Edited by
Sanjay Puri and
Vinod Wadhawan

CRC Press

Taylor & Francis Group




KINETICS of
PHASE TRANSITIONS

CRC Press
Taylor & Francis Group

Boca Raton London New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business






KINETICS of
PHASE TRANSITIONS

Edited by
Sanjay Puri and Vinod Wadhawan

CRC Press
Taylor & Francis Group
Boca Raton London New York

CRC Press is an imprint of the
Taylor & Francis Group, an informa business




CRC Press

Taylor & Francis Group

6000 Broken Sound Parkway N'W, Suite 300
Boca Raton, FL 33487-2742

© 2009 by Taylor & Francis Group, LLC
CRC Press is an imprint of Taylor & Francis Group, an Informa business

No claim to original U.S. Government works
Printed in the United States of America on acid-free paper
10987654321

International Standard Book Number-13: 978-0-8493-9065-4 (Hardcover)

This book contains information obtained from authentic and highly regarded sources. Reasonable
efforts have been made to publish reliable data and information, but the author and publisher can-
not assume responsibility for the validity of all materials or the consequences of their use. The
authors and publishers have attempted to trace the copyright holders of all material reproduced
in this publication and apologize to copyright holders if permission to publish in this form has not
been obtained. If any copyright material has not been acknowledged please write and let us know so
we may rectify in any future reprint.

Except as permitted under U.S. Copyright Law, no part of this book may be reprinted, reproduced,
transmitted, or utilized in any form by any electronic, mechanical, or other means, now known or
hereafter invented, including photocopying, microfilming, and recording, or in any information
storage or retrieval system, without written permission from the publishers.

For permission to photocopy or use material electronically from this work, please access www.copy-
right.com (http://www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222
Rosewood Drive, Danvers, MA 01923, 978-750-8400. CCC is a not-for-profit organization that pro-
vides licenses and registration for a variety of users. For organizations that have been granted a
photocopy license by the CCC, a separate system of payment has been arranged.

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and
are used only for identification and explanation without intent to infringe.

Library of Congress Cataloging-in-Publication Data

Kinetics of phase transitions / [edited by] Sanjay Puri, Vinod Wadhawan.
p. cm.
Includes bibliographical references and index.
ISBN 978-0-8493-9065-4 (hardcover : alk. paper)
1. Phase transformations (Statistical physics) 2. Phase rule and equilibrium. 3.
Materials--Thermal properties. I. Puri, Sanjay, 1962- II. Wadhawan, Vinod K. III.
Title.

QC175.16.P5K56 2009
530.4'74--dc22 2008054120

Visit the Taylor & Francis Web site at
http://www.taylorandfrancis.com

and the CRC Press Web site at
http://www.crcpress.com



Contents

g 4 vii

1 1) ix

Contributors .. .oovvieiiieiiiiiiiiiiiiiiittiiteneeesesesessosascnnscnns xi

Chapter 1  Kinetics of Phase Transitions ..., 1
Sanjay Puri

Chapter 2  Spinodal Decomposition versus Nucleation and Growth.......... 63
Kurt Binder

Chapter 3  Monte Carlo Simulations of Domain Growth................... 101

Gerard T. Barkema

Chapter 4  Using the Lattice Boltzmann Algorithm to Explore Phase
Ordering in Fluids.......... ... i 121
Giuseppe Gonnella and Julia M. Yeomans

Chapter 5 Aging in Domain Growth....... ... ... .. .. ... i 153
Marco Zannetti

Chapter 6 Kinetics of Dewetting ...t 203
Rajesh Khanna, Narendra Kumar Agnihotri,
and Ashutosh Sharma

Chapter 7  Morphological Transitions in Microphase-Separated

Diblock Copolymers .. .........oiuuiinieniiiiinienan.. 247
Takao Ohta
Chapter 8 Dynamics of Phase Transitions in Solids....................... 287

Akira Onuki, Akihiko Minami, and Akira Furukawa






Preface

This book focuses on the kinetics of phase transitions, that is, the evolution of a
system from an unstable or metastable state to its preferred equilibrium state. A
system may become thermodynamically unstable due to a sudden change in external
parameters like temperature, pressure, magnetic field, and so on. The subsequent
dynamics of the far-from-equilibrium system is usually nonlinear and is characterized
by complex spatiotemporal pattern formation. Typically, the system evolves toward
its new equilibrium state via the emergence and growth of domains enriched in the
preferred state. This process is usually referred to as phase-ordering dynamics or
domain growth or coarsening. There has been intense research interest in this field
over the past few decades, as the underlying physical processes are of great scientific
and technological importance. Problems in this field arise from diverse disciplines
such as physics, chemistry, metallurgy, materials science, and biology. As a result of
this research activity, our understanding of phase-ordering dynamics has reached a
high level of sophistication. At the same time, many challenging problems continue
to arise in different contexts. It is now clear that the paradigms and concepts of
phase-ordering dynamics are of much wider applicability than was initially thought.

In the context of the above developments, we believed that there was a strong
need for a book that summarizes our current understanding of domain growth. Fur-
thermore, we believed that this book should be written at a level accessible to the
advanced undergraduate; that is, it should be a textbook rather than an advanced
research monograph. With this in mind, we wrote to various leaders in this field with
a request to each to contribute a chapter. Their responses were very positive, and
this book is an outcome of the collective efforts of various colleagues. On our part,
we have edited and homogenized the various chapters so that this book reads as a
seamless “multiple-author book” rather than as the usual disjointed “edited book.”

Let us provide an overview of the various chapters. The first chapter (written by
Sanjay Puri) provides an overview of studies of domain growth in simple systems. This
chapter develops the theoretical tools and methodology that are used in subsequent
chapters. The second chapter (written by Kurt Binder) focuses on the distinction
between spinodal decomposition and nucleation and growth, which are common
scenarios for domain growth problems. This issue has been discussed extensively
in the literature, but there remains considerable confusion over the interpretation of
various experiments and simulations. Kurt Binder addresses this issue in great detail,
emphasizing that there is no sharp boundary between spinodal decomposition and
nucleation.

Chapters 3 and 4 are dedicated to a discussion of simulation techniques in this
field. In Chapter 3, Gerard Barkema describes Monte Carlo simulations of kinetic
Ising models. In Chapter 4, Giuseppe Gonnella and Julia Yeomans discuss lattice

vii



viii Preface

Boltzmann simulations, which have proved very useful in understanding the late stages
of phase separation in fluid mixtures. Numerical simulations have played a crucial
role in developing our understanding of phase-ordering dynamics. The methodology
described in Chapters 3 and 4 will prove very useful for a researcher entering this
field.

In Chapter 5, Marco Zannetti discusses slow relaxation and aging in phase-ordering
systems. These phenomena are well known in the context of structural glasses and
spin glasses. Recent studies indicate that these concepts are also highly relevant in
domain growth problems—Zannetti provides an overview of these studies.

Recent interest in this area has focused on incorporating various experimentally
relevant features in studies of phase-ordering systems. In this context, Chapter 6 (by
Rajesh Khanna, Narendra Kumar Agnihotri, and Ashutosh Sharma) describes the
kinetics of dewetting of liquid films on surfaces. In Chapter 7, Takao Ohta reviews
studies of phase separation in diblock copolymers. In these systems, the segregat-
ing polymers are jointed, so that the system can only undergo phase separation on
micro-scales.

Finally, in Chapter 8 (written by Akira Onuki, Akihiko Minami, and Akira
Furukawa), there is a discussion of phase separation in solids. Strain fields play an
important role in the segregation kinetics of alloys. Onuki et al. discuss how elastic
fields can be incorporated into the description of segregation in solid mixtures.

Before we conclude, it would be appropriate to thank those who have contributed
to this project. First, we are grateful to the authors, who have made the effort to write
pedagogical reviews of various research problems. Second, we wish to thank our
colleagues and collaborators, who have contributed so much to our understanding
and appreciation of this fascinating field of research. Finally, we are grateful to the
editorial and production staff at CRC Press/Taylor & Francis for their assistance in
getting this book into its final form.

Sanjay Puri

New Delhi

Vinod Wadhawan
Mumbai
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2 Kinetics of Phase Transitions

1.1 INTRODUCTION

Many systems exist in multiple phases, depending on the values of external
parameters, for example, temperature (T'), pressure (P), and so on. In this context, con-
sider a fluid (e.g., water), which can exist in three phases, viz., liquid, solid, and gas.
The phase diagram of this fluid in the (7', P)-plane is shown in Figure 1.1. The chosen
phase at a particular (7', P)-value is the one with lowest Gibbs potential G(T', P). This
phase diagram is characterized by a range of fascinating features, for example, lines
of first-order phase transitions, a second-order critical point, a triple point, and so on.
The correct understanding of these features is of great scientific and technological
importance. We have gained a thorough understanding of the equilibrium aspects of
phase transitions (and phase diagrams) through many important works, starting with
the seminal contribution of Van der Waals [1,2].

There is also a fascinating class of problems involving the kinetics of phase transi-
tions, that is, the evolution dynamics of a system that is rendered thermodynamically
unstable by a rapid change of parameters. In the context of Figure 1.1, consider a
situation in which the fluid in the solid phase is rapidly heated to a temperature where
the preferred equilibrium state is the liquid phase. Clearly, the solid will convert to
liquid on some timescale, so the initial and final states of the system are well under-
stood. However, we have less knowledge about the dynamical processes that occur as
the solid converts to liquid. These processes play a crucial role in our everyday life.
Over the years, our understanding of the kinetics of phase transitions has improved
greatly [3-6]. This book provides an overview of developments in this area.

Liquid
Solid '

Ty, P)

o rc

(Tz, P) Gas

»
>

T

FIGURE 1.1 Phase diagram of a fluid in the (7', P)-plane. The system can exist in either of
three phases—Iliquid, gas, or solid. The solid lines denote lines of first-order phase transitions.
At the triple point (7%, P;), all three phases coexist. The point labeled (T, P,) is the critical
point of the system.
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Before we proceed, it is relevant to develop the appropriate terminology first.
One is often interested in the evolution of systems whose parameters have been
drastically changed. Such systems are referred to as far-from-equilibrium systems, and
their evolution is characterized by nonlinear evolution equations and spatiotemporal
pattern formation. In most cases, we are unable to obtain exact solutions for the time-
dependent evolution of the system. However, the presence of domain boundaries
or defects in these systems provides a convenient analytical tool to understand the
resultant pattern dynamics.

Let us consider two other problems in this context. These will serve as paradigms
for understanding the kinetics of phase transitions. First, consider a ferromagnet whose
phase diagram is shown in Figure 1.2. Focus on the case with zero magnetic field
(h = 0). At high temperatures, the magnet is in a disordered or paramagnetic state. If
the temperature is suddenly quenched to T < T, this system now prefers to be in the
magnetized state with spins pointing in the “up” or “down” directions. The evolution
of the system is characterized by the emergence and growth of domains enriched in
either up or down spins. As time t — oo, the system approaches a spontaneously
magnetized state.

Second, consider a binary (AB) mixture whose phase diagram is shown in
Figure 1.3. The system is mixed or homogeneous at high temperatures. At time t = 0,
the mixture is suddenly quenched below the coexistence curve or miscibility gap. This
system now prefers to be in the phase-separated state and proceeds to its equilibrium
state via the growth of domains that are either A-rich or B-rich. The nonequilibrium
dynamics of the magnet or binary mixture is usually referred to as domain growth or
coarsening or phase-ordering kinetics.

A
h

Up

(T he)
Down

FIGURE 1.2 Phase diagram of a ferromagnet. The system parameters are the temperature
(T') and the magnetic field (k). The point (7¢, he = 0) is a second-order critical point. The line
(T < T¢,h = 0) corresponds to a line of first-order transitions. At low temperatures (T < T¢),
the system can be in either of two phases, up or down, depending on the orientation of the
magnetic spins.
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Homogeneous

(ca =05, T/T,=1)

/T,

Segregated

] ] ] ]
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FIGURE 1.3 Phase diagram of a binary (AB) mixture. The system parameters are the
concentration of A (c4 = 1 — ¢p) and the temperature (7). The point (c4 = 0.5,T/T, = 1)
corresponds to a second-order critical point. Above the coexistence curve (solid line), the sys-
tem is in a homogeneous or disordered state. Below the coexistence curve, the system is in a
segregated or phase-separated state, characterized by A-rich and B-rich regions. The dashed
lines denote spinodal curves. The homogeneous system is metastable between the coexistence
and spinodal curves and unstable below the spinodal lines.

There have been many studies of the kinetics of phase transitions. Problems in this
area arise in diverse contexts, ranging from clustering dynamics in the early universe
to the growth of nanostructures. This book is a pedagogical exposition of develop-
ments in this area and is organized as follows. This chapter reviews the framework of
phase-ordering kinetics and develops the tools and terminology used in later chapters.
The subsequent chapters are written by leading experts in this area and focus on prob-
lems of special interest in the context of phase-ordering dynamics. All the chapters are
written in textbook style and are accessible at the level of the advanced undergraduate
student. At this point, we should stress that our understanding of this area has been
greatly facilitated by numerical simulations of appropriate models. Therefore, two
chapters of this book are dedicated to tutorial-level discussions of numerical simula-
tions in this field. The first of these is written by Barkema (Chapter 3)—this chapter
focuses on Monte Carlo simulations of kinetic Ising models. The second of these is
written by Gonnella and Yeomans (Chapter 4) and describes the application of lattice
Boltzmann algorithms to study phase-ordering systems.

This chapter is organized as follows. In Section 1.2, we introduce the Ising model
for two-component mixtures and study its equilibrium properties in the mean-field
(MF) approximation. This will enable us to obtain the phase diagrams shown in
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Figures 1.2 and 1.3. In Section 1.3, we study kinetic versions of the Ising model.
In Section 1.4, we discuss domain growth with a nonconserved order parameter, for
example, ordering dynamics of a ferromagnet into up and down phases. In this section,
we separately examine cases with scalar and vector order parameters. In Section 1.5,
we discuss domain growth with a conserved order parameter, for example, kinetics
of phase separation of an AB mixture. We will separately focus on segregation in
binary alloys that is driven by diffusion, and segregation in binary fluids where flow
fields drastically modify the asymptotic behavior. Finally, Section 1.6 concludes this
chapter with a summary and discussion.

1.2 PHASE DIAGRAMS OF TWO-COMPONENT MIXTURES
1.2.1 ISING MODEL AND IS APPLICATIONS

The simplest model of an interacting many-body system is the Ising model [7], which
was first introduced as a model for phase transitions in magnetic systems. How-
ever, with suitable generalizations, it has wide applications to diverse problems in
condensed matter physics.

Consider a set of N spins {S;}, which are fixed on the sites {i} of a lattice. The
two-state (spin-1/2) Ising Hamiltonian has the following form:

H=-1)5. S ==l (1.1)
U

where J is the strength of the exchange interaction between spins. We consider the case
with nearest-neighbor interactions only, denoted by the subscript (ij) in Equation 1.1.
Although the Hamiltonian in Equation 1.1 is formulated for a magnetic system, it is
clear that a similar description applies for any interacting two-state system, as the two
states can be mapped onto S = +1 or —1. A well-known example is the lattice gas or
binary (AB) mixture [7]. We can describe this system in terms of occupation-number
variables nY = 1 or 0, depending on whether or not a site 7 is occupied by species o (A
or B). Clearly, nf-‘ + nlB = 1 for all sites. A more convenient description is obtained in
terms of spin variables S; = 2n’l.4 —-1=1- 2nlB. We associate an interaction energy
—&qp between species a and B, located at neighboring sites i and j, respectively. The

corresponding Hamiltonian is

H=- Z [eAAn‘?n;‘ + eBBn?nf + eaB (n’?nf + n?n’f)]
(i)

€A + € — 2eaB q(ean — €BB) al
- (f) ZSiS/ -4 ZS"
(if) i=1
Ng
- ?(EAA + epp + 2€4p). (1.2)

In Equation 1.2, g denotes the coordination number of a lattice site. The second term
on the right-hand side (RHS) is constant because ) _; S; = No — Np, where N, is the
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number of a-atoms in the system. Further, the third term on the RHS is also a constant.
The Hamiltonian in Equation 1.2 is analogous to that in Equation 1.1 if we identify

_ €AA t+€pp — 2eap
2 .

J (1.3)

The Ising model and its variants are not restricted to two-state systems and can be
easily generalized to the case of multiple-state systems. Thus, three-state systems can
be mapped onto a spin-1 Hamiltonian; four-state systems onto a spin-3/2 Hamiltonian;
and so on. In general, higher-spin models have a larger number of possible interaction
terms (and parameters) in the Hamiltonian.

We can obtain phase diagrams for magnets (cf. Figure 1.2) and binary mixtures
(cf. Figure 1.3) by studying the Ising model in the mean-field (MF) approximation,
as described below.

1.2.2 PHASE DIAGRAMS IN THE MEAN-FIELD APPROXIMATION

The equilibrium properties of the Ising model in Equation 1.1 are described in the
MEF approximation by the Bragg—Williams (BW) form of the Gibbs free energy [7].
This is obtained as follows. Consider a homogeneous state with spatially uniform
magnetization (S;) = . We approximate the energy as

NqJ

EQY) = ~J Y (S(8) = ==, (1.4)
(&)

The corresponding probabilities for a site to have up (1) or down (] ) spins are

» 1+

=
2 (1.5)
_1-v

pl«_ 2 ‘

Therefore, the entropy for a lattice with N sites is

() (55 on

where kp is the Boltzmann constant.
Then, the Gibbs free energy is obtained as

G(W) = E() —hM —TS(V), (1.7)

where £ is the magnetic field, and M (=N1) is the overall magnetization.
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This yields the free energy per spin as

G(T, h, )

8T, ) = —

1 2

cor (55 n (557) ¢ (57 (57)]

(1.8)

The RHS of Equation 1.8 is a variational function of the magnetization ¥ = (S;). If
we Taylor-expand the entropy term in Equation 1.8, the Gibbs free energy assumes
the customary *-form:

1 2 kgT 4 6
g(T,h,\b):E(kBT—qJ)\!i —hllf—i—ﬁl!f + OW°) —kpT In2. (1.9)

The order parameter { in Equation 1.8 or Equation 1.9 can describe both
ferromagnetic and antiferromagnetic order, with J < 01in the latter case. Furthermore,
in the antiferromagnetic case, \r refers to the sublattice magnetization or staggered
magnetization [7].

The equilibrium value of {r at fixed (7, 4) is obtained from Equation 1.8 by
minimizing the Gibbs free energy:

ag .
= — 0. (1.10)
N [y=yy

This yields the well-known transcendental equation [ = (kp T)’l ]:

Yo = tanh(BgJ o + Ph). 1.11)
For h = 0, we identify the MF critical temperature

_ 4

T. = —. 1.12
= i (1.12)

For T > T, and h = 0, the transcendental equation has only one solution {g = 0,
which corresponds to the paramagnetic state. For T < T,, Equation 1.11 has three
solutions Yyr9 = 0, £ (7). The state with {9 = 0 has a higher free energy than do the
equivalent states +(7") and —(T). Further, \(T) - 1as T — 0, and y(T) — O
as T — T . The relevant phase diagram in the (7, h)-plane is shown in Figure 1.2.
Next, let us consider the case of the binary mixture (or lattice gas) with N4 (=caN)
atoms of species A and Np (=cpN) atoms of species B (N = N4 + Np). The appro-
B
)

priate order parameter in this case is the local density difference, v = (n?) — (n).

The above analysis has to be modified because the appropriate ensemble for a binary
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mixture is characterized by a fixed magnetization rather than a fixed magnetic field.
The relevant free energy to be minimized is the Helmholtz potential

F(T, ) = EW) — TS(Y). (1.13)
For the BW free energy, we have the expression

_F(T,Y)
ST = —

:_%qmﬁkBT[(sz)ln(lZ\p)+<1_z¢>ln<l_2¢>]

(1.14)

For a system that undergoes phase separation, there are two possibilities:

(a) We can have a homogeneous (or one-phase) state with order parameter
Yy = ca — 3.

(b) We can have a phase-separated state where the system segregates into two
regions having order parameter \/; (with fraction x) and \{r» [with fraction
(1 — x)]. The quantity x is determined from the lever rule

Y =x1 4+ (1 = x0)P2. (1.15)

Let us minimize the Helmholtz potential f for the _phase-separated state. (The
homogeneous state is the limit {r; = {r».) The quantity f is obtained as

F=xfW) + 1 =x)f (2). (1.16)

This has to be minimized subject to the constraint in Equation 1.15. We implement
this constraint by introducing the Lagrange multiplier X and minimizing the quantity

A=xf(P)+ 1 =x0)f (b2) = Mxbg + (1 =)z — Pal. (1.17)

This yields the equations

0A
oy =S WD —f(W2) =M1 —2) =0,
DA
Lo () — =0,
A}
M (1.18)
FI (I =x)f"(W2) =M1 —x) =0,

0A 1 —0
o =W A =00 =4 = 0.
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The first three equations yield

=f(\lf1) —f2)

N
Y1 — U2

=f'() =1 (W), (1.19)

which is referred to as Maxwell’s double-tangent construction. This is valid for
arbitrary functional forms of the Helmholtz free energy.

The specific form for f(7, ) in Equation 1.14 is an even function of {r with
f(T,—V) =f(T,\¥). Further, f(T,{¥) has a single minimum at ¢ =0 for 7 >
T. = qJ. Thus, the only solution of the double-tangent construction is {; = 5.
In that case, the constraint in Equation 1.15 yields ¥; = {, corresponding to the
homogeneous state.

For T < T,, f(T,V¥) has a symmetric double-well structure with extrema at
S (T, o) = 0, that is,

Vo = tanh(BgJ o). (1.20)

The states with non-zero {rg correspond to lower free energy than the state with
Y9 = 0. Thus, a possible solution to the double-tangent construction is

Yy = —yo, W2 =+Vo, (1.21)

where g is the positive solution of Equation 1.20. However, this is only an acceptable
solution if the lever rule can be satisfied, that is, —{yrg < Urj; < 9. Thus, phase sep-
aration occurs at T < T, only if |{r;,| < Prg. When phase separation does occur, the
segregated states have the composition —rg (B-rich) and +1rg (A-rich), respectively.
The resultant phase diagram in the (c4, T /T.)-plane is shown in Figure 1.3.

The phase diagrams in Figures 1.2 and 1.3 will provide the basis for our subsequent
discussion of phase-ordering dynamics.

1.3 KINETIC ISING MODELS
1.3.1 INTRODUCTION

The above discussion has clarified the utility of Ising-like models in a wide range
of problems. We next consider the issue of kinetics of Ising models. For simplicity,
we restrict our discussion to the spin-1/2 model described by Equation 1.1. The
generalization to higher-spin models is straightforward. The Ising spin variables do
not have intrinsic dynamics, as is seen by constructing the relevant Poisson bracket.
In order to associate kinetics with the Ising model, we assume that it is placed in
contact with a heat bath that generates stochastic spin-flips (S; — —S;) in the system
[6]. The heat bath can be interpreted as consisting of phonons that induce spin-flips
via a spin-lattice coupling. The resultant kinetic Ising model is referred to as the
spin-flip or Glauber model [8] and is appropriate for describing the nonconserved
kinetics of the paramagnetic — ferromagnetic transition. The probability of a jump
depends on the configuration of all other spins and the heat-bath temperature, in
general.
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Next, consider the case where the Ising model describes a lattice gas or a binary
(AB) mixture. The appropriate microscopic kinetics involves the diffusion of atoms,
for example, atomic jumps to vacant sites in the lattice gas, or A <> B interchanges in
the binary mixture. Thus, the heat bath causes spin-exchanges rather than spin-flips,
that is, S; jumps from +1 — —1 while a neighbor S; simultaneously jumps from
—1 — +41. This process mimics phonon-induced atomic jumps. The resultant model
is referred to as the spin-exchange or Kawasaki model [9,10].

It should be emphasized that transition probabilities in both the Glauber and
Kawasaki models must satisfy the detailed-balance condition [11], which will be
discussed shortly. Thus, although the two models describe different time-dependent
behavior, the equilibrium state is unique. As t — 0o, we recover properties calcula-
ble from the equilibrium statistical mechanics of the Ising model in an appropriate
ensemble.

1.3.2 THE SpiN-FLip GLAUBER MODEL

In the Glauber model, the heat bath induces fluctuations in the system in the form of
single-spin-flip processes [8]. The Glauber model describes nonconserved kinetics
because the spin-flip processes make the total magnetization M = Zivzl S; time-
dependent. Let us examine the evolution of the probability distribution for the spin
configuration {S;} of a system with N spins. In this context, we introduce the condi-
tional probability P({S?}, 01{S;}, t), which is the probability that the ith spin is in state
S; (i =1 — N) attime ¢, given that it was in state S? (i=1— N)attimet = 0. The
evolution of P is described by the master equation [11]:

N
d
EP({S,}, ==Y WSi...5....5nIS1.... =Sj....S)PUSi}. 1)
j=1

N
+ S WSt =S SNIST S SOPASL D, (122)
j=1

where we suppress the argument ({S?}, 0], for compactness. The first term on the RHS
of Equation 1.22 corresponds to the loss of probability for the state {S;} due to the
spin-flip §; — —S;. The second term on the RHS denotes the gain of probability for
the state {S;} due to a spin-flip SJ’. — —SJ’. in a state {S}} with

Sl/- =S§; fori#}],
, (1.23)

Equation 1.22 assumes that the underlying stochastic process is Markovian.
The essential physical input is provided by the modeling of the transition matrix
W({S:}I{S;}) for the change {S;} to {S}). The choice of W must be such that the
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ensemble approaches the equilibrium distribution Peq({S;}) as t — oc:

1
Peg({Si}) = ZT0N) exp[—B(H — hM)]. (1.24)

Here, Z is the partition function, which is defined as

Z(T,h,N) = exp[—B(H — hM)]. (1.25)
(s1)

To ensure this, the transition probability W ({S;}|{S;}) should obey the detailed-
balance condition [11]:

W({SiH{S{}) Peq({Si}) = W ({S}{Si}) Peq (1S7)- (1.26)

Clearly, in the equilibrium ensemble, this guarantees that the number of systems
making the transition from {S;} — {S’} is balanced by the number of systems making
the reverse transition {S7} — {S;}. Thus, the probability distribution Peq is indepen-
dent of time, as expected. Further, an arbitrary distribution P({S;},#) — Peq({Si}) as
t — oo under Equation 1.22, provided that W obeys the detailed-balance condition.
For the proof of this, we refer the reader to the book by Van Kampen [11].

It is evident that there are many choices of W that satisfy the condition in
Equation 1.26. We choose the Suzuki—Kubo form [12]:

W(ISH1(S}) = % {1 — tanh [w]} (1.27)

where %~! sets the timescale of the nonequilibrium process. Here, A(H — hM)
denotes the enthalpy difference between the final state {S7} and the initial state {S;}.
It is straightforward to confirm that this form of W satisfies the detailed-balance
condition.

For the spin-flip Ising model, the states {S;} and {S;} differ only in one spin, that
is, S]’- = —S;. Then

(H — hM)initial = —JS; Z St; — hS; 4 other terms,
L

(1.28)
(H — hM)ginal = JS; Y _ Si; + hS; + other terms,
L
where L; denotes the nearest neighbors (nn) of j. Thus
A(H — hM) = 2JS; Y " Sp,; + 2hS;, (1.29)

Lj
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and

N
W(iSiHiS]}) = 5 | 1 — tanh BIS; > Si; + BhS;
L L
N
=5 [ 1—Sjtanh B> Sy +Bh] |- (1.30)
L L

In Equation 1.30, we can bring S; outside the argument of the tanh-function because
it only takes the values 41 or —1. We replace the form of W from Equation 1.30 in
Equation 1.22 to obtain the explicit form of the master equation:

.}\N

d
Pt =—2 D | 1=Sjtanh | B> S, +Bh | | PAS} D)

2
L

~.
—_

LA
2

M=

1+ Sjtanh | BJ ) " Sp; +Bh | | P({S]) 1)
1 L

J

(1.31)

We can use this master equation to obtain the evolution of the magnetization:

V=Y SP(SH D). (132)
{Si}

We multiply both sides of Equation 1.31 by S; and sum over all configurations to
obtain

d
— =——ZZSk 1—Sjtanh | BJ Y S, +Bh | | PSi}.0)
=048 L L

N
%ZZSk I+ Sjtanh | BJ ) S, +Bh | | P({S).1)
J=1 L

Lj

=A+B. (1.33)

In the second term on the RHS of Equation 1.33, we redefine S; = —S_j. Clearly, the
sum » §=+1 is equivalent to the sum Z§,= - Therefore, the terms in A and B cancel
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with each other, except for the case j = k. This yields the following evolution equation
for the magnetization:

x-% (Se) == Sk |1—Sctanh [ BIY S, +Bh| | PUS.D)
{Si} Ly
= — (Sk) + <tanh BJ D Si, +Bh > (1.34)
Ly

where we have used S,% =1.

1.3.2.1 Mean-Field Approximation

Unfortunately, the exact time-dependent Equation 1.34 is analytically intractable in
d > 2. (Forthe d = 1 solution, see the work of Glauber [8].) The main obstacle is that
the second term on the RHS of Equation 1.34 yields a set of higher-order correlation
functions, as can be seen by expanding the tanh-function. These dynamical equations
can be rendered tractable by invoking the MF approximation, which truncates the
hierarchy by neglecting correlations between different sites, that is, the average of the
product of spin operators is replaced by the product of their averages. The result of
such a random-phase decoupling is that the angular brackets denoting the statistical
average can be taken inside the argument of the tanh-function [13,14]. Thus, we obtain

d
nT! 2 (Sk) = —(Su) + tanh | B ;(SLk) + B |. (1.35)

For time-independent effects in equilibrium, the LHS of Equation 1.35 is identically
zero. Thus, we have (as t — o0)

(S1)°4 = tanh [ BJ Y (S, + Bk | (1.36)
Ly

Notice that Equation 1.35 is nonlinear because of the presence of the tanh-function
and is only tractable numerically. These equations are often referred to as mean-field
dynamical models in the literature [15-19]. A further simplification can be effected
by expanding the tanh-function and retaining only leading terms. For simplicity, we
consider the case of zero magnetic field, that is, # = 0. We can then expand various
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terms on the RHS of Equation 1.35 as follows:

> (S5 = qU (e 1) + a* ViU (e ) + higher-order terms, (1.37)
Ly

where a is the lattice spacing. Further,

3

1
tanh | BJ Z(SLk) ~pJ Z(SLk) —3 BJ Z(SLk) + higher-order terms
Ly Ly Ly

T. . 1/T.\> . T, -
~ %w(rk,o -3 (7> (e, 1) + q—;cﬂvzw(rk,r)

+ other terms, (1.38)

where we have used Equation 1.37 to obtain the second expression. Therefore, the
order-parameter equation for the Glauber—Ising model simplifies as

. T, 1 (T.\* T,
A VG = <7‘ — 1) V-3 (%) PP+ q—}azvzw + other terms,

(1.39)

where we have dropped the subscript k for the position variable.

At this stage, a few remarks are in order. Firstly, Equation 1.39 is referred to as
the time-dependent Ginzburg—Landau (TDGL) equation. We will discuss the general
formulation of the TDGL equation in Section 1.4.1. Secondly, the approximation of
neglecting the higher-order terms in Equation 1.39 is justifiable only for 7' ~ T,
where the order parameter is small. However, it is generally believed that the TDGL
equation is valid even for deep quenches (T < T.), at least in terms of containing the
correct physics.

1.3.3 THE SpiN-ExcHANGE KawAsAki MODEL

We mentioned earlier that the Glauber model, which assumes single-spin-flip pro-
cesses, is appropriate for nonconserved kinetics. On the other hand, when the Ising
model describes either phase separation (J > 0) or order-disorder (J < 0) transi-
tions in an AB mixture [1,7,20,21], the Glauber model is not applicable. For a
binary mixture, the Ising spin variable models the presence of an A- or B-atom on
a lattice site. Thus, the appropriate microscopic dynamics should involve random
exchanges of A- and B-atoms at neighboring sites, with their individual numbers
being constant. In practice, these jumps are actually mediated by vacancies [22—
25], and the system should be described as a ternary (ABV) mixture [18,19,26,27].
However, when the vacancy concentration is small, it is reasonable to ignore vacancies
and assume that the underlying stochastic process is a spin-exchange. As stated
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earlier, this corresponds to the Kawasaki model, which is based on a stationary Markov
process involving a spin-exchange mechanism [9,10]. The resultant master equation
is as follows:

N
d
—PUSH0 = - DD WSH. .8 Sk SNISE - Sk Sju - SOP(Si), 1)
Jj=1 keL;

N
+ Z Z W(S1s- .Sk Sjs - SNISTs - - Sjs Sks - - - SNIP(S1}, 7).
Jj=1 keL;
(1.40)

The first term on the RHS is the loss of probability for the state {S;} due to the spin-
exchange S; <> Si. We consider only nearest-neighbor exchanges, where site k € L;,
that is, the nearest-neighbors of j. The second term on the RHS corresponds to the
gain of probability for the state {S;} due to an exchange S; <> S; in a state {S;}. The
state {S;} differs from the state {S;} in only two spins:

Si=S8; for i#jk,
S = S, (1.41)
S, =S;.

As in the Glauber case, the transition probability W({S;}|{S;}) must obey the
detailed-balance condition. As we have seen in Section 1.2.2, the binary mix-
ture is described by an ensemble with fixed (7, M, N), where the “magnetization”
M= vazl Si = No — Np. The corresponding equilibrium distribution is

Peq({Si}) = exp(—BH)dy 5, m> (1.42)

Z(T,M,N)

where the Kronecker delta confines the distribution to configurations with
vaz 1 Si = M. The appropriate partition function is

Z(T,M,N) = Z exp(—BH)3y s,m- (1.43)
{Si}

Again, we choose the Suzuki—Kubo form for the transition probability in Equa-
tion 1.40:

Y BAH
WASHISH = [1 - tanh<T>:| , (1.44)
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where AH is the change in energy due to the spin-exchange S; <> Si. For the Ising
model,

Hinitial = —JS; Z St; — ISk Z Sy, — JS;Si + other terms,

Li#k Ly #j
(1.45)
Hiinal = —JSk Y S1; = JS; Y Si, — JSjSi + other terms.
Lj#k Ly #j
Thus, the energy change resulting from the spin exchange is
AH = J(Sj—Sk) Y St; = J(Sj = Sk) Y Si,. (1.46)
Li#k Ly #j
and
A BJ BJ
W(ISiHIs7}) = 5 {1 —tanh | ==(5; = 80 3 S, = —-(Sj = Si) leLk
Li#k Li#j
N S; — Sk
=5 11—~ tanh|pJ Z St — Z.SL,( ) (1.47)
Li#k Li#j

In Equation 1.47, we have used the fact that (S; — Sx)/2 = 0, &1 to factor it out of
the argument of the tanh-function. Therefore, the master equation has the form

%P({Si},r) =- Z > {

, 1 kel

k tanh |:6J (Z St — Z SLk)i| } P({Si}. 1)
Li#k Ly #j

g B N

Li#k L
(1.48)
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We can obtain an evolution equation for the order parameter by multiplying both
sides of Equation 1.48 with S, and summing over all configurations:

In the second term on the RHS of Equation 1.49, we redesignate S; = Sk and

S = S;. This leads to a large-scale cancellation between the first and second terms.
The only remaining terms are

P{Si}.0)

d :_,ZZZS i tanh[sJ(ZSL—Zstﬂ

(Si} j=1 kel Li#k Li#j

P({S;}.1).

+ = ZZZS S < tanh | BJ ZSL/ ZSLk
{s } j=1 kel; Li#k LA

(1.49)

<Sn = Z > S [ - S" tanh | pJ (Z S, — Y. SLk) P({Si}, 1)

{Sl} keLy, Ly #k Ly#n

+ = Z > Sk H S” =" tanh | pJ ( DS, -y st) P({Si}. 1)

{s,} keL, Lok Li#n

=—<Z(S" Sk)[ tanh|:BJ(ZSLn > s, _}>

keL, Ly #k Ly#n

(1.50)
Some algebra yields the exact evolution equation
2718 (5,) = —q5) + D5,
dt
+Y <(1 — SuSotanh [ BT [ D5, — > sy, >

keL, Ly #k Li#n

(1.51)

This equation is analogous to Equation 1.34, obtained in the context of Glauber
kinetics.

Although the Kawasaki model is usually associated with conserved kinetics, we
should make a clarifying remark. In the context of binary mixtures, a ferromagnetic
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interaction (J > 0) results in phase separation, that is, the equilibrium system consists
of domains of A-rich and B-rich phases. The appropriate order parameter is the differ-
ence in densities of A and B and is locally conserved by Kawasaki kinetics. The length
scale over which the order parameter is conserved increases if we allow long-ranged
exchanges rather than only nearest-neighbor exchanges. In the limit where the spin
exchanges are infinite-ranged, the Kawasaki model has global conservation rather
than local conservation. In this case, the Kawasaki model is essentially equivalent to
the Glauber model [28,29].

It is also of great interest to consider the binary mixture with antiferromagnetic
interactions, J < 0. In this case, there is a phase transition from a high-temperature
disordered phase to a low-temperature ordered phase, where the A- and B-atoms
order on alternate sub lattices. The appropriate order parameter is now the staggered
magnetization, which is the difference between the two sub lattice magnetizations.
This quantity is not conserved by Kawasaki kinetics, though the overall concentration
is conserved. For the AB alloy with equal fractions of A and B, the antiferromagnetic
case with Kawasaki kinetics is equivalent to the ferromagnetic Ising model with
Glauber kinetics [30]. For asymmetric compositions, novel features arise due to the
conserved concentration variable.

1.3.3.1 Mean-Field Approximation

As in the Glauber case, Equation 1.51 is the first of a hierarchy of equations involv-
ing higher-order correlations of the spin variable. This hierarchy can be truncated by
invoking the MF approximation, that is, by replacing the expectation value of a func-
tion of spin variables by the function of the expectation values of the spin variables.
The resultant MF dynamical model is

p) N - 450 = q(Sy) +Z St,)

+ ) (= (S (S tanh] BT [ Y (sL,) =D " (Sw,)

keL, Ly Ly

(1.52)

Notice that the restrictions on the summations inside the tanh-function have been
dropped in the MF approximation. This is necessary for Equation 1.52 to contain the
correct MF solution in Equation 1.36 [13]. Recall the MF solution for the 7 = 0 case:

(S1)%4 = tanh | BJ Y (S, | . (1.53)
Ly



Kinetics of Phase Transitions 19

If we replace this in the RHS of Equation 1.52, we obtain

RHS = —q(S,)® + Y (S.,)%0 4+ > (1= (5,)° (S¢)%)
L, keL,

y |: tanh(BJ Y, (St,)**) — tanh(pJ XL (S2.)) :|
1 —tanh(BJ Y, (S1,)") tanh (B 32, (Sc,)™)

= —q (S +)_(SL, e‘*+Z (S04 — (SL,,)°%)
Ly

—0, (1.54)

as expected.

Finally, let us derive a partial differential equation for the order parameter. This is
the conserved counterpart of the TDGL equation we derived for the magnetization in
Section 1.3.2. We can simplify the RHS of Equation 1.52 by using the identity

tanh X —tanh Y
tanh(X —Y) = ———, where
1 —tanh X tanh Y

X =BJ > (SL,).
Ly

Y =BJ > (SL,). (1.55)
L,

We are interested in the late-stage dynamics, where the system has equilibrated locally
and Equation 1.53 applies. Then, we make the approximation:

tanh X —tanh Y

(1 = (Sn)(Sk)) (1 — tanh X tanh Y

) ~tanhX —tanh Y. (1.56)

Therefore, we can rewrite Equation 1.52 as

d
2 (S = ) ((SL,) — (Su))

dt L
+ ) | tanh BJZ (St,) | —tanh [ BT (S,
keL, Ly
= Ap | (Sy) —tanh | BJ Y (S,) | | (1.57)

Ly
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where Ap denotes the discrete Laplacian operator. We can use the Taylor expansion
in Equation 1.38 to obtain the coarse-grained version of Equation 1.57 as

3 T, 1 /T T,
DT —vE D ==V [ Z 1) v —= [ =2 P+ LaPV?
g V(D = —a |:(T Vs ) VA gty
+ other terms, (1.58)

where a is the lattice spacing.

Equation 1.58 is known as the Cahn—Hilliard (CH) equation and is the standard
model for phase separation driven by diffusion. In Section 1.5.1, we will derive the
CH equation using phenomenological arguments.

1.4 DOMAIN GROWTH IN SYSTEMS WITH
NONCONSERVED KINETICS

1.4.1 CasewITH SCALAR ORDER PARAMETER

In Figure 1.2, we had shown the phase diagram for a ferromagnet. The corresponding
ordering problem considers a paramagnetic systemat 7 > T.,h = Ofortimes < 0. At
t = 0, the system is rapidly quenched to T < T, where the preferred equilibrium state
is spontaneously magnetized. The far-from-equilibrium disordered system evolves
toward its new equilibrium state by separating into domains that are rich in either up
or down spins (see Figure 1.4). These domains coarsen with time and are characterized
by a growing length scale L(#). A finite system becomes ordered in either of the two
equivalent states (up or down) as ¢ — oo.

At the microscopic level, this evolution can be described by an Ising model with
Glauber spin-flip kinetics, as discussed in Section 1.3.2. At the coarse-grained level,
the appropriate order parameter to describe the system is the local magnetization
P (7,1). In Section 1.3.2, we had used the Glauber—Ising model to derive the TDGL
equation 1.39, which governs the evolution of the order parameter. More generally, the
TDGL equation models the dissipative (over-damped) relaxation of a ferromagnetic
system to its free-energy minimum:

9 . 3Gl
G VG0 =~ 5 460, (1.59)

In Equation 1.59, T" denotes the inverse damping coefficient; and 8G/3{ is the
functional derivative of the free-energy functional:

- 1 -
GlV] = /dr [g(llf) + EK(W)Z] - (1.60)

Typical forms of the local free energy g({r) are given in Equations 1.8 and 1.9.
The second term on the RHS of Equation 1.60 accounts for surface tension due to
inhomogeneities in the order parameter. The parameter K (>0) measures the strength
of the surface tension.
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t=50

t =200 t =500

FIGURE 1.4 Evolution of a disordered ferromagnet, which is quenched to 7 < T, at
time r = 0. These pictures were obtained from a Euler-discretized version of the dimen-
sionless TDGL equation 1.66 with 7 =0 and no thermal fluctuations (¢ = 0). The dis-
cretization mesh sizes were Ar =0.1 and Ax =1 in time and space, respectively. The
initial condition s(7,0) consisted of small-amplitude fluctuations about s = 0. The lat-
tice size was 256%, and periodic boundary conditions were applied in both directions.
Regions with up spins ({ > 0) and down spins (¥ < 0) are marked black and white,
respectively.

The noise term in Equation 1.59 is also space- and time-dependent and satisfies
the fluctuation-dissipation relation:

6(7,1) =0,
0,10, t") = 2TkgTS(F — 7)o (t — 1), (1.61)

where the bars denote an average over the Gaussian noise ensemble. The presence of
the noise term ensures that the system equilibrates to the correct Boltzmann distri-
bution at temperature 7. Equations 1.59 through 1.61 are also referred to as Model
A of order-parameter kinetics, as discussed by Hohenberg and Halperin [31] in the
context of dynamic critical phenomena.
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Recall the TDGL equation 1.39, which was derived in Section 1.3.2. We identify it
as the deterministic version of the general form in Equation 1.59. Further, the damping
coefficient I' = B\, where \ is the inverse timescale of Glauber spin-flips. Finally,
the form of the free-energy functional that gives rise to Equation 1.39 is

[l (L 2, V(TN 4, Te 5e
BG[llf]—/dr [—5 <?—1>¢ +E(?) i +2qTa (V) } (1.62)

For our subsequent discussion, it is convenient to use the general form of the
?-free energy:

- T.—T b K -
cmm=/d{—ﬂ—;—%ﬂ+zw—hw+gwwﬂ, (1.63)

where we have introduced the parameters a,b > 0 and a term proportional to the
magnetic field; and neglected terms of O(®) and higher. The parameters a, b can
be identified by a comparison with the explicit form of the free energy in (say)
Equation 1.62. However, it is more appropriate to think of them as phenomenological
parameters, without any reference to an underlying microscopic model.

For the {*-free energy in Equation 1.63, the TDGL equation 1.59 has the form:

%p(?, =T [a(TC —T)y — by +h+ KV%] +0(F, 1). (1.64)

The parameters in Equation 1.64 can be absorbed into the definitions of space and
time by introducing the rescaled variables (for T < T,)

T.—T
‘Jf/:i, 11102\/—“( 5 ),

' =a(T, —T)I't,

. |aT.=T) . _ 2K
A ) (169

(=)

;L h
—a(T. — T)Uo’
, 0
" a(T, — T)I'yg'

Dropping primes, we obtain the dimensionless TDGL equation:

%ﬂf(;,l) =Y = +h+ V2 46, 1), (1.66)
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where
6(r,1) =0,
0F, 0", t") = 2e3(F — 73 — 1),

kgTh [a(T, — T)]@~4/?
= Kd/2

(1.67)

We will focus on the case with # = 0 (shown in Figure 1.4), where the system
evolves into two competing states. There is a domain boundary or interface that
separates regions enriched in the two states. Our analytical understanding of domain
growth problems is based on the dynamics of these interfaces.

1.4.1.1 Static Interfaces or Kinks

Consider the deterministic version of the TDGL equation with & = 0:

0 .
S = - U+ V3, (1.68)

where we have set € = 0 in Equation 1.66. The static solution of this equation corre-
sponds to a uniform state with {9 = +1 or {9 = —1. Another static solution (with
higher energy than that of the uniform state) is the interface or kink, which is obtained
as the solution of

d* s,
d“; + s — ) =0. (1.69)
The kink solution is
Us(2) = tanh[i S :/;0)} , (1.70)

where zq (the center of the kink) is arbitrary. The solutions with a positive sign (kink)
and negative sign (anti-kink) are shown in Figure 1.5. The kink (anti-kink) goes from
Y=—-1=+1)atz=—ocotoy =+1 (¥ = —1) at z = o0o. The solution differs
from ¥ ~ +£1 in a small interfacial region only, whose width defines the correlation
length &) = /2 (in dimensionless units).

The free energy associated with a configuration {s(¥) is (in dimensionless units)

2 4
GIU] = /d? [—% + % + = (V) } (1.71)

Therefore, the free-energy difference between the kink solution and the homogeneous
solution {r = g is

AG = A/_Z dz [—% (dff - llf%) (q; %) (d;fs> } . (1L72)




