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ABSTRACT: Atomic structure dictates the performance of all materials systems; the

characteristic of disordered materials is the significance of spatial and temporal fluctuations on
composition—structure—property—performance relationships. Glass has a disordered atomic

arrangement, which induces localized distributions in physical properties that are

conventionally defined by average values. Quantifying these statistical distributions (including

variances, fluctuations, and heterogeneities) is necessary to describe the complexity of glass-

forming systems. Only recently have rigorous theories been developed to predict

heterogeneities to manipulate and optimize glass properties. This article provides a

comprehensive review of experimental, computational, and theoretical approaches to

characterize and demonstrate the effects of short-, medium-, and long-range statistical

fluctuations on physical properties (e.g., thermodynamic, kinetic, mechanical, and optical) and

processes (e.g, relaxation, crystallization, and phase separation), focusing primarily on

commercially relevant oxide glasses. Rigorous investigations of fluctuations enable researchers

to improve the fundamental understanding of the chemistry and physics governing glass-

forming systems and optimize structure—property—performance relationships for next-generation technological applications of glass,
including damage-resistant electronic displays, safer pharmaceutical vials to store and transport vaccines, and lower-attenuation fiber
optics. We invite the reader to join us in exploring what can be discovered by going beyond the average.
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1. INTRODUCTION

Glasses are a vital component of the modern world due to their
unique combination of material properties, includin% high
optical transparency, chemical durability, and strength.” New
breakthroughs in the fundamental understanding of glass
chemistry and physics are needed to address global challenges
for which glass materials play a crucial role, in areas including
information technology (e.g, next-generation displays, aug-
mented reality, memory storage, and optical data transfer),
transportation and architecture (e.g, automotive interiors,
energy-efficient glazing, and acoustic damping materials),
energy (e.g, wind energy, photobioreactors, photovoltaics,
solid-state batteries, solar thermal, and nuclear waste
immobilization), and healthcare (e.g, pharmaceutical pack-
aging, antimicrobial glass surfaces, and bioactive glasses).1_3
The impact of glass on our world has been tremendous, but the
fundamental processes that govern its behavior are not
completely understood.”> Two main complexities that
obfuscate research efforts are that the glassy atomic structure
is disordered and evolves with time.

Deviations in microscopic structural features directly impact
the macroscopic properties and performance of a glass for each
of the applications listed above. For example, consider the role
of glass applications in information technology, such as optical
communication and quantum cryptography. Glass optical
fibers transmit data around the globe and deliver high-
bandwidth, light-speed connectivity necessary for today’s
information-driven world.® To meet the increasing demand
for reliable high-speed data transfer, the optical attenuation
(i.e., power lost or dissipated) over the length of a glass optical
fiber must be minimized. Attenuation in low-loss optical fibers
is dominated by Rayleigh scattering, which is in turn governed
by atomic density fluctuations in the glass fiber.” * Increased
localized density fluctuations scatter more light, thereby
dissipating more power within the optical fiber.”® Localized
atomic-scale fluctuations similarly impact crystal nucleation,
phase separation, relaxation modes, compaction, and crack
propagation in glass products, as discussed in sections 6—10 of
this review.

The deviations of the atomic structure from the average, in
space and time, are referred to as spatial and temporal
fluctuations, respectively. To date, most studies omit spatial
and temporal fluctuations and instead evaluate glass perform-
ance solely based on the mean-field description of structural
features.”"* In practice, glasses with similar average values can
behave differently, and statistical distributions of microscopic
features play a pivotal role in uncovering the phenomena that
govern the differences in the observed properties and
performance of glass-forming systems. Underscoring the
criticality of fluctuations in disordered systems, the 2021
Nobel Prize in Physics was awarded to Giorgio Parisi “for the
discovery of the interplay of disorder and fluctuations in
physical systems from atomic to planetary scales.”*~"” Critical
work, and reviews of such work, have been conducted by the
theoretical statistical physics community, who are responsible
for recent advances related to the fundamental physical nature
of model glassy systems, including spin glasses, binary
Lennard-Jones systems, hard disks or spheres, jammed systems,
quantum fluctuations, etc.'®™>’ However, a comprehensive
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review of the physical chemistry of spatial and temporal
fluctuations of structural glass materials (e.g., oxide, metallic,
and chalcogenide glasses) is currently missing. The following
paper takes a first step toward filling this gap by examining the
impact of fluctuations, while focusing on oxide glass-forming
systems with commercial applications.

This article provides a comprehensive review of various
experimental and computational techniques to characterize and
evaluate the effect of spatial and temporal fluctuations on
physical properties and processes that are critical for
commercially relevant glass systems (primarily oxide glasses)
and applications. This article begins by mathematically
defining fluctuations, and then explains the community’s
current understanding for the thermodynamic and kinetic
origins of fluctuations in glass-forming systems, followed by an
introduction to experimental and computational techniques
that characterize and model fluctuations. Next, this review
provides an analysis of recent work investigating how
fluctuations impact glass relaxation, crystallization, phase
separation, mechanical properties, and optical properties.
Readers less familiar with glass structure and terminology are
invited to start with section 1.1 and the List of Key Terms
provided at the end of this review. Readers with a thorough
background in the mathematical, kinetic, and thermodynamic
origins of fluctuations and standard experimental and
computational techniques within the structural glass science
field are invited to jump to sections 6—10 for applications of
fluctuations linked to structure—property—performance rela-
tionships. The scope of this paper focuses on the non-
equilibrium glassy state; however, especially when discussing
relaxation (section 6) and nucleation (section 7), the
equilibrium supercooled liquid state is highlighted to address
the importance of the parent liquid state and thermal history
during glass synthesis in dictating the formation of spatial and
temporal fluctuations in the glassy state.

Understanding the impact of fluctuations on properties and
processes will not only enable researchers to improve
fundamental knowledge of the chemistry and physics
governing disordered systems but also aid in the design of
new glasses with optimized or unusual properties and
performance, wherein fluctuations can be leveraged as an
additional degree of freedom (besides the mean-field
structure). In this review article, we explore the consequences
of statistical fluctuations in glass-forming systems and invite
the scientific community to join us in exploring beyond the
average.

1.1. Glassy Atomic Structure

While fluctuations (i.e., deviations from the average) occur in
all material systems, their impact on structure—property—
performance relationships is especially critical for structural
glasses. One example of fluctuations in a nonglassy system is
the variation of solute concentration within a solvent. Locally,
some of the solute ions might be closer together and some
might be farther apart, but neither region is exactly at the
average bulk concentration. The distinction is that, in the
solution, ions are freely mobile, whereas in glass the atoms are
considered “frozen” into the disordered arrangement; hence,
the spatial fluctuations are semipermanent. Glass not only lacks
long-range ordered structures, but it is also a nonequilibrium
material that appears like a solid on a short time scale but
contirlnzlé)usly relaxes toward the liquid state on a longer time
scale.”

Depending on the temperature and pressure, the time scale
of interest for temporal fluctuations ranges from seconds,
minutes, hours, to millennia and above.' Glass structure
exhibits fluctuations on three length scales: short (~first
nearest neighbors), medium (~second or third nearest
neighbors), and long (a few nanometers and above). Figure
1 is a two-dinemsional (2D) schematic contrasting the

Figure 1. Two-dimensional schematics of (a) noncrystalline SiO,, i.e.,
the glassy atomic structure, and (b) crystalline SiO,, ie., the f-
cristobalite atomic structure, where the blue smaller circles are silicon
atoms and the orange larger circles are oxygen atoms. Both structures
contain short-range order of 2-fold coordinated oxygen atoms and 4-
fold coordinated silicon atoms and fairly similar average Si—O bond
lengths. The crystalline structure (b) has uniform silicon rings and
long-range periodicity, whereas the glassy SiO, structure (a) shows a
distribution of 3—7-membered silicon rings and lacks a long-range
pattern.

disordered atomic structure of glassy SiO, to that of the
ordered, crystalline SiO, (f-cristobalite). The p-cristobalite
structure shown in Figure 1b exemplifies how crystalline
materials possess atomic order on all three length scales. In
contrast, glass (shown for silica glass in Figure la) possesses
short-range order (where the Si atoms are mostly 4-fold
coordinated and O atoms are mostly 2-fold coordinated),
limited medium-range order (a distribution of ring structures
often ranging from ~3 to 10 members, in terms of the number
of Si atoms they comprise), and no long-range periodicity."
Over the three length scales, the noncrystalline structure of
glassy networks induces various distributions of spatially and
temporally fluctuating features (e.g., bond lengths, bond angles,
coordination numbers, polyhedral connectivity, density, and
elasticity), unique from the crystalline counterparts of the same
material.

Common structural glass compositional families include
oxide glasses that contain oxygen (e.g, silicates, borates,
phosphates, aluminates), chalcogenide glasses with chemistries
predominately containing chalcogen elements (e.g., S, Se, Te),
and metallic glasses with chemistries predominantly containing
metallic atoms. Considering both commodity and specialty
glass applications, 95% of the commercial tonnage of glass
consists of oxide glasses, with silica-based glasses being the
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largest percentage by far.' Therefore, while the theories
discussed in this review article apply to all glass-forming
systems, the provided examples primarily focus on oxide
glasses.

The short-range structure of oxide glasses refers to
distributions in the cation—anion pairs. In oxide glasses, the
cations are traditionally classified as being network formers,
network modifiers, or network intermediates. Network-forming
cations, such as Si, P, and B, form strong covalent bonds with
oxygen to form the backbone of the glass network, while
network-modifying cations, such as alkali and alkaline earth
ions, modify the network by forming weaker ionic bonds with
oxygen. Network intermediates act as either network formers
or modifiers, depending on their chemical environment in the
glass-forming system.””” ™" In oxide glasses, oxygen is the only
anion. Each oxygen can either be a bridging oxygen (BO)
bonded to two (or potentially three) network formers or a
nonbridging oxygen (NBO) bonded to one network former.
Each modifier ion has multiple ways to alter the structure and
resulting material properties, as shown in Figure 2 for a sodium

Figure 2. Examples of how modifier ions can affect network-former
sites in a sodium borosilicate system. (a) Na,O introduced to a
borosilicate glass network. The two Na* ions in an Na,O molecule
can (b) break an O—Si bond and form two NBOs or (c) charge-
compensate a boron, converting the boron from 3-fold coordination
to effective 4-fold coordination.

borosilicate glass. The introduction of the modifier Na,O is
shown to modify the borosilicate network by either decreasing
the number of BOs by breaking a Si—O—Si bond (Figure 2b)
or converting trigonal boron to an effective 4-fold coordina-
tion, which increases the number of BOs (Figure 2c).
Statistical mechanics can quantify the probability of a modifier
occupying each available site in the structure, and for the
sodium borosilicate example, there is a nonzero probability

associated with a given Na" ion breaking the Si—O—Si bond or
converting boron to an effective 4-fold coordination (see
section 5.2).

Note that the site occupations illustrated in Figure 2, parts b
and ¢, change the bonding structure and therefore the
properties of the glass-forming system, such as the rigidity of
the network. Rigidity is a unitless scaling factor that defines the
flexibility of a bond length or angle, where a rigid bond length
or angle acts as an interatomic constraint that confines the
atomic position. Highly rigid bond lengths or angles are
characterized by small standard deviations of bond length and
bond angle, respectively, as shown for bond A and angle a of
Figure 3. Conversely, flexible or broken constraints are

Figure 3. Schematic of rigid and flexible (a) bonds and (b) angles for
an arbitrary atom (black circle) that is bonded to three or four other
atoms (white circles). The dotted white circles indicate the magnitude
of radial or angular excursions around the mean. Small standard
deviations of bond length (A) or bond angle () represent a rigid
bond/angle. Large standard deviations of bond length (B) or bond
angle (f3) represent a flexible bond/angle. Reprinted with permission
from ref 32. Copyright 2011 Elsevier B.V.

characterized by broad standard deviations in bond length
and/or angle, as shown for bond B and angle 8 in Figure 3. As
rigid bonds/angles are broken, the network’s rigidity and the
total number of constraints decrease.

In silicate, germanate, and phosphate glasses, the short-range
structural units are the Si, Ge, and P tetrahedral units,
respectively, and, for borate glasses, it is the B trigonal unit.
The short-range structural units in oxide glasses are called Q"
units, where n is the number of BOs bonded to the network-
forming atom. The potential short-range structural units in
silicate glasses are shown in Figure 4. Note that, for some
network formers, such as boron and phosphorus, the
unoccupied Q" speciation is Q° rather than Q*, due to boron
being 3-fold coordinated and phosphorus having an electron
pair. The finite options of Q" species creates uniform short-
range order; however, each Q" species will have a distribution
of bond lengths and bond angles. Additionally, coordination
number may change with composition (further discussed in
sections 4—10). These Q" species can then bond together to
form varying ring sizes, where the length of the ring is labeled
based on the number of network-former atoms within a closed
loop. For example, Figure la shows seven-, three-, and five-
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Figure 4. Five potential Q" species of SiO,, where # is the number of
BOs bonded to the central Si atom.

membered rings. Note, not all studies on glass-forming systems
implement the Q" notation because it was originally designed
for tetrahedral units. In this paper, the Q" notation is used to
categorize different coordination numbers of network formers
because it is a convenient and common means of unifying the
structural unit notation.

2. MATHEMATICAL DESCRIPTION OF
FLUCTUATIONS

Before analyzing the impact of fluctuations on glass properties
and processes, the term fluctuations need to be defined
precisely and mathematically. A fluctuation is a deviation of the
local value (for spatial fluctuations) or instantaneous value (for
temporal fluctuations) of a property from its mean value.
Capturing the fluctuations of a property entails calculating the
full distribution of that property, which can be done with an
understanding of the mathematical moments of a distribution.

2.1. Moments of a Distribution

The statistics of any distribution are quantified using
mathematical moments, where the i order raw moment of a

given function f(x) is defined as

The first-order (i = 1) raw moment of a function is its mean,
i.e,, average value, given by

i= [ af) dx = (1) @

The higher-order moments (i > 1) are typically defined as
central moments about the mean, with the general form being

w= [ G- ) 5

As an example, consider the second-order central moment (i.e.,
i = 2), which is called the variance of the function and is given

by
o /—: (e = p)’f () dx = ([f(x) = (f())T) (4)

The higher-order moments beyond the second-order central
moment (i.e., skewness, kurtosis, hyperskewness, hypertailed-
ness) mathematically capture the asymmetry and tailedness of
a distribution. Since many material property distributions are
often assumed to follow a normal (i.e., Gaussian) function that
has zero skewness, this review article will focus primarily on the
second-order central moment. Therefore, when referring to the
magnitude of “fluctuations” or “heterogeneities”, we typically
discuss the variance or standard deviation of the property

distribution. The standard deviation of a function is the square
root of the second-order central moment (i.e., variance) given

by

o= Ji, = (&) — ()T (3)

2.2. Time and Ensemble Averages

There are two domains of fluctuations to consider: time and
ensemble. To differentiate the two, consider the analogy of
driving. A road trip from Philadelphia, Pennsylvania, U.S.A. to
New York City, New York, U.S.A. is ~90 miles, and the trip
takes ~1.5 h by car. On the basis of the average mileage, the
car could be assumed to drive 60 mph during the entire trip;
however, in reality the car may have been driving 40 mph on
residential streets, and at other times the car may have been
driving 80 mph on the highway. This scenario reflects time
domain fluctuations, i.e,, how a property (the speed of a car)
varies with time. If instead the scenario is the distribution of
the speeds of many cars driving on the same road, this would
be considered as an ensemble domain, i.e., how the speed of a
car varies compared to the other cars. Note that a time average
of some property A is denoted as A, while the ensemble
average of that same property is denoted as (A).

Considering the ensemble average case, fluctuations are

defined as
SA = A — (A) (6)

Rather than the change in property A, fluctuations can also be
expressed using the variance as discussed in eq 4. The variance
in property A is hence given by

0," = ((8A)) = ((A - (4))") (7)
0y’ = (A) — (A) (8)
or equivalently

GAZ — ZP]AIZ _ <A>2
j (9)

where p; is the probability of obtaining property value A;. The
distinction between time and ensemble domains plays a critical
role in glass-forming systems because glasses are characterized
by broken ergodicity, which will be discussed in the next
section.

2.3. Statistics of Nonergodic Systems

An ergodic system is one that has the same behavior averaged
over time as averaged over the ensemble of all the system’s
states in its phase space.” Mathematically, ergodicity is
achieved when the time average of a property equals its
ensemble average:

A = (A) (10)

The ergodic hypothesis states that a system will become
ergodic in the limit of infinite time; in other words, ergodicity
is restored in the limit of infinite observation time for any
system within a given phase space and finite temperature and
pressure.”**

To elucidate the concept of ergodicity, recall the driving
analogy from section 2.2. Consider the set of all cars driving on
the same road, where the road has a universal speed limit. The
average speed is measured by driving a car for a long time
across the entire road (ie., time average) or, equivalently, by
having many people drive their cars on different parts of the
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road (ie., ensemble average). When ergodicity is valid, these
two scenarios will lead to the same measured average speed.
However, ergodicity will break down if at least one path
becomes less accessible, e.g., a car accident or road work that
slows down or restricts access to a portion of the road. In this
scenario, the time average is not equal to the ensemble average,
so the condition of ergodicity does not hold. In fact, a traffic
jam is a specific example of a more general “jamming
transition,” which involves a transition from an er%oc]ic to a
nonergodic system, i.e., a breakdown of ergodicity.”***

A breakdown of ergodicity results from having an internal
relaxation time scale much longer than the external observation
time scale, which causes the system to be unable to explore the
complete phase space of the material. In glass-forming systems,
a breakdown of ergodicity occurs as the atoms are frozen in
place during the glass transition, i.e., as the system is cooled
from the metastable equilibrium supercooled liquid state to the
nonequilibrium vitreous, rigid state (further discussed in
section 3). Glass relaxation is a unifying process by which
ergodicity is spontaneously restored in the limit of long time
(further discussed in section 6).

To model the physics of broken ergodicity, a statistical
mechanical framework developed by Palmer®’ is often
employed, which partitions the complex nonergodic system
into a set of disjoint, internally ergodic regions, called
components or metabasins. Each metabasin I', consists of a
set of atomic microstates where the probability of transitioning
between metabasins is assumed to be negligible. In other
words, if a system is in a particular metabasin I';, at time ¢,
there is an insignificant probability of the system leaving that
metabasin over the observation time t + f,,. However, all
microstates within a metabasin are mutually accessible on a
time scale much shorter than ¢ + t.,, ie., internal ergodicity
holds within each I',. The complete phase space I' of the
nonergodic system is the union of the set of confined,
internally ergodic metabasins I',:

P (an
Mauro et al.*® extended the Palmer approach to enable direct
calculation of entropy loss, account for transition rates between
microstates, and, hence, create a generalized statistical
mechanical framework for continuously broken ergodicity
applicable to the glass transition. The metabasin statistical
approach to represent broken ergodic systems is critical for
modeling glass-forming systems and will be further discussed
in section 5.3.%*

2.4. Spatial and Temporal Fluctuations

Spatial fluctuations refer to how the properties vary in different
regions of the material, which encompass fluctuations in
structure and network topology (i.e., the atomic connectivity).
Temporal fluctuations refer to how the instantaneous value of
a property changes with time. Spatiotemporal fluctuations are
fluctuations in both space and time.

Even though an average value may provide adequate
estimations, a comprehensive review of spatial and temporal
fluctuations within the time and ensemble domain can
promote the fundamental physical chemical understanding of
glass-forming systems. Following the driving analogy of section
2.2, if time and ensemble domain averages omit the detail
necessary to describe something as simple as a road trip,
scientists could similarly benefit from going beyond average
values to fully describe something as complex as glass

structure—property—performance relationships. Now that the
term fluctuation has been defined for the context of this article,
the next question to address is why a high degree of spatial and
temporal fluctuations is present in glass-forming systems.

3. KINETIC AND THERMODYNAMIC ORIGIN OF
FLUCTUATIONS IN GLASS-FORMING SYSTEMS

The kinetic and thermodynamic origins of spatial and temporal
fluctuations relate to the nonequilibrium nature of glass.
Thermodynamics determines the driving force for the
transition from the nonequilibrium glassy state to the lower-
free energy, metastable equilibrium, supercooled liquid state.**
Kinetics sets the rate and intermediate steps required for the
transition to occur.”* Spatial and temporal fluctuations in glass-
forming systems are historically difficult to characterize;
however, their presence in glass-forming systems induce
kinetic and thermodynamic fluctuations, which can be
modeled using molecular dynamics, Monte Carlo, and
statistical mechanics (see sections 5.1 and 5.2). This section
discusses the driving forces for why spatial and temporal
fluctuations occur in glass-forming systems and introduces
kinetic and thermodynamic equations, which will be utilized in
sections 5.1 and 5.2.

A key characteristic that distinguishes glasses from
amorphous solids is that glasses exhibit a glass transition, i.e.,
a continuous, kinetic transition between the supercooled liquid
and glassy states." This kinetic transition is shown in the
volume—temperature (V—T) diagram (Figure 5).>” The

Figure S. Volume—temperature diagram, which plots the comparative
volumes of a system in its liquid, supercooled liquid, glass, and crystal
states at various temperatures. Ty, is the melting temperature (which
only depends on the liquid composition), and T; is the fictive
temperature (which depends on the liquid composition and cooling
rate).

system is in the equilibrium liquid state at the maximum
volume and temperature. As the system is quenched (i.e., as
temperature decreases), the system reaches the melting
temperature T, where the system can undergo a first-order
thermodynamic phase transition into the equilibrium crystal
state. If the system is quenched faster than the rate at which
the atoms kinetically rearrange into the equilibrium crystalline
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state, the system enters the metastable equilibrium supercooled
liquid state without crystallizing. The room-temperature
volume (and therefore density and material properties) of a
glass depends on the fictive temperature T at which the glass
deviates from the supercooled liquid state."** A slower quench
rate results in a lower T, which allows the atoms to have more
time to rearrange, and usually results in a more compact
atomic structure (i.e., lower volume, denser) room-temper-
ature glass, with properties that approach those of the
supercooled liquid. With more time for the atoms to
reorganize, especially at elevated temperatures, the glass will
relax toward the metastable equilibrium supercooled liquid
state.

A rate of 10 K/min is used to define the calorimetric glass
transition temperature T, (often defined by its corresponding
viscosity of ~10'* Pa's for inorganic glasses),”’ which is a
constant for a given glass composition, while T; varies
depending on the thermal history (i.e.,, quench rate) imposed
during processing. In Figure 5, a glass refers to the
nonequilibrium state at temperatures below Tj a glass-forming
liquid refers to the equilibrium liquid state above Ty and a
glass-forming system refers to the system at all temperatures.

The kinetic theory of glass formation states that any liquid
can be vitrified (i.e, formed into a glass) if it is cooled
sufficiently fast to avoid crystallization.” The kinetic driving
force for a transition to occur is the activation energy and time
required for an atom to rearrange, which could involve
breaking or reforming bonds. The thermodynamic driving
force is the net change in free energy, e.g., Gibbs free energy
AG, which at constant temperature is given by

AG = AH — TAS (12)

Here AH is the change in enthalpy, T is the absolute
temperature, and AS is the change in entropy. As seen in eq
12, the change in enthalpy and entropy dictates whether a
transition will be spontaneous (AG < 0) or nonspontaneous
(AG > 0). When AH and AS have the same signs, a
competition forms to dictate the spontaneity of a reaction. The
competition between the enthalpic and entropic factors
induces distributions in the probability of site occupation
(see sections 5.2 and S.3), and therefore the formation of
spatial fluctuations.

3.1. Kinetic-Derived Properties

Kinetically driven properties of specific interest for glass-
forming systems, and where temporal fluctuations are most
critical, include glass relaxation, crystallization, and phase
separation (see sections 6—8). Each of these kinetic properties
is influenced by the constraints of the glass’s nonequilibrium,
noncrystalline, and nonergodic nature, and the common
underlying driving factor centers around entropy production.
As established by the second law of thermodynamics, the
entropy of an isolated system increases with time. However, as
with every law of macroscopic physics, systems are subject to
fluctuations, that is, there is a nonzero probability to observe
negative entropy production in physicochemical systems."”
The fluctuation theorem quantifies statistical fluctuations in
entropy production for equilibrium and nonequilibrium
systems. Derivations from the fluctuation theorem have led
to theorems such as Green—Kubo relations which are often
used to define the kinetics of glass-forming systems within
modeling approaches such as molecular dynamics (MD)
(further discussed in section S.1).

The mathematical framework of Green—Kubo relations and
calculation of transport phenomena in glass-forming systems
begins with an understanding of time correlation functions,
which dg?ne the correlation between two properties (A and B)
in time: "

Cap(t) = (5A(t)5B(0)) (13)

A high correlation C,p indicates that properties A and B exhibit
highly correlated fluctuations, and a value of C,; = 0 means
that the properties are completely uncorrelated.’® If A and B
are the same property (A = B), eq 13 represents the
autocorrelation function, which defines the correlation of a
property with itself over time. Properties that vary quickly have
a low autocorrelation function, since they quickly lose the
memory of their past states. Equation 13 is of interest in this
review because macroscopic properties can be calculated using
the integrals of the correlation functions, and experimentally
measured spectra can be related to the Fourier transforms.”***
For example, MD investigations of glassy kinetics are often
based on Green—Kubo relations, which involve the infinite
time integral of an autocorrelation function at equilibrium for
an arbitrary transport coeflicient y:

= A()A(0)) dt
r= [ (A0Aw©) ”
where A is the time derivative of property A. Each y is
calculated using the corresponding Einstein relation:**

27t = ((A(t) = A(0))") (15)

This approach of implementing time correlation functions has
been used to derive equations for transport properties such as
diffusivity, shear viscosity, volume viscosity, and thermal
conductivity,“’*45 and, most relevant for the purposes of this
review article, dynamical heterogeneities, which are regions of
slower or faster kinetics caused by chemical or structural
fluctuations in condensed systems. Green—Kubo relations have
also been used to uncover interesting nonmonotonic relaxation
behaviors of the various property standard deviations such as
density fluctuations (see section 5.1).****

Green—Kubo and Einstein relations for the transport
coefficients in a nonequilibrium steady state are derived
using the fluctuation theorem, specifically by assuming that the
probability distribution of the time-averaged dissipative flux is
Gaussian. The Green—Kubo equation is based on the
fluctuation—dissipation theorem, a linear response theory.***’
Work by Searles and Evans*® has shown that the Green—Kubo
relations are not valid in the nonlinear regime when a system is
driven far from equilibrium, which has called into question the
validity of these assumptions when modeling glass-forming
systems."” Similarly work by Malek Mansour and Baras** has
shown that the underlying fluctuation theorem exhibits
limitations in its ability to describe dynamic properties
correctly within nonequilibrium systems. Sections 4—10 of
this article review the glass community’s recent advances in
characterizing and modeling temporal fluctuations of kinetic
properties and processes; however, future work is required to
further develop the underlying theorems for applicability
toward structural glass-forming systems. For example, common
computational techniques, such as molecular dynamics, still
implement Green—Kubo relations which assume a Gaussian
time-averaged dissipative flux, even though dynamical hetero-
geneities in glass-forming systems manifest as nonmonotonic,
non-Gaussian probability distributions.
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Table 1. Thermodynamic Properties Derived from the Fundamental Equation in Eq 16

definition of variables

Cy = isochoric heat capacity

G

a = thermal expansion coeflicient

= isobaric heat capacity

Pr = isothermal compressibility
Ps = adiabatic compressibility
@; = thermal strain

S = entropy T = temperature

V = volume H = enthalpy
P = pressure U = internal energy
0;; = stress p = chemical potential

&; = strain N = no. of moles

derived properties

dU0 1(0°G
=) Pe= 7[?)
N,V P T,N
a g
5-(5) h=y ZTH]
N,p S,N
1( 0°G
~ vl|aror
N

3.2. Thermodynamic-Derived Properties

Properties such as heat capacity, thermal expansion coefficient,
and compressibility can be calculated from quantified
fluctuations in thermodynamic parameters. This section
mathematically defines such relations that are used to link
microscopic fluctuations to macroscopic properties (see
sections 5.1.3 and 5.2.4).

Thermodynamic parameters (internal energy U, temperature
T, entropy S, pressure P, volume V, chemical potential y, and
amount of species N) are related through the fundamental
equation of thermodynamics:

dU = TdS — pdV + udN (16)

The first and second derivatives of the fundamental equation
relate all thermal, mechanical, electrical, and magnetic
thermodynamic properties.* A few example manipulations of
averaged thermodynamic parameters are shown in Table 1,
where each equation shown can be calculated from quantified
microscopic fluctuations. Below is an example derivation for
how the known microscopic fluctuations in internal energy,
enthalpy, and volume mathematically define the bulk heat
capacity and thermal expansion coeflicient for any system.

Thermodynamic variables fluctuate, even at equilibrium.
Suppose the internal energy of the system U is the only
fluctuating variable (i.e., all other extensive parameters are held
constant). The deviation of U — U is a fluctuating variable of
average value zero. Recall from section 2 that the variance of U
in the time domain is given by

doy* = (U-0) = (L) - (O = Y pU’ - (O
j

17)
where p; is given by
1 ( U
p = - expl———
Sz kgT (18)

kg is Boltzmann’s constant, T is the absolute temperature, and
Z is the partition function to normalize the summation of all p;
values to unity. Note that eq 18 assumes that all states are
accessible, and therefore, eq 18 only applies to glass-forming
liquids or within a metabasin where internal ergodicity is
achieved. Manipulating eq 17 and applying the product rule to
the derivative simplifies as

P
2 2 2
zj:qu = kT~ + T

(19)
Combining eq 17 and eq 19 then gives
_ oU
2 2 2 2
oy =, pU — U = kT —
z,-: T (20)

Following Table 1, the isochoric heat capacity is given by

dU
c., ==
Y (dT ]N,V (21)

Substituting eq 21 into eq 20 reveals that the variance of the
energy fluctuations is directly proportional to the isochoric

heat capacity:
oy’ = ((6U) )wyr = ksT*Cy (22)

A variety of thermodynamic properties can be calculated from
the underlying microscopic fluctuations in this way. For
example, if the same derivation shown in eqs 16—20 is
repeated for fluctuations of enthalpy instead of internal energy,
a direct relationship between the variance of the enthalpy
fluctuations and the isobaric heat capacity Cp is revealed:

GHZ = ((5H)2>NPT = kBTZCP (23)

Similarly, the volumetric thermal expansion coefficient is
uncovered through a cross-correlation of volume and enthalpy
fluctuations:

(6VSH )ypy = kpT*Var (24)

Recall that glass is a nonergodic system, meaning that the time
average does not equal the ensemble average of a
thermodynamic property. Palmer’s approach to account for
broken ergodicity is to consider that the individual microstates
are grouped together into metabasins satisfying the conditions
of internal ergodicity and confinement (see section 2.3).3%Y
Take the energy fluctuations again as the example. Within a
given metabasin @, the variance of energy fluctuations is given
by

oy,

a

oT (25)

(O'UZ)a = kBT2
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Considering p, as the probability of the system being confined
to metabasin ¢, then the expected value of Cy is an ensemble
average over all metabasins, given by

C = — (0 = O,
(Cy) kBT2< u) kBTz ;Pa( U )a (26)
and similarly
1 2 1 2
Cp) = — (o = P(o
< P> kBT2< H > kBT2 Za: a( H )a (27)

For more detailed derivations of equations linking microscopic
fluctuations to bulk thermodynamic properties, refer to ref 34,
and for discussions of techniques that model thermodynamic
fluctuations, refer to sections 5.1 and S5.2.

4. CHARACTERIZATION TECHNIQUES

Experimental techniques capable of precise and quantitative
measurements of structural and topological fluctuations are
critical for characterization of spatial and temporal fluctuations
in glass. This section introduces experimental techniques
which characterize structural and topological fluctuations.
Short- and medium-range order structural units in glass-
forming systems are often characterized with spectroscopic and
diffraction techniques such as nuclear magnetic resonance
(NMR), X-ray, neutron, and electron diffraction, vibrational
spectroscopy, and small-angle scattering (SAS). Various
features of spatial fluctuations can thereby be characterized,
such as Q" speciation from NMR, bonding fluctuations from
diffraction or vibrational spectroscopy techniques, ring size
analysis from Raman spectra, and density fluctuations from
SAS.

In glass-forming systems, distributions in microscopic
features can induce fluctuations in macroscopic properties.
For example, atomic voids create density fluctuations and
thereby induce refractive index variations which lead to
Rayleigh scattering. Due to the complex nature of character-
izing medium-range structure, spatial fluctuations are often
studied indirectly through property analysis, such as atomic
density and refractive index measurements. Positron annihila-
tion lifetime spectroscopy (PALS) directly characterizes the
size of voids to link to density fluctuations and Rayleigh
scattering in glass-forming systems.

A myriad of experimental techniques, such as dynamic light
scattering,"” have been used to characterize nonexponential
and non-Arrhenius behaviors in glass. Further discussion into
these and additional methods to characterize spatiotemporal
fluctuations for specific properties are introduced in sections
6—10. The experimental techniques discussed in this section
have not been newly developed specifically for spatiotemporal
fluctuations in glass-forming system, and therefore, the
standard operating procedures and mechanisms of the
processes are not within the scope of this review article. In
metallic glasses or crystals, spatial fluctuations at small length
scales can be imaged with high-resolution transmission
electron microscopy techniques, but the same methods do
not work well for nonconducting glass materials, such as oxide
glasses.DO Therefore, electron microscopy techniques will also
not be discussed.

4.1. Nuclear Magnetic Resonance: Q" Speciation Analysis

With solid-state NMR, the effects of atomic coordination,
bond length, bond angle, and Q" speciation distributions in

glasses can be observed. NMR spectroscopy probes differences
in magnetic field shielding imposed by surrounding atoms on
the quantum mechanical transition of nuclear spin states under
resonant electromagnetic irradiation.”*” Magic angle spinning
(MAS) NMR spectroscopy spins the sample at an angle of
54.74° with respect to the magnetic field direction to produce
higher resolution NMR spectra for solid-state materials.
Through various pulse sequences and spectral editing, MAS
NMR can detect structural information on the first and second
coordination of network-forming elements; however, deconvo-
lution of the peaks is often complicated.”>** For glassy
materials, the MAS NMR spectral features are quite broad,
indicative of the broad distributions of nonuniform atomic
arrangements around the atoms being probed.” In contrast, in
crystalline solids, the surrounding atom positions are governed
by uniform packing structure, allowing the MAS NMR spectra
to produce very sharp peaks with distinct chemical shifts, each
of which correspond to specific structural units.

The NMR spectral features for aluminosilicate glasses are
defined using Q;, notation for tetrahedral Si units, where n is
the number of bridging oxygens per structural unit, similar to
the Q" speciation notation introduced in section 1.1. The
subscript m is the number of bonded AlO, units (0 <m <n <
4).> As an example, the °Si MAS NMR spectra of anorthite
CaAl, 81,04 glass and the corresponding crystalline compound
are compared in Figure 6.>> The °Si MAS spectrum (Figure

Figure 6. °Si MAS NMR spectra of (a) glass and (b) crystalline
phases of anorthite CaAlSi,Og. The crystalline phase shows eight Q}
sites, and the broad glass peak is deconvoluted into Qj, Q% and Q}
structural motifs. Reprinted with permission from ref 55. Copyright
2013 American Chemical Society.

6b) of the crystalline phase extends over 10 ppm, with eight
sites of similar chemical environment of Qf. In contrast, the
spectrum for the glass phase (Figure 6a) is broad and
featureless, spanning more than 20 ppm with different Q)
chemical configurations of the SiO, tetrahedron.”

In glass-forming systems, the exact values of the chemical
shifts vary depending on the angle of Si—O—T (where T
denotes the Q"-connected tetrahedron) and the type of the T
element.>>™>" In *Si MAS NMR, typical chemical shifts of
silicon species in silicate glasses are roughly ~110 ppm for Q,
~90 ppm for Q*, ~80 ppm for Q7 and ~70 ppm for Q' species
with respect to the tetramethylsilane reference.”®> In 27Al
MAS NMR, the chemical shift is referenced with respect to 1
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M AP**(aq), and typical values for AlO, groups are ~70—80
ppm for aluminate, ~60—70 ppm for aluminosilicate, and
~35—45 ppm for aluminophosphate. Note that the precise
values vary depending on the number of Al, Si, P, and B
neighbors in the second coordination shell of AL’ If the Al
coordination increases, then the peak position shifts toward a
smaller chemical shift side, with the six coordination at nearly 0
ppm. Due to quadrupolar contributions in *’Al NMR,
deconvolution of the peak to different coordination species is
often complicated and not as straightforward as the Q"
speciation of Si.°" Typical chemical shifts for B and B!
are around 15 and 1 ppm, respectively, with respect to the
NaBH, reference.”” This band broadening in glass, compared
to that of crystalline phases, reflects the broad distribution of
structural disorders in bond length and angle.”> The bond
length and angle distributions can also be deduced from the
70 NMR analysis.®*%°

4.2. Diffraction Experiments: Bonding Fluctuations

The interatomic distance distributions can be directly obtained
from X-ray, electron, and neutron diffraction, where X-ray and
electron diffraction are more sensitive to larger atomic number
elements and neutron diffraction is more sensitive to lighter
elements.”**® These techniques measure the total structure
factor in the reciprocal space, the inverse Fourier transform of
which reveals the pair distribution function (PDF) in real
space. Total structure factor is S(k), where the scattering
vector magnitude (i.e, momentum transfer magnitude) k
defines reciprocal space distance and is given by

k= (4”/,1)Sin ¢ (28)

In eq 28, 26 is the scattering angle and 4 is the X-ray, electron,
or neutron wavelength. The corresponding real space
information is contained in the reduced PDF G(r), where r
is the atomic distance in real space.””*® The PDF provides the
structural disorder or interatomic distance distribution which
can be extracted from the peak width. The PDF g(r), the total
correlation function T(r), and the radial distribution function
RDF(r) are defined as follows:

g(r)=@+1

4nrp (29)

T(r) = G(r) + 4rrp = 4rrpg(r) (30)
and

RDE(r) = rG(r) + 4nr’p = rT(r) (31)

where p is the atomic number density. The smallest distance
peak directly corresponds to the bond length of the main
constituent of the glass network.””® Consequently, these real-
space functions make it possible to obtain distribution widths,
interatomic distances, and coordination numbers in glass
systems.

The choice of using X-ray, electron, or neutron diffraction is
determined by what element is targeted to be probed. Figure 7
exemplifies this concept by comparing neutron and X-ray total
correlation functions T(r) for glassy SiO,; peaks of lighter
elements like the oxygen—oxygen correlation are more easily
detected using neutrons, while peaks of heavier elements like
the cation-related correlation are more easily detected by X-
rays.°”” By combining X-ray, electron, and neutron

Figure 7. Neutron (blue) and X-ray (red) total correlation functions
T(r) for glassy SiO, glass. Fourier transforms of the S(k) were
performed with k... = 30 A™\. A Lorch function was used as the
modification function. Data from refs 66 and 69.

diffraction, results can show sensitivity to elements with a
diversity of atomic numbers.

Figure 7 also exemplifies the limited medium-range order
and lack of long-range order in glass-forming systems, which
manifest as spatial fluctuations in such glass systems. Notice
the broad, low-intensity peaks at 4.15 and 4.9-5.1 A. In
crystalline quartz, these peaks are as strong and well-defined as
the 3.1 A peak of the two Si atoms connected via two covalent
bonds.”” The peak at 4.15 A corresponds to the distance
between atoms connected through three covalent bonds (for
example, from the Si atom to the O atom in the adjacent SiO,
tetrahedron), and the peak at 4.9—5.1 A corresponds to the
distances between atoms connected through four covalent
bonds. This comparison reveals that there are some degrees of
partial medium-range order in the glass network beyond the
length scale of the first and second coordination shells, and
such diffraction experiments can be conducted to quantify
bonding fluctuations. However, it is difficult to deconvolute
using experimental techniques.”” To explore spatial fluctua-
tions for a glassy network in the medium range, it is often
necessary to employ combined experimental and computa-
tional approaches. With that being said, several analytical
approaches have recently been reported which can also infer
the ring size distribution from neutron diffraction.”"”*

Atomistic simulations allow visualization of structure based
on experimental diffraction data (further discussed in section
5.1). For example, in work by Onodera et al,*” experimental
diffraction data was used in conjunction with a combined
reverse Monte Carlo (RMC) and MD simulation to reveal the
mixed alkali effect in sodium potassium silicate glass. The
diffraction data was used to set the constraints for the
coordination number of silicon, bond angle distribution of O—
Si—0O, and partial pair-distribution functions within the first
coordination shell, and Q" distributions were assigned to avoid
physically unreasonable configurations.”” Confirmation of the
short-range modeling predictions in real space are shown in
Figure 8, where high-energy neutron diffraction data (Figure
8a) and X-ray diffraction data (Figure 8b) are shown in black
curves, and the colored curves are RMC—MD computational
results. With a validated atomistic model, further explorations
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Figure 8. Comparison of experimental spectra (black curves) and computationally predicted spectra (colored curves) in reciprocal k-space for
sodium potassium silicate glasses 22.7R,0—77.35i0,, where the modifier R is 100% K ions (K100), 100% Na ions (Na100), or 50% Na and 50% K
ions (NaSOKS0). Spectra of the 0% modifier ion composition is included for reference and labeled as pure SiO,. The (a) neutron total structure
factor SN(k) and (b) X-ray total structure factor S$*(k) are compared. The colored superimposed spectra are predicted results from the RMC—MD
simulation. The first sharp diffraction peak (FSDP) and the second principal peak (PP) are shown as vertical dashed lines. Note that the S¥(k)
exhibits both the FSDF and PP because PP is the oxygen-related correlation, which is easily detected by neutrons. Adapted with permission from
ref 69. Copyright 2019 Onodera et al. http://creativecommons.org/licenses/by/4.0/.

in clusters, voids, and ring distributions are obtainable (further
discussed in section S.1). Both Figures 7 and 8 therefore
showcase experimental diffraction data which can be collected
to quantify spatial fluctuations such as bonding fluctuations
and employed to validate computational predictions.

4.2.1. Angstrom-Beam Electron Diffraction Measure-
ment: Two-Phase Fluctuations. X-ray diffraction can
observe average structure; however, the goal of this review is
to target structural fluctuations. In this pursuit, angstrom-beam
electron diffraction (ABED) proves especially beneficial since
ABED enables direct measurement of two-phase fluctuations.
Hirata et al.”>’* developed ABED to investigate the local
structure of disordered SiO. Their work has since devolved a
combined experimental—computational heterostructure model
of the disproportionated SiO with diffraction intensity profiles
from ABED, X-ray diffraction, and computer simulations.”*~"*
Figure 9 shows a schematic of the ABED experimental setup,
where the yellow color indicates nanoregions structurally

Figure 9. Schematic illustration of the ABED measurements of SiO
with nanoscale structural heterogeneity. The nanoregions indicated in
yellow are structurally different from the regions indicated in blue.
Reprinted with permission from ref 75. Copyright 2016 Hirata et al.
http://creativecommons.org/licenses/by/4.0/.

different from the blue regions. The electron probes the local
atomic structure across the sample to character diffraction
patterns of various nanoregions and the interfaces between
nanoregions. With this setup, ABED can capture multi-phase
structural fluctuations in disordered materials.

Figure 10 shows typical ABED patterns taken from (Figure
10a) bright, (Figure 10b) interface, and (Figure 10c) dark
regions of glass SiO local structures and the corresponding
structure factors S(k) of (Figure 10d) SiO, (yellow), SiO
(red), Si (black), and the summation of a-Si and a-SiO, (blue).
The S(k) of SiO seems to be intermediate between those of
Si0O, and Si; however, the averaged data (blue) of SiO, and Si
is not consistent with that of SiO. This behavior is consistent
with previous reports;’® particularly, the first peak in the
averaged data has a two-peak structure, which is very different
from that observed at k ~ 1.8 A™' of SiO. The excellent
agreement between the averaged data and SiO at the high-k
part demonstrates that the short-range order of SiO is similar
to those of SiO, and SiSi, tetrahedra in SiO, and Si. Results
from this ABED study confirmed that SiO is not a simple
composite of Si and SiO,, but rather, SiO may have an
interfacial region between the SiO, and Si domains.

4.3. Vibrational Spectroscopy: Bonding and Ring Size
Distribution

Vibrational spectroscopy techniques of spectral reflectance
infrared (SR-IR) spectroscopy and Raman spectroscopy
characterize energy exchanges between molecules and electro-
magnetic radiation, which can be used to probe structural
disorders in glass networks. Similar to NMR and diffraction
techniques, vibrational spectra of glass materials exhibit broad
absorption bands, while crystalline silicate materials give very
sharp and well-resolved vibrational bands.””~*" The shift and
broadness of the vibrational bands, compared to the vibrational
spectra of crystalline counterparts, are mainly due to the broad
distribution of local structural disorders; however, the spectral
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Figure 10. ABED experiments and X-ray diffraction of SiO.
Experimental ABED from SiO glass local structures. ABED patterns
are taken from the (a) bright, (b) interface, and (c) dark regions,
respectively. The white dashed rings represent k values of ~1.8, 3.6,
and 5.2 A7, respectively, which correspond to those of the first three
peaks in the X-ray total structure factors S(k) of SiO shown in panel
d. In panel d the total structure factors S(k) are shown for SiO,
(yellow), SiO (red), Si (black), and the average of a-Si and a-SiO,
(blue). The dashed line is a guide to the eyes. Adapted with
permission from ref 75. Copyright 2016 Hirata et al. http://
creativecommons.org/licenses/by/4.0/.

interpretation principle is not as rigorously established as that
of the NMR and PDF analyses.”’

Recent studies by Kim and co-workers®' ~* have found an
empirical correlation between the position of the Si—O—Si
stretch band in IR spectra and the Si—O bond length
distribution for simple silica and silicate glasses. Figure 11
shows the SR-IR spectra for a series of sodium silicate glasses
[Na,0],[AL,0;],[Si0,]gs_,, where x = 7, 12, 17, and 22, with
fused quartz included for reference.®’ Since the force constant
of the Si—O stretch vibration is extremely high, a small change

Figure 11. SR-IR spectra for a series of sodium silicate glasses
[Na,0],[AL,0;],[Si0,])os_y where x = 7, 12, 17, and 22, with
crystalline and fused quartz plotted for reference. Adapted with
permission from ref 81. Copyright 2020 American Ceramic Society.

in the bond length (even less than 0.01 A) can be manifested
as a large change in the spectral peak position. Consequently,
this work concluded that the Si—O-—Si stretch band can be
used as a probe to estimate changes in the Si—O bond length
distribution.

Unlike NMR and diffraction techniques, which have very
low absorption or scattering cross sections (and hence require
large samples), the high absorptivity of vibrational modes
allows vibrational spectroscopy to be coupled with a
topographic imaging technique for spectral analysis of small
areas. Figure 12 shows example results where a silica glass was
subjected to nanoindentation and then imaged with scattering
scanning near-field optical microscopy in the mid-IR region
near the Si—O—Si stretching mode.”* Within the indentation
imprint (i.e., the plastically deformed region), the main band
intensity is quite low compared to the never-touched outside
region. Even in the elastic contact region where there is no
induced change made (for example, the outside region
adjacent to the triangle mark in Figure 12), the Si—O-Si
stretching mode is found to be altered. This work indicates
that, although the glass surface appears topographically
homogeneous, there could be subsurface structural modifica-
tion in the region that has been contacted with a foreign
object. The locations with such subsurface structural changes
appear to be more susceptible to aqueous corrosion, thereby
affecting the material’s mechanical and chemical proper-
ties.” ™"’

Unlike IR spectroscopy, which focuses on bonds and angular
vibrations, Raman spectroscopy probes vibrational modes of
covalently bonded atoms, where certain bending vibration
bands can be attributed to different sizes of rings to uncover
ring size fluctuations in glass-forming systems. Note that the
SR-IR spectra in Figure 11 show relatively small changes in the
bending vibration regions. Raman spectra exhibit larger
variances depending on the glass composition and processing
conditions, which is why Raman spectroscopy is typically
preferred for ring investigations. Figure 13 provides example
Raman spectra for the same sodium aluminosilicate system as
that in Figure 11.*" Through comparison with computational
results, the Raman peaks at ~430, ~495, and ~600 cm ™! have
been attributed to six-, four-, three-membered rings,
respectively.””®® Current ring-size analysis capabilities are
limited to small ring sizes, such as three-, four-, and six-
membered rings, since they are easier to identify especially in
structures produced via computer simulations. Larger rings are
somewhat ambiguous since their shapes are highly irregular
and the interior spaces defined by those rings are not
necessarily empty.

Rings have been visualized in transmission electron
microscopy images of 2D silica;*” however, there is no
spectroscopic or diffraction technique that is particularly
sensitive to specific sizes of such rings, making it
experimentally difficult to confirm the presence or exact
distribution of larger rings in bulk glass. Similar to diffraction
experiments of glass structural fluctuations, when investigating
ring structures, a combined experimental—computational plan
is often implemented (see section 5). Recent investigations
have uncovered an intriguing phenomenon that the relative
intensities of bands in Raman spectra do not match the ring
size distributions determined from MD simulations.”’ Such
results have stirred questions about the validity of the
interpretation or assignment of the Raman bands in the
bending vibration region to ring size.”’ Further investigations
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Figure 12. (a) Topography and scattered IR intensity images of (a) fresh and (b) sub-T,, annealed nanoindentation marks made with a Berkovich
tip at an applied load of 5 mN on silica glass. The topography and IR images are 2 ym X 2 um in the x—y directions. The white triangles are the
guidelines added to show the three facet edges of the nanoindentation mark identified in the topography image. The plots in panels ¢ and d
compare the cross-sectional line profiles of the topography and IR images of the fresh and annealed nanoindentation marks, respectively, at the
location marked with red lines in panel a. Reprinted with permission from ref 84. Copyright 2021 Acta Materialia Inc.

Figure 13. Raman spectra for a series of sodium silicate glasses
[Na,0],[AL,0;],[Si0,]0s_y where x = 7, 12, 17, and 22, with
crystalline and fused quartz plotted for reference. Adapted with
permission from ref 81. Copyright 2020 The American Ceramic
Society.

Figure 14. In situ SAXS measurements of the temporal evolution of
density fluctuations during isothermal relaxation at 868 K for Corning
Inc. code 7059 glass. The blue and red markers show results from two
identically setup runs. Adapted with permission from ref 7. Copyright
2009 American Physical Society.

surrounding this question are needed before conclusions can
be drawn.

4.4. Small-Angle Scattering: Density Fluctuations

Small-angle scattering includes small-angle X-ray scattering
(SAXS) and small-angle neutron scattering (SANS), both of
which quantify nanoscale density differences by analyzing the
elastic scattering of X-rays or neutrons at small angles. SAS
techniques are consequently used to characterize nanoparticle
size distributions, pore sizes, void sizes, and density. Figure 14
plots the temporal evolution of density fluctuations from in situ
SAXS measurements of Corning 7059 boroaluminosilicate
glass during isothermal relaxation at 868 K. The magnitude of
density fluctuations initially decreases, overshoots the equili-
brium value, and then increases to equilibrium following a
nonmonotonic relaxation function. This result questions the
previously assumed monotonic relaxation of glass-forming
systems and is attributed to density-driven dynamical

heterogeneities, where the relaxation time varies with the
localized molar volume in the system. For further discussions
and explanations for why this effect is observed see section 6
on glass relaxation.”

4.5. Rayleigh Scattering: Density and Refractive Index
Fluctuations

As addressed in section 1, Rayleigh scattering occurs due to
density fluctuations. Therefore, another approach to capture
density fluctuations is through Rayleigh scattering intensity
measurements. The light scattering coefficient is expressed as’'

3.8 2
oy = P (apRyv

38 p (32)
where (IApl®) is the mean square of the density fluctuations, 4
is the wavelength of the incident light, p is the mean density, n
is the refractive index, and p is the photoelastic constant.
Therefore, Rayleigh scattering intensity measurements directly
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determine the amount of density fluctuations. A convenient
method to measure Rayleigh scattering in silica glass is to
obtain the cumulative loss by measuring transmitted light
through a fiber medium. The optical loss of a fiber can be
measured by the cutback method. In this method, the initial
transmitted light by utilizing Beer—Lambert’s law is given by

I =1, exp(—aD) (33)

where a is the loss coefficient, D is the length of the fiber, and
I, is the intensity of the incident radiation. Then, the fiber is
cut into D — § (8 is usually more than a meter long). The
transmitted light intensity will then be given by

I =1, exp(—a(D - 5)) (34)

Figure 15 shows an example of optical loss (i.e., attenuation)
versus wavelength for a conventional silica glass fiber. More

Figure 15. Optical loss of a conventional silica glass fiber. The loss
spectrum is constructed of more than 80% Rayleigh scattering, with
remaining small contributions of UV absorption tail and OH
absorption. The OH absorption can be reduced by using dehydrated
SiO, as the fiber preform. Data were obtained from ref 92.

than 80% of the loss against light with wavelengths shorter
than 1.7 pm obeys eq 32, indicating Rayleigh scattering is
taking place.

If a fiber form is not obtainable, direct observations of the
scattered light at 90° angle are typically done.”” By this
method, the difference in density fluctuation of silica glass is
directly compared to that of a-quartz for reference.”* For some
materials, the cavity ring down spectroscopy (CRDS)
approach might be used. In this method, the sample is placed
in an optical cavity formed by highly reflective mirrors and the
optical loss is determined by the change in lifetime of the
cavity.

4.6. Positron Annihilation Spectroscopy: Void Size,
Density, and Refractive Index Fluctuations

For silica glass, the total volume of empty space accounts for
more than 60% of the structure, based on assumed ionic radii
of each atom.”® Thus, information on the voids should be
important to understand the density fluctuation. PALS is a
nondestructive spectroscopy that can directly observe voids in
glasses.”””” The operating principle is that a positron will be
annihilated through interactions with electrons, which releases
detectable y rays. A positron is the opposite particle of an
electron . Positronium (Ps) is a bound state of a positron and
electron (Figure 16). The positroniums of interest for void
studies are the ones that localize in subnanovoid in glasses
(labeled as 73;) and have a long lifetime; they disappear when
the positron in a positronium meets an electron at the edge of
the void, a phenomenon referred to as “pick-oft annihilation”.

Figure 16. Schematics of the lifetime component of the positron
lifetime profiles and their corresponding atomic arrangement. Here,
blue circles show atoms, e is a positron, and e~ is an electron. A
positron pairs with an electron and forms a positronium. The dotted
circle shows the free radius of the positron in vacuum. When the
material is a perfect crystal, the positron disappears within the time
constant of 7, (approximately 125 ps). If there is an atomic defect in
the crystal, the positronium lives longer (7, approximately up to 0.5
ns). For noncrystalline materials like glass, positroniums live longer in
voids for 7;’s of approximately 1—3 ns. In the PALS measurement,
these three components are detected together.

Thus, the lifetime of the 73 position is used as an indicator of
the size of the voids.”

Using PALS, Ono et al”? investigated the effect of fictive
temperature T} on void size in silica glass. As shown in Figure
17, lifetime (and thereby void diameter) increased with

Figure 17. Fictive temperature dependence of positron lifetime
parameters 7, 7,, and 7;. 7, is the lifetime of a parapositronium (a
single state of positronium) or a free positron that did not form a pair
with an electron. 7, is the annihilation of positrons trapped in defects.
73 is the pick-off annihilation of orthopositronium that is trapped in a
void. Reprinted with permission from ref 99. Copyright 2012
American Institute of Physics.

increasing T The results indicate that, as T; increases, voids
expand, but the number of voids remains constant. As
discussed in section 3 when introducing the V—T diagram,
glass is typically known to densify when it is quenched from
higher temperatures. If the void size also increases, then the
dense regions of atoms must be densifying, and consequently,
the spatial density fluctuations must also significantly increase.
Void space can be regarded as having a refractive index the
same as that of vacuum. Thus, the large density fluctuations
must have a strong relationship with the refractive index
fluctuations, which in turn induce the Rayleigh scattering
phenomenon. Under ambient pressure, the PALS-observed
void radius Ry can explain Rayleigh scattering with appropriate
values of the number of scattering particles N and relative
refractive index n, given by
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Hence, the void radius Ry can be considered as a
representative parameter to quantify spatial fluctuations in
glass-forming systems related to Rayleigh scattering phenom-
ena.

5. MODELING TECHNIQUES

Experimental techniques can provide indirect signatures of the
structure of glasses with high precision (as discussed in section
4), but at a high cost of time and equipment. Computational
approaches, on the other hand, provide direct access to the
structure itself, with the downside of requiring simplifying
assumptions about atomic interactions or time and length
scales.'””'"" Models are not only validated against exper-
imental data, they are critical predictive tools that enable the
artificial manipulation of properties at a very fundamental level
and the observation of macroscopic properties sometimes
unobtainable with experiments themselves.'’*

Challenges when developing computational techniques for
studying spatiotemporal fluctuations in glass-forming systems
include the applicability of models over relevant time and
length scales, the ability to discern physically meaningful
fluctuations from calculation noise, and the ever-present
challenges of glassy systems being nonequilibrium, noncrystal-
line, and nonergodic materials. This section introduces five
widely used modeling techniques which can capture spatial and
temporal fluctuations in glass-forming systems: molecular
dynamics (MD), statistical mechanical models, energy land-
scapes, topological constraint theory (TCT), and machine
learning (ML). Monte Carlo (MC) and density functional
theory (DFT) are addressed in tandem with other techniques,
and models specific to particular properties will be introduced
in sections 6—10. In this section, only implementation
techniques specific for spatiotemporal fluctuation investiga-
tions of glass-forming systems will be discussed. For further
details of the computational techniques in general, we refer the
reader to other review articles."*>'**~1%

Atomistic simulations are useful for exploring fluctuations in
structure, topology, and thermodynamic properties, i.e.,
distributions in coordination number, bond angle, local
constraints, density, pressure, enthalpy, etc. MD, which is
based on solving Newton’s equations of motion to quantify the
time evolution of spatial fluctuations, is a useful tool for
providing structural input for other types of modeling
approaches. Metropolis Monte Carlo (MMC) (discussed in
section S5.1.4) is a stochastic approach to explore similar atomic
and thermodynamic fluctuations to MD, but with more limited
applicability to glass fluctuations studies. DFT simulations
incorporate electron densities and offer more accurate
descriptions of mean-field atomic structure than either MD
or MC; however, the computational cost and restricted length
and time scales make DFT infeasible for investigating
fluctuations in many glass-forming systems.''°~"'* Since
DFT is therefore poorly suited for fluctuation studies in
glass, it will not be discussed in detail in this review article.

A typical approach to capture spatiotemporal fluctuations is
to calculate the relative probability of a mixture of atoms
arranging into a given atomic configuration. Statistical
mechanical models and energy landscape approaches can be
used to calculate such occupation probabilities. Energy

landscapes capture spatial and temporal fluctuations through
mapping the configurational phase space of a given system and
incorporating deterministic or stochastic sampling techniques,
such as master equations or kinetic Monte Carlo (kMC)
(discussed in section 5.3). Statistical mechanical models can
quantify distributions in structural units, network connectivity,
and thermodynamic properties. Statistical mechanical models
can also provide useful information for TCT models, which
link structural fluctuations with topological fluctuations to
uncover further structure—property relationships.''> Recent
advances in computational algorithms and hardware enable
incorporation of data analytics to aid in the statistical
investigation of spatiotemporal fluctuations and material
discovery.

5.1. Molecular Dynamics

MD is a method for modeling materials at the atomistic scale
using interatomic potentials to calculate the potential energy as
a function of particle coordinates. This section introduces MD,
discusses its capabilities for quantifying distributions in
structural features, dynamical heterogeneities, and thermody-
namic fluctuations, and provides prospective on a comparative
atomic simulation technique, MC.

MD simulates short- and medium-range structural distribu-
tions, dynamical heterogeneities, and thermodynamic fluctua-
tions by implementin§ time integration to solve Newton’s
equations of motion.'” In classical MD simulations, the atoms
in a system interact with each other via a force field or
interatomic potential which is a simplified mathematical
representation of the short-range atomic bonding interactions,
van der Waals interactions, and/or (for charged systems) long-
range Coulombic interactions. An interatomic potential can be
derived from ab initio data (e.g, calculated from DFT) and/or
experimentally measured properties (e.g., density, elastic
modulus, heat of fusion, structural features).'”> The trajectory
of each atom, including the position and velocity, is obtained
by integrating Newton’s equations of motion using a proper
integration time step on the order of one femtosecond (1 fs =
107" s), which is less than the typical fastest atomic vibration
in the system (1073—107'2 5).*>'** Experimental time scales
of interest for glass-forming systems can extend to seconds,
hours, or years; therefore, the major limitation of MD is the
restricted time scale. The limited length scales are also a
concern if the fluctuations of interest are large compared to the
MD system size.*”'*’

5.1.1. Spatial Fluctuations. Recall that glass has short-
range, limited medium-range, and no long-range structural
order. Consequently, the length scale of intrigue for fluctuation
studies is the limited medium-range order (i.e., distributions in
bond angles, rings, and voids). While MD simulation on glass-
forming systems can capture distributions in coordination
number (CN),"'°""'® site speciation,""* bond angles,*>'*°
local bond constraints,'?’ ring structures,” 7#1?*71%% and
analyses of voids/cavities, and clusters,>*"3! the examples
discussed in this section focus on bond angle, ring, and void
investigations. Figure 18 depicts MD results from Wiles et
al,"”* who simulated pressure effects on the structure of
tectosilicate calcium aluminosilicate (t-CAS) glasses having the
chemical formula (1 — x)(CaO + AL O;)x(SiO,), where x =
0.50, 0.70, 0.85, and 0.90. Figure 18 shows the 0—-S8i"—0 bond
angle probability distribution before (atmospheric pressure),
during loading, and during unloading of a 15 GPa hydrostatic
compression. Even though this study found that the Si¥ bond
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Figure 18. Distribution of O—Si"—O angles in calcium aluminosili-
cate glass, before (initial) compression, after compression, and after
decompression of a 15 GPa hydrostatic compression. Adapted with
permission from ref 132. Copyright 2020 Elsevier B.V.

angle distribution in t-CAS glasses is not significantly affected
by pressure, the distribution of bond angles is still of interest.
The Si¥ angle is often assumed to equal the tetrahedral angle of
109.5°. While the mean in Figure 18 does cluster around
109.5°, the O—Si"—O angles within the system range between
70° and 0.180°.

Modeling the bond angle distribution can help determine
the rigidity of a glass from a topological perspective.
Fluctuations in the local bond constraints exist in glasses if
there is a variation of coordination number, site speciation, or
bond angle. Work by Bauchy and Micoulaut™ has linked bond
angle fluctuations to topological understanding for sodium
disilicate glass (Na,0-2Si0,). Figure 19 plots the standard

Figure 19. Bond angle standard deviation ¢y for four types of angles
in a sodium disilicate glass: the angle centered around a Si atom
(black), Na atom (yellow), bridging oxygen (BO) (red), and
nonbridging oxygen (NBO) (blue). The dotted black line divides
the seven lowest standard deviation angles to approximate intact
(below) and broken (above) angular constraints. Reprinted with
permission from ref 32. Copyright 2011 Elsevier B.V.

deviation of bond angle 8, o, as a function of an arbitrary bond
angle number, for the centered partial bond angles surrounding
the Si, Na, BO, and NBO atoms. Recall from section 1.1 that a
constraint is a rigid bond or angle, and a low standard
deviation infers high rigidity in the bond distance or angle. In
Figure 19, the atoms with low standard deviation (i.e., small
fluctuations and high rigidity) that contribute most to the
constraints of the system are the six Si-centered angles (leading

to five independent angular constraints) and one BO angle. As
temperature increases, Bauchy and Micoulaut® observed an
increase in the thermal energy of the system resulting in a
broadening of the bond constraint distributions and a decrease
in the degree of rigidity of a given bond constraint.*” This work
shows that the standard deviation of the radial and angular
bond over time and space from MD simulations can be used to
determine the number of constraints broken by thermal
activation. Local bond constraints have also been shown to be
responsible for ductile deformation of silicate glass.'*'

Similar to bond angle distribution, MD is also used to map
fluctuations in ring size.">> There are various descriptions of
what constitutes a ring, therefore leading to inconsistent
modeling results depending on the definition assumed. Figure
20 compares ring size distributions in silica glass as defined by

Figure 20. Number of rings with a given ring size in silica glass, where
a ring is defined by either the King (red), Guttman (black), or
primitive (blue) definition. Reprinted with permission from ref 71.
Copyright 2021 American Association for the Advancement of
Science.
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the King,127 Guttman,'*® and primitive definitions.'*’ King12
defines a ring as the shortest path between two of the nearest
neighbors of a given node. For silica, this refers to two oxygen
atoms that are connected to a central silicon atom. The
Guttman'*® definition counts only the silicon atoms and
defines the length of ring based on the number of silicon atoms
needed to complete the shortest 100(;3. The primitive definition,
introduced by Goetzke and Klein,'*” is where a ring is one that
cannot be decomposed into two smaller rings. In Figure 20, all
three definitions match for ring sizes less than five members,
but deviations begin for six or more membered rings. A critical
step in the advancement of ring size distribution studies is to
determine a universal understanding of what constitutes a ring
within a glass-forming system.”'

Using the available definitions of rings, fluctuations have
been linked to topological and macroscopic property under-
standing using MD simulations. Work by Onodera et al."**
combined MD and RMC modeling to compare primitive ring
statistics in SiO, crystals and glass. In this work, Onodera et
al."** also recorded the pair of radii at which a ring in a specific
location appears (birth) or disappears (death) to make links
between ring distributions and consequent density fluctuations.
Work by Du et al."*® used MD to investigate ring distributions
in hydrated silicate glasses. Results suggest that the propensity
for passivation is intrinsically governed by the reorganization of
the medium-range order structure and, specifically, the
formation of small silicate rings that hinder water mobility.
Once again, this is an example where the incorporation of
modeling techniques like MD allowed scientists not only to
quantify ring size distributions but also to predict the effect of
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those distributions on the consequent properties and perform-
ance of glass.

MD capabilities also extend to exploring distributions of
cluster analysis and void radius size (shown in Figure 21).

Figure 21. MD results of void radius distributions in pressure-
quenched silica glass, with varying applied pressures. Adapted with
permission from ref 137. Copyright 2020 Yang et al. http://
creativecommons.org/licenses/by/4.0/.

Fluctuations in the glass structure can be well-depicted by the
different types of the clusters comprisinég the materials that are
found in both MD simulations''”**° and, more recentlzf,
experiments.””"*’ Figure 21 shows the work by Yang et al."”’
who explored pressure effects on voids in silica glass using MD
simulations. As the pressure increases, the void radius
decreases, and the distribution narrows.

5.1.2. Isoconfigurational Ensemble MD to Capture
Dynamical Heterogeneities. Recent developments in
implementation approaches, such as the development of the
isoconfigurational ensemble technique, have extended MD
capabilities to investigate dynamical heterogeneities. The
isoconfigurational ensemble is an MD-based approach
developed by Widmer-Cooper et al, which offers unique
capabilities for quantifying dynamic fluctuations in glass-
forming systems.'”®'*” The isoconfigurational ensemble
approach calculates distributions of atomic displacement by
varying each atom’s initial velocity vector. Like standard MD,
an initial configuration is known, and the initial atomic
velocities are calculated from a Maxwell-Boltzmann distribu-
tion at the specified temperature. With the isoconfigurational
ensemble approach, many molecular dynamics simulations are
performed, each with unique, randomized initial atomic
velocities recalculated at the same temperature to maintain
the same average kinetic energy. Each MD simulation begins
with an identical initial configuration and propagates the
system for the same period of time while recording the mean
square displacement (MSD) of each atom. Dynamic
propensity is defined as the average of the MSD values for
each atom during the constant time interval over all the MD
simulations, where a hi%her propensity indicates a higher
mobility of the atom.”*"*

The isoconfigurational ensemble approach has shown
definitively that different local environments in atomic
structures lead to faster or slower relaxing regions, thus
proving a structural origin for dynamical heterogene-
ities.”**~'*" For example, Vargheese et al.'*' applied the
isoconfigurational ensemble approach to a series of calcium
aluminosilicate systems with varying ratios of [CaO]/[ALO;].
Given the large disparity in dynamic propensity among the
four elements in the system (Ca, O, Al, Si), normalized
dynamic propensities were reported to visualize the mobility of

the structure more clearly. The process of normalizing the
propensity values involves grouping each atom by its atom
type. Each atom’s propensity is then normalized against its
element’s minimum, average, and maximum value, where a
value of 0 is the minimum, 0.5 is the average, and 1.0 is the
maximum propensity found for that given atom type. Figure 22

Figure 22. MD initial atomic configuration of 30CaO-10Al,0-60Si0O,
(mol %) where the atoms are colored by (a) atom type and (b)
normalized dynamic propensity, where <0.5 is below average
propensity and >0.5 is above average propensity based on the atom
type. Reprinted with permission from ref 141. Copyright 2010
American Institute of Physics.

shows two images of the initial atomic configuration that was
repeated for all the MD simulations of 30Ca0O-10Al,0-60SiO,
(mol %). In Figure 22a, the atoms are colored according to
atom type, and in Figure 22b the atoms are colored according
to their normalized dynamic propensity. In Figure 22b, the
regions with higher dynamic propensity (shown in red) have
faster kinetics and greater mobility. Vargheese et al.'*' found
that the regions with faster kinetics also have greater localized
concentration of calcium, concluding that the dynamical
heterogeneities are a direct result of chemical fluctuations.

The isoconfigurational ensemble enables the investigation of
distributions of dynamic propensities for different element
types, which correlate with fluctuations in the initial
configuration (e.g., localized chemical fluctuations, density
fluctuations, bonding fluctuations), where localized structural
features lead to faster or slower kinetics for those atoms. Note
that the isoconfigurational ensemble is only applicable to
explore dynamical heterogeneities and has the same time and
length scale limitations as MD.
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5.1.3. Kinetic and Thermodynamic Fluctuations. For
fluctuation studies in glass-forming systems, MD is also a
useful tool to provide structural input (such as fluctuations in
enthalpy, volume, Q" speciation) for theoretical models. To
calculate kinetic properties, MD uses time-dependent fluctua-
tions to integrate correlation functions (see section 3.1). With
Green—Kubo relations, MD has been used to calculate
transport properties such as diffusivity, thermal conductivity,
and dynamical heterogeneities.””~*'** MD also captures
fluctuations in thermodynamic parameters such as enthalpy
and volume, allowing these atomic simulations to calculate
thermodynamic fluctuations using the methods discussed in
section 3.2.%

5.1.4. Metropolis Monte Carlo. Metropolis Monte Carlo
(MMC) is an alternative approach that can access similar
structural and thermodynamic fluctuations to MD."> MMC is
based on having accurate interatomic potentials to calculate
the potential energy as a function of particle coordinates.”
MMC is a type of Monte Carlo simulation specifically designed
to explore atomistic systems. The simulation starts with a
random initial configuration. One atom is randomly selected
and displaced, and then the energy difference between the two
states is computed to calculate whether to accept or reject the
proposed displacement following a Boltzmann acceptance
criterion. The trial displacements are repeated until a minimum
free energy configuration is converged. Like MD, MMC is
another successful technique for calculating the standard
deviation of properties like volume, enthalpy, rigidity, bond
length, bond angle, and ring size in glass-forming sys-
tems.">' 71 MMC is not the only type of Monte Carlo
simulation technique; section 5.3.2 introduces kinetic Monte
Carlo and its capability to sample energy landscapes
stochastically.

Compared to MD, which primarily samples low-energy
states close to equilibrium, MMC equally samples low energy
states and high energy excited states. Consequently, MMC is
more effective for accessing different ensembles and primarily
useful for sampling rare events such as nucleation. MMC
automatically incorporates the entropic contributions of site
speciation since a more highly degenerate site will be randomly
selected more often; therefore, if given enough trial moves, the
algorithm will find the global free energy minima. Since the
minimum global free energy in a glass-forming system is the
crystal state (see section 3), MMC can be especially useful for
nucleation studies of glass-forming systems.

While MD solves Newton’s laws of motion using force
calculations, MMC employs potential energy calculations,
hence omitting the need for force calculations. MD software
tools have simplified such calculations by implementing
derivative look-up tables; nonetheless, MMC often remains
more computationally efficient for analyzing static properties,
such as structure, density, and chemistry fluctuations.”* A
limitation of MMC is that it lacks a time step, therefore
prohibiting its use for time-dependent phenomena. To
incorporate time, MD or kMC (see section 5.3.2) is needed.
MD is generally more prevalent in the field, since more tools
are currently available for MD. Consequently, the results
covered in this section focus on MD rather than MC.

5.2. Statistical Mechanical Models

Given a closed system, the number of mechanically stable
atomic arrangements is finite. Statistical mechanics is a
probabilistic approach that connects the probabilities of each

possible atomic microstate of a system with its macroscopic
properties. This section presents one type of statistical
approach for quantifying the distributions of structural units
in a glass-forming system. Section 5.3 presents an energy
landscape technique for describing the statistical mechanics of
a system. In both sections 5.2 and 5.3, the probability
distributions associated with different atomic configurations
will be used to calculate the standard deviations of structural
and, therefore, property distributions.

Statistical mechanical models are often employed to
correlate topology to glass properties'*” and explore previously
unexplained structural phenomena.*® The statistical mechan-
ical approach employs probability theory to describe structural
fluctuations by analyzing the entropic and enthalpic con-
tributions that govern the overall structure and bonding of a
glass network.' SS9~ Oxide glasses consist of net-
work-former and network-modifier species. When modifiers
are introduced into a glassy network, they can occupy different
sites associated with the various network-forming species in the
glass. The same modifier ion alters macroscopic properties
differently depending on what site it occupies, as discussed in
section 1.1. The probability of a modifier associating with a
particular network-former site can be calculated from the
underlying statistical mechanics. The details of this approach
are the focus of this section.

Statistical mechanics is a very broad field. This section
introduces two mathematical derivations of statistical mechan-
ical models (stochastic sampling and probabilistic method)
which calculate the probability of site occupation for glass-
forming systems. These models can also be used to capture
time-dependent relaxation;*”'>> however, the approach for
implementing statistical theory must be addressed carefully
due to the nonequilibrium and nonergodic nature of
glass.38’156_159 Most often the equations discussed in this
section are used to study the metastable supercooled liquid
state, where the fluctuations can be considered in equilibrium,
using a partition function that excludes the crystalline state.
Below the glass transition temperature, the fictive temperature
T¢ must be substituted for the absolute temperature T as an
approximation of the nonequilibrium structure. Above the glass
transition temperature, the structure is an equilibrium liquid
state; therefore, the equations presented for glass-forming
systems also apply to any liquid.

The statistical modeling approach discussed in sections 5.2.1
and 5.2.2 is used to study structural fluctuations because it
describes the inherent disorder in glass-forming systems and
calculates the macroscopic properties associated with a suitable
ensemble of microscopic states.'’*'**'9~1%°" Diffraction
experiments and atomistic simulations (e.g, MD) have
provided information regarding the statistics of glass structure
(such as the probability distributions of atomic positions, the
time evolution of the material,'’°”'"* and energies associated
with bond constraints); however, these simulations are
restricted by time and length scale limitations. Thus, they are
too computationally intensive to be applied for thorough
compositional studies.'*>"**'7>'”* Ap initio simulations offer
more accurate descriptions but at a higher computational cost,
making them infeasible for large systems or long time
scales."'*™"'* Mauro et al.'’">" developed a statistical
mechanical model based on a noncentral hypergeometric
distribution of site occupancies to circumvent the time and
length scale limitations of traditional atomic scale simulations.
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5.2.1. Statistics of Glass Structural Units. The key
feature of the statistical mechanics approach introduced in this
section is that the distribution of structural units in oxide
glasses can be described using a hypergeometric distribu-
tion."”' Hypergeometric distributions are used to describe the
probabilities of a series of events, considering the history of
previous events.” The “events” in this case are modifier ions
choosing which site to occupy. Recall the borosilicate example
in Figure 2 in section 1.1, where each Na® ion had two
potential occupations: break an O—Si—O bond or convert
boron to become effectively 4-fold coordinated.

There are entropic and enthalpic factors that dictate the
probability of a given Na* modifier ion occupying either
network-forming site. If the interaction between a modifier and
a network-former species could be assumed to be completely
entropically controlled (e.g, no difference in the enthalpic
preference for a Na* modifier ion to interact with Si or B
network formers), the hypergeometric distribution would
explain the distribution of structural units as a function of
modifier concentration. However, in a real glass system, the
modifier—former interactions are also affected by enthalpic
contributions, with the system approaching a minimum
potential energy. The enthalpic driving force for a modifier—
former interaction is captured by using a type of noncentral
hypergeometric distribution, where each possible event is
corrected by a weighting factor specific to that event. Such a
distribution is described mathematically by the Wallenius-type
noncentral hypergeometric distribution:””

_ (L = A )W,
- M m—1
Zj=1 Zm=0 (II

where p;,, is the probability of occupying network-forming
species i with modifier ion m. I; is the initial number of
network-forming species of type i, 4,,,_, is the number of type i
species already occupied before modifier m, M is the total
number of modifier ions, and w; is a correction weighting factor
for the enthalpic penalty of occupying species type i. The
expression of w; is uncovered in the following derivation. The
numerator in eq 36 is the number of species of type i available
before the given occupation multiplied by the weighting factor
of species i, and the denominator in eq 36 is a partition
function, which sums all potential occupations of networking-
forming sites to ensure the summation of all p;,, equals one.

To define a physical meaning to the weighting factors, we
recall that the noncentral hypergeometric distribution is
derived from the Boltzmann distribution function.”' In
statistical mechanics, this noncentral function describes the
probability for a system to be in each state as a function of the
system’s temperature and the energy of that state

B
= A (36)

="~
a r Us
Zﬁ=leXp<_kB_T> (37)

where p, is the probability of state @, kg is Boltzmann’s
constant, T is the temperature of the system, U, is the total
energy of state @, and I' is the total number of states, which in
our scenario is equal to the total number of modifiers M. Work
by Mauro™" proposed to use the Boltzmann distribution to
describe the modifier—former interactions in mixed former
oxide glasses. With the model by Mauro,"*" the probabilities of
states p,, are defined to be interactions between modifier ions

and network-former sites i, and consequently, U; becomes the
free energy of this interaction, which can be described by
entropic S and enthalpic H contributions:

(Hx - sxT)
or(-)

M (H;-ST)
2:i=1 eXP<_ kBT] ) (38)

Next, we introduce the statistical entropy of the system as

p=

S;=kglng, (39)

where g; is the degeneracy of the microstate i, i.e., the number
of microstates consistent with a given macrostate for species i.
Consequently

HL
exp(—kB—T + In gi>

p=

M _8
Z;:l exp( o + In g;) (40)
which can be rewritten as
H;
& P\ Tir
p =
1 M _i
218 P ( knT> (41)

The number of microstates consistent with the macrostate of
species i divided by the total number of microstates consistent
with the macrostate of the oxide glass will be the same as the
relative fraction of species i divided by the total number of
species. Since the fraction of a given structural species i in the
glass changes with composition, g; is equal to the number of
available species i, which from eq 36 we found to be

&m = I - li,m—l (42)

When calculating the probability of an interaction of species i
with modifier m, the number of available (i.e. previously
unoccupied) species i is given by the previous modifier
occupation (i.e, m — 1). The final equation for the
occupational probability of species i with modifier m is given

by

Hl
(I = A1) eXP(_kBT)
M H;
Z}:l (I} - }'j,m—l) exp<_kB_T> (43)

The probability distribution function in eq 43 is a noncentral
hypergeometric distribution function, where the relative
enthalpy H; values set the enthalpic contribution and T is
assumed to be equal to the fictive temperature T; for T < Ty
since the structure is assumed to be frozen at the fictive
temperature. The enthalpic weighting factor in eq 36 is
therefore given by the Boltzmann weighting factor:

Hi
w, = exp| ———
kgT (44)

5.2.2. Probabilistic Modeling Approach. While eq 43
provides a computationally efficient means to calculate the
approximate spatiotemporal fluctuations, the exact distribution
of fluctuations can be obtained by explicitly calculating the
combinations and permutations of which of the available sites
will be occupied. Each modifier ion will occupy a site within

B =
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the glass network, and which sites become occupied controls
the final structure of the network. This probabilistic sampling
approach calculates the probability of each possible atomic
configuration forming without the use of stochastic means.
Each occupation of a network-former site will have a specific
degeneracy based on the number of combinations of modifiers
and network formers. For a system with a total number of M
modifier ions and F network-former sites, m is the number of
modifiers selected to occupy f network-former sites. Therefore,
for occupation of sites, m of M modifier ions are selected (of M
choose m) to occupy a specific network-former site (of F
choose f), resulting in the degeneracy of site type F being

g:(M)(F)z M! F!
o \m Nf] m!(M=m)! fI(F - f)! (48)

Each network-former site is distinguishable, while each
modifier is considered indistinguishable.'>> Consequently, the
individual modifiers do not contribute to a microstate’s
degeneracy or the system’s entropy,'” i.e.:

(f) =1 (46)

and

F!
NE-D)! “7)
The degeneracy of the system is the product of each type of

network-former site’s degeneracy. If the system considers of
two types of network-former sites, A and B, the total

&

degeneracy of microstate i will be given by'>
_ _ Ar! B!
578857 1A, — a)l b1(By — b)! (48)

where Ar is the total number of A sites, a of which became
occupied by a modifier ion, and By is the total number of B
sites, b of which became occupied by a modifier ion.

Each event will have an associated enthalpy change due to
the transition from an unoccupied to an occupied state. The
enthalpic expense of changing configurations from an A
unoccupied site to an A occupied site (i.e., occupying one A
site) is H,. Therefore, the probability of an A site occupation
occurring is given by the Boltzmann probability

sl

Py = 78, XP| 7~

Aoz kyT (49)

Similarly, occupying one B site requires Hp causing the
probability of creating the b sites to be

1 [ bHB)

Py = 8 &XP| T
B Zy"" kg T (50)
where Z, and Zy are partition functions. The system’s
configurational enthalpy is the summation of the enthalpy
required to occupy each site. For the system with two unique

network-former sites A and B and one modifier type, Her, is
then given by

H = aH, + bHy (s1)

systen

The total normalized probability of microstate i (out of all
possible microstates I') forming can be therefore given by

e (_ (a;Hy + bHp) )
A 8 P kT

! z (apH, + brHg)
P g e( ) (52)

5.2.3. Structural Fluctuations. In glass systems, statistical
mechanics has been used to describe distributions in site
occupation, calculate the average concentration of structural
units as a function of glass composition,'’*”""® predict
thermodynamic properties, and provide insights for struc-
ture—property—performance relationships. Required inputs for
this technique are composition, temperature, and enthalpies of
formation for each potential occupation site in the system. The
limiting factor for statistical mechanics is the knowledge of the
relevant bond energetics. Ab initio simulations can calculate the
enthalpy formation values. Additionally, Bedker et al.">* found
that the model of eq 43 can be fit to experimentally obtained
structural data of binary oxide glass systems to obtain H; values
specific to each modifier—structural unit pair. These enthalpy
parameters can then be used to calculate the structural
distribution in more complex glasses based on knowledge of all
the contributing enthalpy values, without any additional fitting.
Besides the average structure, recent studies have found that
the approach is also well-suited to calculate and explore
structural fluctuations in glass-forming liquids by computing
the probability distribution function of modifier—former
interactions.'>"'”'**1>% By iterating over eq 43, a standard
deviation to the mean probability can be obtained as a measure
of the degree of structural fluctuations.

Figure 23a shows the calculated probability distributions for
different interaction enthalpies for a modifier ion to interact
with a site named B in a theoretical glass containing equal
amounts of sites A and B.'"> The standard deviation for the
probability density increases as AH decreases, where AH = H,
— Hj. In other words, as the interactions become entropically
more favorable, the propensity for structural fluctuations
increases, which is obtained by either smaller AH values or
by increasing the temperature, showing that the structural
fluctuations are affected by the thermal history of the glass.
Figure 23b shows results for a similar composition system,
showing that, as long as the stochastic approach has enough
runs to converge, it equals the results of the approach in
section 5.2.2.

The benefit of the statistical mechanics approaches outlined
in this section is that the full distribution of properties can be
explored. Figure 24 plots the distribution in the number of
constraints 7, as a function of temperature T and modifier
concentration x calculated using the technique introduced in
section 5.2.1 and topological constraint theory (introduced in
section 5.4) for the example of a glass-forming system
composition with two types of network-forming sites A and
B, and one type of modifier. Figure 24 depicts the dependency
of modifier concentration [M] on the distribution of
constraints when the enthalpy difference between networking
sites A and B equals zero (Figure 24a) and does not equal zero
(Figure 24b). Figure 24a visualizes the concept that multiple
glass-forming systems can have the same mean property value
but different standard deviations, which aids in material design.
For an application such as smart phone cover screens, a
minimum standard deviation is ideal to prevent cracks from
propagating; however, for applications that need to promote
atomic rearrangement, systems with more broad distributions
are ideal. By quantifying beyond just average property values,

https://doi.org/10.1021/acs.chemrev.1c00974
Chem. Rev. XXXX, XXX, XXX—=XXX


pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00974?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIE

Figure 23. (a) Calculated distribution of modifiers associated with
site B in a theoretical glass containing equal amounts of sites A and B.
The distributions are calculated for five different values of AH/kgT =
0, 1, 2, 3, 8 (unitless). As AH/kyT — 0, the distribution follows a
central hypergeometric distribution, while as AH/kzT — oo, it
collapses to a Dirac J function. Reprinted with permission from ref
115. Copyright 2018 Elsevier B.V. (b) The same type of
compositional system but instead plotted as the distribution of
occupied (oc) and unoccupied (un) network-forming sites. Each of
the four distributions has superimposed dashed (stochastic sampling
results) and solid (probabilistic method) lines plotting the two sets of
results. Reprinted with permission from ref 153. Copyright 2020
Elsevier B.V.

systems can be more finely tuned to meet the property
requirements of specific applications.

The statistical mechanical models introduced in this section
have also been applied to real glass-forming systems to
calculate structural properties like Q" speciation.''” Figure 25
illustrates the predicted Q" speciation based on eq 43 as
applied to ZnO-P,O; glasses. While Figure 23 illustrates a
theoretical case for AH values, Figure 25a is an example of how
AH values are obtained in a real glass system (ZnO-P,0;) by
fitting eq 43 to experimental data. The experimental data are
obtained from NMR spectroscopy and shown as sym-
bols.""”'7?7'%! These represent the average Q" speciation for
a given composition. The width of the calculated lines
represents the standard deviation for the structural distribu-
tion, which is shown in Figure 25b as a function of ZnO
concentration. Parts a and b of Figure 25 thus reveal the
impact of the competition between entropy and enthalpy on

Figure 24. Effect of modifier concentration on the number of
constraints n,(T, x) for a glass-forming system composed of two types
of network-forming sites A and B and one type of modifier when (a)
the enthalpy difference between A and B is negligible and when (b)
the enthalpy difference between A and B is non-negligible, where AH
= H,—Hp Both figures adapted with permission from ref 115.
Copyright 2018 Elsevier B.V.

site occupancy and the propensity for fluctuations around the
average speciation values. For low concentrations of modifier
ions, i.e., low x values in the figures, the enthalpy terms in eq
43 dominate the speciation. The contribution of entropy
becomes more dominant as the population of Q° sites
decreases and the magnitude of fluctuations increases. Q'
and Q° species have more nonbridging oxygens, form less
connected phosphate chains, and reduce the rigidity of the
network. With less rigidity, atoms can more easily rearrange,
enabling the maximum propensity for fluctuations in Q" at the
composition around x = 0.67.

5.2.4. Thermodynamic Fluctuations. The probabilistic
sampling technique for statistical mechanics in section 5.2.2
directly calculates the explicit degeneracy and probability of
each site being occupied. With an accurate representation of
the possible microstates and their respective probabilities, we
can calculate the system’s configurational enthalpy Hem
configurational entropy S, and configurational Gibbs free
energy G.'>’ The Gibbs entropy S is a function of the
probability of each individual microstate P, given by

Sc = —ky ), P In(P) )

Note that P, is the probability of an individual microstate (e.g.,
the occupation of one site A), while p; is the probability of a set
of microstates forming (e.g., the occupation of a number of A
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Figure 25. (a) Q" speciation as a function of modifier concentration
for ZnO phosphate glasses. Error bars represent the standard
deviation of the Q" species. The symbols represent experimental
NMR data, which validates the predicted mean Q" fractions (refs
19-21). (b) Standard deviation (STD) of Q" species for ZnO. Both
figures reprinted with permision from ref 119. Copyright 2019
American Chemical Society.

sites and b number of B sites). For each configuration i, the
degeneracy of each state multiplied by the individual
microstate probability determines the total probability of the
set of degenerate microstates given by

n="Fg (54)
Equation 53 written in terms of degenerate microstate
probabilities is then given by

all states

Se=—ky D, Bl B
i & \§ (55)

In(p;/g;) is a constant over a configuration, meaning that eq 55
can be rewritten as

degenerate states
p|™ k i
In| = — =pln|—=

& i & g (56)
Therefore, the configurational entropy becomes

all configurations
S i

j In| —
i & (57)

Sconﬁg = _kB Z (E ln(H) - E ln(g,)) (58)

With eqs S1 and 58 the configurational Gibbs free energy can
be calculated as such

G = Hsystem - Tsconﬁg (59)

Therefore, this statistical mechanical approach has the
capability to capture both structural and thermodynamic
fluctuations.

As introduced in section 1, localized fluctuations in glass-
forming systems affect many properties and practical
applications such as Rayleigh scattering as a function of
density fluctuations for low-loss optical fibers, high-perform-
ance displays, nucleation and phase separation, and mechanical
properties such as fracture behavior.”®'?!7%!178182 The
statistical mechanics-based model reviewed in this section
offers a prediction of the degree of structural fluctuations as a
function of both glass composition and thermal history.
Additional research is needed to independently verify the
predictions of fluctuations (such as those in Figure 25), for
example, by comparing the structural results from multiple
quenches of the same glass-forming composition with either
low or high propensity for fluctuations. The knowledge offered
by the model would then become a valuable tool when
rationally designing glass compositions for applications affected
by localized fluctuations as well as a tool to inform any
subsequent measures of the network connectivity, such as
presented in section 5.4. As such, the structural fluctuations
can be directly translated into topological fluctuations that in
turn control a wide range of properties.

5.3. Potential Energy Landscapes

A potential energy landscape is a map of a system’s potential
energy U as a function of all possible position coordinates of
the particles, given by

U=U(r, 1, -, ry) > NA (60)

where N is the number of interacting particles in the system,
Iy, ..., Iy are the position vectors of each particle, and 4 is a
constant denoting the potential energy per particle for the
lowest energy state. Local minima in potential energy, called
inherent structures, represent mechanically stable arrange-
ments of the system. A condensed material of N particles has a
continuous (3N)-dimensional potential energy landscape; a
one-dimensional pictograph of a potential energy landscape is
provided in Figure 26a. The continuous landscape is divided
into a discrete set of basins, where each basin represents a
region of configurational phase space that leads to the
formation of the corresponding inherent structure. As seen
in Figure 26a, each basin corresponds to one inherent
structure. The probability of the system occupying a given
basin defines the statistics of the formation of each atomic
configuration, and the evolution of the occupation probabilities
(in time and space) dictates the presence of configurational
spatiotemporal fluctuations. This section introduces potential
energy landscapes (and enthalpy landscapes) to discuss two
sampling techniques to evaluate spatiotemporal fluctuations in
glass-forming systems.

Within the landscape framework, the activation barrier
heights govern the kinetic propensity of the system to
transition among the various atomic configurations and the
basin enthalpies and degeneracies determine the thermody-
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Figure 26. (a) Schematic of a potential energy landscape for a system with two basins (i.e, two inherent structures) where r; and r, represent
inherent structures and R, and R, are the regions corresponding with basin 1 and basin 2. (b) Potential energy landscape of barium disilicate glass-
ceramic calculated using ExplorerPy, where the colors represent the percent crystallinity of the sample, the x-axis is the phases position in arbirary
configurational space, and the length of the vertical lines represents the change in potential energy (eV) required to overcome the energetic barrier
to transition between basins. Both figures reprinted with permission from ref 34. Copyright 2020 Elsevier Inc.

namically stable configurations. Since the calculation of
creating potential energy landscapes is not specific to
spatiotemporal fluctuations or glass-forming systems, refer to
ref 34 for details of the mathematics behind the model.
ExplorerPy'®” is a python-based open-source software package
which interfaces with molecular dynamics to calculate the
inherent structures and transition points for a given system.
Figure 26b shows an example potential energy landscape
calculated using ExplorerPy for a barium disilicate glass-
ceramic. This visualization of a landscape is called a
disconnectivity graph, where the x-axis plots the available
atomic arrangements in configurational phase space and the y-
axis quantifies the potential energy of each inherent
structure.”® The length of each vertical line represents the
potential energy required to transition between two given
basins.

While potential energy landscapes are suitable for modeling
systems under isochoric conditions (constant volume V), many
real systems exist under isobaric conditions (constant pressure
P), which require the use of enthalpy landscapes, and a zero-
temperature enthalpy H landscape can be given by

H=U(xy, r, -, rN) + PV (61)

where the y-axis of a disconnectivity graph becomes enthalpy
instead of potential energy, and volume is included as a
coordinate, making the enthalpy landscape (3N+1)-dimen-
sional. Both landscape forms are solved using the same
mathematical and computational approaches. For the
remainder of this section, when the text refers to potential
energy landscapes or enthalpy landscapes, note that the
information discussed applies to both.

While the energy and enthalpy landscapes themselves are
independent of time, the way the system samples the landscape
evolves with the full thermal history of the system. There are
two conventional techniques to calculate the time evolution of
the basin occupational probabilities within a landscape to
capture the configurational fluctuations. The first is a
deterministic method which involves solving a set of master
equations, and the second is a stochastic method based on
kinetic Monte Carlo.

5.3.1. Deterministic Sampling: Master Equations. The
occupational probability of each basin i is given by p,. Recall
from section 5.2 that the occupational probability of available
equilibrium atomic arrangements is given by eq 41. The same
statistical mechanics equation applies to equilibrium occupa-
tional probabilities for landscapes. Note that, in equilibrium, all
atomic configurations are accessible, allowing eq 41 to omit
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considering the effect of transition rates between basins. Once
the glass-forming system transitions into the vitreous glassy
state, some atomic configurations will be kinetically inacces-
sible, reducing those basin’s occupational probabilities to zero.
To represent the rate of change of occupation probabilities in
nonequilibrium systems, the equations must consider the
evolution of transition rates between basins. This is solved
using master equations.

Master equations are a set of Q coupled differential
equations, which solve the evolution of the basin occupation
probabilities over time, where Q is the number of
basins.”*' %715 The probability of occupying basin i is
the rate to transition into basin i from any other basin (Kﬁ-)
minus the rate of transitioning out of basin i into any other
basin (K;), weighted by the probability of originally being in a

given basin:

dv Q
B S T (- TR0
- 2 (62)

The transition rate between basins is given by the enthalpy or
potential energy activation barrier of the transition AH, the
probability of originally being in basin i, and the frequency of
attempts to transition (given by vibrational frequency v;):

_ _AHG = )
KJT(t)] =y e"P[ kT (t) ]

(63)

The rate of change of occupational probabilities of basin i is
therefore given by

dp *G =i *(i—>j
_y (p]_ ol U0 e D
(64)

e 2 kT kT
The occupation probabilities for the nonequilibrium vitreous
glassy state are therefore calculated by determining equilibrium
probabilities from eq 41, and then solving for the rate of
change of probability based on the amount of elapsed time ¢
using eq 64. The same equations apply to potential energy
landscapes by substituting AH as AU.

As temperature, composition, and time change, so do the
most dominant atomic configurations, and therefore all
associated properties. Note that eq 64 is time-dependent
allowing this approach to capture both spatial and temporal
fluctuations. The benefit of this deterministic approach is that
exact occupational probabilities are known, allowing the full
distribution of fluctuations to be quantified. The downside is
the computational cost of solving the master equation for
transitions between all atomic configurations.

5.3.2. Stochastic Sampling: Kinetic Monte Carlo. An
alternative method to explore occupational probabilities in
energy landscapes is using kinetic Monte Carlo (kMC). kMC
is a stochastic technique where the system jumps among
individual microstates, such that the full set of inherent
structures and the transitions between all basins do not need to
be known. Instead, possible transitions are randomly selected
from the current configuration, and the process repeats itself
multiple times to calculate the time evolution of the system.
The kMC approach can be applied multiple times with
different random seeds to calculate fluctuations in the
ensemble domain.”***

Note that MMC (discussed in section 5.1.4) is designed for
atomic studies but lacks a time step, making it incapable of

predicting the real timeline in which the structural changes
occur. In MMC, when an atom is randomly selected and
displaced, it is the energy difference between the two states
that sets the transition probability. kMC is a form of MC that
allows for a time step, therefore enabling dynamics to be
explored. With kMC, the transition probability is calculated
considering the energy difference between the two states as
well as the barriers to realize a new state. kKMC is under-utilized
in the glass community because (i) the computational cost for
finding the barriers is extremely high, (ii) traditionally there
has been a lack of convenient software (recently, Henkelman
and co-workers'*~'** have produced a plethora of easy-to-use
tools), and (jii) comparison of results is challenging due to the
difficulty in finding barriers.

kMC can access long time scales, and the landscapes do not
need to be mapped beforehand (unlike the master equations
approach) since the transition points are calculated at each
step. However, calculating the transition points so often is
computationally expensive, and the kMC approach is therefore
much slower. Another downside to the kMC stochastic
approach is that the system only occupies one point in phase
space, so it does not capture the full distribution of possible
configurations unless kMC is run multiple times. The master
equation approach from section 5.3.1 obtains the full set of
occupational probabilities over time so the full configurational
fluctuations are immediately obtained. Also, arbitrary time
scales can be achieved by taking advantage of broken
ergodicity. However, the relevant configurations in the
enthalpy or energy landscapes must be fully mapped prior to
applying the master equation approach.

5.3.3. Spatiotemporal Fluctuation Investigations.
Energy and enthalpy landscapes are models that account for
composition and thermal history to offer predictive calcu-
lations of macroscopic properties in glass-forming systems.109
Sampling of landscapes is a newly developing field that has
already shown promise in predicting glass transition behavior,
relaxation, viscosity, nucleation and growth rates, and
thermodynamic properties such as configurational entropy,
enthalpy, and Gibbs free energy.'*”'”* Figure 27 shows results
by Mauro and Loucks,'” who computed molar volume and
enthalpy distributions of selenium glass using the deterministic
master equations sampling approach. The distribution in both
properties is shown as the gray-scale-normalized probability
density along the z-axis. These landscape techniques have also
been shown to be reproducible and experimentally validated.
Mauro and Loucks'”’ validated their calculations against
thermal expansion coefficient and heat capacity data using their
distribution analysis of selenium glass enthalpy and molar
volume. At 300 K, upon reheating at a rate of 3 K/min, the
computed linear expansion coefficient was found to be 45.3
ppm/K and the experimental value was 44.5 ppm/K =+ 3%.
Similarly, Grosse et al.'”* reported an experimental heat
capacity of 26.4 J/(mol K); Mauro and Loucks computed a
heat capacity of 27.1 J/(mol K), hence validating the ability for
the landscape approach to capture thermodynamic fluctuations
and properties. Since the landscape approach calculates the full
distribution of occupation probabilities, and hence property
fluctuations, like the statistical mechanical models introduced
in section 5.2, the next application for fluctuation studies seems
open-ended and appears to be a field worthy of further
investigation.
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Figure 27. Three-dimensional plot of the distribution (shown as the
normalized probability density in arbitrary units) of inherent structure
enthalpies and molar volumes for a 64-atom selenium system, solved
using the master equation landscape sampling technique. Reprinted
with permission from ref 109. Copyright 2007 American Physical
Society.

5.4. Topological Constraint Theory

With the structural fluctuation understanding from MD
simulations, statistical mechanical models, and mapping energy
landscapes, conventional mean-field models can be extended to
explore fluctuations, as exemplified with topological constraint
theory (TCT). TCT, also known as rigidity theory, is a
mathematical technique to elucidate topological understanding
from structural information, which has been widely used to
predict the composition and temperature dependence of glass
properties such as the glass transition temperature, fragility,
viscosity, hardness, crystallization, phase separation, crack
propagation, dissolution rate, and glass relaxa-
tion.' 091 #31001957213 A 3 proof of concept, Figure 28 plots
the experimental validation of the TCT (“model”) predictions
for the composition dependence of the §lass transition
temperature of a sodium borate glass.'”**'*"*'® Further
discussions of applications of TCT, specifically in the context
of exploring the implications of structural fluctuations in glass-
forming systems, are discussed in section 5.4.4.

TCT is based on the gioneering works of Phillips,
Thorpe, 29221 Gupta, 187222223 a1 Cooper™>* who first
proposed treating glass as a network of constraints, analogous
to mechanical trusses. The number of interatomic constraints
n. (i.e, the number of rigid bonds and angles per atom that
confine the atomic position) is compared to the available
translational degrees of freedom £.°*° If (n.) < f the system is
underconstrained (“flexible” or “floppy”) and the atoms can
easily rearrange into the minimal energy configuration of the
crystalline state. If (n) > f the system is overconstrained
(“stressed-rigid”), which also drives the system to crystal-
lization to eliminate the additional stress. If (n.) = f the system
is isostatic, which is the ideal glass-forming condition and
means the atoms have lost all translational degrees of freedom.
Following an energy landscape point of view, each topological

160,219

Figure 28. Temperature-dependent constraint theory provides an
analytical prediction of the composition dependence of the glass
transition temperature T, in the sodium borate system xNa,O(1—
x)B,05. The solid black lines show the TCT model predictions, and
the data points are experimental data taken from Nemilov (ref 214),
Stolyar et al. (ref 215), Moynihan (ref 216), and Suzuki et al. (ref
217). Figure adapted with permission from ref 196. Copyright 2009
American Institute of Physics.

constraint creates an energy minimum (i.e., a basin) inside the
energy landscape, while internal degrees of freedom (f — (n.))
lead to the formation of channels between these energy
minima.'”® The channels allow for atomic reorganizations to
occur with low energy barriers. Consequently, it is easier for
glass networks with small (n.) to adapt to external stimuli than
for those with large (n.). Note that the remainder of this review
article will consider systems in three-dimensional space, ie.,
where f = 3.

TCT was originally proposed as a mean-field technique, and
consequently, in literature n, is typically defined as the average
number of constraints per atom.'®”'¢7?!'¥219722% jith the
progression of statical mechanical approaches, TCT has
developed the capability to quantify distributions of n,, which
is the focus of this discussion. Thereby, in the context of this
review article, (n,) refers to the average number of atomistic
constraints, while n, refers to the distribution of the number of
atomistic constraints, and fluctuations in n, arise solely from
the fluctuations in glass structure.

Mathematically, the average number of constraints per atom
is the sum of each atom’s radial and angular constraints. Since
each bond is shared between two atoms, the radial constraints
for each atom are given by (r)/2 where (r) is the average
atomic coordination number. For an atom with two neighbors
(i.e., when (r) = 2), there is one angle that needs to be defined.
Each new bond requires two additional independent angles, so
the number of angular constraints is given by 2(r) — 3. The
average number of constraints per atom for all atoms in the
system is hence given by’

(r)
=L+ ) - 3) )
Setting (n.) = 3 defines an isostatic network, and so (r) = 2.4 is
the corresponding ideal atomic coordination number, which is
called the rigidity percolation threshold (obtained by solving
eq 65 for (n,) = 3). Gupta and Mauro'°>'*® extended this
theory by implementing a probability function for constraint
rigidity that accounts for thermal effects and varying strengths
of different types of bonds. The next two sections introduce
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two implementation techniques to calculate the distribution of
e

5.4.1. Temperature-Dependent Constraint Model. On
the basis of the work of Gupta and Mauro,'**'*° n (T, x) is
considered to be separable, following the double summation'®®

(T, x) = Y, N(x) ), @,q.(T)

(66)

where the first sum is over the network-former species i and
the second sum is over the various types of constraints c. N;(x)
is the mole fraction of network species i in composition x
(typically implemented as the distribution of short-range order
species which were introduced in section 1.1), @, is the
number of constraints type ¢ associated with the species type i,
T is the absolute temperature of the system, and g.(T) is the
temperature-dependent rigidity of constraint type c. The
microscopic rigidity q.(T) defines a specific type of angle’s or
bond’s resistance to bending, stretching, twisting, breaking, or
other deformations. The temperature and composition
dependence of each constraint’s rigidity impacting the
network’s total number of rigid constraints per atom (often
referred to as network rigidity) is n.(T, x), which is captured in
eq 66.

Rigidity, g.(T), is a unitless scaling factor that ranges from 0
(fully flexible) to 1 (fully rigid). The rigidity for each constraint

¢ is an independent function of temperature T given by'°!%

Vlobs
F*
T) =1|1- -
qc( ) exp[ k T]

B (67)

where v is the vibrational attempt frequency, t.,, is the
observation time, and vt can typically be approximated as
1000."7° F# is the activation free energy for breaking constraint
¢, given by'®

F* = —kgT In(1 — 271/¥w) (68)

T, is the onset temperature for constraint ¢, which defines the
temperature at which the probability of breaking the constraint
is exactly 50%, ie., q.(T) = 0.5.

Equation 67 is derived by considering the probability of an
atom remaining trapped in a free energy well, as represented in
Figure 29. An atom needs only to escape once; if the escape is

Figure 29. Rigidity modeled as an atom in a free energy well. v is the
vibrational attempt frequency, and F is the activation free energy for
breaking the constraint c. If the particle successfully escapes the well
during the observation time t,, the constraint is broken and
considered flexible. Reprinted with permission from ref 153.
Copyright 2020 Elsevier B.V.

successful, then the constraint is broken. In eq 67, 1 —
exp(—F#/kgT) is the probability of not escaping in a single
attempt, and the exponent vty accounts for the total number
of escape attempts, ie., the total number of vibrations within
the observation time period.

If the probability of a constraint breaking is zero, i.e., .(T) =
1, then the constraint is fully rigid. When g.(T) = 0, the
constraint is fully flexible. Values of q.(T) between 0 and 1

indicate a degree of partial rigidity, meaning a fraction of the
constraints equal to g.(T) are rigid, while the remaining
fraction (1 — q.(T)) are flexible. Figure 30 shows a plot of eq

Figure 30. Rigidity of constraint ¢, q.(T), plotted as a function of
temperature using the discrete form (shown in red) and continuous
form (shown in blue), about an onset temperature T, = 400 K. The
discrete function is a unit step function about the onset temperature
T.. The continuous form is a function of the free energy to break
constraint ¢ F¥*, Boltzmann’s constant k (referred to as kg in this
review article), vibration frequency v, and the observation time t,.
Note that both the continuous and discrete forms of the TCT model
are effective means to calculate the number of rigid constraints per
atom within a disordered structure (refs 115, 119, 162, and 226).
Inspired by figures in ref 106.

67 to visualize the temperature dependency of rigidity about
the onset temperature T, As T — 0, there is zero thermal
energy available to break the constraints, so all constraints are
fully rigid (q.(T) — 1). As T — oo, thermal energy becomes
large enough to enable all constraints to break easily (q.(T) —
0); hence, the constraint is considered flexible.

An important challenge is to determine the q.(T) function or
at least the constraint onset temperature. In the early studies,
the onset temperatures associated with each particular type of
constraint were unknown and estimated either from exper-
imental glass transition temperature data or considered as
fitting parameters.'”>**”**" Later, in the work of Bauchy and
Micoulaut,** MD simulations were used to estimate the onset
of constraint rigidity by considering the partial bond angle
distributions as discussed in section 5.1. Onset temperatures
are time-scale-dependent (and therefore also cooling-rate-
dependent), so to be consistent with experimental time scales,
the onset temperature values determined by MD are then
rescaled by the MD activation free energies curve.””’

5.4.2. Discrete Temperature-Dependent Constraint
Model. Given the sharp cutoff of rigidity being 0 (fully
flexible) or 1 (fully rigid) seen in Figure 30, a simplifying
approach for implementing TCT is to employ the discrete
model. In this case, the current temperature of the system
dictates if a type of constraint is to be counted, i.e, if T < T,
constraint c is considered fully rigid, i.e., g.(T) = 1. There is a
finite number of bonds and angles in the system; therefore,
there is a finite amount of each type of constraint. With an
understanding of the short-order structural units present in the
system, the total number of rigid constraints per atom in the
s'ys'tg:rg és the sum of each type of constraint i that is considered
rigid:"

n(x) = D n. (%)

i (69)
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The equations that define each n_(x) and the number of
constraints within each short-range order species will vary
based on the glass-forming system. Table 2 lists some common

Table 2. Examples of the Discrete Temperature-Dependent
TCT Model Being Implemented for Several Glass-Forming
Oxide Systems

glass-forming system reference number

silicate 229, 231, 232
borate 196, 227
phosphate 169, 230, 233
germanate 234

tellurite 235
aluminosilicate 236
borosilicate 228
phosphosilicate 237, 238
borophosphate 197, 201
boroaluminosilicate 202

oxide glass families and references to derive their respective
constraint counting equations. Typically, there are six types of
constraints to consider: in order of decreasing onset temper-
ature, they are a, f3, 7, 6, €, and ¢. In an oxide system where NF
is a network former and NM is a network modifier, a
represents the O—NF—O angular constraint. There are two
linear constraints to consider; /3 is the NF—O bond constraint,
and y is the NM—O bond constraint. The remaining three
types of constraints are angular: the NF—=O—NF ¢ angular
constraint occurring at each bridging oxygen, the NF—O—NM
€ constraint incorporating the nonbridging oxygens, and the
O—NM-O ¢ angular constraint. In a glass-forming system,
each short-range order species will have a defined number of
these angles and bonds based on the presence of bridging
oxygens and nonbridging oxygens (see section 1.1).

Note that, for this discrete approach, the calculations for the
composition dependence of network rigidity additionally
require scaling factors relating the fraction of the short-range
order species per network-former atom and per modifier ion.
The temperature dependence is captured by considering which
constraints are rigid or floppy based on the amount of thermal
energy available in the system. It should also be noted that,
while the discrete model works well for predicting properties
such as hardness or dissolution rate at a fixed temperature, the
full temperature dependence of constraint rigidity is needed for
predicting properties such as the liquid fragility index, which is
a temperature-derivative property. ’

5.4.3. Pressure-Dependent Constraint Model. As of
the publication of this review article, extending TCT to
incorporate pressure dependence is less studied than that of
composition or temperature dependence. Nevertheless, rigidity
induced by pressure has been obtained in simple network
formers from MD simulations.”*” Additionally, recent work by
Bauchy and Micoulaut’*’ has established an approach using
MD and TCT to capture the pressure dependence of network
rigidity. Pressure tends to increase connectivity, which, in turn,
tends to increase the rigidity of the network. With changing
pressure, the short-range structural units have the potential to
transition. For example, silicate systems under pressure can
experience a tetrahedral to octahedral conversion of the silicon
environment,'””**' and in borate systems, pressure induces the
transition of 3-fold to 4-fold coordinated boron. Network
rigidity is dependent on the short-range structural units and
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atomic coordination observed at a specific pressure; therefore,
the pressure dependence of the number of constraints per
atom can be modeled. However, additional work is still needed
to understand how pressure affects the constraint rigidity at a
specific temperature.

5.4.4. Implications of Exploring Property Fluctua-
tions with TCT. A consequence of a disordered structure is
the presence of localized fluctuations in atomic coordination,
which impact how an atomic region behaves on the
macroscopic scale. For example, even if the system achieves
(n)) = 3, localized underconstrained and overconstrained
regions provide ideal paths for rapid crack propagation
(exemplified in section 9). Similarly, in a localized overcon-
strained region, the additional rigidity induces localized
stresses, and elimination of these stresses can be achieved
through imposing crystalline order or inducing phase
separation, which results in the formation of glass-ceramics
(refer to sections 7 and 8).”****? Fluctuations in localized
constraints also define the variance in observed Rayleigh
scattering, which dictates the power attenuation in glass optical
fibers (refer to section 10). In general, network topology is
responsible for critical behaviors in several thermal, mechan-
ical, and optical properties, and hence, TCT enables direct
calculation of macroscopic properties in glass-forming
systems,' 0@ #31001957210212213 Yo exemplifying such TCT
fluctuation-property predictions are thoroughly discussed in
sections 6—10; therefore to reduce redundancy, the next
section will instead focus on unexplained phenomena that are
able to be explored since the development of the fluctuations-
based TCT approach.

5.4.5. Adaptable Network Topology and the Inter-
mediate Phase. The extension of TCT to explore
distributions in constraints has broadened the understanding
of glass macroscopic properties, but it has also enabled
scientists to explore the physics of atomic rearrangements
more thoroughly. When TCT was originally proposed by
Phillips and Thorpe,219 the isostatic state was predicted to be
achieved at a single composition, i.e., at the rigidity percolation
threshold, which is represented in Figure 31a. However, in
1999 experiments by Boolchand and co-workers®**~**°
revealed a finite width of compositions maintaining the
minimum enthalpy state of the isostatic condition; this finite-
width region has since been termed the intermediate phase. An
example of experimental results highlighting the intermediate
phase is given in Figure 31b, which shows modulated
differential scanning calorimetry (MDSC) results for a
Ge,Se,_, chalcogenide glass system. The width of a system’s
intermediate phase is called the reversibility window.
Reversibility windows for several oxide and chalcogenide
glass-forming systems exhibiting adaptable network topologies
are given in Figure 32.

A challenge when studying the intermediate phase is the
apparent irreproducibility of some of the experiments, causing
the physical origins and very existence of the phase to be
controversial. Evidence of the intermediate phase has been
found through numerical studies,”*® analysis of finite cluster
sizes,'>> MDSC,>* 724249250 4nd Raman scattering,244’249_252
but some results also attribute the observed finite widths as
possible experimental artifacts,”*">*° for example, regarding
the interpretation of the nonreversing enthalpy obtained by
MDSC.”” While the existence of the intermediate phase and
the underlying mechanisms are thus still a point of debate, the
studies typically agree on the central role of fluctua-
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Figure 31. Visual representation of (a) the Phillips—Thorpe single
isostatic composition theory and (b) the Boolchand intermediate
phase theory. Panel b plots enthalpy AH as a function of composition
x for Ge,Se,_, from MDSC experiments. The global minimum in
enthalpy corresponds to the isostatic condition, (n,) = 3. Panel b
reprinted with permission from ref 246. Copyright 2012 The
American Ceramic Society and Wiley Periodicals, Inc.

tions,*®' 092482987260 More gpecifically, it is proposed that

structural fluctuations in the system enable the atoms to self-
organize into a stress-free state while still maintaining a
noncrystalline structure of the glass. These structural
rearrangements relieve additional stresses, driving the system
back toward a lower free energy state and hence maintain the
isostatic condition of (n.) = 3. While causation has yet to be
theoretically or experimentally confirmed, a correlation
between increased fluctuations in network rigidity and the
increased width of the reversibility window has been modeled
by Kirchner et al.'>* Also, work by Yan®®' has attributed the
increase in entropy as the driving factor for the increased
structural disorder when the glass system is close to the rigidity
percolation threshold.

5.5. Machine Learning

Unveiling the structural origin of dynamic or mechanical
fluctuations in glasses is a complex task as it requires
pinpointing the key influential structural features that govern
fluctuations within the complex disordered structures of
glasses, which is essentially a “needle in a haystack”
problem.”® To identify the structural features that govern
dynamical/mechanical fluctuations in glasses, one option is to
adopt intuition- or phgfsics—based metrics (e.g,, excess
entropy,”® free volume,”** structure symmetry”®). Although
these approaches are physically sound, the applicability of
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Figure 32. Observed reversibility window from MDSC experiments
for various oxide (shown in blue) and chalcogenide (shown in red)
glass systems, where the magnitude of a glass sytem's reversibility
window is given as the length of the corresponding horitzontal line.
Adapted with permission from ref 247. Copyright 2015 Macmillan
Publishers Ltd.

these local metrics can be highly system-specific.”****” As a

promising alternative route, the key influential structural
features that govern dynamical/mechanical fluctuations in
glasses can be identified by machine learning (ML), wherein a
ML local structural quantity is built to exhibit a maximum
correlation with local dynamical/mechanical behaviors. Since
such a ML approach does not require any preexisting physical
knowledge or intuition, it has the potential to offer a more
generic framework to identify structure—property relationships
in different glassy systems. In the following sections, we review
several developing ML techniques that can pinpoint influential
structural features within the disordered structure of glasses.

5.5.1. Machine Learning Methods to Model Correla-
tions of Spatiotemporal Fluctuations. Here we introduce
several supervised and unsupervised ML techniques currently
under development for feature identification of spatiotemporal
fluctuations in disordered materials:

(1) The softness approach

(2) Graph neural networks (GNNs)
(3) Alternative approaches, including nonparametric models
and unsupervised approaches

First is the pioneering “softness” machine-learned metric,
which has found much success in recent years.”*”>"* Cubuk et
al.””* first introduced this method where they define a
microstructural quantity, termed “softness”, based on a
supervised ML model. To determine the “softness” of a
particle, a set of structural functions are defined to identify
particles that are prone to rearrange their positions with their
atomic neighbor. A particle with higher softness means the
particle shows an enhanced spatial correlation with the regions
undergoing large rearrangements.
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In the softness approach, the atoms are first divided into two
groups (e.g., mobile and immobile). In practice, for each atom
i, the output y; is labeled as 0 or 1 according to whether the
displacement of this atom is lower or higher than a threshold
value (which typically corresponds to the magnitude of atomic
vibrations). A binary classification model is then trained to
map selected structural features F that characterize the local
structure around each atom i to its mobile or immobile state y;,.
In detail, the output predicted by the model y; (i.e., a number
between 0 or 1) for atom i can be expressed as a function of
the local structure around atom i:

y, =TD(w, F(X,)) (70)
where X; is a vector that contains the coordinates of the atoms
that are located in the neighborhood of atom i, F is a function
that transforms these coordinates X; into some structural
features (e.g., radial and order parameters, see below), w is a
vector that assigns a distinct weight to each of the features
F(X,), and T is a function (specific to the ML model, e.g,
sigmoid for logistic regression) that transforms the weighted
local structural features F to the output of the model. Note that
the accuracy of the model highly relies on the selection of the
features F. A convenient choice is to define these features as a
series of radial and angular order parameters:*”*

G(r) = z exp| — (Tij ;2 L

J (71)
and
W(E 4,0 = 3 3 e (L 4 4 cos 6,
ik
(72)
where ry is the distance between atoms i and j, 9,','1( is the angle

formed by a central atom i and two neighbors j and k, r is a
series of target radial distances, and 9, &, 4, and { are constants.
These order parameters offer a general description of the local
radial and angular environment of each atom i. For instance,
the radial order parameter G,(r) captures the local density of
neighbors that are located at a distance r from the central atom
i, as averaged over a typical shell with a width 8. A visualization
of G(r) is provided in Figure 33, parts a and b. Note that the
selection of the structural features F and the transformation
function I largely determine the interpretability of the machine
learning model, which often acts as a “black-box” model when
the structural features F are not intuitive or the transformation
function I is highly complex. Using intuitive input features is
likely key to uncover useful insight into the hidden structural
origin of fluctuations in glasses (see refs 271 and 275 for more
details).

After building the classification model, the weight vector w is
optimized by fitting the model to a training set, that is, a series
of “ground-truth” input features F and associated immobile/
mobile labels y; for a collection of atoms: {(Xy,y,),(Xy,),
(X7} In practice, various classification alﬁgorithms can be
used, e.g., support vector machines (SVM),27 XGBOOST,*”’
logistic regression,278 etc. In the case of linear SVM or logistic
regression, the decision boundary hyperplane that separates
mobile (y; = 1) from immobile (y; = 0) atoms within the
feature space F can be expressed as

wF—b=0 (73)
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Figure 33. (a) Illustration of the definition of the radial density G,(r)
of neighbors around atom i. (b) Evolution of G(r) as the function of
the distance r. The G,(r) metrics are used to construct the feature
space. (c) Illustration of the softness S, i.e., the orthogonal distance of
each atom i from the decision boundary hyperplane in the feature
space.

where b is a bias coefficient. Beyond simply predicting the
mobile versus immobile state of the atoms, this approach can
be used to define the softness S; of each atom, which is a real
number that is correlated to their displacement. For each atom
i, the softness metric is defined as the orthogonal distance of
each atom from the decision boundary hyperplane in the high-
dimensional feature space, as depicted in Figure 33c:

S = W'F(Xz‘) —-b (74)

An atom is then labeled as “soft” if S; > 0, and otherwise,
marked as “hard.” Although the softness approach is relatively
simple as compared to other more complex models, the
machine-learned softness metric has been shown to accurately
predict atoms’ mobility under different temperatures**>%*>””
in various disordered sgrstems (e.g, metallic glass,270 271
Lennard-Jones liquids,”” etc.).

The second ML technique is graph neural network. To
increase the accuracy of classification models, one option is to
include more complex structural descriptors within the list of
input structural features.””>**° However, feature selection (i.e.,
selecting influential features while filtering out irrelevant
features) is a complex task that, in addition to being potentially
system-specific, requires some level of intuition. To address
this difficulty, a model based on a GNN has recently been
proposed.”®" In the same fashion as convolutional neural
networks are ideal models to describe photos since they can
automatically construct low- and high-level features to describe
images (e.g., contours, shages, etc.), GNNs are a natural
approach to treat networks.”*” In brief, GNNs use as inputs a
graph structure, that is, an ensemble of nodes (the atoms) that
are connected to each other via edges (the interatomic bonds).

gels,
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Figure 34. Illustration of the message propagation in GNNs. During the updating process, the atoms gradually become aware of the information
offered by the other nodes (neighboring atoms) and edges (interatomic bonds) that are directly or indirectly connected through the networks.

As such, GNN models do not rely on any handcrafted, human-
defined arbitrary choice of input structural features. Rather,
GNN models can identify on its own what are the influential
topological features (e.g., coordination number, angles, ring
size, etc.) that govern the dynamics of atoms. GNNs then rely
on a message-passing scheme, wherein each node and edge
gradually shares information with neighboring nodes, as
visualized in Figure 34. By bypassing the need for human-
defined structural features, this approach has been noted to
offer an improved accuracy as compared with previous
models.””'

An alternative solution to avoid human-defined structural
features consists of adopting nonparametric structural
functions that do not rely on any fixed analytical form and,
rather, are trainable during the learning process. Unlike the
parametric models that rely on fixed analytical formula,
nonparametric models can construct the formula solely based
on the training process and, importantly, do not rely on any
assumption regarding the complexity of the model (ie., the
number of fitting parameters). To achieve this, the structure
functions can be represented as a set of basis functions (e.g.,
Gaussian basis functions™®?).

All three ML approaches described above rely on supervised
learning, that is, wherein the model is exposed to the
knowledge of the output label of each atom (i.e,, mobile or
immobile) during its training. However, such supervised
approaches are not always practical when the number of
labeled data is low. As an alternative route, a recent study has
shown that, in the absence of any information regarding the
dynamics of the atoms, an unsupervised machine learning
approach can automatically identify some structural predictor
metrics that are correlated with the mobility of atoms.”** This
can be achieved by using a clustering analysis, which can group
atoms into clusters of atoms that exhibit some similarity in
their local environment, without the need for any knowledge of
their dynamics (see Figure 35).

5.5.2. Structural Fluctuations and Dynamical Hetero-
geneities. By leveraging recent increases in computing power
and artificial intelligence algorithms, ML-based structural
predictors have gradually faced increased popularity over the
recent years. Although the interpretability of a machine-learned
structural predictor often remains limited as compared with
physical-based metrics, such ML approaches have already
demonstrated a tremendous potential to uncover previously
hidden relationships between structural and dynamical
fluctuations in glasses.

The softness approach has been shown to successfully
identify the structural origin of the thermally- or stress-induced
heterogeneous atomic mobility in disordered materials**”*”"
and identify local structural fluctuations that are correlated to
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Figure 35. (a) Illustration of the clustering unsupervised approach,
wherein (b) atoms sharing common characteristics are grouped into
clusters (with no a priori knowledge of their mobile or immobile
state).

the tendency for crystallization,zg5 local energy barriers,””
plasticity,”*® fracture toughness, and flexibility.”’”" The softness
approach has also been used to characterize fluctuations in
short- and medium—ran;e structural units.”* Figure 36a shows
results by Fan et al,””” who used the softness approach to
characterize volume and structural flexibility distributions in
Cu—Zr metallic glass, where a high correlation was found
between these two property fluctuations. In this work,
flexibility refers to the distribution of a property within the
system and input stimuli. In Figure 36a, the color scales with
density (where dark is the maximum density). As seen in
Figure 36b, similar linear correlations were found between
structural fluctuations of Cu atoms in CugyZng, and volume
flexibility V4, boson peak intensity Iyp, shear modulus G, and
fictive temperature Tj.

The ML softness approach can also predict dynamical
properties.”****” These works typically rely on SVMs>’® and
use physical intuition to precompute heuristic features for each
particle. The softness approach can predict whether particles
will rearrange after a certain period of time. However, for long-
time dynamics, GNNs*>**"** are preferable because (1) they
do not treat each input feature as independent and (2) instead
of requiring human-defined features, GNNs leverage the power
of deep networks for feature discovery.”®” Work by Bapst et
al.”®" created a GNN model to explore such dynamical
heterogeneities. Figure 37 is the model prediction of the linear
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Figure 36. Property correlations with structural fluctuations in
CugoZrs, metallic glass, calculated using the softness approach. (a)
Correlation between structural flexibility Sg, of Cu and volume
flexibility Vj,,, where the term flexibility refers to the distribution of a
property within the system and input stimuli. The color scale plots
density (where dark is the maximum density). The Pearson
correlation coeflicient p ranges between 0 and 1 to define the error
between the predicted and true value of y,. (b) Linear correlations
found between the structural flexibility Sg.,, of Cu and volume
flexibility Vg,,, boson peak intensity Iyp, shear modulus G, and fictive
temperature Tp. Adapted with permission from ref 270. Copyright
2020 Elsevier Ltd.

Figure 37. Two-dimensional slice of the simulation box showing a
color map of particle dynamic propensity in the x and y directions.
The results were calculated using a GNN. Black circles are the 10%
most mobile particles. Reprinted with permission from ref 281.
Copyright 2020 Bapst et al. under exclusive licence to Springer Nature
Limited.

interpolation of the distribution of dynamic propensity, shown
as a two-dimensional slice of the simulation box, where the
10% most mobile particles are depicted as black circles.

AE

There has also been recent progress in the area of physics-
informed ML for identification of governing dynamics and
predictions, as a)pplied to complex systems data. For example,
deep learning”’ and Gaussian process approaches can
incorporate physical understanding into the model architecture
or cost functions to develop highly interpretable predictive
models. Also, leveraging deep autoencoders seems to be a
promising approach to identify coordinate transforms that
linearize nonlinear dynamics and learn salient features
governing the dynamics. These models also make future
state predictions. The development of such ML techniques will
expand their applicability to explore the physical chemistry of
spatial and temporal fluctuations in glass-forming systems.

As of now, the potential of such ML approaches nevertheless
remains limited by (i) their limited interpretability (which
makes it challenging to uncover some new physics), (ii) the
limited/sparse nature of typical data sets (which limits the
potential of deep learning approaches), and (iii) the lack of
standard data sets that could be used as a benchmark to
meaningfully compare the performance of various ML
approaches (in the same fashion as the ImageNet data set
has greatly accelerated the development of new state-of-the-art
approaches in deep learning applied to image analysis). Some
of these challenges could be addressed by developing novel
closed-loop integrations between atomistic simulations and
ML, wherein simulations are performed “on-the-fly” to expand
the training data set in the regions of the data sets
corresponding to the highest model uncertainty, yield
ground-truth outputs for previously unlabeled data points,
offer insights into potential physically meaningful input
features, or validate in real time the predictions of ML models
following an active learning fashion. In turn, ML has the
potential to greatly accelerate atomistic simulations (e.g., via
the development of machine-learned empirical force fields),
which could facilitate the modeling of fluctuations associated
with large length scales or extended time scales, which are
presently out of reach by conventional atomistic simulations.

6. GLASS RELAXATION

The process of relaxation in glasses and supercooled liquids is
one of the oldest problems in chemical physics; however, the
chemical and structural origins of relaxation remain elu-
sive.””'™*"* The rich phenomenology exhibited by glassy
systems, in general, has garnered immense attention in terms of
fundamental research from several disciplines,zgs_300 and
demystifying the fundamentals of the glassy state has an
immediate impact on the design of high-performance
glasses.””" The properties of a glass are str0n§ly influenced
by its temperature or pressure history,’”> > which are
coupled with how the glass relaxes as it is being cooled
through the glass transition. For example, suppressing volume
relaxation (compaction) is crucial for high-performance display
glasses that serve as substrates for high-resolution displays with
small pixel sizes,”***"” the ion-exchange temperature used to
chemically strengthen glass is limited by stress relaxation in the
glass,”®" and attenuation in optical fibers is related to Rayleigh
scattering which is a nontrivial function of density fluctuations,
which are governed by thermal history.’”® A complete and
well-accepted theory of glassy dynamics will aid in determining
glass chemistry and processing paths to achieve a target set of
desired material properties.

Much of the focus over the last few decades has been on the
characterization of the heterogeneous nature of liquids and
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glasses. Dynamical heterogeneities are a key component in
modern descriptions of glassy dynamics.””” This section
discusses theoretical, experimental, and computational advan-
ces regarding the role of spatiotemporal fluctuations in
relaxation behavior with the intent of bridging the gap between
engineering high-performance glasses and the sometimes more
esoteric theoretical models of glassy dynamics.

6.1. Nonexponential Relaxation and Temporal Evolution
of Fluctuations

Before discussing dynamical heterogeneities, it is important to
understand the impact of time evolution and relaxation in
glass-forming systems. Two salient properties exhibited by
glass-forming systems are nonexponential relaxation and non-
Arrhenius temperature dependence of the relaxation time scale.
Nonexponential relaxation was originally observed by
Kohlrausch®"’ in 1854 while studying the relaxation of residual
charge in a Leyden jar. Since then it is known that a wide range
of glass-forming systems exhibit a departure from the
exponential relaxation behavior,”*”**'"*'* conforming to the

empirical Kohlrausch stretched exponential function ¢-
(t) 10,313

/j*
b() = exp —[i]
i (75)
where ¢ is time, 7| is the characteristic relaxation time, and f* is
the dimensionless stretching exponent. The origin of stretched
exponential relaxation in glass is ascribed to the presence of a
broad distribution of simple exponential relaxation functions
originating from heterogeneous dynamics. The width of this
distribution is proportional to 1/4* and serves as a measure of
the departure from exponential behavior. Dynamical hetero-
geneities and expressions for the distribution of relaxation
times will be discussed in depth in the subsequent section 6.2.
A myriad of experimental techniques such as dielectric
spectroscopy,” *'* quasi-elastic light scatterin§,316 Brillouin
spectroscopy,”’” dynamic light scattering,”*~** sgeciﬁc heat
spectroscopy,’'” and mechanical spectroscopy”'”**” have been
used to characterize the nonexponential and non-Arrhenius
behavior in glass. The parameters in eq 75 are fit to
experimental data measured in the time domain through the
decay of fluctuations of some property P(t) that varies with
time, from its equilibrium value P(c0):

P(t) — P(c0)

) = oo " he)

(76)

The parameters may also be determined in the frequency
domain by fitting spectroscopy data to the Fourier transform of
the stretched exponential function,”"” which was found to be
related to the symmetric Lévy stable distribution.””" Assuming
that the stretched exponential function is a differential
distribution of time, the average relaxation time for
nonexponential relaxation is defined as the integral of eq 75:>""

1
= F _
(r) = 7, (1 + ﬁ*) )

where I is the Euler gamma function.

The li%uid fragility index, defined from the mean relaxation
323

: 322,3
time as
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is a measure of the departure from Arrhenius behavior. A
common industrially relevant property that is used to measure
the temperature dependence of the relaxation time scale is the
shear viscosity, and the fragility is often defined as the slope of
the base-10 logarithm of viscosity versus T,/T curve computed
at T, this graph is known as the Angell plot.**> The
importance of understanding the temperature and composition
dependence of viscosity and its relation to nonexponential
relaxation cannot be understated.”>***> While in-depth
discussions about shear viscosity are outside of the scope of
this review (because viscosity relates to the time-scale of
relaxation rather than temporal fluctuations) we are motivated
by its relevance to discuss its association with spatiotemporal
fluctuations.

The Adam—Gibbs model, which purports the existence of
cooperatively rearranging regions (CRRs) in which ensembles
of molecules or monomers can rearrange themselves
independently of their surroundings, is a popular model used
to describe the temperature scaling of viscosity. A modification
of this model incorporating coupling between the CRRs was
proposed by Ngai et al,*>***” and it has been used to derive a
stretched exponential response. Bohmer et al. originally
proposed the existence of an inverse correlation between the
liquid fragility and #* measured at Ty however, this has been a
subject of debate because of the large scatter in the
data.’'>?**?*” The existence of this correlation has the
interesting physical consequence that the temperature depend-
ence of spatial fluctuations in relaxation times contributes to
the fragility of the glass-forming system. The temperature
dependence of the heterogeneous dynamics is reflected in the
temperature dependence of #* for which a model has recently
been proposed by Wilkinson et al.**°

The microscopic origin of stretched exponential relaxation in
glasses has been intensively studied theoretically and
experimentally. The dimensionless stretching exponent f* is
thought to be inversely related to the broadness of the
distribution of relaxation times, and theoretical models have
attempted to quantifiably relate it to microscopic origins. For
example, Phillips,>>" based on Grassberger and Procaccia’s’*”
interpretation of the diffusion trap problem, hypothesized that
the stretching exponent is a function of the fractional
dimension of the diffusion process involving the diffusion of
“excitations” toward randomly distributed static “traps”.
Quantitatively, this is expressed as

1
fd+2

* =
g (79)

where d is the dimensionality of the space in which diffusion is
taking place and f is the fraction of activated relaxation
i 331 :
pathways. Phillips,”" based on a thorough literature survey of
relaxation data, also proposed “magic” values for f* at low
temperatures which were reported to be 3/5 for stress
relaxation (d = 3 and f = 1) and 3/7 for structural relaxation
(d = 3 and f = 0.5). This result has been experimentally
333,334 A :
supported and points to fundamentally different
mechanisms governing the two relaxation phenomena as they
appear to correspond to different effective dimensionalities.
Modeling stretched exponential relaxation in such a manner
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implies that the general mechanism underpinning relaxation
involves the relaxation of the faster degrees of freedom before
the slower ones relax.

It has been argued that simple relaxation experiments
involving two-point correlation functions do not reveal
substantial information about heterogeneous dynamics;”*
however, the analysis of the temporal evolution of fluctuations
in properties such as density corroborate well with the
aforementioned theoretical result. Studies on the variation in
density and enthalpy fluctuations (in the sub-T, regime) as
glassy selenium relaxes have revealed that the fluctuations
evolve nonmonotonically.*****” As illustrated in Figure 38a,

Figure 38. (a) Computed distribution of enthalpy fluctuations.
Reprinted with permission from ref 337. Copyright 2013 AIP
Publishing LLC. (b) The impact of fragility on the nonmonotonic
evolution of density fluctuations. Reprinted with permission from ref
338. Copyright 2011 Elsevier B.V.

the distribution of fluctuations initially narrows due to the
relaxation of the faster changing degrees of freedom and is
followed by a broadening of the distribution as the sample
equilibrates due to the relaxation of the slower changing
degrees of freedom. A subsequent computational study”*
involving enthalpy landscape techniques considered the impact
of fragility on the evolution of fluctuations. It was revealed that
the fragility had no impact on the magnitude of the minimum
in density fluctuations but an increase in fragility extended the
time needed for the fluctuations to undergo a crossover, as
seen in Figure 38b.

AG

6.2. Heterogeneous Dynamics

It is well-established that supercooled liquids and glasses
exhibit nonexponential relaxations, which are ascribed to their
intrinsic heterogeneities. The microscopic underpinnings of
the stretched exponential correlation function can be ascribed
to two scenarios:*>” (a) the dynamics are spatially homoge-
neous and the correlation function for each site within a
sample decays as a stretched exponential, and (b) the dynamics
are spatially heterogeneous and the correlation function for
each site within a sample decays as a simple exponential.
However, there is a broad spatial distribution of relaxation
times at temperatures for which f* < 1, and the superposition
of exponential decays generates a stretched exponential decay
for the ensemble-averaged correlation function. These
scenarios have been illustrated in Figure 39a. A general
mathematical description of these two scenarios is

7 —(t/7)

#(0) = [ g(@) exp(=(e/)) ar 0
where g(7) is the probability density function for the relaxation
times 7 and B, > B* is the dimensionless stretching exponent
of the intrinsic nonexponential decays.

On the basis of eq 80, Richert and Richert’*’ have
elucidated the properties of g(7) and introduced the following
expression for the probability distribution:

B XY @)
g0 == Z n T(—np*/p ) (s1)

We find that, in the purely homogeneous case, i, = f* and
g(r) = 8(z — 1), where &(x) is the Dirac § function. In the
purely heterogeneous case, B, = 1 and the dispersion in the
correlation function arises solely from g(z). For the
intermediate case where 0 < f* < 1 and p* < ¥, < 1,
Bohmer et al.**' have established a continuous scale (denoted
n) that linearly interpolates between O for the purely
homogeneous case and 1 for the purely heterogeneous case,
where

*_ g
_ﬂintr ’B

=T

Experimental results for organic glass-forming sys-
tems” > seem to suggest that low molecular weight glass
formers tend to exhibit pure heterogeneity while polymers tend
to exhibit homogeneous contributions to the overall
correlation function.” An alternative integral expression
related to the Lévy stable distribution®** has been presented
recently by Doss and Mauro’*® based on earlier results by
Montroll and Bendler’*' and Jurlewicz and Weron®*’ for the
P = 1 scenario. The probability distributions for the purely
heterogeneous case and intermediate cases have been plotted
in Figure 39b. Here, we highlight the fact that all the
distributions appear to be power laws (straight line regions on
a log—log plot) over approximately many decades of relaxation
time, implying the presence of a temporal scale invariance
symmetry.

While this power-law behavior may appear to be a mere
mathematical requirement, many theoretical models rooted in
physical processes that exhibit stretched exponential correla-
tion functions appear to follow this trend. Some examples are
(i) the Forster direct-transfer model,**® a parallel channel
relaxation model that arose from studies of excitation transfers

(82)
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Figure 39. (a) Spatially homogeneous vs heterogeneous dynamics
result in an ensemble-averaged nonexponential decay. Reprinted with
permission from ref 339. Copyright 1993 Elsevier B.V. (b)
Distributions of relaxation times for the purely heterogeneous
scenario given by the theoretical distribution in Doss and Mauro
(ref 346) (solid bold line) and intermediate cases (dashed lines)
where S, # p* = 3/7. A comparison of the Levy stable distribution
with the expression in eq 82 for %, = 1 reveals small differences in
the density values which could be attributed to numerical errors from
performing the summation. The slopes (m) of the straight-line regions
are similar (~0.57) for both probability densities.

from donor to static defects in condensed media, (ii) the
hierarchically constrained dynamics model proposed by Palmer
et al,”* a serial relaxation model that supposes that relaxation
occurs in stages wherein the faster degrees of freedom must
relax first (thereby imposing a constraint on the slower degrees
of freedom), and (iii) the defect-diffusion model proposed by
Glarum™®° which suggests that migrating defects trigger the
relaxation of frozen dipoles in amorphous materials.

Unlike the more abstract diffusion trap model, the
aforementioned models are rooted in a physical mechanism
that describes the dynamics of a system relaxing in response to
a certain excitation. These models also introduce a more
palatable interpretation of the stretching exponent f* relative
to the more abstract notion of a “fraction of relaxation

AH

pathways” discussed in the Phillips diffusion trap model.
Klafter and Shlesinger”>' summarize that the unifying feature
within these different physical models is the generation of a
scale-invariant distribution (power-law distribution) of relax-
ation times, whose exponent is related to f§*.

If the spatial distribution of relaxation times appears to
possess scale-invariance symmetry, does this have implications
for the underlying structure of the liquid or glass? While there
have been no direct links between the underlying structure and
temporal scale invariance,”” studies focused on characterizing
the shape and size of CRRs in glass-forming liquids have
reported that the heterogeneities are fractal,”>>*** alluding to
the presence of scale invariance in the geometry of these
heterogeneities. The relationship between the length scale of
dynamical heterogeneities and length scale of CRRs is not
known.

Dynamical heterogeneities manifest themselves as a non-
Gaussian probability distribution of particle displacements in
colloidal systems wherein the length scale of heterogeneities is
experimentally accessible.****¢ Heterogeneities are on the
order of nanometers in network glasses and organic
systems,”>"**” making experimental characterization of their
mechanisms challenging. To this end, site-specific dynamics of
oxygen atoms have been investigated in a network potassium
silicate liquid using '’O NMR spectroscopy wherein it was
found that NBO sites lead to significantly shorter relaxation
modes compared to the time scale of shear stress relaxation.”*®
A common theme among NMR, photobleaching dielectric, and
magnetic hole burning experiments is that sites that are
associated with a subset of relaxation times are selectively
modified or observed.*”’

Considering the difficulty associated with experimentally
probing mechanisms underpinning dynamical heterogeneities
in a wide range of glass-forming systems, atomic-scale
simulations have proven to be a resourceful alternative. The
investigation of dynamical heterogeneities has been carried out
most notably on binary Lennard-Jones systems®*”~**° and real
systems such as water,”°>*% silica,**?%3%%3% propylene
carbonate, and salol. The introduction of the MD isoconfigura-
tional ensemble (see section 5.1.2) established a link between
dynamical heterogeneities and the underlying structure of a
liquid. This technique was used by Vargheese et al.>’ to study
the origin of dynamical heterogeneities in peraluminous and
peralkaline aluminosilicate liquids, which revealed a clear
correlation between concentration fluctuations and dynamical
heterogeneities. It was found that regions of high dynamic
propensity had higher concentrations of aluminum and
calcium while regions of low dynamic propensity were rich
in silica. While the isoconfigurational ensemble technique has
been very resourceful in aiding our understanding of
heterogeneous dynamics, new first-principles and data-driven
techniques must be developed to isolate salient structural units
and relaxation modes to cement the connection between
heterogeneous dynamics and nonexponential relaxation.

7. CRYSTALLIZATION

When a liquid is supercooled below its melting or liquidus
temperature, one or more crystalline phases will tend to form
to reach thermodynamic equilibrium. This process takes place
in two steps: (i) the formation of critical crystalline clusters
(nucleation), which result directly from thermal or composi-
tional fluctuations, and (ii) the increase in volume of these
clusters (growth). Crystal nucleation and growth lead to
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crystallization, which is a ubiquitous process in nature (e.g.,
snow and mineral formation) and in technology (e.g., metal
solidification and production of glass-ceramics). Crystallization
counteracts vitrification, the temporary freezing of a super-
cooled liquid into a glass.”” Upon heating, crystal nucleation
and growth often result in devitrification. Understanding
crystallization is imperative because the prevention of crystal
nucleation and growth upon supercooling a liquid—or upon
heating certain gels—leads to a glass. Also controlling the
nucleation and growth steps can lead to the formation of glass-
ceramics.

In both vitrification and ceramming (controlled crystal-
lization of glasses to produce a glass-ceramic), crystallization
plays a pivotal role. Hence, reliable models are needed for
understanding, controlling, or predicting nucleation and
crystallization kinetics. Thus, knowledge about the possible
crystallization pathways allows us to formulate kinetic criteria.
Several monographs and review papers provide detailed
information on these processes and materials.””’*>"*

In addition to their practical relevance, glass-forming liquids
serve as remarkable experimental models of metastable highly
viscous systems, in which crystallization and liquid—liquid
phase separation (see section 8) processes can be quickly
initiated, accelerated, or delayed. These processes can thus be
studied conveniently under different conditions on laboratory
time scales. For this reason, glass-forming liquids have served
as platforms for testing crystal nucleation and growth theories,
providing a deeper insight into different phase formation
processes. In this section, we present some key concepts of
crystal nucleation in glass-forming liquids with emphasis on
fluctuations and the effects of dynamical heterogeneities and
structural relaxation.

7.1. Formation of a Stable Crystalline Nucleus

The physical nature of nucleation phenomena in general, and
crystal nucleation in supercooled liquids, was first established
and described by Gibbs in the early 1900s.>”**”* His basic idea
is illustrated by the following approximation for the change of
the Gibbs free energy during the formation of a spherical
crystal cluster (also called a nucleus):

AG = NAu + yA (83)
with the difference of the chemical potential given by

Au=p, =y (84)
the surface area given by

A = 4nr? (85)

and the number of particles (atoms, molecules, or more
generally the basic structural units of the crystalline phase)
given by

N = 4—ﬂ'cmr3

3 (86)

where 7 is the interfacial energy, 4;q is the chemical potential of
the liquid phase, ., is the chemical potential of the crystalline
phase, r is the radius of the nuclei, and ¢, is the particle number
density in the crystal cluster. An intrinsic assumption of eq 83
is that any elastic strain arising during nucleation is rapidly
released by viscous flow. The equation is therefore only valid
for the case of polymorphic or congruent crystallization, when
the supercooled liquid and crystal consist of the same chemical
components. Also, it is assumed that the properties of the
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crystal clusters are size-independent. Qualitatively, the
situation does not change in general cases of incongruent
crystallization, when the crystal and liquid phases have
different compositions.

According to thermodynamic evolution criteria, at constant
pressure, P, and temperature, T, spontaneous macroscopic
processes are tied to a decrease in the Gibbs free energy of the
system. If Ap is positive, then AG is a monotonically
increasing function of the cluster size for any positive value
of r; crystal clusters of any size will disappear over time. If Ay
is negative, then AG has a maximum at a positive value of r
called the critical radius (r.), shown in Figure 40a; the
probability of a crystal cluster to dissolve back into the ambient
phase decreases as r increases, becoming highly improbable for
clusters with r > r..

Figure 40. Classical nucleation model and a possible generalization:
(a) with only one parameter, radius, describing the state of the cluster;
(b) alternative scenario of crystallization in multicomponent liquids.
The figure was inspired by the schematics of ref 375.

As demonstrated in Figure 40a, the critical cluster size is
defined by the maximum of AG. Systems showing such
behavior are denoted as metastable. Metastable states are
stable with respect to small fluctuations (generating clusters
with sizes r < r.) but unstable with respect to larger
fluctuations (leading to clusters with sizes r > r.). Thus,
supercritical crystal clusters capable of deterministic growth
must exceed a critical size. It is this criticality that determines
the crucial impact of these embryos (subcritical) and nuclei
(supercritical) on the nucleation processes.

Taking the chemical potential difference and the specific
interfacial energy as constant (i.e., the capillarity approxima-
tion), one can derive the critical cluster size and the value of
AG, at the critical size by solving

AG, = AG(r) =0 (87)
These parameters are given by
2y
r.=
c,Ap (88)
and
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Figure 41. Homogeneous nucleation rates for water. The x-axis shows the supercooling with respect to the melting points of different water models
and 273.15 K for any experiment. Nucleation rates obtained with computational approaches since 2011 are shown as solid symbols, whereas the
experimental rates obtained since 1981 are shown as crossed symbols. For each computational study, the approach and the water force field used
are specified. All the references are given in Sosso et al. (ref 107). Reprinted with permission from ref 107. Copyright 2016 American Chemical

Society.
1 167 y3
AG = —yA, = ————
3 3 (c,Au) (89)
with the critical area given by
A, = 4mr} (90)

Figure 40b shows an alternative picture of phase formation.>”"

In this case, the composition of the crystal cluster changes until
a nearly constant size is reached; only after completion of this
process are the kinetics governed by the growth of clusters with
a constant composition. In several multicomponent systems,4
the latter path of evolution (Figure 40b)—and not the classical
picture (Figure 40a)—dominates nucleation.

A more realistic model of cluster formation is obtained by
considering that not only the size but also the composition of
the cluster (described by the number of particles n; of two
components) may change. In this case, the critical cluster
corresponds to a saddle point of the Gibbs free energy surface.
We note that, in certain cases, the evolution of the new phase
may not proceed via the saddle point but via a ridge trajectory
if such a trajectory is kinetically favored. This type of behavior
may be expected to occur in crystallization occurring at deep
supercooling because of the disordered and nonstoichiometric
nature of the crystals that precipitate in the early stages.

Embryos and critical clusters form by stochastic thermal
fluctuations. According to fundamental assumptions of
statistical physics, the probability of such fluctuations can be
expressed as a function of the minimum work of a reversible
thermodynamic process. The minimum work to form a critical
cluster is W, = AG,, where AG, is given by eq 88. When the
crystal nuclei form evenly within a pure liquid, the nucleation is
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said to be homogeneous. However, nucleation can be readily
catalyzed by certain solid impurities embedded in the volume
or present on surfaces of glasses. Heterogeneous nucleation
usually dominates at small supercooling (i.e., small departure
from equilibrium, small T,, — T) because of the lower work of
critical cluster formation than that of homogeneous nucleation.
At high supercooling, however, homogeneous nucleation
dominates due to the much larger number of sites (all
“molecules” of the system). Frequently, fluctuations lead to
several different stable or metastable phases that may be
formed in the supercooled liquid. In such cases, the most
favorable stable phase is formed via several stages in which
different metastable phases are formed first; this phenomenon
is known as Ostwald’s rule of stages.

Two of the most celebrated theories to model crystal
nucleation are classical nucleation theory (CNT) and diffuse
interface theory (DIT). The first considers that the interface
between the nucleus and the ambient phase is sharp, while the
latter considers that this interface could extend to several
molecular layers.””® By employing fitting procedures, the DIT
theory proved to be consistent with the nucleation data on a
variety of substances, including liquid metals, the inorganic
glasses Li,0-28i0,, BaO-2Si0,, Na,0-2Ca0-3Si0,, and the
metallic glass Fe,oNiy P Bs.>"”""® CNT has been at stake for
several decades. In section 7.2 we briefly describe the current
state of the art and demonstrate that CNT describes quite well
the experimental nucleation rate data for different substances.

7.2. Modeling Crystal Nucleation

As crystal nucleation in supercooled liquids (SCLs) may
involve extremely small time and length scales, computer
simulations can provide unique insights into the microscopic
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aspects of crystallization. In a very extensive review article,
Sosso et al.'"’” compiled and described selected molecular
dynamics simulations that have unraveled crucial aspects of
crystal nucleation in liquids. They summarized the theoretical
framework of CNT and the state-of-the-art computational
methods and showed that MD simulations have provided key
insights into diverse nucleation scenarios.

For instance, Sosso et al.'"” revealed that studies on colloidal
particles provided evidence for two-step nucleation mecha-
nisms, and the investigation of Lennard-Jones liquids yielded
valuable insights into the effects of confinement. Also, the
investigation of realistic systems has provided results related to
problems of great relevance. For example, the influence of
different solvents on the early stages of urea crystallization has
important consequences in the fertilizer industry, and the
molecular details of clathrate nucleation could help to
rationalize and prevent hydrate formation in oil or natural
gas pipelines. In more detail, Sosso et al.'”’ reviewed different
substances, in order of increasing complexity. They started
with colloids and Lennard-Jones liquids. These systems are
described by simple interatomic potentials that allow large-
scale MD simulations, and thus many aspects of CNT could be
investigated and nucleation rates calculated. In special cases,
the latter were directly compared to experimental results.
These simple liquids demonstrated that understanding the
intricacies of crystal nucleation is still far from satisfactory,
even within these toy models.

Figure 41 reproduces a collection of nucleation kinetics for
water. In general, most simulated nucleation rates (more or
less) agree with each other and overlap, whereas most
experimental points lie over 10 orders of magnitude above
them. However, for a larger degree of supercooling, AT > 60
K, the simulations and experiments agree satisfactorily. The
possible reasons for agreement and discrepancies are detailed
in the original reference.'”” As suggested by Sosso et al,,'”” by
improving existing interatomic potentials and enhancing
sampling methods, we could move toward accurate inves-
tigations of systems of practical interest, thus bringing
simulations a step closer to experiments.

In 2006, Evteev et al’>”’ provided a very illustrative
isothermal time—temperature—transformation (TTT) diagram
(Figure 42) for the initiation of homogeneous nucleation. It
was constructed by an MD model of fast-quenched super-
cooled liquid iron near the glass transition temperature. This
diagram was compared with the theoretical curve calculated
using information obtained by analyzing the kinetics of the
initial stage of nucleation and growth of supercritical nuclei at
several temperatures. They found a close agreement of the
theoretical curve with simulated data at temperatures higher
than T, and substantial disagreement with data below T,
where crystallization is necessarily preceded by the formation
of an icosahedral percolation cluster. The authors concluded
that this result demonstrates the substantive influence of
fluctuations that form an icosahedral substructure on the
nucleation rates.

Recently, Separdar et al.”*” were able to deeply supercool
zinc selenide (ZnSe) by fast quenching and determine
spontaneous homogeneous steady-state nucleation rates, Jyyp,
by MD simulations using the mean lifetime method. At
moderate supercoolings, where the nucleation rates are much
smaller, they used the seeding method to compute the
nucleation rates by the CNT formalism, Jcyr, using the
physical properties obtained by MD simulations: the melting
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Figure 42. TTT diagram of the beginning of homogeneous
nucleation (time to form the first critical nucleus) for supercooled
iron liquid (rhombs). The dashed curve was calculated using CNT
assuming steady-state conditions. The blue pentagons refer to the
formation of stable icosahedral clusters in the glass. For temperatures
above T, ~ 1180 K (dashed horizontal line), stable icosahedral
percolation clusters do not form. Data obtained from ref 379.

temperature, the number of atoms per unit volume in the
liquid, the melting enthalpy, the diffusion coefficient, and the
critical nucleus size, combined with two theoretical expressions
for the thermodynamic driving force. The interfacial free
energy calculated by the CNT expression using the MD
simulation data, via both the seeding method and the mean
lifetime method, show a weak positive temperature depend-
ence, which agrees with the prediction of DIT. The
extrapolated values of y, from the spontaneous nucleation
regime to the seeded nucleation region, cover the range of
values of y calculated via the seeding method and the CNT
formalism. Finally, the values of Joyr extrapolated from
moderate to deep supercoolings—without the use of any
fitting parameter—are in good agreement with the Jyp. These
results comparing simulated with calculated nucleation rates
are visualized in Figure 43 and corroborate the validity of the
CNT for this substance.

The work of Tipeev et al.>*" on the Ge system is one of very
few that compared simulations with experimental nucleation
rates. They carried out comprehensive MD simulations of the
nucleation kinetics of supercooled germanium using the
Stillinger—Weber potential covering a moderate supercooling
range of T/T,, = 0.70—0.86. The seeding method was used to
determine the number of particles in the critical crystal nuclei
at each degree of supercooling. The transport coefficient at the
liquid—nucleus interface and the melting point were also
obtained by simulation. Using the parameters resulting directly
from the simulations, and experimental values of the
thermodynamic driving force, the predictions of the CNT
embraced the experimental nucleation rates (Figure 44).
Therefore, without using any fitting parameters, the calculated
nucleation rates agreed with the experimental J(T) curve for
Ge, reinforcing the validity of the CNT.

Finally, recent original work proposed by Wilkinson et a
employs an energy landscape approach to account for the
thermodynamic and kinetic features of nucleation. It is a new
method to compute nucleation rates, where parametrization of
all CNT variables is made independently. Figure 45 shows the
resulting predicted nucleation curve for barium disilicate.
Given the extreme sensitivity of the nucleation kinetics to
minor variations in diffusivity, and the interfacial and
volumetric free energy, the nucleation curve is reasonably
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Figure 43. Homogeneous nucleation rates vs reduced temperature in
ZnSe. The red circles refer to the spontaneous steady-state nucleation
rates evaluated by Jyp = 1/(7,V), where V is the volume of the system
and 7, is the time of formation of the first critical nucleus as obtained
by MD. directly obtained from the simulation. The black triangles are
the nucleation rates calculated by the CNT equation using MD data.
The blue squares were calculated from MD results with a unique
expression for Ap. The red and green dashed lines refer to the Jyyp
extrapolated from the spontaneous nucleation regime to the seeded
nucleation regime by substituting D, p;, Ay, and the average value of
7. The pink line refers to extrapolated Jyp from the spontaneous
regime to the seeded nucleation regime by substituting D, Ay, 4, and
the temperature dependence of y, into the CNT equation. Reprinted
with permission from ref 380. Copyright 2020 Elsevier B.V.

Figure 44. Temperature dependence of the steady-state nucleation
rates J(T) of supercooled Ge. Line 1 refers to y = 0.23(1) J/m? line 2
refers to y = 0.201(5) J/m? line 3 refers to y = 0.244 J/m? and line 4
refers to y = 0.23 J/m* The blue circles are calculated using CNT and
MD data (with a calculated driving force value), the green triangles
are calculated using MD and CNT (without the use of any fitting
parameters, i.e.,, an experimental value of the driving force), and the
brown squares are experimental data. The dashed continuations of
lines 3 and 4 correspond to a linear extrapolation of the experimental
Au(T). The estimated uncertainty of J(T) is shown in yellow.
Reprinted with permission from ref 381. Copyright 2020 American
Chemical Society.

predicted. Despite the shortcoming that the predicted
nucleation rates are not in perfect agreement with experimental
values, this energy landscape model can provide additional
insights into the physics of nucleation and on the validity of
CNT and other theoretical models, without the constraints of

using fitting parameters, paving the road for further studies.

AL

Figure 45. Nucleation curve for barium disilicate as predicted using
the energy landscape model. The data referenced can be found in refs
382—384. Reprinted with permission from ref 193. Copyright 2021
Acta Materialia Inc.

7.3. Spatial Fluctuations: Relaxation Effect on Crystal
Nucleation

In the application of CNT and all other theoretical models of
crystallization of glass-forming liquids, it is assumed that
nucleation proceeds only after the supercooled liquid or the
glass has completed the structural relaxation process driven by
fluctuations toward the metastable equilibrium SCL state.
Recently, Schmelzer et al.>® provided a theoretical treatment
of a different situation, when nucleation proceeds concom-
itantly with structural relaxation. They propose expressions for
the thermodynamic driving force and the surface tension in an
evolving nonequilibrium liquid as deviations of structural order
parameters from their metastable equilibrium values. Relaxa-
tion results in changes of the structural order parameters with
time; hence, the thermodynamic driving force and surface
tension and other basic characteristics of nucleation, such as
the work of critical cluster formation and the steady-state
nucleation rate, also become time-dependent. They have
shown that this scenario may be realized at temperatures close
and below the T, only if the effective diffusivity controlling
nucleation and the viscosity (controlling the a-relaxation
process) decouple. Analytical estimates were illustrated and
confirmed by numerical computations for a model system. The
modified theory was applied to the interpretation of
experimental data for lithium silicate, used as an example.
They confirmed that, only when the characteristic times of
structural relaxation are similar or longer than the characteristic
times of crystal nucleation (which are only significant for
temperatures well below the Tg), elastic stresses evolving in
nucleation may significantly affect this process.

One of the most important assumptions of CNT and DIT is
that they neglect structural relaxation by assuming that crystal
nucleation proceeds in a relaxed, metastable, supercooled
liquid. Considering this assumption, the thermodynamic
driving force, diffusion coefficient, and interfacial free energy
should be constant for a given substance at any temperature. In
a recent paper, in an attempt to validate the theoretical
framework of Schmelzer at al,*®*> Fokin et al.>*® carried out
experiments of a lithium disilicate glass for extended times (up
to about 2200 h at 703 K) at several temperatures below the
laboratory T, = 726 K. Their results show that crystal
nucleation starts concomitantly with glass relaxation toward
the SCL, which strongly affects the nucleation kinetics, taking
over 500 h to reach the ultimate steady-state regime at 703 K.
Interestingly, this very long relaxation process proceeds much
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slower than the well-known a-relaxation determining, e.g., the
temporal evolution of the glass density, which takes only ~20 h
at this same temperature. The structural relaxation process
decreases the work of critical nucleus formation leading to a
continuous increase of the nucleation rate. This time-
dependent nucleation rate mainly reflects the long structural
relaxation mode of the glass and is not related to the classical
transient nucleation, which has been exclusively employed so
far in the interpretation of nucleation kinetics below T, by
most researchers. Their experimental results and analyses
prove the effect of glass relaxation (which is related to
fluctuations) on crystal nucleation and also confirm the recent
results of Cassar et al.’®” and Xia et al.”®® that the alleged
“breakdown” of the CNT at temperatures close and below T,
results from improper use of non-steady-state nucleation rates.

7.4. Dynamical Heterogeneity Effect on Nucleation

The cumulative understanding of dynamical heterogeneities
provides an approach to understand the slowdown of SCL
dynamics during vitrification as the temperature de-
creases.”®” "' Furthermore, attention has been given to
investigate the relationship between structural relaxation and
dynamical heterogeneity in glass-forming liquids.””>*"*

Nanosized crystalline clusters or embryos statistically appear
and disappear within a supercooled liquid and only become
sustainable when a critical size is reached. However, despite the
extraordinary relevance of crystal nucleation, due to the
extremely small size scales and either very long or very short
time scales, experimental assessment of such small clusters is
very challenging, and comprehension of some microscopic
details of nucleation remains intangible. All nucleation theories
assume that SCLs are structurally and chemically uniform;
however, we now know that this is not true. Relevant questions
then arise: What is the effect of dynamical heterogeneities on
crystal nucleation? In which regions of the supercooled liquid
does nucleation occur?’”*~**” We address these relevant issues
in the next paragraphs.

The microscopic connection between the dynamical
heterogeneity and crystal nucleation was not known until
recently. Water crystallization is the most omnipresent phase
transition on earth; hence, significant effort has been focused
on understanding the macro- and microscopic details of ice
nucleation.””® From a structural perspective, some inves-
tigations highlighted differences between very mobile and very
immobile regions within the liquid.””” Regarding bond-
orientational order, Russo and Tanaka'® have observed a
higher degree of tetrahedrality in less mobile regions and five-
membered rings acting as locally preferential structures.*”’
However, it has been under debate whether the immobile or
mobile regions could be favored domains for nucleation.
Fitzner et al.**° filled this important gap with computer
simulations to infer in which regions of the SCL ice nucleation
happens preferentially. They have shown the evolution of the
coarse-grained immobility and crystallinity fields from a
particular trajectory. In the prenucleation stage, there is the
absence of crystalline order in the large immobile domains.
However, during nucleation, an ice nucleus forms and grows
within the immobile domain.

The same authors reported simulation results that allowed
them to sample many nucleation events at high temperatures.
Simulation details are given in the original article.** Fitzner et
al.*”® have also analyzed the distribution of primitive rings in
the regions of extreme mobility, denominated as MI and MM.

AM

The MI regions have a ring distribution with a sharp peak
around 6 + 1 members, whereas the distribution for the MM
domains is much broader. Moreover, the percentage of fully H-
bonded rings is much higher in the MI region. In particular, an
abundance of six one-membered hydrogen-bonded rings can
be considered as the critical structural characteristic of the MI
domains in the liquid. If regarded in isolation, most of the six-
membered rings in the MI domains are seen as icelike, which is
the sign of the relative orientation between rings that is
different from the crystal and therefore the missing component
in forming ice. Since this was observed in the MI region, which
shows a reduced diffusivity, the authors suggested that the
mechanism of the initial formation of icelike clusters is
collective. This is consistent with a picture of ring reorientation
rather than single-particle attachments through diffusive
motion. In conclusion, Fitzner et al.**® have clearly shown
that ice nuclei are formed in immobile regions of the SCL
water. Additionally, the ring distribution is the structural
hallmark of dynamical heterogeneities.

In an independent study, Puosi and Pasturel’’ inferred by
MD simulations the mechanism underlying crystal nucleation
in supercooled CusZr metal, which shows crystalline and
noncrystalline (local) order based on icosahedral symmetry.
Figure 46 shows the crossover temperature T, where the
supercooled liquid no longer follows the Stokes—Einstein

Figure 46. (a) Average nucleation time (squares), 7, (also known as
(t,)), and relaxation time (triangles), 7,, vs inverse of temperature for
Cu atoms. The solid line is a fit of relaxation data by the Vogel—
Fulcher—Tammann (VFT) viscosity equation. The dash-dotted and
dashed lines show the CNT predictions of the nucleation time. The
shaded regions mark the onset temperature, T, and the temperature
Tnax (with their uncertainty). (b) Colored particles are crystal nuclei;
gray particles are slow regions of dynamical heterogeneities for
selected configurations at T = 837 K, close to Ty, and ¢t = 160 ns.
Reprinted with permission from ref 397. Copyright 2019 Acta
Materialia Inc.
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relation. This temperature coincides with the emergence of
spatially heterogeneous dynamics. This coincidence is very
relevant to physics and materials science.

These authors showed that the origin of these phenomena is
related to an increase of icosahedral symmetry in the SCL on
the cooling path toward the glass transition. Homogeneous,
spontaneous crystal nucleation could be detected by MD near
the glass transition temperature and occurs in domains of high
icosahedral symmetry. The underlying nucleation mechanism
was thus linked to the slow regions of dynamical hetero-
geneities. The crystallization pathways were described as
follows: (i) formation of heterogeneities in the supercooled
liquid start below T, and (ii) slow regions of dynamical
heterogeneities, having a high degree of icosahedral symmetry,
act as nucleation ancestors (Figure 46b). These findings
corroborate Fitzner’s”™ conclusions for ice nucleation and
allowed them to quantify how the nonuniform nature of
supercooled liquids influences the nucleation theory.

The above-discussed research works on recent MD
simulations show that homogeneous nucleation in CusZr and
H,O happen in the largest, most immobile regions that arise
from heterogeneous dynamics in supercooled liquids. It would
be educational and relevant to test these novel findings with
other substances.

7.5. Growth of Stable Crystalline Nuclei

Crystal growth is the next step after a stable crystalline nucleus
is formed within a supercooled liquid, as discussed in section
7.1. When a crystalline cluster is sufficiently large, crystal
growth becomes deterministic and averages out the effects of
fluctuations.””" However, it is still possible to connect the early
stages of crystal growth to fluctuations, as will be discussed in
this section.

After a crystalline embryo overcomes a certain temperature-,
pressure-, and composition-dependent critical size r¥, it
becomes a stable crystal nucleus resistant to dissolving back
into the ambient phase; the greater the size above the critical
value, the lower the probability for it to dissolve back. If a
system is below its liquidus temperature, increasing the volume
of any stable crystalline nucleus leads to a reduction in the free
energy of the system. Strictly speaking, any noncrystalline
substance with one or more supercritical crystalline nuclei
cannot be considered metastable and should be considered an
unstable phase fated to crystallize (assuming, of course, that no
other chemical transformation happens between its current
and fated states). This notion is of particular interest here, as
the system’s free energy can be lowered through crystal growth.
One possible growth mechanism is by effective attachments of
molecular units mediated by fluctuations in the crystalline—
ambient interface, without the need to access states of higher
energy. Note that, as expected, not all fluctuations will lead to
attachments.

In the crystal growth process, the crystalline phase increases
its volume at the expense of the ambient phase. In the initial
stages of crystal growth, right after a supercritical nucleus is
formed, the crystal growth velocity depends on the curvature
of the nucleus boundary. Assuming a spherical isotropic cluster
in isobaric conditions, Kelton and Greer arrived at the
following equation for the growth velocity of supercritical

nuclei using classical nucleation theory kinetic rate equa-
tions: 02403
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Here, r is the radius of the crystalline cluster, t is the time, D is
the diffusion coefficient governing crystal growth, A is the
average jump distance, V is the molecular volume, AGy, is the
change in the Gibbs free energy per unit volume due to
crystallization (AGy = AG,, — AGy), where the subscripts cr
and liq refer to the crystalline and liquid phases, respectively),
and y is the interfacial energy. Equation 91 is an
approximation; its accuracy is lower when the size of the
nucleus is close to critical.

Alexandrov and Malygin®** advanced a rigorous physical
description of the effect of fluctuations in the crystal growth
stage of a melt. In their formulation, they assumed a melt
absent of crystals that is instantaneously cooled by an amount
A6, below the liquidus temperature at a time t = O.
Considering that the system undergoes homogeneous crystal
nucleation, the particle-radius density distribution function, f,
can be related to the crystal growth rate, g, via a Fokker—
Planck kinetic equation:

0
L
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(92)

D, is a function representing the rate of fluctuations that must
be determined by statistical physics or can be assumed
proportional to the crystal growth rate, as considered by
Alexandrov and Malygin.*”* Equation 92 requires that t > 0
and r > r*, with the initial condition of f = 0 when ¢ = 0 (i.e,,
no crystals present at the start of the experiment). Solutions to
the differential eq 92 were advanced by Alexandrov and
Malygin®** after considering some thermal and kinetic
assumptions. A simulation for a typical metallic liquid is
shown in Figure 47.

The crystal growth velocity of sufficiently large crystal
clusters (r > r*) becomes independent of the curvature of the
cluster (see Figure 48). Crystal growth is deterministic at this

Figure 47. Density distribution (F = fg/I,, where I, is the crystal
nucleation rate of the supercooled liquid) of crystalline clusters [s =
r(I,/g)**] at different dimensionless modified times x for a typical
metallic melt. Data collected from Alexandrov and Malygin (ref 404);
the simulation details and an in-depth description of the reduced
variables are discussed therein.
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Figure 48. Average crystal growth velocity vs size of crystalline
nucleus for 5germanium simulated via molecular dynamics at 2000 K
(1/2 T,,).** The zero growth velocity happens for the critical nucleus
size. The velocity approaches a size-independent value as the nucleus
grows. Data obtained from ref 405.

scale, averaging out any effect of fluctuations.””" In this scale,
the similarity between the crystal cluster composition and the
ambient phase is critical for the kinetics of the process. The
following two paragraphs discuss this topic within the
theoretical framework of the classical crystal growth models.

When the crystalline phase composition is equal or
sufficiently similar to the ambient phase, crystal growth is
governed by attachment and detachment of the atoms or
molecular units that are readily available at the boundary; this
process is termed “interface controlled”, “kinetically limited”,
or “ballistic” growth. Interface controlled growth of a
sufficiently large crystal is usually linear (within the same
crystallographic direction) with respect to time in isobaric
conditions if the latent heat of crystallization is promptly
dissipated; crystal growth cataljzed by latent crystallization
heat is discussed elsewhere,***~*%

Alternatively, when the crystalline phase is chemically
different from the ambient phase, crystal growth can only
happen by long-range diffusion of the necessary atomic or
molecular building blocks, a situation called “diffusion-
controlled” or “diffusion-limited” growth.*”” Diffusion-con-
trolled growth can be linear with respect to time (e.g., dendritic
growth) or have a fractional dependence with time;**” either
way, the long-range diffusion required for this mechanism is
mediated by compositional fluctuations and will depend on the
diffusing entity, the diffusion environment, and thermal energy.
The modeling of diffusion is discussed in depth by Crank.""°

Impurities or stoichiometric deviations from the congruent
melt composition can cause compositional striations due to
crystal growth rate fluctuations.”'' Some causes for this growth
fluctuation are vibrations, melt and ambient temperature
control, thermal convection in the melt, and crystal rotation.
Under a carefully controlled experiment, only the last two
contribute to growth fluctuations. For instance, Carruthers et
al.*'" reported that for lithium niobate, under typical
conditions, rotational striations are spaced 4—6 um apart
while thermal convection striations are spaced 20—40 um
apart. These fluctuations cause optical inhomogeneity and can
be detected by measuring birefringence.

It is well-established that all materials can vitrify when
subjected to sufficiently fast cooling from the liquid state.
Thus, novel materials, such as thin metallic and chalcogenide
glasses with unusual properties, have been obtained success-
fully by very fast quenching. Also, controlled, catalyzed internal

AO

crystallization of specific glasses has led to a variety of
advanced glass-ceramics that are manufactured commercially.
Deeper insights into glass crystallization processes, such as
precise predictions of nucleation and growth rates and critical
cooling rates for glass formation, based solely on materials
properties, will depend critically on new developments in
nucleation theories and computer simulation techniques.

Despite the many advances achieved in understanding
crystal nucleation in SCL and glasses, the role of fluctuations
and other problems remain open. Among the most important,
we remark the following: (i) knowledge of the bulk (structure,
composition, density) and surface properties of the critical
nuclei and sub- and supercritical crystals as a function of their
size; (ii) a theoretical description of the temperature
dependence of the crystal nucleus/liquid interfacial energy;
(iii) the nature of the effective diffusing entities and related
coefficients that control crystal nucleation (viscosity, crystal
growth velocity, nucleation time lag); (iv) a deeper under-
standing of the relationship, if any, between the molecular
structure of glass-forming melts, fluctuations, and the
nucleation mechanism;*'* (v) the precise relation between
the sizes of supercritical nuclei and the sizes of cooperatively
rearranging regions of the domains of heterogeneous dynamics
in viscous liquids; "' such work could contribute to generalize
or not the crossover predicted by Stevenson and Wolynes; "
(vi) further research along the lines originally described by
Wilkinson et al.'”® using improved energy landscape models
and larger system sizes.

The analyzed problems connecting the crystal nucleation
phenomenon to fluctuations in supercooled liquids—dynam-
ical heterogeneities, relaxation, and liquid—liquid phase
separation (section 8)—simultaneously shed light and raise
new questions on the physics of nucleation. The solution to
these problems, and others not mentioned here, could
significantly deepen the understanding of this intricate process
and, ultimately, aid in the development of novel glasses and
glass-ceramics having exotic, unusual compositions and
combinations of properties, which serve as a great incitement
for supercooled liquid and glass crystallization being a very
active research topic.

8. PHASE SEPARATION

The phenomenon of liquid—liquid phase separation (LLPS)—
also termed liquid phase separation, amorphous phase
separation, glass-in-glass phase separation or liquid immisci-
bility—refers to immiscible liquids. It is pervasive in glass-
forming systems. LLPS stems from thermal and compositional
fluctuations in a liquid or supercooled liquid, which result in
two widely distinct transformation mechanisms: nucleation
and growth and spinodal decomposition. In the later stages of
transformation, when the chemical compositions of the liquid
phases reach the binodal boundaries (to be described later),
both mechanisms lead to coarsening, and the largest droplets/
fluctuations grow at the expense of the smallest, decreasing
their total number and interfacial area with time.
Spontaneous LLPS is usually unwanted in glass manufactur-
ing because it leads to loss of transparency. It modifies the
physical and chemical properties of glass-forming liquids,
making it difficult to mold glass articles, and deteriorates the
optical transparency and the quality of the final glass.*"
However, for certain applications, the production of hetero-
geneous glassy materials containing phases of a different nature
and morphology can be considered an advantage, such as in
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the field of glass-ceramics or opal glasses. It is frequently
suggested that prior LLPS can be a key step in the production
of glass-ceramics with copious internal crystallization. The
range of phase-separated glasses and the diversity of their
compositions and physical properties cover a variety of
commercial applications, including the well-known Vycor and
opal glass and, more recently, porous glass membranes.*'>

The size, distribution, and morphology of the separated
phases can be well-described by kinetic laws. The first models
were based on diffusion processes’'® and are still relevant.
Other models based on structural considerations have also
been developed.*” Nevertheless, relatively scarce experimental
evidence is available to validate these concepts. New
methodological developments associated with structural
(NMR, electron paramagnetic resonance, and micro-Raman)
and microstructural (SEM, high-resolution TEM, and SAS)
characterization methods open new perspectives toward the
understanding of these mechanisms. Other techniques, such as
in situ high-temperature experimental methods (environmental
SEM, X-ray microtomography, and Raman microspectroscopy)
are particularly suitable for determining the mechanisms and
extent of the immiscibility ranges, such as phase separation
temperature, stability range, and quantity of separated phases.
Computer simulations have also been used to model simpler
systems and will most probably play an important role with the
advent of faster computers.”

A detailed description of the thermodynamics of phase
separation and equations to describe the different types of
LLPS mechanisms and kinetics have been dealt with in many
articles and recently summarized in a textbook.*'” Here, we
will present a summary of the process, an overall picture of
LLPS, and its effects on crystal nucleation, which is another
fluctuation-controlled phenomenon covered in section 7.

As an example, Figure 49 shows the phase diagram of the
BaO—SiO, system, with the metastable miscibility gap. The
gap contains two regions: the spinodal, where LLPS occurs by
continuous growth of compositional fluctuations, and the
binodal, where LLPS takes place by nucleation and growth of
liquid droplets having compositions that widely difter from that
of the starting SCL. Recall that nucleation is also fluctuation-
driven. The spinodal region is centered within the miscibility
gap. In Figure 49, the miscibility gap is located at a critical
point of 1460 + 50 °C and 10 + 1 mol % BaO.

LLPS can take place above or below the liquidus
temperature, Tp; the latter is metastable and shown in Figure
49. This matter was intensively discussed by the oxide glass
community in the 1970s and 1980s, which resulted in many
articles and monographs*'* on the subject. More recently, the
chalcogenide glass and metallic glass communities reported
that LLPS also takes place in some systems and significantly
affects several properties, including the glass-forming ability.""
This fact is particularly relevant because these two
communities are eagerly searching for new formulations having
good glass-forming ability.

8.1. Thermodynamic Fluctuations Driving Liquid Phase
Separation

The birth of two immiscible liquids in a homogeneous binary
system is associated with a positive value of the mixing
enthalpy, AH,,. In general, a slightly positive enthalpy of
mixing may still result in a stable solution, where the Gibbs free
energy of mixing remains negative over the full composition
range. However, higher values of AH,, may encourage regions

AP

Figure 49. Phase diagram of the BaO—SiO, system showing the
metastable miscibility gap. The solid line refers to the binodal
boundary, and the dash-dotted line represents the spinodal. The
experimental points for the binodal were determined by (O) Seward
et al. (ref 419) and () Ramsden (ref 420) The black dots refer to
thermal treatments used by (@) Zanotto (ref 421) for compositions
inside and outside the gap. Reprinted with permission from ref 421.
Copyright 2020 Elsevier Ltd.

where fluctuations leading to phase separation are thermody-
namically favorable. For example, as shown in Figure 50a, the
entropy term predominates at high temperatures, and the free
energy has only a single minimum; at lower temperatures, the
entropy term decreases and changes the shape of the Gibbs
free energy curve, as shown in Figure S0b.

The Gibbs free energy variation associated with phase
separation depends on the temperature. Minimization of the
free energy of the system during this process is initiated by
thermal*** or chemical**® fluctuations, which are responsible
for the appearance of different phases in the supercooled
liquid. Figure 51 shows a miscibility gap in a binary phase
diagram with two liquids of different compositions separated
by a binodal curve that defines the compositional region of
miscibility versus temperature. Above a critical (or consolute)
temperature, T, the free energy of mixing exhibits only a
single minimum. Temperatures below T, result in a change in
the Gibbs free energy that exhibits two minima leading to
phase separation. At a temperature T), the equilibrium
compositions of the liquid phases A, and B, arising from an
original solution M (composition X, < Xy < Xg) are
determined by the two points on the Gibbs free energy
curve having the same tangent, which represents the maximum
driving force for the precipitation of the two phases. Their
equilibrium compositions and quantities vary with the
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Figure 50. Variation of AG,, vs temperature-dependent entropy: (a)
for a high temperature (T > T¢,) where the entropy term is
maximum; (b) for AH,, > 0 at low temperatures (T;) where the
entropy is minimum.

Figure S1. (a) Schematic representation of a coexistence (binodal)
curve on a phase diagram and (b) the associated Gibbs free energy
variation as a function of temperature.

AQ

temperature until the glass transition or crystallization takes
place. The phase diagram shows that, as the temperature rises,
the immiscibility range diminishes and finally disappears at the
critical temperature Ty,

The mechanism of phase separation depends on the parent
glass composition and temperature. A description of the Gibbs
free energy variation during the process can distinguish
between regions where phase separation occurs in different
ways (Figure 52). The conditions of phase stability in terms of

Figure 52. Gibbs free energy variation around composition E, in the
nucleation and growth region (area I, metastable) and around
composition E, in the regions of spinodal decomposition (area II,
unstable).

the first and second derivative of the free energy with respect
to composition were defined by Gibbs,””**** who stressed the
special significance of the inflection points on the free energy
curves (Figure 52). Phase separation occurs in the composition
region between two minima (points A and B where dG/0X =
0). The metastable binodal regions AC and DB have a positive
curvature (0°G/0X> > 0), whereas the unstable spinodal region
has a negative curvature (0°G/dX* < 0).

Take a composition E; in the binodal region of Figure 52 at
constant temperature and pressure. The Gibbs free energy at
point E;, G(E,), increases for a small composition fluctuation
and reaches G’ (small fluctuation around E,) > G(E,). Thus, in
the binodal area, the system is stable with respect to small
fluctuations, and phase separation can only occur if a larger
composition fluctuation takes place. This leads to LLPS via
nucleation and growth. Considering composition E, in the
spinodal region of Figure 52, any small fluctuation decreases
the free overall energy; thus, the system is unstable against any
minute compositional fluctuation and spontaneously evolves
toward its equilibrium state without any activation barrier. This
process refers to LLPS via spinodal decomposition. Future
study is needed before being able to correlate computational
studies on concentration'*" with experimental and computa-
tional phase separation studies (for the same composition and
ideally in the unstable spinodal region) to comment on
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potential microscopic instabilities driving the phase separation
process.

The inflection points C and D (0*°G/0X* = 0) in Figure 52
are the spinodal points and the minima A and B (0G/0X = 0)
are the binodal points. In the isobaric temperature/
composition space, the loci of the spinodal points define the
spinodal curve, and similarly, the binodal points define the
binodal curve. The spinodal curve is always contained within
the binodal. They have one tangent point called the critical or
consolute temperature, Ty, which corresponds to the highest
temperature for which LLPS is observed within the considered
binodal/spinodal domain. The inflection points C and D
become one, and the Gibbs free energy of mixing has a single
minimum with respect to the composition.

In the binodal region, LLPS occurs by nucleation and
growth, resulting in a nano- or microstructure with globular
separated particles dispersed in a residual liquid matrix (Figure
53a). These particles are separated from the matrix by a

Figure 53. (a) SEM micrograph of liquid phases formed by
nucleation and growth in a sodium borosilicate glass. Reprinted
with permission from ref 417. Copyright 2017 EDP Sciences. (b)
SEM micrograph of phases formed by spinodal decomposition. Panel
b reprinted with permission from ref 415. Copyright 2010 Elsevier
B.V.

relatively sharp interface (compared to the spinodal
structures), and their composition does not change over
time, whereas the composition of the residual glass matrix
moves toward the binodal with heat treatment time. After it
reaches the binodal, it no longer changes, and the coarsening
mechanism takes over. The kinetics of liquid phase separation
by nucleation and growth can be described by the nucleation
theories discussed in section 7; a thermodynamic barrier must
be overcome before the nucleation process becomes operative.

On the other hand, in the spinodal region, LLPS outcomes
strongly interconnected regions separated by diffuse interfaces
(Figure 53b), which vary over time until they reach the binodal
boundary (they overcome the spinodal boundaries, which are
only effective for the initial stages of the decomposition). The
morphology of the separated phases depends on the quenching
rate and further thermal treatment schedule. Morphology
provides only a qualitative indication of the mechanism class
involved in phase separation. Analysis of the evolution of the
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phase compositions is necessary to determine which of these
complex mechanisms is operating.

Spinodal decomposition takes place when a single phase
spontaneously separates into two different phases, with no
thermodynamic barrier. As already explained with schematic
thermodynamic diagrams, this type of transformation occurs in
the absence of nucleation because any infinitesimal composi-
tional fluctuation in the system reduces the Gibbs free energy.
As a result, spinodal transformation starts immediately and the
only barrier is kinetic. The parent supercooled liquid thus
separates into two coexisting phases, which are rich in one
species and poor in the other, and it is all fluctuation-driven,
from beginning to end. Hence, as opposed to nucleation, there
is no time lag to initiate this process. The compositions of the
liquid phases progress toward the respective binodal frontiers,
their average size grows, and their kinetics only depend on the
effective diffusivity. This phenomenon is observed in metallic,
polymeric, and inorganic systems.

In most cases, the two phases emerge in approximately equal
proportion and form intertwined structures that gradually
coarsen. Spinodal decomposition is thus fundamentally
different from nucleation and growth. In this mechanism,
compositional fluctuations start the phase separation process
everywhere, uniformly throughout the sample volume, whereas
in the other mechanism, a nucleated phase forms at a discrete
number of points.

The dynamics of spinodal decomposition are successfully
modeled by the Cahn—Hilliard approach. To describe spinodal
decomposition, Cahn and collaborators*'“*****° modified the
Gibbs free energy function proposed by Becker and Déring*”’
by adding an interfacial energy term. The Cahn—Hilliard
equation can be solved numerically by phase field mod-
els. "1 O#29426428 These models are capable of describing the
evolution of separated phases by diffuse interfaces by taking
into account the variation of the Gibbs free energy function
characterized by a dual potential function. The variation of the
concentration with time is used to model the composition and
microstructure of the separated phases.

8.2. Effects of Liquid Phase Separation on Crystal
Nucleation

Glass-forming ability is directly linked to the fluctuation-driven
nucleation and crystallization tendency of a system; the faster
the crystallization kinetics, the poorer the glass-forming ability.
It has long been known that liquid—liquid phase separation can
have a noticeable influence on the crystallization pathways and
dynamics."*’ However, it is also known that LLPS is not
essential to produce internal crystal nucleation in glasses; the
stoichiometric glasses BaO-2SiO, and Li,0-2Si0,, for example,
do not show LLPS and still copiously crystallize in the interior
when enough energy is provided. Moreover, several alkali and
alkaline earth silicates and alkali borates show extensive LLPS
and still do not crystallize internally.

Theoretically, LLPS could influence crystal nucleation in
several ways, but most of the possibilities fall into two main
types:

(1) The compositions of the separated liquid phases. The
crystal—liquid interfacial energy could be lower for
crystals forming in one of the liquid phases than in the
original liquid, or one of the liquid phases could have a
higher atomic mobility than the parent glass.

(2) The interfaces between the separated liquid phases could
promote heterogeneous crystal nucleation.
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Figure 54. (a) Spatial distribution of the local shear stress per particle (in the absence of any external load) in a three-dimensional crystal and a
disordered solid counterpart exhibiting a similar packing fraction (ref 445). (b) Spatial distribution of the local yield stress in a two-dimensional
Lennard-Jones glass (ref 447). The locations of the first 10 plastic events upon loading are marked as open black circles. (c) Schematic illustration
of nanoyielding, which manifests itself as a nonaffine rearrangement of the atoms i, j, k, and ! upon loading. (d) Stress—strain relationship upon
shear deformation in the three-dimensional crystals and disordered solids shown in panel a. The dashed lines represent the unloading process. Note
that the nanoyielding behavior of a three-dimensional glass (e.g, panel a) can be different from that in a two-dimensional glass (e.g., panel b).
Panels a and d are reprinted with permission from ref 445. Copyright 2019 Elsevier Ltd. Panel b is reprinted with permission from ref 447.

Copyright 2018 American Physical Society.

These two points have been discussed by several authors.
The main arguments were summarized by James"*”*** and
Uhlmann and Kolbeck.”" Recently, Zanotto™*' analyzed old
and new evidence for the effect of LLPS on crystal nucleation
in a comprehensive review. The subject of LLPS, including its
effects on the crystallization of oxide glass-formers, was
intensively pursued in the 1970s and
19805”7384 414418,420:429,4327439 31 q resurfaced recently, moti-
vated by the metallic and chalcogenide glass communities.
Despite numerous works on the possible effects of LLPS on
crystallization, they led to a confusing situation. Some authors
advocated for a positive effect of the LLPS interfaces on crystal
nucleation, while others defended compositional shifts, and
various others detected no significant effect. A recent review*”'
strongly supported the concept that the dominant effect of
LLPS is to form one liquid phase with a composition quite
close to that of the equilibrium crystal phase, which
significantly increases the crystal nucleation rate.

9. MECHANICAL PROPERTIES

Currently humans mostly interact with information displays by
touching a piece of glass, which has stimulated the develop-
ment of novel scratch- and fracture-resistant glasses. Despite
these developments, brittleness remains the main limitation of
inorganic glasses. In that regard, fluctuations offer an additional
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degree of freedom (besides composition and thermal/pressure
history) to enhance the mechanical properties of glasses.
Indeed, although the mechanical properties of glasses (e.g.,
elasticity) are defined and measured at the macroscopic scale
(i.e., the scale at which glass appears homogeneous), they are
influenced by the structural fluctuations that emerge at a finer
scale.**>**! In the following, we focus on the effects of spatial
fluctuations on elasticity, nanoductility, fracture, creep, and
fatigue. Although the focus of this review paper is on oxide
glasses, this section additionally touches on metallic glasses
because comparisons between the two families of glasses offer

useful insights.
9.1. Fluctuations in Local Elasticity

Structural heterogeneity is directly associated with the
existence of fluctuations in the local elasticity of glasses,**’
which can result from the nonequilibrium nature of glasses or
be induced by imposed macroscale elastic deformations.***
Specifically, the extent of nanoscale elastic fluctuations was
found to increase up to a factor of 3 upon elastic loading.***
Due to the existence of such local structural fluctuations, the
elasticity of glasses differs in nature from that of crystals. For
example, the bulk modulus of a metallic glass is usually about
5—10% lower than that of its isochemical crystal counterpart,
while £E$4i2ear modulus of glasses is typically around 20—30%
lower.”™
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Recent MD simulations have shown that the difference in
elasticity between glasses and associated crystals is not solely a
consequence of differing packing densities. Indeed, for the
same packing density, the elasticity of a glass differs (by being
less stiff) from that of a crystal.”*® The loss in stiffness in a
disordered solid as compared to its crystalline counterpart has
been shown to arise from the existence of some fluctuations in
the local stress experienced within the network** (see Figure
54a). Such fluctuation in local stress is a manifestation of the
nonequilibrium, noncrystalline, and nonergodic nature of
glasses. Note that fluctuations in the local stress do not result
in the formation of any macroscopic stress, since regions
experiencing negative local stress (i.e., local compression) are
counterbalanced by regions experiencing positive local stress
(i.e., local tension).

In crystals, since such fluctuations are not observed, the local
stress experienced by the atoms is initially zero, and then it
homogeneously increases upon external loading so that the
deformation remains fully elastic until the macroscopic yield
stress is achieved. Once the macroscopic yield stress is reached,
the crystal starts to exhibit irreversible ductile deformations or
cracking. In contrast, in glasses, the stress that results from the
application of an external load adds to the preexisting local
stress. As such, due to preexisting stress fluctuations, the
additional stress induced by the macroscopic deformation
causes some positively prestressed regions to quickly reach
their local yield stress and, thereby, to release their local stress
through local plastic, irreversible reorganizations,*° a behavior
that has been referred to as “nanoyielding”."*> Note that the
yield stress itself can also exhibit some heterogeneity**”***
(also see Figure 54b). As illustrated in Figure 54, parts c and d,
such nanoyielding is highly localized and, hence, does not
result in the macroscopic yielding of the glass (i.e., it occurs
during the macroscopic elastic regime). The loss of stress
resulting from nanoyielding events, ie. arising from the
presence of some preexisting stress heterogeneity within
glasses, explains their lower stiffness as compared to their
crystalline counterparts (at constant composition and packing
density).

In addition to the insights offered by simulations, nano-
yielding has also been confirmed experimentally. On the basis
of X-ray scattering and anisotropic pair distribution function
analysis in metallic glasses, it has been shown that, even in the
macroscopic elastic regime, a quarter of the glass (in volume
fraction) tends to deform inelastically.**” The existence of such
elastic heterogeneity also manifests itself in the fact that
vibrations in glasses are not well-described by classical
homogeneous continuum elastic theories (e.g, Debye
model), when the vibrational wavelengths are smaller than
the typical scale of elastic heterogeneity.” In addition to static
elasticity, the existence of some heterogeneity in viscoelasticity
has also been observed at the nanoscale through both static
and dynamic force microscopy.**"***

9.2. Intrinsic Nanoductility Induced by Topological
Fluctuations

Glasses are often viewed as archetypical brittle materials at the
macroscale, but the existence of ductility at the nanoscale
(nanoductility) has been demonstrated by both experiments
and simulations.**"**® Recent results have shown that
nanoductility arises from the existence of some spatial
fluctuations in the topology/rigidity of glasses.”” Figure 55a
shows the spatial distribution of the number of constraints per
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Figure 5S. (a) Contour map showing the local number of constraints
per atom (n.) in a (Na,0),,(SiO,)g, glass (simulated by molecular
dynamics) subjected to uniaxial tension (ref 457). The maps are
obtained under zero (e = 0, before fracture) and 40% (e = 0.4, after
fracture) normal strain. The gray area indicates the pathway followed
by the final crack. (b) Probability of plastic events as a function of the
local number of constraints n, (ref 457). The gray area indicates the
boundaries of the intermediate phase observed experimentally in
(Na,0),(810,) 00— glasses by modulated differential scanning
calorimetry (refs 458 and 459). Reprinted with permission from ref
457. Copyright 2016 American Physical Society.

atom (n, as described in section 5.4) in a (Na,0),0(SiO,)go
glass simulated by molecular dynamics simulations. Although
this glass is, on average, isostatic ({n.) = 3), it exhibits some
domains that are locally flexible (n, < 3) and stressed-rigid (n,
> 3) with a typical size of 15 A. The existence of such
nanoscale topological fluctuations is important as, in turn, it
results in some nanoductility during fracture. Figure S5Sa
illustrates the role of topological fluctuations on crack
propagation during fracture, wherein the crack gets deflected
during propagation rather than propagating in a straight
direction.””” This has been explained by the fact that, thanks to
local floppy modes of deformations, flexible domains are, upon
loading, more prone to exhibit local nonreversible ductile
deformations within the glass network (e.g., angular distortions
or breaking of weak radial bonds, see Figure SSb) than
stressed-rigid domains (which are unable to reorganize due to
their high local connectivity).

Such topological fluctuations are driven by entropy and are
only possible in glasses that exhibit some flexibility in their
local topology, in other words, the ones with some spatial
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Figure 56. Schematic illustrating how local fluctuations in the potential energy landscape govern the propensity for disordered systems to break in a
brittle vs ductile fashion. Adapted with permission from ref 461. Copyright 2021 Royal Society of Chemistry.

heterogeneity in their local rigidity. For instance, SiO, has a
fixed local topology (all Si atoms are Q* units, i.e., surrounded
by four bridging oxygen atoms), but (Na,0).(SiO,) 00«
glasses feature some flexibility (i.e, the Na atoms can be
distributed in different ways throughout the glass network and
Si atoms can exhibit varying Q" local environments). Although
such topological fluctuations can spontaneously occur in some
glasses, they can also be stimulated by extrinsic treatments. For
instance, structural heterogeneity can be induced in pure SiO,
throu§h the application of an external pressure or irradi-
ation.”*”** High pressure has also been shown to affect
structural fluctuations in bulk metallic glasses.**® In addition to
mechanical load, recent research has shown that thermal cycles
can also introduce some structural heterogeneity in metallic
glasses, which, in turn, can enhance their ductility.464

The extent of spatial, chemical, and/or topological
fluctuations has also been found to dictate the brittle versus
ductile nature of bulk metallic glasses.”*>™*"> Ultimately, it
should be noted that topological fluctuations are associated
with some heterogeneity in the underlying energy landscape,
since topological constraints and floppy modes result in the
formation of barriers and channels in the energy landscape,
respectively. As such, the propensity for a large variety of
disordered systems (oxide glasses, bulk metallic glasses,
amorphous solids, colloidal gels, etc.) to break in a ductile
(rather than brittle) fashion has been shown to be universally
encoded in the low local roughness of their potential energy
landscape (Figure 56).*°" The resistance of inorganic glasses to
flaw initiation has also been shown to be governed by
nanos4c7asle fluctuations in the rigidity of their atomic net-
work.

9.3. Effect of Phase Separation on Fracture

Although spatial heterogeneity is limited to a few angstroms in
homogeneous glasses, certain glasses (e.g., borate-based) can
exhibit phase separation, which results in larger-scale
heterogeneity (from 100 A to 100 um). 747 Such phase
separation has been noted to affect fracture toughness.”’’~**!
For instance, phase separation has been noted to induce a 50%
increase in the indentation fracture toughness of a sodium
borosilicate glass.***

Recent peridynamic simulations have shown that phase
separation can result in a 90% increase in the fracture energy of
calcium aluminosilicate glasses (Figure 57).%% Although phase
separation was found to systematically result in an increase in
fracture toughness, the extent of toughening was found to
depend on the properties of the forming phases. Specifically,
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Figure 57. Visualization of the crack propagation path in a notched
calcium aluminosilicate glass subjected to a tensile loading (a)
without and (b) with compliant silica inclusions. Simulation details
can be found in ref 483.

the increase in fracture energy was found to be governed by a
balance between (i) the overall cohesion of the phase-
separated glass and (ii) the propensity for crack deflection.
For instance, the formation of weak (low surface energy) but
stiff droplets tends to decrease the overall cohesion of the glass
(ie, its average surface energy) but increase its fracture
toughness by inducing some crack deflections (since the crack
tends to avoid the stiff phases). Similarly, the formation of
tough and stiff droplets also induces significant crack
deflections.

The maximum increase in fracture energy was observed in
the case of the formation of soft (low modulus) but tough
(high surface energy) droplets. In this ideal situation, the low
stiffness of the droplets tends to attract the crack toward the
tough droplets, which simultaneously induces some plastic
energy dissipation (due to the change in crack direction) and
forces the crack to propagate through the most cohesive
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regions of the glass."®’ These behaviors have recently been
confirmed in refs 484 and 485, wherein it was suggested that
toughness can be enhanced upon implantation of soft metal
nanoparticles.

9.4. Fluctuations Inducing Creep Viscoplastic
Deformations

When subjected to a sustained load, certain glasses tend to
exhibit delayed creep viscoplastic deformations.**® Recent
simulations conducted on a model Lennard-Jones disordered
system and metallic glasses have shown that, at the atomic
scale, creep is enabled by some localized, heterogeneous 8plastic
reorganizations of the particles (Figure 58)."*7**® The
heterogeneity of the particle local reorganizations was found

Figure 58. (a) Illustration of the spatial correlation between the
heterogeneous fields of (i) particle dynamics upon creep (as captured
by their nonaffine squared displacement D, ), (ii) the initial
structure of the system (as captured by the “softness” machine-learned
structural metric S), and (jii) the potential energy landscape (as
captured by initial average energy barrier E,, that is locally accessible
to the particles). The particles are colored based on their standardized
value in the corresponding field. (b) Spatial correlation function
(C(0)C(r)) of the displacement (D,;,%, black), the softness (S, red),
and the energy barrier fields (E,,, blue) in the disordered system.
Note that, in each case, the field value C (ie, D% S, E,.) is
standardized for the calculation. The lines are exponential fits
following exp(—r/&), where £ is the characteristic correlation length.
Reprinted with permission from ref 487. Copyright 2021 Acta
Materialia Inc. Published by Elsevier Ltd.

AV

to be encoded in the heterogeneity of the energy landscape,
wherein particles having local access to a low energy barrier are
more likely to exhibit a plastic reorganization. In turn, the
heterogeneity of the reorganization (and of the energy
landscape) was found to be encoded in the heterogeneity of
the structure itself. The correlation between heterogeneous
dynamical particle reorganization upon creep and structure was
deciphered by using machine learning, wherein machine
learning was used to construct a nonintuitive structural metric
“softness” (see section S5.5) that exhibits a strong correlation
with the particle dynamics.**”

Under high-temperature and high-pressure conditions,
dynamical heterogeneities originate from the synergistic
actions of particle diffusion**” and local plastic deformation.**®
Interestingly, atomistic simulations demonstrated the existence
of a strong correlation between creep rate and the extent of
dynamical fluctuations, which further highlights the impor-
tance of such fluctuations in governing the propensity for
glasses to creep under sustained load.**”

9.5. Fluctuations Impact on Fatigue

As a result of fatigue, glasses can exhibit yielding far below their
typical yield stress after a series of loading/unloading cycles.*”’
Fatigue is especially pronounced (and problematic) in bulk
metallic glasses. Results from molecular dynamics simulation
have showed that, at the atomic scale, fatigue results from some
heterogeneous nonaffine displacement of the atoms upon
oscillatory stress.*”’ Such atomic-scale reorganization is
promoted in unstable glasses formed with a high cooling rate
(i.e, with high fictive temperature). Recent molecular
dynamics results have shown that the heterogeneity in
fatigue-related atomic reorganization is encoded in the
heterogeneity of the underlying potential energy landscape
(Figure 59)."! The evolution of such heterogeneous plastic
regions upon loading/unloading cycles governs the fatigue
failure process in disordered materials.”””**> Moreover, the
instability of glasses (i.e., their fictive temperature) also
controls their propensity to exhibit fatigue. Indeed, in well-
annealed glasses, yielding is triggered by the formation of sharp
shear bands, whereas, in contrast, yielding results from diffusive
shear bands in unstable glasses.””*

10. OPTICAL PROPERTIES

Optical transparency is pivotal for many glass applications,
including windows, telescopes, microscopes, and optical fibers,
which are typically of silica or silicate compositions. The
electron band gap in glasses can be manipulated by tuning the
magnitude of the Rayleigh scattering, which is achieved by
engineering the magnitude of the density fluctuations in the
glass network or by introducing dopants. This section
introduces the critical role of spatial fluctuations for
manipulating the optical properties of glass. By suppressing
or enhancing the magnitude of fluctuations, the performance of
structural glass can be tuned for given applications. For
example, for optical fibers and quantum communication, a
minimum magnitude of spatial fluctuations such as density and
void radius is required to minimize Rayleigh scattering and
consequently improve power attenuation. On the other hand,
maximizing the magnitude of spatial fluctuations leads to
interesting nonlinear optical properties, which are pivotal for
glass applications such as planar waveguides, optical data
storage, and optical switches.*”>*"
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Figure 59. (a) Spatial maps of the cumulative nonaffine displacement
(D) of the atoms upon fatigue of a CugZrys bulk metallic glass
simulated by molecular dynamics for two select cooling rates. The
maps are compared with those showing the average height of the
energy barriers that are locally accessible to the atoms (E,,.) before
any deformation. (b) Computed values of D as a function of E,,,. The
lines are some power-law fits. Reprinted with permission from ref 491.
Copyright 2020 American Chemical Society.

10.1. Suppression of Fluctuations to Optimize Glass
Optical Properties

The field of optical communication is dominated by silica
glasses, which require spatial fluctuations to be minimized. In
pure vitreous silica, compositional fluctuations are nonexistent
because the glass network has a single component, SiO,;
however, the magnitude of density fluctuations in silica can be
large because the structural network of SiO, contains a high
degree of porosity. These voids serve as centers for scattering
of light, which is why Rayleigh scattering in silica glass is
dominated by density fluctuations in the glass network.
Decreasing the magnitude of density fluctuations, and the
resulting Rayleigh scattering, can be achieved by decreasing the
void size using a pressurization treatment®’ or lowering the
fictive temperature T through thermal annealing.”"”* Positron
annihilation lifetime spectroscopy (introduced in section 4.6)
measurements on silica glass reveal that the void radius
decreases continuously with increasing applied pressure durin
compression, as shown in Figure 60.”" This work by Ono"’
also measured the Rayleigh scattering intensity using a 90°
scattering measurement of compression and varying T Figure
61 shows the Rayleigh scattering results versus the measured
void radius, where the Rayleigh scattering loss is shown to be
proportional to void radius for both the compression and
varying T studies. Following the interpretation of voids as
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Figure 60. Third lifetime component, 73, and the corresponding void
radius measured using PALS and plotted against the applied pressure.
Adapted with permission from ref 498. Copyright 2021 IEEE.

Figure 61. Rayleigh scattering intensity, measured using a 90°
Rayleigh scattering measurement (left vertical axis). The absolute
values of the Rayleigh scattering loss (right vertical axis) are calculated
by comparison to the silica glass samples formed under ambient
pressure at different T values. The x-axis is the void radius measured
by PALS. The filled circles are for the samples synthesized with the
hot isostatic pressure (HIP) machine, while the open circles show
samples made without HIP. The broken line corresponds to the sixth
power of the void radius, Ry. Adapted with permission from ref 498.
Copyright 2021 IEEE.

light-scattering particles, the suppression of Rayleigh scattering
can be explained both by the decrease of the void radius and a
reduced number of voids. On the other hand, the decrease in
Rayleigh scattering can also be attributed to a decrease in the
magnitude of density fluctuations in the glass. This work
concludes that the suppression of density fluctuations cannot
be explained by a simple shrinkage of the entire glass network;
instead, the applied pressure must have triggered preferential
shrinkage of larger voids, which narrows the void distribution
while keeping the SiO, tetrahedra intact.*”®

To gain a systematic understanding of the effect of pressure
on the silica glass network in terms of homogeneity at the
atomistic level, Yang et al."”’” used MD (see section 5.1)
simulations to examine how the density fluctuations in SiO,
glass change at various quench pressures Pq, including
conditions beyond those achievable in experiments. At lower
quench pressures (Pq < 4 GPa), the homogeneity of the silica
glass is enhanced from pressurization owing to the reduction of
the structural void size in the glass and narrowing of the void
size distribution, as illustrated in Figure 62a. The change of the
largest void radius from simulations at small quench pressure is
consistent with the measurement from PALS, shown in Figure
62b.%7

The densification of silica liquid has been described by
Stixrude and Bukowinski from an increase of the characteristic
—Si—O—Si—O- ring size (denoted as a “topological pruning”
mechanism).””” The same mechanism has been applied by
Yang et al."”” to account for the structural homogenization for
the pressure-quenched silica glass, as shown in Figure 63a. At

https://doi.org/10.1021/acs.chemrev.1c00974
Chem. Rev. XXXX, XXX, XXX—=XXX


https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00974?fig=fig59&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00974?fig=fig59&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00974?fig=fig59&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00974?fig=fig59&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00974?fig=fig60&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00974?fig=fig60&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00974?fig=fig60&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00974?fig=fig60&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00974?fig=fig61&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00974?fig=fig61&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00974?fig=fig61&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.chemrev.1c00974?fig=fig61&ref=pdf
pubs.acs.org/CR?ref=pdf
https://doi.org/10.1021/acs.chemrev.1c00974?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Chemical Reviews

pubs.acs.org/CR

REVIE

Figure 62. Pressure effects on voids in silica glass modeled using MD.
(a) Morphologies of voids in four silica glass samples pressure-
quenched at 0, 1, 4, and 8 GPa. The yellow regions are isosurfaces
with a minimum distance of 0.1 nm from the surface of any atoms in
the glass (i.e., voids with a radius <0.1 nm are not shown). The blue
and red atoms are Si and O atoms, respectively. Only a slice of the
glass (~10 A thick) is visualized for figure clarity. (b) Variation of the
largest void radius from both experiments (red, up to 0.2 GPa) and
MD simulations (black). The inset is a close-up view of the pressure
region from 0 to 1 GPa, where the dashed line is a guide for the eyes
to show the consistent trends between the simulation results and the
PALS experimental results. Reproduced with permission from ref 137.
Copyright 2020 Yang et al. http://creativecommons.org/licenses/by/
4.0/.

lower pressures (<4 GPa), they found that the population of
small rings is lower, while the population of large rings
increases with Pq, thus reducing the free volume in the
proximity of the rings and increasing the characteristic ring
size, as shown in Figure 63b. The agreement between this
result and Raman spectrum measurements of the D, and D,
peaks arising from symmetric stretching of regular four-
membered rings and three-membered rings is shown in Figure
64. Unlike elastic distortion of the ring structure under isostatic
pressure, which will recover once the pressure is released, the
change in ring structure due to moderate pressurization
persists even after release of the pressure without heating.
The void interpretation fails when the quench pressure is
above 4 GPa. Even though the voids become smaller at higher
quench pressure, at high pressures the homogeneity of the
silica glass deteriorates due to the appearance of Si atoms with
higher Si—Si coordination, as shown by the blue curve in
Figure 65. The trade-off between the change in voids and the
change in Si coordination number leads to a maximum
homogeneity of silica glass at some intermediate range of
pressure (~4 GPa) based on MD simulations as shown by the
calculated Rayleigh scattering coefficient from MD in Figure
65, with a value half that of conventional silica glass. Recall
from section 1 that, to advance fields such as optical
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Figure 63. Homogenization mechanism of silica glass. (a) The
configurational changes of the elimination of the three-membered ring
(shown in red) and the introduction of different coordination number
Si—Si at Pq in SiO, glass. The yellow area denotes a void whose size
decreases after the exemplary three-membered ring is eliminated. All
spheres denote the Si atoms (the O atoms are not considered). (b)
Characteristic ring size K* (red) and coordination number (CN) for
CNg;_g; or CNg;_g at different densities, where CNy;_g; is the average
number of first Si neighbor atoms to a central Si using a cutoff of 3.4
A. The dashed red line and black dashed line are guides for the eyes.
Reprinted with permission from ref 137. Copyright 2020 Yang et al.
http://creativecommons.org/licenses/by/4.0/.

Figure 64. Raman spectrum of three pressure-quenched silica glass
samples prepared at 0.1 MPa for 1 h, 0.2 GPa for 1 h, and 0.2 GPa for
4 1, all at 2073 K. The variations of the relative intensity of the D, and
D, peaks as a function of time are enlarged for clarity on the right.
Reproduced with permission from ref 137. Copyright 2020 Yang et al.
http://creativecommons.org/licenses/by/4.0/.

communication, Rayleigh scattering in optical fibers needs to
be minimized. The work by Yang et al."”” confirmed that
manipulating the void radius distribution through pressure
quenching has the potential to reduce Rayleigh scattering loss
in silica glass by ~56%. If this result is realized, this processing
would form the lowest loss optical fiber known in the optical
communications industry, as of 2021.5%°
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Figure 65. Calculated Rayleigh scattering coefficient (a,,) and the
term related to refractive index and photoelastic coefficient (n°p?) at
different quench pressures using density fluctuations. The blue dashed
line is an eye guide to show the trend of @, The black dashed line
corresponds to 0.1 dB km™. Reprinted with permission from ref 137.
Copyright 2020 Yang et al. http://creativecommons.org/licenses/by/
4.0/.

Yang et al.’®' demonstrated that the silica glasses hot-
compressed up to 8 GPa are thermally stable at room
temperature without a significant change in density. This is
consistent with the findings of Onodera et al,,>®* where the
densities of the silica glasses after hot compression at 7.7 GPa
and various thermal treatments up to 1200 °C are stable over a
time period of 1.5 years (permanently densified glass). On the
other hand, the cold-compressed glass treated at 20 GPa is not
permanently densified upon return to ambient pressure
(although its initially pressure-treated density is identical to
that of the hot-compressed glass recovered from treatment at
7.7 GPa/1200 °C). The higher homogeneity of the silica glass
network structure was determined by Guerette et al.’”* using
X-ray diffraction, Brillouin scattering, and MD simulations.
The first sharp diffraction peak (FSDP) was observed to
sharpen as the compressive pressure increases. Moreover,
Masuno et al.>%* indicated that the hot-compression process up
to 8 GPa under 1400 K induces the smaller wavelength
dispersion of the refractive index even though the refractive
index itself increases due to the compression. The smaller
dispersion of the refractive index indicates sharpening of the
distribution of the bipolar moments.

Besides the application of the hot compression, a recent
study has found that adding fluorine to glassy SiO, has the
potential to decrease these densit;y fluctuations and further
minimize Rayleigh scattering loss.””® Suppression of density
fluctuations can also be achieved by utilizing higher density
glasses such as gallates, which tend to show a much lower loss.
ZBLAN fibers are good examples to theoretically show much
lower Rayleigh scattering loss.”*

10.2. Enhancement of Fluctuations to Optimize Glass
Optical Properties

While SiO, is a single-component glass, multicomponent
glasses show increased optical loss due to concentration
fluctuations. Such concentration fluctuations can be especially
pronounced in heavy metal silicate and germanate
glasses.”®”>%® While optical loss is not desirable for optical
communication applications, the increase in the magnitude of
the fluctuations can be utilized to enhance nonlinear optical
responses such as second-order harmonic generation (SHG)
and third-order harmonic generation (THG).

Fluctuations impact the linear polarization P, which is given
as
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where E is an external electric field, g is the permittivity of free
space, and y is the linear susceptibility that is related to the
refractive index n, with y = n* — 1. Glasses are isotropic in
nature with macroscopic centrosymmetry which prohibits
even-order nonlinear optical properties such as second-order
nonlinearities (SONL), including SHG. However, it is possible
to generate SONL in glass by enhancing spatial fluctuations
through thermal gradients, laser irradiation, or by growing
crystalline phases or introducing liquid—liquid phase separa-
tion.””>**° These effects can be considered by replacing y with
x(u + 0Z), where p is the averaged shift from the fully
centrosymmetric case, o is the deviation due to the symmetry
breaking, and Z is the input factor governing the breakdown of
centrosymmetry. Here, Z can be related to T (if the fluctuation
is triggered by temperature), E (if the fluctuation is trigger by
electric field), or E* (if the fluctuation is attributed to the
number of irradiated photons). The latter two effects
correspond to SHG and THG, respectively, which are induced
by fluctuations.

It remains difficult to distinguish the effects of fluctuations
from the effects of induced ordering. Nevertheless, fiber
sensors such as the optical time domain reflectometer, using
Rayleigh, Raman, or Brillouin scattering, or a fiber-Bragg
grating can be used to sense fluctuations induced by
temperature, bending, water diffusion, oscillation. Glasses
that have natively high nonlinear optical coefficients have an
especially large potential to respond to such effects.””>**® For
example, studies on modified borophosphates show an increase
in third-order nonlinearity when doped with Ti or Nb.****%" In
addition, some chalcogenide glass families have been shown to
exhibit a high degree of third-order susceptibility.”'® Glasses
with a high sensitivity against poling are also good
candidates.”' "> SHG depends on the charge carrier
concentration and mobility, but this spatial fluctuation is
observable only before the cations recombine.’'> Therefore,
nonlinearity is not always permanent as the glass relaxes over
time.

11. CONCLUSIONS

This review article has addressed the current understanding of
spatial and temporal fluctuations and their impact on key
physical properties and processes of glass-forming systems.
While, to date, most researchers evaluate glass performance
based solely on an average description of structural features
and properties, it is well-established that this simplification is
often insufficient as glasses exhibit property values that
fluctuate both spatially and temporally. Glass is spatially
diverse due to its noncrystalline structure, which exhibits
distributions in bond length, bond angle, coordination number,
ring size, density, and rigidity across the dimensions of the
sample. Glass is temporally evolving as a result of being a
nonequilibrium material that continuously relaxes toward the
metastable supercooled liquid state, a relaxation process that is
dictated by local motions occurring on different time and
length scales. This continuous relaxation evolves the glass
structure and network topology over time, resulting in unstable
local mechanical and optical behavior and a capricious
propensity to crystallize and phase separate.

Studying spatiotemporal fluctuations provides fundamental
insights into the nature of glassy materials, enabling improved
design of next-generation glasses. The magnitude of fluctua-
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tions is important because some applications require broad
property distributions, such as promoting atomic rearrange-
ment to enable shock absorption, while other applications
require narrow property distributions such as limiting crack
propagation for smart phone cover screens or minimizing
Rayleigh scattering for optical data transmission. When
tailoring a glass design with unusual properties or specific
applications in mind, the overarching question is how
fluctuations can be leveraged as an additional parameter to
the composition and thermal/pressure history. In the pursuit
of addressing these currently open questions, this article has
reviewed how fluctuations are currently being quantified,
characterized, and modeled for investigations of glass-forming
systems, mainly commercially relevant oxide glasses. This
review is a foundation which the authors hope the readers will
build upon in future work and expand to understandings of
fluctuations in other glass systems of both commerical and
theoretical importance (e.g., superstable glasses, polymer
glasses, molecular glasses, simulation glasses, spin glasses).

In section 3, discussions of kinetics and thermodynamics
addressed why spatiotemporal fluctuations arise in glass-
forming systems. The interplay of mathematical and physical
understanding is used to relate fluctuations to kinetic and
thermodynamic properties, which poses the question of how
best to quantify fluctuations such as enthalpy and volume.
Experimental and computational techniques, addressed in
sections 4 and S, respectively, for quantifying fluctuations are
largely adapted from mean-field approaches but enable
researchers to infer the nature of structural, topological, and
dynamical fluctuations in glass. Characterization techniques
such as nuclear magnetic resonance, X-ray, neutron, and
electron diffraction, infrared and Raman vibrational spectros-
copy, SAS, and positron annihilation spectroscopy reveal the
broad distributions of structural and topological features in
glasses, in contrast to their crystalline counterparts; however, a
deeper understanding of what the broad distributions reveal
about spatiotemporal fluctuations remains elusive. Character-
ization methods that more finely map the fluctuations in
atomic positions and bonding characteristics could enable
deeper experimental analysis of the physics of glass structure.
Such work is within reach for future development.'*

To compensate for the realistic limitations of experimental
approaches (e.g., cost, time, equipment), it is becoming more
common to design combined experimental—computational
investigations. Computational means for exploring spatiotem-
poral fluctuations in glass-forming systems include molecular
dynamics, Monte Carlo, statistical mechanical models, energy
landscapes, topological constraint theory, and machine
learning. As discussed for experimental limitations, the
development and evolution of the computational toolset
needs to be tailored for specific glass-forming systems. Often
assumptions that apply to mean-field or crystalline systems are
carried over into glass models. For example, to capture kinetic
properties in glasses, molecular dynamics can be used to solve
the Green—Kubo relations, which are derived from the
fluctuation theorem for crystalline materials (introduced in
section 3.1) by assuming a Gaussian time-averaged dissipative
flux, even though dynamical heterogeneities in glass-forming
systems manifest as nonmonatomic, non-Gaussian probability
distributions. This dearth of methods to address the specific
needs of glass systems calls for more astute derivations and
appropriate simplifying assumptions tailored to represent
fluctuations in glassy systems. Statistical mechanical methods
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to explore spatiotemporal fluctuations in glass-forming systems
have grown dramatically in the recent years, but further
expansion into medium-range phenomena (such as rings) is
needed before the techniques can capture complex glass
chemistries and thermal/pressure histories. Similarly, while
energy landscapes are a promising methodology, their practical
use often requires various input parameters and experimental
validation to represent complex glass systems. A common
limitation in computational materials science is the capabilities
of the computational techniques themselves, not only seen
with the growth of emerging fields such as machine learning
but also in the development of more established fields. For
example, DFT could theoretically be employed to explore
spatiotemporal fluctuations by running numerous iterations of
simulations with unique initial conditions, but considering the
current computational cost limitations, this approach is often
considered too inefficient.

Glass is a nonequilibrium material, meaning that its structure
is continually relaxing through the movement of cooperatively
rearranging regions. Though this relationship has been
theorized, the relationship between the length scale of CRRs
and dynamical heterogeneities has not yet been firmly
established for glasses of practical interest. The movement of
CRRs with time needs to be further elucidated as it directly
impacts the propensity of a glass-forming system to crystallize
or phase separate. Thermal and compositional fluctuations
trigger crystal nucleation, and while significant progress in
understanding and manipulating crystal nucleation and growth
has been achieved in the past 70 years, further development of
glass-ceramic materials is conditional on a deeper under-
standing of this process. Improved glass-forming ability (which
favors high structural disorder) directly contradicts the appeal
of lower magnitude fluctuations to limit crack propagation and
Rayleigh scattering. A pressing open question remains to
determine the minimum magnitude of fluctuations and
disorder that can be reached without the system crystallizing
or phase separating.

Conventionally, there are three overarching parameters
manipulated during glass discovery: composition, thermal
history, and pressure history. These three parameters are
altered to optimize mechanical properties such as elasticity,
intrinsic nanoductility, fracture, creep, and fatigue. The
manipulation of these parameters impacts fluctuation for-
mation and consequently material performance. By explicitly
considering the magnitude of fluctuations with this list of
parameters, glass applications with stringent requirements on
mechanical and optical properties can be more finely tuned,
especially in relation to newly developing large-scale
manufacturing techniques such as additive manufactur-
ing.513_516 In sections 1, 4, and 10, density fluctuations have
been shown to be critical for optimizing high-speed and high-
bandwidth optical communication. Though an area of ongoing
research, the benefits of this relationship have extended beyond
theory and been implemented to induce sustained improve-
ment of low-loss optical fibers. Density fluctuations are only
one of a host of spatiotemporal fluctuations in glass.
Additionally, nonlinear optical phenomena are influenced by
localized fluctuations in glass. Studies into these phenomena
are still in their nascent stage.

Throughout this article, we have discussed that glass is a
noncrystalline, nonergodic, nonequilibrium material, which
exhibits nonlinear and nonexponential relaxation with a non-
Arrhenius temperature dependence, and as such, dynamical
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heterogeneities manifest as nonmonotonic in time and with a
non-Gaussian probability distribution. As can be inferred from
the plethora of “non” words above, the traditional description
of glass is based on what it is not, rather than what glass is.
What is known about glasses is that they are composed of
spatially and temporally fluctuating features, which impact
properties and performance. Understanding the impact of
fluctuations on properties and processes has improved
fundamental knowledge of the chemistry and physics
governing disordered systems and aided in the design of new
structural glasses with optimized properties and performance.
The authors of this review are confident that these studies will
be useful for the glass research community that is still much
focused on “average” structural features. With continued
development of fluctuation studies, it will be exciting to see
which industry will be revolutionized next by exploring glass
structure—property—performance relationships beyond the
average.
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ABBREVIATIONS

ABED angstrom-beam electron diffraction

BO bridging oxygen

CN coordination number

CNT classical nucleation theory

CRDS cavity ring down spectroscopy

CRR cooperatively rearranging region

DFT density functional theory

DIT diffuse interface theory

FSDP first sharp diffraction peak

GNN graph neural network

HIP hot isostatic pressure

kMC kinetic Monte Carlo

LJ Lennard-Jones

LLPS liquid—liquid phase separation

MAS NMR  magnetic angle spinning nuclear magnetic
resonance

MC Monte Carlo

MD molecular dynamics

MDSC modulated differential scanning calorimetry

MMC metropolis Monte Carlo

MSD mean squared displacement

NBO nonbridging oxygen

NMR nuclear magnetic resonance

PALS positron annihilation lifetime spectroscopy

PDF pair distribution function

Ps positronium

RMC reverse Monte Carlo

SANS small-angle neutron scattering

SAS small-angle scattering

SAXS small-angle X-ray scattering

SCL supercooled liquid

SEM scanning electron microscope

SHG second-order harmonic generation

SR-IR spectral reflectance infrared

STD standard deviation

SVM support vector machine

t-CAS tectosilicate calcium aluminosilicate

TCT topological constraint theory

TEM transmission electron microscopy

THG third-harmonic generation

TTT diagram time—temperature—transformation diagram

V-T diagram volume—temperature diagram

VET Vogel—Fulcher—Tammann (viscosity equa-

tion)

LIST OF KEY TERMS

glass = a noncrystalline, nonequilibrium, nonergodic state of
matter that appears solid on a short time scale but
continuously relaxes toward the liquid state (section ")
bridging oxygen (BO) = an oxygen bonded to two or more
network formers (section )

nonbridging oxygen (NBO) = an oxygen bonded to one
network former (section ')

network former = cations that form the covalent backbone
of the glass network, e.g,, Si, P, or B (section 1‘1)

network modifier = cations that form ionic bonds and
modify the connectivity of the glass network, e.g,, Na, Li, K,
Ca, Mg (section ')
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rigidity = a unitless scaling factor that ranges from 0 to 1 to
El(fﬁne how easy or hard it is the break a constraint (section
")

isostatic network = a state of rigidity wherein the number of
ziltlomic constraints equals the degrees of freedom (section
")

constraint = a rigid bond or angle constraining the position
of an atom (section ')

Q-species = short-range structural units that define oxide
glasses (section ")

fluctuation = a deviation of a value from its mean value
(section 2'1)

variance = second-order central moment (section *')
ergodic = the time average equals the ensemble average of a
given property or system (section *)

spatial fluctuation = how properties and structure vary in
different regions of the material which encompass
fluctuations in structure and network topology (section *?)
temporal fluctuations = instantaneous changes in property

values and structure with time (section **)

spatiotemporal fluctuations = fluctuations in both space and

time (section 2'3)

topological fluctuations = fluctuations in the network/

interconnection of atoms within the system (section **)

topology = the spatial relations defining the connectivity and
atomic network (section 2‘4)

glass transition = a continuous, kinetic transition between

the liquid and glassy states (section °)

fictive temperature = the temperature at which the glass
departs from the supercooled liquid state and becomes out
of equilibrium (section *)

dynamical heterogeneity = atomic regions of slower or faster

kinetics caused by chemical or structural fluctuations in
condensed systems (section *")

critical nucleus = an ordered crystalline-like arrangement of
atoms, formed by fluctuations, that has an equal probability

g)f growing or dissolving back into its matrix phase (section

spinodal decomposition = a type of phase transformation
that occurs when one phase separates into two inter-
connected phases spontaneously, without nucleation
(section 7)
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