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The study of glasses and glass formation is a rich and technologically Introduction
important area of research. This Perspective reviews recent progress Supercooled liquids

in the field from the different points of view of chemistry and physics.
At the heart of glass science are the super-Arrhenius temperature
dependence of molecular relaxation processes and the nonexponential
nature of relaxation functions. We discuss three questions motivated ;’:&";’jﬁ;:ﬁf;:‘;fzt‘l’;st°m'°
by these features and describe the progress of the past decadein

answering them. The paper reviews experiments and simulations that
probe growing and possibly diverging length scales associated with
supercooling, the possibility of athermodynamic transition to anideal
glass state underlying the glass transition, and new indications for
universal relaxation functions describing molecular motionin deeply
supercooled liquids. For each of these still largely unsolved problems,
we illuminate the interplay between the universality often favoured by
physicists and the specificity typical of the chemist approach.
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Introduction

Glass science can be reasonably placed somewhere in between phys-
ics and chemistry, each of which has its own way of thinking about
what constitutes animportant scientific problem. Although thereisa
continuous spectrum of approaches bridging the paradigms of purist
physicists and chemists, as exemplified by the existence of major inter-
disciplinaryjournals such asjournal of Chemical Physics and Journal of
Physical Chemistry, here we juxtapose the typical physicist and chemist
approaches to glass science.

Inreviewingimportant recent developments as the main purpose
ofthe paper, wereflect on how physics and chemistry view three deep
problems that have occupied scientists for years. A recurrent theme
is that physics generally emphasizes universality whereas chemistry
is more attuned to specificity. In this regard, theoretical physics and
experimental chemistry differ most, with many experimental physicists
and theoretical chemists placing themselves somewhere in between.

In this Perspective, we first give a brief overview of relevant fea-
tures of the supercooled liquid that precedes the glass phase as one
approaches the glass transition via cooling. Although almostall appli-
cations involve glasses and not the liquid phase’, progress in under-
standing the glass-forming liquid impacts the development of glassy
materials and their use. We then discuss progress on three questions:

« Dosupercooledliquids have diverging length scales?

« Do supercooled liquids approach a state of zero configurational
entropy at afinite temperature? If so, does the average relaxation
time diverge at this temperature?

« Do supercooled liquids have an underlying universal linear
response?

The physics and chemistry approaches to these questions differ
substantially, as discussed below. Progress over the past 10-15 years
from both sides attests to the creativity and innovation in the field of
glasses.

Supercooled liquids

Toset the stage, weremind the reader that below the melting tempera-
ture T, the equilibrium state of achemically pure substanceisacrystal.
Although T, is well defined thermodynamically, the barrier to forming
acrystallite is very large just below T,,; in fact, it diverges as T~ T,,.
As aconsequence, evena very slowly cooled liquid experiences some
degree of supercooling before it begins to crystallize. Liquids such
as water and molten monatomic metals cannot be cooled far below
T.. unless done extremely rapidly?, but other liquids, such as most
moltenoxides and organicliquids, are difficult to crystallize and read-
ily supercooled. At the glass transition temperature T, the structure
ofthe supercooled liquid freezes because there is insufficient time to
equilibrate®?, There are several ways to form glasses, but cooling is
most common and our primary focus.

‘Glass’ is so common in everyday experience — and so different
from liquids such as ambient water — that one might notimmediately
see any connection between the two. However, glass formation froma
supercooled liquidis a universal phenomenon, whether the substance
in question is bonded by van der Waals, covalent, metallic, ionic or
hydrogenbonds. Glasses may also form from polymeric liquids, which,
for simplicity, we also refer to as supercooled even when there is no
known crystalline state.

Whereas the supercooled liquid phase is fully characterized by
temperature and pressure — although it is thermodynamically meta-
stable by having a Gibbs free energy larger than that of the crystalline

state — the structure of a glass depends on how it was prepared. As a
result, there are aninfinite number of different glasses that canbe made
of agiven substance, afact that from a general perspective makes the
scientific study of glasses more challenging than the study of super-
cooled liquids. In this Perspective, we focus on the metastable liquid
phase above T, not the glass, but note that the past 10-15 years has
brought tremendous progress also in the understanding, for exam-
ple, of mechanical properties of glasses and other non-crystalline
solids, soft matter, how glass formation relates to the jamming of
granular media, and glassy behaviour of active matter and biological
systems®*%,

The average relaxation time rof aliquid increases an astonishing
12-15 orders of magnitude upon cooling. Rarely does 7 follow the
Arrhenius expression 7(T) = pexp(AE/kgT) inwhich 7yis amicroscopic
time of order a picosecond or smaller, AE the (free) energy of activation,
and k; the Boltzmann constant. Although this expression by itself would
imply a huge increase of 7 upon cooling, for almost all supercooled
liquids, one observes that AE increases with decreasing temperature.
Explaining this ‘super-Arrhenius’ behaviour is along-standing problem
of glass science, and this challenge has motivated the first two of the
three questions discussed in this Perspective.

Theintriguing super-Arrhenius behaviour is one reason that glass
science, acentury-old field of study**, keeps attracting attention from
the physics and chemistry communities alike. Another stubborn prob-
lemis to explain the ubiquitous nonexponential time dependence of
linear and nonlinear relaxation functions, which is addressed in our
third question. If all glass-forming liquids had an Arrhenius 7(7) and all
relaxation functions were exponential in time, glass science would only
attract limited attention from the physics and chemistry basic-science
communities.

An often-invoked explanation of the dramatic slowing down of
liquids upon supercooling is that relaxation becomes increasingly
cooperative, that is, that the constituents of a liquid need to move
in a more and more coordinated manner as temperature is lowered.
A crude analogy of such cooperative motion would be the difficulty
ingetting off acrowded subway — first, everyone near the door needs
toreorganize or step out to create the needed pathway.

Length scales
Our first questionis the following: Do supercooled liquids have diverg-
inglength scales? We define ‘length scale’ as follows. If some recogniz-
able pattern extends over the length [, the system has alength scale
that is at least /. An example is the electric potential of a charge in an
electrolyte or a plasma, which decays with distance ras <exp(-r/l)/r
(Yukawa or screened Coulomb potential). Another example is the
spin-spin correlationlength that diverges as the ferromagnetic phase
transition is approached from the high-temperature side, such as
in the 2D Ising model in which like-spin islands grow in size when
temperature is lowered towards the transition temperature (Fig. 1a).
A large number of different correlation lengths can be identi-
fied for aglass-forming liquid. These may be classified into static and
dynamiclengths'*. Knowing the molecular interactions, a static cor-
relation length can be extracted, in principle, from a single snapshot
of all molecular positions***. Static correlation reflects some sort
of order — of density, molecular orientation, elastic properties and
so on**%! — and such lengths can be defined both in terms of pair
and many-body correlations®. Conversely, a dynamic correlation
length can only be identified by monitoring the molecules of a liquid
over some time interval®**, Almost all static and dynamic correlation
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Fig.1| Correlation lengths derived from simulations and experiments,
generally increasing as temperature is lowered. a-c, Simulation results.

a, Snapshot of the 2D Ising model slightly above the phase transition, showing
alarge correlation length. b, Different dynamical correlation lengths {of the
Kob-Andersen binary Lennard-Jones system as functions of temperature T.
¢, Static correlation length {3 and dynamic correlation length {yy, as functions
ofinverse temperature of a 2D binary mixture of particles interacting through
nonadditive potentials that scale with distance ras r 2. d-f, Experimental
results. d, Inverse correlation length a/{, of metallic glasses as functions of

temperature relative to the glass transition temperature 7, (derived from the
static structure factor). e, Number of correlated molecules N, as a function

of the logarithm of the relaxation time 7, derived from linear and nonlinear
dielectric responses. f, Correlation lengths { of glycerol modified by sorbitol or
glucose pinning agents as functions of temperature. Panel b is adapted with
permission from ref. 230, ACS. Panel cis adapted from ref. 231, Springer Nature
Limited. Paneldisadapted fromref.232, CCBY 4.0. Panel e is adapted fromref. 29,
CCBY 4.0. Panelfis adapted fromref. 233, CC BY 4.0.

lengths of glass-forming liquids increase upon cooling, although a few
exceptions have been reported>*.

If the length scales are indeed diverging, an obvious follow-up
question is whether the divergence is important for understanding
supercooled liquids and the glass transition. Is the growing length scale
the cause or merely a consequence of the slowing down***’? We shall
not discuss this interesting question in this Perspective, but focus on
actuallength-scale data of experiments and simulations. Before sum-
marizing developments illuminating the question, however, we first
highlight the generic chemist and physicist inclinations towards the
existence of diverging length scales.

Physics and chemistry perspectives

The chemist generally says ‘no’ to large length scales. Chemical reac-
tionrates are typically controlled by characteristics of the first shell
of neighboursin aliquid, such as polarity and efficiency of local
packing. For instance, the concept of ‘biological water’ indicates
that water molecules directly adjacent to a protein can have distinct
properties, whereas molecules further away than two monolayers
are typically described as bulk water. There are many examples of
very slow chemical reactions in molecules of modest size, in which
case thereis no large length scale, only a large activation barrier to
be overcome.
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By contrast, many physicistsareopentotheideaofadiverginglength
scale, hoping for a universal explanation of the glass transition'?"*>%,
Adrive for universality has characterized physics ever since Isaac New-
ton, and the search for it received further emphasis from one of the
important physics breakthroughs of the second half of the twentieth
century: the understanding of criticalphenomena (second-order phase
transitions) as characterized by scalingand universality** . Forinstance,
intheapproachto ferromagnetic ordering upon cooling (Fig. 1a), the spin
correlation length increases beyond bounds; in this case, the physics
is universal because details of the spin interactions become irrelevant
closetothetransitiontemperature.Ifthereisauniversal theory of glass
formation, such a theory must likewise be independent of the precise
molecularinteractions, andthisis the caseifthereisacontrollinglength
scale much larger than microscopic lengths®.

The physics-chemistry difference relates also to the question
at what point the liquid becomes a solid on cooling®. The view of the
pragmatic chemist is that this is when the liquid looks solid in experi-
ment, but many physicists regard that as an arbitrary definition, argu-
inginstead thatasolid is characterized by a diverging relaxation time
corresponding to an energy barrier for flow that diverges in the thermo-
dynamiclimit®*. Thus, the possibility of agrowing lengthis not only the
result of an aesthetic whimbut can also be grounded in the substantive
question of how solidity is defined.

Afurther difference to the focus of the chemist on the interactions
between neighbouring molecules is the role of elasticity, a discipline
that is absent in the standard chemistry curriculum. The fact that
a glass-forming liquid approaching T, acquires an extremely large
viscosity means that long-ranged elastic interactions may become
important® 8, interactions that are not present inless viscous liquids.

Progress on the question

The concept of a length that diverges upon cooling is old'*'***, but
the past 10-15 years has generated a much more complete picture.
Figure 1shows examples of different correlation lengths. Figure 1b
shows dynamic correlationlengths of abinary Lennard-Jones system
asfunctions of temperature. Figure 1c compares astatic and adynamic
correlation length for a 2D system, and Fig. 1d shows experimental
data for the inverse correlation length both above and below T, for
metallic glasses, in which case the correlation length is derived from
the first peak of the structure factor. Figure 1e plots the number of
‘correlated molecules’ derived from linear and nonlinear dielectric
measurements, anumber that increases by a factor of 100 when the
relaxation time increases by 18 decades. Finally, Fig. 1f shows correla-
tion lengths derived from dielectric measurements on glycerol with
different pinning agents.

Allthese observations could beinterpreted asthe start of adiverg-
inglengthscale.Itisnotaveryimpressive start, though, typically reach-
ingonly 5-8 molecular diameters at the lowest temperatures probed.
In comparison, the Ising model spin correlation length diverges as
(T-T)"whereinv=1in2Dand v=0.63in3D, and in simulations of this
model, itis straightforward to generate data with correlation lengths
thatare orders of magnitude larger than the lattice spacing (Fig. 1a).

In contrast to the work described above, some investigations from
the past decade have suggested that length scales of 100 nm or more
canbeimportant near the glass transition. One very useful experimen-
tal approachis to measure how a nearby interface perturbs dynamics
and related properties® " for instance, by using the emission prop-
erties of aprobe molecule to determine how the ‘local T, changes as a
function of distance away from aninterface between two glass-forming

polymers”. Results for one of the systems investigated, with an inter-
face between polystyrene and poly(n-butyl)methacrylate, are shown
in Fig. 2a. The composition profile of the interface is sharp (dashed
line) whereas the local-7, profile is extremely broad. Thus, more than
200 nm away from the interface, the local T, on the polystyrene side
of the interface has not yet attained the value of bulk polystyrene.
Acoustic measurements show that the modulus of such abilayer sample
also changes over more than100 nm near the interface™, afinding that
supports the local-7, measurements as there is a strong correlation
between mechanical moduli and relaxation time”>”®, Results similar to
those showninFig.2a have been obtained for several different pairs of
polymeric glass formers”’, with the observation that the length scale
over which the high-7, polymer is perturbed is larger when in contact
with alow-modulus polymer’®,

Building on these results and extending them beyond poly-
meric glass formers, it has been demonstrated that the density of a
vapour-deposited molecular glass depends on the modulus of the
underlying substrate” (Fig. 2b). In qualitative agreement with ref. 73,
alow-modulus substrate can apparently increase mobility at the surface
of the deposited glass, even when that surface is more than 100 nm
away from the substrate. A related work shows that the translational
diffusion of a probe molecule near 7, can be slowed by a factor of 5by
interfaces that are 50 nm distant®.

However, the existence of very large (>100 nm) length scales
near glassy interfaces is controversial. Many additional experimental
approaches have been used to examine interfaces; some approaches
yield results supportive of large length scales®** whereas others might
not be*****%, Computer simulations have addressed both physical
ageing and the influence of interfaces on the dynamics’>*¢"%, These
generally donot find large length scales, although this may be aresult
of the limited time and length scales accessible in simulations. Most
experiments near interfaces involve the nonequilibrium glassy state
whereas most simulations do not, and this difference may be a key
factor®’. Although the length scale of interfacial perturbation (Fig. 2)
need not match the bulk correlationlength (Fig. 1), the large difference
between these length scales is not easily reconciled. Explaining this
discrepancy is a key challenge for the future.

We finally note that simulations have advanced a percolation
approach for explaining the mechanical properties of glassesinarea-
soning that emphasizes theimportance of the large-scale connectivity
of the domains of mobility and of immobility*®*°, This relates to the
solidity length [ (ref. 91), below which a glass-forming liquid behaves
more like a ‘solid that flows™® than as the less viscous liquids of con-
ventional liquid-state theory®>”, We note that there is no agreement,
however, onthe exponentxrelating [;to the average relaxationtime 7 of
theliquidinthescaling rule [ =, with proposals being made of x=1/2
(ref.94),x=1/3 (ref. 95) orx=1/4 (ref. 91).In all cases, however, the solid-
itylengthisatleast1 pm at the calorimetric glass transition. Note also
that [, diverges at a finite temperature only if 7 does. This brings us to
the next question that relates to a possibly diverging relaxation time.

Theideal glass

Classical questions in glass science are as follows: Why is the relax-
ation time super-Arrhenius and what controls its temperature
dependence®®”°%? What is the role of entropy®”'® in explaining the
super-Arrhenius behaviour? Are the dynamics dominated by collective
effects or by the local geometry®**"7>7971922 We address these ques-
tions indirectly by enquiring into their connection to the fascinating

concept of anideal glass.
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The difference in the level of molecular organization between
the crystalline and liquid states is quantified by the entropy of fusion
Stus=Siiq— Seryse > 0. Because entropy reflects the number of microscopic
states, the liquid has more of these than the crystal, which makes sense
in view of the disorder of the liquid. However, the supercooled liquid
usually also has a notably larger heat capacity than the crystal, which
implies that S;,, decreases substantially as the liquid is cooled below
T..- Thus, the number of molecular packings decreases upon cooling,
which means that the liquid becomes increasingly organized as it is
supercooled. For many liquids, ;. extrapolates to zero wellbefore T=0
(refs.3,44,103), at the so-called Kauzmann temperature 7, (Fig. 3a).

One can write the entropy of a glass-forming liquid as a sum of a
configurational contribution, S.,,, reflecting the different ways the
molecules may pack, and avibrational contribution, S,;, (refs.104-106).
Aperfectcrystal has zero configurational entropy and typically a similar
S.iv as the liquid. Thus, by extrapolation, S.,.-= S, becomes negative
below Ty. This is not possible, however, because S is proportional
to the logarithm of the number of (appropriately defined) amorphous
states', Although the supercooled liquid could have alower vibrational
entropy thanthe crystal'”, this can hardly save the situation —something
must happen around Ty to avoid the entropy crisis. No supercooled
liquid state with S.,.,= 0 has been reached experimentally because the
liquid always falls out of equilibriumbefore reaching T, forming aglass.

A possible solution to the entropy crisis is that there is a second-
order phase transition at T, to an ideal glass defined as a state of zero
(sub-extensive) configurational entropy. If this occurs, are there con-
sequences for the dynamics above the transition? In the 1950s and
1960s, it was proposed that owing to the ‘dearth of configurations’ upon
approaching Ty, therelaxation time of the supercooled liquid diverges
as T T (refs. 99,108). The compelling idea is that it is very difficult
for a system to relax if there are only few states to transit into. Note
that this proposal implies that the liquid must fall out of equilibrium

before reaching Ty, nomatter how slowly itis cooled. This thinking has
dominated large parts of glass science for halfa century, in particular
in terms of the random first-order transition (RFOT) theory'©>19?113,
Our second question is whether this pictureis correct.

Physics and chemistry perspectives

To many physicists, the concept of a phase transition underlying
the glass transition provides an attractive scenario, in particular,
because this typically implies universality as for critical phenomena.
However, the concept of aunique amorphous state, anideal glass, may
be difficult to accept because such a state would a priori be expected
to have a simple mathematical description'”.

The chemist trusts thermodynamics and statistical mechanics
and does not dispute that liquids become more organized as they are
increasingly supercooled. However, what happens by extrapolation
is not an overwhelming concern unless the existence of an ideal glass
influences properties wherein the supercooled liquid is accessible to
experiment. The chemist might ask: If an ideal glass state exists, what
unique properties can be achieved by approaching it? As for the idea
of arelaxation time approachinginfinity at afinite temperature, most
chemists are suspicious. As an example, some organic molecules show
substantial self-diffusion in the single-crystalline state; therefore, an
extremely low S,,does not necessarily imply an extremely low mobil-
ity. Thus, at least the single-particle dynamics does not need to come
toahaltinanideal glass.

Progress on the question

We begin by highlighting an important theoretical breakthrough of
the past 10-15 years: The glass-transition problem has been rigor-
ously solved for systems of point particles in infinite dimensions. This
ground-breaking achievement conforms to the RFOT scenario'**'%°12,
For more discussions on it, the reader is referred to refs. 110,111. As a
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which S .= 0. ¢,d, Equilibrium configurations differing by a factor of 102
inrelaxation time, coloured according to the particle size 0. The difference in
structure is subtle — panel cis the slow configuration. AS,,, entropy of fusion;

HS, hard-sphere potential; KA, Kob-Anderson binary Lennard-Jones system;
MTHEF, 2-methyltetrahydrofuran; OTP, ortho-terphenyl; SS, soft-sphere potential
(inverse power-law potential) model; T, melting temperature; T,,., mode-
coupling transition temperature. Panel ais reproduced with permission from
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images are courtesy of Anshul Parmar.

consequence, the two questions posed in this section can be answered
affirmatively ininfinite dimensions, at least for point-particle systems:
theideal glass does existininfinite dimensions and the relaxationtime
does diverge as the ideal glass is approached upon cooling. We focus
below on experimental and numerical datailluminating whether an
ideal glass state also exists in 2D and 3D, in which the physics can be
quite different.

In the past 20 years, it has become possible to produce the
so-called ultrastable glasses by vapour deposition, with properties
corresponding to systems aged for thousands of years™ "® with utility,
forexample, for organic electronics™. This breakthrough, which takes
advantage of the dynamics at the free interface being enhanced owing
to fewer constraints on the molecular motion'?°'*, has produced
samples with properties much closer to T than those previously
produced. Data for S, of several organic glass formers produced
by cooling and vapour deposition do not show signs of a change of
the temperature dependence of S_,«(T) close to Ty (ref.124) (Fig. 3b).

These results do not mean that there must be a phase transition and
that theideal glass phase exists, butif not, S,sneeds to do something
dramatic within a very narrow temperature range to avoid going
negative.

In an equally important development, the past decade has wit-
nessed a revolution in computer simulations by the introduction of
the so-called swap dynamics'* %, By swapping non-identical parti-
cles every now and then during a simulation, it is possible to produce
systems equilibrated at low temperatures, resulting in glasses corre-
spondingto those producedin the laboratory at cooling rates of Kelvin
per minute'?. The configurational entropy of a swap-equilibrated
polydisperse hard-sphere system indicates that swap brings one very
closeto T (blue symbolsinFig.3b). A furtherillustration of the power
of swap dynamicsis providedin Fig. 3c,d, which shows two configura-
tions of a2D polydisperse system differing by 12 orders of magnitude
in average relaxation time. This plot, incidentally, demonstrates that
slowing down is associated with few obvious structural signatures
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(try toguess which configurationis slower if you have not yet read the
figure caption).

The entropy crisis is avoided if the temperature extrapola-
tion breaks down and S, changes its temperature dependence
dramatically*?*"°, Few experimental data support this possibility, but
thatit can happen hasrecently been demonstrated for a2D model™.
Here, results from simulations of small-system ternary mixtures of
Lennard-Jones particles — obtained by combining swap dynamics with
paralleltemperingand population-annealingMonte Carloalgorithms —
show that the Kauzmann temperature moves to zero as the system
sizeisincreased, whereas for very small system size, the entropy crisis
isavoided because S,;changesits temperature dependence before
going negative. As mentioned, the entropy crisis would likewise be
avoided if there is a phase transition at 7, to an ‘ideal glass’ defined
as the amorphous state with the lowest position on the potential
energy landscape!*'"**1* Because the S, of the ideal glass s zero,
the ideal glass state is basically unique, that is, it involves at most a
subextensive number of configurations. Because of this, the approach
to T has been associated with a diverging ‘amorphous’ correlation
Iength‘)‘),l()&]()‘),lll'

Insummary, experimental vapour deposition and computational
advances have generated systemsbothinthelaboratory and insimula-
tions that are equilibrated much closer to Ty than previously thought
possible, that is, with a very low configurational entropy. For small
simulation systemsin 2D, itis now possible to equilibrate at Ty and even
near to 7= 0 (ref. 131). In the next few years, a key challenge will be to
perform analogous studies of larger systems and in 3D, which would
enable important connections to real liquids and materials.

While awaiting further data on the existence of the ideal glass,
one may ask: whatis the structure of the proposed unique equilibrium
state at 7? No general mathematical description of it has been pro-
posed, even for point-particle model glasses, which is a serious worry
for the physicist. However, there has been a great deal of activity in
identifying amorphous order in the form of structures that dominate
as liquids are cooled, the so-called locally favoured structures™* "%,
The oldest and most famous locally preferred structure is the icosahe-
dron often observed in the hard-sphere system™’ ", This is the optimal
packing of12identical spheres around one sphere, anarrangement that
cannotbe continued into a crystal (in contrast to the 2D case, compare
compressing many identical coins on a table resulting in spontaneous
crystallization into a hexagonal pattern). Figure 4a gives examples of
locally favoured structures of different glass-forming binary liquids™.
Another example is the so-called Frank-Kasper bond of six smaller
spheres around two touching larger spheres, astructure that becomes
increasingly common upon cooling a binary Lennard-Jones system
(Fig.4b).

If an ideal glass exists, it probably involves one or more of the
locally favoured structures that dominate upon cooling. However,
not all systems have a small number of locally favoured structures, as
illustrated inFig. 4cfor simulations of the standard CuZr metallic glass.
Itis not clear how all these local structures could merge into a unique
arrangement at 7. Nevertheless, it is an obvious idea that long-range
orientational order becomes important as glass-forming liquids are
cooled™ ' It has also been shown that locally favoured structures lead
to less frequent rearrangements'®. A critical discussion of the utility
of structural descriptorsin generalis givenin ref. 49.

Analternate approach tolearning about the structure of the ideal
glass is to drive simulations non-thermally towards particular motifs
to examine the properties of the resulting amorphous structures™***,

Inrecentyears, efforts along these lines have optimized triangular pack-
ing or asteric order parameter in 2D'*'**;in 3D, density fluctuations'*
or thelocal virial stresses'' have been minimized to produce new pack-
ing arrangements. All of these efforts yield amorphous packing with
very low energy and very high kinetic and mechanical stability, and thus
produce structures that are candidates for the ideal glass. Figure 4d
shows anideal 2D structure produced by optimizing triangular pack-
ing. The algorithms achieve their impressive results by allowing the
particle size distribution to change during structural optimization.
Unfortunately, for laboratory glasses there is no analogue of particle
size optimization, so it is possible that these motif-driven algorithms
generate amorphous structures with characteristics that cannot be
achieved in the hypothetical ideal glass state of a real system. Under-
standing the connection betweenstructures producedin equilibrium —
using swap dynamics, for example — and those produced by driving
specific motifsis animportant area for future work.

Although many physicists are content with studying the structure
of point-particle glass formers — either by simulations or by experi-
ments on metallic glasses or colloidal systems — chemists are far more
interested inmolecular systems. Locally favoured structures and a pos-
sible ideal glass state may look quite different for molecular systems,
and this is a key area for future work. Recent efforts have provided a
step inthis direction by applying machine-learned potentials or swap
dynamics to simulations of molecular systems'¢*5,

Does the relaxation time of an equilibrium supercooled liquid
diverge at the temperature of the ideal glass transition, as predicted
by the Adam-Gibbs and RFOT approaches®>'°*!3!41552 (The mode-
coupling theory also predicts afinite-temperature divergence, but not
at a temperature connected with the configurational entropy™*"’).
Answering this question inevitably requires extrapolation from
the region in which equilibrium can be attained. That extrapolation
is often done using the Vogel-Fulcher-Tammann (VFT) equation
7(T) < exp(A/(T - Ty)) from which is inferred a temperature of diver-
gence Ty, butthe VFT expression consistently overestimates how much
therelaxation time increases upon cooling™®. Indeed, astudy involving
42 supercooled liquids has shown that dielectric data are fitted well by
non-diverging functional forms'’.

How canonereconciletheevidenceforanimpendingentropy crisis
asthetemperatureislowered with alack of evidence for a correspond-
ingrelaxation-time divergence? Simulations on small 2D systems have
indicated atransition from super-Arrhenius to Arrhenius dynamics —
opposite to a divergence — when the ideal glass is approached, as
predicted by trap models™ . Inthis scenario, transitions occur below
Ty viathermally accessible excited states, analogous to self-diffusion
in crystals. A related possibility is that the dynamics are governed
by local barriers with no cooperative effects®®”7>761021647167 \jn which
case the configurational entropy isirrelevant and proximity to Ty has
no impact on relaxation times. A key challenge for future work will
be to clarify whether or not, and in which sense, thermodynamics
relates to dynamics.

Universal features of atomic and molecular motion
The dynamic properties of a glass-forming liquid are dictated by how
the molecules of aliquid move about each other. Any universality of the
latter must, therefore, be reflected inlinear-response quantities such
as dielectric relaxation data'®, dynamic shear and bulk moduli*, and
frequency-dependent specific heat, among others. Three classical
experimental indications of possible universality of the dynamics are
as follows:
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1. The B process is an extra relaxation process at frequencies

higher than those of the main (a) process, which is seen not only
in polymers but also in liquids of rigid molecules'®’. Although
many liquids do not exhibit a separate 8 process but merely a
high-frequency tail, the consensus is that this tail derives from a
B process that is partly merged with the a process”*'”' and only
becomes clearly visible in the glass. Thus, the existence of a 8
relaxation channel may be universal for glass-forming liquids'.
In glass-forming liquids, translational diffusion and other meas-
ures of mobility are decoupled. In comparison with either the
viscosity or the a relaxation process, self-diffusion becomes
10-100 times ‘too fast’ as T, is approached”*"*. This observa-
tion is possibly universal. It is generally understood as an effect
of dynamic heterogeneity, the observation that the molecular

dynamics always varies notably in space, at any given time, with
some regions being slow and others fast®>”>17°,

In the frequency domain, complex linear-response functions
X(w)=x"(w) +ix"(w) are often fitted by the Laplace transform
of the stretched-exponential time-autocorrelation function
exp(—(t/r)ﬁ), with 0 < S8 <1 (refs. 172,180,181). The significance
of this function lies in its two limits: x”(w) = @ when w7 < 1 and
X" (w) < w?whenwr>1.Thus, astretched-exponential loss peak is
asymmetric; it has the same low-frequency dependence as that of
a simple exponential time-autocorrelation function, exp(-t/r),
that leads to the Debye response function y(w) =< 1/(1 + iwt).
An example of the universal y”(w) = w low-frequency behaviour is
given in Fig. 5a, which shows dynamic shear-modulus data of
eleven glass formers.
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Fig.5|Linear-response data of glass-forming liquids. a, Log-log plot of the
imaginary part of the dynamic shear modulus G” of several molecular liquids,
normalized to its maximum G, plotted as a function of (angular) frequency w
normalized to the loss-peak frequency w,,,. All data have a low-frequency loss
proportional to w. b, Distribution of log-log plot minimal slopes above the loss
peak, a,,,, of 342 dielectric spectra. ¢, The S parameter of stretched exponential
fits to dielectric data of 25 molecular liquids, plotted versus the Kirkwood

correlation factor gy. Whenever dipoles are uncorrelated (g ~1), Bis close to 0.5.
d, Dynamic light scattering data. The data conform to equation (1) asindicated by
the yellow and black dashed lines of slope —1/2 above the loss-peak frequency;
deviations at high frequencies are presumably owing to S processes. Panel ais
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Our final question is as follows: Do supercooled liquids have an
underlying universal linear response?

Physics and chemistry perspectives

The chemist emphasizes the variety among glass-forming systems:
atomic systems (metallic alloys), molecular systems and covalently
bonded systems (silica, organic polymers). The chemist sees weak,
non-directional van der Waals attractions in some systems, stronger
and more directional interactions, such as hydrogen bonding, in oth-
ers, and very strong, highly directional covalent bonds in still others.

Even in the subset of organic glass formers with only van der Waals
interactions, there is a wide variety of molecular shapes (disks, rods,
flexible chains). The chemist expects all this variety in interactions
and molecular shapes to have a strong impact on molecular motion
in supercooled liquids, and would therefore be astounded if generic
features span all these systems.

As for the previous two questions, many physicists would be
delighted if some form of dynamic universality describes very different
glass-forming liquids. The physicistis encouragedin this regard by exact
results forthe dynamics of point-particle systemsininfinite dimensions',
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Progress on the question
Because aliquidis disordered, one expects a continuous distribution
of energy barriers for molecular rearrangements. Apparently
contradicting this, the general low-frequency behaviour of linear-
response losses, x”(w) < w — as shown in Fig. 5a for the dynamic shear
modulus and in Fig. 5d for dynamic light scattering data — indicates a
sharp cut-off in the barrier distribution at large barriers. This can be
understood in terms of facilitation, a phenomenon that has recently
come into renewed focus®*"""'¥71%: regions of low mobility can acquire
mobility from neighbouring regions of higher mobility, in effect making
barriers above a certain threshold irrelevant®®. The ability of facilita-
tiontorelax low-energy amorphous states on distance scales as large
as microns has been dramatically visualized's"'*%,

Inmany early papers on glass-forming liquids — some from more
than half a century ago — it was noted that linear-response losses at
high frequencies often to agood approximation decay as

X (@) =0 (wr>1). 1)

This corresponds to S=1/2if a stretched exponential is used to fit the
time-autocorrelation function (although that is not always a good
fit). Over the years, several models have been proposed to explain
equation (1), many of which were based on constituents or defects
obeying the diffusion equation'’2°’; these older models are briefly
summarized in ref. 199.

With the advent of modern frequency analysers, dielectric relaxa-
tion, with its high precision and very wide frequency range, became
the gold standard for monitoring molecular motion in glass-forming
liquids'®®. In 2009, an analysis of 347 dielectric spectra at different
temperatures of 53 organic liquids (excluding monoalcohols) investi-
gated how well equation (1) applies above the loss peak by identifying
the effective decay exponent as the minimum slope a,,,,, that is, the
slopeat theinflexion pointabove the loss peakinalog-log plot of " (w)
(ref.201). The resulting a,;, distribution is shown in Fig. 5b. Although
thereisaconsiderable spread at variance with equation (1), almost half of
thespectraobey-0.55 < a,;, < —0.45. The conclusion at the time was that
equation (1) islikely generic for the main (a) process. This was supported
by the observations that the better time-temperature superposition
applies, the closer a.,,;,isto —0.5 (refs. 201,202), and that, furthermore,
thea,,;, distribution narrows around -0.5 as temperature is lowered".

The past decade has brought much progressin elucidating equa-
tion (1) in relation to dielectric relaxation. In 2016, a correlation
between the stretching exponent § and the dielectric strength of a
liquid was demonstrated*®. This was later confirmed by demonstrating
that the high-frequency power-law exponent 8= - a,;, obeys > 0.5
for g > 1 (ref. 204) (Fig. 5d) in which gy is the Kirkwood correlation
factor, a quantity that is unity if the dipole vectors of different
molecules are statistically uncorrelated, as expected, for example, for
systems of small dielectric strength.

Further clarification of the situation came by comparing dielectric
and dynamic light scattering (DLS) data®”. Whereas the former show
asizeable spread of high-frequency exponents a,,;, (Fig. 5b), equation
(1) is clearly visible in the DLS data on quite different glass-forming
liquids (Fig. 5d). The deviations at high frequencies for some liquids are
probably owing to S processes. Dynamic shear-modulus data present
asimilar picture (Fig. 5a).

Arguing that the cross-correlation terms in the time-
autocorrelation function are insignificant for DLS butimportant for the
dielectric relaxation®***”, the new understanding is that orientational

self-correlations give rise to equation (1) whereas cross-correlations are
responsible for deviations from equation (1). The cross-correlations
lead to alow-frequency Debye process, just as previously established
for monoalcohols in which the slow Debye process completely domi-
nates the dielectric response?*?°®, The cross-correlations are also vis-
ible onthe low-frequency side of shear-modulus data of monoalcohols,
explaining the lack of overlap on the low-frequency side of Fig. 5a.

These new results make a strong case for an underlying generic
linear response in supercooled molecular liquids. There is evidence
that thisapplies also for covalently bonded systems®”’. Important ques-
tions remain, however, including the temperature range over which
the generic behaviour is observed”®. It is important to note that even
ifthereisanunderlying universalllinear response, knowing the generic
shapeisnotenough to determine everything of relevance. Forinstance,
the decoupling of translational motion from the a process increases
progressively astemperature islowered, so the degree of decoupling —
which, asmentioned, reflects dynamic heterogeneity*>”>7¢7521 — cannot
be causally related to any generic linear response. Conversely, it is also
worth noticing that the possible existence of an underlying universal
linear response has consequences for glassy states because the standard
Narayanaswamy material-time glass-ageing theory*>*“isbased on a
linear-response convolution kernel of the equilibrium liquid>®.

An obvious way to test for equation (1) would be by computer
simulations. Unfortunately, computers are not yet fast enough to
cover the full dynamics of realistic molecular glass-forming liquids
approaching the calorimetricglass transition®’?, Long simulations of
the dielectric relaxation of ortho-terphenyl were fitted to a stretched
exponential, resultingin an exponent Sthat decreased with decreasing
temperature toapproach 0.5, although with no sign of stabilizing at this
value?”. Simulations of polydisperse point particles have managed to
gotoanimpressive 30 ms, with high-frequency linear-response losses
o< @?inwhich =0.45in2D and = 0.38 in 3D'*. It is not clear how to
reconcile theseresults with the generic experimental findings, and this
isanimportant area for future work.

An alternative suggestion of a generic linear response of
glass-forming liquids, which is not rigorously compatible with
equation (1), focuses on the dynamic mechanical properties®. For
arange of different liquids, the dynamic ‘fluidity’ (inverse complex
frequency-dependent shear viscosity) is well described by the predic-
tionof therandombarrier model (RBM) that has no shape parameters.
Thisfindingis surprising because the RBMis highly idealized by mod-
elling the hopping of non-interacting particles in arandom landscape
with identical energy minima*"*?2, The result has been confirmed by
extensive computer simulations of a binary Lennard-Jones model**,
Future simulations reaching longer times and exploring additional
observables will hopefully shed light onthis; it will also beimportant to
testexperimentally for RBM-type universality with additional liquids.

Relaxation phenomena can be described by replacing time with
thedistancetravelled in configuration space’******, Different measures
have been proposed to quantify this distance: for example, the inherent
structure minimal displacement, in terms of which temperature, pres-
sure, ageingand other effects are unified viaapower-law relation with the
mechanical damping factor”***, Yetanother perspective is thatanumber
of ‘simple’ behaviours constitute the essential features of many super-
cooled liquids®.Suchbehaviours include time-temperature superposi-
tion, density (thermodynamic) scalingand isochronal superposition*”?%
(the property that any two state points in the thermodynamic phase dia-
gramwith the same relaxation time have the same relaxation function).
Thelatter behaviour, along with density scaling, has beenidentified both
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inexperiments and simulations, and it canbe understood withisomorph
theory:the properties of systems with isomorphs depend onjust asingle
state variable, a fact that makes the 2D thermodynamic phase diagram
effectively 1D**"**%, Reference * suggests that addressing the origin
of simple behaviours of supercooled liquids, rather than focusing on
universality, may provide a fruitful path of reasoning.

The past decade has seen a rapid advance in the power of com-

puter simulations, enabled by new equilibration algorithms and faster
processors. Inaddition, machine learning isincreasingly being used to
rationalize glassy dynamics**"* and, in particular, to develop realistic
force fields that describe laboratory systems of interest'¥’??°, These
developments will lead to closer connections between simulations
and experiments, and we anticipate that such connections will be par-
ticularlyimportant for evaluating whether — and to what extent — the
linear response of supercooled liquids is universal.

Outlook

Glass-forming liquids are extremely diverse. Compared to the clas-
sical case of universality in critical phenomena, glass science is far
more complex and confusing. It provides a perfect illustration of the
latent ‘physics-versus-chemistry’ enigma of honouring a huge diver-
sity while, at the same time, keeping an open mind towards potential

universality

21,29

Physics and chemistry are both indispensable for revealing how

nature works. Having in mind the contrasting emphasis of the two
disciplines, one is reminded about the statement of Niels Bohr that
while the opposite of asimple truthis plainly wrong, the opposite of a
deeptruthisanother deep truth. Inour opinion, whenit comesto glass
science, universality and specificity both reveal deep truths.
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