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Phase behaviours of colloidal systems with Critical
Casimir Force
by Li Tian
Department of Physics
University of Konstanz

Abstract
The study of phase behaviors elucidates the thermodynamics of condensed matters and
thus is vital to the understanding of material properties. Colloids are ideal model systems
for the study of phase behaviors because the particles can assemble into extremely rich
structures and phases that are governed by the general statistical principles that also work
in atomic or molecular systems. And their thermal motions can be directly visualized and
measured by video microscopy. Progress in chemistry and particle fabrication enables the
implementation of tunable and controllable interaction between particles, opening the
door to actively triggering phase transformations in colloidal systems.
In this thesis, I report the studies of phase behaviors of colloidal particles in a recently
developed critical Casimir system. The attractive critical Casimir forces (CCFs) between
the colloidal particles can be precisely tuned by temperature. With CCFs, the spherical
and ellipsoidal particles can be assembled into different phases, i.e., glasses, crystals, liquid
crystals, and plastic crystals. Bulk phases with a free solid-vapor interface are achieved
and studied. Tuning the temperature, the melting transition of these phases is triggered
and the kinetics of the transformation are recorded by video microscopy. The interaction
between surface and bulk regions as well as the dynamics in different degrees of freedom
are investigated systematically.
As the introduction, Chapter 1 offers a general background about CCFs and phase behaviors of glasses, liquid crystals and plastic crystals. Research motivations are presented
from the perspective of both condensed matter physics and material sciences.
Chapter 2 presents the quantification of the CCFs between the spherical colloidal particles. Measurements of the pair-potential between the particles using both total internal
reflection microscopy (TIRM) and the insertion method with video microscopy data are
presented. Both measurements exhibit consistent results, which are in good agreement
with the theoretical prediction of CCFs.
In chapter 3, anisotropic curvature-dependent CCFs are observed and quantified between
the ellipsoidal particles. Both experiments and results from the insertion method conxviii

firmed that the strength of CCFs depends on the local curvature. Elucidation of the forces
between particles in Chapter 2 and Chapter 3 facilitates the understanding of phase behaviors of glasses (Chapter 4), liquid crystals, crystals with also orientational order and
plastic crystals (Chapter 5).
Chapter 4 reports the surface melting of two-dimensional glasses composed of binary colloidal particles. Adjacent to the bulk glass, we observe an unexpected surface glassy layer
that has the same density but much faster particle dynamics. This is due to cooperative
clusters of highly mobile particles which percolate from the surface and penetrate deep
into the material. In addition to resolving the properties of a glassy surface during surface
melting, our results are also relevant for the understanding of the largely enhanced surface
mobility of glassy materials.
Chapter 5 reports the phase behaviors of ellipsoidal particles with different aspect ratios.
The curvature-dependent CCFs between the ellipsoidal particles enable the assembly of
novel 2D phases that are realized in the colloidal ellipsoidal system for the first time.
These phases are nematic liquid crystals (NLCs), crystals with both translational and
orientational order (CTOOs) and rotator crystals (RCs). In all three systems, thermodynamic bulk phase transitions and typical surface premelting are observed. Comparing
across the systems, the existence of the disorder in a certain degree of freedom has relation
to the decoupling between motions in different degrees of freedom or between dynamics
and structure. In systems where the disorder exists, i.e., NLCs and RCs, the decoupling
between dynamics in translational and rotational degrees is observed in the surface region
with the non-monotonic temperature dependence. In contrast, such decoupling does not
emerge in the completely ordered system like the CTOOs and crystals composed of spherical particles. The connection between the disorder and dynamical decoupling-induced
non-monotonic behaviors seems to be general, although tests in more experiments and
simulations may be necessary.
Finally, the outlook and summary of the current studies are offered in Chapter 6. Some
possibly interesting research directions of phase behavior studies are proposed based on
the results in the previous chapters, both within the framework of thermodynamics and
connection with other realms.
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Phasenverhalten von kolloidalen Systemen mit
kritische Casimir Wechselwirkungen
by Li Tian
Fachbereich Physik
Universität Konstanz

Zusammenfassung
Die Forschung am Phasenverhalten kondensierter Materie ergibt Aufschluss über deren
Thermodynamik und ist daher entscheidend für das Verständnis von Materialeigenschaften.
Kolloide bieten sich als Modellsysteme zur Untersuchung des Phasenverhaltens an, da sich
die Partikel zu einer vielfältigen Zahl an Strukturen und Phasen anordnen können und
dabei den selben statistischen Prinzipien folgen wie atomare und molekulare Systeme.
Jüngste Fortschritte in Chemie und Teilchenherstellung ermöglichen die Implementierung
steuerbarer Teilchenwechselwirkungen, was den Weg zur Entwicklung aktiv auslösbarer
Phasenumwandlungen in kolloidalen Systemen ermöglicht.
Diese Dissertation behandelt Untersuchungen zum Phasenverhalten in einem kürzlich
entwickelten System, welches kritische Casimir Wechselwirkungen (CCFs) dominieren.
Diese attraktiven kritische Casimir Kräfte wirken zwischen Teilchen und können präzise
über die Temperatur reguliert werden. Sphärische und ellipsoide Teilchen können somit zu
zahlreichen Phasen zusammengesetzt werden, z.B. zu Gläsern, Kristallen, Flüssigkristallen
oder plastischen Kristallen. Darüber hinaus werden Bulk-Phasen mit Feststoff-GasphasenGrenzfläche untersucht. Durch Temperaturänderung wird der Schmelzübergang ausgelöst,
die Kinetik der Transformation wird mittels Videomikroskopie aufgezeichnet. Die Interaktion zwischen Oberflächen- und Bulkregionen, sowie die Dynamik entlang verschiedener
Freiheitsgrade wird systematisch untersucht.
Als Einführung gibt Kapitel 1 einen theoretischen Hintgergrund zu CCFs, dem Phasenverhalten von Gläsern, Flüssigkristallen und plastischen Kristallen. Motivation zur Forschung
werden aus Sicht der Physik kondensierter Materie und der Materialwissenschaften dargestellt.
Kapitel 2 behandelt die quantitative Beschreibung der CCFs zwischen spährischen kolloidalen Teilchen. Messungen des Paarpotentials zwischen den Teilchen sowohl mittels
interner Totalreflexionsmikroskopie (TIRM), als auch mittels Videomikroskopie werden
präsentiert. Beide Messmethoden zeigen konsistente Ergebnisse, die in guter Übereinstimmung
mit der theoretischen Vorhersage von CCFs stehen.
In Kapitel 3 werden Beobachtungen zu anisotropen, krümmungsabhängigen CCFs zwisxx

chen ellipsoiden Teilchen beschrieben und quantifiziert. Experimente sowie durch insertionmethod ermittelte Ergebnisse bestätigen, dass die Stärke von CCFs von der lokalen
Krümmung abhängt.Die Untersuchung der Kräfte zwischen Teilchen in Kapitel 2 und
Kapitel 3 erleichtert das Verständnis des Phasenverhaltens von Glasen (Kapitel 4), Flüssigkristallen
und plastischen Kristallen (Kapitel 5).
Kapitel 4 beschreibt das Oberflächenschmelzen zweidimensionaler Gläser, die aus einer
binären Mischung kolloidaler Teilchen aufgebaut sind. Angrenzend zu Bulk beobachten
wir eine glasartige Oberflächenschicht mit selber Dichte, aber deutlich erhöhter Teilchendynamik. Diese Schicht entsteht durch Cluster hoher Mobilität, die von der Oberfläche
her versickern und tief in das Material eindringen. Unsere Ergebnisse tragen nicht nur
zum Verständnis von Glasoberflächen während des Oberflächenschmelzens bei, sondern
erklären außerdem die stark erhöhte Oberflächenmobilität von Gläsern.
Kapitel 5 behandelt das Phasenverhalten ellipsoider Teilchen mit unterschiedlichen Seitenverhältnissen. Die krümmungsabhängigen CCFs zwischen den Teilchen ermöglichen die
Bildung neuartiger 2D Phasen, die bisher nicht mit Kolloiden realisiert wurden. Diese
Phasen sind nematische Flüssigkristalle (NLCs), kristalle mit Ordnung in Translation
und Orienterung (CTOOs) und Rotator Kristalle (RCs). In allen drei Systemen wurden thermodynamische Phasenübergänge und Obervflächenvorschmelzen beobachtet.Im
Systemvergleich zeigt sich, dass die Existenz von Unordnung entlang eines bestimmten
Freiheitsgrades in Relation steht zur Entkopplung der Bewegung entlang unterschiedlicher
Freiheitsgrade oder von Dynamik und Struktur. In Systemen, in denen Unordnung existiert, d.h. NLCs und RCs, wurde die Entkopplung der Dynamik in Translations- und
Rotations-Freiheitsgraden beobachtet und dabei eine nicht-monotone Temperaturabhängigkeit
festgestellt. Im Gegensatz dazu tritt eine solche Entkopplung in komplett geordneten Systemen, wie CTOOs oder Kristalle aus sphärischen Teilchen, nicht auf. Der Zusammenhang
zwischen Unordnung und dynamischem, entkopplungsinduziertem nicht-monotonen Verhalten scheint allgemeiner Natur zu sein. Die Durchführung weiterer Experimente und
Simulationen könnten hier weiter klären.
Schließlich bietet Kapitel 6 einen Zusammenfassung und einen Ausblick auf aktuelle
Forschungsarbeiten. Einige möglicherweise interessante Forschungsrichtungen zum Rahmen des Phasenverhaltens werden basierend auf den Ergebnissen in den vorherigen Kapiteln
vorgeschlagen.
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Chapter 1
Introduction
In the framework of thermodynamics and statistical physics, the study of phase diagrams
elucidates the boundaries between phases [1, 2], giving reliable maps for the fundamental
understanding of condensed matter materials, including glasses [3], liquid crystals [4]
and plastic crystals [5] that will be discussed in this thesis. The rich kinetics during the
phase transformation processes [6, 7] gives rise to energetic pathways that connect various
metastable states [8] and thus offers potentially practical fabrication strategies of the
materials [9]. Opposed to bulk materials, the phase behaviors of materials under natural
conditions with free surfaces are much less understood. The simultaneous existence of
rapid progress and significant challenges comprise the major motivations of the phase
behaviour research.
In the past two decades, colloids have been serving as an ideal model system simulating
the behaviours of real materials at the microscopic level. Due to their unique properties as
big ‘atoms’ that share the general statistical principles as atoms or molecules but easier
to observe, phase transitions and self-assembly are intensively studied in colloidal systems [10, 9, 11, 12]. Particle fabrication and strategies with good interaction control in
colloidal systems have facilitated the study of phase behaviors [13, 14]. Among these studies, tuning the interactions between the colloidal particles can precisely trigger the phase
transitions [15, 16, 17], similar as tuning temperature or pressure as their atomic counterparts. Different tunable interactions have been developed recently, including depletion
attraction [18], electrostatic forces [19], thermal volume-sensitive particles [20], magnetic
interactions [21], DNA mediated interactions [22] and critical Casimir forces [23]. Among
these interactions, the critical Casimir force (CCF) is particularly suitable for phase behavior studies because the CCF offers a simple and specific solvent-mediated interaction,
whose strength can be reversibly tuned in situ by temperature. In addition, new phases
and relevant phase behaviors can be studied with the CCF due to its dependence on
the boundary conditions, where attractive and repulsive interactions can be selectively
realized by changing the surface wetting properties [24]; or by the anisotropic curvature1

dependent attraction (realized between ellipsoidal particles and reported in Chapter 3).
Moreover, colloidal systems with attractive interaction would exhibit the closer phase
diagrams as their atomic counterparts [12] because they are closer to the atomic and
molecular counterpart where the motifs repel each other at short distances but attract
each other at longer distances. Although with these advantages, few studies have investigated the phase behaviors with CCFs, apart from a recent experiment that has controlled
gas-liquid-solid transitions using the CCF [25] and another experiment studied the attractive glass with the CCF [26].
In this thesis, I will report the CCF with a relatively longer interaction range and larger
temperature tuning window based on an aqueous non-ionic surfactant solution. These
advantages open the door for a wide range of phases, e.g., glasses [3], liquid crystals [27],
crystals with both translational and orientational order and plastic crystals [5]. The
phase transition can be triggered by tuning the attraction strength via temperature. The
relevant phase behaviors with both bulk and free surface are then studied.
The thesis is structured as follows:
Chapter 1 offers a general background about CCFs, glassy material and glass transition,
phase behaviors of liquid crystals and plastic crystals. The principles of CCF and its
unique advantages in the study of phase behaviors of colloidal systems are highlighted.
Chapter 2 presents the quantitative measurement of the CCFs between the spherical
colloidal particles in aqueous non-ionic surfactant C12 E5 solution. The pair potential
between the particles is measured using both total internal reflection microscopy and video
microscopy. Both measurements consistently show the depth of the attractive interaction
can be tuned precisely and reversibly by the temperature.
Chapter 3 show experimental observation of curvature-dependent CCFs between ellipsoidal colloidal particles. It is proved jointly by experiments and insertion method that the
CCFs are curvature-dependent. Quantification of the forces between particles in chapter
2 and chapter 3 paves the way at the microscopic level for the study of phase behaviors of
glasses (Chapter 4), liquid crystals and plastic crystals (Chapter 5) in the following parts.
Chapter 4 reports the surface melting of two-dimensional colloidal glasses with CCFs.
We observe an unexpected surface glassy layer that has the same density but much faster
particle dynamics compared to the bulk glass. This is due to cooperative clusters of highly
mobile particles which percolate from the surface deep into the material by several tens
of particle diameters.
Chapter 5 reports the phase behaviors of ellipsoidal particles with CCFs. The curvaturedependent CCFs between the ellipsoidal particles enable the assembly of novel phases that
have not been realized in 2D before. Three different bulk phases (nematic liquid crystals,
crystals with both translational and orientational order and rotator crystals) are observed
for ellipsoids with different aspect ratios. The surface melting and the interplay between
2

the surface and bulk are systematically investigated for all three phases.
Chapter 6 presents an overall summary of the studies in this thesis and some possibly
promising research directions about phase behaviors based on the results in this thesis.
In this thesis, parts of the results are provided by our collaborators. Their valuable
contributions are claimed as follows: (1). The TIRM measurement results in Chapter
2 is provided by Dr. Laurent Helden at the University of Stuttgart, Germany; (2). The
video microscopy experiment in Chapter 2 is done with the help of Timo Knippenberg at
the University of Konstanz, Germany; (3). The quantification of particle interaction via
the insertion-method in Chapter 2 is done by Aubin Archambault and Dr. Felix Ginot at
the University of Konstanz, Germany; (4). The extension of the insertion method to the
ellipsoidal system and the results from the insertion method in Chapter 3 are provided
by Dr. Nima. Farahmand Bafi and Dr. Piotr. Nowakowski at Max-Planck Institute
for intelligent systems, Stuttgart, Germany. The present thesis only shows preliminary
insertion method results for ellipsoids with two different aspect ratios.
The results in Chapter 2 are already published:
• Laurent Helden∗ , Timo Knippenberg, Li Tian, Aubin Archambault, Felix Ginot and
Clemens Bechinger∗ , Soft Matter 168, 2737 (2021).
And the work in Chapter 4 is currently under review:
• Li Tian and Clemens Bechinger∗ , Surface melting of colloidal glass.
In the following sections of this chapter, I will introduce the general knowledge about
the CCFs, followed by the phase behaviors of glass, liquid crystal, and plastic crystal.
Recent progress in the relevant academic communities is reviewed to give readers good
background knowledge before going through the more in-depth analysis in the following
chapters.

1.1

Critical Casimir Forces (CCFs)

In 1948 H. Casimir predicted theoretically an attractive force between two electrically
conductive plates in vacuum [28, 29, 30]. Under such conditions, spatial confinement by
two plates can eliminate certain energy modes and thus cause extra forces to the plates.
This energy difference can be understood through quantum-electrodynamics, considering
the possible modes of the electromagnetic field between the plates and that outside the
plates. This attractive force is material independent for perfectly conducting plates where
the penetration depth of the electromagnetic waves is small. The situation was extended
3

by Lifshitz to dielectric plates, accounting for the fluctuating fields in the media [31].
Different experiments confirmed this extension, e.g., Boris Derjajun, who studied the
short-range attractive force between molecules [32] and later electromechanical torsion
pendulum in the 1990s [33].
As the thermodynamic analogous of the quantum-electrodynamical Casimir force, the
critical Casimir force (CCF) was predicted by the Nobel laureate Pierre-Gilles de Gennes
in 1978 [34, 35]. The CCF arises due to the confinement of solvent fluctuations with a
range of the order of the correlation length of the solvent. When the solvent correlation
length, ξ becomes of the order of the plate separation, the critical Casimir effect becomes
significant, which typically happens near the critical point of the solvent. Unlike the
quantum-mechanical Casimir effect, the critical Casimir effects are more experimentally
accessible. Furthermore, they can be easily tuned by tuning the temperature. Since
its discovery, the critical Casimir effect has received much attention both theoretically
and experimentally due to its universal nature and the new opportunities it opened for
temperature-controlled and reversible particle assembly [25, 23].
One typical example of the medium in which the CCFs are achievable is a binary fluid at
its demixing transition. Binary fluids are liquid mixtures consisting of two components
(e.g., A and B). In the phase diagram of the mixture components, solutions either have
a lower critical solution temperature (LCST) or an upper critical solution temperature
(UPST) Fig 1.1a. As shown in Fig 1.1b, a phase diagram of mixture that is much used in
CCFs, such as binary solvents lutidine and water [36, 37], mainly focused on the region
near LCST. The characteristics of the solvents can be described by temperature T and
the concentration of the two components cA and cB (note that cA + cB = 1). As shown in
Fig 1.1b, depending on T and cA , there are two distinct states: mixed-phase and demixed
phase. The bottom of the phase boundary is the critical point below which the mixture
components are miscible for all compositions. The corresponding temperature is called
critical temperature TC , and the concentration at TC is the critical concentration, cA,c .

Figure 1.1: a, Phase behavior of binary solutions including both a lower critical solution
temperature (LCST) and an upper critical solution temperature (UCST). This figure is
adapted from ref [38]. b, A phase diagram of mixture that much used in CCFs with a
lower critical point. Depending on temperature T and component concentration cA the
fluid appears in a mixed phase (white region) or in a demixed phase (blue dotted region).
4

Figure 1.2: Critical Casimir potentials between a wall and a particle in a critical
water–lutidine mixture. a, Symmetric boundary conditions (- -): 2.4 µm hydrophilic
particle and NaOH-treated hydrophilic wall. b, Asymmetric boundary conditions (+ -):
3.69 µm polystyrene particle preferring lutidine and NaOH-treated hydrophilic wall. c,
Symmetric boundary conditions (+ +): 3.69 µm polystyrene particle and HMDS treated
wall. d, Calculated scaling functions for symmetric and asymmetric boundary conditions
as functions of u = (1 − TTC )(z/ξ0 )1/v with u = x1/v for T < TC . The coloured regions
indicate the experimentally sampled range. The solid lines in (a) and (b) correspond to
theoretical calculations with ξ determined as described in the main text. To achieve the
best agreement with the theory, the experimental data have been horizontally shifted by
the same amount within each panel and within the experimental resolution of ±30 nm.
This figure is adapted from ref [23].
In the mixed regime at low temperature, the two liquid components mix uniformly, and
the concentration fluctuations grow upon approaching the TC . These fluctuations occur
in the composition of the solvent, which has a spatial correlation length, ξ, that grows as
power-law diverging upon approaching the TC [39]:
ξ ∝ ξ0 · |

T − TC −ν
| ,
TC

(1.1)

where ξ0 is a material-specific correlation length far away from TC . The diverging power ν
is a universal constant that gives the universality class that the system can be categorized
into. In three dimensions, the relevant universality class belongs to the 3D Ising scaling, in
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which ν ≈ 0.63 [40]. The CCFs between two plates with surfaces of area S and separation
L can be described as:
F (T, L)
kB T
= 3 ϑ|| (L/ξ),
(1.2)
S
L
where ϑ|| is a universal scaling function that summarizes the influence of the spatial
dimension, the geometry, and the boundary conditions (e.g. preferential absorption of
the components of the solvent) [23]. The theoretical prediction of scaling functions for
symmetric and asymmetric boundary conditions is presented in Fig. 1.2d.
In experimental aspects, the CCFs are confirmed and measured in solvent systems of pure
4He [41, 42], 3He–4He mixtures close to the superfluid transition [43] and in binary liquid
mixtures [36, 23, 44]. The first direct measurement of CCFs has been achieved between
a single colloidal particle and a flat silica surface immersed in water and 2,6-lutidine solution [23]. The surface wetting properties of polystyrene spheres and the surfaces of
the substrate can be rendered either hydrophobic or hydrophilic using standard surface
treatments, leading to the adsorption preference for either lutidine or the water phase.
Hertlein et al. [23] used the total internal reflection microscopy (TIRM) to measure the
CCFs. The results are summarized in Fig. 1.2. These results revealed indeed increasing
attractive and repulsive critical Casimir interactions for like and unlike boundary conditions, respectively, as shown in Figs. 1.2a-c. Sufficiently far below the critical point,
where the CCF is negligible, the measured potential reflects the electrostatic repulsion of
the charged particle and the wall. Closer to the critical point, attractive and repulsive
critical Casimir forces arise (Figs. 1.2a-c). The combination of electrostatic repulsion
and CCF leads to the attractive minimum in Figs. 1.2a,c. Theoretical predictions of the
critical Casimir potential are indicated by the solid lines in Figs. 1.2a-b. Good agreement
between experimental data and theoretical prediction is observed for both attractive and
repulsive parts.
In addition to the precise measurements and fundamental studies of CCFs predicted by
theory [23, 48]. Experiments found the broad application of CCFs in studies of phase
behavior and particle assembly (see examples in Fig. 1.3). The spatial distribution of colloids in the presence of chemically patterned substrates further confirmed the dependence
of CCF on surface wetting properties (Fig. 1.3a) [24]. Equilibrium phase transition of
gas-liquid (Fig. 1.3c) [46], morphology changes of colloidal aggregates [49] and colloidal
segregation (Fig. 1.3b) [40, 50] induced by CCFs are observed via microscopy. In addition,
advanced patchy particle fabrication allows precise surface treatments to tune the local
wetting properties, thereby creating particles with tailored hydrophobic and hydrophilic
patches [51]. Therefore, Combined with CCFs, the patches have the same affinity, leading
to attractive interaction, creating specific bonds to assemble complex nano and micronscale structures (Fig. 1.3d) [47]. The assembly of nanometer and micrometer-size building blocks is an important field in material science, physics and biology [17]. Assembly
strategy with good interaction control is a major direction to pursue. Compare to the
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Figure 1.3: Colloidal experiments with critical Casimir forces. a, Temperaturedependent critical Casimir potential acting on a hydrophilic 2.4 µm PS particle above a
chemically striped pattern with alternating (-) and (+) boundary conditions. Line widths
are 2.6 µm (-) and 5.2 µm (+), respectively. Inset: trajectories of two particles recorded
over 45 min. on striped chemically patterned substrate with (-) regions indicated in gray.
Adapted from [24]. b, Segregation of colloidal particles with opposite surface affinity.
Black and brown dots indicate particles with hydrophobic (A) and hydrophilic surfaces
(B), respectively. The snapshots show segregation of the particles in a near-critical binary
solvent, with particle number ratio xA = 0.54, at different temperatures as indicated in the
figures after 1h. Adapted from [45]. c, Confocal microscope images of colloidal particles
condensed in liquid nuclei. Adapted from [46]. d, Bonding of dimer patchy particles by
critical Casimir forces. Confocal microscope images and schematic of resulting particle
configurations. Chain-like structures in solvents with c3M P < cc demonstrate patch-topatch binding, while parallel structures in solvents with c3M P > cc demonstrate sideways
attraction. Adapted from [47].

interactions like depletion [52], controlled charge [53, 54], magnetic [21] and DNA mediated [22], the CCFs stand out due to with its tunability in situ via temperature solely
based on solvents. In addition, the CCFs can also be tuned via boundary conditions,
including the chemical properties that determine the preference of certain components of
the solvent and the geometry. However, the effect of boundary geometry in the CCFs has
not been realized in experiments, and we will fill in this gap in Chapter 3 by quantifying
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the curvature-dependent interaction between ellipsoids with CCFs.

1.2

Glass transition and glassy materials

Glasses are solid materials that lack any long-range structural order [3]. The most common
pathway toward a glassy state is by rapidly cooling a liquid to a temperature point below
its melting point [55]. The liquids gradually enter the so-called supercooled regime [56],
accompanied by the increase in the viscosity η to the degree that it stops flowing on any
experimental time scale [57, 58, 59]. In real materials, the glass transition temperature
Tg is empirically defined as the point where the viscosity exceeds a value of 1012 P a · s
or the structural relaxation time τ exceeds 100 seconds [60]. Still, most glasses have a
higher viscosity [61]. Together with crystal (and quasicrystal), glasses comprise one of
the mainstays of condensed matter physics [62].
Since ancient times, glass has been used as one of the most prevalent solid materials,
influencing every aspect of life and science. Glass-based optical devices [63], e.g., lens,
filters and fibers, etc., have long been the core part of the microscope and the telescope.
In addition to the ideal optical properties, the mechanics of glasses are also widely used,
for example, the tempered glass that is capable of bearing extreme pressure [64]. Despite
the successes in industrial applications, however, the origin of glassy materials and the
nature of the glass transition are still mysterious at the basic science level. The core
puzzle for physicists is why the solid state without long-range order can exist? What
hinders the system from falling back to the thermodynamic equilibrium in the timescale
of almost infinite? For material scientists, elucidating the answer to these questions
will benefit the new design of functional glassy materials less empirically. Group theory
has been succeeded in another category of solid materials - crystals - by predicting all
320 possible symmetry-protected space groups [65]. However, due to the lack of longrange order, the structures of glasses are theoretically unpredictable. Although glass
exhibits all the mechanical properties of a solid in the deep glassy state, the glass structure
shares the characteristics of the structure of liquid [66]. And so far, there is no sign of a
thermodynamic phase transition between glass and liquid [67]. The properties of the final
glass state strongly depend on the protocols like the rate of quenching and even whether
the glass is made by deposition or temperature decreasing [68]. These puzzles make a
pure thermodynamics framework hardly explain the glass transition.
Many theoretical frameworks have been developed for the glass transition. Among those,
the random first-order transition theory (RFOT) provides an interpretation of the meanfield theory of generic complex systems with many minima [69]. The theory extends the
concept of phase transition to the mean-field level and explains the lack of nucleation or
well-defined transition point in glass transition. The mode-coupling theory based on this
mean-field scenario predicts a two-step relaxation in glasses [70, 60]. The two-step relax8

ation prediction by the mode-coupling theory has been generally observed in all glassy
systems [70, 67, 66, 68] and becomes a hallmark of glass materials that distinguish them
from crystals. Due to this success, Mode-Coupling Theory (MCT) stands out as the only
framework that provides a fully first-principles-based description of glass phenomenology [70]. A ’point to set’ (PTS) correlation has been developed in recent years based on
RFOT. The overlap function and point-to-set correlation length [71] derived from it proves
to be highly successful in probing the properties of glasses [72, 73, 74]. As the quantities
derived from MCT and PTS are frequently adopted in Chapter 4, I will explain these two
theories.
The mode-coupling theory (MCT) aims to predict the full microscopic relaxation dynamics of a glass-forming material-as a function of time, wavenumber (q), temperature (T ),
and density (ρ), using static, time independent information as input. Aside from constants such as temperature and density, the main theory input is the average microscopic
structure of the material. In the standard formulation of MCT, the theory seeks to predict the full dynamics of the intermediate scattering function Fs (q, t) of a given material,
starting with the exact equation of motion for Fs (q, t). For the detailed derivation of
MCT equations, I guide the readers to the review articles of ref. [70]. Here I only present
the theory’s core physical quantities and equations and discuss its valuable predictions to
the experiments.
As the variable of interest, the collective density modes are defined as,
ρ(r, t) =

N
X

δ(r − rj (t))

(1.3)

j

and in reciprocal space
Z
ρ(q, t) =

dreiqr ρ(r, t) =

N
X

eiqrj (t)

(1.4)

j

where N denotes the total number of particles and rj (t) is the position of particle j at
time t. The real-space density ρ(r, t) thus simply measures where all particles are located
at a given point in time, and ρ(q, t) is the corresponding Fourier transform for wavevector
q. The intermediate scattering function F (q, t) probes the time-dependent correlations
between these collective density modes,
F (q, t) =

1
⟨ρ(−q, 0)ρ(q, t)⟩
N

(1.5)

where the brackets denote a canonical ensemble average. At time t = 0, this correlation
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function reduces to the static structure factor,
S(q) =

1
⟨ρ(−q, 0)ρ(q, 0)⟩ ≡ F (q, 0)
N

(1.6)

which thus contains information on the static density distribution of the material, i.e.,
the average microscopic structure.

Figure 1.4: a, Schematic picture of the structure and dynamics in a glass [60]. b, Typical
radial distribution functions g(r) of a liquid, a supercooled liquid and a glass, the g(r)
only changes slightly between these three states. c, Typical intermediate scattering functions F (q, t) as a function of time. As the temperature decreases or the packing fraction
increases, the system becomes more glassy and F (q, t) decays more slowly. This figure is
re-plotted from [60] with slight modification.
The MCT gives a remarkable set of accurate predictions. Firstly, MCT can predict a glass
transition, which is non-trivial compared with the weak change of the static structure
factor S(q) (the primary theory input) during the vitrification. Secondly, the primary
output of MCT, F (q, t), is proved to be an effective indicator for the glassiness: at the
glass transition, the relaxation time diverges and F (q, t) fails to decay to zero on any time
scale. The two-step relaxation of the F (q, t) has been observed in different experimental
systems and becomes a hallmark of glass transition. The short time β-relaxation, which
is manifested as a plateau in F (q, t), reflects the cage effect of the particles from their
neighbors. Within the β-relaxation, the only motion in the glassy state corresponds
to the particles’ vibrational or rattling motion within their confining cages. However,
as long as the material is on the supercooled-liquid side of the transition, the particles
will eventually manage to escape their cages, leading to the second full decay of the
Fs (q, t), namely, α-relaxation. Due to the cage effect, the dominant structural length
scale governing vitrification thus remains on the order of only one particle diameter within
MCT, in contrast with conventional critical phenomena usually accompanied by diverging,
macroscopic length scales.
Besides the microscopic details of the material, MCT also makes general predictions for
the relaxation dynamics that has become standard properties of glassy materials [75, 76,
77, 78]. Firstly, MCT predicts that close to the glass transition temperature Tc , the
relaxation time F (q, t) will always diverge as a power law, τ ∼ (T − Tc )−γ . Furthermore,
MCT predicts that the onset and decay of the β-relaxation regime, i.e., the plateau in
10

Figure 1.5: Typical MCT prediction for F (q, t) of a glass as a function of time, for a
wavenumber q = qmax that corresponds to the first peak of the static structure factor.
At very short times, particles undergo ballistic motion. At intermediate times, particles
become transiently trapped in cages (β-relaxation) and F (q, t) correspondingly remains
approximately constant. Only for sufficiently long times will particles break free and
full relaxation takes place (α-relaxation). This figure is re-plotted from [60] with slight
modification.
F (q, t) at intermediate times, are described by power laws of the form F (q, t) ∼ f + At−a
and f − Btb , respectively, where f is the (constant) plateau height (Fig. 1.5). The MCT
exponents a and b are related as Γ(1 − a)2 /Γ(1 − 2a) = Γ(1 + b)2 = Γ(1 + 2b), where Γ
denotes the Gamma function. For the α-relaxation regime, i.e., the final decay of F (q, t)
on the liquid side of the transition, MCT predicts a stretched exponential of the form
exp(−t/τ )β , with 0 < β < 1. These predictions in excellent agreement with experimental
and simulation data [76, 77], and physically arises from the coupling of multiple densitymode relaxation channels over different length scales, each relaxing on its own time scale.
Another success of MCT that has been verified experimentally is its prediction of a timetemperature superposition principle, such that F (qt) = F̂ (q, t/τ (T )), where F̂ is a master
function and τ (T ) is the α-relaxation time.
In recent years, ‘point to set’ (PTS) correlation functions have been developed along the
direction of RFOT to quantify spatial and dynamical correlations [79]. RFOT predicts
an ideal glass transition that underlies glass formation, with an associated diverging correlation length scale. This length scale has an entropic origin as it is related to a large
number of long-lived metastable states [80]. The establishment of the PST correlation
length is briefly summarized below. Starting from a given equilibrium configuration, the
motion of particles outside a cavity of radius R is frozen and the thermodynamics of
the rest of the mobile particles with boundary conditions imposed by the frozen ones
is probed. A suitable overlap is defined inside the cavity to compare the configurations
between the original equilibrated state and that equilibrated after the boundary pinning
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field is imposed. The existence of ‘order’ on a scale ξ will lead to a larger overlap (or
‘point-to-set’ correlation) for R ≪ ξ and a smaller one for R ≫ ξ [81]. In the bulk
glass, it reveals a surprising non-monotonic temperature evolution of spatial dynamical
correlations, accompanied by a second length scale that also grows monotonically [73, 74].
Besides bulk glasses, the ‘point-to-set’ method is also proved to be highly useful to probe
the dynamical length scale for situations where interfaces or pining exist, regardless of
dimensionality [82]. This progress in theoretical frameworks offers more useful tools to
rationalize the experimental data under more complex situations, such as glasses with a
free surface discussed in Chapter 4.
Besides the mainstream of MCT and RFOT, other theoretical frameworks contribute to
understanding the glass transition and explain certain features of glassy behaviors. As a
Landau type of theory, the free energy landscape picture assumes the existence of deep
local minimums besides the global energy minimum [83]. The high energy barrier between
these local minimums is the main reason that the system is trapped at a glassy state [84].
In the kinetic constraint model [85], the facilitated dynamics between particles can persist
in time and thus cause the dynamical heterogeneity in glass [86]. Signs of critical behaviors
are also reported emerging during some glass transitions [87].

1.3

Liquid crystals and plastic crystals

Evaluating from structure, crystals and glasses can be viewed as two extreme poles of
solid matter. The one is the highly disordered glasses/supercooled liquids with only shortrange order. The other is the symmetrical crystals, which have long-range translational
and rotational order and regularly fill spaces. Some materials have intermediate order
between these two extreme poles, e.g., they have either translational order or orientational
order. Among them, the most widely studied are liquid crystals (with only orientational
order) [27] and plastic crystals (with only translational order) [5]. In the next part of this
section, I will introduce the phases of liquid crystal and plastic crystal with the definition
of thermodynamic order parameters.

1.3.1

Liquid crystals

In general, the molecules composed of liquid crystals are highly anisotropic and, to a
good approximation, can be modeled as rigid rods or ellipsoids with lengths l greater
than their widths a as shown in Fig. 1.6a. In these systems, the configurational entropy
plays a more prominent role than it does in crystals due to the anisotropic shape of the
motifs. Effectively, the entropy and the pair interaction result in extremely rich liquid
crystal phases that have different orders in the translational and rotational degrees of
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freedom. Below, I’ll introduce major types of liquid crystal phases in the sequence of
cooling a system from isotropic liquid to ordered crystal.

Figure 1.6: a, Example of liquid crystal molecules [88] and the rod model [1]. b, The
structure of liquid crystal phases illustrated by the ellipsoidal particles [1].
At high temperatures, the axes of the anisotropic molecules are randomly oriented and
their centers of mass are randomly distributed. Thermodynamically, the system is an
isotropic liquid phase. The structure factor is isotropic by showing liquid-like rings at
wavenumbers corresponding to the two characteristic lengths of the individual molecules
- their length l and diameter a (Fig. 1.6a).
When the isotropic liquid is cooled, the first phase that the system condenses into is the
nematic (N ) phase [89] in which long molecules align so that they are in general parallel
to a particular direction specified by a unit vector n called the director. The centers
of mass of the molecules remain randomly distributed as they are in an isotropic fluid.
The nematic phase breaks symmetry in the rotational degree of freedom but remains
disordered in translation, which has axial rotational symmetry.
As the temperature is further reduced, molecules begin to segregate into planes, which
give rise to semectic-A (Sm-A) liquid crystal [90]. The usual picture of this smectic phase
is one with molecules situated in well-defined layers with a spacing that is essentially the
rod length as shown in Fig. 1.6b. There is a liquid-like motion of the rods in each layer and
no correlation between the molecules’ positions from one layer to the next. In semectic
liquid crystals, molecules are aligned perpendicular to the layers. The layering of motifs
suggests periodic density fluctuation along the direction that is perpendicular to the layer.
In some systems, molecules align along an axis tilted relative to the smectic planes. These
are the smectic-B or smectic-C phases [91]. They have lower symmetry than the smecticA phase because the tilted molecules pick out a special direction in the smectic plane.
The transition from the nematic to the smectic phase can be second-order, with the mass
density amplitude growing continuously from zero. Further, cooling eventually leads to
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crystalline phases.
The nematic and smectic phases are just discussed and generally found in materials consisting of rod-like molecules. However, Plate-like rather than rod-like molecules can form
discotic nematic phases, in which the plate normals are aligned, as well as phases with
crystalline order in two dimensions and liquid-like order in the third direction [92]. The
latter are called columnar [93]. The plate-like molecules segregate into columns with the
plate normals either parallel to or tilted at an angle to the columnar axes. There is no
long-range positional order within a column. The columns themselves form any of the
two-dimensional crystals.

1.3.2

Plastic crystals

A plastic crystal is a crystal composed of weakly interacting molecules that possess some
orientational or conformational degree of freedom (Fig. 1.7) [5]. The name plastic crystal
refers to the mechanical softness of such phases: they resemble soft matter and can be
easily deformed [94]. If the internal degree of freedom is molecular rotation, the name
rotor phase or rotatory phase is also used [95, 96].

Figure 1.7: Schematics of plastic crystal phases. The translational order of the motifs is
long ranged while the rotational order is lost.
Plastic crystals process more ‘liquid-like’ properties than other molecular crystals, which
are more brittle and fragile. Under mechanical stress, plastic crystals show good ductility
and malleability, especially near the melting point. The disorder in a certain degree of
freedom even enables some plastic crystals to flow through a hole under stress [97].
Like liquid crystals, plastic crystals can be considered an intermediate stage between
crystal and glass/liquid because of the simultaneous presence of order and disorder. Both
phases are usually observed in the transitions: crystal → plastic crystal → liquid or
crystal → liquid crystal → liquid. The difference between liquid and plastic crystals is
that the latter is closer to crystals structurally. Plastic crystals possess strong long-range
order and therefore show sharp Bragg reflections, i.e., peaks in the structural factor. The
molecules that give rise to liquid crystalline behavior often have a strongly elongated or
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disc-like shape, while plastic crystals usually consist of almost spherical objects. Some
liquid crystals go through a plastic crystal phase before the melting transition. In general,
liquid crystals are closer to liquids while plastic crystals are closer to true crystals: crystal
→ plastic crystal → liquid crystal → liquid.

1.3.3

Order parameters

The phase behaviors of the liquid crystals and plastic crystals involve the translational
order and orientational order that reflects the particles’ alignment. The translation and
rotation interplay distinguishes the liquid and plastic crystals from the classical solid
materials, i.e., crystal and glass. In addition, more internal degrees of freedom endow
these systems with extremely rich kinetics during the phase transitions. To better quantify
these processes, order parameters need to be defined. Figure 1.8 summarizes the definition
of order parameters that we used to quantify the liquid crystal and plastic crystal phases.

Figure 1.8: Schematics of the definition of the order parameters. a, Schematics of local
bond orientational order parameter ψ6 . b, Schematics of local orientational order parameter ψθ . c, Schematics of local nematic order parameter S(i). d, Schematics of nematic
order parameter within the nematic region.
The radial distribution function g(r), which is defined as:
g(r) =

1 X
⟨
δ(r − ri )⟩
N i

(1.7)

where ri is the position of particle i and r is the position that is under consideration. The
summation is averaged over the number of particles. This quantity describes how density
varies as a function of distance from a reference particle.
The 6-fold local bond orientational order parameter ψ6 (Fig. 1.8a) is defined as:
X
N
i6θkj
ψ6 =
,
j=1 e

(1.8)

where θkj is evaluated using an arbitrary, constant reference vector. The prefactor 6
indicates the order parameter quantifies the six-fold rotational symmetry of the phase
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probed.
We then move to the order parameters that reflect the particles’ orientation instead of
the bonds between the particles. Local orientational order parameter ψθ (Fig. 1.8c) is
defined as
1 XN
ψθ =
(1.9)
j=1 cos(θkj ),
N
where θkj is the angle between the orientation of particle j and its neighbor k. The
summation is averaged over the number of nearest neighbors. This parameter is trivial
in a spherical system because the particle is isotropic. In liquid crystal studies, the local
orientational order parameter is widely used to quantify the transition from the isotropic
to nematic phases because the latter has a higher degree of particle alignment. Similarly,
the local nematic order parameter S(i) (Fig. 1.8d) is defined as:
S(i) =

1 X ni 3
1
2
j=1 ( |ui · uj | − ),
ni
2
2

(1.10)

where ui is the unit orientation vector of particle i, uj is the unit orientation vector of a
neighboring particle j and ni is the number of particles within distance d ≤ 1.5σa . The
higher value of these order parameters reflects the system is better aligned in a certain
direction, i.e. closer to the nematic phase.
A similar outcome can be obtained for the global nematic order parameter. If each
molecule is regarded as a rigid rod whose long axis makes an angle θ with respect to n,
then a measure of the degree of order in the nematic phase S(Fig. 1.8e) is provided as:
S=

3
1
< cos(θ)2 > −
2
2

(1.11)

The structure factor of the nematic phase reflects the breaking of rotational symmetry.
It is axially symmetric in any plane perpendicular to n but has only twofold symmetry
in any plane containing n.
The order parameters defined above will be frequently used in Chapter 5 to quantify the
phase behaviors and assembly kinetics of the colloidal liquid crystals and plastic crystals.
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Chapter 2
Critical Casimir forces between
spherical particles
As elaborated in the Introduction, critical Casimir forces (CCFs) have received considerable attention as a versatile interaction in soft matter systems that can be precisely
and fully reversibly controlled by variations in temperature [35, 98, 25, 23]. They arise
due to the spatial confinement of critical concentration fluctuations in the fluid, which
diverge upon approaching the critical point. Because of the universal properties of the
binary liquid mixture, CCFs are expected to arise in a wide range of systems near their
critical point [98, 25, 23]. While most experiments have been conducted in molecular
binary mixtures [25, 23, 99], several studies exist using aqueous mixtures of nonionic
surfactants [98, 100]. The latter is particularly interesting because they promise much
larger interaction ranges of critical Casimir forces due to their larger correlation lengths.
However, the aqueous surfactant solution typically forms micelles/complex networks at
the concentration where we want to study critical Casimir forces, which might lead to depletion interactions [52] or other complex effects in the system. To characterize the pair
potential between spherical particles in such a system and to what extent the existence
of micelles/complex networks influences critical Casimir force. Here we study CCF in an
aqueous critical solution of the nonionic surfactant C12 E5 . Using the insertion method
based on digital video microscopy and total internal reflection microscopy (TIRM), we
quantify the interactions between two colloidal particles and a particle with the substrate,
respectively. The measured temperature-dependence of the interaction potentials are in
excellent agreement with each other. And the results are consistent with the theory for
the range of surface-to-surface distances above 160nm, indicating that influences from
the complex microscopic structure, e.g., micelles/complex networks, are negligible at the
surfactant concentration considered in this thesis. Below 160nm, slight deviations arise
due to the adsorption of micelles to the interacting surfaces.
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2.1

Materials and Methods

The surfactant C12 E5 (Fig. 2.1a) belongs to the class of polyoxyethylene alkyl ether
(Cn Em ) molecules that are widely used in drug delivery systems [101], cosmetic formulations [102] and cleaning detergents [103]. Opposed to molecular solvents, such systems
– at the concentrations relevant for our study – typically form complex networks, which
are characterized by several mesoscopic length scales as can be seen in cryo-TEM images [104]. In case of C12 E5 , light scattering experiments demonstrate the presence of
wormlike micelles of 2.2 nm diameter [105, 106]. While the diameter is rather insensitive
to the temperature and surfactant concentration, the contour length of the wormlike micelles varies between 300 nm and 1400 nm at the critical concentration and a temperature
range (20◦ C ≤ T ≤ 32◦ C) comparable to that of our study.

Figure 2.1: a, Ball-stick model of the C12 E5 molecule [107]. b, Phase diagram of aqueous
C12 E5 solution. The blue circles are measured at demixing temperatures at different
C12 E5 weight concentrations. The critical demixing point is marked at TC ≈ 32◦ C and
CC ≈ 1.2%.

2.1.1

Preparation of the C12 E5 solution and colloidal samples

C12 E5 is strongly hygroscopic. Therefore, the aqueous mixture has been prepared within
a glove box in the absence of humidity. At a lower surfactant concentration (still being
above the critical micellar concentration), C12 E5 mixtures separate into a concentrated
and a dilute micellar solution. The corresponding lower critical point is located at 1.2 wt%
C12 E5 and T = TC ≈ 32 ◦ C (see Fig. 2.1b measured by experiment), which is consistent
with the full phase diagram that had been established in previous research [105, 108]. In
the glove box, we weigh 0.06 g pure C12 E5 (product no.76437, Sigma-Aldrich) into a clean
tube. Note that here inside the glove box, we know precisely the weight of C12 E5 and the
tube, then we can calculate the precise total weight of the micelle solution according to
1.2 wt%. To avoid the possible inaccuracy due to the water molecules that are possibly
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absorbed by pure C12 E5 during the tube transferring procedure, outside the glove box, we
add the deionized water to the tube until the target total weight is reached, at a strictly
controlled ambient temperature of 20 ◦ C. And gentle shaking is helpful for the sufficient
mixture of the solution.
The C12 E5 solution is then divided into batches of 1 ml for the subsequent preparation
of the colloidal samples. Note that if not in use, these batches should be preserved
in the environment with low humidity (<30% ) and temperature (around 20 ◦ C) to
avoid damage to the solution. Before the pair potential measurement, we take out one
batch of C12 E5 solution and inject 5 µl solutions that contain the silica colloidal particles
(Microparticle) of size σ = 2.40 ± 0.04 µm into the solution. After the preparation of
the C12 E5 solution that contains the colloidal particles, we inject 10 µl of the solution
into a thin commercial glass capillary (vitrocom, height 100 µm, length 25000 µm, width
2300 µm). The absorbing capillary force ensures the liquid will fill the whole space
inside the tube without any bubbles. The two ends of the capillary tube were sealed
with epoxy glue (faserverbundwerkstoffe composite technology, 5Min. Epoxy). Because
critical Casimir forces are not sensitive to the bulk material but only depend on the
surface adsorption properties, the hydrophilic silica particles and plasma-cleaned capillary
tubes are used in the video microscopy experiments. For the same reason, in the TIRM
experiment, the hydrophilic polystyrene particles are used and the surface of the glass
substrate is functioned with silanol, rendering them negatively charged.

2.2

Measurement of pair potential between spherical
colloidal particles via video microscopy

In this section, I report the measurement results of the critical Casimir forces between
the spherical colloidal particles with video microscopy experiments. The pair potential
between the silica particles is derived from the radial distribution function in the temperature range below the crystallization point. In the following section, I will introduce
video microscopy, the insertion method and present the experiment results.

2.2.1

Video microscopy platform and data analysis

Figure. 2.2 shows a typical video microscopy experimental setup. The sealed colloidal
sample (Fig. 2.2a) is placed on an inverted bright field microscope that is equipped with
a CCD camera, which is connected to the computer. Gravity will make the particles
self-sediment to the glass substrate where they first form a quasi-two-dimensional gas
phase with only slight fluctuations in the z-direction (gravitational length ≈ 30 nm).
This standardized imaging platform enables us to record the motion of particles in the
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xy-plane with a temporal resolution of 1 frame per second. Typically, a 3-hour video is
taken to demand statistics for each temperature. The area fraction of the sample is kept
below φ = 0.15 for the convergence of the insertion method that will be discussed in the
next subsection. To ensure enough statistics of independent particle configurations, we
set the frame rate as 1pf s, since at larger frame rates, particle configurations between
two consecutive frames are no longer statistically independent.

Figure 2.2: a, Photo of the colloidal sample. b, Photo of the imaging platform. c, Photo
of the sample holder that connected to the thermal water bath. d, Photo of the objective
heater attached to the objective.
Two heating devices are integrated with the microscope to realize the stable temperature
control of the sample with a precision of 0.1 ◦ C. The sample holder of the microscope is
connected to a water-bath heating system that can control the ambient temperature of the
sample. An objective heater is attached to a 40 × oil objective, which is in contact with
the sample through the oil. The objective heater is thus able to control the temperature
from the bottom side of the sample. Working jointly, the two thermal systems ensure
no temperature gradient within the sample and eliminate any possible flow. For each
temperature point, the video taking does not take place until two hours of equilibrium
after the same target temperature is set on the two systems.

Figure 2.3: Snapshots of equilibrated configurations of a semidilute two dimensional suspension of colloidal silica particles with diameter σ = 2.4 µm in a critical micellar solution at different temperatures as indicated in the snapshots. This figure is directly taken
from [109] and slightly changed.
Figure 2.3 shows typical particle configurations at ∆T = 9 K (Fig. 2.3a), 5 K (Fig. 2.3b),
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and 3 K (Fig. 2.3c), respectively. The significant change of particle configurations demonstrates the strong temperature dependence of the critical Casimir interactions. Using a
home built MATLAB code we are able to track the positions of the particles with a precision of 0.1 µm [110]. The displacements of the particles follow a Gaussian distribution
(Fig. 2.4), proving that the system is in equilibrium.

Figure 2.4: Probability distribution of particle displacements in (a), x and (b) y directions
during various time intervals in the dilute sample at ∆T = 5 K. The symmetric Gaussian
distributions reflect particles’ isotropic random walk without any directional drift.

2.2.2

Determination of pair interactions via the insertion-method

At dilute particle concentrations, the potential of mean force, which is immediately derived from the pair correlation function g(r), becomes identical with the pair interaction
u(r) [111]. In the case of short-range interactions and slow particle dynamics (either because of large particle size or a high solvent viscosity), however, this approach may require
long experimental time scales to guarantee the sampling of sufficient amounts of configurationally independent data. Note that for ∆T = 3 K, the attraction is already so large
that crystalline clusters do not dissolve within experimental time scales (see Fig. 2.3c).
Under such conditions, pair potentials can not be obtained from configurational data. To
overcome such problems, we have followed a recently proposed method that allows us
to measure pair interactions at densities much higher than the dilute limit [112]. Compared to other methods which require prior information regarding the interactions in the
system [113, 114, 115, 116], this approach is entirely model-free.
The insertion method developed by Stones et al. [112] uses the pair correlation function
g(r) to indirectly measure the pair potential u(r). This approach is based on test particle
insertion [117, 118] and has been already successfully confirmed in colloidal systems [119].
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The idea is to first compute the pair correlation function gref (r) with the traditional
‘histogram’ method (i.e., by measuring the histogram of distances between particles and
normalizing it). This reference measurement is then compared with a test measurement
gi (r), obtained through the insertion of fictitious particles with a hypothetical pair interaction ui (r):
⟨exp(−Ψ/kB T )r ⟩
gi (r) =
(2.1)
⟨exp(−Ψ/kB T )⟩
P
′
with Ψ =
ui (r ) and kB the Boltzmann constant. Here Ψ corresponds to the energy
cost of inserting a fictitious particle at a distance r of a real particle. It is calculated using
′
the sum of pairwise interactions ui (r ) between the fictitious particle and the surrounding
′
real particles at distance r . The pair potential is then updated using:r
ui+1 (r) = ui (r) + kB T ln(

gi (r)
)
gref (r)

(2.2)

Through this predictor-corrector process, one can update the value of ui (r) step by step,
until the insertion measurement gi (r) matches the reference gref (r). As g(r) is unique at
equilibrium, this happens when ui (r) ≈ u(r). As already mentioned, a key benefit of this
method is that it allows measurement of the exact pair interaction even for dense systems
(no dilute limit hypothesis).

2.2.3

Quantification of particle interaction via the insertionmethod

Figure 2.5a shows the measured radial distribution functions at different temperatures.
With increasing temperature, one observes a pronounced increase of the first peak, which
also shifts to smaller distances. This is in qualitative agreement with the presence of
attractive critical Casimir forces, the strength of which increases upon approaching the
critical temperature. Consistently, the particles tend to form structured liquid clusters in
the real space (Fig. 2.3b), which is a sign of liquid vapor phase separation that is predicted
by thermodynamics.
The corresponding pair interactions u(r) are shown in Figure 2.5b. In addition to strongly
temperature-dependent attractive components, particle repulsion is observed at small
distances due to the negative surface charges of the particles. Here we define the range
of pair interaction as the distance between the point where u(r) is zero and the particle
surface. A brief approximation shows that the attraction range is 13% of the particle
diameter.
The video microscopy studies not only offer the quantification of pair potentials between
the particles but also probe the phase behaviors at low area fractions. When the temperature is closer to the demixing point, i.e., at smaller ∆T , the attractive interaction
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Figure 2.5: a, Experimentally measured temperature-dependent pair correlation functions
(to avoid data overlap, the curves are vertically shifted by one unit relative to each other).
∆T values are given in the legend. b, Derived temperature-dependent pair interaction
potentials from experimental data (filled and open symbols). The solid lines correspond
to a parameter-free calculation of critical Casimir forces. The inset shows a zoom into
the data. Data displayed as open symbols was used to fit the radius af it . This figure is
directly taken from [109] and slightly changed.

Figure 2.6: a, Radial distribution function of dilute sample with φ = 0.15 at ∆T = 3 K,
b, Raw image at ∆T = 3 K colored by local orientational parameter ψ6 .
between the particles becomes strong enough to induce crystallization of smaller clusters.
Under the low area fraction of φ = 0.15, the phase transition behaves as the formation
of the small crystallizes dispersed in a dilute vapor phase (Fig. 2.6b). As a consequence,
the radial distribution function exhibits multiple peaks (Fig. 2.6a) that reflect the periodic structure within the crystalline clusters. The crystalline order can also be evaluated
P N i6θ
kj , which is color-coded in Fig. 2.6b.
by the increase of order parameter ψ6 =
j=1 e
The insertion method thus automatically becomes invalid in this situation because the
assumption of an isotropic and ergodic system no longer exists. Phase diagrams of attractive systems suggest that crystallization usually occurs when the strength of interaction
exceeds 3 kB T at a low area fraction [120]. This is in qualitative consistency with the
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observations in our system.

Figure 2.7: Mean squared displacement (MSD) for different ∆T . The black solid line
corresponds to the slope equal to 1.
In accompany with the crystallization is the slow down of particle dynamics, which is
quantified by the mean square displacement (MSD):
N
1 X
∆ (t) =
⟨[rj (t) − rj (0)]2 ⟩.
N j=1
2

(2.3)

where rj (t) is the position of the particle j at time t, and the summation is averaged over
the number of the particles. Figure 2.7 is the mean square displacement of the particles at
different ∆T . When ∆T is larger, there are few attractions between the particles, and thus
they undergo typical Brownian motion with the slope of MSD equal to 1. At ∆T = 3 K,
MSD starts to exhibit sub-diffusive features (slope < 1), reflecting the cage effect due to
the formation of the crystalline clusters. These quantifications on aspects besides the pair
potential help establish the calibration of the system for the phase behavior studies in
Chapters 4 and 5.

2.3

Total internal reflection microscopy(TIRM) measurements

In addition to pair interactions measured via video microscopy, we also conducted another
pair interaction measurement using total internal reflection microscopy (TIRM). In this
section, the TIRM measurements measure the interaction between a single PS particle and
a glass substrate in a broader temperature range. The results from the two experimental
methods show good agreement and can both fit the theoretical prediction of the critical
Casimir force.
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2.3.1

Total internal reflection microscopy

Total internal reflection microscopy (TIRM) is an established method measure directly the
mean potential of the interaction between a microscopic sphere and a plate [121]. It has
been successfully applied to take sensitive, instantaneous, and nonintrusive measurements
for different types of forces in colloidal systems [122]. A laser beam is totally internally
reflected at the interface between a glass prism and the critical mixture, therefore leading
to an evanescent field penetrating the fluid (see Fig. 2.8). From the light intensity scattered
from the evanescent field by a single colloidal probe particle, the particle–wall distance
probability distribution P (z) can be obtained [123, 124]. Under equilibrium conditions,
this yields the particle–wall interaction potential u◦| (z) using the Boltzmann probability
distribution. To avoid particle diffusion out of the field of view, its lateral motion is
confined by optical tweezers [125]. The temperature fluctuation of the sample cell during
typical data acquisition time scales (0.5 to 2 h) is ±10 mK. As a probe particle, we used
a polystyrene (PS) particle with radius a = 1.25 mm. The particle has sulfate surface
groups, rendering it hydrophilic and negatively charged. The same conditions apply to
the glass prism. This leads to an electrostatic repulsion at short distances between the
particle and the glass prism.

Figure 2.8: A schematics for the working principle of total internal reflection microscopy
(TIRM). This figure is adapted from [109] and re-plotted.
Compared with the insertion method based on digital video microscopy, the TIRM method
has the advantage of a broader probing range in temperature. When ∆T is smaller than
4 K, the attraction between the particles is so strong that crystalline structures start to
form. The dynamics of the particles will be frozen and thus impair the ergodicity in the
25

time scale of the microscopy video experiments. The TIRM experiment does not have this
problem because it quantifies the interaction of a single colloidal particle and the glass
substrate.

2.3.2

TIRM measurement results

Figure 2.9 shows the distance-dependent interaction potentials as a function of the temperature obtained with TIRM. Far below the critical temperature (∆T = TC −T = 9.05 K,
black squares), no attractive Casimir forces are present and the particle wall interaction
is entirely repulsive at short distances due to electrostatic force. Besides the electrostatic
force, there are gravitational forces and optical forces coming from the optical trap in the
system, which lead to a linear attractive part in the potential at larger distances [125].
Gravitational and optical forces are summarized as Fext and give rise to a linear potential
◦|
uext = Fext z which is shown as dotted straight line (black) in Fig. 2.9.

Figure 2.9: Temperature-dependent interaction potentials between a PS sphere and a flat
silica substrate in a critical C12 E5 solution measured with TIRM (filled and open symbols).
∆T values, i.e., the deviation from critical temperature, are given in the legend. The solid
◦|
◦|
line (grey) on top of the squares (black) corresponds to a fit to uel + uext . The dotted
◦|
straight line (black) represents uext . Experimental values represented by open symbols
are fitted in Fig. 2.10. The figure is directly taken from [109] and slightly changed.
◦|

The electrostatic interaction is given by uel = Bexp(−z/λD ) where λD is the Debye
screening length and B a factor depending on the surface charges of the particle and
the wall [123, 124, 126]. The best agreement with our data is obtained with λD =
33.4 nm. This value corresponds to an ionic concentration of 83 µM of monovalent salt
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and is probably caused by residual impurities or dissolved CO2 in our solution. When
further approaching TC , an increasingly prominent attractive component in the potential
appears, in accompaniment with a shift of the potential minima towards smaller distances
(Fig. 2.9).
While the potentials obtained at z > 160 nm are highly reproducible, this is not the
case for smaller distances. Below 160 nm, variations between experiments that have
been conducted in identical conditions are observed. This is exemplarily shown for two
measurements at ∆T = 2.55 K (large and small diamonds in Fig. 2.9), the data of which
were taken with a time interval of 7 h. It appears as an additional attraction increasing up
to several kB T for smaller distances in the data for small diamonds compared to the large
diamonds. Similar variations at z ≤ 160 nm also occur for other temperatures. However,
these variations are unsystematic because they neither grow nor vanish monotonously
with time. We attribute this behavior to the adsorption of globules and rods of the
surfactant which has been reported to occur on silica surfaces [127]. Due to the high
flexibility of such structures, this may explain the observed temporal variations of the
interaction potential at small distances. In the following, we have therefore restricted our
data analysis to the range z > 160 nm. Furthermore, data with poor statistics (≤ 1000
counts in the probability distribution histogram) appearing e.g. at larger distances was
neglected. To extract the temperature-dependent critical Casimir contribution from the
◦|
◦|
measured potentials, in the following we have subtracted uel and uext from our data (open
symbols in Fig. 2.10).
Theoretically, the critical Casimir interaction between a sphere and a flat wall is given by
a ◦|
u◦|
cas = kB T θ (z/ξ)
z

(2.4)

with θ◦| (z/ξ) the universal scaling function for symmetric boundary conditions and infinitely strong surface fields [40, 128]. The temperature-dependent correlation length is
ξ(T ) = ξ0 (∆T /TC )−ν

(2.5)

with the three-dimensional Ising exponent ν = 0.63 and ξ0 a characteristic microscopic
length scale [129]. The solid lines in Fig. 2.10 are fits to eqn. 2.4 with the only free
parameter ξ. The fits show excellent agreement with the data. As shown by the inset of
Fig. 2.10, indeed the obtained values of ξ(T ) follow the temperature dependence predicted
by eqn. 2.5. From this, the prefactor for the C12 E5 micellar solution is determined to
ξ0 = 2.5 ± 0.1nm. This value is within the range of values estimated by light scattering
for C12 E5 solutions [129, 130]. Notably, it is very close to the micellar diameter of 2.2
nm being indeed the smallest relevant length scale of the system [105, 106]. Because the
diameter is rather independent of temperature (in contrast to the contour length of the
wormlike micelles) this might explain why ξ0 adopts invariably this length scale.
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◦|

◦|

Figure 2.10: Interaction potentials from Fig. 2.9 after subtraction of uel + uext (symbols in
correspondence to Fig. 2.9). Solid lines correspond to fits of eqn. 2.4 with the correlation
length ξ as the only fitting parameter. The inset shows the obtained values of ξ(T) as
a function of temperature (symbols) with the solid line a fit to eqn. 2.5. The figure is
directly taken from [109].

2.4

Comparison and discussion of results from the
two methods

To compare the measured critical Casimir potentials between the particles (Fig. 2.5)
with the corresponding critical Casimir pair interaction between a sphere and a flat wall
obtained by TIRM (Fig. 2.10), the scaling function has to be adjusted. Within the
Derjaguin approximation this leads to [40]
ucas (r) = kB T

r − 2a
a
θ◦| (
)
2(r − 2a)
ξ

(2.6)

The corresponding results calculated using the parameter ξ0 determined in the TIRM
experiments are shown as solid lines in Fig. 2.5b. The only adjustable parameter in the
fit is the particle radius a. Similar to the TIRM data analysis, the data of small surface
distances (dominated by electrostatics and adsorption effects) have been neglected for the
fit (see Fig. 2.5b inset). Best agreement with the data was found for afit = 1.23 ± 0.02 µm
which is close to the real particle radius of 1.20 µm.
While the measured interactions in sphere-wall and sphere-sphere geometry both agree
well with the theoretical predictions for critical Casimir forces, it is at a first glance
surprising, not to find any signs of depletion forces in our system. The latter has been
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observed in the very similar C12 E6 micellar system [131]. Here Grattle et al. observed
temperature-dependent attractive potentials of up to 2 kB T in the temperature range
from 22-28 ◦ C in a system containing 44 mM C12 E6 and 17 mM NaCl. However, it
should be noted, that those experiments have been performed in the presence of salt
(λD = 2.3 nm), which renders the micelles negatively charged, largely increasing its
efficiency as a depletion agent [132].
More quantitatively, for the depletion force that is typically expected in an uncharged
system, the range of depletion interaction is the same as the size of the depletion agent.
Thus, in our system, the wormlike micelles of a few 100 nm couture lengths could induce
depletion forces in this distance range, which is close to the critical Casimir forces observed
in this study. Furthermore, the temperature-dependent contour length could lead to
an additional temperature-dependent interaction. However, this is not observed in the
corresponding distance range, where we fit the critical Casimir forces. Thus, in our
experiments, depletion forces are ‘hidden’ by the electrostatic repulsion, dominant for
these small distances. Possibly the variations for z < 160 nm, discussed in the context of
Fig. 2.9, have their origin in some entropic interactions.
In summary, we have measured attractive critical Casimir pair interactions in a critical
micellar aqueous solution of the nonionic surfactant C12 E5 . Although such systems form
a complex and dynamical wormlike micellar network near the critical point, the measured
temperature-dependence of the interaction potentials are in excellent agreement with
theory over a wide range of surface-to-surface distances. Compared to other molecular
critical solvents, micellar systems offer the advantage of potentially much larger correlation
lengths, which lead to larger interaction ranges. This character allows particle rooms of
relaxation during the phase transition or assembly processes. This new temperature
tunable attraction system opens the door to modeling a broad range of phase behaviors
with the colloidal particles.
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Chapter 3
Curvature-dependent anisotropic
critical Casimir forces
The critical Casimir forces (CCFs) have been widely applied in colloidal systems to induce
the attractive interaction between the particles that can be reversibly tuned by temperature. In addition to the dependence of the chemical properties of boundaries, we show in
this chapter that the CCFs also depend on the local geometry, i.e., the local curvatures
of the boundaries. We call this effect curvature-dependent CCFs.
In the experiment, the ellipsoidal particles with CCFs prefer to align side-by-side, indicating curvature-dependent interaction. This curvature-dependent CCF observed in the
experiment and their dependence on the aspect ratio of the ellipsoids are confirmed quantitatively by space-resolved pair potential extracted through the insertion method. The
local minimum of the potential is mainly located at the quasi-parallel configuration for
the ellipsoids with a large aspect ratio. Therefore, the local minimum of potential shows
an intriguing reflection of the side-by-side chain structure. In contrast, for the ellipsoids
with a small aspect ratio, local minimums of potential are more dispersed for all configurations. As a result, the morphology of clusters the ellipsoids form is closer to that of
spherical particles.

3.1

Background

The anisotropic interaction plays a vital role in the assembly of rich structures with
the building blocks, scaling up from microscopic atoms, molecules and nanoparticles
to micrometer-sized colloids [9]. A typical example of anisotropic interaction in the
atomic/molecular material is the van-der Waals forces. The Van der Waals forces are
distance-dependent and anisotropic interaction between atoms or molecules. They depend on the relative orientation of the molecules.
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As an excellent model system for atomic or molecular materials, colloidal systems have
also been adopted to realize the anisotropic interaction between particles. In combination
with the depletion force, the lock and key particles can selectively bond into preferred
configurations [133]. Patchy chemical surface modifications have also achieved anisotropic
interaction. Patchy colloidal particles are proved to be able to mimic the covalent bonding between atoms and molecules [51]. Furthermore, triblock particles that have different
chemical properties at two poles and the middle part of the surface can form Kagome
lattice [134]. Recently, DNA molecules with designing sequences are coated on the surface of particles, realizing the formation of colloidal diamond [135]. These successes in
particle synthesis and assembly significantly broadened the scope of the colloidal systems
in modeling the phase behaviors in atomic/molecular materials.
CCFs have been proved to be dependent on the boundary’s adsorption preference to the
component of the binary micture [24]. This property, combined with particle fabrication
techniques, opens the opportunity to realize the anisotropic interaction between patchy
particles via CCFs [51]. In theory, the CCFs also depend on the geometry of the boundary,
e.g., local curvature. Therefore, the realization of curvature-dependent CCFs will make
the chemical modification of the surface unnecessary and simplify the control parameter
to a single geometrical factor. In this chapter, we will report the experimental realization
of curvature-dependent CCFs between the ellipsoidal particles in C12 E5 solution, which
is further quantified by the insertion method [112].
The insertion method has been proven to be highly effective in quantifying the pair interaction between spherical particles without the requirement of the extreme dilute sample
(see section 2.2.2 and section 2.2.3). This advantage is more pronounced for the
ellipsoidal system, where two additional degrees of freedom are involved. In practice, the
particle distances are calculated based on specific orientation configurations. This conditional selection of particle pairs greatly enhances the demand for statistics. Thanks to
the advantage of the insertion method, we are able to quantify the interaction between
ellipsoidal particles with the cooperation of theorists (see Acknowledgment).

3.2

Methods

The ellipsoidal particles are fabricated following a well-established stretching method [136,
137]. The non-crosslinked spherical particles will become soft above their glass transition
temperature. They can be stretched into ellipsoidal particles under uniaxial extension at
elevated temperatures. This method has been widely applied in colloidal experiments.
Starting from plain PS/PMMA ellipsoids [136], more complex properties, e.g., fluorescence [137], magnetism [138] and color-discriminated core-shell structure [139] can be
endowed to the ellipsoidal particles.
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Here I will present the fabrication procedures that learned from Prof. Dr. Andreas
Zumbusch’s group [139, 136]. A 12 wt% aqueous PVA (polyvinyl alcohol) solution was
first prepared by dissolving the PVA powder (product no.363081, Sigma-Aldrich) into
deionized water. The PVA solution is kept in a 90 ◦ C water bath and stirred by a
magneto rotor for at least 24 hours to make sure that PVA has fully resolved into the
water. Second, 0.5 wt% non-crosslinked PMMA spheres (Microparticle) are injected into
the aqueous PVA solution. The solution is further stirred in the water bath for 1 hour to
ensure the uniform distribution of particles. Then the solution is transferred into several
petri dishes. Empirically, 40 mL of the solution is poured slowly into a 9 cm Petri dish,
left for natural drying under room temperature (20 ◦ C). Detectable airflow should be
avoided since a fast cooling rate leads to wrinkles in the film. The dried PVA film was cut
into strips and stretched at 140 ◦ C in our home-built stretching machine (Fig. 3.1a) (The
glass transition temperature of PMMA is around 100 ◦ C). After stretching, the PAV film
is dissolved into the water. Ten rounds of washing-centrifuge (5000 rpm) are conducted to
fully remove the PVA. Note that the film is not perfectly stretched uniformly, to minimize
the polydispersity of the aspect ratio of the ellipsoids, only the center part of the film is
used to collect ellipsoids. However, the polydispersity is unavoidable since the original
spherical particles are slightly polydispersed.

Figure 3.1: a, Photo of the stretching machine and the stretched films. The design of
the stretching machine is inspired by the stretching equipment in Prof. Dr. Andreas
Zumbusch’s group. b-d, Snapshots of ellipsoids with different aspect ratio, ϵ = 1.46
((b)), ϵ = 4.08 ((c)), ϵ = 7.04 ((d)), in aqueous solution. The polydispersity of the
aspect ratio of ellipsoids is 5%. The scale bar is 10 µm.
The aspect ratios of the ellipsoids are determined as follows. If a factor of q elongated the
length of the PVA film after stretching, the major axis of the ellipsoid becomes a = qσ,
where σ is the diameter of the spherical particles. The elongation factor of the PVA film
can be read from the built-in ruler in our stretching apparatus. The minor axis b of the
ellipsoid is then calculated using the fact that the volume of a particle was conserved
before and after the stretching; that is, 43 π(σ/2)3 = 34 π(a/2)(b/2)2 . The aspect ratio of
the ellipsoids is then ϵ = a/b. The polydispersity is estimated from image processing of
the video microscopy data. The polydispersity is 5% for the ellipsoids reported in this
thesis. The snapshots of ellipsoidal particles with three different aspect ratios are shown
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in Figs. 3.1b-d.

3.3

Experimental observations and statistical analysis

This section will report the experimental results of dilute ellipsoids with the critical
Casimir forces via video microscopy. The ellipsoids prefer side-by-side configuration, indicating the anisotropic interaction between ellipsoids with CCFs. The statistical analysis
further confirmed this anisotropic interaction.

3.3.1

Experimental results of ellipsoids with ϵ = 4.08

The experiments of dilute ellipsoids with CCFs are carried out as the method of spherical
particles described in Section 2.2. Fig. 3.2 shows the real space snapshots of ellipsoids
with ϵ = 4.08 under CCFs for different temperatures. When the temperature is far
away from critical temperature, the CCFs between the ellipsoids are negligible, making
the ellipsoids disperse homogeneously without clusters (Figs. 3.2a-b). As ∆T decreases,
the attractive forces between particles emerge and live clusters start to form (Figs. 3.2cf). At these temperatures, the ellipsoids prefer to align side-by-side and form chain-like
structures (Fig. 3.2d). This observation shows that the attractive interaction between the
ellipsoidal particles is highly anisotropic, being much stronger in side-by-side configuration
than that in tip-to-tip configuration. At ∆T = 2.5 K, the attraction becomes so strong
that the chains fold into more layered clusters (Fig. 3.2f), in which the ellipsoids share
the same orientations. Still, the side-by-side configurations are much more preferred.
To quantify the configuration of ellipsoids, the relative angles and distances between their
neighbors within 0.5σa center-to-center distance are counted. As illustrated in Fig. 3.3a,
∆θ is the relative angle between the long axes of two ellipsoidal particles. The relative
′
′
distance is decomposed into a new coordinate of reference, x and y . The new coordinate
′
x is defined as the bisector of acute angle formed by the major axis of two ellipsoids. y ′ is
′
′
the direction perpendicular to x′ . ∆x and ∆y are the center-to center distances between
′
′
two particles along x and y directions, respectively. The probability distributions of ∆θ
′
′
′
′
(p(∆θ)), ∆x (p(∆x )) and ∆y (p(∆y )) at ∆T = 2.5 K are shown in Figs. 3.3b-d. The
significant bias of p(∆θ) to small ∆θ (Fig. 3.3b) reflects the side-by-side alignment of
particles.
As shown in Fig. 3.4, the radial distribution function, g(r) (Fig. 3.4a), the probability
distribution of relative angle, p(∆θ) (Fig. 3.4b), and probability distribution of relative
′
′
distance along y , p(∆y ) (Fig. 3.4d), exhibit strong temperature dependence. As ∆T
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Figure 3.2: Snapshots of equilibrated configurations of a semidilute two dimensional suspension of colloidal PMMA ellipsoids with aspect ratio ϵ = 4.08 in a critical micellar
solution at different temperatures (∆T = 7.5 K (a), ∆T = 6.5 K (b), ∆T = 5.5 K (c),
∆T = 4.5 K (d), ∆T = 3.5 K (e), ∆T = 2.5 K (f )). The scale bar is 10 µm.

Figure 3.3: a, Schematics that define the relative angle and distance between two nearest
ellipsoids, axis x′ is the bisector of acute angle formed by the major axis of two ellipsoids, y ′
is perpendicular to x′ . ∆θ is the acute angle between the orientation of two ellipsoids. ∆x′
is the center–to–center distance along x′ axis, similarly, ∆y ′ is the center to center distance
along y ′ axis. b-d, Probability distribution p(∆θ), p(∆x′ ) and p(∆y ′ ) for temperature
∆T = 2.5 K. The corresponding configurations are illustrated in the figures.
decreases, the attractive interaction between the particles becomes stronger, leading to
the formation of clusters in the forms of either extended or folded chains. The formation of
clusters not only decreases the average distances between the particles but also facilitates
their aligning along the major axis. As a consequence, the peaks of g(r), p(∆θ) and
′
p(∆y ) become increasingly prominent at smaller ∆T . Note that some local translational
order is established when the chain-like clusters form, contributing to the secondary peaks
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′

in g(r) at small ∆T . In contrast, the temperature dependence of p(∆x ) is much milder
′
(Fig. 3.4c). The relative distance along x reflects the position fluctuations of the side-byside ellipsoids in the direction perpendicular to the chains. The fact that the distribution
is largely independent of temperature suggests that such fluctuation is an intrinsic effect.
′
′
Another feature of P (∆x ) is that the curves exhibit small plateaus at certain ∆x values,
suggesting a possible preference of configurations (see the schematics in Fig. 3.3c) caused
by a local minimum of the potential.

Figure 3.4: a, Radial distribution functions g(r) for different temperatures. b-d, Probability distribution p(∆θ) (b), p(∆x′ ) (c) and p(∆y ′ ) (d) for temperatures. Where ϵ = 4.08.

3.3.2

Experimental results of ellipsoids with ϵ = 1.46

To study the influence of aspect ratio on the curvature-dependence CCFs, we conducted
the same experiments for ellipsoids with ϵ = 1.46. Compared with ϵ = 4.08 ellipsoids,
although the side-by-side configuration exists when the attraction is strong, the preference
of side-by-side configuration is much weaker in the ϵ = 1.46 ellipsoidal system.
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Figure 3.5: Snapshots of equilibrated configurations of a semidilute two dimensional suspension of colloidal PMMA ellipsoids with aspect ratio ϵ = 1.46 in a critical micellar
solution at different temperatures (∆T = 6.5 K (a), ∆T = 5.5 K (b), ∆T = 4.5 K (c),
∆T = 3.5 K (d), ∆T = 3 K (e), ∆T = 2.5 K (f )). The scale bar is 10 µm.
Figure. 3.5 shows the snapshots of a typical dilute sample consisting of ϵ = 1.46 ellipsoids for different temperatures. The clusters appear when the attraction becomes
stronger. The ellipsoids start assembling compact clusters from ∆T = 4.5 K(Fig. 3.5d).
The side-by-side configurations are observed to coexist with the tip-to-side and tip-to-tip
configurations. As the curvature difference between the tip and side area of the ϵ = 1.46
ellipsoid is small, the strength difference of CCFs is small among the side-side, tip-side
and tip-tip configurations. Therefore, the behavior of ϵ = 1.46 ellipsoids resembles that
of spherical particles.
′

′

Same with ϵ = 4.08 ellipsoidal system, we calculate g(r), p(∆θ), p(∆x ) and p(∆y ) for
data of the dilute samples consists of ϵ = 1.46 ellipsoids. The results are summarized
in Fig. 3.6. As ∆T decreases, g(r) changes from the liquid-like form to the crystal-like
form at ∆T = 4.5 K (Fig. 3.6a). Multiple peaks emerge at periodical distances, being
consistent with the real space observation of the crystalline clusters. p(∆θ) exhibits a
broad distribution with bimodal feature (Fig. 3.6b), in contrast with the highly biased
′
′
peak in the case of p = 4.08 ellipsoids (Fig. 3.4b). Same as g(r), both p(∆x ) and p(∆y )
show strong temperature dependence, reflecting the cluster formation under low ∆T . As
′
′
temperature decreases, the particles get closer simultaneously in x and y directions. Both
′
p(∆θ) and p(∆x ) exhibit second peaks, indicating the existence of second minimums in
the potential between ellipsoids with ϵ = 1.46 under CCFs.
By Comparison, the behaviors of ϵ = 4.08 and ϵ = 1.46 ellipsoids exhibit qualitatively
different curvature-dependent interactions. Only when the aspect ratio is large, the curva36

Figure 3.6: a, Radial distribution functions g(r) for different temperatures. b-d, Probability distribution p(∆θ) (b), p(∆x′ ) (c) and p(∆y ′ ) (d) for temperatures. Where ϵ = 1.46.
The corresponding configurations of the peaks are illustrated in the figures.
ture difference across the surface of the ellipsoidal particle is significant enough to induce
a substantial energy difference between different configurations (side-side, tip-tip and tipside). As a result, the assembly pathways (chain formation or compact cluster formation)
of ϵ = 4.08 and ϵ = 1.46 ellipsoids are different. The following section will further quantify
the curvature-dependent CCFs between the ellipsoidal particles.

3.4

Results from the insertion method

To elucidate the curvature-dependent CCF quantitatively, the most direct way is to depict
the spatially resolved pair interaction surrounding the surface of the ellipsoidal particle.
The insertion method developed by Stones et al. [112] uses the pair correlation function
g(r) to indirectly measure the pair potential u(r). This approach is based on test particle
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insertion [117, 118] and has been already successfully confirmed in colloidal systems [119].
We also used it to calculate the critical Casimir force between the spherical PMMA particles in Chapter 2 (Section 2.2.2). For the ellipsoidal particle, rotational configuration
needs to be considered in addition to transnational configuration. To ensure enough independent configurations for the statistics required by the insertion method, 120-hours
measurements for a single temperature are taken. The coordinate system of our quantification is illustrated in Fig. 3.7, one ellipsoidal particle is fixed at the origin point,
a second ellipsoidal particle at polar coordinates (r, ϕ), where r is the center–to–center
distance, θ is the tilt angle of the second particle. Our theoretical collaborators extended
the insertion method in Chapter 2, adapting it to the ellipsoid system. I will show here
the preliminary results in the following.

Figure 3.7: The schematic defines the parameters used in the insertion method. One
ellipsoidal particle is fixed at the origin point. A second ellipsoidal particle at polar
coordinates (r, ϕ). r is the center–to–center distance. θ is the tilt angle of the second
particle. Note that the symmetries of the system reduce the angular domains. We split
the radial and angular domains into bins using ∆r and the parameter ‘angle split’.
The pair interaction between ϵ = 3.17 ellipsoids is summarized in Fig. 3.8 (With better
statistics, we show here the results of aspect ratio ϵ = 3.17 rather than ϵ = 4.08 as an
example of large aspect ratio). The two-dimensional pair potential for three different angle
configurations is shown as examples in Figs. 3.8a-c. The color represents the strength of
CCF (see the color bar). The blue and red part means the force is attractive and repulsive,
respectively. The black ellipses sketch the physical surface of the ellipsoidal particles. For
the quasi-parallel configuration (θ = 0◦ ) shown in Fig. 3.8a, the attractive bands are in
parallel to the two sides of the ellipsoidal particles, while the two tips are repulsive. This
feature is consistent with the preference of side-side configurations observed in Fig. 3.2. We
further quantify this effect by plotting in Figs. 3.8d the minimum value of the attraction
strength Um as a function of ϕ under fixed θ values. The center-to-center distance, rm ,
is plotted in the same figure at which Um is reached. Both quantities exhibit minimum
at ϕ = 90◦ , where the side-side configuration forms. When θ = 40◦ , the blue attraction
region becomes much weaker than θ = 0◦ (Fig. 3.8b). The minimum value of Um change
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Figure 3.8: Results from the insertion method for ϵ = 3.17 at ∆T = 6.5 K. a-c,
Spatial potential distribution of different configurations (θ = 0◦ (a), θ = 40◦ (b), θ = 90◦
(c)). The blue region is the attractive region. d-f, The minimum of potential Um and
center–to–center distance at Um as a function of ϕ for different configurations (θ = 0◦
(d), θ = 40◦ (e), θ = 90◦ (f )). We filter data due to polydispersity and out–of–plane
particles. Local minimum of potential only for quasi parallel particles, making it difficult
for particle bonds breaking in a cluster.

to −1 kB T compare to −3.5 kB T of that of θ = 0◦ (Fig. 3.8e). When θ is further increased
to 90◦ , there is no blue attraction region (Fig. 3.8c) and no minus Um in Fig. 3.8f. Overall,
the attraction in the side-side configuration (Fig. 3.8a) is much stronger than that in other
configurations. The outcome of the insertion method is consistent with the formation of
chains and alignment effects observed in real space (Fig. 3.2).
The pair interaction between ellipsoids with ϵ = 1.46 is summarized in Fig. 3.9. Similarly,
the attraction in the side-side configuration (Fig. 3.9a) is stronger than that in other
configurations. However, there are significant differences from the pair interaction of
ϵ = 3.17 ellipsoids. First, the interaction between tip to tip is attractive, and the attractive
blue band rounds the ellipsoids for all three cases shown in Figs. 3.9a-c. Secondly, except
for the global minimum, the quantilized local minimums also emerge for p = 1.46 ellipsoids
(Figs. 3.9d-e). The plateaus in the Um here in Figs. 3.9d-e echo those in the probability
′
distribution of ∆x in (Fig. 3.6c). Different from the situation of ϵ = 4.08 ellipsoids, the
attraction strength between the global minimum (side-side configuration) and other local
minimums (side-tip, tip-tip, etc.) is quite comparable in the ϵ = 1.46 ellipsoidal system.
Therefore, the priority of side-side configuration is not dominant anymore. This explains
the compact cluster formation and particle alignment in the ϵ = 1.46 ellipsoidal system
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Figure 3.9: Results from the insertion method for ϵ = 1.46 at ∆T = 0.5 K. a-c,
Spatial potential distribution of different configurations (θ = 0◦ (a), θ = 40◦ (b), θ = 90◦
(c)). The blue region is the attractive region. d-f, The minimum of potential Um and
center–to–center distance at Um as a function of ϕ for different configurations (θ = 0◦
(d), θ = 40◦ (e), θ = 90◦ (f )). We filter data due to polydispersity and out–of–plane
particles. There is always a local minimum of potential for all configurations, leading to
easier particle bond breaking in a cluster.
(Fig. 3.5).

3.5

Summary and outlook

In summary, we observed anisotropic CCFs between ellipsoidal particles. The strength
of CCFs depends on the local curvature of the boundary. The smaller the curvature is,
the stronger CCFs emerge. We experimentally realize the curvature-dependent CCFs in
the ellipsoidal colloidal system and verify it by the probability distribution of relative
angle and distance between neighbors within semi-major axis length. We also quantified
the CCFs between the ellipsoidal particles using the insertion method. Both probability
distributions of structural quantities and results from the insertion method confirm the
curvature-dependent CCFs and their dependence on the aspect ratio of ellipsoids.
The curvature-dependent CCFs in ellipsoids with different aspect ratios show intriguing
reflection with the morphology of clusters they form. The attraction in the side-side
configuration (Fig. 3.8a and Fig. 3.9a, ϕ = 90◦ ) is much stronger than that in other
configurations for both large and small aspect ratios. There is no attraction in tip-tip
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configuration for ellipsoids with a large aspect ratio, which induces a significant energy
difference between preferred side-side configurations and others. Therefore, the ellipsoids
with large aspect ratios align into chain structures. However, the dominance of side-byside configuration is weaker in short aspect ratio ellipsoidal systems. Ellipsoids with a
small aspect ratio, e.g., ϵ = 1.46, exhibit interaction closer to that of spherical particles.
As a result, compact clusters are formed by ellipsoids with a small aspect ratio.
Note that the interaction measured by the insertion method is the total pair potential between ellipsoids, including CCFs and electrostatic forces, etc. In the colloidal system, the
particles are stabilized by charge, where electrostatic forces arise repulsion in a short distance. The anisotropic charged particles will induce anisotropic electrostatic forces [140].
The possibility that this anisotropy comes from electrostatic force can be ruled out because the ellipsoids fabricated by the same method exhibit hard ellipsoid properties, where
glass states are formed under high packing fraction [141]. Still, more investigation and
theory are necessary to further confirm whether this anisotropic (curvature-dependent)
effect purely comes from critical Casimir interaction. One direction is to check whether
this geometry (curvature-dependent) effect is consistent with the CCFs under Derjaguinapproximation, which is under study by our collaborators.

Figure 3.10: a-d, Snapshots of ellipsoids for different temperatures (∆T = 5.5K (a),
∆T = 4.5K (b), ∆T = 3.5K (c), ∆T = 2.5K (d)). The ellipsoids belong to the same
chain are colored in the same color. Only the chains that contain more than one ellipsoid
are shown in the snapshots. e, Probability distribution of chain length N for different
temperatures, the dash lines are exponential fits. f , the max number of ellipsoids max(N )
in a chain and average number of ellipsoids < N > as a function of ∆T , both of them
increase with ∆T and saturate around 4K.
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Apart from characterizing the interaction between ellipsoids, the experiment in this chapter also provides abundant information about the assembly of dilute ellipsoids with CCFs.
The property of the chains formed by the ellipsoidal system is another direction that is
worth further exploration. The preliminary analysis of chains formed by ellipsoids with
ϵ = 4.08 is summarized in Fig. 3.10. The chains are defined as clusters connected by
their quasi-parallel nearest neighbors (the relative angle less than 10◦ ). In Figs. 3.10a-d,
the ellipsoids in the same chain are plotted in the same color. The size of the chain
exhibits a exponential distribution (Fig. 3.10e), in excellent agreement with Flory theory about polymerization [142]. The chain size increases with ∆T and saturates around
∆T = 4.5 K. From the real space snapshots, the size of chains saturates because they
tend to fold into layered structures at lower temperatures. The temperature dependence
of particle configurations suggests a two-step hierarchical assembly kinetics of chain formation followed by the folding of chains. However, this needs to be further confirmed by
quenching experiments, i.e., time-dependent data after a sudden temperature change.
In addition, the realization of curvature-dependent CCFs paves the way for the assembly
of novel phases by the anisotropic particle and the phase behaviors. The dependence of
anisotropy on aspect ratio will induce different phases for ellipsoids with different aspect
ratios. We will discuss the phase behavior of ellipsoids with CCFs in Chapter 5.
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Chapter 4
Surface melting and surface
behaviors of attractive colloidal glass
Solids typically begin to melt far below their bulk melting temperature by the formation
of a liquid layer at their surface [143, 144]. Such surface melting which originally has
been observed by Faraday in 1842 by noting a quasi-liquid layer on ice has been reported
for many crystalline materials [145, 144, 146, 147]. Although the transition of a liquid
into a glass qualitatively differs from how a liquid turns into a crystal, surface melting is
also expected to occur in amorphous materials [148, 149, 150, 151]. Unlike crystals where
the presence of a fluid on top of an ordered solid is detected e.g. by neutron or X-ray
scattering experiments [143, 144, 152], the demonstration of surface melting in glasses is
more difficult due to the lack of appropriate order parameters distinguishing a glass from
a liquid [3, 153, 59, 67, 66, 68]. Therefore, the microscopic changes taking place near a
glass surface during surface melting have not yet been resolved.
In this Chapter, I present real-space experiments of the surface melting of a two-dimensional
(2D) colloidal glass where the motion of particles is fully resolved in space and time. We
find that the glass melts from the surface by forming a broad transient region composed
of liquid and supercooled liquid in coexistence with an underlying bulk glass (BG). The
particle dynamics gets enhanced at the surface, reflecting the weakening of the mechanical
strength due to the melting from the surface. Surprisingly, adjacent to the BG, we observe a region with bulk density but a faster particle dynamics, the latter resulting from
connected cooperative clusters of highly mobile particles which are formed at the surface and proliferate deep into the system. The thickness of this unexpected region varies
non-monotonically with the effective temperature and becomes largest near the bulk glass
transition point. In addition, we observed a highly fractal dynamical heterogeneity composed of the fastest moving particles in the surface region, qualitatively distinguishing the
surface melting of the glass surface with crystal.
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4.1

Background

Under most natural conditions or industrial applications, solid materials exhibit a free
surface which are often crucial for its physical properties. Understanding the surface
properties at the microscopic level is therefore fundamentally critical for understanding
the whole material. Generally, the free surface breaks down the translational periodicity being valid in bulk crystals. The geometrically induced symmetry breaking has been
proved to be the origin of many exotic surface phenomena, including topological insulators and superconductors [154], exotic phonon behaviors in nano-particles [155], novel
optoelectronic properties of quantum dots [156] and spin orbital coupling at surfaces
[157].
From the perspective of phase behaviors, all phase transitions that occur in bulk in principle also occur at the surface [158, 159]. As a source of defect that lowers the free energy,
the melting transition prefers to start from the surface, characterized by the formation
of a thin liquid layer developed at the surface even below the melting point. The phenomenon is called in literature pre-melting or surface melting [143, 144]. When increasing
temperature to bulk melting temperature Tm , there are typically two types of surface
melting behavior. In the more common case that is called complete surface melting, the
thickness of the pre-melted liquid layer diverges as approaching to the Tm [144]. In the
other less frequently observed type of surface melting, the thickness of pre-melted liquid
layer remains finite as approaching to the Tm , until the whole material melts from bulk
at Tm [144, 147]. And this is the called incomplete surface melting. Kinetically, a crystal
usually melts into liquid layer-by-layer from the surface, as a consequence of the different
elastic moduli alone different crystal orientations [160]. The kinetics for the glass surface
melting is yet to be explored.
Surface melting plays critical role in many aspects of natural science. In daily life, the
melted thin film of water between the blade of the ice skate and the ice makes ice skating
possible because [161]. In materials sciences, surface melting facilitates the growth of
a solid material from vapor and the coarsening of polycrystals which also leads to the
application of laser-induced surface melting in metallurgy [162]. In meteorology, surface
melting has strong influence in the process of snowflake growth [163], frost heave [164]
and electrification of thunderstorm [165]. And in geology, the premelted grain boundary
interfaces largely control the speed of glacier movement [166]. Previous studies show that
the melted surface region is proved to be more than a simple crossover to the bulk of the
crystal, which endows unique properties to the pre-melted liquid layer [144].
Besides those hold generally for solid materials (crystal and glass), surface melting of
glassy systems may have its unique application. For example, it may elucidate the reduced
glass-transition temperature and enhanced surface mobility by several orders of magnitude
as reported in different thin polymeric and metallic glasses [167, 168, 169]. Such behavior
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of glassy surfaces is crucial for their properties including their frictional behaviour or the
ionic conductivity of polymer-based battery electrodes [167, 170, 171].
In contrast to the thoroughly researched surface melting in crystals [143, 144], the surface
melting of another major class of solid matter – glasses [3] – are much less understood
in either theory or experiment. The reason for the scarce of knowledge in glass surface is
because the quantitative understanding of the glass surface is notoriously challenging for
both theory and experiment. First, although there are several characteristic temperature
points defined by theory [59] and experiment [67, 66], e.g. Tg [59],TM CT [70], etc., there
is no sign of a thermaldynamic phase transition regarding both structure and dynamics.
This is the so far najor unsolved mystery of glass. Second, different from the situation
of crystal surface, where the pre-melted liquid can be well distinguished from the ordered
solid via order parameters [147, 172], there lacks symmetry breaking between liquid and
glass. In experiments, the lack of symmetry breaking invalidates most of the probing
techniques that are based on symmetry [173]. Third, The huge difference between the
relaxation time between surface and bulk region also hampers the simultaneous monitoring
of the two regions [174]. For the background knowledge of bulk glass and glassy materials,
I guide the readers to corresponding contents (section 1.2) in Chapter 1.
Therefore, the experimental studies of glass surfaces so far are limited to surface properties within a shallow depth; including the enhancement of surface mobility [175, 168,
171], the morphology [176, 177, 178, 179, 180] and composition [181] near the surface.
These works however, are incapable to reach the bulk glass region deep inside and thus
offer no knowledge of the interplay between the surface and bulk glasses. Simulations
predicted a similar surface melting as crystal, occurring below the glass transition point.
But these works focus more on the ensemble averaged properties than microscopic mechanisms. Investigation of the vapour deposited glasses [170, 182] (e.g. observation the
non-equilibrium melting front starts from surface to bulk due to its’ ultrastability) is a
different topic with the equilibrium glass with free surface here we discussed. In reviewing the previous progresses, the surface properties of a liquid-cooled glass and its melting
behavior remains largely unknown.

4.2
4.2.1

Methods
The experimental procedure

To yield an equilibrated gas-solid interface in a 2D colloidal system, an attractive particle
interaction is required. This is achieved by critical Casimir forces using the same miceller
critical solution with Tc ≈ 32◦ C (see details in Chapter 2). Upon variations of the
temperature ∆T = Tc − T , one can control the attraction between colloids suspended in
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the critical mixture in a fully reversible manner [23]. Note that higher ∆T corresponds to
a weaker attraction strength in our system, yielding a higher effective temperature. The
solvent is an aqueous micellar solution of non-ionic surfactant C12 E5 with a lower critical
point at Tc ≈ 32 ◦ C and 1.2% surfactant weight [105, 109].
A binary mixture of silica particles (number ratio 0.55:0.45) with diameters σs = 2.4 µm
and σl = 3.34 µm was added to the solvent which was contained in a sample cell with
100 µm in height. Due to gravity the particles sediment towards the bottom of the cell
where they form a disordered monolayer. The Debye screening length of the system is
about 30 nm [109], leading to rather short-ranged particle repulsion. The attractive
forces between the spherical particles can be precisely tuned by the temperature, or more
precisely, the temperature difference, ∆T between the setting point and the demxing
point of the micellar solution (Fig. 4.6 in Chapter 2). Therefore, ∆T and the packing
fraction ϕ server as the effective thermodynamical temperature as that in the atomic or
molecular systems. Smaller ∆T means stronger attraction between particles, and larger
ϕ means the particles are more closely packed, both equivalent to the lower temperature
in real materials.

Figure 4.1: A raw image that shows the whole field of view that we used to image the
glass with a free surface. The scale bar is 30 µm
To create a free surface between a low density gaseous and a high density glass phase,
the sample cell was first tilted by 1.15◦ , leading to a lateral density gradient across the
sample. During this step the temperature was kept at ∆T = 11 K where critical Casimir
forces are negligible. Afterwards the sample is aligned horizontally with the temperature
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slowly (0.2 K/h) increased to ∆T = 2.5 K. As a result, a free and equilibrated surface
perpendicular to the original tilting direction develops. From the raw image shown in
Fig. 4.1, the two sized particles are well mixed without any sign of phase separation in
either surface or bulk region. Usually, the field of view that we use to take the videos
include more than 8000 particles in total, ensuring enough statistics for the analysis. The
depth of the field is more than 130 layers which is good enough to reach the bulk glass.
Starting from such conditions, we slowly varied the temperature to yield thermally equilibrated states at different ∆T , in a step of 0.5 K. The field of view is fixed during the whole
melting process, ensuring the consistency of a series of data under different temperature
points. Prior to each measurement, samples were kept at the corresponding temperature
for at least three hours.

4.2.2

Properties of the bulk glass

We have determined the static and dynamic properties of the bulk glass and demonstrated
that our system displays the typical behaviours of a standard glass. From the structural
aspect, we calculated the radial distribution function g(r), which is defined in Eq. 1.7.
For an ordered system like crystal, g(r) exhibits peaks at discrete distances, reflecting the
crystal symmetry. For a disordered system like liquid or glass, g(r) exhibits a peak at the
particle diameters and decays to 1 for larger distances. The dynamics of the particles is
quantified by the mean square displacement, ∆2 (t), which is defined in Eq. 2.3. When a
system is transformed from the liquid state to the glassy state, the particles start to get
caged by their neighbours [183]. Accordingly, ∆2 (t) gradually changes from a diffusive
manner (slope is 1), to a caged manner when the plateau appears. Finally, the relaxation
of the glass is quantified by the intermediate scattering function,
N
1 X
Fs (q, t) =
⟨exp[iq · (rj (t) − rj (0))]⟩
N j=1

(4.1)

where q is the wave-vector. As a hallmark of the glass state, two step relaxation occurs
in Fs (q, t) when a system undergoes the glass transition [184].
In Fig. 4.2a we show the radial distribution function g(r) within the bulk glass. In
agreement with other glass forming systems, the temperature dependence on g(r) is mild.
And the corresponding inset shows that the height of the largest peak in g(r) is a smooth
function of the temperature, indicating that the system is a good glass former which
shows no sign of crystallization [3]. Figure 4.2b shows the time dependence of the MSD
in the bulk glass region for different ∆T . As expected, the MSD exhibits a plateau-like
structure which becomes increasingly pronounced upon increasing the particle attraction,
i.e. when decreasing ∆T . Figure 4.2c shows the time dependence of the intermediate
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Figure 4.2: Characterization of the bulk glass a, Temperature-dependent radial
distribution function g(r). Inset: ∆T - dependence of the height of the largest peak
in g(r). b, Mean squared displacement for different temperatures (∆T in unit K): 2,
2.5, 3, 3.5, 4, 4.5, 5, 5.5, 6, 6.5 (in the direction of the arrow). c, Intermediate scattering
function for ∆T = 2, 2.5, 3, 3.5 ,4, 4.5, 5, 5.2, 5.5, 5.8, 6, 6.5(in the direction of the arrow).
1
d, Determination of the glass transition temperature by plotting ταbulk (∆T )− γ vs. ∆T .
From the intercept with the x-axis the glass transition point is determined to ∆T ≈ 4.3 K
1
according to MCT. The dashed line corresponds ταbulk (∆T )− γ ∼ (∆TM CT − ∆T ) with
γ = 2.69. Inset: area fraction as function of ∆T .

scattering function Fs (q, t) for a wave vector corresponding to the maximum in the static
structure factor, i.e. q = 1.45 µm−1 . The strongly increasing decay time of Fs (q, t) with
decreasing ∆T is characteristic for a glass [184].
From the temperature-dependent decay of Fs (q, t) we can extract the glass transition
temperature. For that, the corresponding relaxation time of the bulk ταbulk (∆T ) is defined
as the time where Fs (q, t) decays to 1/e. According to mode-coupling theory (MCT), this
relaxation time is related to the glass transition point ∆TM CT via ταbulk (∆T ) ∼ (∆TM CT −
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Figure 4.3: Size of the cage. Cage size of the bulk glass is calculated according to the
square root of the value of plateau in MSD (Figure.4.2b).
1
1
∆T )−γ where γ = 2a
+ 2b
= 2.69 has been computed using a = 0.29 and b = 0.517 obtained
from Fs (q, t) [185, 186]. Figure 4.2d shows that our experimental data (open symbols)
are in good agreement with MCT and suggest a glass transition point near ∆T = 4.3 K.
Note that the area fraction only changes slightly with temperature (Fig. 4.2e, inset).

When the local environment becomes glassy, by lowering the temperature or locating
deeper in bulk, the particles get caged by their neighbours. Cage formation is the origin
of the slow dynamics and mechanical strength of the glasses. Quantitatively, it is reflected
by the sub-diffusive behaviour in the MSD curves, the slope of which becomes smaller than
1 when the cage occurs. We estimated the cage size for different temperatures (Fig. 4.3) by
taking the square root of the MSD value when the first derivative (logarithmic) of the MSD
reaches minimum. As expected, when ∆T decreases, the stronger attractive interaction
triggers the formation of local clusters and thus leads to smaller cage size. The cage size
in units of particle diameters is an important factor that we consider frequently when
setting length scale related parameters in the in-depth analysis of the surface properties
in the following sections.

4.2.3

Depth-dependent analysis of structural and dynamic properties

To obtain z-resolved profiles of structural and dynamical properties (e.g. the area fraction
profile shown in Fig. 4.6f) we have partitioned the system into slices with thickness 2 σs
parallel to the surface, i.e. perpendicular to the z-direction. To yield statistically reliable
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data, typically about 5000 frames have been evaluated. Particle positions were determined via video microscopy with a spatial resolution of about 25 nm [110]. Based on the
trajectory data, static and dynamical quantities are ensemble averaged as a function of
z, ranging from the gas phases at the surface, to the intermediate liquid and supercooled
liquid layers and finally reaching the bulk glass.

Figure 4.4: Area fraction profile for different equilibration times. Depth-resolved
particle area fraction for different ∆T measured after different equilibration times. Comparison of the depth-resolved area fraction after different equilibration times (2h and
3h).To demonstrate that both the saturation values but also the gas-liquid interfaces are
equilibrated after 2h, in (a) and (b) we show different z-ranges of the profiles.
The local area fraction has been obtained using the radical Voronoi tessellation [187, 188].
Here, the local area fraction around particle i is defined as φi = Ai /AV , where Ai is the
area of particle i and AV that of the corresponding Voronoi cell. The area fraction for
P
each slice is φ(z) = N1 i(z) φi with N the corresponding particle number within the slice.
Figure 4.6 shows the density profile, calculated using the above mentioned methods, as a
function of z in the surface region of the colloidal glass. As ∆T increases, the transient
region of the densities from gas to the bulk glass broadens (Fig. 4.6f)), indicating the
occurrence of the surface melting. Curves for all temperatures saturate at certain z
values, proving the system has reached the bulk glass density. It is worthwhile to mention
that the density profile at different times (2 hours and 3 hours) of our experimental data
coincide well with each other apart from small changes due to equilibrium fluctuations,
in both transient regions from liquid to bulk glass (Fig. 4.4a)) and from gas to liquid
(Fig. 4.4b)). Note that in a system with a free surface, any non-equilibrium factors in
the bulk, e.g. lattice expansion, long wavelength fluctuation etc, will be amplified at the
surface. The quantitative matching of the surface profile is a strong proof that the system
has reached the quasi-equilibrium state in the period of data acquisition.
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Figure 4.5: Area fraction profile for different equilibration times. Comparison of
the depth-resolved area fraction after different equilibration times (3h, 12h and 24h).No
difference is observed above equilibration times of 3h.

The equilibrium of the system can be further confirmed by plotting the density profile
at extended data acquisition time. As shown in Fig. 4.5b), again, the profiles perfectly
overlap at 3h, 12h and 24 hour after the data acquisition starts, even for the highly
dynamical gas-to-liquid region. The same conclusion can be drawn in the liquid-to-glass
region at a larger z range (Fig. 4.5b) inset).
For extracting time-dependent z-dependent dynamical properties (MSD, Fs (q, t)) from our
experimental data, the thickness of the horizontal slices was set to 10 σs . The mean square
displacement (MSD) and the intermediate scattering function Fs (q, t) are introduced in
Section 4.2.2. In addition to the bulk data, we applied the equation to the data at different
z values and obtained depth dependence of the MSD and Fs (q, t). The wave vector was
set to q = 1.45 µm−1 , corresponding to the maximum of the static structure factor of the
bulk system at large area fraction. To obtain the self-part overlap function qs (t, z), we
have divided the field of view into square boxes labelled with index j and with side length
of 0.5 σs . Then the self-part of the overlap function is defined as
P
s
′
s ′
j(z) < nj (t + t )nj (t ) >
P
qs (t, z) =
(4.2)
s ′
j(z) < nj (t ) >
where nsj (t) = 1 if the box is occupied by the same particle at time t and nsj = 0 otherwise.
The summation j(z) corresponds to all particles at distance z.
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4.3

Surface melting of two-dimensional colloidal glass

When the effective temperature is low (higher ∆T ), the system is condensed into a solid
glass state that is in coexistence with the low density vapor. The glass and vapor phases
are separated by a sharp interface (Fig. 4.6b)). When the effective temperature increases
(lower ∆T ), the solid glass starts to melt from the surface. This process is characterized
by the appearance of transient liquid or supercooled liquid layers in between the gas and
bulk glass regions. These transient regions are most straightforwardly featured by the
enhanced particle mobility. At the same time, the originally shaped solid-gas interface
is replaced by vague crossovers in the sequence of gas → liquid → supercooled liquid →
bulk glass.
It’s worth noting that the situation of glass surface melting is in sharp contrast with
the crystal surface melting and in some sense more challenging to be studied at the
microscopic level. The main reason is that the bulk crystal-liquid transition is a well
defined phase transition associated with a break of symmetry. The motifs change from an
periodically ordered state to a disordered state when the transition occurs. Therefore, the
boundary between the crystal and liquid is sharp and can be directly visualized by the
sudden drop of the corresponding order parameters. In contrast, as discussed in Chapter
1, there is no specific thermodynamic phase transition point between a glass and a liquid.
The transformation is continuous and occurs in a broad temperature range. Moreover,
both liquid and glass are structurally disordered, making the order parameters not valid
to distinguish them. Therefore, new analytical methods are needed to characterize the
microscopic changes and length scales during the glass surface melting.
Now we move to the quantitative analysis of the surface melting of a two dimensional
glass. Figure 4.6a shows a typical snapshot for ∆T = 4.5 K following the protocol
described in section 4.2.3. The particles are colored according to their Voronoi cell area,
highlighting their local area fraction φ. From the top to the bottom (i.e. in the direction
of the z-axis) we observe a smooth transition from a highly diluted gas phase (red) to
a densely packed (blue) disordered state. Figs. 4.6b-e show enlarged snapshots of the
dashed region in Fig. 4.6a for ∆T between 2.5 and 5.5 K. Due to the temperaturedependent critical Casimir attraction, the interface becomes increasingly broadened with
increasing ∆T which hallmarks the surface melting (see area fraction profiles in Fig. 4.6f).
In contrast to the strong temperature dependence near the surface, the profiles almost
perfectly overlap at large z where they converge to φsat which only slightly (< 5%) varies
φ
with ∆T . The depths zsat
(∆T ) where the profiles saturate are shown as vertical dashed
lines in Fig. 4.6f. Notably, we find a rather continuous increase of φ between the gas and
the liquid which is due to the averaging parallel to rough surface of the disordered system.
To investigate how the material’s properties change with increasing distance to the surface, we evaluated the z-resolved mean-squared displacement (MSD) and intermediate
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Figure 4.6: Surface melting of an attractive colloidal glass. a, Snapshots of a glass
surface at temperatures ∆T = 4.5 K. The color code represents the local Voronoi area.
φ
The dashed horizontal line indicates the location of zsat
as defined in (f ). The scale bar is
φ
50 µm. The origin of the z-axis has been defined by zsat
for 4.5 K. b-e, Typical zoom-in
snapshots of the glass surface area (as the dash rectangular area shown in (a) at different
temperatures (from left to right): ∆T = 2.5 K (b), 3.5 K (c), 4.5 K (d), 5.5 K (e).
The scale bar is 15 µm. f, Depth-resolved particle area fraction for different ∆T near the
φ
saturation and over the entire z range (inset). Dashed lines indicate zsat
(∆T ) where the
corresponding area fractions reach 99.5% of the corresponding φsat . To compare profiles
φ
with different temperatures, zsat
(∆T = 2.5 K) was chosen as the origin of the z-axis.
scattering function Fs (q, t). Exemplarily this is shown for ∆T = 4.5 K in Fig. 4.7 but the
same qualitative behavior is also found for the other temperatures considered in this work.
Near the surface (φ < 0.2 (gas phase), particles shown in red in Fig. 4.6a) the dynamics
is diffusive with the diffusion coefficient is almost identical to that of isolated particles.
The small deviations from a strictly linear MSD at larger times is due to the attractive
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Figure 4.7: Depth-resolved dynamical properties. a, Mean squared displacement
(MSD) and b, intermediate scattering function Fs (q, t) for different z values (in units of
σs ): -25, -15, -5, 5, 15, 25, 35, 45, 55, 65, 75, 85, 95 (in the direction of the arrow) where
q = 1.45 µm−1 corresponds to the first peak in the structure factor at φsat . Each bin is
averaged over a width of z ± 5 σs . The data is taken at ∆T = 4.5 K.The black solid line
in (a) corresponds to the slope equal to 1.
particle interaction, which can lead to the temporary formation of small particle clusters.
With increasing z, the dynamics remains diffusive but with a gradually decreasing diffusion coefficient (Fig. 4.7a). In this range, the corresponding Fs (q, t) rapidly decays to
zero (Fig. 4.7b), suggesting a liquid layer. At even larger depths (i.e. larger φ) particle
displacements require increasingly cooperative rearrangements, leading to a sub-diffusive
behavior [183]. Such cooperative behavior is reflected by the significant increase of the
decay time of Fs (q, t). This region is therefore a supercooled liquid. At depths z > 35 σs
the MSD and Fs (q, t) exhibit plateau-like structure, indicating that the dynamics of particles is dominated by the cages formed by their neighbours as being characteristic for
bulk glasses [184].
Since the particle area fraction gradually increases from the surface towards the bulk, the
observation of a smooth crossover (liquid → supercooled liquid → glass) could have simply
reflected the density difference of phases in a disordered colloidal system. This, however,
is not in agreement with our results. Opposed to the area fraction which saturates for
∆T = 4.5 K at z ≈ 18 σs (Fig. 4.6f), pronounced variations in Fs (q, t) are clearly visible
even below z ≈ 65 σs (Fig. 4.7b). Such decoupling of the intermediate scattering function
from the area fraction is not observed in bulk glasses and must therefore originate from
the presence of the surface.
The cage effect as a function of z can be quantitatively evaluated by taking the first
(logarithmic) derivative of MSD as a function of t (Fig. 4.8). When the cage forms, the
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Figure 4.8: Slope of MSD. The first (logarithmic) derivative of MSD as a function of
t for different depths and for a temperature ∆T = 4.5 K. The time where the slope of
MSD reaches a minimum at larger depths (about 30 s) corresponds to the beta relaxation
time.
first (logarithmic) derivative of the MSD decreases at short times and then increases again
at long times. The minimum in the first (logarithmic) derivative of the MSD becomes
increasingly pronounced at large depths and corresponds to the plateau of the MSD [184].
From the position of the minimum, the beta-relaxation time [189] has been determined
to be 30 s. Similar values of the beta-relaxation time, variance less than 10% can be
obtained for different temperatures considered in this chapter.

4.4

Non-monotonic dynamical length scale near the
surface

As discussed in section 4.3, the properties of glassy surfaces are difficult to be extracted
quantitatively due to lack of symmetry breaking and genuine phase transition between
glass and liquid. So it’s not possible to directly quantify the thickness of the surface
liquid layer as that in the case of crystal surface melting [147]. The length scale of
enhanced mobility caused by the free surface therefore is a non-trivial property that is
yet to be elucidated. In addition, because Fs (q, t) decays rather slowly at large depths, a
quantitative analysis of its characteristic decay time is difficult in the time scales of the
colloidal experiments.
In this section, I will delve more into the length scales at the glass surfaces using the
tools that have proved to be highly useful in bulk glass. Several dynamical length scales
co-evolve non-monotonically as a function of temperature, reaching a maximum value
near the glass transition point. The consistent trend of these length scales defined from
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different ways direct to a unified picture of complex surface-bulk coupling that has not
been observed in any crystal materials. The combination of surface melting experiments
with the analytical method in glass science gives elegant insight to the surface phase
behaviours of disordered solid materials.

4.4.1

The self-part overlap function and surface glassy layer.

The first quantity we use to characterize the length scale at the glass surface is the overlap
function and the relaxation time τs derived from it [73, 74]. The self-part of the overlap
function qs (t, z) (Eq. 4.2) measures how similar particle configurations remain after time
t over distance z [73, 74, 82]. This quantity displays a similar behavior as Fs (q, t) but
decays considerably faster. Overlap function has been proved to be an effective tool to
probe the dynamical length scales in various glass systems, including the random pinning
glass in both 3-dimensional [72] and 2-dimensional [82] situations, and in systems where
an interface between the bulk glass and a frozen wall exists [73, 74].
Figure 4.9a shows the temporal decay of qs (t) for increasing depth at a temperature
∆T = 4.5 K (qualitative similar results are observed over the entire temperature range
considered in this chapter). We define the corresponding relaxation times τs (z) as the time
where qs (t) = 0.4. As seen in Fig. 4.9b, τs (z) increases with z and eventually saturates at
τs
the temperature-dependent depth zsat
(∆T ), which marks the transition towards the bulk
φ
glass. Similar to Fs (q, t), τs (z) only saturates considerably below the depth zsat
where
the area fraction becomes constant (Fig. 4.9c). In the following we are referring to the
φ
τ
region zsat
≤ z ≤ zsat
as a surface glassy layer (SGL). Remarkably, the thickness of the
φ
τ
varies non-monotonically as a function of the temperature
SGL, i.e., lSGL = zsat − zsat
with a maximum at ∆T ≈ 4.5 K (Fig. 4.9d). This maximum is found to be close to the
bulk glass transition point (dashed vertical line in Fig. 4.9d and Fig. 4.2d). The observed
temperature-dependence of the thickness of the SGL as shown in Fig. 4.9d is rather robust
and also observed when the thickness of the SGL is determined from the depth to which
φ
the 10% fastest particles penetrate beyond zsat
(Fig. 4.10e).

4.4.2

φ
Distribution of 10% fastest particles beyond zsat
.

To study how the existence of a free surface influences the dynamical heterogeneities below
φ
zsat
, we characterized the 10% fastest particles within 333s in that region. Figures 4.10a-c,
φ
τs
shows snapshots at different temperatures with zsat
indicated as dashed and horand zsat
τs
izontal lines. Clearly, regions of fast particles are correlated with zsat
. Figure 4.10d shows
φ
the probability distribution pf ast (z) of fast particles for z ≥ zsat which monotonically
φ
decays and eventually saturates at depths much below zsat
(similar to what is observed
τs
for zsat
). From the distance where pf ast (z) saturates (i.e. where it approaches 98% of
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Figure 4.9: Overlap function and surface glassy layer. a, Time-dependence of the
overlap function for ∆T = 4.5 K for the following z values (in units of σs and in the
direction of the arrow): -20, -15, -5, 0, 10, 20, 30, 45, 80. b, Measured (symbols) and
averaged (lines) values of the depth-dependent relaxation time τs (z) for different temperatures. The solid lines correspond to smoothed experimental data obtained fromaveraging
τs
over 10 data points, each. Vertical dashed lines denote zsat
where τs (z) saturates. c,
φ
τs
Temperature-dependence of zsat
and zsat
with a surface glassy layer (SGL) in between.
φ
τs
For z ≥ zsat
we observe a bulk glass (BG) while for z ≤ zsat
a gas/fluid state is found. d,
Thickness of SGL lSGL as a function of the temperature with the transition point according to mode coupling theory shown as a vertical line.
the corresponding saturation value), we define the depth zf ast (∆T ) to which fast particles
φ
penetrate. Analog to the definition of lSGL we define lf ast = zf ast − zsat
. Remarkably,
lf ast displays a highly similar non-monotonic dependence on ∆T as lSGL (Fig. 4.10e ). We
note, that the value of lfast is only slightly affected by the choice of the time interval and
percentage threshold of fast particles, without alternation of non-monotonic trend (see
Fig. 4.11c and Fig. 4.12i).
As a system that is not in genuine thermodynamic equilibrium, the dynamical feature
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Figure 4.10: Penetration depth of 10% fast particles a -c, Fastest 10% particles
φ
(white) in the range z ≥ zsat
for ∆T = 3.5 K (a), 4.5 K (b), 5.5 K (c). Dashed and
φ
τs
solid horizontal lines correspond to zsat
and zsat
, respectively. d, Normalized probability
φ
φ
τ
distribution pfast of fast particles. e, Comparison of lf ast = zf ast −zsat
and lSGL = zsat
−zsat
which show a very similar non-monotonic behavior versus ∆T .
of glasses is usually sensitive to the time and length scales chosen to probe the system.
The coupling or decoupling at different scales usually reveals how the glass relaxes in
time and in space [3]. Moreover, previous studies show that the dynamic heterogeneity
and some of the properties of the fast clusters are sensitive to the choice of ∆t [190,
191]. To investigate how sensitively lf ast is influenced by the time interval and percentage
threshold, we conduct the same analysis of the fast particles described in Fig. 4.10, but
with different criteria (Fig. 4.11 and Fig. 4.12). The penetration depth of the fast particles
as a function of ∆T are then compared under these varied conditions.
To facilitate the comparison, I first recall some typical time scales of the 2D glasses in our
experiments. The β-relaxation time has been estimated to be 30s from the time where the
first (logarithmic) derivative of MSD as a function of time reaches minimum (Fig. 4.8).
The α-relaxation time is larger than 1000s (Fig. 4.2c). The chosen time interval should
be between the β- and the α-relaxation time to distinguish the caged (slow) particles and
those (fast) which are able to leave cages within such a time interval. Accordingly, we
choose the time interval as 333s. To investigate to what degree lf ast is influenced by the
time interval chosen between the β- and the α-relaxation time. We plot in Figs. 4.11a-b
the 10% fast particles at another two different ∆t, ∆t = 100s (Fig. 4.11a, where time
interval close to β-relaxation time), and ∆t = 933s (Fig. 4.11b, where time interval close
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Figure 4.11: Penetration depth of 10% fast particles for different ∆t a -b, Fastest
φ
10% particles (white) in the range z ≥ zsat
for ∆t = 100 s (a), 933 s (b). Dashed and
φ
τs
solid horizontal lines correspond to zsat and zsat
, respectively. c, Normalized probability
distribution pfast of fast particles.
to α-relaxation time). Remarkably, changes in the time interval only slightly affect the
depth on which the normalized probability distribution pf ast saturates, i.e. the lf ast only
changes within 5% (Fig. 4.11c).
The percentage threshold is set as 10% fastest particles since this criteria is frequently
used in the glass community [74, 26]. To investigate how sensitively lf ast is influenced
by the percentage threshold, in Figs. 4.12a-f, we color code the fast particles at different
selection criteria (5% (Figs. 4.12a-c), 20% (Figs. 4.12d-f)). The outcome is compared
with those in Figs. 4.10a-c (10%). Although the specific number of fast particles, size
of clusters and value of lf ast changes with the percentage threshold (especially when the
threshold changes to 20%), the thickness of the glassy surface layer lf ast shows the same
non-monotonic behavior, reaching a maximum near the TMCT (Fig. 4.12i).

4.4.3

Properties of clusters formed by the 10% fastest particles

The 10% fastest particles form clusters connected by nearest neighbours and move cooperatively within the same cluster, reminiscent the cooperative rearrangement regions
(CRRs) in bulk glass [192, 26]. However, these cooperative moving clusters discussed
here reflect the interplay of free surface and bulk glassy properties, which is different
from CRRs defined in bulk. As shown in Figs. 4.13a-c, the clusters are typically composed of compact core (red particles) and string-like shell (blue particles), similar to that
prevalently observed in bulk glasses [74]. The arrows shown in Figs. 4.13d-f indicate the
direction of particle motion and demonstrate that particles indeed move cooperatively
within such clusters. We have also calculated the the mean number of particles within
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Figure 4.12: Penetration depth of 5% and 20% fast particles a -c, Fastest 5%
φ
particles (white) in the range z ≥ zsat
for ∆T = 3.5 K (a), 4.5 K (b), 5.5 K (c).d -f,
φ
Fastest 20% particles (white) in the range z ≥ zsat
for ∆T = 3.5 K (d), 4.5 K (e), 5.5 K
φ
τs
(f ). Dashed and solid horizontal lines correspond to zsat
and zsat
, respectively. g -h,
Normalized probability distribution pfast of fast particles for 5% (g) and 20% (h) fast
φ
particles. i, Comparison of lf ast = zf ast − zsat
of 5%, 10% and 20% fast particles,which
show a very similar non-monotonic behavior versus ∆T . The time interval is 333s.

the clusters, < N >, as a function of ∆T (Fig. 4.13g). Similar to the thickness of the SGL
(lSGL ) and penetration depth of fast particles (lfast ), < N > exhibits a very comparable
dependence on ∆T with a maximum near TM CT .
This behavior supports our interpretation that the lSGL and lf ast become largest near
TM CT where the size of clusters is largest which then facilitates their percolation away
from the surface deep towards the bulk. In Fig. 4.13h we have plotted the number of
particles within the largest cluster, Nmax , as a function of its radius of gyration Rg =
P
1
( N1 i (ri − rmean )2 )− 2 where ri and rmean are the position of particle i and that of the
corresponding center of mass of the cluster. As seen by the power-law dependence, there
exists a scale-free process regardless of temperature. In general the radius of gyration of
clusters with particle number N should scale as Rg ∼ N d [193] , where the exponent d
changes between 1 and 2, depending on whether the clusters are entirely string-like or
compact. As shown by the two solid lines with slopes one and two, the clusters in our
experiments are composed of a mixture of string-like and compact morphology.
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Figure 4.13: Properties of fast moving clusters a - c, Typical morphology of clusters
for ∆T = 3.5 K (a), 4.5 K (b), 5.5 K (c). The particles that have more than 2 nearest
neighbors are marked red, others are marked blue. d-f, The same clusters with individual
particle displacement shown by blue arrow. The direction and length of the arrows represent the direction and magnitude of the displacement, respectively. g, Average number
of particles within clusters as a function of ∆T . h, Log-log plot of the maximum number
of particles Nmax within clusters as a function of the corresponding radius of gyration Rg
measured over 1000 frames. The black lines correspond to lines with slope 1 and 2.

4.5

Spatial distribution of highly mobile particles near
the surface

To understand the properties of the SGL in more detail, we have also studied the kinetics
of the surface melting process by investigating the spatially resolved particle mobility.
This is shown in Figs. 4.14a-c where we have color-coded the particles according to their
displacement ∆r within 333 s (this timescale has been chosen to be between the β and
the α relaxation time of the bulk glass and thus captures the cage-escape dynamics). As
expected, highly mobile particles are preferentially located near the surface (gas, liquid).
In addition, however, we observe regions with high particle dynamics extending considerφ
ably below zsat
. The penetrated region of the fast moving particles qualitatively matches
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the SGL, which is sandwiched by the dashed and solid lines in the Figs. 4.14d-f, and
shows the same non-monotonic trend with the temperature. The spatial distribution of
particle dynamics therefore gives a hint to the origin of the non-monotonic dynamical
length scales, i.e., the thickness of SGL.

Figure 4.14: Depth-dependent particle displacements.a -c, Typical snapshots with
particles colored according to their displacements within 333 s (being much larger than
the beta relaxation time τβ (<30 s) for three different temperatures (from left to right
∆T = 3.5 K (a), 4.5 K (b), 5.5 K (c)). The horizontal dashed and solid horizontal lines
φ
τs
correspond to zsat
and zsat
, respectively. The scale bar is 35 µm. d-f, Morphology of
clusters comprised of connected particles whose displacement is larger than 0.3 σs (from
left to right ∆T = 3.5 K (d), 4.5 K (e), 5.5 K (f )). Different (unconnected) clusters are
φ
τs
shown in different colors. Dashed and solid horizontal lines correspond to zsat
and zsat
,
respectively.
To characterize the vertical extension of such highly mobile regions, in Figs. 4.14d-f, we
show clusters comprised of connected particles (next neighbours) whose displacement is
larger than 0.3 σs . The threshold roughly corresponds to the cage size (Fig. 4.3) near
the glass transition temperature as obtained from the plateau value of the corresponding
MSD (Fig. 4.2b). Clearly, such clusters are fully connected to the surface and proliferate
deep into the disordered sample even beyond the depth where the area fraction saturates
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(dashed lines). The particles within connected clusters move in a cooperative fashion
(Figs. 4.13d-f), akin to cooperative rearrangement regions (CRRs) in bulk glasses [192,
26]. Figure 4.14 also provides a qualitative explanation for the observed non-monotonic
dependence of lSGL as a function of ∆T . At small ∆T the strongly reduced particle
motility near the surface is the limiting factor for the formation of such clusters. On the
φ
other hand, at large ∆T the proliferation range of clusters below zsat
becomes smaller since
dynamical correlations in glasses decrease when the effective temperature increases [194,
195, 196]. In combination, this leads to a maximum of lSGL as observed in our experiments.
It is worth mentioning that the morphology of the clusters composed of the fast moving
particles is highly irregular. At high ∆T , the cluster is string-like, penetrating along a
certain direction that probably has the lowest mechanical strength. At middle or high
∆T , network structures appear. This implies that the surface melting process of the glass
is highly non-trivial and is qualitatively different compared to that of crystals, which is
characterized by the layer-by-layer invading of the liquid region [197]. As demonstrated
in Fig. 4.14, the melting front of glass proceeds by the formation of irregular branched
regions of fast-moving particles which deeply penetrate into the material. The dynamical
heterogeneity in the glass surface melting reflects the highly heterogeneous local elasticity–
the melting occurs along the weakest paths embedded behind the homogeneous structure.
Such cooperative fast-moving regions are not only influencing the dynamics near the
surface of disordered materials but may even explain the unusual behavior of thin polymer
films which find use in many technical applications [198, 199, 200, 201].

4.6

Summary and discussion

Our results demonstrate that surface melting of glasses is qualitatively different compared
to crystals and leads to the formation of a surface glassy layer. This layer contains cooperative clusters of highly mobile particles which are formed at the surface and which
proliferate deep into the material by several tens of particle diameters beyond the region
where the particle density saturates. These observations could explain why the properties
of thin glassy films considerably deviate from their corresponding bulk properties [198,
199, 200]. It should be mentioned that our observations that cooperative fast-moving
clusters are dominating the dynamics near the surface of a colloidal glass is in excellent
agreement with previous ideas of de Gennes who also pointed out the importance of collective polymer motions for the behavior of free-standing polymer films [198]. In addition,
we find that lSGL exhibits a non-monotonic dependence of the particle attraction, i.e.
the effective temperature. Such behavior bears some interesting resemblance to recent
observations of the non-monotonic properties of the dynamic correlation length ξ dyn in
atomic and colloidal glasses [73, 74, 82]. Similar to ξ dyn which is determined in presence
of a frozen interface and which characterizes the properties of the bulk glass [73], the
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formation of a surface glass layer during surface melting also reflects the properties of the
underlying bulk material. Accordingly, we expect that the results of the surface melting
of a glass will be also relevant for the liquid-glass transition of bulk materials which is
still a matter of intense research.
The spatial distribution of highly mobile particles in the surface region during the melting
process is qualitatively different with the morphology of clusters composed of the fast
moving particles that has been intensively studied in the bulk glass. In the bulk, the
spatial distribution of dynamical heterogeneity is homogeneous, thus the location of stringlike or compact fast moving clusters (depending on temperature) [26] is random [67]. But
in the case of a glass with a free surface, the mobility of particles near the surface region
is much larger, and the fast moving particles interconnect with each other and percolate
the whole surface region. In crystals, the melting occurs in a layer-by-layer manner along
the crystal surface with the minimum elastic modulus. In glass, however, we found the
melting passage is not totally messy as the disordered structure. The percolated network
formed by the fast moving particles probably corresponds to the most fragile passage
from the glass surface, along which the melting occurs. The vanishing of the local elastic
modulus could be accompanied. It is therefore worthwhile to seek for spatial mapping
between the network formed by the fast moving particle and the local elasticity field in
the surface region.
Another direction that may be worth exploring in the future is the connection between
glass surface melting and cage formation. As shown in Fig. 4.7a the depth-resolved MSD,
sub-diffusive feature gradually established across the transient region, reflecting the cage
formation at the microscopic level. In the bulk glass, the local environment of a single
motif is overall homogeneous. The caging force a particle senses from its neighbours are on
average the same in every direction. However, near the surface region, the particles move
faster near the surface and slower near the bulk. So the caging force on each particle
is now asymmetric, generally stronger at the bulk side. Answering the question how
asymmetric caging is coupled with the surface melting behaviors of glass could give hint
to the microscopic theory that explains the glass surface. Experimentally, microrheology
methods that have been proved to be powerful to probe the mechanical properties of
glasses [184] could possibly be adapted when studying the surface behaviours.
Opposed to surface melting of crystals in which the dimensionality matters [147], in
general the behavior of glasses are much less dependent on the dimensionality of the
system [202, 203]. Accordingly, we expect, that our findings remain valid also when
considering three-dimensional glassy system. We therefore prudently expect the nonmonotonic length scale and highly heterogeneous dynamics near the glass surface in our
experiments to be observed in some other glassy systems as well.
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Chapter 5
Phase behaviors of colloidal
ellipsoids with critical Casimir forces
In this Chapter, I will report systematic studies on the phase behaviors of ellipsoidal particles with critical Casimir forces (CCFs). Due to the CCF and the shape anisotropy, the
attractive interaction between the ellipsoidal particles is curvature-dependent (Chapter
3). The novel particle interaction enables the assembly of phases that have not been
experimentally observed in the ellipsoid system at the same aspect ratio. For different
aspect ratios, nematic liquid crystals (NLCs) with aspect ratio ϵ = 4.08, crystals with
both translational and orientational order (CTOOs) with ϵ = 1.26, and rotator crystals
(RCs) with ϵ = 1.26 are observed. Using the same method in Chapter 4, the bulk
phases with a free surface can be achieved. Surface melting of the three phases mentioned
above and the depth-resolved structure and dynamic properties are investigated. In all
three systems, typical surface premelting is observed with identified bulk melting temperature. For the system with the disorder in a certain degree of freedom, i.e., NLCs and
RCs, decoupling between dynamics in translational and rotational degrees occurs near the
surface region. Remarkably, the decoupling length scale evolves non-monotonically with
temperature. Such decoupling does not occur in completely ordered systems like CTOOs
and crystals.

5.1

Background

The general background of the bulk liquid crystal and plastic crystal phases has been
presented in the introduction part (Chapter 1). Here, I will first present the phase
behaviors of colloidal hard ellipsoids, followed by the surface melting of liquid crystals.
The phase diagram of hard ellipsoids was firstly predicted by Daan Frenkel et al. in
1984 [204] and has been constantly revisited during the past three decades [205, 206, 207].
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In general, the system is expected to form equilibrium phases of isotropic fluid, nematic
liquid crystal, plastic crystal, and crystal phases, depending on the packing fraction and
the aspect ratio of the particles. The phase diagram of hard ellipses in 2D [208] is shown
in Fig. 5.1. Similar to the hard-sphere system, sometimes the hard ellipsoidal system
is trapped in the glassy state under high packing fraction or low temperature [209, 210,
211]. Under these conditions, the dynamics of the system is greatly reduced, preventing
the system from relaxing into the equilibrium state. In practice, the crystallization is
avoided due to several possible reasons, e.g., intrinsic sample polydispersity [210]. Thus,
the experiments with hard ellipsoids typically reach a glass state [212, 141, 213]. Adding
short-ranged attraction by depletion force will significantly change the glass transition
point, but won’t facilitate the crystallization [214]. The nematic phase formed by ellipsoids
with aspect ratio 7 is realized in 3D experiment [215], which is much larger than the value
expected from theory and simulations. Compared with the hard ellipsoids, the phase
behaviors of ellipsoids with attractive interaction have not been fully addressed in either
theory or colloidal experiments.
Different from the glass material discussed in Chapter 4, the transition from crystal,
liquid crystal and rotator crystal to isotropic liquid is a thermodynamic phase transition
with a well-defined melting temperature. Established by pioneers like Halperin [216], Nelson [217], Young [218], the theoretical framework of 2D melting is a powerful tool to study
the phase transition of the relevant phases here. The melting transition and the melting point can be identified by measuring the temperature dependence of thermodynamic
variables like density and order parameters. When the system transforms from solid to
liquid, physical quantities like density, elastic moduli and orientational order parameters
will undergo a discontinuous drop at the melting point (Tm ). A similar discontinuous
increase will occur in the reverse crystallization process at the freezing point (Tf ). In the
first-order melting or crystallization transition, Tm and Tf do not coincide. The solid and
liquid phases coexist in the temperature range between Tm and Tf . There is no coexistence between solid and liquid in the continuous phase transition. The length scale of the
daughter phase diverges (or freezes) at Tm (or Tf ). Another quantity that is highly useful
for characterizing the melting transition is the susceptibility of the order parameter. This
quantity reflects the degree of fluctuation of a system [219]. When a thermodynamic
phase transition occurs, the structural change will greatly enhance the fluctuation. Accordingly, the susceptibility will reach a maximum at Tm , which remains a finite value for
the first-order phase transition but diverges for continuous phase transition.
So far, the surface melting in the liquid crystal systems is mainly focused on the effect
that the molecules near a solid surface are more disordered compared with the bulk
due to the so-called ‘anchoring’ effect [220]. The anchoring effect is the phenomenon
that the substrate is able to lock the liquid crystal molecules to a certain orientation,
which has been reported in both theory and experiments [221, 222]. Based on this effect,
substrates with different symmetries are designed to adjust the surface structure of the
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Figure 5.1: Phase diagram of 2D hard ellipses. The disks case is given for aspect
ratio ϵ = 1. There are several transition types. These are: isotropic-plastic, isotropicsolid, isotropic-nematic, nematic-solid, and plastic-solid. Square pairs are employed to
point out the limits of first order transitions and single circles are used for continuous
transitions (the only exceptions to this notation are the plastic-solid transition for ϵ = 1.4
and 1.5, which are found to be discontinuous. This figure is adapted from Ref. [208].

liquid crystals and therefore control their optical properties [223, 224]. Sheng et al.
explained the anchoring phenomenon based on the Landau-de Gennes theory by assuming
strong anchoring of ordered LC molecules near the surface, and observed surface ordering
of LC molecules over the entire range of temperatures [221], a phenomenon called ‘surface
prewetting’ [225]. On the other hand, When the surface is rough, the transition from NLC
to IL occurs due to rapidly varying director anchoring near the surface [226], leading to
a phenomenon called ‘surface premelting’. This surface melting was first experimentally
detected [227] and then understood by theory [228, 229]. Compared with the surface
melting of liquid crystal with a solid substrate, the situation of the free surface has been
much less studied. Similar to crystals and glasses, it is reasonable to expect that surface
melting will occur at the free surface of liquid crystals and plastic crystals.
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5.2

Methods

The sample preparation procedure and the experimental setup for this section are the
same as reported in Chapter 2. The fabrication of the ellipsoid colloids is described in
Chapter 3. The method of creating a bulk phase with a free surface is the same as that
we adopted for the glass surface study in Chapter 4. And the analysis methods about
the structure and dynamic properties are the same as we used in Chapter 4 except that
for the local density.
The quantification of the local density of the ellipsoidal particles is based on the Voronoi
area of individual particles similar to the spherical particles described in Chapter 4
(Section 4.2.3). Different from that of spherical particles, the anisotropic shape of ellipsoids invalids the classical Delaunay triangulation method because the plumb lines of the
centroid connections will cut the body of the ellipsoids. Radical Voronoi tessellation [187,
188] was developed for binary spherical particles, but still, this method is not suitable for
the ellipsoids.
To address this dilemma, we adopted the watershed algorithm [230] for Voronoi cell construction of the ellipsoids. The watershed algorithm has been used in image processing
primarily for object segmentation purposes. In this method, gradient operators are applied to the mass center of the objects. The positions at which the operator of one
object meets with those of others are regarded as the basin of this object. The basins
between the objects are called ‘watershed’ [231]. The watershed algorithm has proved to
be highly useful for the practical situations of cell segmentation in cell biology [232] and
grain detection in metallurgy [233] and granular materials [234].

Figure 5.2: Voronoi tessellation based on watershed algorithm. a, Snapshot of a
bulk nematic liquid crystal (NLC) composed of ellipsoids with ϵ = 4.08, inset: schematic
of typical watershed algorithm. b, Snapshot of a NLC same as (a) with a free surface. c,
Snapshot of a crystal with both translational and orientational order (CTOO) composed
of ellipsoids with ϵ = 1.46 with a free surface. The red lines represent the edges of Voroni
cell.
As shown in Fig. 5.2, the outcome of watershed-based home-built code for Voronoi con68

struction works in a satisfactory manner in the ellipsoidal system with different aspect
ratios. The basins (red lines) obtained by the watershed algorithm enclose the body of
the ellipsoid without cutting into others. Therefore, we use the basin of each ellipsoid as
the edge of its Voronoi cell. The outcome is accurate for both bulk and surface regions,
exhibiting larger Voronoi cells near the surface (Figs. 5.2b-c).

5.3

Bulk phases for different aspect ratios

The ellipsoidal colloids with different aspect ratios exhibit rich two-dimensional bulk phase
behaviors upon tuning the strength of the CCFs and the packing fraction. The three major
phases are summarized in Fig. 5.3. For ellipsoids with aspect ratio ϵ = 1.26, a rotator
crystal (RC) phase is formed (Fig. 5.3a). The ellipsoids are arranged into crystalline
structures in the translational degree of freedom with sixfold symmetry. However, in
the rotational degree of freedom, the particle orientations are randomly distributed. The
color-coded image with the orientational order parameter clearly reflects the randomness
in particle orientation (Fig. 5.3d). For ellipsoids with ϵ = 1.46, a crystal phase (CTOO)
is observed. The particles are arranged into a periodical structure with translational and
rotational order. For highly elongated ellipsoids with ϵ = 4.08, a nematic liquid crystal
(NLC) phase is formed. The particles show no transnational order, but are aligned into
a certain orientation. The color-coded plots elucidate the phase boundaries between
domains with different orientations in crystal and liquid crystal phases.

Figure 5.3: Snapshots of bulk phases formed by ellipsoids with critical Casimir
interactions at ∆T = 2.5 K. a, Snapshot of a rotator crystal (RC) formed by attractive
ellipsoids with aspect ratio ϵ = 1.26. b, Snapshot of a crystal with both translational and
orientational order (CTOO) formed by ellipsoids with ϵ = 1.46. c, Snapshot of a nematic
liquid crystal (NLC) formed by ellipsoids with ϵ = 4.08. The color is labelled by cos(θ),
where θ is the orientation of the individual ellipsoids. The scale bars are 10 µm.
The radial distribution function quantitatively confirms the phases we observed from the
raw image from the structural aspect. For both RC and CTOO, the radial distribution
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function show multiple peaks at periodic distances (Figs. 5.4a-b), reflecting the periodicity
of motifs in a crystal. On the contrary, the g(r) for NLC shows one peak (Fig. 5.4c),
reflecting the lack of long-range order in the translational degree of freedom.

Figure 5.4: Radial distribution functions g(r) of bulk RC (a), CTOO (b) and NLC (c)
phases.
We delve more into the structural characters of the RC, CTOO, and NLC phases by
color-coding the particles with different order parameters: ψ6 and ψθ that are introduced
in Introduction. These color-coded images are able to offer straightforward information
on the spatial distribution of order parameters.

Figure 5.5: Snapshots of a rotator crystal (RC) formed by attractive ellipsoids
with aspect ratio ϵ = 1.26. a-c, Color coded images according to orientation cos(θ),
local bond orientational order parameter ψ6 , and local orientational parameter ψθ , respectively. The scale bar is 20 µm.
For the RC formed by ellipsoids with ϵ = 1.26, the grain boundaries between domains can
be revealed by the 6-fold orientational order parameter ψ6 (Fig. 5.5a), which is a typical
order parameter of the crystal. The homogeneous distribution of the particle orientation
and orientational order parameter ψθ reflects the disordered structures in the rotational
degree of freedom (Figs. 5.5b-c). Note that rotator crystals have also been observed in
colloidal systems with oblate particles [235] and Janus particles [236]. Janus particles
with different surface properties at the two hemispheres are able to form plastic crystals
that exhibit glassy properties in the rotational degree of freedom [236]. It is also reported
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in colloidal experiments that when the interaction range of the charged rod-like particles
becomes large enough, the particles can establish translational order while remaining free
to rotate at the crystal lattice [237].

Figure 5.6: Snapshots of a crystal with both translational and orientational
order (CTOO) formed by attractive ellipsoids with aspect ratio ϵ = 1.46. ac, Color coded images according to orientation cos(θ), local bond orientational order
parameter ψ6 , and the local orientational parameter ψθ , respectively. The scale bar is
20 µm.
For the CTOO, the particles align in the same direction within large domains. This feature
can be captured by coloring the orientation and orientational order parameter ψθ shown
in Figs. 5.6b-c. Interestingly, the domains with different colors (Fig. 5.6b) share the
same lattice points (non-blue particles in Figs. 5.6a), which is the characteristic of crystal
twinning [238]. The surface along which the lattice points are shared in twinned crystals
is called a composition surface or twin plane [239]. The twin plane can be visualized by
the light green wall between dark blue domains in Fig. 5.6c.

Figure 5.7: Snapshots of a nematic liquid crystal (NLC) formed by attractive
ellipsoids with aspect ratio ϵ = 4.08. a-c, Color coded images according to orientation
cos(θ), local bond orientational order parameter ψ6 , and local orientational parameter ψθ ,
respectively. The scale bar is 20 µm.
The situation for the NLC is on the opposite side of RC. As shown in Fig. 5.7, the
spatial distribution of the ψ6 is totally homogeneous (Fig. 5.7a), reflecting that the system
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lacks the translational order. In contrast, the domains with the same orientation can be
observed within which the particles are aligned in the same direction (Fig. 5.7b). And
the orientational order parameter ψθ is large over the whole field view (Fig. 5.7c). We
note that liquid crystal and crystal phases has been observed in rod-like colloids. For
the hard rod system, the entropy forces drive the particles to align. After Onsagar’s first
theoretical prediction in 1949 [240], the phase behaviors of the colloidal rods have been
intensively studied in both experiments and simulation [241, 242, 243, 244]. More than
the nematic phase, the rods can form different smectic phases [242], which is impossible
for an ellipsoidal system.
The two-dimensional phase behaviors of the ellipsoids that interact through the CCFs can
be summarised in Fig. 5.8. As the aspect ratio increases, the anisotropy of the particle
shape and interaction becomes large, the translational order, in general, becomes harder
to maintain. Consequently, crystal, RC, CTOO, and NLC phases emerge subsequently.
Note that the ellipsoidal system with attractive interaction induced by depletion force
still forms glass phases [214], which indicates that orientational order established with
CCFs in our experiment is a consequence of the highly non-trivial anisotropic CCFs thus
more than the clustering effect generated by other types of attractions, e.g., depletion
forces. Typical potentials that have been used to simulate liquid crystalline systems need
some anisotropic, e.g. the Gay-Berne potential [245], which is an anisotropic form of
the Lennard-Jones potential [246]. Therefore, the anisotropic interaction is expected to
facilitate the alignment and the establishment of orientational order. From this perspective, the anisotropic (curvature-dependent) critical Casimir force (Chapter 3) between
ellipsoidal particles could assist the assembly of liquid crystal, plastic crystal and crystal
phases, which has not been observed in previous experiments.

Figure 5.8: Schematics of phases formed by ellipsoids with the critical Casimir forces of
different aspect ratios in 2D.
From the perspective of energy minimization, the free energy of a system can be written
as F = U − T S, where U is the summary of the pair potential between particles and
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S is the entropy. The increase of attractive strength or increase of entropy will help
minimize the free energy and thus facilitate the ordering. As shown in Chapter 3,
the ellipsoidal particles exhibit unique curvature-dependent interaction with the CCFs,
which greatly facilitates particle alignment. The degree of anisotropy of the interaction
is larger when the aspect ratio is large. The bulk phases for different aspect ratios can be
understood by joint consideration of the two factors above. For ellipsoids with ϵ = 1.26,
the difference of attraction strength between the side-side and side-tip configuration is
small. Therefore, after the translational order is established under low temperature, the
entropy term dominants. The randomness in the rotational degree of freedom endows
higher configurational entropy to the system and thus lowers the total free energy. As a
consequence, the RC phase is observed. For ellipsoids with ϵ = 1.46, the force difference
between configurations becomes large. Side-by-side alignment reduces the sum of the pair
potential and leads to the formation of CTOO. For ellipsoid with ϵ = 4.08, the alignment
effect is dominant. At the same time, the disorder in the translational degree of freedom
increases the configurational entropy. As a compromise, the NLC phase is formed.

5.4

Melting of NLC, CTOO and RC with a free surface

With the knowledge of the bulk phase behaviors of ellipsoids with CCFs discussed in
Section 5.3 and the method to create a bulk phase with a free surface with CCFs
in Section 4.2, I will present in this section the properties of the three bulk phases
discussed in Section 5.3 (NLC, CTOO and RC) with a free surface. In analogous to the
cases of crystal and binary glass, premelting from the surface below the bulk transition
temperature is also expected to occur in the phases composed of the anisotropic particles.
Compared with spherical particles, in which only the transnational motion needs to be
considered, the ellipsoids have additional rotational degrees of freedom. And both the
transitional and rotational motions can be further decomposed into the directions along
and perpendicular to the major axis of the particles. These additional degrees of freedom
are expected to play roles in the surface-bulk coupling. They, therefore, make the surface
melting of the phases composed of the ellipsoidal particles challenging to be elucidated.
In this section, experimental results of the surface melting of NLC, CTOO and RC will
be reported.
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5.4.1

Surface melting of NLC, Nematic liquid crystal to isotropic
liquid transition (NIT)

The bulk phase assembled by ellipsoids with ϵ = 4.08 is a nematic liquid crystal (NLC).
Figure 5.9 shows the real space snapshots of the NLC with a free surface for six different
temperatures. The particles are color-coded according to their orientation. Clearly, at
low temperatures, the particles are aligned in the same orientation and form large nematic domains that share the same color, which remains almost the same size in a broad
temperature range (Figs. 5.9a-e). As the temperature increase to ∆T = 4.5 K, the domains with the same color suddenly disappear, implying a transition from the NLC to
IL. The sharp NLC-vapor interface becomes vague in the same temperature range and
eventually disappears at ∆T = 4.5K. A melting of NLC occurs heterogeneously from the
free surface, i.e., surface melting.

Figure 5.9: Surface melting of a nematic liquid crystal (NLC) composed of
attractive ellipsoids with aspect ratio ϵ = 4.08. Snapshots of NLC with a free
surface for different ∆T (2 K (a), 2.5 K (b), 3 K bf (c), 3.5 K (d), 4 K (e), 4.5 K (f )),
the color represents the value of cos(θ), where θ is the individual orientation of ellipsoids.
The scale bar is 20 µm.
The surface melting of NLC can be quantified by the averaged profiles as a function of
depth, z, a direction that perpendicular to the NLC-vapor interface (Fig. 5.10). The
method to obtain the surface profiles is the same as that of the glass surface described
in Section 4.2.3. As shown in Fig. 5.10a, the area fraction φ profiles increase with the
depth z and saturate when φ reaches the bulk value. The curves only change slightly with
temperate when T < 4.5 K. However, after ∆T = 4 K, the overall shape of the curve is
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qualitatively changed. The bulk density drops from 0.73 to around 0.60. A similar trend
is observed in the profiles of averaged local nematic order ⟨s(i)⟩ with z for different ∆T .
The saturate position gradually shifts to larger z with increasing ∆T and the saturated
(bulk) value of ⟨s(i)⟩ drops suddenly around ∆T = 4 K (Fig. 5.10b). This is consistent
with the density profiles and real space observation in Figs 5.9.

Figure 5.10: Depth-resolved structure properties. a, area fraction φ, b, averaged
local nematic order parameter ⟨S(i)⟩, as a function of z for different ∆T .
The depth-resolved structure properties suggest the existence of a genuine phase transition
from NLC to IL. To further identify the transition point between the two phases, the
properties of the bulk NLC as a function of temperature are quantified. When there is a
phase transition from one to another, a significant change of the ensemble average of the
bulk properties co-occurs, e.g., a sudden drop of order parameter reflects the symmetry
breaking of the motif arrangement in real space. In Fig. 5.11, the ensemble-averaged
area fraction, φ (Fig. 5.11a), and the averaged local nematic order, ⟨s(i)⟩ (Fig. 5.11b),
decreases with ∆T , being more rapidly near ∆T = 4 K. In addition to the structural
properties, the dynamics of bulk NLC, the value of MSD at dt = 90 s (characteristic time
corresponding to the minimum time of the first derivative (logarithmic) of MSD), is plotted
as a function of ∆T in Figs. 5.11c. Both transnational and rotational MSD dramatically
increase near ∆T = 4 K without any sign of delay between the two curves (Fig. 5.11c).
The temperature dependence of all three quantities points to a thermodynamic phase
transition near ∆T = 4 K. Near the transition point, the decrease of local density is a
sign of the lattice expansion in crystalline solid [147].
To quantify the dynamical properties during the surface melting, depth-resolved MSD
values are calculated by averaging the MSD values (at dt = 90 s, which correspond to the
minimum time of the first derivative (logarithmic) of MSD) of individual particles inside
the slice that is parallel to the surface (with a thickness of 2 σs ). To make the trend
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Figure 5.11: Properties of the bulk NLC. a, Dependence of bulk area fraction φ, d,
bulk averaged local nematic order ⟨S(i)⟩, with ∆T . c, Dependence of translational and
rotational MSD at dt = 90 s with ∆T .
of profiles in translational and rotational degrees more comparable, normalized data are
presented in the same plot for different temperatures (Figs. 5.12a-c). For all temperatures,
the MSD profiles in rotational degree decay faster than that in translational degree and
reach the bulk value at smaller z. The faster decay of rotational MSD is probably due to
the rotation of the particle being frozen by the attraction-induced alignment within the
nematic domain. The rotational motion, thus requires the cooperative rearrangement that
involves several particles, which increase the energy barrier. While for the translational
degree, the frequent slip motion along the major axis in the nematic domains occurs even
in bulk. This instinctive ‘liquid-like’ nature in translational degree makes it easier to
deliver the fast dynamics near the free surface to bulk.
We define the difference between the translational and rotational MSD curves when the
normalized MSD decays to a certain value as the thickness of the decoupling region
∆z. Remarkably, the thickness of the decoupling region evolves non-monotonically with
temperature, reaching a maximum near the melting point (∆T = 4 K) (Fig. 5.12d).
The trend is robust regardless of the threshold chosen to define ∆z. The non-monotonic
trend is reasonable considering the two extreme cases. At extremely low temperatures
(when the attraction is strong), the dynamics in both translational and rotational degrees
are frozen even near the free surface, leading to small decoupling. On the other hand,
no decoupling should exist when the temperature is large, especially after the NLC-IL
transition point. The coinciding of the peak position of ∆z with Tm could come from
the interplay of free surface and NLC-IL bulk phase transition. When increasing ∆T , the
nematic domains keep until ∆T reaches Tm , thus the fast dynamics near the free surface
in rotational degree has finite penetrating length to the bulk until it suddenly diverges
near Tm . While the penetrating lengths in translational degree gradually increase with
∆T . Jointly, these two effects result in the maximum decoupling near Tm .
To further investigate the depth-dependence dynamic properties near the free surface, we
decomposed the particle motion into the directions along the major axis (xa ) and minor
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Figure 5.12: Normalized translational and rotational MSD at ∆t = 90 s as a function of
the depths z, with ∆T (2 K (a), 3.5 K (b), 4.5 K (c)). e The difference ∆z between the
z-dependence translational and rotational MSD as a function of ∆T , where the ∆z are
defined by different threshold: normalized value reaches 0.05, 0.1 and 0.2, respectively.
All of them show the non-monotonic dependence with ∆T .

axis (yb ) of the ellipsoidal particles and calculated the MSD in these two degrees of freedom
as a function of z. For all temperatures, the z-dependent MSD profiles along the yb
direction always decays faster than that along the xa direction and reach the bulk value at
smaller z (Figs. 5.13a-c). This trend is reasonable because, within a nematic cluster where
particles are highly aligned by the attraction, the slip along the major axis is much easier
than the movement perpendicular to it. Likewise to the observation in Fig. 5.12d, the
thickness of the decoupling region exhibits robust non-monotonic temperature dependence
peaking near the melting point (Fig. 5.13d). As mentioned above, the motion along the
minor axis yb is more strongly confined by the alignment of nematic domains compared
to that along the minor axis xa , leading to a smaller penetrating depth of fast dynamics.
Therefore, similar non-monotonic behavior to that between translational and rotational
motions emerges.
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Figure 5.13: Normalized MSD along xa and yb at ∆t = 90 s as a function of the depths
z, with ∆T (2 K (a), 3.5 K (b), 4 K (c)). e The evolution of the difference ∆z between
the z-dependence MSD along xa and yb with ∆T , where the ∆z are defined by different
threshold: normalized value reaches 0.05, 0.1 and 0.2, respectively. All of them show the
non-monotonic dependence with ∆T .

In summary, we observed the surface melting of NLC with a non-trivial decoupling between dynamics in translational and rotational degrees near the surface. The dynamical quantities in different degrees of freedom saturate at different depths. Furthermore,
the thickness of the decoupling region depends non-monotonically with temperature and
reaches the maximum near the bulk melting point. These observations suggest that
the bulk phase transition profoundly influences the surface melting of NLC. The nonmonotonic behavior of decoupling is reminiscent of the non-monotonic thickness of SGL
that emerges at the glass surface, which is discussed in Chapter 4. Similar to the dynamic correlation length ξdyn [73, 74] in glass with a frozen interface, which characterizes
the properties of the bulk glass [73], the non-monotonic behavior of decoupling observed
near a free surface of NLC might reflect the properties of bulk NLC and bulk NLC-IL
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transition. Compared with glass, the bulk NLC-IC transition is a thermodynamic phase
transition with a clearly defined melting point. Fluctuation of a system will be greatly
enhanced and maximized at the transition point, which could contribute to the observed
non-monotonic behavior in the surface region.

5.4.2

Surface melting of CTOO

The bulk phase assembled by ellipsoids with ϵ = 1.46 is a crystal with both translational
and orientational order (CTOO). Compared with crystals composed of spherical particles, CTOO is closer to the behaviors of real molecular crystals where the orientation of
the molecules must be compatible with the translational symmetry of the lattice [247].
The CTOO melts into isotropic liquid (IL) when the effective temperature increases. Immediate questions of interest will emerge, including how the translational and rotational
motions interplay during the melting process and how the existence of a free surface influences the phase behaviors of CTOO. In this section, I will report the surface melting
of CTOO. Unlike NLC, the evolution of order parameters and dynamics as a function of
depth z (a direction perpendicular to the surface) in CTOO are coupled.
Figure. 5.14 shows the real space snapshots of CTOO with a free surface for different
temperatures, ∆T . The ellipsoids are colored according to the local ψ6 . Crystal domains
with a higher translational order ψ6 exhibit red color, distinguishing themselves from
the disordered liquid (blue and green particles). As temperature increases, the CTOO
melts heterogeneously from the free surface. From the real space observation, the general
scenario of the surface melting of CTOO is compatible with that of crystals composed of
spherical particles [147]. This is quite reasonable because CTOO is essentially a crystal
phase.
To quantify the real space observation, depth-resolved profiles of φ(z), ψ6 (z) and ψθ (z)
are calculated. As shown in Fig. 5.15, the three profiles exhibit a similar trend with
temperature. The values of profiles increase with z and saturate when they reach the bulk
value. The saturate positions shift to larger depths at higher temperatures, corresponding
to the growth of the surface liquid layer. Near ∆T = 4.0 K, the shape of all three profiles
qualitatively changes. This qualitative change of profiles and sudden drop of bulk values
imply a thermodynamic phase transition from CTOO to IL. Note that the qualitative
change of profiles in translational order parameter ψ6 (z) and that in orientational order
parameter ψθ (z) are at the same point of ∆T = 4.0 K. This suggests that the surface
melting of CTOO has a one-step kinetics: the translational and rotational orders are
highly coupled during the melting process and break down at the same point.
To identify the bulk melting transition from CTOO to IL, the ensemble-averaged properties of the bulk data are plotted as a function of temperature. As shown in Figs 5.16a-c,
φ, ψ6 and ψθ undergo a sudden drop at ∆T = 4.0 K, implying a phase transition from
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Figure 5.14: Surface melting of a crystal with both translational and orientational order (CTOO) composed of attractive ellipsoids with aspect ratio
ϵ = 1.46. Snapshots of CTOO with a free surface for different ∆T (2 K (a), 2.5 K (b),
3 K (c), 3.5 K (d)), the color represents the local bond orientational order parameter ψ6 .
The scale bar is 15 µm.

Figure 5.15: a, Depth-resolved particle area fraction ϕ for different ∆T . b, Depth-resolved
local bond orientational order parameter ψ6 for different ∆T . c, Depth-resolved local
orientational order parameter ψθ for different ∆T .
CTOO to IL. To further confirm the bulk transition point, we calculated the susceptibility, χθ , which is defined as χθ = limA→∞ A(⟨ψθ2 ⟩ − ⟨ψθ ⟩2 ) of the global orientational
P
order parameter ψθ = N −1 N
j=1 ψθ for N particles in the area A. Phase transition theory
predicts that the susceptibility reaches a maximum value at the transition point, being
finite in 1st order phase transition and diverging in continuous phase transition [248, 249,
147]. A finite peak can be observed at ∆T = 4.0 K, suggesting a transition from CTOO
from IL occurs near ∆T = 4.0 K. In brief, the bulk phase transition from CTOO to IL is
one step, with both the translational order and orientational order being simultaneously
destroyed at Tm .
To investigate whether translational order and orientational order are decoupled in space
when melting occurs from the free surface, normalized profiles of structural order parameters that reflect translational (ϕ6 ) and rotational (ϕθ ) orders are compared for the same
temperature. As shown in Fig. 5.17a, the normalized profiles of the two order parameters
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Figure 5.16: a, Dependence of bulk area fraction φ with ∆T . b, Dependence of bulk
averaged local bond orientational order parameter ϕ6 with ∆T . c, Dependence of bulk
averaged local orientational order parameter ϕθ with ∆T . d, Dependence of bulk susceptibility χθ with ∆T .

highly overlap in the surface region for ∆T = 3 K. The same qualitative behavior is also
found for the other temperatures below Tm . Dynamically, the normalized depth-resolved
MSD values at dt = 100 s in translational and rotational degrees are compared for the
same temperature. We choose dt = 100 s because it is the time scale of cage formation,
corresponding to the minimum time of the first derivative (logarithmic) of MSD. As shown
in Fig. 5.17b, the two curves do not show any lag between each other for ∆T = 3 K. The
trend holds for all temperatures we have probed. To sum up, both the depth-resolved
order parameters and dynamics show that the translational and rotational degrees of
freedom are highly coupled during the surface melting of CTOO.
In summary, during the surface melting of CTOO, the depth-resolved structure order
parameters and dynamics in translational and orientational degrees are coupled during
the surface melting. And in bulk, the transition from CTOO to IL is at the same point
in both degrees. Similar to glass and NLC that we have discussed in the previous section,
the phase behaviors of surface melting intrinsically reflect the properties of bulk and
bulk phase transition. The connections between the surface melting and bulk properties
of CTOO need to be further explored. In addition, another interesting question that
wroth to be further explored is the role of grain boundaries in surface melting. In the
case of CTOO, there are two types of grain boundaries, defined by the disruption of the
orientational and translational order parameters, respectively (see Figs. 5.6a,c). How
they will interact with the free surface during the melting has not been addressed either
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Figure 5.17: a, Normalized local bond orientational order parameter ψ6 and orientational
order parameter ψθ as a function of the depths z. b Normalized translational and rotational MSD at ∆t = 90 s as a function of the depths z. ∆T = 3K. There is no decoupling
between translational and orientational for both depth resolved order parameter and dynamics.
by theory or experiment.

5.4.3

Melting and surface melting of rotator crystal

The bulk phase assembled by the ellipsoid with ϵ = 1.26 is the rotator crystal (RC), a
type of plastic crystal with long-range order in translation but is disordered in rotation.
Evaluating from the dynamics, the bulk RC phase shares the characteristics of the crystal
in translational degree and liquid properties in rotational degree. Therefore, the surface
melting of RC is a mirror situation of NLC, which is a crystal in rotational degree but
liquid in translational degree. The transition from the RC to IL and typical surface
melting are observed, which will be discussed in this section.
Figure. 5.18 shows the snapshots of RC with a free surface under different temperatures. The particles are color-coded by the sixfold bond orientational order parameter ψ6
(Fig. 5.18). At low ∆T , melting occurs from the surface with the growth of the disordered surface liquid layer (Figs. 5.18a-d), which is characterized by the vanishing order
parameter and lower density. The invading liquid layer from the surface is a precursor of a
bulk phase transition. At ∆T = 4 K, the bulk melting transition occurs as the premelted
surface liquid layer thickness diverges and the crystal order is destroyed in the bulk region
(Figs. 5.18e-f).
The surface melting of RC is quantified by the depth-resolved φ and ψ6 (Fig. 5.19). The
φ(z) and ψ6 (z) profiles increase with z and saturate when they reach the bulk value.
At low temperatures, the bulk values almost remain constant. However, after ∆T =
4.0 K, the bulk values drop suddenly and the shape of profiles qualitatively changes.
The dramatic changes of φ(z) and ψ6 (z) at ∆T = 4.0 K suggests the occurrence of a
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Figure 5.18: Surface melting of a rotator crystal composed of attractive ellipsoids with aspect ratio ϵ = 1.26. Snapshots of RC with a free surface for different ∆T
(2 K (a), 2.5 K (b), 3 K (c), 3.5 K (d), 4 K (e), 4.5 K (f )), the color represents the
local ψ6 . The scale bar is 20 µm.
thermodynamic phase transition.

Figure 5.19: a, Depth-resolved particle area fraction ϕ for different ∆T . b, Depth-resolved
averaged local bond orientational order parameter < ψ6 > for different ∆T .
To investigate the transition from the RC to IL, we analyse the temperature evolution of
the bulk structural quantities. As shown in Figs. 5.20a-b, the ensemble averaged φ and ψ6
exhibit discontinuous drop at ∆T = 4 K. In addition, we calculate the susceptibility, χ6 =
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P
limA→∞ A(⟨ψ62 ⟩−⟨ψ6 ⟩2 ) of the global bond orientation order parameter ψ6 = N −1 N
j=1 ψ6j
for N particles in the area A. In Fig. 5.20c, χ6 reaches a finite maximum at ∆T = 4 K.
Therefore, we can conclude that the bulk RC-IL transition temperature, i.e. the melting
point Tm , is near ∆T = 4 K.

Figure 5.20: a, Dependence of bulk area fraction φ with ∆T . b, Dependence of bulk bond
orientational order parameter ψ6 with ∆T . c, Dependence of bulk susceptibility χ6 with
∆T .
With the well-defined Tm , the surface melting of RC is in good agreement with the scenario
of premelting of crystals, which Landau’s theory can explain based on the picture of liquid
wetting on the solid surface [250, 251]. The thickness of the premelted liquid layer can
be quantified by the difference between φ(z) and ψ6 (z) because φ(z) and ψ6 (z) should
decrease at the liquid-vapor and crystal-liquid interfaces, respectively. Figure. 5.21a shows
the profiles of ∆T = 3 K as an example, and same qualitative behavior is also found in
the other temperatures below Tm . There is a significant delay between the normalized
φ(z) and ψ6 (z). At the solid-liquid interface, the ψ6 (z) immediately decreases due to
the breakdown of translational order. The density keeps constant for about 10 σa before
decaying to the vapor value because the supercooled liquid near the solid-liquid interface
usually has a density close to that of a crystal. Here we define the thickness of premelted
liquid layer l(∆T ) as the difference between the two profiles when they decay to 0.6.
As shown in Fig. 5.21b, l(∆T ) increases in the power-law manner as a function of ∆T ,
exhibiting a characteristic complete surface premelting behaviour [250]. According to
the Landau theory, l(∆T ) diverges at the melting point (Tm ), reflecting the complete
invasion of the surface liquid layer. At this point, the genuine bulk melting transition
occurs heterogeneously from the surface. The fit of our data yields ∆Tm = 3.6 K. This
fitted results of the liquid layer from the surface data (Fig. 5.21b) shows good agreement
with melting point identified from the bulk data (Fig. 5.20c). The surface melting scenario
of the RC in the translational degree of freedom, therefore, complies well with that of a
crystal composed of spherical particles [147].
In addition to the structural properties, we also studied the dynamic properties during
the surface melting of RC. We analyze the z-dependent MSD in both translational and
rotational degrees. As shown in Fig. 5.22a, MSD translational degree exhibits strong z
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Figure 5.21: a, Normalized profile of φ(z) (blue square) and ψ6 (z) (red circle) for ∆T =
3 K. b, As the ∆T increases, the thickness of pre-melted liquid layer l(∆T ) increases as
power law dependence.
dependence, forming a broad transient region from fast-moving liquid (diffusive behaviour)
near the surface to the slowly moving solid (caged motion) in the bulk. In sharp contrast,
the MSD in rotational degree for different z remains highly homogeneous. The rotational
MSD is diffusive for all depths with slight differences (Fig. 5.22b). During the surface
melting of RC, the dynamics in the rotational degree of freedom is completely decoupled
with that in the translational degree of freedom.

Figure 5.22: a, Mean squared displacement (MSD) in translational degree, ⟨r2 ⟩; b, MSD
in rotational degree, ⟨θ2 ⟩; for different depths z (in units of σa ): 5, 15, 25, 35, 45, 55, 65,
75, 85, 95 (in the direction of the arrow). The black solid lines in (a) and (b) correspond
to the slope equal to 1. And ∆T = 2.5 K.
To investigate the connection between dynamic and structural properties, the spatially re85

solved particle mobility at different temperatures are compared with the spatially resolved
local bond order parameter. In Figs. 5.23a-c, the ellipsoids are color-coded according to
their translational MSD at dt = 89.3 s, which corresponds to minimum of first (logarithmic) derivative of MSD in translational degree as a function of time. A significant
gradient can be observed in the surface region, in consistent with the message from the
MSD curves in Fig. 5.22a. Besides the premelted liquid layer on the surface, particles
with faster dynamics also emerge in the bulk below Tm . In Figs. 5.23d-f, the ellipsoids
are color-coded according to the local bond orientational order parameter ψ6 . Comparing
Figs. 5.23a-c with Figs. 5.23d-f, the locations of the faster dynamics highly correlate with
the locations of the grain boundary. Approaching Tm , the faster dynamics expands along
the grain boundary, accompanied by the progression of premelted liquid layers from the
surface. As a defect, the grain boundary lowers the energy barrier of melting. Premelting
will also occur at grain boundaries below Tm . Interacted with the premelted liquid at
the free surface, the energy barrier could be further lowered if the melting occurs at the
connecting points between the grain boundary and the free surface. Therefore, the grain
boundaries could provide ‘easier’ melting routes for the premelted liquid layer invading
from surface to bulk.

Figure 5.23: Surface melting of a rotator crystal, formed by attractive ellipsoids
with aspect ratio ϵ = 1.26. Snapshots of RC with a free surface for different ∆T (2 K
(a),(d),3 K (b),(e), 3.5 K bf (d),(f)). a-c, The color represents the local ψ6 . d-f, The
color represents the local translational MSD ⟨r2 ⟩ at ∆t = 89.3 s. The scale bar is 20 µm.
As a brief summary, we experimentally studied the surface melting of the RC, the bulk
melting point Tm is identified. The premelting of the RC is a complete melting [250] with
the power-law divergence of the premelted liquid layer when approaching Tm . Although
the behavior in the translational degree is in consistent with the typical surface melting
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scenario of crystal, the motion in the rotational degree remains completely liquid-like. It
remains unexplored whether there is a liquid-liquid transition in rotational degree, whether
the interplay between motions in different degrees of freedom exists in RC and how such
interplay plays a role in the surface melting of RC. Moreover, microscopic pictures of
dynamics in translational degree indicate that the defects like grain boundaries could
provide ‘easier’ melting routes for the premelted liquid layer invading from surface to
bulk. The interplay between the free surface and grain boundaries during the surface
melting is worth further exploration in the experiment.

5.5

Summary and discussion

In this chapter, we investigated the behaviors of phases composed of ellipsoidal particles
with three different aspect ratios. Both bulk phases and surface regions are studied.
The critical Casimir forces endow curvature-dependent attractive interaction between
the ellipsoids and therefore lead to the bulk phases that are realized in the 2D colloidal
ellipsoidal system for the first time. These phases include NLC, CTOO and RC composed
of ellipsoids with ϵ = 4.08, ϵ = 1.46 and ϵ = 1.26, respectively. For all three phases, the
melting points Tm of the bulk transitions have been identified. As approaching Tm , typical
surface premelting is observed, characterized by the growth of the surface liquid layer.
As a summary for the surface melting of NLC, CTOO, RC in this chapter as well as
the glass discussed in chapter 4, the behavior of surface melting intrinsically reflects the
properties of the bulk phase. The decoupling between motions in different degrees of
freedom or between dynamics and structure during the surface melting well reflects the
corresponding decoupling in the bulk. Evaluating from a larger perspective, there exists
a general watershed that determines whether the decoupling between motions in different
degrees of freedom or between dynamics and structure occurs, depending on whether the
disorder occurs within a certain system. The surface melting of the CTOO compiles well
with that of the crystal composed of spherical particles. The melting in the translational
and rotational degree of freedom occurs simultaneously at ∆T = 4 K. The single-step
kinetics at the surface is consistent with that in bulk. Nevertheless, when disorder exists
in certain degrees of freedom, decoupling and non-monotonic behaviours emerge. Recall
in Chapter 4, in the binary glass system with a complete disorder, the structure and
dynamic quantities saturate at different z in the surface region. Moreover, the difference
between the two saturate positions evolves non-monotonically with temperature, reaching
a maximum near the glass transition point. For the NLC, the translational order is absent.
During surface melting of NLC, the translational and rotational MSD profiles saturate
at different z values, showing decoupling of motions in different degrees of freedom. The
decoupling length scale defined by the difference of the two profiles is non-monotonic
with temperature, peaking at the melting point. Similarly, such decoupling occurs in RC
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because the rotational motion is completely diffusive from the surface to the bulk.
It is worthwhile to test more systems, both by experiment and simulation, to what degree
of universality the connection between disorder and the decoupling induced non-monotonic
behavior is valid. As a place where the periodical boundary condition breaks, the free
surface probably has qualitatively different influences on the order and disorder. The
interplay between order and disorder could be an interesting topic to the theorist. Relevant
investigations could lead to a unified framework for solid materials with a free surface.
Another direction of interest is the interplay between the free surface and grain boundaries.
The existence of grain boundaries is widely applied to real materials. As places where
defects condensate, both free surface and grain boundary lower the energy barrier of
melting, making it starts at these positions below Tm . When the temperature increases,
the premelted liquid layer invades to bulk, leading to fast dynamic passages along grain
boundaries. The connection between the free surface and grain boundary during the
surface melting worth to be further explored.
Last but not the least, the connection between the character of the attractive interaction
and the phase behaviors could be more systematically studied. Previous studies show that
the range and shape of the pair potential qualitatively influence the phase diagrams. In our
system, as discussed in Chapter 3, the critical Casimir force endows curvature-dependent
interaction to ellipsoids which is unique compared with other types of isotropic attraction.
Accordingly, novel phases that have not been realized in ellipsoid systems are assembled.
It will be worthwhile to seek more systematically the connections between the anisotropic
attraction to the overall phase diagram. Moreover, the kinetics of the assembly process
can provide guidance to the design and fabrication of advanced materials. As an example,
preliminary results of the kinetics of assembly process can be found in Appendix.A.1
(Fig. A.2 and Fig. A.1). Although the CTOO to IL undergoes a one-step transition at the
same temperature, the transnational order develops prior to the orientational order during
the assembly process. More questions involve the kinetics or non-equilibrium process
worth to be explored. These include how the quenching rate will influence the assembly
process and the properties of the final phase; how significant differences of the assembly
process among ellipsoids with different aspect ratios is determined by the anisotropy of
the potential.
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Chapter 6
Summary and outlook
As the ending chapter of this thesis, I will summarize the current results and the outlook
for future work. I will start with a section that summarizes the contents of this thesis.
Based on the summary, an outlook section discusses the possible researches inspired by
the current results that could be meaningful for further exploration. Besides deepening
the current findings, new research ideas are proposed in the perspective of broadening
the connection between phase behavior studies and other communities like active matter,
polymer science and geology.

6.1

Summary

In this thesis, I reported the development of a new critical Casimir system based on
an aqueous non-ionic surfactant C12 E5 solution, which has several advantages. First,
the non-ionic surfactant solution has larger correlation lengths that can generate longer
interaction ranges of the critical Casimir forces (CCFs). Second, this new system has
a relatively larger temperature window to tune the interaction strength. Third, this
new system endows the anisotropic curvature-dependent interaction between ellipsoidal
particles. These advantages open the door for the investigation of a broad range of phase
behaviors like glasses, crystals, liquid crystals and plastic crystals. Both the bulk and
surface properties of these phases are investigated.
In the introduction (Chapter 1), the comprehensive background of the physical principles of the CCFs and their application in colloidal systems are presented. The theoretical frameworks of phase behaviors based on thermodynamics and statistical physics
are depicted. For glass transition, the prevalent theories are reviewed. Among them, the
mode-coupling theory is emphasized because it will be frequently adopted in Chapter 4.
For the liquid crystals and plastic crystals, different phases are introduced with the order
parameters defined. The basic quantities and concepts introduced in Chapter 1 are fre89

quently adopted in the corresponding chapters later to help elucidate our observations in
experiments.
The introduction chapter is followed by two chapters that report the study of the pair
interactions between spherical (Chapter 2) and ellipsoidal particles (Chapter 3) in the
critical C12 E5 water solution. In Chapter 2, the interaction between spherical particles is
measured by the video-microscopy-based insertion method and the total internal reflection
microscopy (TIRM). These two measurements exhibit consistent results and both results
are in good agreement with the theory prediction of CCFs.
In Chapter 3, the curvature-dependent interaction is observed between the anisotropic
ellipsoidal particles. Statistical analysis exhibits non-trivial peaks in particle configurations which is verified by the multiple local minimums in the space resolved pair potential
extracted by the insertion method. The degree of anisotropy of the interaction increases
with the aspect ratio of the ellipsoids. For the large aspect ratio ellipsoids, e.g., ϵ = 4.08,
the attractive interaction in the ‘side-side’ configuration is much stronger than in other
configurations, leading the ellipsoids to assemble into chains. For the smaller aspect ratio ellipsoids, e.g., ϵ = 1.46, although the preference for ‘side-side’ configuration is still
dominant, the probability of other configurations is comparable. The pair interaction is
closer to that of spherical particles, resulting in compact clusters. Although the origin
of the curvature-dependent CCFs needs to be further explored, these observations show
mounting evidence that the degree of anisotropy in the particle interaction determines
the microscopic assembly pathway and the macroscopic phase behaviors.
The quantification of CCFs between individual particles paves the way for phase behavior
studies in Chapter 4 and Chapter 5. The temperature tunable CCFs greatly facilitate
the precise trigger and control of phase transformations. Knowing the pair potential is
the first step to understanding the phase behaviors. More importantly, in practice, such
quantification offers an accurate calibration between the pair potential in the colloidal
system and that in the real atomic or molecular materials.
In Chapter 4, surface melting of a 2D binary glass is studied. We find that the glass
melts starting from the surface by forming a broad transient region composed of a liquid
and supercooled liquid in coexistence with an underlying bulk glass (BG). We observe
an unexpected surface glassy layer that has the same density but much faster particle
dynamics compared to the bulk glass. This is due to cooperative clusters of highly mobile
particles which percolate from the surface deep into the material even beyond the depth
where density saturates. The surface glassy layer thickness evolves non-monotonically
with temperature, peaking near the bulk glass transition temperature derived based on
the mode-coupling theory. This non-monotonic dependence is a result of the combined
effect of the free surface and the bulk properties of glassy materials. Such behavior bears
some interesting resemblance to recent observations of the non-monotonic properties of
the dynamic correlation length ξ dyn in atomic and colloidal glasses [73, 74, 82], which is
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awaiting further theoretical studies. Similar to ξ dyn which is determined in the presence
of a frozen interface and which characterizes the properties of the bulk glass [73], the
formation of a surface glass layer during surface melting also reflects the properties of the
underlying bulk material.
In addition, we reveal for the first time the unique melting kinetics of the glass from
the surface. Unlike the surface melting of the crystal, the invasion of premelted liquid is
layer-by-layer. The melting front of glass proceeds by the formation of irregular branched
regions of fast-moving particles which deeply penetrate into the material. As the melting
occurs along the passage of the most fragile points, which are certain crystal direction [252,
250] or defects in crystals [253]. Such heterogeneous distribution of the fast-moving particles in the surface region suggests the heterogeneity of the local elasticity in the glass.
It will be elaborated more in the Outlook section, on how to further explore this new
observation.
In Chapter 5, the phase behaviors of ellipsoidal particles with CCFs are reported. The
curvature-dependent CCFs between the ellipsoidal particles enable the assembly of novel
phases that have not been realized in 2D before. Three different bulk phases are observed
for ellipsoids with different aspect ratios: nematic liquid crystals (NLCs) with ϵ = 4.08
ellipsoids, crystals with both translational and orientational order (CTOOs) with ϵ = 1.46
ellipsoids, and rotator crystals (RCs)) with ϵ = 1.26 ellipsoids. The surface melting and
the interplay between the surface and bulk regions are systematically investigated for
all three phases. In all three systems, bulk melting is proved to be a thermodynamic
phase transition with the melting point clearly defined. And typical surface premelting is
observed for all three systems.
The microscopic analysis and comparison across the results of Chapter 4 and Chapter 5
systems lead to more general findings. First, the behavior of surface melting intrinsically
reflects the properties of the bulk phase. The decoupling between motions in different
degrees of freedom or between dynamics and structure in the surface region well reflects
the corresponding decoupling in the bulk. Second, there seems to exist a clear boundary
that separates systems, whether the decoupling between motions in different degrees of
freedom or between dynamics and structure occurs; depending on whether the disorder
exists in a certain degree of freedom. In systems where disorder exists, e.g., glasses, NLCs
and RCs, the decoupling between dynamical quantities emerges in the surface region
with a non-monotonic dependence on temperature. In contrast, such decoupling does not
exist in ordered systems such as CTOOs discussed in Chapter 5 and crystals formed
by spherical particles [147]. The connection between disorder and dynamical decoupling
induced non-monotonic behaviors seems to be general, although a massive amount of
experimental verifying and theoretical considerations is required.
In general, these experimental investigations enrich the phase behavior study in colloidal
systems and give information about the surface region, which is relatively challenging
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and unexplored in experiments. We expect our results could offer insight into the phase
behavior study in atomic or molecular systems and stimulate the focus on microscopic
kinetics.

6.2

Outlook

The results reported in this thesis elicit more interesting research problems in the realm
of phase behaviors that can be achieved uniquely by this new critical Casimir system. For
all four types of materials (glasses, crystals, liquid crystals and plastic crystals) we have
probed so far, it is worthwhile to delve more into the interplay between surface and bulk
regions. In combination with the external fields, new phases could possibly be assembled and richer aspects of the material properties can be thoroughly investigated. Going
beyond the framework of thermal dynamics and statistical physics, the current studies
can be easily extended to highly non-equilibrium situations. The conceptual framework
established within this thesis can establish an interesting connection with research fields
of active systems, geophysics, polymer and chemistry. In the rest of this section, I will
elaborate more specifically on the road map for the future.
First, we summarize the more in-depth and further research based on current results in
the framework of thermodynamics and statistical physics.
(1) Based on the results in Chapter 3, the origin of the curvature-dependent CCFs needs
to be further explored. In addition to the ellipsoidal particles, the interaction between
other shapes that include both flat and concave surfaces worth to be investigated, e.g.,
semi-circles and rods.
(2) Based on the results in Chapter 4, both the origin of the non-monotonic dependence of surface glassy layer thickness and its connection to dynamical correlation length
ξdyn [73, 74, 82] needs more exploration. In addition, it is worthwhile to seek the spatial
mapping between the irregular branched clusters formed by the fast-moving particles and
the local elasticity field in the surface region. This investigation might be able to provide
the connection between structure and dynamic properties during the surface melting of
glass. A third direction that is worth to be explored is the connection between the glass
surface melting and cage formation. The cage effect might be asymmetric near the surface
region, how this asymmetric caging is coupled with the surface melting behaviors of glass
could give hint to the microscopic theory of surface glass melting.
(3) Based on the results in Chapter 5, the full phase diagram of ellipsoids with CCFs
could be more systematically studied. Combined with more careful studies of anisotropic
pair potential between ellipsoids in Chapter 3, it’s worth worthwhile to seek more systematically the connections between the anisotropic attraction to the overall phase diagram.
In addition, the phase diagram and phase behaviors of other shapes of particles, e.g., rods,
can also be systematically studied as ellipsoids. More liquid crystal phases and their phase
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transitions can be studied with CCFs, e.g., smectic phases.
(4) As an extension of the surface melting discussed in Chapter 4 and Chapter 5, the
interplay between the free surface and the grain boundaries during the surface melting
worth to be further explored. In particular, for the crystals with both translational order
and orientational order (CTOOs), two types of grain boundaries exist. How they will
interact with each other and with the free surface during the melting has not been addressed either by theory or experiment.
(5) Comparing the results in Chapter 4 and Chapter 5, it is worthwhile to test more
systems, both by experiment and simulation, to what degree of universality the connection
between disorder and the decoupling induced non-monotonic behavior is valid. Relevant
investigations could lead to a unified framework for solid materials with a free surface.
Besides the in-depth researches based on current results, more interesting problems that
extend from the current work are proposed as below.
(1) From equilibrium to non-equilibrium situation: In this thesis, we mainly focused on the situation under thermodynamic equilibrium. These studies can be easily
extended to non-equilibrium situations. First, for glasses, it is worthwhile to combine
the current surface glass framework with the classical quenching or deposition protocols.
As materials whose properties are highly dependent on the protocol, the industrial application of glasses usually involves processes like thermal quenching or atomic/molecular
deposition, where the surface could play qualitatively different roles compared with the
situation of thermodynamic equilibrium. By analysis of the surface-bulk coupling during these processes, the microscopic origin of the glass formation can be probed. Effects
like caging, memory and anomalous vibration can be tested simultaneously. Similar outof-equilibrium experiments are worth conducting in the ellipsoidal system with CFF. In
previous chapters, we show that both the pair interaction and bulk phases depend on the
aspect ratio. How the aspect ratio of ellipsoids influences their assembly pathway needs to
be further explored. Furthermore, how the dynamics of the assembly process is influenced
by the quenching rate is an interesting question to answer.
(2) Chain properties and polymerization: As the preliminary results showed in
Chapter 3, the length of chains formed by ϵ = 4.08 ellipsoids exhibit power-law dependence as a function of temperature, which agrees with Flory theory in polymer science [142]. The dynamics that particles get connected with each other when the chain
grows could therefore be a good visualization of the polymerization process [254], which
is otherwise difficult to be resolved microscopically. The properties of the chains, e.g.,
stiffness, for different temperatures and aspect ratios also worth to be further explored.
(3) Phase behaviors with an external field: The current bulk phases formed by
ellipsoids with CCFs are composed of polycrystalline domains as shown in Chapter 5.
It might be possible to obtain single liquid crystals without grain boundaries with the
aid of electric or magnetic fields. One possible direction is adding a strong electric field
to the current experiment system described in Chapter 5. Under a sufficiently strong
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electric field, the major axes of ellipsoids will align in the field direction, which reduces
the energy between the induced polarization of the particles and the external field [255].
Another way is replacing the current ellipsoids with magnetic ellipsoids, the orientation
of magnetic ellipsoids can be finely controlled by the magnetic field. Therefore, combined
with CCFs, defect-free liquid crystals with controllable orientation facing the free surface
can be achieved by tuning the strength and direction of the external field. Problems like
how the relative orientation of the liquid crystal domain to the free surface influence the
melting behavior can then be explored. This is similar to the study of surface melting of
crystals from different lattice orientation [252, 250]. In addition, the designed dielectric
or magnetic proprieties will enrich the assembly process and phase behaviors.
(4) Connecting phase behavior study with active matter: Last but not least, a
promising and feasible direction is doping active particles into phases formed by passive
particles. The interplay between the two types of particles during the phase transformations is especially interesting. In particular, in the situation where a free surface exists,
it is promising to establish a model system for the premelting in the real geometrical
conditions [256]. The active motion of the particles can mimic the motion of bio-active
components, e.g., bacteria in the ice. Recent progress of active colloids [257, 258] could
offer precise control to the perturbation of the surface region. It could be interesting to
investigate the premelting under perturbation with doping active colloids, which is closer
to the external condition of frost heave and glacier movement. Induction of these nonequilibrium factors to the surface phase behavior studies can be a promising direction for
extending the scope of colloidal systems to model natural processes.
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Appendix A

A.1

Kinetics of assembly process

Figure A.1: Time dependence of average local order parameter ⟨ψ6 ⟩ and ⟨ψθ ⟩ during
the assembly process of crystal with both translational and orientational order (CTOO)
formed by ellipsoids with ϵ = 1.46. The temperature is tuned from ∆T = 4 K to ∆T = 3 K
rapidly at t = 0 s (with heating rate 0.04 K/s).
The kinetics of the assembly is important for the design and fabrication of advanced materials. The time dependence of quantities like order parameters is a typical quantitative
method to give insight into the kinetics of the assembly process. As an example of preliminary results, the kinetics of the assembly process of crystal with both translational and
orientational order (CTOO) is shown in Fig. A.2 and Fig. A.1. Both two order parameters increase significantly with t. A significant lag in time can be observed between the
two order parameter curves, ψ6 increases first, indicating the establishment of crystalline
order with sixfold bond orientational symmetry. ψθ starts to increase later, as a result of
particle alignment along a certain direction. Therefore, the kinetics of assembly of ellipsoids with ϵ = 1.46 is a two-step process in which the orientational order is established
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after translational order.

Figure A.2: The assembly process of crystal with both translational and orientational order (CTOO) formed by ellipsoids with ϵ = 1.46. Snapshots at different
time during the assembly process, t = 0 s (a,d,g), t = 300 s (b,e,h) and t = 1000 s
(c,f,i). a-c Snapshots color coded according to cos(θ), where θ is the orientation of individual ellipsoids. d-f, Snapshots color coded according to local bond orientational order
parameter ψ6 . g-i, Snapshots Color coded according to local orientational order ψθ . The
scale bar is 20 µm. The temperature is tuned from ∆T = 4 K to ∆T = 3 K rapidly at
t = 0 s (with heating rate 0.04 K/s).
The two-step kinetics of assembly of ellipsoids with ϵ = 1.46 can be visualized by color-coding the ellipsoids with the normalised order parameters. As shown in Fig. A.2, the
evolution of the assembly process are presented by real space snapshots color-coded by
local six-bond orientational order parameter ψ6 (Figs. A.2a-c), orientation θ of the individual particles (Figs. A.2d-f) and local orientational parameter ψθ (Figs. A.2g-i). The
temperature is tuned from ∆T = 4 K to ∆T = 3 K rapidly at t = 0 s (with heating
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rate 0.04 K/s). At t = 0 s (Figs. A.2a, d, g), the system is in an isotropic liquid state,
and no apparent clusters can be identified by either of the three order parameters. At
t = 300 s (Figs. A.2b, e, h), the translational order starts to establish. Accordingly,
the polycrsytal domains with different lattice orientations form which can be detected
by the clusters with higher value of ψ6 in Figs. A.2b. In contrast, the other two order
parameters that quantify the rotational motion do not show any clustering effect at this
temperature (Figs. A.2e, h). It is until t = 1000 s, the clusters with same orientational
order parameter formed (Figs. A.2c, f, i). Therefore, the particles first condensed into the
polycrsytal domains with translational order and then rearrange in the rotational degree
and get aligned within the domains.
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