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ABSTRACT

Essential microscopic aspects of activated transport in liquids, which precedes the glass transition,
have evaded explanation for decades. These poorly understood aspects include: the molecular
underpinning of the excess, configurational entropy; the transition state configurations for the
activated transport; the chemical origin of the fragile vs. strong liquid behavior; and many others.
This dissertation puts forth a radically novel way to address these open questions, in which liquids
near their glass transition are viewed as structurally degenerate assemblies of strongly interacting,
local sources of frozen-in stress. The thermodynamics and activated barriers for rearrangement
of this stress field have been mapped onto a Heisenberg model with six-dimensional spins. A
meanfield analysis of the spin model has shown glasses can be viewed as frozen-in patterns of
shear stress and/or uniform compression/dilation, the two extremes corresponding to the strong
and fragile behaviors. A self-consistent elasticity theory of aperiodic, metastable solids emerges in
the present analysis; it supersedes the traditional elasticity theory, which fails to self-consistently
account for the structural degeneracy stemming from the inherent mismatch between cohesive
forces and steric repulsion. The observable elastic constants self-consistently emerge in the present
theory similarly to how the dielectric susceptibility is determined by the properties of molecular
dipoles. First simulations of the spin model have been carried out. In addition to direct observations
of transition states for the activated transport, several key features of the glass transition are yielded
by the spin model, including a strongly non-exponential, non-Arrhenius character of the relaxations

and its correlation with the Poisson ratio of the substance.



CONTENTS

1 MOTIVATION AND NON-TECHNICAL OVERVIEW OF THE DISSERTATION 1

2 GLASS AS A FROZEN-IN, DEGENERATE STRESS PATTERN: MAPPING BETWEEN
ACTIVATED LIQUID MOTIONS AND A HAMILTONIAN DEFINED ON A FIXED

LATTICE 8
2.1 INTRODUCTION 8
2.2 ORDER PARAMETER FOR THE CRYSTAL-TO-GLASS TRANSITION 13
2.3 A DIGRESSION ON TENSOR ALGEBRA 18
2.4 GLASS AS A FROZEN-IN STRESS PATTERN 23
2.5 MINIMAL ANSATZ FOR LOCAL STRESS DISTRIBUTION 27
2.6 MEAN FIELD BEHAVIOR OF THE 6-SPIN MODEL 35
2.7 SUMMARY AND DISCUSSION 45
3 SELF-CONSISTENT ELASTICITY THEORY OF METASTABLE SOLIDS 49
3.1 EFFECTIVE ELASTIC MODULI OF METASTABLE CONTINUUM 49

3.1.1  Definition of the effective elastic moduli 49
3.1.2  The trivial fixed points of Eq. (3.16) 54
3.2 CAVITY FIELD METHOD FOR THE ELASTIC RESPONSE OF SUPERCOOLED

LIQUIDS 55
3.2.1  Brief historical summary of the theory of polar liquids 60
3.2.2  Cavity construction for supercooled liquids 69
3.2.3  The case of uniform frozen-in stress 74
3.3 SPHERICAL INCLUSION WITH STRUCTURE 82
3.4 A POINT STRESS AT THE CENTER OF SPHERICAL INCLUSION 86
4 NUMERICAL SIMULATION OF THE 6-SPIN MODEL 89
4.1 GENERAL APPROACH 89

411 Formulation of the model 89
4.1.2  The algorithm for the Monte Carlo simulation 94
4.2 TEMPERATURE EXCHANGE MONTE CARLO AND THE ACTIVATED
DYNAMICS 98
4.21  Correlation functions without temperature exchange 99
4.2.2  Temperature exchange Monte Carlo simulation 101
4.2.3  The thermodynamics of the model 104
4.2.4  Dynamics of the model in high- and low-temperature regimes 105
4.2.5 Discussion 112

5 CONCLUSION 115

vi



A THE FOURTH-ORDER GREEN TENSOR FOR A POINT STRESS SOURCE 18
B PHYSICAL MEANING OF THE ESHELBY TENSOR 121

C THE FOURTH-ORDER IMAGE FIELD GREEN TENSOR FOR A SPHERE 124
D NOTES ON PREPARATION OF THE SAMPLES 133

BIBLIOGRAPHY 136

vii



LIST OF FIGURES

Figure 1

Figure 2

Figure 3

Figure 4

Figure 5

Figure 6

Figure 7

The viscosities of several supercooled liquids plotted as functions of the
inverse temperature. Substances with almost-Arrhenius-like dependences
are said to be strong liquids, whereas the visibly convex curves are
described as fragile substances. The full dynamic ranges from
approximately 1 ps, on the lower viscosity side, to approximately 10* s
when the viscosity reaches 10'® poise. Figure is reproduced from Reference
[4] with permission. 2

The Poisson ratio, originally called the squeeze-stretch ratio,[11] is defined
as a proportionality coefficient between lateral and longitudinal
deformation of a rod under either purely longitudinal or lateral tension:

_AD[AL
D L~

resistance of the material and, hence, the larger the ratio of the shear and
bulk moduli. 4

Mlustration of the notion of an aperiodic metastable state as a dilated
crystal that was allowed to relax. Fey is a free energy after the relaxation of
the expansion which results in the “softening” of the crystal’s force
constant, k. — kg. 14

Free energy profiles for local elastic strain at three representative values of
the anharmonic displacement g, from Eq. (2.33). Above the critical value
ger from Eq. (2.36), the lattice freezes in an aperiodic pattern at wavelength
27 [kmicro- 26

Eigenvalues of the Eshelby matrix S for a sphere, which play the role of the
coupling parameters in HY. The ratio Y./Y; is the measure of anisotropy
in the model. Remarkably, the isotropic case Y, = Y, at v = %
(corresponding to the ratio of sound velocities ¢?/ c? = %), is within
experimentally accessible range. 39

Free energy from Eq. (2.83) corresponding to the elastic constants of (a)
silica (Y./Ys ~ 0.88) and (b) salol (Y./Y; = 1.5) Cases (a) and (b) exhibit
frozen-in shear and uniform compression/dilation respectively. Solid
circles at bottom plane denote the locations of minima. 41

The phase diagram corresponding to the mean-field Hamiltonian (2.78).
The shaded region schematically denotes the regime where the mapping
between liquid dynamics and the spin model does not apply. Labels “Ising
magnet” and “Heisenberg magnet” indicate ordering of the compression
and shear components in Eq. (2.78) in the respective regions of the
diagram. 42

V= The smaller the Poisson ratio, the stronger is the shear

viii



Figure 8

Figure ¢

Figure 10

Figure 11

Figure 12

The dashed-dotted line shows the mean-field expression for the F(g)
function. The thick solid line shows the full free energy from Eq. (2.8), with
a specific choice of the function F,,(g)/N = c(g*a®), where the coefficient
¢ = 0.05. The thin solid line is the common tangent of the two portions on
the F,(g) that correspond to the mechanically stable reference state and
the aperiodic metastable state. The dashed line shows the curve with the
largest value of this coefficient (¢ = %), at which the F,(g) curve still
exhibits a concave down portion. In the inset, we plot the second derivative
of the mean-field F(g). The discontinuity is at fg%a® = 6, c.f.

Eq. (2.86). 44

A cartoon illustrating the problem considered in Section 3.1.1: a
homogeneous body B with elastic constants given by the fourth-order
tensor Cy is subject to an external load in the form of a traction force t
applied to the boundary 98 of the body. Unit vector n is normal to 08.
The body also contains a distribution of frozen-in stress given by the
tensor field p(r). 50

Modification of dielectric susceptibility by the permanent dipole moments
calculated based on Onsager’s and Debye’s approximations, Eqs. (3.45) and
(3.48) respectively. 67

A cartoon illustrating the present cavity construction for the elasticity of
supercooled liquids. The original amorphous body 8 with a non-zero
frozen-in stress distribution p and bare elastic moduli tensor Cy is shown
in the left part of the cartoon. By applying external traction force t to the
surface 08B and monitoring the resulting geometry of B, the effective
(apparent) elastic moduli C can be measured. As shown in Section 3.1.1,

C # Cy owing to the presence of p. To find the relation between Cy and C,
we replace the original body 8B by one with the moduli given by C
everywhere except for the region J in the interior of the body far enough
from 08 so that the corresponding image field can be neglected. As
explained in the text, the average of p, p, over the volume of 7 can be
calculated under certain assumptions as a function of C, Cy, t, and the
temperature. Neglecting correlations between p inside 7 and the rest of 8
we may replace p by p in Eq. (3.19) to obtain a self-consistent equation for
C as a function of Cy and the temperature. 69

Elastic moduli renormalization calculated using method of spherical
inclusion and homogeneous p approximation. Figures (a) and (b) are
solutions of Eq. (3.90). (a) Dependence of the ratio y1/yy on 6 = fg*a® for
different bare values of the Poisson ratio vy. (b) Dependence of the effective
Poisson ratio v on its bare value v, for different 6. Corresponding solutions,
when the constraint (3.73) is adopted so that R = (vCy/a>)!/? instead of
Eq. (3.75), are given by (c) and (d) respectively. Note the presence of three
fixed points where v = v, for any 0 for both cases. 8o

ix



Figure 13

Figure 14

Figure 15

Figure 16

Figure 17

Figure 18

Elastic moduli renormalization calculated using the model of a point stress
source in the center of spherical inclusion. Figures (a) and (b) are solutions
of Eq. (3.118). (a) Dependence of the ratio 1/ on 0 = Bg*a® for different
bare values of the Poisson ratio vy. (b) Dependence of the effective Poisson
ratio v on its bare value v for different 8. Corresponding solutions, when
the constraint (3.73) is adopted, are given by (c) and (d) respectively (the
solutions of Eq. (3.121)). 88

The simulation setup. The simulation volume I is a sphere embedded into
the matrix B \ 7 with elastic moduli tensor C. The elastic moduli inside,
Co, and outside, C, I are different because the frozen-in stress p is treated
explicitly inside 7, but only effectively outside. This is analogous to how
one can treat the dielectric response of a liquid by either explicitly
considering individual molecular dipoles or by using a dielectric constant
€ # 1. Arrows labels concentrated sources of stress 6(?) located on the
random lattice given by r;. 90

Auto-correlation function, Eq. (4.18), measured using the simple Metropolis
Monte Carlo (MC) without temperature exchange. The solid lines are
obtained by a fit with the stretched exponential function, exp[—t/t.]%¢.
The simulation is done for N = 50, y = 0.6, 5 = 0.1 and v = 0.11. The MC
step is defined as a single full sweep of the sample with the Metropolis
algorithm. 99

Temperature dependence of the stretched exponential parameters ¢, and
Be, Eq. (4.19), for several values of the Poisson ratio v, inside the simulation
volume; N = 50, y = 0.6 and v = 0.11. The MC step is defined as a single
full sweep of the lattice with the Metropolis algorithm. 100

The ergodicity time as a function of the total number of temperature points
for different sample sizes N. The highest and the lowest temperatures of
the simulation are 6; = 15 and 65, = 50. The calculation is done after 20
iteration of the temperature optimization algorithm.[109] The data
reported for N = 10, 20, 30, 40, and 50. Lower lines correspond to lower
value of N. Error bars are estimated based on averaging over 20 different
samples for each size. 103

Auto-correlation function for the temperature exchange MC simulation. (a)
Example of the auto-correlation function for N = 30. It is evident that
c(t) oc exp(t/t.). (b) Correlation time ¢, for different samples. Note that ¢,
does not depend on the temperature and is about %tE consistent with what
is expected for the correctly configured temperature exchange simulation.
x =0.71. vy = 0.08, v = 0.15. 105



Figure 19

Figure 20

Figure 21

Figure 22

Figure 23

Potential energy E and heat capacity determined in the temperature
exchange MC simulation. Colors label different sample sizes: black for

N =10, red for N = 20, and orange for N = 30. As before y = 0.71.

vp = 0.08, v = 0.15. Error bars are given base on averaging over 20
different samples for each system size. 106

Potential energy E and heat capacity determined in the temperature
exchange MC simulation. Colors label different sample sizes: black for

N =10, red for N = 20, orange for N = 30, green for N = 50, and blue for
N =90. As before, y = 0.71. vy = 0.08, v = 0.15. Error bars are given based
on averaging over 20 different samples for each system size. 107
Analysis of a Monte Carlo (MC) simulation trajectory in the
high-temperature regime: 8 = 20, N = 50, y = 0.71, vy = 0.08, and

v = 0.15. (a) Energy of the system as a function of time. The unit of time
corresponds to a single sweep of the sample by the Metropolis algorithm.
(b) Relaxation of the overlap parameter g along the trajectory. (c) Results of
minimization of E along the trajectory using the Newton algorithm. The
energy of local minima on potential energy surface (PES) are widely
distributed; however, they do exhibit two distinct motifs in the beginning
and near the middle of the trajectory. (d) Histogram of the g values a
function of E. 109

Analysis of a Monte Carlo (MC) simulation trajectory in the
high-temperature regime: 6 = 40, N = 50, y = 0.71, vy = 0.08, and

v = 0.15. (a) Energy of the system as a function of time. The unit of time
corresponds to a single sweep of the sample by the Metropolis algorithm.
(b) Relaxation of the overlap parameter g along the trajectory. (c) Results of
minimization of E along the trajectory using the Newton algorithm,
showing the system evolves in the vicinity of the 4 metastable energy
minima. (d) Histogram of the g values a function of E. 110

Analysis of the PES for the low-temperature regime: 8 = 40, N = 50,

x =0.71, vp = 0.08, and v = 0.15. (a) Histogram of the g values a function
of E. Arrows schematically shows energy basins corresponding to the 4
energy minima in Fig. 22(c). (b-d) Visualization of the difference between
spin configurations in the energy minima, Eq. (4.25). The numbers
correspond to the arrows in the panel (a). Primary axis of ellipsoids
corresponds to eigenvectors of the frozen-in strain differences at lattice
sites, cf. Eq. (4.25). 111

X1



INDEX OF FREQUENTLY USED SYMBOLS

I, X

u, U;

&, &ij, &g
G, 0jj, Oq
P> Pij> Pa
N> Nij> Na
e, e;f‘j, €,
£, fi

C, Cijki, Cap
A p

X

1%

g

a

Sc

€ijk

™ e <

Position vector

Deformation field

Strain tensor (compatible)

Stress tensor (compatible)

Frozen-in stress field of amorphous structure (incompatible)
Strain corresponding to p (incompatible)
Eigenstrain corresponding to p

Body force field

Elastic moduli tensor

Lamé coefficients

Bulk modulus

Poisson ratio

Order parameter of the crystal-to-glass transition
Size of the effective particle, or bead, in a glass
Configurational entropy per bead

Levi-Civita symbol

Number density

Mass density

Transverse sound velocity

Longitudinal sound velocity

Volume of a macroscopic body 8

Volume of a mesoscopic inclusion 7

Inverse temperature, § = (kgT) ™!

Dimensionless inverse temperature, 6 = fg*a>

xii



ACRONYMS

RFOT random first order transition

MCT mode-coupling theory

TLS
MF
BC
MC
RCP
PES
rhs
lhs

two-level systems

mean field

boundary conditions
Monte Carlo

random close packed
potential energy surface
right-hand side
left-hand side

xiii



MOTIVATION AND NON-TECHNICAL OVERVIEW OF THE

DISSERTATION

Practical use of glasses by hominins, in the form of obsidian tools, dates back to between 1.7 and
0.2 Ma,[1] and precedes the appearance of modern humans, which happened approximately by
200 ka.[2, 3] Despite such a long history of their use, our understanding of how the microscopic
structure of glasses arises and leads to their remarkable physical properties still contains many
gaps.

The most conspicuous feature of liquids, upon supercooling towards a glass transition, is the
dramatic increase in the viscosity, see Fig. 1.[5] Since the recent works of Wolynes and co-workers,
see e.g. [4] for review, we have gained much understanding of the microscopic basis of this
slowing down. In this microscopic picture, often called the random first order transition (RFOT)
theory, the glass transition is preceded by the emergence of activated transport in the liquid.[6]
This low-temperature type of transport is distinct from the better understood high-temperature,
collisional transport. At high temperatures, the particle density distribution in liquids is uniform
as it is in a dilute gas. In contrast, at low enough temperatures or high enough densities, the
particle distribution function is more like that of a traditional, periodic crystal: it consists of well
separated sharp peaks. In important distinction, however, the peaks in the glassy liquid form an
aperiodic lattice. Such aperiodic lattices are bulk degenerate and, thus, exhibit intrinsic dynamics.
A quantitative description of these dynamics is key to our understanding of the structural glass

transition and controlling properties of glassy materials .
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Figure 1.: The viscosities of several supercooled liquids plotted as functions of the inverse temperature.
Substances with almost-Arrhenius-like dependences are said to be strong liquids, whereas the visibly
convex curves are described as fragile substances. The full dynamic ranges from approximately
1 ps, on the lower viscosity side, to approximately 10* s when the viscosity reaches 10'* poise.
Figure is reproduced from Reference [4] with permission.

Wolynes and co-workers have established that particle transport in the activated regime occurs
via nucleation-like events: particle move when a distinct aperiodic arrangement is nucleated within
the present structure.[7] In equilibrium, these nucleation events are driven by the multiplicity of the
aperiodic structures. A quantitative measure of this multiplicity is the configurational entropy of the
liquid, which is essentially the difference between the entropies of the liquid and the corresponding
crystal. In the RFOT theory, the configurational entropy is a parameter determined experimentally;

the procedure is not without ambiguity.[8] There is no theory at present that allows one to compute
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this quantity for a specific substance. As a result, we are unable to estimate the viscosity and the
glass-forming ability of a substance from first principles.

The aforementioned nucleation events are subject to a mismatch penalty between the initial
and subsequent structures. There is a general semi-quantitative estimate for this surface-tension-
like quantity.[9] Recently Rabochiy and Lubchenko have proposed a method of estimating this
mismatch penalty for specific substances using their measured structure factors, elastic constants,
and calorimetric data.[10] Despite these advances, the thus computed barriers for particle transport
are often wrong by as much as a factor of two, implying relaxation rates which are off by many
orders of magnitudes.

Even further in sight is an answer to the following deceptively simple question: where are the
atoms in a glass? Owing to the astronomically broad dynamical range of relaxation in supercooled
liquids, this question is not solvable by the present-day computer technology even for the simplest,
non-realistic force fields. The dynamical range is broad because is must cover vibrational motions,
which occur on the femtosecond scale, while glasses form on the scales of seconds to hours. Given
the well developed machinery in the field of phase transitions and high-energy physics one but
wonders why the glass transition problem is so difficult.

One difficulty is that even writing down a field theory for a liquid is problematic because there is
no fixed reference frame. One of the main results of the present work is about circumventing this
difficulty. Here we establish that the particle dynamics in the activated regime can be mapped on
the dynamics of a Hamiltonian defined on a fixed lattice. The dynamic variables in this Hamiltonian
are six-component spins; the six components correspond to the six independent entries of the
deformation tensor in the linear elasticity theory. The 6-spins correspond to groups of several
atoms that do not snugly fit in their immediate environments, resulting in frozen-in stress. The
mismatch—and the resulting frustration—emerges because the cohesive forces and steric repulsion
generally have different local symmetries. We thus arrive at the following picture for a crystal-to-

glass transition: On the crystal side, the cohesive forces dominate, resulting in a higher density
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Figure 2.: The Poisson ratio, originally called the squeeze-stretch ratio,[11] is defined as a proportionality
coefficient between lateral and longitudinal deformation of a rod under either purely longitudinal

or lateral tension: v = —ATD / %. The smaller the Poisson ratio, the stronger is the shear resistance

of the material and, hence, the larger the ratio of the shear and bulk moduli.

and stronger bonding. On the glass side, the steric repulsion wins, giving rise a lower density and
somewhat weaker bonding, but, at the same time, a possibility of many more mutual arrangements.

Aside from the formal progress achieved by the mapping, the motivation is to estimate, for
the first time, the configurational entropy of the liquid and elucidate the spatial characteristics
of the particle configurations occurring in the activated transport regime. In the present picture,
motions in the liquid correspond to flipping of the 6-spins, while the configurational entropy is the
log-number of the distinct mutual orientations of the spins.

The liquid-to-spin mapping comes at a cost, however, in that the interaction between the spins
is very long-ranged, 1/r°, similar to the electric dipole-dipole interaction. Such long-ranged
interactions are difficult to tackle either analytically or in computer simulations. We attempt this
problem in steps of increasing difficulty. First, we solve the spin model in a mean field (MF) limit,

in which the spin-spin interaction does not depend on the mutual separation between the spins.
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Remarkably, some of the anisotropy of the original non-MF interactions is retained in this limit.
This anisotropy reflects the Poisson ratio of the material, see fig. 2 for definition, which is known to
correlate with the type of bonding and lattice connectivity of the material.[12] In this approximation
we establish that supercooled liquids and glasses cover a range of situations, extremes of which
correspond to the glass being a frozen-in shear stress and an isotropic deformation pattern. We
discover that these two extremes are separated by a phase transition in the MF limit. By exploiting
the known thermodynamics of this transition in finite dimensions, we establish that the stress
pattern in strong glasses, such as silicates or oxides, corresponds mostly to frozen-in shear. In
fragile systems, such as molecular liquids, the stress pattern corresponds largely to frozen-in
compression/dilation.

To achieve the main goal of this work, i.e., establish the non-MF thermodynamic and dynamic
behavior of the 6-spin model, we set up and perform Monte Carlo simulations. The long range of
the spin-spin interaction prevents one from using traditional, periodic boundary conditions. Instead,
we will exploit an analogy with dielectric polar liquids, which can be thought of as consisting of
permanent dipoles. The bulk response of a polar liquid to an external electric field can be well
approximated by a continuum with a dielectric constant. Likewise, here we consider a compact
subset of the 6-spins explicitly, while modeling the surroundings using a continuum characterized
by effective elastic moduli.

We immediately face a challenge similar to that of encountered by Debye, Onsager, Kirkwood,
and others, some eight decades ago, who used the properties of molecular dipoles to determine the
dielectric constant of a liquid self-consistently.[13] Similarly, here we develop, for the first time,
a self-consistent theory of elasticity for a general uniform solid. We establish that the standard
elasticity theory, although seemingly robust at long wavelengths, is, in fact, naive. It simply
postulates mechanical stability, with no regard to local chemical bonding patterns, based on a
general expectation that at long wavelengths, details of molecular interactions enter into the elastic

response not directly but only through bulk elastic constants. In the present picture, in contrast,
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the mechanical (meta)stability emerges self-consistently, starting from a liquid in the activated
transport regime. The corresponding mechanical response is determined by the magnitude of the
frozen-in stress, similarly to how the dielectric response is determined by the magnitude of the
molecular dipoles. The calculation already at the level of a cavity approximation, similar to that of
Debye and Onsager for dielectrics, turns out to be both more difficult and richer than the dielectric
case. Owing to the tensor nature of the spin-spin coupling, the interaction between a spherical
region of frozen-in stress and its environment exhibits a non-trivial fixed point: the frozen-in stress
does not modify the Poisson ratio of the medium if the latter is equal to é Remarkably, this is the
same value of the Poisson ratio, at which the mean-field version of the 6-spin Hamiltonian, discussed
above, exhibits a transition between the frozen-in shear and the uniform compression/dilation.
These developments enable to us to set up the Monte Carlo simulation in the following way: We
consider a compact region in which the frozen-in stress self-interacts via bare, elastic interactions.
(This is similar to molecular dipoles interacting by exchanging photons in vacuum.) The rest of the
material is approximated by a mechanical continuum with renormalized elastic constants. (This
corresponds with the bulk dielectric in the Onsager cavity construction.) We thus rid ourselves
of the necessity to consider very remote spins, however at the expense of having to include in
the simulation the spin-boundary interaction, as well as the spin-spin interaction mediated by the
boundary. (These effects are analogous to the interaction of a charge with polarization charges
at a dielectric discontinuity, which is vividly visualized in the method of images.) Already the
interaction of a charge with a dielectric discontinuity is complicated in that there are an infinite
number of images, except when one of the dielectrics is a metal. The elastic interactions are even
more complicated. Despite these difficulties, we demonstrate that meaningful system sizes can be
simulated. We obtain the first, to our knowledge, explicit demonstration of activated transport in a
computer simulation. We recover what appears to be the deepest, to date, quench of a glassy system.

We discover the dynamics of the 6-spin model are highly non-exponential and non-Arrhenius. The
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extent of these anomalies correlates with the Poisson ratio, as expected from the our earlier, MF
analysis, and consistent with experiment.

The dissertation is organized as follows: In Chapter 2, we work out the mapping between a liquid
in the activated regime and a 6-spin model on a fixed lattice. There we also provide a mean-field
solution of the spin model. In Chapter 3, the cavity construction is developed to establish self-
consistently the metastability of the liquid and the corresponding elastic constants. In Chapter 4,
we describe the details of the Monte Carlo simulation and present the results. Chapter 5 summarizes

some of the present results and outlines future work.



GLASS AS A FROZEN-IN, DEGENERATE STRESS PATTERN: MAPPING
BETWEEN ACTIVATED LIQUID MOTIONS AND A HAMILTONIAN
DEFINED ON A FIXED LATTICE

Substantial portion of this Chapter is based on the published work.[14]

2.1 INTRODUCTION

If cooled sufficiently rapidly, a liquid may fail to crystallize, but will instead remain in a metastable,
supercooled state. Upon further cooling, the relaxation times in a supercooled liquid grow very
rapidly as the mass transport becomes activated, in contrast with the mainly collisional transport
near the fusion temperature, see Fig. 1. Because the local structures are much longer-lived than
the vibrational equilibration times, the activated-transport regime represents a state with a broken
translational symmetry, even though the corresponding, aperiodic structure shows no obvious dis-
tinction from a snapshot of an ordinary, uniform liquid. (It is said the heterogeneity is “dynamical”’)
Since the symmetry is broken gradually with lowering the temperature—beginning with the highest
frequency motions—a transition into this “aperiodic-crystal” state is not sharp, but, instead, is a
soft cross-over centered at a temperature T,,, [15, 16] corresponding universally to viscosity 10 Ps
or s0.[16, 17] The crossover into the activated regime is a finite-dimensional analog of a mean-field
kinetic catastrophe of the mode-coupling theory (MCT), whereby the motional barriers would
diverge at a temperature Ty, even though the configurational entropy is still extensive.[18, 19] the

catastrophe comes about as the particle auto-correlation functions begin to exhibit progressively
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long tails, because of frequent collisions. The thus slowed-down particles from transient cages
around each other.[20] The thermodynamic basis of the transition is that by being confined to
their individual cells in space, particles gain same entropy, while losing the translational entropy
afforded by the uniform density distribution typical at low densities.

In additional contrast to the mean-field transition at Tx, the cross-over at T, exhibits two
emerging length scales. The first one is the molecular length a that signifies the volumetric size of
a chemically rigid unit, often called the bead, that is not significantly perturbed during activated
transport. Conversely, the beads interact with each other weakly, comparably to the Lennard-Jones
interaction.[16] A size of the bead may be thought of as a coarse-graining length, beyond which
activated motions are largely independent of chemical detail, but fully characterized by a single,
bulk quantity. This bulk quantity is the excess liquid entropy relative to the corresponding crystal,
usually called the configurational entropy. The magnitude of the configurational entropy per bead,

s¢, directly gives the number of alternative aperiodic configurations

available to a region of a supercooled liquid containing N beads. Structurally, the bead usually
correspond to several atoms; it could be quite large for molecular liquids containing large rigid
units such as benzene, see [16] for details.

The second length scale emerging during the crossover is the so-called Lindemann length d,[15,
21, 22] which is the molecular displacement at the mechanical stability edge. This length is nearly
universal: dj ~ %a, and characterizes bead displacements during transitions between distinct
aperiodic packings in the metastable, aperiodic crystal phase. One may view the crossover into the
activated liquid regime as a “localization” transition, whereby the emerging metastability of local
structures is signaled by a discontinuous transition from a uniform liquid to a state with a non-zero

force constant of an effective Einstein oscillator; the one particle distribution function thus breaks
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up into individual peaks, each corresponding to an Einstein oscillator.[15] The RFOT theory utilizes
this view to analyze the activated transport in chemically distinct (non-polymeric) fluids in a unified
fashion.[7, 9, 23] (See Ref.[4] for a review.) The RFOT theory predicts that in a fully developed
activated regime, the structural relaxation time is determined solely by the configurational entropy

per bead:[9, 16]

32k3] ’ (22)

T = Tvibr eXP[
[
where 7,5, =~ 1 psec is the microscopic time scale characterizing vibrational relaxation. By Eq. (2.1),

system-specific deviations from the pure Arrhenius temperature dependence of 7 result from

variations in the value of the heat capacity jump at the glass transition temperature T, per bead:

s,
Ac, = T—=<
cp=T 3T
T=T,
The so-called fragility index
1dlogt
m= -
Td(1/T)|

=Ty
gives a quantitative measure of that deviation. Small and large deviations from the Arrhenius
T-dependence (corresponding to small and large m respectively) are often called strong and fragile
behaviors,[24, 25] see Fig. 1. The RFOT theory predicts m = 34.7Ac),[9, 16, 26] in good agreement
with experiment.

Hall and Wolynes have put forth a simple qualitative model that relates the degree of molecular
connectivity to the heat capacity jump Ac,.[27] Establishing such connections between local
chemistry and thermodynamics for actual substances is difficult, however, hampering the efforts to
make first principles estimates of the configurational entropy and, ultimately, the glass-forming
ability of those substances. Indeed, since the viscosity is directly related to the average relaxation

time,[28]

_ 2kgT

- 2
mad;

kpT
n (r) = 60 %m, (2.2)
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the crystal nucleus growth, which is subject to viscous drag,[29] is determined by the configurational
entropy s. per bead. The actual chemical identification of beads is relatively straightforward in
molecular, but less so in covalently bonded compounds, where, for instance, the apparent bead often
corresponds to a non-integer fraction of a stoichiometric unit.[16, 30] We note that these challenges
are, of course, not unique to theories of the glass transition but equally pertain to quantitative
descriptions of the ordinary liquid-to-crystal transition. Yet perhaps in reflection of these open
questions, many believe fragile and strong behaviors actually have distinct mechanisms.

In an effort to develop a microscopic description of the configurational dynamics in specific
substances, here we propose and work out several consequences of a novel quasi-continuum
ansatz for local stress distribution that implements direct interactions in the activated regime semi-
empirically, via the local elastic properties of the material. The ansatz incorporates the possibility
of local, short-length motions that are similar in spirit to Einstein oscillators, but are strongly
anharmonic and account explicitly for the tensorial nature of the relation between local deformation
and stress in solids. In particular, explicitly treated is (high-frequency) shear resistance, which is
characteristic of deeply supercooled liquids and, generally, activated liquid transport. This fully
tensorial treatment of stress may be viewed, among other things, as a systematic improvement on
self-consistent scalar-phonon theories of aperiodic crystals.[15, 31]

The many-body effects that lead to the emergence of shear resistance in liquids at high densities
do not lend themselves easily to perturbative treatments that use the uniform liquid as the reference
state. In contrast, we use a fully mechanically stable state as the reference state, and then uniformly
allow for local, short-length anharmonic motions. Within this ansatz, a metastable, aperiodic frozen-
in stress pattern emerges self-consistently, whereby the bead size is identified as the typical length
scale of the stress heterogeneity. This result implies that even in a covalently bonded material,
the concept of a bead is entirely unambiguous. The frozen-in stress pattern is multiply degenerate,
whereby the transitions between alternative configurations can be mapped onto the dynamics

of a classical Heisenberg model with six-component spins. The six components correspond to

11
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the independent entries in the local frozen-in deformation tensor. The average length of the spin
emerges as an order parameter for the aperiodic-to-periodic crystal transition. The transitions
between different spin configurations are rare events implying the corresponding liquid states are
long-lived and thus supporting the view of liquids in the activated-transport regime as aperiodic
crystals. In other words, we explicitly confirm the non-trivial notion of the RFOT theory that
aperiodic molecular assemblies can exhibit multiple states and, at the same time, support shear.

Already in a mean-field analysis of the spin model, we establish that the broken-symmetry
state can exhibit a range of behaviors interpolating between frozen-in shear and uniform com-
pression/dilation. These two limits correspond to a 5-component Heisenberg- and Ising-like
ferromagnets respectively. The resulting heat capacity variations, together with the RFOT-derived
intrinsic relation between thermodynamics and kinetics, as reflected in the m vs. Ac,, relation,
implies that the spin model exhibits a broad range of fragile-to-strong behaviors during activated
rearrangements. The heat-capacity jump per bead of the corresponding liquid will also depend on
the ultraviolet cutoff of the theory, as specified by the bead size. We will observe that the fragility
depends on the Poisson ratio of the material, but in a complicated, non-monotonic fashion. In any
case, in view of the apparent broad range of strong-to-fragile behaviors exhibited in the present
model, the present analysis strongly suggests the activated dynamics have the same mechanism in
both strong and fragile liquids, consistent with the basic picture of the RFOT theory.

A potential formal benefit of the present approach is that it is possible to map the activated-
transport liquid regime onto a spin model on a fixed lattice, thus opening the possibility of applying
to liquids the many computational techniques developed in the context of spin models. Importantly,
this mapping may provide a first principles basis for computing the configurational entropy for
specific substances and the rate of crystallization from the supercooled state, since elastic constants
at the length scale of a bead, which are the input into the theory, can be determined by ab initio

methods.
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2.2 ORDER PARAMETER FOR THE CRYSTAL-TO-GLASS TRANSITION

2.2 ORDER PARAMETER FOR THE CRYSTAL-TO-GLASS TRANSITION: INFORMAL MOTIVA-

TION AND QUANTITATIVE DISCUSSION

Let us begin with an informal motivation for a minimal ansatz for local stress distribution in a glass.
Consider a substance that can both crystallize and vitrify and assume for concreteness that the
glass has a greater specific volume than the corresponding crystal, as it is usually, but not always,
the case.’ A quenched melt or frozen glass of such a substance may be thus viewed as a result of
the following action: Apply negative pressure to slowly expand the crystal until the lattice relaxes
into one of the myriad available glass structures. (We assume that cracking does not occur.) Then
release the negative pressure. The sample will remain in the metastable, glass state; the eventual
transition to the lower free energy, crystal state will eventually occur by nucleation, but is subject to
the surface tension between the two phases. In a standard fashion, the surface tension implies that
the dependence of the free energy on the extent of dilation exhibits a concave down portion.[37]
We can see qualitatively how it arises by estimating the free energy of the solid using a simple,
non-linear Einstein-oscillator model.

Consider a collection of Einstein oscillators with the configurational partition function given by
0 1 2
Z = f dr e 2Pk, (2.3)
g

where we incorporate the non-linearity qualitatively by assuming a sharp lower cutoff in the
configurational integral, at a displacement g. The non-linearity here comes down to the inability of
the degree of freedom r to relax to values less than g. The latter corresponds to a frozen-in stress.
The parameters k is a force constant in the harmonic limit. For g = 0 this model corresponds to the

textbook, Einstein model for solids.[38, chap. 23]

Exceptions usually imply the glass was not generated by quenching an equilibrium liquid. Examples include: pressure
induced amorphization,[32—-34] densification of a glass,[35] and strain glasses.[36]

13
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Figure 3.: Illustration of the notion of an aperiodic metastable state as a dilated crystal that was allowed to
relax. F,y is a free energy after the relaxation of the expansion which results in the “softening” of
the crystal’s force constant, k. — k.

Let us denote the force constants in the crystal and the expanded state as k. and k4 respectively.
Since the glass phase was assumed to be less dense than the crystal, we expect k; < k.. We
sketch the free energies of the states as functions of g in Fig. 3, taking into account that the
curve corresponding to the expanded state is shifted upward from the crystal state by the free
energy cost of expansion. According to Fig. 3, under sufficient negative pressure (essentially equal
to the negative slope of the common tangent of the two curves), the crystal will indeed begin
converting into a collection of non-linear oscillators. The vast majority of the configurations of
these oscillators are of course aperiodic, implying the metastable phase is aperiodic, too. This
qualitative free energy graph tentatively confirms the view above of a quenched-melt/frozen-glass
as a sufficiently expanded crystal that was allowed to relax. The interaction that stabilizes the lower
density state is the steric repulsion. The graph also suggests an appropriate order parameter for
the transition, namely the amplitude of short-wavelength, strongly anharmonic motions.

In writing a formal ansatz for a solid that allows short-wavelength anharmonic motions (to
be defined below), we first point out that local mechanical instabilities are perfectly compatible

even with macroscopic rigidity, examples including orientational glasses[39] and ferroelectrics
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of order-disorder type.[40] The latter systems consist of rigid, periodic scaffolds where a subset
of local motions could be marginally stable resulting in a vanishing frequency of transverse
optical phonons.[40] In contrast, we wish to consider here a situation where all motions with the
wavelength less than a certain cutoff distance are allowed to be multistable. The resulting material
may or may not be macroscopically stable, as will be determined self-consistently. We will limit
ourselves to a dynamical regime, in which relative distortions of individual bonds during lattice
reconfigurations are only within 10% or so,[15, 21, 22] as appropriate both for activated transport
and stable crystals. Such small distortions imply the harmonic approximation for local stress is
semiquantitative.

Consider the elastic energy E of a solid, in the linear elasticity approximation, as a function of

the local displacement u relative to a steady-state reference state:[41]
1
E= 2 dVe;;Cijki€kis (2.4)
where C;j; is the elastic moduli tensor and

6,']' = (ul-’j + uj,l-) (25)

N | =

is the strain. Hereafter Latin indexes run from 1 to 3 and Einstein’s summation convention for two
repeating indexes is always implied, e.g.: u;u; = Y,3_; u;u;. We also use index notations to label
derivatives. For example, for u(r) we write

6ui
Xj

Ui, instead of

We decompose the strain tensor into long- and short-wavelength components:

€ij = &ij + Nij, (26)
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where ¢;; now includes only the Fourier components with wave vectors inside a certain cutoff
surface in k-space, while 1;; contains only Fourier components outside of the cutoff surface. Let us
evaluate the free energy of the system subject to a constraint on the elastic self-energy density of

the short-wavelength component,

nijCijkiNkl = gz(r), (2.7)

which forces the short-wavelength motions to be essentially a collection of anharmonic Einstein
oscillators. If the cutoff surface in the Fourier space is generically at k = k;,;¢r0, the anharmonic
oscillators fill space, approximately one per volume (77/kpmicro)’, but not necessarily in a periodic
fashion. The detailed lattice in which the oscillators are arranged depends on the precise shape of
the cutoff surface.

Since the presence of strongly anharmonic degrees of freedom generally requires expanding the
lattice from the reference state, we must include in the full free energy of our solid a penalty for
increasing g, which we denote as F.x(g). The precise form of this function is not essential for the
majority of our conclusions; clearly it is a monotonically increasing, concave up function of g, to

ensure the compressibility is positive. As a result, the full free energy is:

Fa(g) = F(g) + Fex(g)’ (2.8)

where the free energy F(g) of the ansatz is computed by summing over all configurations of the

local stress, subject to the constraint (2.7), at a constant temperature T:
e~ PF9) — Z Z e PE. (2.9)
n(r) u(r)

Note that in calculating F(g), the long-wavelength displacement field u(r) and short-wavelength
tensor field n(r) are understood to be dynamical variables. The use of u is a standard way of

calculating the free energy of, e.g., phonons in a solid.[38] However, no continuous deformation
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field corresponds to 1 (r) in general. Summation over rn(r) in (2.9) corresponds to averaging over
short-wavelength structural states of the material. Similar approaches have been employed, e.g., to
study martensitic transformations in functional materials.[42]

Even though we have written n(r) as a continuum field, it is understood that it is defined on a
fixed lattice given by the positions of the Einstein oscillators. For all known crystals classes, the
elastic tensor is symmetric with respect to interchanging the first two indices: C;jx; = Cjix1, and
likewise for the last pair: C;jx; = Cyjix. Thus the tensor 1 can be taken as symmetrical without loss
of generality and as a result has 6 independent components (we assume here that 1 is symmetric
similarly to ¢) it corresponds to 6 degrees of freedom, and thus every lattice site must correspond to
at least two atoms. A change of n(r) reflects a reconfiguration of particles constituting the lattice
in the vicinity of r. The field u(r) describes elastic deformation of the lattice with wavelengths
exceeding 27 /kpmicro, Which we generically will call acoustic phonons. Note that the number of
the acoustic modes is three per lattice site reflecting three translational degrees of freedom which
describe change in the position of the center of mass of a group of atoms, while disregarding the
mutual displacements within the group. Switching between discrete summation over lattice sites

and continuous integration over space can be done according to the rule:

a32—>LdV, (2.10)

where a = 7 /kmicro is the length scale corresponding to the cutoff wave vector kp,icro. The index
B signifies integration over the volume of the body 8.

For the sake of argument, hereafter we assume the order parameter is uniform:

g*(r) = ¢* = Const. (2.11)
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Formal extension to a nonuniform ¢(r) is possible to do. However, since |g(r)]| is finite in the first
place, local variations will introduce higher order effects. Also, we limit the analysis to the simplest

case of an isotropic reference state:
Cijk1 = A8ijbk1 + (5ik5jl + 5115jk) , (2.12)

where A and p are the Lamé coefficients (u is also called the shear modulus).[43, §5.2] Such choice
allows one to considerably simplify tensor algebra making use of the notation scheme outlined in

the next section.

2.3 A DIGRESSION ON TENSOR ALGEBRA

Throughout this manuscript we will often need to write different inner products, e.g, €;;C;jxi€ki-
We always use Einstein’s summation rule. By construction, Latin indexes run from 1 to 3. Very
often, however, it is convenient to drop indexes in inner products altogether,[44] as it is usually
done when writing inner products of vectors. For instance, ab is widely used for labeling the inner

product of vectors a and b, Z?:l a;b;. Similarly we will write
o = ABe instead of 0ij = AijkiBkipgépqgs
and

oe instead of Oij€ij.
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To avoid confusion we use upright font to label tensors (both fourth- and second-order) if their
indexes are dropped. Note, that some of the Greek letters are conventionally reserved for scalars.

For instance, i and » label the shear and bulk moduli, v is the Poisson ratio, and
B = (kgT)™".

Here we deal mostly with isotropic tensors. The corresponding algebra can be much simplified
using the system of notations developed by L. J. Walpole.[44] We use the symbolic notation L[a ,b]
to label a generic isotropic tensor of the fourth order. Such a tensor can be written as a spectral
decomposition[44]

L{a ,b] = aJ + bK, (2.13)

where the fourth-order isotropic tensors J and K,

1
Jijki = §5ij5kz,

1 2
Kijkl 5 (5ik5jl + 5il5jk - §5ij5kl),
are idempotent, i.e., they satisfy relations

=] and KK =K, (2.14)

and are mutually “orthogonal”,

JK=KJ=0.
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Acting on a symmetric second-order tensor, say v, tensors J and K extract its isotropic (diagonal)

and deviatoric (zero-trace) parts respectively

1
JijkiVkr = ZVkk6ij
3

1 A
Kijkivkr = vij — gvkk5ij = vij.

The elastic moduli tensor C of an isotropic medium with Lamé coefficients A and g,
Cijki = A6ijbk1 + 1 (5ik5ﬂ + 51’15jk) ,

can be written using Eq. (2.13) as

1
C =L[3%,2u] :2/1L[ i ,1],

1-2v
where v,
1
Ve —
2(1+p/h)
is the Poisson ratio of the medium and x,
2 20 1+v
X=A+—-p= —u—,
3 31-2v

is the bulk modulus, which is the same as the inverse compressibility

1 1 {0V
===,
V\dp);

(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)

where V is the volume of the body B, p is the external pressure, and T is the temperature. For

v =0, C is proportional to the fourth-order unit tensor I,

I=L[1,1]=]J+K= % (5ik5jl + 5il5jk) .
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Decomposition (2.13) simplifies the algebra for isotropic tensors considerably. For example, for
two isotropic tensors Ly = L[a; ,b;] and Ly = L[a; ,b,], the sum and the product are given simply
by

Li +Ly, =L[a; + az ,b; + by]

and

LiL; = L[ayaz ,b1b]

respectively. Also, the tensor equation L; = L; is equivalent to the system of two scalar equations,

a; = a; and b; = b,. The n-th power of the tensor can be found as

Lla,b]" =L[a" ,b"], (2.22)

where, note, n can be non-integer. Also note that isotropic tensors commute with each other, a
property which also holds for cubic symmetry, but no other point group symmetries.[44]
This system of notations allows us to express Eq. (2.4) and the constraint (2.7) in a more compact

form. Absorbing the tensor C into the definition of € and n,

g=C"¢, and n=Cty, (2.23)
we can write
Eeg [ aveemeeem =g [ o, (2.24)
and
nCn = Y = ¥* = ¢° (2.25)

It is known that the linear elasticity formalism can be written in a six component second-order
tensor representation.[45] In this picture, second-order tensors, such as o;; and ¢;, are recast as six

component vectors, o, and ¢,, respectively, where it is always assumed that Greek indexes run
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from 1 to 6. Since both notations are completely equivalent, we will often drop indexes by writing,
e.g. £ instead of ¢, or ¢;;. To avoid any confusion we will always label the norm of a 6-vector by | - |.
In the 6-vector representation, the constraint (2.25) acquires a clear geometrical meaning: it

becomes equivalent to fixing the length of the 6-vector corresponding to 1/;;:

Vij¥ij = VaVa = V1> = ¢°. (2.26)

Thus, the structural states of 1, permitted by the constraint (2.7) or (2.25), can be mapped onto all
possible orientations of the 6-vector { while the Boltzmann average over 1 in the definition of
F(9), Eq. (2.9), corresponds to an averaging over all orientations of {. This will be considered in
more detail in the next section.

In the 6-vector picture, fourth-order tensors are recast as second-order tensors, e.g. C;jx; — Cay,

which allows us to make use of the square matrix eigenvalue decompositions. We can write

Lla ,b] = Ugy|Dla ,b] U;ﬁ, (2.27)
vs

af
where

1/\/§ —l/\@ —1/\&
1/\/§ —1/\@ 1/\@

0 0 0
0 0 O
U= s V2fy3 0 0 0 0 (2.28)
0 0 0 1 0 0
0 0 0 01 0
0 0 0 0 0 1
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is the tensor constructed from eigenvectors of L[a ,b], and the symbol D[a ,b] labels a diagonal

tensor of the form

(2.29)

S O O o o o
S O O T o o

S O O O O Q
S O T o O O
oS TN O O O O
SO O O © o

Note that U does not depend on a and b, UUT =1, and the determinant detU = —1. Also U stands
for the transpose of the orthogonal matrix U. Hereafter we always imply 6-vector representation

when applying the transpose to a fourth-order tensor.

2.4 GLASS AS A FROZEN-IN STRESS PATTERN

We inquire about the possibility of (metastable) states with a non-zero g by testing F, (g9) =
F (g) + Fex (9), Eq. (2.8), for the presence of a concave down portion. The latter peculiarity is only
possible if F (g) has an inflection point. It will suffice for our purposes here to extract the small and
large g asymptotes of F (g), which one may accomplish by first averaging the Boltzmann weight
e~ PE in Eq. (2.9) over all possible 1 subject to the constraint (2.7). As was demonstrated in the
previous section, such averaging is equivalent to the averaging over the orientations of the 6-vector
= C'n, cf. Eq. (2.23). By the aforementioned prescription for interchange between discrete
summation over the oscillator sites and integration in space, Eq. (2.10), we break up the integral in

the expression for E into a lattice sum

3

E= %L AV [§(r) + Y(n)]* ~ % Z [o(r) + U(r:)]?. (2.30)
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and swap the order of summations over u and over ) to get

- _balrge ri)+g* i) —Batpa(r; r;
S et s [ e e 9]fd9$>e Ba* $alt)Valrn), (2.31)
n(r) i

where the integration is carried out for every lattice point at r; over a solid angle in six-dimensional
coordinate system. Labeling the corresponding angles by ¢;, we can write the solid angle element
as[46, §A.10]

dQy = sin® g sin® @ sin® @3 sin p4de;de,dpsde,des,

@; € [0,7], for @ < 5, and @5 € [0,27]. The integration can be accomplished analytically,> cf. [49,

§9.6.18],
167 I [ Paa’l(r)]

3 [Bgadld(ri)l]’

f dQD =P eVt : (2.32)

where the norm of ¢ is defined via

Pl = \/‘1’T = \/¢a¢a = \/Eijcijklfkl,

and I,,(x) is the modified Bessel function of order n. Using Eq. (2.10) again, we finally obtain for the

free energy density of the short-wavelength deformation component f, [$],

Z e_ﬁE ~ e_ﬁfB de,,[(b]

n(r)

where

1 L |Bga’lom)]
23 In P YPTINETE
pa® " [Bga’lop(n)]]

up to an additive constant. This free energy depends only on the absolute values of the 6-component

fr 18] = = ($*(x) + ¢*) - (2:33)

N | =

vector ¢ and g, which characterize the long- and short-wavelength deformation respectively.

2 We note in passing that similar calculation is done for n-vector model of magnetic systems, see e.g., [47, §3.5] or [48].
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To extract the behavior of F(g) at small g, we note that at small values of either field, expression

(2.33) yields

28q3 1
b ) +=g", (2.34)

18] s 300 (1- 22

glo@|—0 2
implying the sole effect of the presence of the short-wavelength anharmonic displacement of mag-
nitude g is a renormalization of all acoustic frequencies downwards by a factor of (1 — % Bg*a®)' ~
1 — =pg*a® (if g is sufficiently small). Since the partition function of a classical harmonic oscillator
with frequency w is (kT /hw), this reduction in the acoustic frequency results in a free energy shift
of —égzarj per phonon. As mentioned earlier, the number of the acoustic modes is three times the

number of the lattice sites where n is defined, yielding that at small g (per phonon),

—_~

F(g9) ¢* 3kBT92ﬂa3_92
N 2 @ 12 4

Thus at small g, the second derivative is positive.
According to the asymptotic expansion of the Bessel function, I,(x) o x ”e*,[49, §9.7] and so

the two leading terms in the large g limit of Eq.(2.33) are given by

fy == 3 1601 =gl + 2Ll Ing. (235)

The g-dependent portion of the free energy is now uniform in space and thus no longer has
short-wavelength components. As a result, we can always shift the u variable to eliminate the
g-dependence from the integrand in the partition function corresponding to the free energy (2.35)
so as to make the expression a pure quadratic in the new variable ¢: u =uy +u’ — ¢ = ¢ + ¢’
where |¢g| = g. This latter reference state physically corresponds to a uniform distribution of

stress (not displacement!) at a free energy density %gz. The resulting integration over ¢’ becomes
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-0.2

(fle1-rflon/g
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Figure 4.: Free energy profiles for local elastic strain at three representative values of the anharmonic
displacement g, from Eq. (2.33). Above the critical value g., from Eq. (2.36), the lattice freezes in
an aperiodic pattern at wavelength 27 /k,icro-

asymptotically Gaussian in the large g limit, despite the non-analytical dependence on u in Eq. (2.35).

As a result,
F(g) 5kgT
N g-o 2 a3

Ing,

i.e. the second derivative of F(g) becomes negative at large g, implying F(g) has an inflection point
at an intermediate value of g.

We thus conclude from the analysis of the asymptotic behavior of the free energy F(g) that with
a suitable form of F.,(g), such as F,,(g) o g?, it is possible for the full free energy F,(g) to have a
concave down portion, also consistent with the mean-field solution in Section 2.6, see Fig.8. We
reiterate that the presence of the concave down portion means the system exhibits a metastable
state at a non-zero value of g. We do not explicitly treat the steric repulsion which is needed to
stabilize the g > 0 phase. The methodology is, nevertheless, internally consistent, see also Chapter
3. The quantity g, therefore, can be used as an order parameter for a transition between the lowest
free energy, fully stable state and the metastable state at non-zero g.

The free energy f, [$] of our ansatz helps to understand the origin of the peculiar behavior

of F(g). At large enough magnitude of anharmonic displacement g, the equilibrium value of the
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acoustic displacements becomes non-zero. According to Eq. (2.34) this transition occurs at a critical
value:

,  6kgT

Gor = (2.36)

o)
We show the ¢-dependence of the free energy from Eq. (2.33) in Fig. 4, for several representative
values of g. In the metastable phase at g > 0, the thermodynamic potential from Eq. (2.33) is
dominated by aperiodic configurations of the anharmonic field {, implying the modulation of the
harmonic field is aperiodic, too. This potential becomes particularly vivid in the g?/kgT — oo
limit, i.e. 1 (g — |$])? ( \/ﬁ)z Consistent with this identification, the form (g - @)2 is
similar to broken-symmetry functionals that arise in systems with self-generated disorder.[50, 51]
Importantly, the free energy (2.33) is an equilibrium quantity, implying the metastable aperiodic
state corresponds to a melt above the glass transition. Furthermore, the aperiodic phase corresponds
to a frozen-in stress pattern at half-wave length a = 7 /k,;cr0. Thus we must associate the length a
with the bead size of the RFOT theory. We reiterate that the bead size a corresponds to size of a
chemically rigid unit. Conversely, motions on length scales below a do not appreciably affect the

activated reconfigurations.

2.5 MINIMAL ANSATZ FOR LOCAL STRESS DISTRIBUTION

The aperiodic phase discussed above exhibits many distinct states separated by activation barriers.
To see this structural degeneracy explicitly, we find the free energy cost of the short-wavelength

deformation n, by averaging over the long-wavelength deformations u in Eq. (2.9),

F(g) = —= Z D e FEEm), (2.37)

u r) u(r
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where the elastic energy of the system is given by (2.4)

1
E= Ef dV [eCe + 2nCe + nCn], (2.38)
B

and K, is the kinetic energy of the phonon deformation,

1 .
K= [ avpuit (239)
B

There is no kinetic energy contribution due to the field n, since the phonon part already accounts
for the kinetic energy of all atoms. The integration is carried over the volume of the sample, a body
B, and py labels the corresponding mass density. The notation F(g) emphasizes that the phonons
are integrated out and so F(g) is a thermodynamic potential for the degree of freedom p, which is
the frozen-in stress. In what follows it will be more convenient to work in terms of the stress p

resulting from the short-wavelength deformation:

p=Cn. (2.40)

This allows us not to write out explicitly the elastic moduli tensor in the interaction term in (2.38):

1 1 - ¥ LeCe+pe
F(p) — E L deﬂ _ B Z Ze ﬁ(KPh deV[z Ce+p ]) (2.41)
u(r) u(r)

The integration can be accomplished in the standard manner, using the Fourier transform of u,

1

u= w (k, 1) e, (2.42)

YV keD(a)
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where we have limited the domain of possible wave vectors D (a) to one inside a cutoff surface
corresponding to a = 7t /kmicro, See Section 2.2 for discussion. The complex vector field w satisfy
the property,

w(k,t) = w* (-k, 1), (2.43)

ensuring that u is real. To enforce (2.43), we write
W =X+ iy (2.44)

and reduce summation over k to a half-space only, labeling the corresponding sum and product

symbols by a prime, in a standard fashion.[52, §5.7.2] This gives

1 rf. . 1
Kpn + f dv [EECE + pe] = Z (x2 + y2 + p_ [x,{,-jxj + y,-{,-jyj] — X8 — yc) , (2.45)
B K M

where, cf. [43, Eq. (6.56)],

(ij = kmCimijki, (2.46)
k = |k|, and
c; (k) 2 f coskr
= dv pijkj- (2-47)
si (k) VPuV J8B sinkr

In writing Eq. (2.47), we explicitly used the fact that only the symmetric part of the field n enters

the energy E, Eq. (2.38), since the tensor C satisfies[41]

Cijki = Cjiki.

Hence we can assume with no loss of generality n;; = n;;. Consequently, p = Cr is also symmetric

pij = pji» and so one may write

(9ul~
“Pij-

UPY = 5,
J
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Now, specifically for an isotropic
Cijk1 = A8;j0k1 + p(6ixdj1 + 8116k ),

cf. Eq. (2.16), we get

Jij = pk®Si; + (A + p) kik;, (2.48)

and
_ 1 1 k,‘kj
(€)= e (90 757 @49

where we have used the following relation between the Lamé coefficients and Poisson ratio,

A+p 11
A+2u 21-v (2:50)
The determinant ,
detl = p* (A +2u) k® = pic?c?ké, (2.51)

where pMcf = pand pMc? = A+2p define the transverse, ¢;, and the longitudinal, ¢;, sound velocities,

is related to the high temperature limit of the free energy of the acoustic phonons,

kT o8 (ksT)°

F = PuB)
2 447 i det]

(2.52)

Replacing the sum over u with an integral over x and y,3

zulzu: - (%)6 ]:[f_: dx dy dx dx (2:53)

3 The normalization factor of (%) 7% in Eq. (2.53) was chosen so that F = FO for |n| = 0.
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and performing Gaussian integration, see, e.g., [53, §7.23.2], we get[14]

F(p) = F' = B2 37 (siti'si + eidij'e;)

k

which, after substitution of (2.47) and use of trigonometrical identities, produces,

1 1 ’ ’ ’
Fo =5 [[apne s [ v [ aVoy@Gum -0 pm @)+ F sy
2Js 2Js B
The coupling tensor G is given by
zjlm = ——Z{ 1k leOSk r— 1‘/) .
As discussed above, the tensor p is symmetric:
1
Pij = Pji =5 (Pij + Pji) :
As a result, one can profitably employ a symmetrized form of G;jj,:
(Zimbskr + Limkiky + {3 K jkm + £y kikm) cosk (r = ') . (2.55)

Gijim = ——
4V o

Substituting { ! from Eq. (2.49) yields:

, 1
G,-jm,(r—r):—léwaf dk[ 0 (Simk ks + Ojmkiky + itk jkm + 81k ikm) (2.56)
1 kikjkmk )
ST T cosk(r-r'),
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where we have replaced the sum over k by an integral,

1 1

— Z - — dk. (2.57)
3
Viittag 87 Jow@

D(a) denotes the inside of a compact region in k-space; it is the aperiodic analog of the first
Brillouin zone for vibrations in periodic crystals.

Apart from the limits of integration in the integral over k, the coupling tensor G is equivalent to
the Green tensor describing the strain field produced by a localized source of stress, see Appendix

A for derivation and discussion. Indeed, G can be rewritten as

1 0 0 0 0
Giimit—1)= —————6ip=— +0ip=—| [ o1 =— + Sgn—
jmi (£ = 1) 64731y (1 = vo) ( ”ax,- ’ ”’ax,-) ( ql@xm % ax,)
o ik(r-1") (2.58)

x[(2(1=v)s IS f dk
0 P4 Hx xs 0xpxq) Jo(a) Kkt

which has the same form as Eq. (A.11).

Interaction energy similar to F(p) has been applied in the past to study amorphous materials
in two types of models: it has been used to describe interaction between the empirical two-level
systems (TLS) and to model interaction between substitutes in orientational glasses, see, e.g., [54-
56] and [57-59] respectively. Despite these uses, F(p) has not been studied in its full complexity.
As it stands here, F(p) describes the interaction part of the free energy of the short-wavelength
deformation field p, which has six degrees of freedom at every point of space. Thus the model (2.54)
is a Heisenberg model with 6-component spins (of the constant length if the constraint (2.25) is
used) and anisotropic long-range couplings.

In the context of orientational glasses, which possess a fully periodic matrix, lattice anisotropy

allows one to simplify the model by considering only a trace-less defect strain field:

1
pij & ninj — 551']',
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where n is a three-component unit vector characterizing the orientation of a polar substitute. Thus
the six degrees of freedom, available to p in every point where it is defined, are reduced to just three.
Even for the simplified model, Grannan at el.[57] point out that magnets of the type in Eq. (2.54)
are frustrated even on periodic lattices. Similar simplification as well as the frustrated interactions
characteristic of solid ortho-hydrogen have been known for a long time.[60] The Quadrupole
moments of ortho-hydrogen are somewhat more general than the defect type considered in [57] in
that they correspond to four degrees of freedom. For the TLS, the simplifications are even more
drastic since these systems can be represented by Ising spins, which have only two orientations
and the coupling G is projected onto one direction in space (different for each TLS).[55] Here, in

contrast, no simplifications are afforded except for fixing the length of 6-vector , Eqgs. (2.7) and

(2.25),

nCn = pCp = |[Y|* = ¢%,

which amounts to the assumption of the uniformity of the glass.

Another important feature of the coupling G is the presence of a compact cutoff surface, which
limits integration over k to k € D(a). The precise geometry of D(a) is unknown and, by analogy
with Brillouin zone in crystal, is expected to be system specific. We will not study this problem
here. For reference we provide the result for the simplest case of a sharp cutoff at k,,;cro = 7/a,

where, cf. Eq. (2.60),

eikr [a . eikrcos@ r r
dk" =2 ak [ d0sin0S—— = ~a[w*Z + fnarp (X)), .
fz)(a) k4 ﬂj; j(; sSmv—3 o + fsharp B (2.59)

and

fsharp (x) = i (sinx +xCOs X + x° [Si (x) - %]) .
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In practice, we will use the much simpler

eikr
f dk = —nr, (2.60)

as the spins are at least a distance a apart. The ensuing error is probably comparable to that
stemming from not including higher multipole terms in the spin-spin interaction.

Below its Curie temperature, the classical Heisenberg magnet from Eq. (2.54) exhibits many
distinct states separated by barriers. These states correspond to distinct configurations in the
corresponding quenched liquid. The bead motions during transitions between these distinct states
correspond to rotations of the six-component, classical “spins” { (r;). The relative displacement of
two beads, say i and j, during a transition is related to the transition-induced change in the vector
(\Ll(r,-) —Y(r ])) The relation, however, is not obvious because of the tensorial nature of the frozen-
in stress resulting in vectors being six-component. As in any magnet below its ordering transition,
typical transitions between distinct metastable states of the spin system from Eq. (2.54) will involve
the more spins the lower the temperature. Such bigger cooperative regions are necessary because
the density of states for a region of fixed size decreases dramatically for lower energies. Specifically,
according to the RFOT theory, the cooperativity size in the present case should increase as s, " 7]
where s, is the entropy per bead (spin). Consistent with the cooperativity, the individual 6-vectors
rotate little relatively to each other so as to minimize local strain, implying the bead-bead bond
will distort nearly harmonically most of the time. The overall transition is, nevertheless, strongly
anharmonic, as reflected in a high free energy barrier for the reconfiguration. One appropriate
progress coordinate is the number of beads that have already moved.[23]

We conclude this section by pointing out that the obtained mapping between activated liquid
transport and the dynamics of the 6-spin Hamiltonian from Eq. (2.54) is not exact, of course,
but nonetheless, does capture the essential features of the activated-transport regime in liquids.

Systematic improvements, such as using a more flexible functional form for the non-linear oscillators,
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including higher order multipole terms in the spin-spin interaction etc., are possible, however will

likely result in largely quantitative corrections.

2.6 MEAN FIELD BEHAVIOR OF THE 6-SPIN MODEL

According to Eq. (2.56), the Fourier transform of G depends only on the direction of k. This allows
one to easily extract the long-wavelength limit of the coupling. Formally this is done by applying the
limit lim_, and then replacing the summation over all k by averaging over all possible orientations

of k
lim = lim Laf dk — lfko. (2.61)
k—0 m k—0 811 D(a) Y 4

This procedure amounts to a mean-field limit, because retaining k — 0 values only is equivalent to
making the spin-spin interaction |r|-independent. Using limy_,o cosk (r — r’) = 1 and averaging
over directions of k, Eq. (2.56) for the spin-spin coupling reduces to

MF 1

G(r—r/)ﬁvzm

L % (1-2v) ,% (4-5v)|, (2.62)

where we have used notations defined in Section 2.3. Thus in this limit, the coupling does not
depend on the distance, while the integration over r and r’ reduces now to the volume average of

p. We get, as a result

5G" B, (2.63)

where we have dropped the phononic free energy F® which does not depend on the state of short-
wavelength component and simply shifts the energy reference. The bar denotes the volume average,
e.g.

_ 1

5= | avew). (2.64)
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Now we recall that p = Cr) is defined on a lattice and is subject to constraint (2.7), which fixes

the density of the frozen-in energy:

n(r)Cn(r) = r](i)Cn(i) = ¢* = Const, (2.65)

where n(?) is the lattice approximation for n(r), and we have used the following notation for brevity

n(r:) =n®.

We will never use the Einstein summation convention of the superscripts.
It is convenient to represent the constraint in the 6-vector picture in a somewhat distinct from
Eq. (2.23):
n® = gc U, (2.66)

where U is an othogonal 6 X 6 matrix constructed from the eigenvectors of L[a ,b], see Eq. (2.28),

included for future convenience,

1/\5 - 1/@ -1/ 0 0 0
1/\@ - l/\@ 1/\/5 0 0 0
u=| ' Vil 0 000 ((2.28) revisited)
0 0 0 1 0 0
0 0 0 01 0
0 0 0 0 0 1

Substitution into (2.65) reduces the constraint to the condition

1t = 1. (2.67)
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Thus, all the structural states allowed by the constraint can be mapped onto the orientations of the
unit 6-vector TV, Using the stress-strain relation p = Cn), together with (2.66), we can reduce (2.63)
to

uTc' G c'tu

4

Z r(")} . (2.68)

M1, 1 ;
- - _ (i)
% _zg 1+Nz [Zr 4

The tensor product can be calculated using the approach outlined in Section 2.3,

1 2
C'GYFC' = CGM™F = ——L[l S (4-5 ] . 6
30— +V 5( V) (2.69)

This tensor is well known in the theory of elasticity. It is a particular realization of the Eshelby

tensor, which is related to the volume average of the fourth-order Green tensor,
S=- f dV'GMr-r')C, ((B.4) revisited)
I

see Appendix B for the derivation and discussion. For r € 7 and ellipsoidal 7, the Eshelby tensor S

does not depend on r . If 7 is a sphere, the tensor S has a particularly simple form:[44]

1

S:mL

2
1+v,§(4—5v) , (2.70)

which is identical to Eq. (2.69).
After establishing the physical meaning of GM*, we can better appreciate why Eq. (2.61) leads to
a MF approximation. Employing the latter equation is equivalent to replacing the interaction term

F(p) by the product of the volume averages of its constituents:

de f dV'p(r)G(r —1') p(r’) = V35 G p,
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which is equivalent to the assumption that p on different sites interact via a r-independent, mean
field. Note that in the above equation we have dropped the arguments of G writing simply G for

the volume average. This is possible, if the averaging volume is an ellipsoid,[44] leading to

deGA(r -1') = f dV'G*(r —1’) = -SC!, (2.71)
I I

where, we remind, G is computed using Eq. (2.60), G & G*. Note that the tensors S and C commute
only if 7 is a sphere.
Now, let us get back to Eq. (2.68) for FM*. It can be written as
FMF 3 1 )

1

where we have labeled the part that governs the frozen-in stress T by H"*. Using Egs. (2.69) and

(2.27) one can write

2
g . R

HY = - L% 1y ), (2.73)
2N lz]:

where Y is a diagonal matrix composed of the eigenvalues of S,

1 2
Y:UTSU:—D[l = (4-5v)], )

cf. Eq. (2.69).

Note that according to the definition in Eq. (2.66), the trace of n is give by

Trn = Lo, (2.75)

Vx

where
_2p 1+v
3 1-2v

(2.76)
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Figure 5.: Eigenvalues of the Eshelby matrix S for a sphere, which play the role of the coupling parameters

in H™*. The ratio Y. /Y, is the measure of anisotropy in the model. Remarkably, the isotropic case

Y. =Y atv = é (corresponding to the ratio of sound velocities ¢%/ c? = 3),is within experimentally

8
accessible range.

is the bulk modulus. Thus the first component of t reflects local density variations of the frozen-in
stress, while the rest of the components describe isochoric deformation and thus correspond to
the shear portion of the frozen-in stress. In view of the physical meaning of the T components, we

label the eigenvalues of the matrix S as,

1+v . qo
Y= ——, compression/dilation,
3(1-v)
2(4 - 5v)
Y= ——=, ure shear, 2.
5= o) p (2.77)

and write the Hamiltonian in the following, simplified form

2 6 2
2N . l_
B[y v 331 @79
i a i

i =2

Since both Y, and Y are positive, see Fig. 5, the model (2.78) corresponds to a ferromagnet. The
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numerical value of the Y./Y; ratio,

Yo 5 1+v % 530?—4C§

~ 5
B 2

2.
Yo 24-5v (2.79)

2 2 3¢7 + 2¢%’

varies between 0.88 and 1.6 for nonmetallic glasses surveyed by Novikov and Sokolov.[61, 62]
Bigger values of the Y. /Y ratio correspond to a greater Poisson ratio and smaller y/x ratio, i.e. to a
lower shear modulus relative to the bulk modulus. We thus observe that the MF Heisenberg model
(2.78) has anisotropic couplings, the anisotropy directly related to the Poisson ratio of the material.

Remarkably, the purely isotropic case Y, = Y, corresponding to

falls within the experimental range, the implications to be discussed in the last section of this
chapter.

The MF Hamiltonian (2.78) can be solved in a standard fashion, using a Hubbard-Stratonovich
transformation. Since all the structural state available to the system are mapped onto the orientations

of 19, the partition function can be found, according to

o et} [ e om

where we have used V = a®N. The Habbard-Stratonovich transformation in the particular case of

Eq. (2.80) can be written as

6 « i _ 2 §a+§a217a
eZN Zalx (Zi7 ) _(Zﬂgzﬂ) — l_lf dEqe gﬂ§ . (2.81)
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compr

Figure 6.: Free energy from Eq. (2.83) corresponding to the elastic constants of (a) silica (Y./Ys ~ 0.88) and
(b) salol (Y./Ys = 1.5) Cases (a) and (b) exhibit frozen-in shear and uniform compression/dilation
respectively. Solid circles at bottom plane denote the locations of minima.

where we define a 6-vector y composed of the diagonal entries of the matrix Y:

Xa = Yaa,

and no summation convention is implied in the last equation. After substituting Eq. (2.81) into Z"¥,
the angular average can be easily performed.[48] Upon the angular averaging, the integration over
€ can be accomplished asymptotically exactly by the method of steepest descent. In the leading
order in N, the corresponding free energy equals to

FMF aSgZ

N 2 + Gmin, (2.82)
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A Y,/ kgT

5-component
Heisenberg magnet

Paramagnet Ising magnet

0 -
6 Y./ kgT

Figure 7.: The phase diagram corresponding to the mean-field Hamiltonian (2.78). The shaded region
schematically denotes the regime where the mapping between liquid dynamics and the spin
model does not apply. Labels “Ising magnet” and “Heisenberg magnet” indicate ordering of the
compression and shear components in Eq. (2.78) in the respective regions of the diagram.

where G,ip, is the minimum value of the following function, c.f. [48, Eq. (2.3)],

G_ m | LGR)
= n

N~ 2BY, 2BY, h2 + h

, (2-83)

with respect to the variables h, = & and hs = (35 _, £2)"~. The first quantity, k., gives the effective
field on each spin in the direction of uniform compression/dilation; it can be of either sign. The
second one, h; is the magnitude of the total field in the direction of pure shear and can be only non-
negative. The free energy from Eq. (2.83) is graphed in Fig. 6 for two distinct values of anisotropy,
at a temperature below the Curie temperature.

The Curie temperature itself, according to Eq. (2.83), is determined by the bigger of the two
coupling constants:

Curie

1
kgTht . = ¢ max [Y.,Y,]. (2.84)
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We remind the reader that the activated regime corresponds to the ordered state of the magnet.
If Y. > Y, the ordering is along the compression/dilation component of the local displacement,
which corresponds to the first sum in Eq. (2.78), see Fig. 6. Note the depths of the two minima
are equal, implying there is no net volume change during the ordering transition. From the spin
perspective, this state is essentially an ordered Ising ferromagnet. Conversely, if Y, < Y, it is
the shear component that becomes ordered; this component corresponds to the second sum in
Eq. (2.78). The frozen-in shear state is an ordered 5-component Heisenberg ferromagnet, from the
spin viewpoint. We summarize these notions graphically in the phase diagram shown in Fig. 7.
We may further connect the MF parameters Y and Y, to the material constants by enforcing the
aforementioned notion that the large g asymptote of the function F(g) be logarithmic in the large g
limit, i.e. when the vector length or spin-spin coupling is large. According to Egs. (2.33) and (2.83),

the quadratic term in g from Eq. (2.33) will cancel out at large g, if

max [Y, Y] = ¢°a’. (2.85)
As a result,
6kpT™* .
gt = —2 Curie e (2.86)

After comparing this equation with Eq. (2.36), we conclude that the MF Curie temperature of our
magnet is significantly higher than the temperature at which the aperiodic stress pattern sets in,
since the actual value of g in the metastable phase is significantly greater than the critical value
from Eq. (2.36), see Fig. 8. Hence, at least in the MF limit, the proposed mapping of activated
transport onto an ordered spin model is internally consistent.

We further use Eq. (2.85) to compute the mean-field expression for F(g), by numerically mini-
mizing the free energy from Eq. (2.83). The result is shown with the dash-dotted line in Fig. 8. To
compute the full free energy of the solid F,(g), from Eq. (2.8), we must make a specific assumption

on the penalty F.,(g) for dilating the sample. For the sake of argument, we have used a quadratic
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Figure 8.: The dashed-dotted line shows the mean-field expression for the F(g) function. The thick solid line
shows the full free energy from Eq. (2.8), with a specific choice of the function F(g)/N = c(g%a®),
where the coefficient ¢ = 0.05. The thin solid line is the common tangent of the two portions on
the F,(g) that correspond to the mechanically stable reference state and the aperiodic metastable
state. The dashed line shows the curve with the largest value of this coefficient (¢ = %) at which
the F,(g) curve still exhibits a concave down portion. In the inset, we plot the second derivative of
the mean-field F(g). The discontinuity is at fg°a® = 6, c.f. Eq. (2.86).

function Fe,(9) = cNg?a®. A specific value ¢ = 0.05 was chosen so that the resulting barrier
between the two phases is about kg7, since it is known that the one-particle barrier for surface
melting is about kgT.[22]

The mean-field solution supports the asymptotic analysis from Section 2.4 in that the fully
mechanically stable solid is indeed the lowest free energy state; whereas the aperiodic state, though
significantly higher in free energy, is metastable owing to the surface tension between the two

phases.
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2.7 SUMMARY, DISCUSSION, CONSEQUENCES FOR CORRELATION BETWEEN THE FRAGILITY

COEFFICIENT AND THE POISSON RATIO

We have mapped the liquid activated-transport regime onto the dynamics of a spin model on a
fixed lattice. The long-lived aperiodic arrangements, which are characteristic of the activated
regime, correspond to aperiodic spin configurations below the Curie point of the spin system. The
presence of non-zero shear resistance in the long-lived structures is reflected in the spins having
six components, which correspond to the six independent entries of the local deformation tensor.
Individual spins corresponds to a rigid, weakly interacting molecular units (or “beads”) of the RFOT
theory. The size of the bead is set unambiguously as the length scale of the inhomogeneity of
frozen-in stress distribution in the activated regime. The length of the vectors is determined self-
consistently as the value of the order parameter for the periodic-to-aperiodic crystal transition. The
mutual angles between spins change modestly during the cooperative reconfigurations, implying
individual bonds are deformed nearly harmonically most of the time. The anharmonicity of the
reconfigurations is reflected in a high nucleation barrier in the free energy profile of the transition,
the progress coordinate being the number of beads that have already switched their positions to
their value in the new arrangement. The present approach exhibits clear parallels with earlier, self-
consistent phonon theories of aperiodic crystals,[31, 63] which considered the uniform liquid state
as the reference state and have demonstrated that the uniform liquid can cross-over to an aperiodic-
crystal state, accompanied by a discontinuous change of an order parameter corresponding to
the bead localization length. In contrast, here we construct the aperiodic crystal using a fully
mechanically stable state as the starting point, thus allowing for a straightforward treatment
of local, high-frequency shear resistance. We have also explicitly demonstrated that aperiodic
crystals exhibit multiply degenerate states whose mutual interconversions can be mapped onto the

dynamics of a long-range, 6-spin model with anisotropic interactions.
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The present microscopic picture has implications for the temperature dependence of the activated
barriers in supercooled melts that we can begin to discuss already at the MF level. In the allowed
part of the phase diagram in Fig.7, consider a transition from the Y, < Y; sector to the Y, > Y;
sector. As already mentioned, this transition would correspond to ordering of an Ising-like assembly
of spins and vice verse for the 5-component Heisenberg spins. To avoid confusion, we emphasize
that this Ising-like ordering takes place along one component of randomly oriented, six-component
vectors. Now, according to accurate calculations,[64] the heat capacity jump upon ordering in
the classical Heisenberg model tends to increase with lowering the dimensionality of the spins
and reaches its largest value in the Ising model. This implies that the right-hand side (rhs) part of
the phase diagram should generically exhibit a higher specific heat. In view of the RFOT-derived
connection between the fragility index and the heat capacity jump, i.e. the mentioned m =~ 34.7Ac,
relation, we may expect that substances with a larger Y. /Y; ratio will generically be more fragile,
but under several, rather restrictive circumstances, as we discuss next.

First, we reiterate the present approach is a minimalist way to explicitly account for the in-
teractions that give rise to (high frequency) shear resistance in supercooled liquids. Already in
this minimal model, the entropy and heat capacity per bead depend on the bead size a, which is,
formally, the ultraviolet cutoff in the theory. In addition to the purely volumetric affect—one vector
occupies a volume a>—the bead size will affect the precise, self-consistently determined value of the
order parameter g in the glass phase. Further, the isotropic assumption for local elastic response,
from Eq. (2.16), is an approximation. Contributions other than purely elastic terms Eq. (2.9) will be
generally present as well. One source of such contribution is the reconfiguration-induced electric
dipole moment. Earlier estimates[65] suggest that even though the local polarization resulting from
bead movements contributes only about a percent to local elastic constants, the resulting elemental
electric dipoles interact comparably strongly to the elastic dipoles of the type we have considered.
This effect should be especially significant in ionic glasses.[28] A careful treatment of polymeric

materials, on the other hand, should include the effects of chain rigidity and other types of local
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anisotropy that could not be accounted for by only two elastic constants and the bead size a, which
are the parameters of our ansatz. Novikov and Sokolov have argued electronic contributions must
be considered in metallic glasses.[66]

According to Fig. 7, we should expect that actual substances will exhibit a continuous range of
local stress distributions and heat capacities. Indeed, to distinct points on the phase diagram in
Fig. 7, there correspond very different values of the heat capacity. Furthermore, the heat capacity of
an anisotropic Heisenberg model on a periodic lattice should exhibit a nonmonotonic behavior as a
function of anisotropy, namely a spike at a transition that would occur at Y. = Y; in the mean-field
limit. The case of Y, = Y5 corresponds to the following value of the ratio of the longitudinal and
transverse velocities: ¢;/c; =~ 1.63. This is roughly consistent with a very broad range of fragilities
observed for substances from a relatively narrow range of the c;/c;, ratio centered at 1.75 or so.[66,
67] We point out that the correlation between the Poisson ratio and the fragility has been a subject
of debate for some time.[61, 62, 66—69]

Our results suggest that a correlation between the fragility and the Poisson ratio might in fact
be expected for nonmetallic substances that are far from the transition region Y. = Y;. Yet for
substances near the “critical region” Y, = Yy, little correlation is expected. Note that the view of
the activated regime in a fragile substance as a random Ising model below symmetry breaking is
consistent with recent results of Stevenson at el.[70] who have mapped the localization transition
in fiducial liquid structures of a Lennard-Jones mixture onto a replica-symmetry breaking transition
in a random Ising model.

Regardless of the detailed value of the heat capacity, our results indicate that supercooled liquids
exhibit local stress distribution ranging from frozen-in compression to frozen-in shear. Furthermore,
the present findings that the activated liquid regime arises self-consistently from a mechanically
stable reference state merge nicely with the self-consistent phonon view of the emergence of
the aperiodic crystal state from the uniform liquid.[31, 63] This notion suggests that a unified,

quantitative treatment of the liquid, aperiodic-crystal, and periodic-crystal regimes is in sight. We
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2.7 SUMMARY AND DISCUSSION

conclude by reiterating that despite system-specific variations in direct interactions, accounted for,
semi-empirically, in the variation of the elastic constants in Fig. 7, the underlying mechanism of
activated transport in non-polymeric liquids is system independent, consistent with the conclusions

of the RFOT theory.
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SELF-CONSISTENT ELASTICITY THEORY OF METASTABLE SOLIDS

3.1 EFFECTIVE ELASTIC MODULI OF METASTABLE CONTINUUM

The elastic moduli of a glassy system are determined by the dynamics of the frozen-in stress
distribution. The microscopic details of this dependence can be very complex.[71] The long-
wavelength limit of the elastic response is, nevertheless, well defined. Similar to crystals, the linear
elasticity approximation is valid for sufficiently small, smooth deformations. In contrast with
crystals, however, a deformation field in an amorphous material subject to an external load contains
an additional contribution, i.e., deformation due to the frozen-in stress “polarized” by the load.
This is completely analogous to how the permanent dipoles comprising a dielectric determine the
response of the latter to external electric field. This part of the response is a result of the multitude
of structural states available to amorphous materials: states which favor the deformation produced
by an external load will be visited more often; thereby the volume average of the frozen-in stress
becomes different from zero on time scales shorter than the structural relaxation time. In this
Chapter, we will quantitatively account for this effect providing the linear response type description

of the elasticity of amorphous materials.

3.1.1  Definition of the effective elastic moduli

We begin by considering a body B characterized by an intrinsic elastic moduli tensor Cy, and

also subject to a frozen-in stress field distribution p(r), see Fig. 9. Cy characterizes the material if
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B

Figure 9.: A cartoon illustrating the problem considered in Section 3.1.1: a homogeneous body 8 with elastic
constants given by the fourth-order tensor C, is subject to an external load in the form of a traction
force t applied to the boundary 08 of the body. Unit vector n is normal to 8. The body also
contains a distribution of frozen-in stress given by the tensor field p(r).

the activated dynamics are completely frozen and the lattice is stable. If, on the other hand, the
activated dynamics are present, the elastic moduli measured in a macroscopic experiment will be
different from Cy owing to the polarization of p discussed above. In the simplest experimental
situation, B is deformed by a traction force applied to its surface. For small enough deformations,
the corresponding strain will be related to the traction, or the stress produced by it, by Hooke’s
law, which allows one to find the effective, apparent elastic moduli tensor labeled hereafter by C.
Note, that Cy is inaccessible in experiment since one can only measures the combined response of
the lattice and the frozen-in stress.

If an external traction force t(r) is applied to the boundary 08 of B, the resulting deformation

field, u, is a solution of the boundary value problem:

(O'ij + pij),j =0,

(3.1)
oijn; =1,
| T
supplemented by the constitutive relation (the Hooke law)
o = Coe. (3.2)
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Here o (¢) is the elastic stress (strain) inside B,

1 {0u; Ou; 1

and n is the external unit normal to d8. Equation (3.1) is essentially Newton’s 3rd law, the top and
the bottom entry corresponding to bulk and surface response respectively. The elastic stress o is a
sum of two components:

c=0c"+0° (3-4)

where the stress o produced by the traction obeys

(3-5)

T e .
o;inj =1,

(23]

while the stress o® produced by the source field p satisfies

(ot +p3), 0. »

=0,

S
O::Nj
J
A FY:

The latter equations follow from Egs. (3.1) and (3.5). The elastic strain € can be similarly written as

a sum of two components,

e=¢" +¢, (37)

where the strain produced by the traction force t and the frozen-in stress p are defined as

o' =Coe" and o’ = Coe’ (3.8)
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respectively. We also assume that no frozen-in sources of stress lie at the boundary 08 of the
sample,

p| =0, (3.9)

and limit consideration to symmetric sources, as before:

Pij = Pji- (3-10)

The choice of the boundary condition is the same as the one conventionally applied when studying

defects in solids.[72] It entails an important relation between volume average of o® and p,

f c®dV = —f p dv, (3.11)
B B

which is straightforward to show by writing o}; = 07}, xy j and using the Gauss theorem together

with Eq. (3.6).[73]
We define the effective elastic moduli C of 8 as a fourth-order tensor connecting the volume

average of the total stress in 8 with the volume average of the total elastic strain:

fB (6+p)dV=C fB e dV. (3.12)

This definition is equivalent to the relation

fGTdV=C fst, (3.13)
B B

which is easy to see using Eqs.(3.4) and (3.11). The volume average of ¢ in the rhs can be expressed

in terms of €" and p. Using Egs. (3.7), (3.11), (3.4), and (3.8) we get

fB edvV = L (sT - Co_lp) dv. (3.14)
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Now, consider an experiment in which €” is uniform. We can thus rewrite (3.13) as

1
Coe" = Ce™ — VCCO_1 f p dv, (3.15)
B

where V denotes the volume of 8 and we used Egs. (3.8) and (3.14). Since the value of C can not
depend on the configuration of the load and the shape of B used in the macroscopic experiment,
below we consider only a homogeneous €”, treating Eq. (3.15) as a general definition of the effective

elastic moduli. The field p undergoes activated dynamics. In equilibrium, Eq. (3.15) becomes
Coe™ = Ce™ — CCy ' (p), (3.16)

where hereafter we use tildes to signify averaging over the volume of 85,

. 1

Note, that €" equilibrates on the time scale of the activated reconfigurations, which is much longer
than the vibrational (phononic) equilibration.

We expect (p) = 0 in an equilibrated amorphous solid in the absence of external load, ¢" = 0,
that the bonds between select atoms are permanent, which does not apply to equilibrium liquids.
Since our approach is limited to linear response, it will suffice to consider the first two terms in the

expansion
opij)
+ T
Oe,

e (3.18)

eT=0

Pij) = {pij)

eT=0
which results, together with Eq. (3.15), in a linear response-type relation connecting the effective

and the “bare” elastic moduli of B:

ijmn agil

(C=Coyu = (C Gy (3.19)

eT=0
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This relation is valid for any symmetry of Cy. In the following, we concentrate on the simplest,
albeit the most relevant for amorphous materials, case of an isotropic solid. We will label “bare”
elastic moduli of B corresponding to Cy as g, vo, and %, for the shear modulus, Poisson ratio, and
bulk modulus respectively. We expect C to be isotropic as well, since, by definition, amorphous
materials are isotropic in the long-wavelength limit. Then, for Eq. (3.19) to be consistent, the
derivative d{p;;)/ ng , must be an isotropic tensor, and, as we will show in Section 2.3, the tensor
equation (3.19) is equivalent to two scalar equations. If the derivative is a known function of Cy,
one can thus compute the tensor C and the corresponding effective moduli y, %, and v. Below we
will show how the derivative d{p)/Je™ can be calculated in a near-MF approximation equivalent
to Onsager’s cavity construction. The approximation is higher order that the lowest order MF
because it partially accounts for the “reaction field”, i.e., the self-interaction of the spin mediated
by its environment. Our task is complicated by the tensor nature of the problem. Fortunately, for
isotropic tensors, the necessary algebra can be much simplified by using the system of notations

developed by L. J. Walpole,[44] which was reviewed earlier in Section 2.3.

3.1.2  The trivial fixed points of Eq. (3.16)

We end this Section by noting that Eq. (3.15), which connects bare and renormalized elastic constants,
has two trivial fixed points, in which the Poisson ratio does not renormalize. Indeed, consider the

case of vy = % which corresponds to a liquid since po = 0 by Eq. (2.18). Then, %y = 4 leading to

lim Co = L[3%0 ,0] = 3%0_].

Vo— 3
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As noted before, Eq. (2.15), the tensor J extracts the isotropic part when acting on any second-order
tensor. Thus, multiplying (3.15) by Cy and using the commutative property of isotropic tensors, one
can write

Cy (C = Co) €™ = C(f), (3.20)

1

which becomes, for vy = 3:

3uo (% — %0) €015 = Cijk1 {Pk1)- (3.21)

Since the rhs is diagonal, the left-hand side (lhs) must be diagonal as well, leading to

C OCJ for Vo =

N | =

p=py=0andv =y = % Equation (3.21) formally allows for % # .
Similarly, consider a body with an infinite compressibility but non-zero shear resistance: %, = 0

while pip # 0 thus leading to vy = —1. One obtains, as a result,

lim C() = L[O ,ZIU()] = 2/1()K

v—-—1

By Eq. (3.20),

4po (1 — o) €' = C(p). (3.22)

Since the rhs is purely deviatoric, i.e. has zero trace, the equation can be satisfied if C « K only,

yielding v = vy = —1 and % = %, = 0. At the same time p # pj is perfectly allowed by Eq. (3.22).

3.2 CAVITY FIELD METHOD FOR THE ELASTIC RESPONSE OF SUPERCOOLED LIQUIDS

In this Section, we determine the effective elastic properties in an aperiodic solid in the presence of

activated dynamics. Within the linear response approach, developed in the previous Section, we
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3.2 CAVITY FIELD METHOD FOR THE ELASTIC RESPONSE OF SUPERCOOLED LIQUIDS

must find the derivative of the average frozen-in stress as a function of the deformation due to the

external load,
pij)
88;1 gTz()‘

(3-23)

As we show below, this derivative can be expressed via the second cumulant of the stress distribution
much the same way the compressibility reflects the magnitude of volume fluctuations at constant
pressure. The calculation requires a specific model for the dynamics of p. In the preceding Chapter,
we put forth a minimal ansatz for the stress distribution in equilibrated amorphous systems
and showed that the activated dynamics in supercooled liquids can be mapped onto a classical
Heisenberg model with six-component spins and long-range anisotropic coupling. The Hamiltonian

defining the stress field p in the aperiodic phase can be written as follows,[14] cf. Eq. (2.54),

1 _ 1 ! ’ ’
Hy=- f dvpC, 1p + —f de dV'pij(r) Gijim(r — 1) pim(r’), (3.24)
2Js 2Js 8

where the naught in H refers to the absence of external load (i.e. zero field). The coupling tensor

G is given by

1 0 0 0 0
Gijmi(t =1t") = ——— [8i1p=— +8;p— | [Sg1=— + Sgm—
ymi(r =) 64731 (1 — vp) ( P ox; ’ “’ax,-) ( " O m "0 ﬁxl)
ik(r—1’) (3.25)

02 o2 e
2(1 =) Spg—— — dk ,
% ( (1= o) P4 Hx xs 6xpxq)£)(a) k*

where D(a) is a cutoff surface in the k-space which depends on the bead size a, see Section 2.5

for discussion. Here we are interested in the long-wavelength response of amorphous materials,
whereby the detailed shape of the cutoff surface is not essential. Replacing D (a) by the full k-

space we find f dk exp[ikr] /k* = —m?r.[43] The stress-stress coupling, which we label in this
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approximation by G*, can be expressed via the well known Green tensor y* for a point force inside

an infinite, homogeneous, and isotropic medium (Kelvin’s solution)[43] with elastic moduli C,

1. @ ; d 9 ,
Gt = 1) = n ((Sipa—xj + 5jpa_xi) (&;1@ + 5qma_xl) Ypg(r —1') (3.26)
where
B0 = 5 - an) 5y + | (327
Vit = 16y (1 —vo) 1 AU 327

Note that, apart from the complicated tensorial form of the coupling, its distance dependence is
1/r3, similarly to the electric dipole-dipole interaction. As we show in Appendix A, tensor G* is
the Green tensor for a point stress source inside an infinite, homogeneous, and isotropic medium.

The corresponding elastic strain €° caused by p can be calculated according to
eS(r) = f dV'G*(r - r')p(r'), (3.28)
B
while the Hamiltonian (3.24) becomes
A 1 S -1
Hy =~ Hj = —f dvp (e +C, p) . (3-29)
2Js

If B is subject to an external traction force and €™ # 0, H, must be supplemented by a corresponding
interaction term. This latter term equals f 5 dVeTp, as will be shown in Section 3.2.2 below, see

Eq. (3.62). The Hamiltonian for the frozen-in stress in the field of the external load is equal to

H* = Hy + L dVe'p = Hy + Ve™p. (3.30)
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The derivative (3.23) can be expressed, in a standard fashion, in terms of a second order response

function,

opi| 0 [ Dppijexp[-pH"]
Oer) |y 1 [ Dpexp [-pHA]

= —ﬂV[(ﬁijﬁkl>0 = {pijyolPri)o | (3-31)

eT=0

where we have assumed ¢" is homogeneous and labeled the thermodynamic average in external

zero field, " = 0, by (- - - )y, e.g.,

[ Dpp exp|-pH; |
f@p exp[—ﬁH(‘)‘] .

(Plo = (332)

The ground state of Hj is given by p(r) = 0, which corresponds to a uniform periodic crystalline
structure. However, the model describes also a metastable aperiodic phase, p # 0, separated from
the ground state by a free energy barrier.[14] The relaxation towards the ground state, p — 0, is
subject to nucleation and is suppressed by a surface tension between two phases.[37] This feature
is translated into the continuum approximation considered here as the so-called incompatibility of

the strain 1 corresponding to the metastable stress pattern in the aperiodic phase, p = Cy1,[43]

(incn);; = —€iki€jmnNin,km # 0, (3-33)

where €; i is the Levi-Civita symbol." Mathematically Eq. (3.33) means that there is no continuous
deformation field, say v, such that 7;; = (v,-, j+ v, l») /2, and the relaxation 1 — 0 can not be
accomplished without breaking bonds or adding material. An equality in Eq. (3.33) is a necessary
and sufficient condition for the existence of a continuous deformation field v if body B is simply-

connected.[43, §2.7]

Occasionally, we use the same letter, €, to label strain tensors, as, e.g., in Eq. (2.4). This will not lead to confusion since
the Levi-Civita symbol is third-order tensor and we never write it without indexes.

58
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In Chapter 2, we introduced a specific order parameter connecting the uniform crystalline ground
state and the metastable glassy continuum. It directly reflects the frozen-in local energy of local

anharmonic degrees of freedom

p(r)Cy ' p(r) = ¢*(x). (3-34)

We have also showed that Hy, Eq. (3.24), is equivalent to a classical long-range Heisenberg model
with anisotropic coupling and six-component spins. Then the assumption of a homogeneous
distribution of the order parameter, g(r) = g = Const, is equivalent to fixing the length of the spins.
This approximation is discussed in greater detail is Section 3.2.3.

Evaluation of the cumulant in Eq. (3.31) is prohibitively difficult to accomplish analytically for
the Heisenberg model discussed above. On the other hand, numerical methods, such as Monte
Carlo simulation, face difficulties stemming from the very long interaction range. However, we are
helped here by an analogy with the electric dipole-dipole interaction, for which a cavity method
can be employed. In this method, a few degrees of freedom can be treated explicitly, while the
surrounding degrees of freedom are approximated by a medium with a dielectric susceptibility.
This analogy was noticed a long time ago and used mainly to study crystalline materials with a low
concentration of defects.[74, 75] In crystals, however, defects dynamics are strongly influenced by
lattice anisotropy which normally allows for just a few energetically equivalent structural states for a
defect.[76] Similar features pertain to orientational glasses, which are formed in periodic crystalline
materials with a high enough density of anisotropic substitutes that destroys the orientational
but not translational long-range order.[39] Reorientational dynamics of the substitutes leads to a
marked temperature dependence of the elastic moduli,[77] which is well accounted for theoretically,
largely owing simplifications stemming from known symmetry of the crystalline lattice.[58] The
latter simplifications are not possible for structural glasses, where there is no crystalline anisotropy
to limit the phase space of the stress distribution; the allowed structural states correspond to the

full rotational space of a Heisenberg 6-spin. This makes an effective field approximation for the
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elasticity of supercooled liquids conceptually very similar to that for the dielectric properties of
polar liquids where rotational dynamics of permanent electrical dipoles leads to a renormalization
of the dielectric susceptibility. In fact, as we will show below, it is possible to use Onsager’s cavity
construction to find a relation between bare and renormalized effective moduli of a supercooled
liquid, which, incidentally, is controlled by the order parameter of the crystal-to-glass transition.
Below, for the reader’s convenience, we outline the relevant part of Onsager’s cavity construction for
polar liquids, to which we will refer, as a matter of analogy, during the corresponding construction

for the case of the stressed elastic continuum.

3.2.1  Brief historical summary of the theory of polar liquids

Here we briefly review early developments in the theory of polar liquid dielectrics, to set the stage
for developing an analogous theory for effective elastic moduli in supercooled liquids.

In 1895, Pierre Curie experimentally showed that the magnetic susceptibility of certain materials
(oxygen, palladium, air, iron sulfate) is inversely proportional to temperature.[78] This trend was
theoretically accounted for by Paul Langevin who assumed that the corresponding molecules possess
permanent magnetic dipole moments which can rotate freely.[79] The dielectric susceptibility
of gases displayed similar behavior unexplained by the theory of dielectrics based on the view
of electrons as elastically bound inside molecules. In 1912, Peter Debye developed a theory of
“polarization by orientation” assuming, analogously to Langevin, that molecules in dielectrics
possess permanent dipole moments.[80, 81] This assumption allows one to satisfactory account for
the temperature the dependence of dielectric constant for all experimental data known at the time.

Debye’s argument was as follows. Starting from the definition of the electric displacement D,

D =E + 47P,

60



3.2 CAVITY FIELD METHOD FOR THE ELASTIC RESPONSE OF SUPERCOOLED LIQUIDS

and the dielectric constant €, D = ¢E, which gives

E, (3-35)

he assumed that the polarization P, i.e., the dipole moment per unit volume, is generated by two
contributions: a temperature independent term describing polarization due to elastic displacements

of electrons in the external electric field and a contribution due to permanent dipoles,

P = cp = c(aF + (d)). (3.36)

Here p is the average dipole moment per molecule of a liquid, ¢ is the dipoles’ number density, « is
the polarizability, and (d) is an ensemble average of the permanent dipole moment d. The field F is
the “actual electric intensity acting upon one molecule of the substance”,[81, §1] which must be
calculated approximately.

The first estimate of the internal field F is due to H. A. Lorentz,[82, §117] who showed that
it is different from the macroscopic average field E. Indeed, to calculate the field acting on a
particular molecule inside the dielectric, the microscopic field, E,;;cr0, of the molecule’s immediate
neighborhood must be found. Lorentz considered a spherical region,” containing a large number of
molecules, but of the size “small in physical sense”. The molecule, at whose position the internal
field is to be calculated, is situated at the center of the region. The macroscopic average field
E is defined in the continuum approximation, whereby the actual molecular composition of the
dielectric is approximated by a continuum with dielectric constant e. This is a long wavelength
approximation. In order to find the field F, the reverse procedure must be carried out: the effective
continuum inside the region is to be removed and replaced by the actual molecular lattice of the

dielectric.[83, §4.5] Thus, the field F is a combination of three components: the macroscopic average

It is interesting to note that the cavity construction, used by Lorentz, draws its inspiration from analogous reasoning “by
which Kelvin long ago came to distinguish between the magnetic force and the magnetic induction.’[82, p. 137]
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field E minus the field E,,pere, due to the effective medium removed from the cavity, and the field

Emicro of the inserted microscopic lattice:
F=E- Esphere + Emicro-

An elementary calculation shows that Egpe. is related to the macroscopic polarization in the
dielectric[83, p. 153]

4

Esphere == ?P,

so that

4
F=F+ ?”P +Epicro.

It is much more difficult to estimate the microscopic field E;cro. Lorentz showed, however,
that for a cubic lattice E,;;cro = 0. He also noted that this is “a result that can be applied with a
certain degree of approximation to isotropic bodies in general, such as glass, fluids and gases”[82,
p- 138] Since Debye originally considered gases and diluted polar solutions only, he dropped E icro

arriving at the estimate[80]
€+2

4
F=E+ ?P = E, (3-37)

where we have used Eq. (3.35). He also assumed that the same field orients permanent dipole

moments and calculated the average (d) as

~ [ dQd exp (BdF) 1,
= 0o (50 ~ ZBd°F, (3.38)

(d)

for fdF < 1. In Eq. (3.38), the integration is over all possible orientations of the vector d and dQ

labels an infinitesimal element of the corresponding solid angle. Substituting the above result into
(3.36) to get
e—1

4

1
cla + g[3412)F: P= E,
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and using (3.37), we obtain a simple relation between the dielectric constant €, polarizability ¢ and

the magnitude of the permanent dipole moment d:

-1 4 1
= e (a spa). (339

€+ 2

Eq. (3.39) can not be satisfied at sufficiently low temperatures, since the left hand side of (3.39) does
not exceed unity while the rhs can be made arbitrarily large. This signifies the presence of a Curie
point in polar liquids (at rather high temperatures [84]). It was not until 1932, however, that the
experimental evidence mounted showing clear discrepancy between (3.39) and the actual data for
polar solutions.[85]

The next theoretical advance came in 1936 from L. Onsager, who made an important correction to
Debye’s estimate of the internal field F.[86] Onsager noted that Debye’s cavity construction did not
take into account the presence of the permanent dipole moment itself which induces polarization
changes near the cavity edge. The field, inside the cavity, due to these polarization changes is:

2( = 1) (d)

2¢+1 a3’

Ereaction -

where a is a radius of the cavity. The radius is set by the number density of dipoles ¢ = 3/(47a’),
and the polarization is just P = ¢(d). The field E,¢qcsi0n is parallel to the dipole and does not affect
its orientation3 and, for the purpose of estimating (d), Eq. (3.38), the product dF in (3.38) must be
replaced by dF’, where

i 4 2(e-1)
F’ =E+ ?P—Ereaction :E+?P(l B ﬁ)

3 This point will be elucidated below. Also see [87, chap. 13] for a thorough discussion of this point.
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Substituting the usual 47P = (¢ — 1)E yields

3e
2e+1

%

i.e., the familiar expression for the filed E modified by the presence of an empty cavity.[83, §4.4] Thus,
as first noted by Kirkwood (and elegantly shown by Hannay in [88]), Debye’s cavity corresponds to
“shrinking the macroscopic Lorentz cavity onto the surface of the molecule in which the local field
is to be calculated”.[89] We consider Onsager’s reasoning more closely in the form of the following

problem:

Consider a dielectric liquid with susceptibility €, in which a certain number of chemically
inert molecules have been dissolved. Determine how these molecules modify the dielectric
susceptibility of the liquid, assuming each molecule can rotate freely and possesses a
constant dipole moment of magnitude d. The number density of the molecules is c. The

dipoles are rigid, so that their polarizability a = 0.

Such a formulation is more appropriate than that with o # 0 to make a connection with a stressed
elastic continuum, since for solids the dia-elastic effect can be neglected if the para-elastic effect is
present, see [90, §15] for details.

First, we present the charge density due to the dipole moments as[91, 92]

pd = —Z(di'v)5(r—ri) = -VP,

where P = }}; d;8(r—r;) is the spatial distribution of the dipoles; the corresponding volume average
is equal to the polarization, in the usual way.[93] In a standard fashion, this dipole density modifies
the electric displacement,

D = €¢E + 4xP,
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and the effective dielectric susceptibility can be defined via D = €’E. Performing the volume

average, one obtains

, 4
€’E=¢€E+ v Zl: d;, (3.40)

where we assume E is homogeneous. Note that Eq. (3.40) is an analog of Eq. (3.15) for charged
dielectrics. To solve Eq. (3.40) and connect the effective dielectric constant ¢’ with its “bare” value €
we need to find the relation between the molecular dipole moment density }’; d;/V and the electric
field E. Performing thermodynamic average over the ensemble of the dipole states, similarly to

Eq. (3.16), we replace
1
v Z d; - (P). (3.41)

It is not necessary to use here the expansion in powers of E, as we did in Eq. (3.18), since the
average dipole moment can be readily found for E # 0. The same is not possible for the case of
para-elasticity considered below where we will have to proceed through Eq. (3.19).

To calculate (P), we use Onsager’s cavity construction.[86] Assuming that correlations between
dipoles are negligible, we replace the ensemble average of the dipole density approximately by the

time average of a single dipole moment d, located at the origin of the coordinate system,

(P) ~ c(d). (3.42)

Next we circumscribe the dipole by a sphere of radius a, so that no other dipole is located inside it.
The material inside the sphere has the “bare” dielectric susceptibility e, while outside, the distribution
of dipoles is replaced by an effective medium with a “renormalized” dielectric susceptibility €’. The

radius of the cavity is set by the concentration, ¢ = 3/(4a>). The total field acting on the dipole

is[83]
2(e’ —¢) d 3¢’
= + s
ale (2¢’ +¢€) 2¢’ + ¢

(3-43)
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and the dipole’s potential energy

2(e—¢€) , 3¢’
a’e (2¢’ +€) 2€¢’ + €

W= —dF = — dE.

Since the term proportional to d* in W is invariant with respect to the dipole’s rotation, it does not
contribute to (d) which equals, in the high temperature limit, to

[ dQde=#W _dpe

d = ~ )
@ fdQe—/J’W 2¢’ + €

(3-44)

where the integration is over all possible orientations of d and dQ denotes an infinitesimal element

of the corresponding solid angle. Upon substitution into Egs. (3.41) and (3.40) we get

€’ be’
=l
€ € (2¢’ +€)
where
b= 47tcﬂd2.
As a result,

(3-45)

The latter equation coincides with Eq. (26) from Onsager’s paper [86], if we take polarizability
a = 0 and set € to unity. The solution is plotted at Fig. 10, where it is compared to the result of
a similar calculation based on the approximation for the local field F due to P. Debye.[80] Not
realizing the importance of the cavity’s structure, Debye used Lorentz’s cavity field, Eq. (3.37) to
estimate the field acting on the dipole moment in a liquid. This effectively shrinks the cavity to
the surface of the molecule[89] and fails to subtract the image field part of F (the first term in the

rhs of Eq. (3.43)) which does not contribute to orienting the dipole. Formally this is equivalent to
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14
— Debye

12 --- Onsager

b/e

Figure 10.: Modification of dielectric susceptibility by the permanent dipole moments calculated based on
Onsager’s and Debye’s approximations, Egs. (3.45) and (3.48) respectively.

replacing d by (d) in the expression for F, which gives rise to a ferroelectric transition as dipoles

are allowed to be aligned. Thus, according to Debye’s method, we use (3.40) and (3.41) to get

e —¢€
3

(d)

a3

- Tm="E (3.46)

Substituting this result in (3.43), we obtain for the potential energy of the dipole W,

e’ +2e
W=-—

dE, .
” (3-47)

which is exactly the Loretz field, E + 47P/3 times the dipole moment. Averaging similarly to (3.44),

we obtain
€ 2b/e+9

?_ 9—b/€, (348)

instead of (3.45). It is evident from (3.48) that Debye’s approximation entails a Curie point with a
diverging susceptibility at b = 9. This ferroelectric type of response is a result of the replacement

d — (d) which permits alignment of the dipoles in liquid. Onsager’s expression (3.45), on the
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contrary, does not exhibit a divergence, which, as was noted by Onsager,[94] is characteristic of
solids, not liquids.

Another model of the cavity which can be readily solved analytically is the model in which the
dipole moment is “smeared” uniformly over the whole cavity. In fact, it produces a result identical
to that for the localized dipole since only the first term in rhs of Eq. (3.43) is changed but only the
second one contributes to the final expression in Eq. (3.45). In contrast, as we will demonstrate
below, this is not true for a stressed elastic continuum, where a homogeneously stressed inclusion
and an inclusion with the stress concentrated at the center interact differently with external load.
This is a direct result of the tensor structure of the elastic “dipole”, implying one should be careful
when using scalar elasticity for glasses.

A transition to modern theories of static dielectric susceptibility in polar liquids was accomplished
by J. Kirkwood,[89] who provided a generalization of the Onsager’s approach avoiding reference
to a cavity at all. The result of Kirkwood’s analysis is equivalent to Eq. (3.45) with b replaced by
4me(3a + Bdd), where d is “the total moment of any finite macroscopic spherical specimen polarized
by a fixed molecule, when immersed in a medium of its own dielectric constant”. This quantity
describes short-ranged angular correlations and is related to the pair correlation function of a
liquid, see [95, chap.11] for the review. Accounting for such detail provides merely a quantitative
correction to the theory (see, e.g., fig. 22 in [96]), but considerably complicates corresponding
calculations, which must now rely on explicit models of the liquid’s structure. Onsager’s approach,
however, provides a very powerful heuristic model for the development of effective continuum
theories which is simple enough to be analyzed exactly. Thus it will be used below in a rather

distinct realm of the elastic properties of supercooled liquids.
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B B
C, pto

~

T

Figure 11.: A cartoon illustrating the present cavity construction for the elasticity of supercooled liquids.
The original amorphous body 8 with a non-zero frozen-in stress distribution p and bare elastic
moduli tensor Cy is shown in the left part of the cartoon. By applying external traction force t
to the surface 98B and monitoring the resulting geometry of B, the effective (apparent) elastic
moduli C can be measured. As shown in Section 3.1.1, C # Cy owing to the presence of p. To find
the relation between Cy and C, we replace the original body B by one with the moduli given by C
everywhere except for the region 7 in the interior of the body far enough from 08 so that the
corresponding image field can be neglected. As explained in the text, the average of p, p, over
the volume of 7 can be calculated under certain assumptions as a function of C, Cy, t, and the
temperature. Neglecting correlations between p inside 7 and the rest of 8 we may replace p by p
in Eq. (3.19) to obtain a self-consistent equation for C as a function of Cy and the temperature.

3.2.2  Cavity construction for supercooled liquids

In full analogy with the case of polar liquids we will use a cavity construction to estimate the mean
field value of d(p)/de" and thus solve Eq. (3.19) for renormalized elastic constants. We consider an
ellipsoidal region 7 inside the body B and assume that the stress distribution p outside 7 can be
taken into account effectively, by switching the elastic moduli of the medium from C, to C while
simultaneously replacing p by zero, see Fig. 11. Note that since both Cy and C are assumed to be
isotropic, all possible orientations of 7 in 8 are equivalent. The linear size of B, Lg, is assumed to
be much larger than that of 7 and, consequently, we neglect the image forces coming from 08
since the corresponding contribution is o Lf_f.

The thermodynamic average (p) is approximated by that computed by Boltzmann averaging

over all structural states inside 7. First we need to find the potential energy E of the metastable
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stress distribution inside the inclusion. The full elastic energy of B containing 7 that possesses

non-zero frozen-in stress distribution p equals to

1

E. = > I{B dV (o + p) (s + Co_lp) , (3-49)

where the integrand is the product of the total (compatible and incompatible) stress, ¢ + p, and the
total strain, € + C;'p. The elastic stress o and strain ¢ are solutions of Eq. (3.1), but since 8B is now

inhomogeneous, Eq. (3.4) no longer holds. Instead, one should write:
c=0"+0"+0°, (3.50)

where 67 = Ce" everywhere in 8 is a solution of the homogeneous problem (3.5) and

Ce®, outside 7,
o° = (3.51)
Coe®, inside T,

is the correction due to the inclusion. For an ellipsoidal 7 and homogeneous € considered here, €

inside I is also homogeneous and is given by[44, 73, 97]

&' =SQ (C - Co) ¢", (3:52)

where

Q=(C-[C-Co]S)™", (3-53)

and S is the so-called Eshelby tensor for the ellipsoidal inclusion 7 .[44] As we show in the Appendix

B, this tensor is straightforwardly related to the volume average of the Green tensor G*. Note that
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the order of tensors is important in (3.52) since in general S is not isotropic. If, however, 7 is a

sphere, S is in fact isotropic:

1

5= 30w

2
L1+v,g(4—5V) , (3-54)

and depends only on the Poisson ratio v of the matrix, i.e. the part of 8 outside 7. Below we
will consider exclusively the case of a spherical 7. We note in passing that the Eshelby tensor S,
Eq. (3.54), also emerges as the mean field limit of the coupling in the Hamiltonian Hy, Eq. (3.24).[14]

We will not need the expression for o” outside of 7 which is very complex.[73] The boundary
conditions,

ofin; = (3-55)

are important, however.
As before, 6° is given by the solution of (3.6) but now, also taking into account the inhomogeneity

of B, due to the elastic discontinuity caused by the inclusion,

Ce®, outside 7,
¢’ = (3.56)
Coe€®, inside 7.

The potential energy E of p is the difference between the elastic energy E.; and the work

performed by an external load t,

W = LB t (u" +u)dS, (3:57)

where u and u” are displacement vectors corresponding to € and €” respectively. We also take the

potential energy of a homogeneous 8, i.e. without 7, with p = 0,
1 T.T T
En=-| o'e'dV - tu’, (3.58)
2Js o8
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as our energy reference. Then,

E=E, -W —E,. (3-59)

Multiple applications of the Gauss theorem together with Egs. (3.5)-(3.9), (3-52), and (3.55) allows
one to recast E in terms of the integral over 7 only (the interested reader is referred to Chapter 4

of Mura’s monograph[73] for this derivation),

1

E= Ede(pes +pCylp—€e"C(C—Cp)Qe" +e"(I+CQ)p—¢" (C—Co)es). (3.60)
T

The first two terms in the integral yield the same form as the earlier obtained Hamiltonian H?,
Eq. (3.29),
1
Ey= - f dvp (es + Co_lp) . (3.61)
2Jr

In important distinction from Eq. Eq. (3.29), the integration domain is now the region 7 only. The
third term is the potential energy of the system for p = 0. Since E is the difference between the
full elastic energy E.; and the work of the external load W, see Eq. (3.59), this term describes the
contribution due to the inhomogeneity introduced by inclusion 7 and vanishes for Cy = C. The
last two terms in the integrand in Eq. (3.60) describe the interaction between p and the external

field €. If C = Cy, i.e. B is homogeneous, as considered in Section 3.1.1,

E‘ =Ey+ f dveTp, (3.62)
C=Cy I

since I + CQ = 2I for C = Cy. This equation has the same form as Eq. (3.30), showing that H* is
indeed the correct Hamiltonian for the stress distribution subject to an external field. Again the

integration in (3.62) is over the region 7, not 8. Now, let’s find the derivative d(p)/de", which
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describes the response of the material inside the inclusion 7 to external traction t. Recalling that e*

is homogeneous we get, using Eq. (3.60),

opy| o | Dppyexp[-PEI|  r _
3| = 9, T Dpem LFEl |~ BB v~ Botliade|s (363
where
1 —
(= v |1+ CcQ)p-(C-Coe, (3.64)

the bar signifies averaging over the volume v of 7, e.g.,

— 1
€ = — f e’ dv, (3-65)
vJr

and (- - - )¢, again, denotes thermodynamic averaging in zero field, ¢ = 0. Since now p is non-zero

inside 7 only, in contrast with Eq. (3.32), the averaging reduces to the one over 7.

_ | Dppexp[-pEo]
[ Dpexp[-pE]

(Plo (3.66)

The last step in the cavity approximation is to replace the derivative d{p)/de" describing the
response of the homogeneous body 8, Eqgs. (3.31), by Eq. (3.63) for the purpose of calculating the
effective elastic moduli from Eq. (3.19). This is completely analogous to how the true density P of
the dipoles was approximated by the one calculated over Onsager’s cavity in Eq. (3.42). Similarly
to polar liquids, such approximation is permissible if the correlation length of the frozen-in stress p
is smaller than the linear size of the inclusion 7. The quality of the approximation improves with
the cavity size (at a fixed spin concentration) because many-particle effects are increasingly better
accounted for.

Since the inclusion represents only a small portion of the body, calculations involved in Eq. (3.63)
may be simplified by explicit assumptions about the structure of p inside 7. Importantly, however,

Eq. (3.60) holds for any field p. Thus, it is possible to systematically improve the approximation by

73



3.2 CAVITY FIELD METHOD FOR THE ELASTIC RESPONSE OF SUPERCOOLED LIQUIDS

increasing the size of 7 and thus explicitly account for many-particle effects. Such an approach
can and be will implemented in a simulation, see Section 3.3.
Below we consider two specific, simple cases where all the necessary calculations can be per-

formed analytically.

3.2.3 The case of uniform frozen-in stress

First we consider the case of a uniform p = Const, which allows us to simplify Eq. (3.60) considerably.

Eshelby has shown that for a uniform p and spherical 7 [98]

e’ = -QSp. (3.67)
Thus, Eq. (3.60) simplifies to read
E 1 T 1 T T
S =5pGpre CQp—geC(C—Co)Qe, (3.68)
v
where v is the volume of 7 and
G=C(-5)QC;". (3.69)

Equation (3.68) is an expanded version of Eq. (25.24) from Mura’s monograph written for an isotropic
solid.[73]

Now, the dynamics of p can be mapped onto the rotations of an assembly of six-component
classical spins. The full set of structural states realized in a supercooled liquid corresponds to the
mutual configurations of these 6-spins. Here we show how this mapping arises from the cavity
construction developed in the previous section.

Let us return to the original model of homogeneous 8 described by Eq. (3.30), and consider the

spherical region I inscribed into a cube of volume a®. Assume that the material outside 7 exhibits
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only a rigid lattice response, that is p = 0, while inside 7, there is present frozen-in stress p # 0.

By Eq. (3.68), together with taking ¢ = 0 and C = C,, we get for the potential energy of p in 7

F

E 1 _
— =-pCy' (I=So) p, (3.70)
v 2

where Sy is the Eshelby tensor for a medium with elastic moduli Cy, and, we remind, p is assumed
to be uniform inside 7. Energy EF is essentially the formation energy of the stressed aperiodic
structure inside 7. It is a sum of the self-interaction energy, f dVpCy 1p, and the energy of the
elastic relaxation in the sample, f  dVe®p, cf. Eq. (3.67). Note, that E” is not the formation energy
of amorphous structure inside the periodic crystal phase discussed in Section 3.2 since the elastic
moduli in that phase are different from C,.

Assuming the amorphous phase is equilibrated and thus homogeneous, we may relate E* and

the order parameter of the crystal-to-glass transition defined above according to[14]

Ef = %gch = Const. (3.71)
However, we also can fix the magnitude of p by assuming that only the self-interaction part of
EF, f ,dVpCy !p, is homogeneous throughout the sample.[14] This assumption corresponds to the
usual way of defining the eigenstrain n = C;'p via a cutting and pasting procedure proposed by
Eshelby. Indeed, 1 can be defined as a “stress-free strain” attained in equilibrium by the inclusion
in the absence of the outside matrix.[98, 99] The corresponding potential energy equal to zero.
Indeed, by Eq. (3.53), Q = —(CoS) ! for C = 0, and so, by Eq. (3.67), we get for the strain inside the

inclusion which has been removed from the matrix,

e* = —Cop = —1. (3.72)
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Note that the latter equation does not contradict Eq. (3.33) since p was assumed to be homogeneous
throughout 7, i.e. only the discontinuity of p at the boundary 97 is a source of incompatibility.
Substituting Eq. (3.72) into expression (3.68) for E we get zero, since the elastic contribution

completely balances the energy of self-interaction. Then the assumption that

S

1 1
—=2pC;'p = 7¢%a’ = Const, (3.73)

is equivalent to saying that the energy of relaxation of 7 removed from B does not depend on the
original position of 7 in the body.

In the rest of this section we will use the constraint (3.71). Transition to the constraint (3.73)
can be accomplished at any step of the calculation by simply removing the factor I — Sy. The final
solution of Eq. (3.19) will be provided in Fig. 12 for both constraints.

As already discussed in Section 2.3, the linear elasticity formalism can be written in a six-
component second-order tensor representation.[45] In this picture, second-order tensors, such as
ojj or ¢;j, are recast as six component vectors, o, or &4, respectively. Hereafter Greek indexes
are always assumed to run from 1 to 6. Then fourth-order tensors become second-order tensors,
e.g. Cijri — Cgy. This system of notations allows us to express Eq. (3.70) and the constraint
(3.71) in a more compact form. We can define a new 6-vector (second-order tensor) t absorbing the

fourth-order tensors from the expression for E¥, Eq. (3.70),

a3
p= QZR Ur, (3.74)

where

v —
R=[=Co(I-Sp) 7", (3.75)
a
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and the square root of a tensor is defined via (2.22). Substituting (3.74) into the expression for E*
we get,
1
E" = EgzaST,-jrij. (3.76)
Thus, in the 6-vector representation, the constraint (3.71) acquires a clear geometrical meaning: it

becomes equivalent to fixing the length of the 6-vector corresponding to T,
— — ]2 =
TijTij = TaTa = |T|° = 1.

Thus, all structural states of I or p, allowed by (3.71), are now mapped onto all possible orientations
of a unit 6-vector t and the thermodynamic average (p) can be defined via the thermodynamic

average of (1), cf. Eq. (3.44),
fdQ(,‘re_ﬁE

(1) = W,

(3.77)

where integration is carried out over the solid angle in the six dimensional spherical coordinate
system,

dQ¢ = sin* x; sin® x, sin? x3 sin x4dx;dxdxsdxsdxs,

xq € [0,7], for @ < 5, and x5 € [0,27].
The potential energy E of different structural states is given by Eq. (3.68). Using Eq. (3.74) we
can write it as

1
E= Egza3r D t+ga’e"CQRUT - %sTC [C-ColQeT, (3.78)

where D = a®> UTRGRU/v = D[y, ,y.] is a diagonal matrix, see (2.29), with

. 3(1—1/0)
n= 2+ (y—4)+yx’
15(1 — vg) (7 — 5v)
Y (3.79)

- (7=5v) (7+8y —5v[1+2x])

77



3.2 CAVITY FIELD METHOD FOR THE ELASTIC RESPONSE OF SUPERCOOLED LIQUIDS

and

X = ol - (3.80)
In the second-order tensor representation, Eq. (3.19) becomes

3 )
ga -1 3
Cap (Co'!) 5y Rot Uz det

Cay - (CO)ay = ’ (3'81)

(%

T
£,=0

where we have used the relation between t and p, Eq. (3.74). To find a closed equation for the
effective elastic moduli C we need to calculate the derivative of (1) in zero field. To this end, we

use Egs. (3.77) and (3.78) to show that

ra)
ag}

= —fga’ [mm - (TO,)(Tg)] (U'RQC) " (3.82)

eT=0

eT=0

We remind the reader that p = p, since p assumed to be uniform in this Section. The angular

integration in Eq. (3.77) can be performed analytically since for €" = 0,

2E
—_— =1Dt =

923 ler=o 3 [y1 + vz + (y1 = y2) cos2xi], (3.83)
eT=

i.e. the elastic moduli are decoupled from the angular variables and the thermodynamic averages
are functions of the single parameter

p=Pe (-1, (380

A straightforward calculation yields

f dQgte P08 2x1

M =
f dQ6e—p0052x1

eT=0

=0, (3-85)
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and
(taty)|  =D[1-55(p) ,5()] ¢ » (3.86)
eT=0
where .
s (o) = fo dx; sin® x;e P s 2x P (4p—1)Io(p) + 2+p[4p - 3]) Li(p) (3.87)
fon dx; sin® x;e~Pcos2x 10p [2pIo(p) + [2p — 1] I; (p)] ’ ‘

and I,,(p) labels the modified Bessel function of n-th order.

Substitution of these results into Eq. (3.81) gives:

C—Cy=—-0C*(I-S) ' QL[1 - 5s(p) .s(p)] . (3.88)

where

0 = Bg*a’. (3.89)

After rearranging, we finally get a numerically solvable version of the self-consistent equation

connecting the effective elastic moduli C with C,,

(I-So) X-1) (I+[X-1]S) = OL[1 - 5s(p) .s(p)] . (3.90)

where

X =CoCL. (3.91)

The Eq. (3.90), although being tensorial, is equivalent to a system of two scalar equations. It connects
the ratio of shear moduli y = po/u with vy, v, and the unitless temperature 6 from Eq. (3.89). Thus,
given a bare value of the Poisson ratio vy, its effective value v as well as y can be found for any 6.
The solution is presented at Fig. 12.
Note that the dependence of y on 6 is nearly universal for any values of v,. Also, it is evident
from Fig. 12 that Eq. (3.90) has three fixed points such that v = v, for any value of 6. The fixed
1

points at vy = —1 and vy = ; are trivial as discussed previously in Section 3.1.
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Figure 12.: Elastic moduli renormalization calculated using method of spherical inclusion and homogeneous
p approximation. Figures (a) and (b) are solutions of Eq. (3.90). (a) Dependence of the ratio u/pg
on 6 = Bg?a® for different bare values of the Poisson ratio vy. (b) Dependence of the effective
Poisson ratio v on its bare value v, for different 8. Corresponding solutions, when the constraint
(3.73) is adopted so that R = (vCy/a®)'/? instead of Eq. (3.75), are given by (c) and (d) respectively.
Note the presence of three fixed points where v = v, for any 6 for both cases.

There appears to be a third fixed point. To test for its presence, we write Eq. (3.90) in a more
compact form as

L, = 6L, (3.92)

where

Le=(I-5)X-D)I+[X-1I]S),
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and

Ly =L[1-5s5(p) ,s(p)] . (3.93)

and study the stability around v = v,. Consider small deviations

V=1V +E,

€ < 1. Taylor expanding both sides of Eq. (3.92) in terms of € and rearranging terms we get the

following tensor equation linear in €,

(3-94)

OLs OL,
Ly —0Lg),_, = - =X .
( OLs)v=v, 6(9 e Jde )V:VO

A fixed point corresponds to a value of v, such that the solution of Eq. (3.94) is € = 0 for any 6 and
x- This is possible only if

L, = 6L,

v=1p

(3-95)

V=1
Despite the complex form of Eq. (3.95) the solution can be readily found. Multiplying it, in view of
Eqgs. (3.84) and (3.89), by (y1 — y2), we get fore = 0

(y1—v2) Ly = 4pL[1 - 5s(p) ,s(p)] : (3.96)

V=1 V=1

The lhs of Eq. (3.96) does not contain 0; the rhs depends on it, but solely via the parameter
p o 0 (y1 — y2)- Thus the solution for any value of 6 is possible only if y; = y, and the dependence
on 0 disappears from both sides of the equation. This gives the condition that must be satisfied at

the fixed point,

_ 9(1 =) (1=5v) (1= )
=  (@+wly—4]+x)Gw[1+2y]-7-28Y)

Yi— V2 =0. (3-97)
1%
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3.3 SPHERICAL INCLUSION WITH STRUCTURE

The above equation is satisfied if

FP
V, = —.
o "5

This non-trivial fixed point is closely related to the properties of the tensor D, describing self-
interaction of frozen-in stress and the Eshelby tensor Sy, cf. Eq. (3.78) and (3.54). For y; = y, tensor
D is proportional to the unit tensor, D « L. By definition, D o« UTR2GU, which means that Eq. (3.97)

entails

R%’G o« L. (3-98)

V=1

Consider the tensor G first. From its definition, Eq. (3.69), we have

G oc Cot(I=So) (I=[1— x]So)~". (3.99)

V=1

Using R? o Cy (I - Sp) ! one can write

R’G oo (I—[1—x]So)".

V=1

Thus, the condition D o I is satisfied, if Sy oc I, which, using (3.54), gives again v;* = 1/5. Note that
the position of the fixed point will not change if we take, instead of (3.75), R o Cy, as has been done

previously.[14]

3.3 SPHERICAL INCLUSION WITH STRUCTURE: A GENERAL PROCEDURE TO DETERMINE

THE EFFECTIVE ELASTIC CONSTANTS
In the previous section we considered the case of uniform p = Const. Here we will study the

other extreme: a point source of stress located at the center of a spherical 7. First, however, it is

instructive to outline a general procedure for determining the effective elastic constants for an
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3.3 SPHERICAL INCLUSION WITH STRUCTURE

arbitrary assembly of point sources inside a cavity. We start by considering a set of point sources
arranged in an arbitrary (but uniform) lattice.[14] We replace the continuous tensor field p(r) by a

collection of stress sources c(?) localized at points r; inside 7,
p(r) = Z a8 -1;). (3.100)
i

Each source occupies a volume a®, where a is the volumetric size of the bead in the glass.[14] The
potential energy E of such a stress distribution can be calculated using Eq. (3.60) which is valid
for arbitrary p. In the lattice approximation, however, it contains a singular term, pC; ' p, which
corresponds to the on-site frozen-in energy. This is the field g(r), that serves as the order parameter

of the crystal-to-glass transition, Eq. (3.34). Thus, the potential energy is

1 | . —
E= 5 Z (r;))c? + EST (I+CQ) Z, o) - geT (C—Cy)es + %gz +E", (3.101)

i
where we have assumed the order parameter g(r) is uniform, g(r) = g = Const, and labeled the

potential energy at p = 0 by E™:
1
E" = -3 f[ dVe™C (C = Cp) Q¢™. (3.102)

As above, &5 denotes the average of ° over the region 7,

— 1
£ = — j; e dVv. (3.103)

(%

To calculate the strain produced by point sources o? we use the approach outlined in Appendix A,

which leads to the expression,

e(r) = Z G*(r,r;)c'?, (3.104)
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3.3 SPHERICAL INCLUSION WITH STRUCTURE

cf. Eq. (A.9). The Green tensor G" is a sum of two contributions,

. G*(r,r;) + G'(r,1;), r#r1;;
G'(r,r;) = (3-105)
GI(r’ri)’ r=rj,

where G* is the Green tensor for a point stress inside an isotropic homogeneous medium with
elastic moduli Cy given by Eq. (3.26) and G' is the image field contribution created by the boundary
07 . The image field Green tensor can be calculated using Eq. (A.10) from the corresponding second-
order, image field Green tensor for a point force, y', if the latter is known analytically. Calculation of
y' is generally a very complicated problem which often can be solved only numerically. Obtaining
y' for the case of a spherical isotropic inclusion inside an isotropic medium with distinct elastic
moduli had been a longstanding problem in the theory of elasticity until finally solved by L. J.
Walpole in 2002.[100] The resulting expression is a complicated combination of several harmonic
series. Because of that, application of Eq. (A.10) to y' is very tedious. We provide the general result
of the calculation in Appendix C, which is studied numerically in the following Chapter of the
thesis. At the end of this Chapter we treat analytically the case of a single point source located at
the center of the spherical inclusion.

The expression (3.103) can be simplified since, as shown in Appendix B, the volume average of

G* is related to the Eshelby tensor,

e = —QSp. (3.106)

Using Eq. (3.106) we get,

. . ko)
E=- Z e(r;))c + ETCQZ o+ Egz +ET, (3.107)
1
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3.3 SPHERICAL INCLUSION WITH STRUCTURE

since I + QC + (C — C¢)QS = 2CQ. Now from Egs. (3.63) and (3.64) we obtain for the derivative of

the average frozen-in stress,
0P _ 15 Kol

= — _— Z
T T ay»
55), v 4 85},

(3.108)

where

Zay _ _é Z]: [(0((;) (CQG(J'))Y >O _ <O’£¥i)>o (CQ<G(]')>O)Y . (3.109)

We can not use this expression to determine C since the cumulant can only be calculated numerically

for given C, Cy, and the temperature. Thus, using Eq. (3.19) with p replaced by

1 .
5= _ (1)
513000, (3110

we obtain the tensor

F=C-Cy-CC;'Z (3.111)

whose components are generally non-zero. Importantly, however, the value of F can be estimated
in an equilibrium simulation with " = 0. Thus, by performing several such simulations with
different C, we can iteratively reduce F to zero. The effective elastic moduli determined in such a
way will mimic the long-wavelength response of the inclusion, i.e. the simulation sample. Since
the size of the sample can be systematically increased, p can approach p arbitrarily closely. The
simulations constructed in such a way will allow to sample glassy dynamics inside the inclusion
more accurately than other approaches available at present, since it will not rely on the restrictive
and physically unmotivated choice of either periodic of fixed boundary conditions. Thus Eq. (3.111)

and the approach outlined above may be considered the central result of this Section.
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3.4 A POINT STRESS AT THE CENTER OF SPHERICAL INCLUSION

If the inclusion contains a single source 6(”), located at its center (the origin of the coordinate
system r = 0),

¢5(0) = GLo©, (3.112)

where G = G'(0,0) can be found from Walpole’s result[100] on the second-order Green tensor

using Eq. (A.10). Assuming the radius of 7 equal to a/2 we get from the general solution obtained

in Appendix C,
2
Gy = sLIG L&, (3-113)
mpa
where
g = (1-2v)%(1 = )
1— )
X(I_V)(2+V0[X_4]+X) (11)
g =3 4 -5y 5v¢ (x —8) +7(x —5)+3v (x +20) 314
2 =

5vy+1) =8y -7  x(1—wvp) (5v [y — 8] +7[x +4])

In order to find d(p)/0e™ and subsequently write down the self-consistent equation for the tensor
C we will use the constraint (3.71) to the magnitude of ¢(°) and map the set of structural states
available to J onto the rotations of unit 6-vectors t, similar to how it was done in Section 3.2.3.

First taking the volume average of p, Eq. (3.100), assuming a single source, we get

5O

p=— (3.115)

Then, replacing the uniform p in Eq. (3.71) by p we express the constraint via ¢(*)

1 1
2_(,(0)C0—1 (I-Sp) o = Egza3 = Const, (3.116)
v
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3.4 A POINT STRESS AT THE CENTER OF SPHERICAL INCLUSION

Now we can relate 6 to the unit 6-vector by using the conversion rule similar to Eq. (3.74),

o = ga’RUT, (3.117)

where R is given by Eq. (3.75), thereby Eq. (3.116) is equivalent to || = 1.
The rest of the calculation is completely analogous to that performed in Section 3.2.3. The

resulting self-consistent equation for the effective elastic moduli has the same form as Eq. (3.90),

(I-So) (X=1) (I+[X-1]S) = 6L[1 - 5s(q) .s(q)] » (3-118)

where the parameter q is given by

O Pk R (3:110)
T A w2 T = sw | 319

The solution is presented in Fig. 13. We also provide, for the reader’s reference, the result of the

calculation using the constraint (3.73). The relation (3.117) is still valid in this case with, however,

R — | [%CO. (3.120)
a

Since the radius of 7 was set to a/2, v/a®> = 7°/8. The equation for C has now the from

the tensor R is redefined as

X-I)T+[X-=1I]S) = 0L[1 - 5s(¢) ,s(t)], (3.121)
where
t= %9)( [2§1 11:“21/30 - 252] ) (3.122)
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Figure 13.: Elastic moduli renormalization calculated using the model of a point stress source in the center

of spherical inclusion. Figures (a) and (b) are solutions of Eq. (3.118). (a) Dependence of the ratio
/o on O = Bg?a® for different bare values of the Poisson ratio vy. (b) Dependence of the effective
Poisson ratio v on its bare value v, for different 8. Corresponding solutions, when the constraint
(3.73) is adopted, are given by (c) and (d) respectively (the solutions of Eq. (3.121)).
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NUMERICAL SIMULATION OF THE 6-SPIN MODEL

4.1 GENERAL APPROACH

4.1.1  Formulation of the model

In the first part of this manuscript, we put forth a mapping between activated dynamics in super-
cooled liquids and a Heisenberg model for the frozen-in stress distribution p, Eq. (2.54). Here, we
describe a Monte Carlo (MC) simulation developed to study thermodynamic properties of p and
consequently, via the mapping, the properties of supercooled liquids. The simulational approach is
a logical development of the cavity approximation for the elasticity of supercooled liquids studied
in Chapter 3. In the present setup, the simulation volume 7 is part of a large body 8, see fig. 14.
Outside the simulation volume, the elastic properties of B are taken into account in a mean field
fashion as described in Chapter 3. Hereby, the spin dynamics in the environment are accounted
for effectively by replacing bare elastic moduli of the matrix (the part of B outside 1) with their
effective values. The cost of such a replacement is an elastic discontinuity at the boundary 07 of
the region 7. If the correlation length of p is smaller than the linear size of 7, such a mean field
approximation is adequate for determining the effective elastic moduli of the matrix.' Conversely,
this setup will allow for better sampling of the activate dynamics inside the simulation volume
than other types of boundary conditions (BC), such as periodic or fixed BC, which would introduce

an infinite number of spurious image charges.

1 See Section 3.1.1 for definition and discussion.
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B

T

Figure 14.: The simulation setup. The simulation volume I is a sphere embedded into the matrix B \ 7 with
elastic moduli tensor C. The elastic moduli inside, Cy, and outside, C, 1 are different because the
frozen-in stress p is treated explicitly inside 7, but only effectively outside. This is analogous to
how one can treat the dielectric response of a liquid by either explicitly considering individual
molecular dipoles or by using a dielectric constant € # 1. Arrows labels concentrated sources of
stress (! located on the random lattice given by r;.

For the purpose of simulation we adopt both the lattice approximation for the continuous tensor
field p(r),
p(r) = Z a8(r - 1y). (3.100 revisited)

and the long-wavelength approximation for the coupling tensor G,?
G(r,r’') = G"(r,1’), (4.1)

where G' is given by Eq. (3.105)

G*(r,r') + G'(r,1’), T #71;
G'(r,r') = (3.105 revisited)
G'(r,1’), r=r.

2 For a sharp cutoff in k-space, see Section 2.5, the long-wavelength limit is a quantitatively good approximation for the
coupling starting from the third coordination shell.
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4.1 GENERAL APPROACH

To remind the reader, G*(r,r’) corresponds to the direct interaction between local units of frozen-in
stress, while G*(r,r’) is the interaction mediated by the “image” charges stemming from the elastic
discontinuity.

As in Chapter 3, we use Cy and C to denote the bare elastic moduli of the inclusion and the
effective moduli of the matrix respectively. The resulting Hamiltonian is obtained from Eq. (3.101)
for the potential energy E of p inside the spherical inclusion in zero external field, ™ = 0,

i

1 ; 1 ; )
H = 5 (ng + Z es(ri)c(’)] =5 vg® + Z G (r;,rj)cV |, (4.2)
ij

where v is the volume of 7 and g is the order parameter of the crystal-to-glass transition, see

Chapter 2. The latter corresponds to the frozen-in stress, as described in Section 3.3:

n(r)Con(r) = p(r)Cy 'p(r) = p(r;)Cy 'p(r;) = g° = Const, (4-3)

We use the same equation to set a constraint on the magnitude of the localized sources of stress
o). Noting that 6 have the dimensions energy, we adopt the following correspondence between
the continuous field p and the point sources o(?:

(i)
(e
a

where a® is the volume per single point source corresponding to the volumetric size of a bead, see
Chapter 2 for discussion. This expression results from the following equation relating the average

of p over a lattice cell with the magnitude of the concentrated source of stress located in its center,

5 [ =T 49)

a3
ith lattice cell
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4.1 GENERAL APPROACH

Thus, by Eq. (4.3),
o o
o=

a3

which allows one to recast H in terms of unit 6-vectors 1! defined via3
o = ga3C;/QT(i).

The resulting expression for H is

where 0 = v/a® and

= a’C/" G (r;,1;)C".

H 1 PPN
— ~ § () (i) ()
5 0+ 4 =Y\t

0

(4.6)

(4.7)

(4.8)

Note that in the equation above, tensors do not commute with each other since the tensor G" is not

isotropic. Also, we do not use the summation convention for superscripts.

The model given by Eq. (4.7) is a Heisenberg model with six-component classical spins defined

on a lattice in three spacial dimensions. Using the notation [ ] to denote the dimensions of a given

quantity, we have:

[Co]

[G']

3 See Chapter 3 for the other examples of such transformation and discussion of its physical significance.

(energy density)”
energy density,
energy,

L,

energy density,

(energy) -t
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4.1 GENERAL APPROACH

Yy = 1

Thus, the rhs of Eq. (4.7) is dimensionless; this is the final form of the Hamiltonian studied in the
MC simulation, as described below.

The main difference between the model (4.7) and the existing models of glassy systems studied
by MC simulations is that the interaction matrix Y(*/) is not a random matrix and so no quenched
disorder is assumed at the onset. According to Eq. (3.105), the interaction is a sum of two parts, G*
and G', both of which can be calculated from the corresponding second-order Greens tensors y*

and y' using Eq. (A.10). For G* we obtain,

16710(1 = vo)Iro — 15 Gy (Ko, Ts) = 818k = (1 = 2v0) (8501 + SixcSj1) )
4.9
-3 (5ijnknl + 5k1ninj) -3 (5l~knjnl +§jEning + Synjng + 5jlnink) +15n;n;nkny,

where
0 _ ..
x{ = x;

n; = >
o — I

and rg and 1, are position vectors for the source and observation points, while x; and x; label
corresponding vector components. This is a well known equation studied in the context of ori-
entational glasses,[57], TLS,[54-56], as well as structural glasses in general.[14] The expression
for the image field Green tensor G', given in app. C, Eq. (C.5), is much more complex, and has not
been studied previously. Note that both G* and G' are explicitly proportional to ;. Since Cq o< i,
C:)/ ZGAC;/ * depends on the bare value of the Poisson ratio v, only. Also it is obvious, by elementary
dimensional analysis, that G' is a function of y = jio/p. Thus, in general Y(¥) is a function of five

variables

v — Y(ij)()(, Vo, v,a,R), (4.10)

where R is the radius of 1.
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4.1 GENERAL APPROACH

Since we use spherical samples, the most convenient choice for the lattice is random close
packed (RCP). In practice, we have generated samples with a given number of lattice points by
cutting spherical chunks from several large (N = 10°) RCP lattices generated4 using the Bennett
algorithm.[101] The nearest neighbor distance in the Bennett algorithm was set to unity; accordingly,
we use a = 1. The full algorithm for sample generation and computations of the interaction is

described in Appendix D.

4.1.2  The algorithm for the Monte Carlo simulation

A frequent problem encountered in simulations of a cooperative phenomena is a critical slowing
down or trapping in metastable states that often occur in the most interesting parameter range.
This problem is especially severe for glassy models such as the one studied here. There are many
algorithms which are designed to improve sampling close to a transition point. The combination
of algorithms often used in the context of short-range Heisenberg spin glasses in three dimen-
sions [102-104] consists of the heat bath [105] and over-relaxation [106] spin update algorithms,
augmented by employing temperature exchange,[107] also called simulated tempering. Such an
approach allows one to study critical properties of the systems: still, achieving equilibration is
very difficult.[103] It is fair to say that Heisenberg glasses in three dimensions represent one of the
most difficult system for numerical studies. The long-range character of interaction in our model is
expected to make equilibration of a simulation sample even more problematic.

Another important feature of the present model is that the diagonal term of the interaction

matrix is non-zero; it contains the image field part of the interaction:

YU = (13C;/2Gl(rl~,ri)C;/2 #0.

4 The MATLAB implementation of the Bennett algorithm was done by Pyotr Rabochiy.
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This term describes the self-interaction of the spin () and makes it impossible to use both heat
bath and over-relaxation methods, in their standard formulations. To show this, consider a change

of the energy upon rotation of a single spin

k) 70 = (0 | A,

Energy of the new configuration Hy;, is given by

2;212;” -0 = Z (1:(1’) + At5pk) y(P9) (‘C(q) + A1:5qk)
pq
— Z [T(P)Y(PQ)T(Q)] + Z [T(p)Y(Pk)AT : ATY(kp)T(p)] + ATY(kk)AT,
Pq P

which after a rearrangement gives for the energy change upon the update of the k-th spin, AH¥) =

Hfin — Hip,
2AH®
92(13

=Ar (Y(kk)Ar + g(k)) , (4.11)

where ¢(K) = 2p [Y(kp) + (Y(kp))T] ©(P), see Eq. (B.7). It follows from Eq. (4.11) that at every spin
update in the MC simulation, the corresponding energy penalty is quadratic depending on the
spin increment At, which is a direct consequence of the BC choice of the BC. This is a very
minor complication, if the spin is updated using the Metropolis algorithm,[106] as compared to,
e.g., the Heisenberg model on a periodic lattice, where Y(*¥) = 0. However, it is known that the
Metropolis algorithm, while effective for studies of systems with discrete spins, is a poor choice
for classical spin models: randomly generated orientation of spins often result in a large energy
increase and, thus, in a low acceptance ratio. A better choice for the spin update algorithm for

classical spin models is the heat bath algorithm,[105] where the updated spin orientation is not
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generated randomly but taken from the Boltzmann distribution for the spin. In our case, it has the

form:

b = L -paH;
AR

: (4.12)
where AF) = f dQg exp[—pAH] and the integration is over all possible directions of Ar. If
Y(KK) = 0, this distribution becomes identical (apart from the higher dimensionality of the spin) to
the one considered in Ref. [105]. Then, owing to the simple form of AH (%), the normalization factor
A can be analytically calculated and the distribution P(*) can be inverted. This allows one to
devise a method for generating random numbers with the distribution (4.12) for any value of the
local field g(k).[lo& chap. 2] In our case, however, this is not possible, since the normalization factor
can be analytically found only for a spin located exactly at the center of a spherical simulation
volume 7. For all other spins, P) is not known analytically and, thus, it is not possible to invert
the distribution.

The same problem precludes implementation of the over-relaxation method, which takes ad-
vantage of energy conserving local spin motion.[106] In the conventional Heisenberg model, such
motion is precession of a spin around the local magnetic field acting. In our system, energy con-
serving trajectory is more complex owing to the presence of self-interaction. Essentially, it is a

six-dimensional rotation that satisfies equation AH®) = 0,
At (Y(kk)Ar + g(k)) =0. (4.13)
for the rotation of spin ¥, Solutions of this equation are subject to the obvious constraint,
It® + At] =1 o At (Ar + Zr(k)) =0. (4.14)

It turns out, however, that in order to find a non-trivial solution for At we need to solve, in general,

a cubic equation. In order to show this we diagonalize the interaction matrix Y*%) from Eq. (4.8),
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Y(KK) = QTDQ, where D and Q are diagonal and orthogonal matrices respectively, and introduce
three new 6-vectors: o = QAT, § = Qc¢®), and B = 2Qt¥). Subsequently, we can rewrite the

system of equations (4.13) and (4.14) as

6

Z aw + ¢a0)a) =0,

a=1

) (4.15)

Z w +ﬁaa)a =0,

a=1

and look for non-trivial solution. Since the system of equations (4.15) is underdetermined, we can

assume that w; = w4 = w5 = wg = 0, which yields

w1 (Mo + Y1) + w2 (A2wz +Y2) =0
(4.16)

w1 (w1 + Pr) +wz (w2 + Pf2) =0

Finding non-trivial solutions of (4.16) is geometrically equivalent to finding intersection points
of an ellipse and a circle, which also cross at the origin of a coordinate plane. It is clear that in
general there are up to three solutions and thus system (4.15) can not be reduced to finding roots of
a polynomial with degree lower than three. While an analytic solution is still possible using the
Cardano formulas, we will not proceed along this route since the resulting procedure is likely to be
computationally slow.

To summarize, implementation of MC for systems with self-interaction is a new problem. We
are not aware of previous attempts of this sort. At the same time, development and optimization
of new algorithms for the type of BC considered here should be done after it is clear that our
approach gives insights into the physics of glasses valuable enough to justify the effort. Thus for
the simulations reported here we used only already developed methods: the Metropolis algorithm
for spin updates combined with the temperature exchange technique.[107] This limits our study to

systems with a modest number of spins of about several hundreds. This size should be sufficient to
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4.2 TEMPERATURE EXCHANGE MONTE CARLO AND THE ACTIVATED DYNAMICS

see the RFOT predicted cooperativity, nevertheless. According to Lubchenko and Wolynes,[16] the

cooperative size at the crossover temperature is only about 40 beads.

4.2 TEMPERATURE EXCHANGE MONTE CARLO AND THE ACTIVATED DYNAMICS

Temperature exchange Monte Carlo (MC) is an algorithm intended to improve sampling in MC
simulations on complex energy landscapes characteristic of, e.g., spin glasses.[107] For such models,
the acceptance ratio of any spin update algorithm becomes very small at low enough temperatures
and the system can be effectively trapped in a local metastable minimum of the potential energy
surface (PES). Thus, it is difficult to establish thermodynamic averages, which requires fair sampling
of the PES.

In the temperature exchange algorithm, several copies (or replicas) of the system with different

inverse temperatures 0;,

0; = /319203, (4.17)

are simulated simultaneously and independently. The temperature points must be distributed in
such a way that ;! the highest temperature, is high enough for the system to be equilibrated
comparatively easily given specific computational resources. The lowest temperature, however,
is often in a region where equilibration is problematic. In the course of the simulation, regular
spin updates are performed in individual replicas at their respective temperatures. Occasionally, a
temperature exchange trial between copies is performed. The probability of a temperature exchange
is determined by the energy difference of the copies so as to preserve the detailed balance.[107]
When a copy acquires a higher temperature, it can escape a metastable minimum and reach a new,
dissimilar spin configuration. At the same time, when a copy decreases its temperature after the
exchange, it becomes localized in an different part of the PES from that of its exchange partner.

Thus, after a large number of temperature exchanges, a good sampling of different parts of the PES
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Figure 15.: Auto-correlation function, Eq. (4.18), measured using the simple Metropolis MC without tem-
perature exchange. The solid lines are obtained by a fit with the stretched exponential function,
exp[—t/tc]ﬁc. The simulation is done for N = 50, y = 0.6, vp = 0.1 and v = 0.11. The MC step is
defined as a single full sweep of the sample with the Metropolis algorithm.

can be achieved. The latter is necessary for obtaining an unbiased estimate of any thermodynamic

quantity.

4.2.1  Correlation functions without temperature exchange

Before beginning the simulation, which will allow us to establish the thermodynamic properties of
the model (4.7), we need to accomplish several preparatory steps. First, we determine the highest
temperature of the simulation 6 *. This temperature is essentially determined by the computational
resources : it should be the lowest temperature at which proper equilibration by the Metropolis
algorithm is feasible, without temperature exchange. To this end, we have performed the Metropolis
MC without temperature exchange to determine the auto-correlation function of the system. The

auto-correlation function is defined as

(1) = %Z«“)w + 07D (1), (4.18)
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Figure 16.: Temperature dependence of the stretched exponential parameters ¢, and S, Eq. (4.19), for several
values of the Poisson ratio vy inside the simulation volume; N = 50, y = 0.6 and v = 0.11. The
MC step is defined as a single full sweep of the lattice with the Metropolis algorithm.

and is expected to be an exponential function of time for high enough temperatures.[106] Contrary

to this expectation we obtain stretched-exponential profiles:
t ﬁc
c(t) = eXp[—t—] , (4-19)

see Fig. 15. Stretched-exponential relaxation is an archetypal feature of glassy dynamics.

The relaxation time ¢, and the stretched exponent parameter . were obtained for several
different combinations of the elastic moduli in the simulation volume and the surrounding matrix.
It was found, see Fig. 16, that t, increases and f, decreases with the bare value of the Poisson ratio
vp. The dependence of the ratio on the shear moduli, y = po/p, is much weaker (not shown on
Fig. 16). Importantly, both quantities increase with the inverse temperature 0; the growth law for the
relaxation time ¢, is super-Arrhenius, a typical feature seen in supercooled liquids. We notice that
already at the high temperature from Fig. 16, the relaxation profiles are strongly non-exponential,
implying non-trivial dynamics. One may wonder how such small systems could exhibit significant
memory effects or a distribution of relaxation times as broad as that transpiring from Fig. 16(b).

We remind, however, that an individual point source of stress generically corresponds to several
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atoms, and so the physical size in question corresponds to several hundred atoms! On a formal side,
the non-exponentiality may stem from the large number, 6, of the spin components, complicated
interactions, and the corresponding difficulty in equilibration. It is possible that the frustration
present in the spin-spin interaction from Eq. (4.8) sufficiently reproduces the typical frustration in
liquids due to mismatch between cohesive forces and steric repulsion.

Last, but not least, Fig. 16(b) indicates that substances with higher values of the Poisson ratio
should exhibit relatively more non-exponentiality. This is consistent with results of Chapter 2
and the RFOT theory. Indeed, the parameter . ~ kgT/SF, where §F is the width of the barrier
distribution.[9] On the other hand, §F oc m, the fragility index, which is greater for fragile substances.
Consistent with these observations, the T-dependence of the relaxation time ¢, in Fig. 16(a) becomes

more non-Arrhenius with yy. Again, this is a signature of the fragile behavior.[8]

4.2.2 Temperature exchange Monte Carlo simulation

Having at our disposal the results obtained in the preparatory simulation, we setup the temperature
exchange simulation in the following fashion. First, the highest temperature in the simulation
is selected as 6; = 15. Then, noting that the auto-correlation function drops to about 0.15 after
100 full sweeps of the sample with the simple Metropolis MC, we adopt 100 as the number of full
lattice sweeps, Ny, between temperature exchange trials. According to the algorithm,[107] the

temperature exchange is done in two steps:
« “Even” exchange: 0; 2 0,, 05 2 04...0p-1 2 Ous;
« “Odd” exchange: 0, 2 03,0, 2 05...0p—2 2 Opr—1,

where M is the total number of the temperature points.>

5 Note that M must be even for the algorithm to work.
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The next important quantity we must determine is the step of the MC simulation, which provides
a measure of a MC simulation length. We define it in the following way: First we perform
the “even” temperature exchange trial. Then the simulation is continued for Nz, Metropolis
updates of the sample for every temperature point. Next, the “odd” temperature exchange trial is
performed, followed by another N, lattice sweeps. This combination constitutes a single step of
our temperature exchange simulation.

The next step in the preparation is the optimization of the temperature point. It is done by using
20 iterations of the algorithm introduced by Kerler and Rehberg (for every size of the sample).[109]

For a starting distribution of temperature points, we adopt an equidistant one,

m-—1
Om =01 + (Op — 01) M1 (4.20)

We point out that there is an optimal total number of temperature points M for a specific combination
of system size and parameter values. If M is too small, the probability of temperature exchange will
be very low because the corresponding energy difference between copies is large. The convergence
of the temperature optimization algorithm can be poor under these circumstances. If, on the other
hand, the number of temperature points is too large, the transition from the lowest temperature to
the highest one will be slow owing to the large number of intermediate steps. The time needed
for such a transition is a fundamental characteristic of the temperature exchange algorithm; it is
usually called the ergodicity time.

The ergodicity time t; is defined as the average number of the MC steps required for a copy
starting at the lowest temperature to reach the highest temperature point of the simulation. Since
the highest temperature of the simulation allows for fast equilibration, t; represents the average
number of MC steps after which the simulation reaches a statistically independent state. Thus, we

have used t; as the time between measurements in the simulation. The results of the simulation
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Figure 17.: The ergodicity time as a function of the total number of temperature points for different sample
sizes N. The highest and the lowest temperatures of the simulation are 8; = 15 and 6, = 50. The
calculation is done after 20 iteration of the temperature optimization algorithm.[109] The data
reported for N = 10, 20, 30, 40, and 50. Lower lines correspond to lower value of N. Error bars
are estimated based on averaging over 20 different samples for each size.

performed to determine t; are reported in Fig. 17. It follows from the graph that there is indeed an
optimal number of temperature points for each size of the system.

Based on these results, we have subsequently chosen other parameters for the temperature
exchange simulation, as summarized in Table 1. To test the resulting sampling quality, we have
estimated the auto-correlation c(t) in the temperature exchange simulation, see Fig. 18(a). The
temperature exchange indeed leads to good sampling producing exponentially decreasing auto-

correlation function,

c

c(t) o< exp[—ti] . (4.21)

The estimated correlation time ¢., Fig. 18(b), is close to half of t; reported in Table 1, which is

consistent with the conventional choice of the step between measurements in MC simulations.®

As the rule of thumb the simulation step between measurements in any MC simulation should be about twice larger the
value of the correlation time for corresponding temperature.
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N Ny b
10 12 50
20 12 80
30 12 125
50 14 235
9 20 465

Table 1.: Parameters of the temperature exchange MC simulation. N is the number of spins in the sample,
Nip is the number of temperature points selected based on the optimal ergodicity time values #;
acquired from Fig. 17.

4.2.3 The thermodynamics of the model

Using the simulation setup outlined above, we have performed measurements of the potential

energy E and heat capacity. Specifically, we have measured the interaction portion
H 1 1 NP
E=———--0=- Z Dy () (4.22)

cf. Eq. (4.7). The heat capacity is estimated in the standard fashion from the fluctuations of the
energy, see, e.g., [110, §3.6]:

(<E*) — (EY). (4.23)

Z| e

The results for a broad temperature range are reported in Fig. 19. Each line in the figure consist
of high- and low-temperature parts determined in independent simulations. Also we have tested
for equilibration by performing a longer simulation with Ng; = 200. The results are identical to
those reported in Fig. 19 and are not shown. Everywhere below error bars are estimated based on
simulations for 20 different samples for each system size N.

It is evident from the data presented in Fig. 19 that the system experiences a crossover to a
low-temperature regime centered at about 6 ~ 30 as evidenced by a mild peak in the T-dependence

of the heat capacity. In Fig. 20 we also plot results of simulations for the critical region only, adding
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Figure 18.: Auto-correlation function for the temperature exchange MC simulation. (a) Example of the
auto-correlation function for N = 30. It is evident that c(t) « exp(t/t.). (b) Correlation time ¢,
for different samples. Note that ¢, does not depend on the temperature and is about %tE consistent
with what is expected for the correctly configured temperature exchange simulation. y = 0.71.
Vo = 0.08, v = 0.15.

data for N = 50 and N = 90. Finite size effects are clearly evident, which is not surprising for

such small samples. The latter effects stem mainly from the ruggedness of the boundaries which is

expected to become less pronounced for larger samples. It is important to stress, however, that

the boundary conditions for this set of simulations were not optimized according to the procedure

developed in Section 3.3.

4.2.4 Dynamics of the model in high- and low-temperature regimes

We now turn to the next key subject of the present study: the dynamics of the system at low
temperatures. In the present MC framework, the dynamics can be recovered from the properties of
the PES. We use the following method: After a long equilibration run (in practice using the final
spin configuration achieved in the simulation runs discussed in the preceding section) we follow

the trajectory of the system in the course of the MC simulation at a constant temperature constant.
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Figure 19.: Potential energy E and heat capacity determined in the temperature exchange MC simulation.
Colors label different sample sizes: black for N = 10, red for N = 20, and orange for N = 30. As
before y = 0.71. vy = 0.08, v = 0.15. Error bars are given base on averaging over 20 different
samples for each system size.

The spin state and the energy are written to a file at every lattice sweep which is selected as a unit

of time for the simulation reported in this section. We also follow the parameter g,

g(Ar) = 3 0 (1)t (8o + At), (424)

i
defining the correlation between the spin state at the beginning of the trajectory and after At
time steps. At the same time, we find energy minima corresponding to the state of the system at

each point along the trajectory. This was done by numerically minimizing E, Eq. (4.22), using the

Newton algorithm with the initial guess for the search of the energy minimum given by the spin
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Figure 20.: Potential energy E and heat capacity determined in the temperature exchange MC simulation.
Colors label different sample sizes: black for N = 10, red for N = 20, orange for N = 30, green
for N = 50, and blue for N = 90. As before, y = 0.71. vy = 0.08, v = 0.15. Error bars are given
based on averaging over 20 different samples for each system size.

configuration at the corresponding step of the simulation. In the present hardware setup,’ this
procedure allowed an accurate descend into a local minima of PES for up to N = 50.
Representative results of this procedure for the high-temperature regime 8 = 20 and N = 50
are shown in Fig. 21. Note that 6 = 20 is quite close to the crossover temperature. The results
of energy minimization along the trajectory are quite distributed, see Fig. 21(c). The fast drop of
the overlap parameter g, Fig. 21(b), shows that the spin configurations in the local minima of the

PES corresponding to the nearest points on the simulation trajectory are very different from each

7 The energy minimization was performed using MATHEMATICA on the workstation with two Xeon Es450 CPUs (3.00GHz).
For N = 50 the procedure requires about 16 Gb of RAM.
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other. Note that the beginning of the trajectory was selected at random. Such behavior is expected
based on the properties of the Metropolis algorithm for the high-temperature phase. Analysis
of the difference between spin configurations shows that after 10 lattice sweeps (the step of the
minimization procedure) essentially all the spins in the sample change their orientation. This is
consistent with the histogram of g as a function of E shown in Fig. 21(d). It is evident that the
simulation samples a wide basin on the PES centered at ¢ = 0. On the other hand, two peaks in the
histogram reflect a coarse-grained structure of the basin corresponding to two broad local energy
minima. Interestingly enough we can distinguish two distinct motifs in the plot of the minimum
energy as well, see Fig. 21(c).

A completely different picture is obtained for the low-temperature regime, 6 = 40, see Fig. 22.
Despite variations of the energy along the trajectory the minimization shows that the system
is trapped close to 4 metastable energy minima. This is reflected in Fig. 22(b) displaying slow
relaxation of the overlap parameter g. The corresponding histogram of q(E), Fig. 23(a), displays 4
distinct peaks. In Fig. 23(b-d) we visualized® the difference between the strain corresponding to the

spin configurations in the energy minima:
C™ Dt + At) = 70 (1) ], i=123, (425)

corresponding to energy minima reported in Fig. 22(c).

8 The visualization is performed in MAYAV1.
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Figure 21.: Analysis of a Monte Carlo (MC) simulation trajectory in the high-temperature regime: 6 = 20,
N =50, y =0.71, vy = 0.08, and v = 0.15. (a) Energy of the system as a function of time. The unit
of time corresponds to a single sweep of the sample by the Metropolis algorithm. (b) Relaxation of
the overlap parameter g along the trajectory. (c) Results of minimization of E along the trajectory
using the Newton algorithm. The energy of local minima on PES are widely distributed; however,
they do exhibit two distinct motifs in the beginning and near the middle of the trajectory. (d)
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Figure 22.: Analysis of a Monte Carlo (MC) simulation trajectory in the high-temperature regime: 6 = 40,
N =50, y =0.71, vy = 0.08, and v = 0.15. (a) Energy of the system as a function of time. The unit
of time corresponds to a single sweep of the sample by the Metropolis algorithm. (b) Relaxation of
the overlap parameter g along the trajectory. (c) Results of minimization of E along the trajectory
using the Newton algorithm, showing the system evolves in the vicinity of the 4 metastable
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Figure 23.: Analysis of the PES for the low-temperature regime: 6 = 40, N = 50, y = 0.71, v, = 0.08, and
v = 0.15. (a) Histogram of the g values a function of E. Arrows schematically shows energy
basins corresponding to the 4 energy minima in Fig. 22(c). (b-d) Visualization of the difference
between spin configurations in the energy minima, Eq. (4.25). The numbers correspond to the
arrows in the panel (a). Primary axis of ellipsoids corresponds to eigenvectors of the frozen-in
strain differences at lattice sites, cf. Eq. (4.25).
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4.2.5 Discussion

To summarize, we have set up and performed extensive simulations of the 6-spin model, whose
dynamics have been argued earlier to be mutually mappable onto activated transport in liquids;
this type of transport precedes the structural glass transition.

The motivations for this part of the project, which proved to be rather laborious, were twofold:
For one thing, typical liquid simulations are subject to collisional viscosity, in addition to the
long waiting times for the activated transport. As a result, the liquid is probably too slow for
the present-day computer to equilibrate in the activated regime. It is hard even to tell for sure
how close these simulations are to the activated regime in the first place. There have not been
identified, at present, any indicators or order parameters, in a liquid simulation, for the crossover
between the high-temperature, collisional transport, and the low-temperature, activated transport,
the latter regime being the focus of this work. The difficulty appears to be similar to that faced
by field-theoretical techniques, which we have already discussed in Chapter 1: There is no fixed
reference frame in the problem. All presently employed parameters, to our knowledge, are not
gauge-invariant, i.e., they do not expressly depend exclusively on the mutual distance between the
particles. An additional potential problem facing traditional liquid simulations is that the latter must
employ mixtures of two differently sized particles, lest the liquid crystallizes before it can achieve
any meaningful slowing down. (Simulating actual, anisotropic chemical interactions that could
readily provide for such a slowing down is, at present, too computationally costly.) A potential
fundamental flaw here is that the resulting dynamics, be they slow or not, are primarily due to
the particle exchange, not the multiplicity of packings that drives the activated transport. Such
exchange dynamics is clearly irrelevant in actual liquids: For instance, the cost of breaking the Si-O
bond in a silicate, an archetypal glass-former, is several eV too high to be relevant to the liquid

transport!
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In contrast, the spin model is subject neither to the collisional effects nor particle exchange or
lack of a convenient reference frame. The multiplicity of the configurations corresponds to the
variety of the mutual spin orientations; the order parameters for the reconfigurations are simply the
orientations of the individual spins, see Eq. (4.24). The cons of the spin methodology, however, are
also many. They include: excessively cumbersome-looking, long-range interactions between the
spins, a large number—six—of the spin components, and that the spins can change their orientations
continuously, in contrast, for instance, with substitutional impurities or Ising spins, where such
changes are discrete and require much less computational power to implement. The long-range
interactions can be, at least approximately, dealt with by embedding a finite sample in a medium
with distinct, effective elastic constants that are determined self-consistently. There is a price to
pay here, as well, since the expression of the elasticity theory become quite cumbersome even for
the simplest, spherical cavity; for more complicated cavity shapes, such expressions are not even
known yet.

The results of the simulation seem to have justified the effort that went into its implementation.
It appears that we have achieved a degree of supercooling far exceeding that achieved in the
aforementioned binary mixtures. Judging from the value of the stretching exponent § in Fig. 16(b),
we are close to the usual laboratory glass transition, which is about 7-9 orders of magnitude slower
than what seems to have been achieved in a liquid simulation. (This difference is hard to pin point
more accurately in view of some arbitrariness of the MC time scale.) The following signatures
of the glass transition have been seen in our calculation: (1) Non-Arrhenius T-dependence of
the relaxation time; (2) Stretched-exponential relaxation profiles, whose temperature dependence
conforms with previous results;[9] (3) The degree of deviation from the Arrhenius T-dependence
and the exponentiality of relaxations correlates with the Poisson ratio of the substance in an
expected fashion.

Furthermore, we have directly observed activated transitions between distinct spin configura-

tions, by monitoring the energy of the system as a function of a similarity gauge between spin
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configurations. We have discovered that at sufficiently low temperatures, the system becomes
trapped in a small number of well-separated energy minima. This behavior is expected; it corre-
sponds to the so-called Kauzmann entropy crisis [111]: Below a certain, putative temperature often
called the Kauzmann temperature, the liquid exhibits only a sub-thermodynamic number of states,
in a puzzling contradiction with the Nernst law, which states that above T = 0, the log-number
of states is always extensive. At a finite system size, such an entropy crisis is expected to take
place at a higher temperature than in bulk, because the disallowing dynamics beyond a certain,
modest size impose additional constraints on the phase space of the system. Analytical estimates
of the size below which the liquid should “run out of states” have been given by Lubchenko and
Wolynes.[112] Similar “confinement” effects have been seen in liquid simulations; these, however,
are not straightforward to interpret, as we discussed above.

Despite this progress, more work needs to be done to elucidate spatial aspects of the slowing down
of the spins. The RFOT theory predicts the cooperativity size for the activated reconfigurations
should increase with lowering temperature and would, in fact, diverge at the Kauzmann temperature.
This divergence is not observable because the barriers, by Eq. (2.1), become infinite when the
configurational entropy vanishes. In attempts to infer the cooperativity length from our simulations,
we face the difficulty that the spins are oriented randomly, suggesting that the usual, 2-point
correlation functions will not be of help, consistent with liquid-based analyses.[113] We hope
that recent developments on non-linear, 4-point correlation functions [114] will allow us to make

progress on the cooperativity length. This is work in progress.
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We have put forth a radically novel way to think about the structural glass transition. The present
methodology exploits the view of supercooled liquids as aperiodic, degenerate crystals. These
“crystals” flow on large time and length scales, but are mechanically (meta)stable locally. We
have established that the structural degeneracy of these aperiodic crystals can be thought of as a
multitude of mutual configurations of frozen-in stress. The latter stress stems from the frustration
caused by mismatch between cohesive forces and steric repulsion. The frozen-in stress, as any
elastic stress, can be characterized by a stress tensor field, which has six independent entries.
The localized sources of stress on different sites interact via usual, nearly harmonic vibrations.
The six entries of an individual source of stress can be presented as the components of a six-
dimensional spin. We have thus shown that the activated dynamics in supercooled liquids can be
mapped onto a Heisenberg model with 6-dimensional spins and complicated, tensorial coupling
between the spins. The coupling is very long range, 1/r, similarly to the electric dipole-dipole
interaction. The configurational entropy of the liquid, a coveted object in the theory of the glass
transition, corresponds to the full entropy of the spin model since the atomic vibrations have been
“coarse-grained-out” by mapping of the liquid onto the spins.

The 6-spin Heisenberg model has the advantage of being defined on a fixed lattice and is thus
amenable to various field-theoretical approaches and simulations, even though the spin-spin
couplings are very complicated and very long-range. As the first step in attacking this complicated
problem, we have analyzed the mean-field limit of the model. Already this simple limit turned out

to be richer than that for a generic spin model. In addition to the usual Curie point, the model
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exhibits a transition between two relative distinct regimes corresponding to frozen-in shear and
uniform compression/dilation stress pattern. The transition is controlled by the Poisson ratio and
takes place when the ratio is numerically equal to % The two regimes themselves have been argued
to correspond to strong and fragile liquid behavior.

The next steps in the analysis were motivated by two notions. On the one hand, the spin-spin
interaction is very long range, preventing one from use the standard, periodic boundary conditions
in a simulation. On the other hand, one must show that the view of a glassy liquid as a collection of
local point stresses is internally consistent the same way one must show that the view of a dielectric
liquid as a collection of molecular dipoles in internally consistent. We have pursued the latter
analogy and have, in fact, established that similarly to how the dielectric susceptibility emerges
as a continuum approximation to the response of a collection of disparate molecular dipole, the
mechanical metastability of aperiodic, degenerate crystals and corresponding elastic moduli emerge
from the present view. We have established that it is internally consistent to treat a compact set of
the 6-spins explicitly, while approximating the surrounding material with an elastic continuum
with some renormalized elastic constants. This is completely analogous to the cavity construction
for dielectric materials by Debye, Onsager, and others. Remarkably, the relation between the bare
and renormalized values of the elastic constants has an nontrivial fixed point: The bare and effective
values of the Poisson ratio are equal to each other, at any temperature, when the bare Poisson ratio
is equal to % We have thus established, among other things, an interesting connection between the
elasticity theory and the mean-field limit of the 6-spin model.

The elastic cavity construction above has also served as the foundation for our numerical
simulation of the 6-spin model. The simulation is remarkably laborious to both implement and
execute; the full significance of the results so far and further numerical studies will take some
time. Already at present, we believe we have achieved significant progress toward quantitative
description of the activated transport. We have established a strongly non-exponential character

for the relaxation in the 6-spin model, which matches that of very deeply supercooled liquids,
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i.e. on timescales that are possibly 8 to 9 order of magnitude longer than those achieved in direct
simulations of glassforming binary mixtures. Another hallmark feature of glassy relaxations, i.e.,
their being non-Arrhenius is evident from our results. Further systematic studies of the model are
needed to see whether the present model yields the experimentally observed fragility range. We
have seen a correlation of the aforementioned signatures of glassy physics with the Poisson ratio
that is consistent with the conclusions of the first part of the work.

Much work remains to fully establish the consequences of the present microscopic picture. In
addition to the aforementioned systematic studies of the fragile vs. strong behavior, we plan to
investigate spatial aspects of the activated reconfigurations, including both the cooperativity size
and the functional form of the decay of the correlation. Another fundamental question that needs
to be clarified is what happens in three dimensions to the Curie point and the strong-to-fragile
transition that emerge in the mean field limit. Another obvious direction for further work is
including interactions other than purely elastic ones into the formalism. For instance, including
the electric dipole-dipole interactions may help us to understand why many ionic liquids behave
differently from archetypal glassformers, such as silicates (which, incidentally, also exhibit much
ionic bonding!). Likewise, various local anisotropies have been argued [10, 115] to cause deviations of
select glass-formers, such as chalcogenides and boron oxide, from predictions of the RFOT theory.
The latter takes a very isotropic view of local interactions, similarly to the present formalism.
Including such local anisotropies can be done, at least in principle, by a suitable choice of the elastic

tensor.
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Consider an infinite medium with a distribution of body force f(r) different from zero over a
finite domain. The distribution produces an elastic response described by the deformation field u

satisfying the following boundary value problem,

0ijj+ fi =0,
(A1)

u(r) — 0,
r—00

where the stress o is related to the deformation u via the constitutive relation o = Ce, and the

elastic strain ¢ is defined as[41]

(u,-,j + uj,,-) . (AZ)

N | =

Eij =
One can solve (A.1) by Fourier transforming u;[43] the result given by
wie) = [ aVpe-r1n ). (A3)

where for an isotropic C, the second-order Green tensor y* is given by

=)= o [z et (A4)

3

1 2 1 2 ik(r—r’)
= - 251']' a - a fdke )
16ur3 oxix;  1—voxx; k4
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where  is from Eq. (2.49). The integral in Eq. (A.4) is over the infinite domain and can be readily

found,

eikr
fdkF = —1r. (A.5)

Substitution into (A.4) produces the well know Green tensor for a points force inside an infinite,

homogeneous, and isotropic medium (Kelvin’s solution)[41]

1 XiXj

Ay = e gys BN
vij(r) = lomp(1—-v)r [(3 ) 0y r2 |’ (8.5)

A solution for more complex geometries, e.g., a finite, possibly inhomogeneous, body, can be

written in the same fashion

ui(r) = f V') fi (). (A7)

where the tensor y is not known analytically, in general.
Here we are interested in a situation where, instead of a distributed body force f, the source field
is given by the distribution of stress p. The solution (A.3) and (A.7) are still valid. However, now f;

is replaced by p;j ;, since the corresponding balance equation is
0ij.j + Pijj = 0
Subsequently, applying the Gauss theorem to (A.7) and using p;; = pj;, we get,[116, §3.3]
l ’ ’
ui() = =5 [ &V |yir +yay | pin (). (A8)

where the primed indexes label derivatives with respect to components of r’:
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THE FOURTH-ORDER GREEN TENSOR FOR A POINT STRESS SOURCE

One can define a fourth-order Green tensor G connecting the source stress field p with the resulting
strain field ¢,

£j = de,Gijml(r,r,)pml (r) (A.9)
Applying the definition of ¢, Eq. (A.2), to Eq. (A.8) one obtains the general relation connecting
the second-order and the fourth-order Green tensors in a peace-wise homogeneous body of an
arbitrary geometry®

1 0 0 0 0 )
Gl'jml(r,l‘ ) = _Z_L (5ipa—xj + 5jp6_xi) (5(11M + 5qma—x;) ypq(r,r ) (A.IO)

This definition produces for the fourth-order Green tensor corresponding to y*:

A , 1 0 0 9 0 ,
Gijml (r-r') = _4_1 (5,‘1;6—xj + 5jpﬁ_xi) (&ﬂ@ + 5qma_x;) Y;q (r—r) (A1)

oo v (50 s O[5 O s O

T oeamdu(1-v) \ P 0x; P Hx; ql@x;n an Ox,
o2 92 eik(r—r’)

2(1=v)6pg—— — dk———

( (1=v) P4 Hx x4 Bxpxq)f Kkt

which has the same form as Eq. (2.58). Noting that

X

0 0
a—xg = —ax1. (A.IZ)

when acting on a function of r — r’, we also obtain Eq. (3.26).

1 For the validity of Eqs. (A.7) and (A.10) in a peace-wise homogeneous body it is necessary for p to vanish at any boundary
where elastic moduli changes discontinuously .
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PHYSICAL MEANING OF THE ESHELBY TENSOR

The Eshelby tensor S is well known in the theory of elasticity. It emerges as a solution to the
following problem.[98] Consider an infinite isotropic body 8 characterized by an elastic moduli
tensor C. The body contains a region, say 7, where, e.g., a structural transformation of some
sort leads to the appearance of a stress distribution p. Such region is usually called a transformed
inclusion. Note that elastic moduli are the same both in the material and the inclusion. The stress p
is usually called “eigenstress”. It is incompatible and can model, e.g., a martensitic transformation
in the material. It is a source of a body force. Thus an elastic strain &° appears in the medium to

compensate for it. As shown in Appendix A, &° can be calculated as

e;;(r) = LdV’G’;jml(r 1) pmi(r’), (A.g revisited)

where the integral is taken over I since p is zero outside. It is often assumed that p is uniform.[73,
116]. Under these circumstances, it can be moved outside the integral, while ¢ is then related to the

volume average of G* over 7,

g?j(r) = Pmi L dV’G‘?jml(r -1). (B.1)
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PHYSICAL MEANING OF THE ESHELBY TENSOR

It was shown first by J. D. Eshelby for an elliptical 7 that the volume average of G* in (B.1) does not
depend on r for r € I and, thus, €° is homogeneous inside 7.[98] The Eshelby solution is usually

written in terms of the “eigenstrain” ¢* defined as
e* = -C!p, (B.2)

and the tensor relating the eigenstrain ¢* with the resulting elastic strain €° inside I is called the
Eshelby tensor, usually denoted by S,

e =Se". (B.3)

From (B.1) and (B.2) we get

e =— [f dV'GA(r - r')} Ce",
I
which provides the definition
S=- f dvV'G*(r - r')C. (B.4)
T

As shown by Eshelby,[98] S does not depend on r for r € 7, if I is ellipsoidal. This allows one to

use Eq. (B.4) to calculate the volume average of €* over 7,

— 1
ssz—fsSdV,
vJr

even for more complicated distributions of p. Here, v is the volume of 7.
Indeed, using (A.9), changing the order of integration and using G*(r — r’) = G*(r’ — r), which

can be checked directly using (3.26), we get for any ellipsoidal inclusion,

== % fI v fI dV'GA (r - ¥')p(r') = % f; v’ [ fI dVGA(r’—r)] () = -SC7'5,  (Bs)
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PHYSICAL MEANING OF THE ESHELBY TENSOR

consistent with Eq. (3.67) for Cy = C.

The same idea can be applied for the case of a stressed inhomogeneity, i.e. when the elastic
moduli inside J are different from those of in the rest of body 8. For example, for a spherical T
characterized by an isotropic elastic moduli tensor Cy and an isotropic body B with elastic moduli

tensor C, the strain inside I created by a uniform p, non-zero inside I only, is given by Eq. (3.67),
e = -QSp, (3.67 revisited)
where Q is given by Eq. (3.53). At the same time, € can be calculated using Eq. (A.9) which gives,

SQ = —f;dV'G(r,r'), (B.6)

where the Green tensor G(r,r’) is now a sum of G* and the image field Green tensor G'. The latter
is known analytically for the case of an isotropic spherical inhomogeneity inside an isotropic matrix
considered here,[100] see Section 3.3 for discussion. Still, calculating, the volume average over 7,
G, is a formidable task owing to a very complex nature of the tensor. However, we note, in the

6-vector representation, discussed in Section 2.3, there is an important reciprocity relation,
G(r.r') = [G(r',n)]" (B.7)
which allows one to write, similarly to Eq. (B.5),

== % fI v fI dV'G(r,r')p(r') = % f; dV’[ f1 dVG(r’,r)] o(r') = -[0S]"5. (B3

Since S and Q are isotropic tensors, they are symmetric, and so we get finally for any distribution
of p inside spherical 7,

e = —QSp. (3.106 revisited)
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THE FOURTH-ORDER IMAGE FIELD GREEN TENSOR FOR A SPHERE

In this appendix we provide the expression for the image field part of the fourth-order Green tensor
for an isotropic spherical inhomogeneity embedded in an isotropic matrix. As shown in Section 2.5,
a fourth-order Green tensor can be calculated using Eq. (A.10), if the corresponding second-order
Green tensor is known. The second-order Green tensor for an isotropic spherical inhomogeneity
embedded in an isotropic matrix with distinct elastic moduli was analytically found by L. J. Walpole
in [100]. Despite the very simple form of Eq. (A.10) the actual calculation is tedious owing to the
complex form of Walpole’s solution. The result of the calculation is rather lengthy. We present it
here in the system of notation used by Walpole. Note that this forces us to redefine some symbols
which have already been used in this manuscript. However, it is important to simplify reference to
Walpole’s paper as much as possible.

We denote the shear modulus and Poisson ratio inside the inhomogeneity by p and v respectively.
The corresponding parameters for the matrix are i and 7. The position of a concentrated source of
stress is labeled by ¥ = x; while the position of an observation point is labeled by r = x;. In the
following we will label equations from Ref. [100] referenced here using the corresponding equation
numbers from [100] and adding the prefix “W”.

In his paper, Walpole builds the solution for an elastic singularity in the spherical inclusion using

expansions in terms of harmonic functions such as, e.g.,

r—1|7! = lr\/l -2 (UTf) + (;)2} ) = i r2H—n:l1 (W.2.15)
n=0
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THE FOURTH-ORDER IMAGE FIELD GREEN TENSOR FOR A SPHERE

where

v=—, H" = (rfF)"P,(v). (W.2.16)

Here P, refers to the Legendre polynomial of degree n; see [100] for full description. Walpole uses
different Latin capital letters to denote harmonic functions relative to derivatives of H". In our case

the number of the derivatives is large and it is reasonable to introduce the following definition:

()" P (0), n=0,M>0;

Hy = (Ca)
0, n<0,M<0

where the superscript in the parentheses indicates the order of the derivative. Using well known

relations between the Legendre polynomials,[117, §10.10]

P .. =0@2n+1)P,+P P’ xP; = (n+1)P,,

n+1 n-1° n+l
which can be generalized to

P(m+1) _ [Z(m + n) 4 1] P(m) 4 P(m+1)

m+n+l — n+m m+n—1°
(m+1) (m+1) _ (m)
Py = XPrin’ = (m+n+1)Py,

we get the following relations for the derivatives of H}, with respect to coordinates of the source

x; or the observation point,

OH"
M _ - ryn-1 ~27yn—2
ox. XiH g — xif"Hy5s (C.2)
1
OH"
M _ _ ggn-1 _ - 27rn-2
% =xiHy g — Xir"Hy 3.
1
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THE FOURTH-ORDER IMAGE FIELD GREEN TENSOR FOR A SPHERE

We also can obtain the recurrence relation
Hy =[2(m+n)-1]1Hy,_, + (rF)ZHI’C[Z. (C.3)
Also needed will be the following coefficients defined by Walpole in [100]

Gn=[n*+Q=20)n+1-7]i+(n—1)[3-40)n+2(1- 9]y,
gn=m+2)[B-4)n+ 1 =2v)]ji+[(n—1)2+GB+2v)(n—1) +3(1+v)]y,
an=(n+2)[[(n =1+ (n+ D,
Gnerbn = 2p[3(1 —v) + (1 = 2v)n][n(3 - 47v) + 5 - 6ﬂ]/[(n — Dy + (n+2)p],
Guercn = 2020+ 1) [[(n = Dpa + (n + 2)i,
Gn-1dn = pen[(1 = 2v)n = 2+ V] [[(n = 1)p + (n + 2) ],
2qni1gn = (n+3)(n+2)(2n +5)[(2n +3),
pn=(B—4v)a, — 2n+1)[n+4(1 - v)]dn,
Sn = an+ (2n+1)[n+8(1 - v)]dp,
tn = an +n(2n +1)d,,
n = [(@n = bn = tni2)[(2n+ 3)] + [n+4(1 = v)]dy,

Wn =¢gn-2+ tn/(zn - 1)9

where
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Now we can define the following functions, which are generalization of U}, V3 and wg used by

Walpole

n,i _ n—i n—i
Uiy = OnHppq +pnHy

Uzr,l}vif = ~Uni2Hyp 0,

U3',l}»i1 = 2001 Hyh = (tnet + Sne) Hyp

Ui = [snet + tavs = 2@n + 5)opa ] Hp G + 20paHyph — 220+ Dt Hy
Vi = enHts

Vzr,lf’\; = —CnraHjihs

ymi zanH]'V’I;;,

V4r,1],»lf = 2Cp41 [ X[:; - (Zn + 5) ]r\l[:ll] s
Wln,iI = Wn+2 xai,

Wn’if = ~Wn+4 X,I:;,

n,i _ n—i
W, 2wnisHyp,

n,i _ n—i n—i
Wit = 2Wnss [ Mrz — (2n+5) M+1) ’
n—i

n,i _
WS,M = Inealpp s

n,i _ n—i
W, = Inest g

For M = i = 0, we return to the corresponding definitions of Walpole, e.g., U;’,’g = U. Next we

define the following series,

@ (= DU+ (v = DAV

i N,M N,M
NM — i a2n+s >
- (C.q)
A N N,M
i _ _ f
Gyom = (H—f) 2n+s
n=0
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THE FOURTH-ORDER IMAGE FIELD GREEN TENSOR FOR A SPHERE

where a is the radius of the homogeneity. We also use the following notations:

We are now ready to write the image field part of the fourth-order Green tensor. The equation
below was obtained applying Eq. (A.10) to the image field part of the second-order Green tensor
derived by Walpole in [100]. It is a complex combination of series defined by Eq. (C.4). Note that

the source must be inside the inhomogeneity, 7 < g, or the series (C.4) diverges. We have

64mpu(l — v)GIl.jkl(r,f‘) = 4C16;0k; + 2C2(8:18jk + 810 j1)+

+Cs [xl(5ikxj +X;0k) + xk(Sirx; + xiéﬂ)] +Cy [xl(éikfcj +Xi0jk) + x (0% + )?i5ﬂ)] +

+Cs [J_Cj(fsikfl +8iXk) + Xi(Ojx Xy + 5j1fk)] +Cs [xj(fsikfl +8i1Xk) + xi(Ojx Xy + 5jlfk)] +

+ 28, [Cr(Xpxp + x%)) + 2Csxyx; + 2CoxxX[] + 284 [Cw(a‘cixj + X;%)) + 2C1 X%, + zclzaz,ozj] +
+ Cr3(Xixj + x;%) (Xpxp + xxXp) + 2(Xpx) + x5%7) (Craxix; + CisXi%j)+

+2(%;x; + x; %) (Croxrxy + C17XkXp) + 4%;%(Cigxxy + CroXpXy)+

+ 4xin(C20xkxl + Czpﬁcfl),

(C5)
where
150 1, 2o 2 . =2y A0
Cy = Ea Gy + Ea yeGy o — (re+r )Gé’o,
1 N 1 A
Cy = (14G}’1 + Eang’O + (a2 - rz)(a2 - fz)G}’1 + EazyeGg’o,
1 A N
Cs = —a4f2Gi2 + Zszil - Eazszg’l +(—2a* + 27’2)G}’1 — (a® - r*)F*(a® - fZ)G‘;’,2+

A N 1 A A
+2yertGy , + EGgO - EazyngGg | +2a°Gh

3 ae 3
Cy = a4Gi2 + EazGé’l + (a2 - rz)(a2 - rz)Gi2 + EazyEG;l,
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—a rZG

g+ 2r2G21 - Ea r’Gs 1 t2(- a + rz)G1 1—a yer2G

1 A9
2yer® G21+yG30—§a yer*G? 1+2a G51,

42 4,252 ~4 0
—2a°G{ +a'r'r'Gy, + 4G, ,

2(a4y£ — a’F

2

[4(1+y£)+a( 1+&)r? +2(=a* + r¥)r ]—2y£r2r2G2 + ayeG

az(r +7 )G 51t (—rz )G6

2.2
- 2r°r G21

1°

2 A
2G2 0= riy 2G2 1= azG41 + 4Gg’o(a2 -
1 A
EazysGi, - azrzG5 L+ (=7 )G6 1

1 2A1 2
G, 1T YErtG, 1+aG51,

1,, 1 9 A2
—Ea r’G? 1+yG40— Ea yer G4’

1 re .
2Gg 0= rzszg L+ EazGil +2e(y + _2)G(2)0
, , , a ,

1 «
—a y£G41 - a’F 2G§1 + (—r2

1
——a rzG
2

=rG21+y5r G21+a G51,

= 4G, ,

+

+

—azG4 g+ =
2yer’F G2 5+ —G o+ (—er?
1 A

Ea yer rzG 2t EazyeGi,Z

1
222 2744 2223
—4r°Gy + 17" Gyy — 24T Gy,

)G 1

1 A
L+ 5G40 - Ea Yer G 2G2’

+ = aG 1+4G§)0—

+r¥(a’e + fz))Gf | +atyer rzG1 o F

rz)(az—z ) — ygr 7 G21+

N

2G6 0ot (r2 + fz)Gg’l,

2-2 A2
— yercr Gz,1+

+ rz(r +7 )G6 1»

1
—2rrG22—a G31+2arr2G32+

- y(a 2e 4 72

a?(r? +r)G

_ 4
a4 2,0

11[a4(1+ys)+a( 1+6)rt+2(-a +r2)r]—

))G3 1t
+(-r* - P)GZ,,

(a2 - 2?2)—

2r
- rG [ (1+ye) +a*(=1+e)r® +2(—a’ + r’)F 2]+y£r r4G22+

+

A1
£G4’1

- EazysszZ 2

- 2d*G2|

+a’r’r 2G
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1 A A 1 N «

_ 2.2 223 2 A2 1 2. 2A3 2 A2
Cis5=r Gz’2 - Ea r Gg’2 +yer Gz,2 + yG3,1 - Ea yer Gg’2 +a G572,
Cre = F2G2 1 27263 4 vert(2 .+ (L 1, 233 4 202

16 =1 Gy za FrGg, +Yer Gy, +EGg za YeEr -Gs o +a Gy,
Cor = —472G2 . 4 472G _122G3_
17 = —4r Gy 1717 Gy, 2‘”" 4.2
4~ o 2 2r® A2 4 2:2 2,2 | -2
_EGZ’O(a —-2r )—?GZ’1 [Za ye—a‘r+ri(a‘e+ 7 )]+
B WL N Ve S
yer't°Gy, + yGy 2a yer‘Gy,
—2a°GE | + a’r’F* Gy, — 2Gg  + P (r* + fz)Gg,z,

1 1 R
Clg = EGZG??;’Z + 5a2y€G§,2’

2r2 R ~ ~
_ 43 1 2 2 443 2.2 A3
Cig = —1"Gy, + ry G2’1(r —a“) — yer Gy, — a’r Gy,
4.3 2¢7° Al _4 A3 2.2 A3
Coo=-T"Gyy + 2 Gy —ver Gy, —a'r° Gy ,,
A0
2.2 1 2.2-2 4 4,0 2 2 =2\\ A2
Co1 = —a"Gy, + Ea rreGy, + - + (—er® —y(a®e +7°))Gy 1+

1 oA oA B oA
+ Eazya‘rzrzG;l o +4(r + F)GE | = PR (r? + )Gy,

No further simplification of the result was attempted since it is clear that the expressions given
above can be realistically used only with the aid of a computer. Furthermore, for fast calculation of
the Green tensor it is necessary to use the Clenshaw algorithm for series summation,[118, §5.4.2]

which is possible since Hy, obeys the three-term recurrence relation

HyY(v) = anHy, + BuHY Y, (C.6)
where
2+ M) +1 _ n+2M  _
S b= = O 7
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Then, any sum of the type

N
D 6nHjy = (Brys + o) HY + yiH),, (C8)
n=0

where coefficients y; are calculated from the recurrence relation:

YN+1 = YnN+2 =0,

yn = Ofnyn+1 + ﬁn+1yn+2 + gna n= N’N - 17' . 91' (C9)

Thus, the most convenient, from the practical standpoint, form of G', is a sum of the series of the
type given by Eq. (C.8). Such simplification as well as the implementation of numerical computation
of G' was done using MATHEMATICA.

Even with the aid of the Clenshaw algorithm, numerical computation of G' for large (several
hundred particles) lattices is prohibitively long. To further shorten the computation time, Eq. (C.5)
was optimized for the computation of the Green tensor for a = 1 and a single configuration of
the source and the observation points: the source is located at the Ox axis, I = (%1,0,0), and the
observation point is on the xOy plane, r = (x1,x3,0). To compute G' for arbitrary r and t, the
corresponding coordinate system K is first transformed (rotated) into the coordinate system K’
where positions of the source and the observation points are as described above. Then the Green
tensor is computed using the highly optimized version of Eq. (C.5) with the aid of the Clenshaw
algorithm for a = 1 for scaled positions of the source and the observer in K’, (x//a,0,0) and
(x]/a,x;/a,0) respectively (prime labels vector components in K’ coordinate system). After that
the result is transformed back into K and scaled using the obvious property,

G (r.F) = %GI (5 i). (C.10)

b
a a
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Thus optimization allows one to reduce the computation time in MATHEMATICA by orders of
magnitude. For all the calculations reported in this manuscript number of terms is the series (C.4)

was set to 300.

132



NOTES ON PREPARATION OF THE SAMPLES

We take a large (10° lattice points) spherical RCP lattice generated according to the Bennett

algorithm[101] and generate our (much smaller) sample by cutting out spherical chunks of a given

radius according to the following algorithm:

1:

2:

10:

11:

Read radius of the sample from input: Input — R
Increment R by some number of nearest neighbor distances a: R + m X a — R,. By default,
m=1anda=1.
Read large RCP lattice from the input: Input — r;, i = 0,1,...,N — 1. N is the number of lines
in the corresponding file.
Calculate the radius R, of the RCP lattice:' |ry — ry| — Ry,
The provided RCP lattice must be big enough: R, > R, + M. Abort program otherwise. By
default, M = 5.0.
Find a center of the chunk: ry — g—z X (rg —rN) — T
fori=0to N —-1do

Find the distance from i-th lattice point to the center of the chunk: |r; — r.| — d

if d < R then

return r; — r. {Return coordinates of the point to the output using r. as the origin of a

coordinate system}

end if

1 This algorithm uses the property of the Bennett procedure to build a random lattice around a cluster of three particles.
Thus first three lines of the input give the “center” of the lattice while the last line gives coordinates of a particle located
at the outermost shell of the lattice.
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12: end for

The procedure was applied many times to generate many different sample lattices. For the simulation
we used sets of samples containing equal number of lattice points, e.g., N = 50. For such samples the

interaction matrix Y(*) was computed using the following procedure:

1 Load lattice coordinates of a sample: Input — r; € L.

2: Find the center of the sample r.: f(r.) = mingep, f (x), where f (x) = ﬁ 2yeL|x — yl, where
|IL| denotes number of elements in IL.

3. Shift the lattice to the new coordinate system with the origininr: L - M ={y : y =
X —r.x €LY

4 Find rp,q = max M.

5. Find lattice points which form the surface of the sample: $ = {y € M : rppax—a/2 > |y| < rmax)-

6: Find rypeqn = a/2 + ﬁ ZyeSIyl'

7: Calculate self-interaction G'(y,y) for every spin, using R as the radius of the inclusion 7

Ymean> y ¢ S;
R=

lyl +a/2, ye€S.

8: Using R = 7yeqn find the image part of the interaction, G'(g(x),g(y)), where

9: Find direct interaction G* (x,y) for every x,y € M.

10: Apply eq. (4.8) to compute Y and return the results.
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Here R denotes the radius of the inclusion 7 used to calculate the image part of Y(/). The procedure

for calculating G' was outlined in app. C.
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