimensional soft-sphere liquid in the 
supercooled regime, via a MD simulation. As part of this 
work, the spatial arrangement of 'broken bonds' was deter- 
mined. That is, a broken bond is located when two parti- 
cles, initially nearest-neighbors, are separated by a distance 
greater than a chosen threshold distance after some time. 
The broken bonds so located are clearly spatially correlat- 
ed. Indeed, some of the 'clusters' have a stringlike charac- 
ter reminiscent of the groups of mobile particles discussed 
in [12], and here too the size of the clusters grows as T 
decreases. 

Also addressing the issue of length scales in glassforming 
liquids is a simulation of a dense polymer melt by Weber 

e t a / .  [15]. In their study, the motivation was to explain the 
long range correlations implied for certain liquids by the 
excess light scattering observed experimentally at small 
wave numbers [16]. Weber et a]. [15] showed that excess 
scattering, found in their simulated polymer melt could be 
accounted for as being due to the buildup of substantial 
local nematic order of chain segments as T decreased. From 
this finding they conclude that the associated excess scat- 
tering "is not directly connected with the glass transition in 
the system". However, it is noted that other authors would 
take a different view, specifically that the onset and growth 
of local order may in some systems be crucial to under- 
standing the nature of relaxation near the glass transition. To 
the extent that these locally ordered structural regions occur 
in an equilibrium liquid, they have the potential to strongly 
influence the relaxation behavior in the bulk. An example of 
this was found in a recent work by Hurley and Harrowell 
[17]. They examined, in MD simulations of a two-dimen- 
sional soft sphere liquid, the relaxation of that contribution 
to the density-density correlation function due to locally 
crystal-like structural fluctuations. They found that it is the 
relaxation of these crystal-like regions that indeed domi- 
nates the long-time behavior of the full correlation function. 

Network-forming liquids and glasses 
Next attention is given to recent developments in the 
study of structure and transport in network-forming liquids 
and glasses, in particular water (HzO) and silica (SiOz). For 
both of these substances, whether in liquid, crystal, or glass 
form, the local molecular structure is dominated at ambi- 
ent pressure by tetrahedral arrangements of atoms. Such 
an open, structured framework gives these materials 
uncommon properties as glassformers. 

The development of MD simulation potentials for silica 
has a rich history. In the past decade, a considerable num- 
ber of studies have employed the potentials that were 
developed by Tsuneyuki et al. [ 18] and van Beest et al. [ 19]. 
However, as computational power has increased, it is now 
possible to conduct systematic studies in which the behav- 
ior of numerous model potentials can be compared. 
Exploiting this opportunity, Hemmati and Angell [20] car- 
ried out an extensive assessment of the ability of a variety 
of model potentials (including those in [18] and [19]) to 
reproduce the IR spectra of silica glass. Although the mod- 
els studied predicted similar structural properties, such as 
the pair correlation function, g(r), the IR spectra for each 
are quite different from each other and from experimental 
results, highlighting the sensitivity of vibrational proper- 
ties to the shape of the interaction potential used. Studies 
such as this are crucial to the future improvement of poten- 
tial models, and are to be encouraged. 

General interest continues to be focused on the origin of 
low-frequency contributions to the vibrational density-of- 
states (VDOS), known as the 'boson peak'. The boson 
peak is particularly prominent in silica glass; indeed, a 
prominent boson peak has been, in general, associated 
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with 'strong' glassformers, of which silica is the archetype. 
Following up on evidence presented by Angell [21], 
Guillot and Guissani [22] performed detailed MD simula- 
tions of both silica liquid and glass in order to directly 
study the relationship between the boson peak and the 
'strength' of a glassformer. This is possible within a simu- 
lation study of a single substance because, as pointed out 
in [21], the relative strength or fragility of a glassforming 
liquid is not a fixed material property, but will also, in gen- 
eral, depend on the thermodynamic state of the substance. 
In the case of silica, it is argued that as the tetrahedral net- 
work that dominates the ambient pressure liquid and glass 
is destroyed under pressure, so too will the strong liquid 
behavior that has its origin in the network structure of the 
system. The  results of Guiliot and Guissani confirm this 
picture: they have been able to reproduce the boson peak 
in simulated silica glass at ambient pressure, and have 
observed that it is reduced in intensity for silica glasses of 
higher density. 

Guillot and Guissani [22] also carried out a MD simulation 
in which all the atoms of an amorphous silica framework 
were held fixed except for the atoms of one SiO 4 tetrahe- 
dra. During the run, they evaluated the VDOS due to this 
one vibrating tetrahedral unit. This  process was then 
repeated for all the other tetrahedral units and the results 
averaged. In this way they identified the contribution to the 
VDOS due to vibrational modes internal to SiO 4 tetrahedra 
alone, and found no contribution in the frequency region 
where the boson peak occurs. This demonstrates that the 
excitations contributing to the boson peak should involve 
collective vibrations of groups of SiO 4 units. A related result 
is described in a particularly clear paper by Taraskin and 
Elliott [23]. Among other things, they show that the vibra- 
tional properties of bulk amorphous SiO z are well repre- 
sented by the vibrational properties of a small cluster of 
atoms within the amorphous solid network, so long as the 
cluster contains an integral number of tetrahedral units. 

Also receiving attention in the past year has been the 
importance of five-fold coordinated Si atoms (SiO 5 units) to 
understanding the structure of crystalline and glassy SiO z, 
and transport in liquid SiO z and related silicate melts. 
Simulations of silicate melts have long predicted that the 
self-diffusion coefficient, D, would first increase with 
increasing pressure, P, and only at higher P begin to 
decrease, as is expected for a 'simple'  liquid [24]. Such 
anomalous behavior can be understood by the crossover in 
the liquid structure from four-fold coordinated Si atoms 
(SiO 4 units) to six-fold coordinated Si atoms (SiO 6 units) 
under pressure. Between these two energetically favored 
states occurs the (seemingly) disfavored SiO 5 state, which 
acts as the relevant local structure facilitating atomic 
motion. Hence D is maximal at densities that maximize the 
fraction ofSiO 5 units in the liquid. Experimental investiga- 
tion of the behavior of D for aluminosilicate melts under 
pressure has recently been successfully carried out for pres- 
sures up to 15 GPa, and has confirmed the importance of 

SiO 5 units for understanding the transport properties of sil- 
icate melts [25]. However, in the past year, two simulation 
discoveries have added new insights on the importance of 
local SiO 5 units to our understanding of the bulk behavior 
of SiO z. 

First, Badro et al. [26] have given a full account of their 
1996 discovery of a metastable crystal (the 'penta phase') 
composed solely of five-fold coordinated Si atoms. The  
result is a significant one, because it shows that an arrange- 
ment  of SiO 5 units alone can generate a thermodynamical- 
ly stable state. It also emphasizes the fact that local SiO 5 
arrangements of atoms are energetically stable. Hence, 
though certainly not so favored energetically as SiO 4 or 
SiO 6 units, SiO 5 units do not necessarily occur in the liq- 
uid and glass structure only as unstable transient struc- 
tures; at least occasionally, their appearance in an 
amorphous system may be energetically driven. 

Second, Wentzcovitch et al. [27] have used MD simula- 
tions to clarify the precise mechanism by which alpha- 
quartz undergoes pressure- induced amorphization. 
Previous experimental studies had reported the appear- 
ance of a previously unknown crystal phase immediately 
prior to amorphization. However, the detailed properties of 
this new but transient phase could not be determined. 
Wentzcovitch et al. [27] were able to observe a new crystal 
phase prior to amorphization, and f u r t h e r - - d u e  to the 
precise control of the thermodynamic state possible in a 
s imu la t ion - -were  able to study its structure at leisure. 
They  found a structure consisting partly of SiO 5 and SiO 6 
units. Though the geometry of the SiO 5 unit was different 
than that found for the 'penta phase'  by Badro et al. [26], 
once again, it is seen that the formation of SiO 5 units may 
be (however weakly) an energetically driven phenomenon. 

For water, one of the (many) areas of active research in 
recent years has focused on understanding the behavior of 
glassy water [28]. In particular, glassy water prepared at 
ambient P transforms abruptly upon compression into a 
much denser glass [29]. Such behavior is reminiscent of that 
observed in the shock compression of S i O  z glass. However, 
the phenomenon is more pronounced with water than with 
SiO z. For water, the sudden densification of the glass under 
pressure is sufficiently dramatic so as to be described in the 
first experimental account as an 'apparently first order 
phase transition' from one glass form to another, a phenom- 
enon now referred to as 'polyamorphism' [29]. In 1992, evi- 
dence developed from MD simulations of supercooled 
liquid water was used to propose that the observed glass-to- 
glass transition was a sub-Tg manifestation of a first-order 
liquid-liquid phase transition [30]. This  phase transition of 
the liquid was predicted to terminate in a critical point 
located at a temperature less than the homogeneous nucle- 
ation temperature for the formation of ice. 

Though thermodynamically permitted, the occurrence of a 
liquid-liquid phase transition remains controversial. Such 
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a transition has not been directly observed experinaentally 
for any substance, although indirect evidence does exist 
for a wide range of materials [31]. In simulation, direct 
observation of behavior characteristic of a liquid-liquid 
phase transition has been found in MD studies of molten 
Si [32-34], a tetrahedral liquid, and in a lattice model of a 
network-forming liquid [35]. However, for water no direct 
simulation evidence was in existence until the recent 
report by Harrington et aL [36]. By carrying out extensive, 
large-scale MD simulations of the ST2 model of water (in 
a constant volume ensemble), they showed that this model 
liquid, at sufficiently low T but still in equilibrium, 
exhibits a phase separated state in which a region of high 
density liquid coexists with a region of low density liquid. 
This study also identified metastable liquid states occur- 
ring in the vicinity of the transition, a crucial hallmark dis- 
tinguishing a first-order transition from higher order 
continuous transitions. 

Another possibility for explaining the abrupt glass-to-glass 
transition observed experimentally for amorphous solid 
water is that, rather than a fully developed liquid-liquid 
phase transition, there is instead a rapid but continuous 
variation of the density as a function P [37]. Though less 
extreme thana phase transition, this scenario still requires 
there to be an interval of densities in which the isothermal 
compressibility is quite large compared to that at lower or 
higher density. Regardless of the outcome in the case of 
water, this latter scenario is probably more appropriate to 
explaining the behavior of silica glass under compression. 
In this regard, Poole et al. [38] have shown through MD 
simulations that an SiOz-like liquid has behavior that mir- 
rors much of that found for ST2 water, except that no 
explicit liquid-liquid phase transition is indicated, either 
by direct observation, or extrapolation. 

One possible conclusion that might be drawn from these 
studies is that water, Si and SiO z exhibit properties that are 
different realizations of an underlying family of behaviors 
for tetrahedral-network-forming substances. At one 
extreme lies the possibility of an explicit liquid-liquid 
phase transition, at the other, merely a 'soft region' in the 
mechanical behavior of the system under compression. 
Indeed, the observation of energetically stable SiO s units 
of the kind discussed above is consistent with the idea that 
for SiO z glass, densities in the 'soft region' remain at least 
marginally stable thermodynamically. Glassy water on the 
other hand may well not have access to such stabilizing 
intermediate-coordination structures (stable crystals con- 
taining five-fold coordinate water molecules are not 
known) and so has a greater tendency towards exhibiting a 
thermodynamic instability. 

Potential energy 'landscapes' of amorphous 
systems 
Particularly exciting developments in the past year are 
associated with the use of 'inherent structures' in simula- 
tions to analyze the properties of liquids and glasses. An 

inherent structure (IS) is the configuration of a system of 
atoms obtained by carrying out a steepest-descent mini- 
mization (with respect to particle coordinates) of the total 
potential energy of the system, starting from an equilibri- 
um configuration [39]. An IS is therefore the structure of 
the system at a local minimum of the potential energy con- 
sidered as a function of all phase space coordinates (often 
called the 'potential energy landscape'), and corresponds 
to the structure of the system that would be obtained in 
the limit of an infinitely fast quench to T = 0. 

Though the concept of the IS was introduced in the early 
1980s, its use in practice is hampered by the enormous 
complexity of the multidimensional potential energy func- 
tion, which in any realistic simulation of a bulk system has 
thousands of independent variables. Despite this com- 
plexity, many qualitative discussions of the behavior of 
glasses and supercooled liquids assume that the potential 
energy landscape has certain properties that have never 
been directly observed. Motivated by such discussions, 
Heuer [40] has made an imaginative attempt to formally 
visualize this landscape, via a procedure that maps the 
multidimensional surface into one dimension. Though the 
mapping is not necessarily a unique one, it has the virtue 
of being quantitative, and thus should be used to sharpen 
the discussion of the implications of the structure of the 
landscape for understanding liquids and glasses. 

Important insights into the general nature of the liquid 
state are described in a series of papers by Sastry and co- 
workers [41-43]. Among a number of interesting results, 
they show how an analysis of the void spaces occurring in 
the IS for a liquid can be used to elucidate the behavior of 
metastable liquids, and characterize the decay of 
metastable states. While the work described in [41-43] 
focuses on the metastability of superheated liquids, it has 
great potential to also clarify the structural and mechanical 
properties of glasses, due to the above mentioned relation 
between an IS and a rapidly quenched glass. Indeed, 
Tanaka [44] has used information on the IS of water to clar- 
ify the possible structure of the high and low density liq- 
uid phases which were discussed in the previous section. 

Most significantly, Sastry et aZ [45] have evaluated EIS, the 
average energy of the IS for a model glassforming liquid (a 
Lennard-Jones mixture) along an isochore as a function of 
T. At a high T, EIs is relatively T-independent, but as T 
decreases below a certain value, EIs begins to decrease 
rather dramatically, compared to the high T behavior. 
Notably, this crossover in the T-dependence of EIS coin- 
cides with the crossover from exponential to nonexponential 
behavior of the relaxation of the equilibrium liquid from 
which the ISs are obtained. The appearance and growth of 
nonexponential relaxation is widely held to be the harbinger 
of an approaching glass transition. The  fact that the 
crossover in the relaxation behavior is associated with a 
crossover in the behavior of a static property such as EIS is 
(in my view) one of the first pieces of clear evidence 
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supporting the controversial possibility that the glass transi- 
tion might be formally related to thermodynamic behavior, 
rather than being just a kinetically determined phenome- 
non. If the result proves to be a generic one, common to a 
wide range of glassforming liquids, it has the potential to 
radically change how we think about the glass transition. 

Other developments 
Even given the limited scope of this review, there are sev- 
eral other works that have been published in past year that 
merit attention by the reader. Important among these are 
simulation tests of the mode-coupling theory, for a diatom- 
ic molecular liquid [46], for a dense polymer melt  [47], and 
for the Lennard-Jones binary mixture [48]. Sciortino and 
co-workers [49,50] have presented a proposal for a 'semi- 
schematic' mode-coupling model to describe relaxation in 
molecular liquids, and have tested this in some extremely 
long time scale MD simulations of water. This  group has 
also continued careful simulation studies of other dynami- 
cal properties of supercooled water [51,52]. 

Conclusions 
The  past eighteen months have generated a number  of 
important new results on the nature of glasses and glass- 
forming liquids. Studies of dynamical heterogeneity in 
supercooled liquids have progressed substantially. There  
are now numerous quantitative ways to monitor such het- 
erogeneity in simulation, a few of which can also be relat- 
ed to experimental observables. T h e  challenge now is to 
determine which approaches are most useful, in particular 
as a means to developing and refining predictive theories 
of the glass transition. The  question of the possible exis- 
tence of a diverging length scale at Tg is particularly impor- 
tant. Experiments and simulations of confined liquids 
would be useful in this regard. Also, simulations of ther- 
modynamic and structural properties of glasses are likely to 
benefit significantly from studies employing inherent 
structure calculations. Finally, as discussed above, the con- 
nection between inherent structures and equilibrium liq- 
uid dynamics is particularly exciting, and is certain to be an 
area of vigorous research in the future. 
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