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1 Glasses : Introduction

1.1 Introduction

Figure 1.1: Different forms of glass. (a) Libyan desert glass formed possibly
due to meteoritic impact. (b) Obsidian glass formed due to cooling down of
volcanic lava. (c) Glass sponges under the ocean whose skeleton is made of
silica. (d) Man made titanium based metallic glass.

Glasses are amorphous solids that exist in both natural and man made
forms. A few types of glasses are shown in Fig.1.1. There are various
routes for the formation of a glass [1]. Normally, they are obtained by
rapidly cooling a liquid so that its viscosity increases dramatically, by
as much as 17 orders of magnitude, without any pronounced change in
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2 1. Glasses : Introduction

material structure. This transition from a liquid to a disordered solid is
termed glass transition. The principle of making glasses was known to
man for several millennia. In fact, the earliest production of glass dates
back to the Bronze-age Egypt, roughly between 1500 and 1000 BC [2, 3].
Although it is one of the oldest artificial materials utilized by man, new
discoveries and applications continue to appear. Traditional applications
of glasses and glass science include, e.g., metallic glasses for making golf-
club heads, optical fibers or glass ceramics—and of course glass is still
extensively used for windows and containers, not to mention the beautiful
artworks based on a thousand-year old tradition. Such wide applications
arise naturally due to their exceptional mechanical properties. Generally,
glasses have a large shear modulus at room temperature, but are easily
deformable and moldable to different shapes at higher temperatures.

Figure 1.2: Different soft-glassy materials. (a) Colloidal glasses made of
PMMA particles [4]. The diameter of the particles is σ ∼ 1.3μm (b) Granular
particles (mustard seeds) that are typically around 1mm in diameter [5]. (c)
Emulsion made of water and oil mixture [6]. (d) Foam made of large bubbles.
This is a multiphase material that has air trapped inside liquid bubbles [6].

Understanding glasses is one of the grand challenges of condensed
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matter physics. Despite the progress, there is no well-accepted theory.
The glasses pose deep fundamental questions from a theoretical perspec-
tive because the standard statistical mechanics tools are sometimes not
sufficient to understand the slow dynamics. Additionally, simulating
in the computer the dynamics of microscopically realistic materials on
timescales that are experimentally relevant is not an easy task, even
with modern computers. Finally, the field is constantly stimulated by
new, and sometimes quite beautiful, experimental developments to pro-
duce new types of disordered materials, or to obtain more microscopic
information on the structure and dynamics of glassy systems.
Over the last few decades, the study of glasses has acquired a broader

meaning. Nowadays glasses encompass all those amorphous systems that
have relaxation timescales of the order of, and often much larger than,
the typical duration of an experiment or a numerical simulation. Such a
generic definition allows a large number of systems to be categorized as
glassy materials [7]. For example, one could be interested in the physics of
disordered high-Tc superconducting materials in ’hard’ condensed mat-
ter, charge density waves or spin glasses, dense packing of colloidal par-
ticles, emulsions, foams, and granular materials, proteins, etc in ’soft’
condensed matter. Glass physics thus covers a remarkably broad range
of time and length scales, as illustrated by Fig.1.2. All these materials ex-
hibit, in some part of their phase diagram, some sort of glassy dynamics
such as aging, rejuvenation, heterogeneous dynamics, etc.
In this thesis we have performed experiments using hard sphere col-

loidal glasses to understand flow and relaxation of such a glass. We study
its response to an external stress by imposing a constant shear rate. The
intention of this chapter is to outline the experimental and simulation
developments in this and related systems.

1.2 Phenomenology of the glass transition

When liquids are cooled below their freezing temperature Tm, molecular
motion slows down. If the liquid is cooled sufficiently fast, crystallization
can be avoided Fig. 1.3(a) [8]. Eventually molecules will rearrange so
slowly that they cannot adequately sample configurations in the available
time allowed by the cooling rate. The liquid’s structure therefore appears
’frozen’ on the laboratory timescale (for example, minutes). This falling
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Figure 1.3: (a) Temperature dependence of a liquid’s volume v or enthalpy
h at constant pressure. Tm is the melting temperature. A slow cooling rate
produces a glass transition at Tga; a faster cooling rate leads to a glass tran-
sition at Tgb [8]. (b) Viscosity of various glass forming liquids on approach to
the glass transition temperature Tg. The inverse temperature on the x−axis
is scaled by Tg. Strong liquids exhibit approximate linearity (Arrhenius be-
haviour), while fragile liquids exhibit super-Arrhenius behaviour [8].

out of equilibrium occurs across a narrow transformation range where
the characteristic molecular relaxation time becomes of the order of 100
seconds, and the rate of change of volume or enthalpy with respect to
temperature decreases abruptly (but continuously) to a value comparable
to that of a crystalline solid. The resulting material is a glass. The
puzzling fact about the transition from liquid to glass is that it does not
seem to be associated with any simple structural change of the system
[1, 8, 9].
The slower a liquid is cooled, the longer the time available for con-

figurational sampling at each temperature, and hence the colder it can
become before falling out of liquid-state equilibrium. Consequently, Tg

increases with cooling rate [10]. The properties of a glass, therefore, de-
pend on the process by which it is formed. In practice, the dependence of
Tg on the cooling rate is weak, and the transformation range is narrow,
so that Tg is considered as an important material characteristic. Another
definition of Tg is the temperature at which the shear viscosity reaches
1013 poise. Figure 1.3(b) shows the viscosity of various glass-forming
liquids on approaching the glass transition temperature Tg [1].



1.2 Phenomenology of the glass transition 5

The slowing down of the particle motion on approach to the glass
transition is well captured by the intermediate scattering function F (q, t),
which is a dynamic observable correlating the density fluctuations over
a time interval t

F (q, t) =

〈
1

N
ρq(t)ρ−q(0)

〉
. (1.1)

Figure 1.4 shows F (q, t) measured using neutron scattering in super-

Figure 1.4: Temperature evolution of the intermediate scattering function
F (q, t) normalized by its value at time equal to zero for supercooled glycerol
[11]. Temperatures decreases from 413K to 270K from left to right. The solid
lines are fit with a stretched exponential fits with appropriate exponents.

cooled glycerol, for a wave number q = 1.44Å−1, at different temperatures
[11]. The temperature decreases from the left curve to the right curve.
At higher temperatures, in the liquid phase, the density fluctuations de-
cay quickly, however, with decreasing temperature the fluctuations relax
quickly to a plateau followed by a second, much slower, relaxation. The
plateau is due to a fraction of density fluctuations that are frozen on in-
termediate timescales, but eventually relax during the second relaxation.
The latter is called ’α-relaxation’, and corresponds to the structural re-
laxation of the supercooled liquid. A qualitative description of such tran-
sitions is often based on the free energy landscape picture [8, 12]. In this
paradigm, a large number of local minima of the free energy exists. The
glass transition occurs when the energy barrier becomes so large that the
thermal activation is not sufficient to explore the energy landscape over
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experimentally accessible timescales. The system gets literally trapped
in one of the minima.

1.2.1 Glass transition in colloids and grains

Colloidal suspensions

Figure 1.5: Relaxation timescale τα for hard spheres in experiments (black
circles) and simulations (open triangles), respectively in units of τ0 = 1s and
τ0 = 7× 104 Monte-Carlo steps [13].

Colloids are particles with sizes of the order of a few ten nanometers
to micrometers that are suspended in a solvent. The solvent, which is
at equilibrium at temperature T , renders the short-time dynamics of the
particles Brownian. Hard sphere colloidal systems have been used in-
creasingly to mimic atomic systems [14]. However, it is the volume frac-
tion, φ = 4

3
NπR3/V , where N is the number of particles, R is the radius

of particles and V is the total volume, that is the tuning parameter in col-
loids, as is the temperature or the pressure in atomic systems. When the
volume fraction is low, particles display free Brownian motion. However,
when at higher volume fraction the motion of particles gets increasingly
frustrated, the system exhibits a kinetic slow down. A colloidal glass
transition occurs at a packing fraction of φ = 0.58 [14, 15]. The precise
value of the packing at which the glass transition occurs is much debated.
However, what is known is that at higher packing fractions the relaxation
time of the system exceeds typical experimental timescales. Figure 1.5
shows the volume fraction dependence of the structural relaxation time
for hard sphere colloidal suspensions made of PMMA. Clearly, the re-
laxation timescales become large beyond φ = 0.58. Understanding how
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much and to what extent the glassiness of colloidal suspensions is related
to one of molecular liquids is an active domain of research [16].

Figure 1.6: Scaled relaxation time, τ/
√

m/pσ, versus scaled temperature
T/pσ3 for the harmonic potential (black), the Hertzain potential [red (medium
gray)], the hard-sphere potential [magenta (light grey)], and the Weeks-
Chandler-Anderson potential [blue (dark grey)]. Black solid curve is the Vogel-
Fulcher fit [16]. Blue-dashed curve is a fit to the Elmatad-Chandler-Garrahan
[17] form: y = 3.1 exp[0.064(x−1 − 4.72)2]

A recent simulation has shown that the colloidal glass transition is
equivalent to its molecular counterpart [16]. Figure 1.6 shows the scaled
relaxation time τ/

√
m/pσ against the scaled temperature T/pσ3, where

σ is the diameter and m is the mass of the particles, and p is the pres-
sure, for systems with different interaction potentials. The data for hard
spheres correspond to the filled circles in magenta. Surprisingly, all the
curves collapse on to a single master curve.

Granular particles

Driven granular particles are another class of systems that displays and
shares very similar properties with the glass transition of molecular liq-
uids. If colloids are considered as siblings of molecular liquids, then
grains are some more distant relatives. The reason is that grains are
macroscopic objects and, as a consequence, do not have any thermal mo-
tion. A granular material is therefore frozen in a given configuration if
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no energy is injected into the system. However, it can be driven into a
steady state by an external force, such as shearing or vibrating. A few
examples of such experiments are the cyclic shear of bi-disperse granular
materials [18, 19, 20, 21] and air-driven granular beads [22]. These ex-
periments have surprisingly revealed that even granular particles exhibit
slow dynamics with increasing packing fraction that is the hallmark of
glassy dynamics. The dynamics in steady state is quite different in nature
from both the equilibrium dynamics of colloids and molecular liquids:
energy is continuously injected into the system and subsequently dissi-
pated. Therefore, time-averaged observables cannot be obtained from an
equilibrium Boltzmann measure. Actually, the steady state probability
distribution is generally unknown. Despite these facts, the steady state
dynamics of granular systems at high density show remarkable similari-
ties with the ones for colloids and molecular liquids. First, the timescales
for relaxation of the density fluctuations and for diffusion of a tagged
particle increase very rapidly when the density is increased, without any
noticeable change in the structural properties. It is now established that
many phenomenological properties of the glass transition also occur in
granular assemblies [22].

1.3 Jamming phase diagram

Colloidal suspensions and granular particles have been used extensively
as model systems to understand the glass transition [21, 22, 24, 25]. Go-
ing beyond the mere analogy and understanding how much these different
physical systems are related is a very active domain of research. Actually,
since the underlying dynamics and microscopic properties are so different
between liquids and grains, it would be highly non trivial to find that
the microscopic mechanism responsible for the corresponding glass tran-
sitions are the same or even very similar. This very question has been
asked in a visual manner by Liu and Nagel [23] who rephrased it in a
single picture, now known as a ’jamming phase diagram’, Fig.1.7. By
building a common phase diagram for glasses, colloids and grains, they
asked whether the glass and jamming transitions of molecular liquids, col-
loids and granular media are different facets of the same ’jammed’ phase.
In this unifying phase diagram, a jammed ’phase’ (or jammed phases) can
be reached either by lowering the temperature in molecular liquids, or
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Figure 1.7: A possible phase diagram for jamming. The jammed region, near
the origin, is enclosed by the depicted surface. The line in the temperature-
load plane is speculative, and indicates how the yield stress might vary for
jammed systems in which there is thermal motion [23].

increasing the packing fraction or decreasing the external drive in colloids
and granular media. This picture has rejuvenated the topic of glasses by
stimulating new theories, simulations and experiments [26, 27, 28, 29].
However, the connection between dynamic arrest observed in molecular
liquids, hard-sphere colloids and grains is far from understood.

1.4 Heterogeneous dynamics in quiescent glasses

Due to the long relaxation time of glasses, a part of density fluctuations
are frozen. Understanding these fluctuations has been a central difficulty
for making theoretical advances. Both the liquid and the glass have dis-
ordered structure, so even if all molecules in the system are identical,
they experience different local environments [31]. In the liquid, these
differences can be neglected to a large extent: every particle has on av-
erage a similar environment. So, the behavior of the system could be
inferred from that of a typical particle in a typical environment. Thus,
for example, microscopic properties, such as the rate with which par-
ticles diffuse in the liquid, are directly related to bulk properties, such
as the viscosity. However, as the glass transition is approached, it be-
comes increasingly difficult to characterize ’typical’ particles and ’typical’
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Figure 1.8: Dynamic heterogeneity for Weeks-Chandler-Anderson mixture in
two dimensions. The pictures are renderings of the mobility field κ(r, 0;Δt) for
typical equilibrium trajectories particles. The rendering shades each particle
according to the size of the particle’s displacement from its initial position. If
the i− th particle’s displacement is nil, i.e., |ri(Δt)− ri(0)| = 0, the particle is
pictured as white. As the particle displacement grows, the particle acquires an
increasing shade of gray, becoming completely black when |ri(Δt)− ri(0)| > σ
[30].

environments because the dynamics of the system become spatially het-
erogeneous. Within a given interval of time, some particles may move
distances comparable to their size, while others remain localized near
their original positions. Thus, on these time scales, we can refer to
these as ’mobile’ and ’immobile’ particles. Of course, on long enough
time scales, ergodicity ensures that particles become statistically iden-
tical. The dynamic heterogeneity is illustrated beautifully in Fig. 1.8,
where the authors have studied the time evolution of the mobilities of
the particles interacting through the Weeks-Chandler-Anderson poten-
tial [30]. The mobility κ(r, 0;Δt) is obtained from the displacements,
|ri(Δt) − ri(0)|, of individual particles. The particle displacements are
represented by different grey levels in Fig.1.8. If the i− th particle’s dis-
placement is nil, i.e., |ri(Δt)−ri(0)| = 0, the particle is pictured as white.
As the particle displacement grows, the particle acquires an increasing
shade of gray, becoming completely black when |ri(Δt)−ri(0)| > σ. This
shows that the regions of higher activity coexist with the regions of lower
activity.
Dynamic heterogeneity occurs in a wide range of systems. The appear-

ance of dynamical heterogeneity in vibrated granular systems, colloids,
and computer simulations of repulsive disks is compared in Fig. 1.9 [7].
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Figure 1.9: Three examples of dynamical heterogeneity [7]. In all cases, the
figures high-light the clustering of particles with similar mobility. (Left) Gran-
ular fluid of ball bearings, with a colour scale showing a range of mobility
increasing from blue to red [22]. (Centre) Colloidal hard sphere suspension,
with most mobile particles highlighted [24]. (Right) Computer simulation of
a two-dimensional system of repulsive disks. The colour scheme indicates the
presence of particles for which motion is reproducibly immobile or mobile,
respectively from blue to red [32].

The most striking feature of all these images is that the particles with
different mobilities appear to form clusters. This observation suggests
that structural relaxation in disordered systems is a nontrivial dynamical
process. Over the last decade, it has become clear from experiments and
computer simulations that a variety of glassy systems display the kind of
clusters shown in Fig.1.9. The origin of the heterogeneous dynamics in
glasses remains to be understood.

1.5 Heterogeneous dynamics in sheared glasses

The study of the deformation of amorphous materials is an area of in-
tense research that has developed largely independently of the advances
in quiescent glasses. The standard plasticity or rheology approach to un-
derstand the visco-elastic properties of an amorphous material is based
on macroscopic constitutive equations [33, 34]. These equations relate
the stress and strain (or strain history) in the system from a continuum
perspective. However, the notion of dynamical heterogeneities becomes
important when one tries to understand the macroscopic deformation
in these materials from a microscopic perspective. A few important
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questions that have received considerable attention are: how to iden-
tify microscopic heterogeneities that would in some respect play the role
assigned to dislocations in the flow of crystalline materials. What governs
the dynamical activity of such heterogeneities, how do they interact with
each other, and how do they organize on larger scales. The pioneering
experiments of Argon and Kuo [35] using bubble rafts established the
notion of ”shear transformations”, which are localized regions in space
and time where the deformation occurs. Such local yield events have
been very clearly identified in experiments on bubble rafts, in colloidal
systems [36], as well as in various atomistic simulations of low temper-
ature deformation [37, 38, 39, 40]. They are now believed to constitute
the elementary constituent of plastic deformation in amorphous solids.
However, their cooperative organization is far from being understood,
although a number of models based on this notion of elementary event
have been developed and studied analytically at the mean field level or
numerically [37, 41, 42, 43, 44, 45, 46].

Figure 1.10: Deformation of a amorphous solids in athermal quasi-static sim-
ulations [38, 39]. (a) Stress vs strain curve. Note the smooth, roughly linear
elastic segments interrupted by the discrete plastic events in the inset. (b)
The radial projection of the non-affine displacement

The quasi-static deformation of athermal systems has received wide
attention [38, 39, 40, 47, 47, 48, 49, 50, 51, 52, 53]. A typical stress
versus strain curve of a simulated deformation experiment is shown in
Fig. 1.10(a). The inset of Fig. 1.10(a) is a magnified view of stress fluctu-
ations. The stress in the system increases linearly for small strains until
it reaches a yield point that marks the onset of steady plastic deforma-
tion in the system. The fluctuations in these systems have been shown to
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be critical in nature [48, 54]. Various studies have attempted to correlate
the macroscopic stress fluctuations to the fluctuations at the particle level
[38, 39, 40, 47, 47, 49, 50]. It was observed that the deformation occurs
via elementary events that have a quadrupolar structure often referred to
as ’shear transformations’. Figure 1.10(b) shows the radial projection of
the non-affine displacement, which is the real space structure of a local-
ized plastic event. Generally, a stress drop event, such as the one shown
in the inset of Fig.1.10(a), is typically associated with an avalanche that
is a cascade of many quadrupolar events [39]. Figure 1.11 illustrates an
avalanche that extends over the full system size. These simulations and
various others that have shown similar results were performed at zero
temperature. The important question here are: what happens when the
temperature and the shear rate in the system is finite? Does the thermal
noise kill the long range correlations? These questions are one of the
motivations for us to perform shear experiments using colloidal glasses
that are very good examples of Brownian systems.

Figure 1.11: Particle displacements which occur during the entire plastic event.
Individual arrows have a uniform length of 0.5 and a shading which is linear
in the amplitude of the displacement [39].

1.6 Density of states of glasses

Another way to understand the elastic response of glasses, and emerging
plastic rearrangements is through their density of states. The density
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Figure 1.12: Density of states G(ω) of polyisobutylene plotted as G(ω)/ω2

against ω2. Filled and open circles indicate the data obtained 10K and
50K,respectively. The dashed line indicates the contribution of the sound
wave [55].

of states of glasses has been a topic of great interest for a long time.
According to the Debye model for solids, the density of states of low
frequencies scales as D(ω) ∝ ω(d−1), where d is the dimensionality of the
system [56, 57]. However, glasses show an excess of low frequency modes
that is not predicted by the Debye model. This anomalous behavior of
the density of states in glasses has been studied - for instance in organic
polymer glasses (polyisobutylene) using inelastic neutron-scattering mea-
surements [55], Fig.1.12. The horizontal dashed line in Fig.1.12 shows
the Debye model’s prediction; apparently, the density of low frequency
modes deviates significantly from this model.
With recent advances in imaging techniques such as confocal microscopy,

and colloidal science, it has been possible to visualize the structure of
these low frequency modes directly in experiments on colloidal glasses
[4, 58, 59, 60], Fig.1.13. The low frequency modes are quasi-localized
in glasses [60]. Recent simulation studies have argued that the hetero-
geneity of dynamics observed in Fig.1.9 arises from these quasi-localized
modes [32, 61]. These points will be discussed in detail in Chapter.6.
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Figure 1.13: Structure of the low frequency modes in colloidal glasses [4, 58].
The two dimensional eigenvector fields of two low frequency modes for a the
volume fraction φ = 0.60. The quasi-localized nature of the modes is evident
from these images.

1.7 Present thesis

This thesis presents experimental measurements of the deformation of
hard sphere colloidal glasses. The colloidal glasses provide a unique op-
portunity to visualize the microscopic fluctuations in a deformed glass
over a range of shear rates in the slowly driven and strongly driven
regimes. We deform the colloidal glass by subjecting it to a constant
shear stress and focus on studying its macroscopic and microscopic re-
sponse. The outline of the chapters in the thesis is given below.

Chapter 2: We begin with a general discussion on the colloids and
present the phase diagram of colloidal hard spheres. The preparation
method of the colloidal glass is discussed in detail. The shear cell used
for shearing the glass is described in detail followed by the imaging tech-
niques for identifying the individual particles and reconstructing their
trajectories in time. The definition of different observables to under-
stand the physics of the deformation of glasses is outlined.

Chapter 3: In this chapter we describe different modes of macroscopic
deformation observed in colloidal glasses. We also visualize the micro-
scopic fluctuations of the local strain and non-affine displacements during
the homogeneous and inhomogeneous flows. We study how the shear af-
fects the mobility and the structural properties of the glass. By defining
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a mobility order parameter we show that shear banding is reminiscent of
a first order transition in both space and time.

Chapter 4: We study the spatial correlations of strain and non-affine
displacement fluctuations. A three dimensional visualization of the strain
and non-affine displacement correlations is provided to elucidate their
symmetry. We explain the emergence of shear bands based on the sym-
metry change of the strain correlations. The angular averaged spatial
correlation function of the non-affine displacement is studied at different
shear rates to establish the robustness of the power-law scaling associ-
ated with it. Finally, the spatial correlations of the different definitions
of non-affine displacement are compared.

Chapter 5: In this chapter, we study the anisotropy of the microscopic
fluctuations in sheared colloidal glasses. The skewness of the non-affine
displacements in the shear direction is analyzed for different shear rates.
Further, we decompose the strain correlations studied in Chapter 4 using
circular harmonics. The projections of different harmonics are analyzed
to understand symmetries of the strain and non-affine correlations. We
also use angular bins to study the direction dependent scaling of the
strain and non-affine displacements in the homogeneous and inhomoge-
neous flow.

Chapter 6: Here we use the normal mode analysis to study the vibra-
tional modes in a quiescent colloidal glass. The vibrational modes are
used to understand the structural origin of rearrangements that lead to
the relaxation of a glass. The method of normal modes is outlined. We
construct spatial maps of the average particle participation ratios for the
lowest frequency modes. This is compared with the regions where the
particle rearrangements occur. Finally, we explain a connection between
the plastic rearrangements in the sheared and the quiescent glass.


