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GENERALIZED PHASE FIELD MODELS WITH MICROSCOPIC
POTENTIALS

Emre Esenturk, PhD

University of Pittsburgh, 2011

In this thesis we study the solidification process of systems with intrinsic anisotropy. We
aim at finding a bridge between the microscopic mechanisms and macroscopic description.
This is achieved by generalizing the current phase field models in a way to incorporate
microscopic physics and using asymptotic techniques to obtain macroscopic results. Upon
analysis, expressions for physically relevant quantities are obtained. Also it is found that
classical interface relations for both stationary and moving interfaces hold. These conditions
are presented in various representations. Exemplary numerical calculations are carried out
to illustrate the potential of the method as an additional tool in the study of interfaces.
Furthermore, a concrete physical system with realistic parameters is considered to show how
one can use the ideas developed here in order to get results that are of interest to other

scientific communities, e.g. materials scientists and physicists.
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1.0 INTRODUCTION

1.1 SHARP INTERFACE MODEL OF SURFACES

The behavior of phase boundaries has been a developing subject of interest and an active
research field in physics and mathematics for almost two centuries. One reason behind this
is that phase boundaries naturally arise in many physical processes due to immiscibility of
two or more substances with different physical properties. Hence, various phenomena such
as capillarity effect, growth of grain boundaries, physics of binary alloys, formation of snow
flakes fall under the category of interface science.

One of the oldest problems in the area dates back to Lame and Clapeyron [1] who studied
the freezing of ground. Their goal was to determine the thickness of solid crust generated
by the cooling of a liquid at constant temperature filling the half space. In 1889, Stefan,
while working on the freezing of the ground developed these ideas further and formulated
the two phase model which came to be known as the Stefan Problem [2]. Mathematically,
the problem was to determine both the temperature and interface, i.e., (T'(x,t),T'(¢)), for

x € Q C R? and t € R, satisfying the system of equations

pcl, = KAT in Q\I'(¢) (1.1)
plv=Ki-[VT]; on T(t) (1.2)
T— Ty =0 on T(t) (1.3)

where v is the (normal) velocity of the interface, [?T]; is the difference in the gradient of

the temperature between solid and liquid, K is the conductivity, p is the density, c is the



specific heat per unit mass, T is the equilibrium melting temperature, and [ is the latent
heat. The first of the above equations is the heat conduction equation in the bulk sides.
The second one is known as the Stefan condition which is obtained by energy balance at the
interface. The third equation reflects that the Stefan model designates a dual role for the
temperature since the phase is determined by the sign of T' — TT%.

The proof of existence and uniqueness of a solution to the Stefan problem was done
in many stages. Proving the general existence of the solutions turned out to be a difficult
problem for d > 2 (see e.g. [3]) that was finally solved by Meirmanov [4].

Parallel to the mathematical development was the progress in thermodynamics of sur-
faces. A physical quantity, known as the surface tension or the interfacial free energy density
proved to be fundamentally important in understanding the behavior of interfaces. In sim-
ple terms it can be viewed as the ”force per unit length” on the interface tending to oppose
formation of "new” surface. It originates from unbalanced pull of the surface molecules.
Another equivalent way to think of surface tension is to consider it as the excess free energy
on the surface which arises due to the defect structure of interface.

Laplace, using mechanical arguments [83] , had shown that the pressure difference be-
tween two sides of a liquid bubble is related to curvature of the surface. Likewise, Gibbs’
work on liquids [5] suggested that the temperature at a curved interface in equilibrium should
differ from T by a term proportional to the sum of principal curvatures, s, and the surface
tension, o. Furthermore, heuristic arguments suggested that, for moving interfaces, an ad-
ditional term proportional to the velocity of the interface should be present, leading to an
interface condition known as the Gibbs-Thomson relation [7]:

T—-Tg= —ﬁ/{ — po on I'(¢) (1.4)

where [s], is the entropy difference between the phases and 3 is a constant depending on
the material.

Mathematically, the study of the system [(1.1), (1.2), (1.4)] is different from the classical
Stefan problem in a fundamental way: the sign of the temperature no longer determines the
phase of the material. Hence, the interface needs to be tracked in some way to determine

the phase of each point. Existence theorems also posed significant problems and were proven



by various authors under some constraints [7], [8], [9]. Related problems of motion by mean
curvature were studied in [10], [11], [12], [13].

The Stefan model, described by systems of equations (1.1)-(1.3), a priori assumes a
zero thickness of the interface. Another way to handle the same problem can be done by
combining the heat balance equation at the boundary and the heat diffusion equation in the
bulk sides into one equation. In order to do that, one is required to introduce a new variable
that will measure the ”amount of phase” across the interface. This idea is related to Oleinik
[14] who obtained the equation

pcly + égat = KAT (1.5)

where ¢ is a Heaviside function. With the introduction of the curvature and/or velocity
terms in (1.4) and the consequent inability of temperature to perform its dual role, arises
the question of whether one can define a genuine variable ¢, representing the phase, to replace

the mathematical construct used in (1.1-1.3)

1.2 MEAN FIELD THEORY AND ORDER PARAMETER

While the above developments were taking place in mathematical analysis, novel ideas in
physics were also advancing on ways to understand the phases of matter. The theory of phase
transformations in statistical physics, which developed considerably during the twentieth
century, provided some basic concepts. A representative (model) problem of such transition
phenomena was ferromagnetism in which spins of atoms at the microscopic level presented
a collective (ordered) behavior below a critical temperature.

Mean field theory, introduced by Weiss (see [84]), was one of the first attempts to explain
ferromagnetism. It relied on the idea of an average, or effective, field M to account for the
influence on one ”spin” or atom, due to all others. This provided a vast simplification of
the basic problem that involved summing over all possible states to calculate the partition
function. On the other hand, Landau, in early 1930s, noticed that similar behavior arises
in many types of phase transitions. He generalized the ideas of Weiss [15] and applied his

version of mean field theory to critical phenomena and calculated the exponents with which



key thermodynamic quantities diverged at the critical point (e.g., the temperature at which
the distinction between liquid and gas disappears). The motivation for this approach was
the surprising similarity (which he called ”universality”) among the phenomena that are
governed by seemingly unrelated mechanisms. The ingenious idea was that the free energy
near the ”critical point” could be expanded as an analytic function of the order parameter
and the order parameter could be expanded as a function of the intensive quantities of the

system (temperature, pressure etc.).

F = a0+a1M—{—a2M2+... (16)

= b+ b (T =T, +bo(T —T,)* + ...

where M is the order parameter, T is the critical temperature and a;, b; are coefficients that
depend on the properties of the specific system at hand. By further symmetry considerations
he argued that many coefficients in the above equations must be zero. This approach resulted
in yielding the same critical exponents (hence the same critical behavior) for many physical
systems which are seemingly different.

In the original theory the order parameter was a function of temperature but constant
in space. Later, Landau and Ginzburg refined the theory by allowing the order parameter to
be a function of a space variable. In order to account for the fluctuations they also assumed
that the free energy depended on the gradient of the order parameter. Therefore, to the first

degree of approximation, the free energy was given as a functional of M which had the form
F = /(C(VM)2 +agM?* + ayM*..)dx

In the early versions of mean field theory there were no correlations between the molecular

fields. In other words the correlation function which is defined as

(< M(x)M(2'") >4y — < M (1) >62wg)

gz, ") = < M{z) >, (1.7)

was equal to zero. But, in the extended formulation, since the order parameter has a depen-
dence on the space variable, the correlation function is generally non-zero.
A natural question at this point is whether or not one should add higher gradient terms

to the free energy. In essence, the treatment by allowing only the gradient square term can



be regarded as a truncation of the higher order modes in Fourier space. The justification
for this approximation was that the correlation length (the distance scale for which spins or
molecules feel the effects of one another) are very large and, in fact, diverge at the critical
temperature.

Mean field theory in critical phenomena had some success as it led to convenient cal-
culations of exponents that were at the right order of magnitude, but failed to provide the
correct numerical values. The possibility of using mean field theories and ”order parame-
ters” in dynamical settings in critical phenomena was reviewed in [16]. Previously, Cahn and
Hilliard had used a related diffuse interface approach in their study of surface tension [17].

Some related qualitative ideas also appeared in [18], [19].

1.3 DIFFUSE INTERFACE APPROACH TO STEFAN PROBLEM AND
PHASE FIELD

The mean field or "order” parameter in critical phenomena led to the question of whether
such a concept could be useful in resolving dynamical questions in a setting far from the
critical point, namely that of an ordinary phase transitions. While this posed an interesting
question in the physics community, the potential appeared to be limited. How could a theory
that had produced disappointing calculations of key exponents in the regime for which it
was designed possibly produce better results in a very different regime? The justification
for the mean field approximation involved the very large correlation length. For an ordinary
phase transition (e.g., solid-liquid) the correlation length is on an atomic scale of Angstroms,
placing it near the opposite extreme from critical phenomena.

Adding to the obstacles was the fact that the study of critical phenomena relied heavily
on an additional concept. Universality stipulates that the critical exponents do not depend
on the details of the system such as the precise type of interaction but only on the basic
entities of the system like symmetry group of the spins, dimension of the space, etc. Thus,
universality provided additional justification for an approximation that tends to eliminate

effects that involve short distances.



Consequently, if such an approach was to be a foundation for the quantitative study of
the dynamics of phase transitions it faced a set of challenges: the absence of a concept such
as universality, the requirement of quantitatively correct calculations, and finally a rationale
for eliminating higher order fluctuation terms based on the short, rather than very long,
correlation lengths. The last issue was considered in one of the early papers on this subject
[20]. It was suggested that the justification for neglecting these terms is due to the fact
that the transition length in the order parameter, or phase field, is small compared to the
macroscopic scales of interest. This issue was further pursued in [21], [22] which examined
the consequences of retaining arbitrarily higher order terms, and will be discussed at length

in this thesis.

The problem of obtaining a quantitatively accurate description of the dynamics of inter-
faces using a phase field model led to a series of papers starting with [23], later incorporated
into [24]. In this approach, in addition to the modified heat equation, an extra equation for
the phase function was obtained from the relation 7¢;, = —0F/d¢, where 7 is a relaxation
time and F' is a free energy density that consisted of a double well potential w(¢) and an

undercooling term G(¢).

ac’py = e?Ap +w'(¢) + o G (o) (T — Typ) (1.8)

l
pcly + §¢t = KAT. (1.9)

Then the system [(1.8)-(1.9)] is to be solved for (T'(z,t), ¢(x,t)) for (z,t) € Q x [0, T]. With

this approach the interface is simply the set of points on which ¢ vanishes, i.e.,
D.(t) = {z € Q: gu(a,1) = 0},

avoiding the need for explicit conditions on the interface and the theoretical or computational
requirement of tracking the interface. In fact, the first derivation of the dynamical relation
(1.4) was obtained using the phase field model [20], [25]. The form of the phase equation
(1.6a), with G as defined above, has the feature that ¢ is exactly £1 in the bulk phases, but

one pays the price of an additional nonlinearity in G. The use of a linear function for G(¢),



representing linear entropy change through the interface leads to a term (constant)(T —Tyy)
instead of the nonlinear term in (1.6a) but no longer retaining ¢ = 41 in the pure phases.

The research of the 1980’s focused in part on the question of scaling the phase field
equations [(1.8)-(1.9)] so that (i) the macroscopic parameters were identified, (ii) the interface
thickness, e, was determined independently of the other material parameters of the system
and (iii) the sharp interface problems such as [(1.1-1.3)] or the classical Stefan model arose
as the distinguished limits of the phase field equations in the limit as € approaches zero [25].
In other words, one can take the limit ¢ — 0 while retaining the value of the crucial material
parameters such as the surface tension, 0. We shall discuss the issue in more detail in the
following chapters.

Proving existence of solutions to phase field models and performing numerical computa-
tions, are generally easier than their sharp interface counterparts since, for any € > 0, one
has a system of smooth parabolic equations. However, rigorous proofs of the asymptotic
convergence turned out to be considerably more difficult [28], [29], [30], [31], [32]. In recent
years a number of new mathematical techniques have been utilized to understand the nature
of solutions to phase field equations. These include global existence methods for generaliza-
tions of phase field equations and global attractor methods [33], [34], [35], [36], [37], [38],
[39], [40].

A recent development in the phase field modelling was attaining orders high accuracy
by modifying the terms in the functional. It was shown that if the phase equations are
scaled properly, the interfacial thickness, €, can be varied without significant change in the
motion of the interface. This was verified by numerical computations in a series of papers
including [26]. The significance of this result is that the atomic scale of € could be increased
by orders of magnitude rendering possible realistic computations. More recent research [27]
showed that one could define phase field models and prove convergence at the 2 level. More
precisely, if we denote the interface of the corresponding sharp interface problem by T'(t),

then there exists a positive constants C' and ¢y such that the distance

dist (T(t),T.(t)) < Ce*  for e < «.



1.4 ANISOTROPY AND INTERFACES

The preceding discussion has been mainly based on the assumption that the surface tension
is a constant independent of orientation (i.e., isotropic). The term anisotropy for interfaces
refers to growth that is directionally dependent and is related to macroscopic properties such
as surface tension and mobility. For most materials with a crystal structure, the surface ten-
sion is known to be anisotropic. Unfortunately, its experimental measurement is difficult.
Early measurements [41], [42], [43] were performed only on transparent materials. For ex-
ample, the surface tension of succinonitrile (often used in dendritic growth experiments) has
cubic anisotropy of 0.5 % (i.e., the maximum surface tension for any orientation is 0.5%
higher than the average) while the figure for pivalic acid is 5% [41]. More recently, experi-
mentalists managed to measure the surface tension and the anisotropy in the free energy for
a number of materials [44], [45].

On the other side, micro-gravity experiments were carried out on pure crystal-melt inter-
faces to measure the effect of convection [42]. Also, optical measurements were conducted to
quantify the directional dependence of surface tension [41]. These experiments were comple-
mented by computational modelling using the phase field approach [67] and other methods
[68].

The theoretical research in the 1990s was more towards obtaining macroscopic equations
of evolution as probabilistic limits of discrete spin dynamics [71], [72]. [75], [72], [74]. Two
dimensional proof of Wullf Construction (a scheme to draw equilibrium surfaces of solidifying
materials) came about the same time [70]. Sharp interface limits of Cahn Hilliard Equations
with non-local potentials and Stochastic Ising models were also studied [73].

During the past decade simulations also gained a boost in this subject. The research
has evolved considerably along several avenues. One of them is the modern version of the so
called cleaving method, originally introduced by Broughton and Gilmer [46]. Recently, this
technique was refined and was used to determine both the value and anisotropy of surface
tensions for various systems. Another method, which is known as the Fluctuation Method, is
based on monitoring the interfacial fluctuations during molecular dynamic simulations [48].

In general, the first method gives better results for the absolute value of free energy [49],



while the second one captures the anisotropy better [50]. Both methods have advantages
and disadvantages that complement each other [51], [52], [53]. Yet another kind of diffuse
interface modelling is via using Willmore regularization [79]. The main idea of this approach
is to introduce a curvature dependent extra term in the surface tension which is controlled
by a variable (say (). The new term is designed to penalize the high curvatures at the
corners (cusps) and the ill posedness due to high anisotropy. For the solutions, adaptive
multi scale finite difference schemes can be employed to simulate the evolution [78], [77].
The equilibrium shapes that are obtained (by letting f — 0) with this method are also in
good agreement with the sharp interface results.

Derivation of macroscopic results concerning anisotropy however, are not as abundant.
Following the works of Gibbs and Curie, Wulff [54] published a key result at the turn of
the last century. This is essentially a prescription to draw equilibrium surfaces (with or
without anisotropy). A half-century later Herring presented a derivation of an interface
equilibrium relation [55] which relates the anisotropic surface tension and its derivatives to

the temperature of the interface
S| (T —Tg) = —k{c(0)+"(0)} (1.10)

where T is the temperature at the interface and T the equilibrium coexistence temperature,
[s]g is the entropy difference between phases, 6 is the angle between the normal of the
interface and a fixed axis, and o is the surface tension.

Around 1970s, Hoffman and Cahn introduced the capillarity vector or the £ —vector [56],
[57] which they defined by £ = V(ro(n)) and neatly generalized Gibbs-Thomson-Herring’s

result to three dimensions as
—uls]lp = - ¢
They also showed that the surface tension could be regarded as the normal component of

the capillarity vector on the interface. They constructed the & — plot which directly gave the

equilibrium position of the interface through the relation

Af

Sz?x

where Af is the free energy difference between phases per unit volume .



The treatment of anisotropic interfaces via the diffuse interface approach was attempted
in different ways. Heuristic methods were developed to incorporate anisotropy into the
phase field equations. This was initially done by directly putting the directional dependence
into the parameters of the free-energy functional in a way that made them functions of the
gradient of the phase field. By further generalization [58], a second method enables one
to import the Hoffman-Cahn’s & — vector into the phase field formulation by rewriting the
interaction part of the Hamiltonian in terms of the & vector [59]. While these related methods
enabled calculations and lead to correct macroscopic conditions [60], they were implicit, i.e.,
they did not provide a direct analytical way of calculating the anisotropy from the type of
molecular interactions.

On the other hand density functional and explicit phase field methods provided more
ways to quantify anisotropy. The first density functional calculation on the interfacial free
energy and its orientation dependence was done by Haymet and Oxtoby [61], [62]. A similar
treatment was followed by Shih et. al. [63], Curtin [64] and others [65], [66].

Anisotropy was included explicitly in the phase field theory in an early paper [20]. A
two-fold anisotropy was assumed in the microscopic interactions which yielded the following

interface condition in the asymptotic limit

(T —Tp) [s]p = —r {0 (0) + " ()} — %va 0) (1.11)

€4(0) =& + (& — €°) cos™ (0)

where &; is proportional to the surface tension in the 1—direction and &, in the 2—direction.

An important observation regarding this approach [21],[81] was that the interactions
with higher anisotropy (four-fold, six-fold) does not survive the truncation of higher modes
in the free energy which results in second order phase equation (1.6a). In Chapter 2 we shall
explicitly see how higher fold anisotropic terms vanish in the process of averaging. So, in
order to see the effect of anisotropy, one needs to retain higher order modes, and therefore,
consider higher order differential equations analogous. For instance, for a six-fold anisotropic
lattice one should extract the corresponding sixth order differential equation to capture the

anisotropic effects, for in the lower orders the anisotropy will be ”washed out”.

10



Recently, approaches along similar lines appeared in the literature (see [76]) by the so
called Extended Cahn-Hilliard Model. In this approach, The original Cahn-Hilliard energy
function is expanded in Taylor series up to fourth or sixth order in the derivatives in a way
that the crystal symmetry is preserved. Then, higher order Cahn-Hilliard equation is solved
numerically for the evolution of the interface. Again, the anisotropy is hidden in the higher

order derivative terms.

1.5 THE WULFF SHAPE

As noted above, the surface tension is one significant parameter that affects the equilibrium
pictures of surfaces. When single particle is embedded into another phase of fixed volume
its interface assumes the orientation that minimizes its total surface energy, i.e., [ ~(n)dA.
Specifically, in solidification, the Wulff shape is the shape of a solid under the undercooling

temperature u = —1.

1.6 OUTLINE OF THE THESIS

In this thesis, we pursue the problem of anisotropy in two different ways. In the first
approach a more general free energy functional is constructed by including the effects of
higher order correlation terms that are usually ignored in standard phase field models. The
second way on the other hand takes a more direct approach to the same problem. Instead
of the usual form of the energy functional with derivatives, an integral form is formulated
which is advantageous from analytical and computational perspective.

In the first approach one does not assume the standard functional form of the free energy

but starts from the following form of the free energy

Flo) =+ [ oW (o) = [ Lo —)ote) —ow)+ [



and tries to derive a more general expression that involves higher order derivatives of the
phase field. In above J(z) is the strength of the local interactions interactions and ¢ is
the phase field. w(¢) represents the contribution of the entropy to the free energy which is
zero in the bulk sides (no accessible state). Its original singular form is often replaced by a
smooth function with two minima whose magnitude can be tuned by the parameter "a”, the
well-depth. Finally, the G(¢, u) function is the phase field temperature coupling term.
After some manipulations the interaction Hamiltonian can be put in the more suitable
form. For most realistic systems in two dimensions the anisotropic interactions are expected
to take the form J(r,0) = f(r) ZgZO[JC(n) cos 2nf + Jg(n) sin 2nf]. Then, the detailed analy-
sis will show that for 2M*" fold anisotropy in the interactions (in two dimensions) one needs

to retain 2M*™ order phase field equation, i.e.,

/ Z Z aCam nS(m) (D11 + Do) " [Je(n)R(Dy + iDz)Q"]gb (1.13)

m=1 n=0

+w'(¢) — aG'(¢)u

where Dy, D, are derivatives with respect to coordinate variables, ¢, is a combinatorial
factor that comes from the angular part of integrations and S(m) is a scaling factor that is
related to radial integrals.

Assuming an asymptotic expansion for the phase field and the appropriate scaling for the
coefficients in the equations, one can write down the field equation in the local coordinates
(z,s). Once this is done, (upon finding the the stationary solutions) the surface tension,

through a local interpretation of the free energy is obtained as

m g0 m
0:/ dz E fo(=D)"™m 88 )2 E Com ) cos 2nf
- zm

=0
Furthermore, it can be shown that formal asymptotic solutions satisfy the Gibbs-Thomson-

Herrring condition at the interface, i.e..
[s]e (T' = Tg) = =k {0 (0) + 00 (0)}

In the second part of the thesis we will approach the problem from a different perspective.

We shall directly work with the integral form of the Hamiltonian thereby avoiding transforms

12



and approximations. The free energy in this approach is assumed to consist of both local

and non local terms : (

Fo) =5 [aFotands+ S [ e = (o) - o)ty + [ aewio.0) (110

where the first term represents the local type of interactions whose weight is determined
by the parameter A\.(0 < A < 1) and J. is defined as J.(z) := J(x/e)e™™. Then, in this

formulation, the phase field equation is actually an integro-differential equation, i.e.
ag’py = EANA: D*¢+ (1 = N)J. xp— ¢ — W(§) + cuG'(¢) (1.15)

There are several benefits of this approach both mathematically and practically which we
shall discuss later in more detail. First and foremost It is much easier to establish the
existence and uniqueness of the solutions using the existing theory [80].

Solving (1.15) in the special case of planar interface, the interfacial free energy density

can be defined by
Ae u ) Wi(¢)
0= [ (5 voeverigo—so+ T B |y g s, (116

where ¢(z) = Q((, (%) is the stationary solution for a planar interface and H'(dz) is
the length element of the line (R. The tensor product of two vectors b and ¢ is denoted by
(b ® c);; = bicj. Then, the surface tension of the interface is just the value of o for ¢ = n.
After working out the asymptotic analysis which requires a fair amount of differential
geometry the interface condition in arbitrary dimensions can be obtained (analogous to

Gibbs-Thomson-Herring relation)
u+u+ a(n v+?ﬁ : D*0(n) =0 (1.17)

which can be equivalently stated in terms of principle curvature directions as

u+ a(n U+Z/€aml =0, (1.18)
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where k!, - -+, KV ~! be the principal curvatures and the 74, - - - , 7y_; the principal directions.

The same result can also be given by level set representation

Vi : D?c(n) = div (O’C <%)) (1.19)

where WU is a function (not necessarily having a physical origin like the phase field) and

[y ={x | ¥(x,t) =0} is the level set.
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2.0 HIGHER ORDER PHASE FIELD EQUATIONS

Our objective in this chapter is to derive a set of phase field equations that are of arbitrarily
high order via anisotropic interactions at the microscopic level. From these equations we
shall deduce the macroscopic conditions on the interface and the relevant physical quantities.

Consider a lattice gas type model in the continuum limit within a spatial domain 2 in
d- dimensions. We define an order parameter (phase field) ¢(z,t) and interaction parameter

J(x — 2’) which satisfies the symmetry relation
/ doJ(x)x]'..al =0 if j; is odd for at least one i € (1,2, ..., d) (2.1)
)

Each of the following three examples satisfies this symmetry condition.
Example 1. Any isotropic J (i.e., depending only on the magnitude of the argument).

Example 2. Any J of the form
N
J(r,0) = Jo(r) + 6 Y f(r) {Je(n) cos (2n0) + J,(n) sin (2n6) }
n=1

where (r,0) are polar coordinates for d = 2.

Example 3. Any J such that J(xy, ...,z ..., zq) = J(21, ..., =24, ...7q) for each i € {1,2,...,d} ]

15



2.1 FORMAL (PHYSICAL) DERIVATION OF THE FREE ENERGY

Before obtaining the functional form of the free energy that we are going to analyze, we
present a formal derivation of it to give a physical motivation of the problem. For this
purpose we make certain assumptions on the way until we reach the desired form of the free
energy. After that we will take this form as our free energy definition and continue from
there.

In discrete lattice gas models (Ising type systems) the interaction energy is given by a

sum over all the lattice points.

Hy=— Y J;SS, (2.2)
i,j (i#7)

Here, J;; is the strength of the local interaction energy between the i site and j™ site
and S; and S; are the phase (or spin) variables at those lattice points analogous to ¢ for the
continuum. For continuum models, phase variables depend on the position continuously and
the discrete sums are replaced by integrals. So, analogously the full interaction Hamiltonian

Hs can be written as

Hip = —%/ . drdr' J(z — ") o(z)o(2)). (2.3)

We also assume that .J vanishes beyond a distance R, although this assumption can be
relaxed with conditions on the rate of decay.

The use of Fourier space facilitates the analysis. In order to use Fourier transforms, we
need to extend € to all of R?. However, this introduces divergences in the double integral
above since ¢ is constant in the pure (bulk) phases. This issue, which arises frequently in

field theories can be resolved in several ways. One way is to define the Hamiltonian as

%ﬁkil;&mmuu—w@@y¢@w2 (2.4)

and proceed. A second way is to change the bulk value convention from ¢ = F1 to ¢ =1
in the (finite size) solidifying crystal and ¢ = 0 in the rest of the space (liquid bulk). Thus,

we assume {2 := R? below and assume the form (2.4) for the Hamiltonian and use the

16



second convention to secure the mathematical validity of the formal manipulations. Then

the Fourier transform of J(z) can be written as

and similarly,

-~

o(q,t) ::/Rd e T (x, t)dx. (2.6)

We will drop the ¢ dependence when it is not relevant. Writing e~*® in a Taylor series,

I .7

we substitute the expansion into the definition of J(g) to obtain,

J(q) := / y {J(as) + (Z(—i)"@;l—f)r) J@)} dz (2.8)

n=1
where the first term, which can also be expressed as J (0), is the mean field contribution to
interaction Hamiltonian. The other terms are the higher order correlation terms.

Let ||.J|| be defined by ||J|| := [ .. J(x)dz. Then,

reR4

Hip — / L@ — )y - / L@ — )oa)o() (2.9)

,z’ R4 2 x,x’'eR4 2
1 , 1 I
= 5 Il é(x)” =5 dqJ(q)¢(q)d(—q)
x,x’' R4 qeRd

Note that in the first line, by the choosing the convention for ¢ to be zero outside the finite
size crystal (see the discussion after (2.4)), both integrals are converging. Now rewriting

J(q) = [ ga € J(z)dx we have

5[ e eI @) dda (2.10)
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The second line was made possible by using a version of Fubini theorem since we have the
inequality
[ el imiaacal <1 [ ailswico] <o

The inequality is valid because ¢(x) is assumed to be zero outside a finite region and it is
in the Schwarz class, and smooth enough that g/g decreases sufficiently rapidly at infinity for
the integral to be finite.

We expand (q- )" = (q121 + ... + qaxq)" in the third line of (2.10) and want to change
the order of the summation and the integrals in order to take the summation outside. Let

us investigate the first interchange, i.e.,
= (ig - z)" / (ig- )"~ =
dq — H(@)d(—q)-
[La{s >,

Now, we try to estimate the series from above

i"a&ﬁguz aﬂ
sWZﬁwﬂ

Each M, is a number independent of g. We assume that it does not grow fast by increasing n.
If we assume that the sum >~ ]\gf is finite, then the series converges uniformly by M-Test
for fixed x. The second interchange, i.e.,

o0 [e.9]

&ﬁmggﬁ%ﬁm&);&ﬁm&ﬂ%gm&)

can also be made possible by another application of Fubini theorem under certain assump-

tions. We need to show [ o> 07 |dzJ(2) [ g dq%g(q)a(—qﬂ < oo. This will follow

from
= (q ’ :C)n TN ’ = m no N
/x ERd; dxJ () /qERddq—n! P(a)o(—q)| < L eRd,;dx‘](x) p /qERddqu| o(q)p(—q)

S ="
< /xERd;de(x) My < 0

0
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provided that M,, does not grow very fast with increasing n. For instance, if M,, ~ o™ for

some « > 1, then, for sufficiently rapidly decaying J, we have

/ 3 ded(x) ‘x" MK < / doJ(2)e*" K < 0o
zeRd 0 n: zeRd

Having shown the validity of the interchange under these assumptions, we now use the

notation » below to denote the sum over all nonnegative integers j; through j,

J1+etia=n
such that j; + jo + ... + jg = n. Also, we truncate the summations at a finite order and
take what remains (the approximation of the full Hamiltonian) as our interaction term. This
means some loss of physics. Nevertheless it will be a better approximation than the older
phase field models in which the truncation was made at the second order.

Let us denote by H (M) the approximate Hamiltonian which is obtained by truncating

the infinite series at a finite M , where M is a positive even integer with M > 2. Then we

have the expression

M
Hi(M) = —% Z Z /xeRd /qeRd da;dq

n=1 ji+...4+jq=n

1Y ~ -
—5> Y [T dwi-a [ e
qeRd zeRd

n=1 ji1+...4+jq=n 1'

(qlxl) (qaza)’* T (2)9(q)(—q) (2.11)

Notice that with the symmetry assumption (2.1), for which the isotropic interaction is a
special case, terms of odd j; will vanish in the last integral above. We can then set j; = 2k;,

n = 2m and simplify the ¢ factors as follows:

| od-a (212)

— / dgq?™ g3 .. ) / dyd(y)e " / dy'e "V ¢y )dy'
qeR4 yeRd y'eRd

/ / dqdyq; g5*...d5 e "V p(y) / dy' ¢ gk? .5 eV o (y)

qeR4 J yeR4 ' R4

- / / dgdy( D DIz .. Dkte™97) 6 (1) / dy' (DY DI .. D e ) ).
geRe J yeR4 ' R

The prime above D’f“ serves only as a reminder that, in the second integral we are integrating

over y'. We can now shift the derivative terms onto ¢ by integration by parts. Note that
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the derivatives of ¢ vanish at infinity, since this corresponds to a pure phase of the material.

Hence, we have

/'dm%zbq%@@&—m (2.13)
qeR4
_ / dg / dy(D¥ DE> . DEe=iav)p(y) / dy' (DY D% . .DE v )y )
qeR4 yeRd 3/ eRd
- / dy’ / dy / €'V e Ydg[ D} D5 ... Dy o (y)] (DY D5 ... D5 ¢(y/)]
eRd eRd eRd

= [ ok i Do) (2.14)
yeR?

Using these, the (approximate) interaction Hamiltonian can be written as

M ki yk k 2
1 (DY D3?...Dy*o(y)] 2k 2k
== (—1)m+1/ i a J (x). (2.15)
2 n;m.;d:m prt (2k)LL(2ka)! o DT
This was obtained in [21] and it generalizes the [ (V¢)? term of the original (second order)
phase field equations. For subsequent calculations, it will be convenient to rewrite this in a
form that facilitates combinatorial analysis. Integrating by parts over dy;, k; times for all

7 < d we have

BER (D} D2... Dk (y)] b(y) S
——52 Z /yeﬂ k)] d(ded). /xeRdxl xy I (x). (2.16)

=1ki+..+kg=m

The Helmholtz free energy is defined as the difference between the internal energy and the
“entropic energy” F = F—T'S. Since we assume that there are only two phases, the entropic
part of the free energy can be represented as a double-well potential with minima at or near
¢ = 1,—1 and we can write the (approximate) free energy in terms of ¢ and the reduced

temperature v :=T — Tk

Fulol = #s(M) + [ deW(6.0) = Fnlo. 217

where the function W (¢, u) consists of two parts:
w
wio.w) =" go.u)
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with w(¢) as the double-well potential and G(¢,u) the temperature-phase field coupling.
Here, a and ¢ are parameters that measure the well-depth and interface thickness, respec-
tively. We can define the free energy density, F, by F = fQ F. 1In the earliest phase field

papers, these functions were chosen to be of the form
2 1 2
Fwlo,u] == / dx {((b—) - Bugb]
Rd 8a

where B is a constant that is related to the material parameters, B := @E—%J’ and ¢
are the roots of W(¢,u). With this choice of G one has the simplest coupling. It is also
possible to use a broader range of functions for G (as discussed later) that will lead to the

same macroscopic equations.

2.2 MACROSCOPIC RELATIONS IN THE ISOTROPIC CASE

In this section we derive our results for isotropic materials. Part of these results were
presented with a different approach in an earlier paper [22].

Note: In the sequel the approximate Hamiltonian that was derived in the previous
section on physical grounds will be taken as the interaction Hamiltonian of our model. So,
for the rest of this chapter the words Hamiltonian and free energy refer to the functionals
(2.19) and (2.24).

For clarity, we will state and derive our results in 2 — d, but an n dimensional version
of the main results is included in the Appendix. The first step is to evaluate the integral
[ dxai® 23 J () in the Hamiltonian for J(z) = J(|z|). We do this in polar coordinates

and use some combinatorial identities. We define,

1 27 Roo .
A(m; kyy k) = W/o /0 J(r)rdr(r cos 0)** (r sin §)*2df = (2.18)

(

f 1
= / J(r)yrt T2 mdy
0

27
STz Y] ey [k 2o
(2k1)!1(2k2)! /0 (cos 0)“" (sin 0)"2d0
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where S(m) := fo )ri*t2mdr. Then, the (approximate) interaction Hamiltonian can

be written as

__%U/GIE:(—1VHJSOn)§:f“"%kﬂn——k)(DfD?%Mxnz. (2.19)

Hence we have the following:

Proposition 3. For m,k € NU{0} and m > k, one has the identity

s 1
Almsk,m —k) = . 2.20
(ms ks m = k) = et WG — ] (220)
Proof. This simply follows from the trigonometric identity
2 2k — )I(2ky — TN
21 itz gdg — {201 2 2.21
A cos U (2ky + 2ky)!! (2.21)

and the definition of A(m;k, m — k) implies

Alm;k,m — k) = Bl Al /0 (cos 0)% (sin 6)2™ %) qp
B 27r 2k — DIN(2(m — k) — D!
(2R)! (2(m — k))! (2m)!! '

Since all of the odd numbers above will be cancelled by the full factorials in the denominator,
we have the result.

Using the above result the (approximate) Hamiltonian in (2.19) can be written as

i =3 [ dxz o) A () (1) (2:22)

where Cpp 1= rzgmer, S(m) = [ J(r) v dr and A := Dy + Dy, is the Laplace

operator.
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This can be seen by integrating (2.19) by parts k times over dxy, m — k times over dz,

and using the fact that ¢ and all of its derivatives vanish on 9€2. Then, one has

=g [ 3 e Y PR e 029

-/ dxzcgm )[A™(2)]o(a).

2.2.1 The Phase Field Equation

Using the functions w(¢) and G(¢) with properties discussed as above, we can write the

(approximate) free energy as

m

/Z )" e (m)kamW 5! (DIDy ()" + W(d,u).  (2.24)

At equilibrium, the function ¢ minimizes the free energy yielding the equation

OF[¢ + en
Oe

where 7 is an arbitrary smooth function. To compute this quantity, we use the standard

0= |-=0 (2.25)

variational arguments below:

0= o le—o (2.26)
M m
- m! 2%k 2(m—k) OF [¢ + 577]
:—/dezcgms(m)zkl(m—k)(l) D; ¢>77+T|a:0
m=1 k=0

/da: [Zczm ) (D11 + D)™ ¢] + /Q dzDW (¢, )]

Since the integral must be zero for all smooth 7, the integrand must vanish, leading to the
identities:

Z ComS (D11 + D)™ ¢] + D1W (o, u) (2.27)
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where D; denotes differentiation with respect to the first variable. The S factor above is
a quantity that depends on the integral of the interaction potential. It carries in it the
information about microscopic length scale. In our analysis we shall treat it as a scaling
factor from which one can get different distinguished limits.

For dynamic problems one can assume that the variational derivative of the free energy
is proportional to the time derivative of the free energy functional. Hence the resultant

equation would be

3 w'(¢)
Th = — mzlzzmsmm% +— = — Bu. (2.28)

Thus, (2.28) is a generalization of the steady state phase field equation. Combining this
with (1.5), we obtain the two coupled partial differential equations which we call generalized

phase field equations.

2.2.2 Asymptotic Analysis

For the analysis, it is best to work with the local coordinates. Let I'; be the limit interface
between two phases. Assuming that it is smooth we can parametrize it by arclength. Then,
the location of a point near the limit interface can be described in the local coordinate

system, (s,r) with the following transformation
x = Xo(s,t) +rn(s,t) (2.29)

where r : r(x,t) is the signed distance from x to I';, n = (cos#,sin#) is the unit normal,

s : s(x,t) is the arclength. It is also possible to use a stretched coordinate system by
x = xo(s,t) +rn(s,t) (2.30)

We need to know how the partial derivatives transform to the new coordinate system.

For the time derivative we have

df(r,s,t) Ofor _9fds Of

dt  orot  0sot ot (2.31)
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Now, the % term above can be written in terms of the velocity of the limit interface. Let us

take the derivative of (2.30) with respect to time.

Oz @ dxg Or . on 0s on

C=%sa T o T Tasar o

(2.32)

multiplying this from right by n, we find that the first, fourth and fifth terms on the RHS

become zero and one is left with the equality

or
— = —
ot
where v 1= % -n is the speed of the interface. Similarly the gradient of a function is given

by
Vi=fvr+fivs

For s/, we use (2.30) with the convention that vectors are represented by row matrices

and spatial operators are represented by column matrices. Then we have

I = <yswos + \7rn 41 N7 sns (2.33)

If we multiply this equation from right by 77, i.e., by the transpose of n we find

= yr (2.34)

Similarly if we multiply (2.33) by 77, the unit tangent, then we have

1 = ys(1 + rk(s))

since ng = k(s)7(s)
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2.2.3 The Stretched Variable

Let ¢ = . be a solution of (3.3) and I'f := {z | v.(x,t) = 0} be the zero level set of p..

With respect to the e-independent reference manifold I';, we represent I'f locally as

X:(s,t) == Xo(s,t) + e H-(s,t)n(s, t) €Iy,

where e H. admits an expansion eH.(s',t) = ehy(s,t) + €%hy(s,t) + ---. In this context,
ho can be regarded as the unknown Xj,. The location of the interface I'; is then uniquely
determined by the coefficients Xg, hy, ho, -, of the asymptotic € power series expansion of
X..

We introduce the stretched variable

o Zep) = MBS ”j&(s(””’t)’ H _ g ~H.(5,1).

The relationship between the e—dependent normal and 7 is then

fe = n(s,t) —eVH.(s(x,t),t) + O(?)
(5,t) — eH.,Vs + O(g?)

I
>

= A(s,t) — eH. 7 + O(?)
Now, since n(s) = (cos#(s),sin0(s)).Then

ne = (cos@+eH. sinf,sind —eH, cosf) + O(e?)

= (cos(f —eH.,),sin(0 — eH.,)) + O(e?)

So n. is different than n by a rotation of an angle at the order O(e). Using the above relations

partial derivatives can be rewritten in the new coordinates system as

0 0 . 0 . 0 9
58—% = cos 95 + eH_ssin 05 — esin 9% + O(e7) (2.35)
0 . .0 0 0 9
68—372 = sin «9& — eH_4 cos 9% + £ cos 9% + O(e%)
From these one can show that
A = 0., + ek, + O(e?) (2.36)
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where k is the curvature.

Let the phase function defined in terms of the inner variable be denoted by
b =D (z,s,t;¢) (2.37)
® (2,60,t) can be expanded formally in terms of ¢ as follows:
D (2,0,t;6) = D0 (2,0,t) + @' (2,0,t) +

where each ®° is independent of .

Then, higher order derivatives transform by

ok ok
m— m— k . m—k
ekem kDO DI FD = {(cos 0) @} {(sm 0) pp } + O(e). (2.38)
o @2m(1) a?mflq)
62 A o = 822777» + m/ﬂ)€W + 0(52).

Finally, before going into further calculations, we make the following scaling assumption
on S(m)
S(m) ~ —. (2.39)

In [22] the surface tension (in the way it was defined there) scales as o ~ ¢/a, so that
for a := € one has 0 ~ O(1). Since o (more properly, the associated capillarity length,
dy := 0/ [s|) is generally very small in comparison with the length scale of the experiment,
the retention of the parameter a that can be made larger than £ can lead to consideration
of a different distinguished limit.

With this scaling, upon multiplying by a = ¢, the phase field equation through O (¢) is

given by
M 2m an—l
0=— Z |:62m8 P+ MKE 55 @} +w'(®) — aBu + O(?) (2.40)
m=1

where S(m) = ag?™ /a. Substituting the £ expansion for ®, we write the phase field equation

as

M
an 0 1 2m—1 0 ) . ) ,
=) [c o (B0 4 e®1) mne oo (07 4 o )} + (90 4 £0') — aBu + O(?).

m=1

(2.41)
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Expanding the w’ term using
w' (0 4 e®') = w'(®°) + cw” (P! + ... (2.42)

one can write out the different orders in the differential equation above. Then, in the case

a := ¢, the O (1) and O(g) equations become

M 82m(1)0 0
0:—2%32 + ' (D) (2.43)
m=1
an(I)l an—lq)O
Z Cam { 5o mmW} +w"(9°)®" — Bu. (2.44)

Now multiplying (2.43) by 99°/9z and integrate as follows:

’ 9*m 0 9o
0
/Oo (@) dz —/ E Com 5 —dz. (2.45)

Now, for any function v, the identity

82m¢ O B o (_1)m*1 By 2 m-1 . a2mfkw akw
922 9z 0z { 2 (5)27”) * ; (=1) §z2m=k (2.46)

means that the left hand side of (2.46) is an exact differential, so (2.45) has the form

1

M m—1 2 m—1 _
-1 amq)o a2m kq)O akcpo
(@’ <z>>:§202m{( —(5) X S —azk} (24)
k=

since w’ (1) = 0 and the derivatives of ®° vanish at —oco. Integrating this equation over

(—00,00) one has

M 2
00 amq)()
/oo 2::1 CQm 2 Ozm (248)
m—1 2
om0
k+1 m k

+ 21 ozm
M 2

B 1 amqDO

= 2o (m ‘)’ T
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where integration by parts is used m — 1 times in the second set of integrals, and |[¢]|* :=
Jo

Surface Tension

Now, we can write down an expression for the surface tension. The surface tension is
understood by a local interpretation. Physically, local free energy is obtained by integrating
the free energy density, F, over a small region (tube) across a small section of the interface
minus the free energy of the bulk sides in the same region (tube). Since the system is
isotropic, the solutions of the phase field equation is independent of the orientation. Then

we define the surface tension as the integral of F' along the line in the direction n
. _ AQn (b 1
o=/ —(A%¢)5 + W(9) | H (dz) |pw)=a0(z,9)

-/ Zmi { e (a;i) +w<<1>0>}

Later we will see that this definition is compatible with the interfacial free density that will

be defined in the following sections. Then, using the identity (2.48), one has

M m+1 m a0 (12 mF0 |2
U:Z g o ozm +(=1) a "y 0zm
m=1
M 2
ol
o . m—+1
= mE:1 {( 1) Com H Do } (249)

Result 1. For a stationary interface, in the limit a,e — 0, with the scaling S(m) =
e?™/a and a = ¢, the phase field equations {(2.27), (1.5)} have asymptotic solutions that

satisfy the following sharp interface (Gibbs-Thomson) condition
ul[s|p = —kKo.

Derivation. To obtain the Gibbs-Thomson relation we need use the O(e) order phase

field equation. Defining

M an
LU =) Coms ¥ = w" (%)
m=1
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M §m-l
H:=— Z mszHW‘I’ — Bu (2.50)
m=1
we can write the O (g) equation as L®' = H. Denoting (f,g) := ffooo fg we multiply both
sides of L&' = H by d®°/dp and integrate over the real line (treating u as a constant in

this first order inner expansion):

0 0
Lo', —%) = (H,—9°). 2.51
( "0z ) ( 10z ) (2.51)
Then by the Fredholm Alternative theorem, since 99°/9z solves LW = 0, we conclude that

0
0=(H,—d°
(2%
oo o 0 M an—l 0 d 0

(d, —®_ )Bu=—k Z / (=)™ meam ((P?n)z dz

where, on the right hand side, we have used integration by parts m — 1 times. The right
hand side of this equation is the curvature times the surface tension that was earlier. We
claim that the left hand side is just the product of temperature and entropy difference per
unit volume between the phases.

Indeed, from the free energy we can find the entropy difference per unit volume between
the phases. Recalling the relation between the free energy and entropy density, s, and
volume, V,

1 0F

we obtain, upon performing this differentiation in each of the pure phases, the identity

1 (_aja:im _8;5@]) 1

- /Q B(®, — & )dady — B(®, — ).  (2.54)

Hence we obtain the Gibbs-Thomson interface relation, (1.10).

Entropy Between Phases and the General Function G(¢,u)
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The function G(¢, u) represents the coupling of the phase field, ¢, with the temperature,
u. In general, its form will depend on microscopic details of the system. However, one can
use different functions for G without altering the macroscopic conditions. So far, we have
assumed the simplest form, i.e. G(¢,u) = Bou with B := [s]g/(P, — P_). More generally,
we can assume that G(®,u) has partial derivatives with respect to both variables and is

linear in w.

2.3 BASIC COMBINATORIAL IDENTITIES FOR THE ANISOTROPIC
PROBLEM

Here, we prepare the tools to be used in the next section, where we obtain the main results of
this part. In the sequel, the interaction terms will be assumed to be directionally dependent,

the angle which is defined with respect to the x; axis of the local coordinate system in 2 —d.
To begin with, let us consider simple 2n — fold symmetric interactions in 2d. Let

J(x1,z5) have the form

J(r,0) = J.(r) cos (2n0) + J4(r) sin(2nd)

In Section 2, we found the interaction Hamiltonian to be

M k k 2
D! Dioy)
1 m—l—l[ 1 2 / 2k1 2ko 2
e ;m/g SRR )l L) 25

where ki, ko are non-negative integers. Before evaluating this expression we define a key

part of the Hamiltonian in the manner of the previous sub-section:

1 R 2m
Agni(myn, ki, ko) = o) / rzder/ J(r,6) cos®* @ sin®*2 6dg. (2.56)
2)! 0

(2k1)!(2k2)! o
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With this definition, the Hamiltonian has the same similar form as in the isotropic case,

namely,

== Jar 32 Auitmn b kDb Do) L 2.57)

—
2k1+2ko=2m

which differs from the isotropic case in that the Y A,,; terms will not yield Laplacian

operators to a power, but rather operators which are orientation dependent. To see this

dependence more explicitly, we need the following lemmas.

Lemma 4. For any ki, ko, m := k1 + ko, and n in N we have the relations

2m
/ cos? fsin®* 0 exp(i2nf)df =0 if m < n (2.58)
0
—1k2r
= —( 2221 ifm=n

— Z ﬂ_C(leajl)C(2k27j2)

(—1)i2(—1)k222m—1 if m>n

Jitje=m+n

where C(p,q) := (p_p—q!)!q!-

Proof. (of Lemma)

(i) For m < n, the following integral vanishes:

2m i0 —i0\ 2k1 0 _—if\ 2k2
T(m,n) = / (%) (2_) i (2.59)
0 7

=0

This occurs because, when we distribute the terms in the parentheses, each exponential term
will have an exponent which add up to an integer less than m. Hence each of the integrals
is identically zero, as k1 + ks = m < n.

(ii) For m = n the the same integral yields

e?in@ . L (_1)/4:27.‘_
/(—UW(-.. e (SD)ReRY) = e (2.60)
since the only non-vanishing term occurs when k; + ko = m = —n.
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(iii) For m = k1 + ko = n + [, the integral can be evaluated as follows:

622n0 ; . » i »
Tm,n) = [ g @ 4 o (2, e B0 2k

(€220 (= 1)RC 2k, fo)e IR | gmiZhat)

Since m > n, some of the integrals above will not vanish. Collecting the non-vanishing terms

leads to the result,

2m 2in6 2ky
T(m,n) = / e > (2K, iy )
0

2m( __ 1 \k2
2 ( 1) 71=0
2ko
. Z(_l)jzct(ka’j2)6i2(k2—j2)9
Jj2=0
21 2ks
22m kz Z Z/ 2]{17]1 )ch(zk ,j ) 12(m+n—j1—j2)
J1=0j2=0
- 2%k 2ks
= S P 1(_1)k Z ZC (2k1, 31)(=1)2C(2k2, J2)dman jr 44
J1=0 j2=0
s , , ‘
- 92m—1(_1)ks Z C(2k1, j1)C(2ky, j2)(—1)" (2.61)
Jitjz=m+n
which concludes the proof of Lemma 1. O]

Lemma 5. Given an anisotropy of the form J(r,0) = J.(r)cos2nf + J(r) sin 2n6, for the
principle sum, i.e., P(m,n) = 3 o on o Aani(m,n, k1, ko) D¥ D52 we have the following
identities for each of the three cases:
(i) If m < n, then
P(m,n)¢ = 0. (2.62)

(i) If m = n, then

1

[Sc(n)RRe(Dy + iDy)*"|¢.
(iii) If n < m =n+1, then
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C(2m, l)

where S.(m fo yr2mtidr,

P(m,n)p = (D11 + D) [S.(n)RRe(Dy +iDy)*"]¢ (2.63)

As noted earlier, we assume that the interactions are either of finite range, or they decay

sufficiently rapidly to ensure the convergence of the integrals.

Proof. (of Lemma)
We have three cases to consider
(i) The case m < n.
For m < n, the integral fo% cos?¥1 6 sin?*2 § exp?™? df

vanishes by Lemma 3, implying immediately the identity
P(m,n)p = 0.

(ii) The case m = n.

Using Lemma 1 we have the identities:

DY D33 u —"
P(m, n) = Z Wsc(n) /0 cos 2nf cos“™ 0 sin“"? 6df
2k1+2ko=2m

= RRe Z S( )( ) 0(2 Zkl)ﬂD2k1D2k2¢

22n
2k1+2ko=2n

= %%Re[(Dl +iD5)*"]¢. (2.64)

(ii) The case m > n.
Using the identity Agni(m,n, ki, ko) = oot _ » [ €20 cos?h1 0 sin®*2 0df), and

(k1)1 (2k2)!

setting Dy = p, Dy = ¢, the principal sum is evaluated as

Se(m) T
P(m,n)p = RRe 2.65
Z C(2k17j1>0(2k’2,j2)(_1)j2p2k1q2k2¢‘
Ji+je=m-+n
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Define upper case Jy, Jo as Jy := 2k; — j; and Jy := 2ky — j5, so that

Se(m) T
P(m,n) = RRe
2 BRI P
2ky...(2ky — J; + 1 2ko...(2ky — Jo + 1
Z 1 ( } ' 1 >p2k1 2 ( 3 ' 2 )(_1)J2q2k‘2
J1+Jo=m—n L 2
Se(m)m 1
= ———RRe
22m—1 2k1+zzk2 o (2k1)1(2ko) ! (—1)k2
J1 J1
pt 0 q " o o
c -1 Lg=hz 2.
J+Jzzm_n Jﬂ@p"l( " Jlogrt 1 (2.66)

Notice that, combinatorial factors in the second sum are written in terms of
derivatives of polynomials. Next, we change the order of sums and take the
derivatives outside of the » J,, o _,  summation and multiplying and dividing by (2m)!

to obtain

J1 8J1 J2 an
T 07 1 0%

Pmn)s = T pge 3 (—pR(

(2 )'22m 1
J1+J2 m—-n
Z (2m)!  p*rg*2¢ ( |
| 2.67
21 +2ka=2m (2k)!(2ky)! (—1)k2

Now since the second sum is just the real part of binomial expansion of (p + iq)*™ it will

be easy to calculate the derivatives that we have moved outside of the sum:

Se(m)m jo
= Gy “RRe Y (=1) (2.68)
Ji1+Ja=m—n
le 8J1 qJQ aJQ

r = 14 - \2m
(J1'8p‘]1 Jz'an2>(p+ZQ) ¢

ST e > (-

~ (2m)l22n1
Ji1+Ja=m—n
J1 aJl qJ2Z]2 o
Jl@p 2 (2m..2m — Jy +1) I (p+ig)™" 20
~ Se(m)m p” ¢ (—i)”
T (2m)122m- e 3 JiU !

Ji+Jo=m—n

-(2m..2m — J; — Jy + 1) (p+iq)*™ 2N,
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Note that the exponent of p + i¢ in the third line and the coefficient just before it is

—(Li+J)=2m—(m—n)=m+n

which is independent of J; and J;. So these can be taken outside of the sum. After tidying

up the terms we observe again that the sum is another binomial expansion:

_ Sum)w in p g (—i)”
(2m)|22m 1 o [2me(m 4 n 4+ 1)](p + ig) - J1+J222m_n J_1'J—2'¢
— e m — )+ i)™ — i) " (2.69)

Se
= RRe ()%C(Zm, l)(Dl + iDg)Qn(Dll + DQQ)l(b.
This completes the proof of Lemma. m

Remark 6. It was suggested in an earlier paper [21] that, for 2n — fold symmetric inter-
actions, one should consider at least the n'" degree differential equation, for, in lower order
derivative terms this anisotropy will vanish due to the averaging process. We have seen that
the Agni terms are directly involved in the free energy and phase field equation. Thus, Lemma
4 (i) provides some justification for this suggestion as there is no contribution of 2n — fold
anisotropic effects in the lower degree differential equations.

Remark 7. One can define a new quantity com, that generalizes the coefficient Cop =

(ml,)Q szm=1 Of the isotropic section

- C@2mm—n)r | Gggzemr when n =0
Comn = T () 122m 1

(2.70)

W when m =n

and observe that, when we truncate the sums at a finite M value, we are not losing much of
the physics. Looking at the values of the Caop,pn terms (for m > 2 and n > 0) which are the
key parts of the coefficients of higher degree derivatives, we see that each subsequent term is

roughly an order of magnitude smaller that the previous one:

Cominn  2Cm)l C2m+1),m+1— n) /220m+1-1 < 1
E2m7n N (2(m -+ 1))' C(Qm, m — n)/22m—1 6
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In fact, when m and n are large this ratio is much smaller, e.q., for n =2 and m = 4 one
this ratio is already 1/84; when m =8, n =6 the ratio is 1/180.

Finally, as we perform the asymptotic calculations in local coordinates, we only need the
highest and second highest terms which correspond to O(1) and O(e) terms in the expansion.

The following lemma helps distinguish these terms.

Lemma 8. In the local coordinates (z,s), the differential operator (Dy + iD2)*™ has the

following expansion:

2m 827”*1
Ry +e s1n(2m9)Hes(3)W -
_— ' a2m
- —e2m sm(2m9)m

az2m—

e Re(Dy +iDy)*" = cos(2mb)

+ O(e?)

£(2m* — m)k cos(2mb)

Proof. We prove the lemma by induction on powers j of (D +1iD5)’ by carefully expanding
the terms. Below we show the process of retaining, in each step, the highest and second

highest terms. Denoting the curvature by x, one has for j = 1 and j = 2, the identities

e(Dy+1iDy) = [(cosO, + eH.4sin 00, — sin 00,) + i(sin 00, — e H., cos 00, + £ cos 00;)]¢ + O(£?)
= [cos(6(s) — eH.,) +icos(f(s) — eH.,)]0, + e[—sin § + i cos 0], + O(£?)

= exp(if(s) — eH.,)0, + ic exp(if) 9, + O(e?)

0z 0s

_ (621'07251{55@2 + 52iei29¢zs + 6/%'2@2"0@) + 0(52)

. B AN .
eX(Dy +1iDy)?p = (e“@—”ﬂs)— + sz’ew—) (e'0=eH=) gy 1 ciep,) + O(e?) (2.72)

where we used #'(s) = k(s). By the induction hypothesis, suppose the identity is true for
7 =2m — 1, that is,

LD 4 i Dy)2 g = et (2m1)(0—eHes) oo (2m — 1)iei@m=10 o
€ (D1 +iD5) p=ce 822m_1+6 m ie S5t
2 2m—2
_ 6((Qm —1)*—(2m — 1))/%"(27”_1)98 o L o)

2 aZQm—Q
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Applying the £(D; 4 iD5) one more time to the above expression yields

) 0 0
= (e“@sts)@ + z’el"%) (D1 +iDy)* (2.73)
) 82m¢ ) 82m¢
_i2m(0—eHcs . 2imb
=€ ( )82—2m+(2m—1)ze W
~(@m—1)? —(2m — 1))62mi9 0*m1¢
2 Qz2m—1
] aZm—1¢ ) 32m¢
2mi 2mif 2
— (2m — 1)/4,6 822m_1 e W O(S )
o 82m¢ - a?m—1¢ ' i, a2m¢
= (e 2 eazm — (2m?* — m)re? easz—l + 2mirke? QW) + O(e?)
The proof is complete. O

2.4 ANISOTROPIC INTERFACE CONDITIONS

The main conclusions of this part of our thesis are the Results 2 and 3 below. Although
Result 3 is more general than Result 2, we think Result 2 is interesting since the anisotropy
originates solely from the microscopic parameters but not from the solution of the equations.
However, in Result 2 interactions are assumed to be purely (2n — fold) symmetric which
may lead to physically unrealistic situations. One manifestation is that the surface tension
becomes negative for some values of #. On the other hand, in Result 3, the conclusions are

more general, but directional dependence of phase function must be taken into account.

2.4.1 Purely Anisotropic Case

In this section, we seek solutions that represent stationary planar interfaces at the melting
temperature. For this purpose, we assume that u = 0.

Recall now the interaction Hamiltonian

/ [D1i D33 6(y)] (y)

2k1 . 2ko
(2k1)1(2ko)! 2 /Qxl zy 2 J (w1, w2)dayds.

Hi(N)==> >

1 k1+ko=m
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By Lemma 3 and Lemma 6, the free energy can be written in the new form

Fu= [~ b RRe(Dy + 0] 5 + 1D G,

where S.(n) = J.(n)e*"/e. Note that all lower order derivative terms are zero because of

these lemmas. Then, Euler-Lagrange equations yields the desired phase field equation,
0= — [ J(n)conn[RRe(D1 +iDs)*"¢| + w'(¢) — aG'(§)u. (2.75)

Asymptotic Expansion For the Phase Field Equation
Using the local coordinates (z, s,t) we denote the phase field

oz, t) = B(2, 8, 1) x = Xo(s,t) + ez + Ho(s,t)|n(s,1).

Then, using the last lemma of the previous section, the differential equation (2.75) can

be written as (Coppn = Jo(n)Conn)

a2n 82m—1 a?n—l
0= —acann (cos 2n6(‘322” + 5sin(2m0)H€S(s)W — K cos 2nf(2n* — n)W)
(2.76)
2n
~ . 2
— aCopp (an(— sin QnQ)W) + W/ (D) — aG'(®)u + O(e?)
For brevity we define the “tension parameters” x an, XBn. and xcn, as
Xan(0)*" = Capp(cos 2n0) (2.77)
X8n(0)*" := Conn(2n* — n)(cos 2n0)
Xcn(0)?" 1= Cop n2n(sin 2n0)
Next, we expand ® in terms of the small parameter ¢,
P(z,8) = P(z,8) +ed(z,8) + ... (5.7a)
W(®° 4 ed') = w'(®°) + ew” (V) D' + ...
Then, we write out the different orders in e for (2.76). To O (1) we have,
) QnCI)O P
0= i +w(27). (2.78)
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Surface Tension

The surface tension is again defined as the integral of F' along the line in the direction n

o(h) = 0@):1/R(—%RdDy+Dﬂ%¢§+Vw¢0ff@w)W@<WM@M@

_ /[_xi’h
el 2

Then, doing calculations in the manner of Section 2.2, we find it as

ng0\ 2
aan%AL(—l)nH/(@ai) dz

We also see from (2.78) that, for the operator defined by

cos(2n0)Qay. + W(Q)] dz

2n

LY = {—X?{Z 0

we have
a2nq)0
2n~ =
aZQn :

LY, =0 and L®s = (xcn) (2.79)

Yet another observation here is that the above equation can be re-scaled by one parameter
p = z/Xan only. The derivatives are related by

o"0°(z,0) 1 <8”<p0
ap"

02" Xha

).

where ®°(2) = ¢%(2/x an). Therefore, we can write the O (1) phase field equation as simply

aQn(pO
o ap2n

0= +w' (%), (2.80)

Therefore the surface tension can be written as

ancI)O 2 o] 8 0\ 2
U:nxiﬁ(-l)nJrl/ ( azn> dz = (—1)n+1XAn/ (ain) dp

A delicate point here is that the phase function is angle dependent as are the y,s.

However, the new integral above is independent of angle because, °

is exactly the solution
of (2.80). So the 6 dependence arises solely from the x4, term.

The Default Correction and the Solvability Condition.
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Because of our choice of an e—independent chart there is an extra term in our phase
field equation, i.e., € sin(QmQ)Hw(s)%. We can get rid of it by subtracting ¢ sin(2mé)Q

from @, i.e.,

D(z,5,1) = Dz, st)—e®(z,5,1) +ed+ ... (2.81)

A

o = Cf>1+€<i>2+

Then using (2.81), (2.79) and Lemma 4 we get

. aQn 1(1)0 a2nq)0
1 _ 2n 2n 0
Lo = ( KX Bn, a om—1 Xcn 322”_138> - G/<(I) )U

Since ¥ = d®°/dz solves LW = 0, one has by the Fredholm Alternative Theorem,

oPY
LCI>1 = 0.
(1. %) =0
Using ®°(z) = ¢"(2/xan) we get

> oPY n ot n o d
/ -G ((I)O)ua—dz = (_KJXZBna 2n—1 X%”mq) ECI)O)

_oo a 0 X aZn 1 0 8@0
/—oo G ((I) ) (92 dZ " < XAn - 8p2n 1 ’ ap ) (282>

2n o 1 a2n 1 0 a(p
+ Xcnog 2 1 ’
00 " Op*n— 1 ap

n ( XB | xewm 0 1 < rom G\’
—[G(9Y) — G(®)]u = (1) K«(Xzf_ﬁ ;’ 902 1)/_00 (a—pn 0) dp.

An

Recalling the definition of %", in (2.77) we compute the derivatives of y 4, as:

0 NCopp (— sin 2n0)

00 sz 1
02 ~ (cos2nf)  ncann 0 1
——XdAn = —2NConn —(— sin 2nf 2.84
g2 XA NCaop, -1 " (—sin n)39x2” o (2.84)
So, comparing the expressions from surface tension and solvability, we conclude
00 a(,OO 2
k(0 + agg) = K(=1)"n(xan + Xfim)/ (8_p) dp = —[s|pu (2.85)

Hence, we have actually derived the following result
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Result 2. Let J(r,0) = J.(r)cos2nf + Js(r)sin2n be the strength of local interactions
between atoms such that J(r,0) is either of finite range or decays sufficiently rapidly with in-
creasing r as discussed in Section 2. Consider a stationary interface in the limit a,e — 0 with
the following scaling: a = €, Sc(n) = J.(n)e*"/a, Ss(n) = Js(n)e*"/a. Formal asymptotic
solutions to the 2n'™ degree phase field equations (below) satisfy the Gibbs-Thomson-Herring
interface condition:

k(o + og9) = —[s|pu. (2.86)

2.4.2 General Anisotropy

A more general form of anisotropy has the form
N

J(r,0) = f(r) Z[Jc(n) cos 2nf + Js(n) sin 2nf).

n=0

1 displays simple example of such anisotropy, described by

g(0) = 10 + cos (40) + %cos (166) + 3—10 cos (646) .

Figure 1: Example of Anisotropy for J(r,0)

We begin our treatment by writing the Hamiltonian in its general form, as obtained in

(2.55) |

Hi(M) = Z Z

1 k1+ko=m

DlekQ 2
/Q(—l)mﬂ[ (ékl)?(;blfj))l] /Qxfklxgkﬂ(xl,xz)dxldm
ye : : Te
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where M can be taken any integer with M > N. It is preferable to work with the other

equivalent form of the Hamiltonian,

leiD%cﬁ( )] ¢(y)
;li%m/ (2k1)1(2ky)! 2 (2.87)

. / A8 (r)r*™+1dr 3" (J.(n) cos 2n6 + J,(n) sin 2n6)
zeQd

n=0

We can take the Z o Summation outside the integration sign and change the order of
summation, as the sums are finite. Then we employ Lemmas 3 and Lemma 6 of the previous

section to express the Hamiltonian as

M k k
(D11 D336 ¢
mzz ;m/ygm§ (2.88)

Z/Q 222 £ (r)(J.(n) cos 2n0 + J,(n) sin 2n6)

/ Z Z ComnS (M) (D11 + Dag)™ " [RRe(D; + ZDQ)%QD]?
m=1 n=0
where S(m) = [ f(r)r*1dr. Note that in the last line, the second sum terminates as m

due to the vamshmg of the terms for m < n. From equation (2.88) we can easily write down

the free energy (Euler-Lagrange equations) and the phase field equation as

fM = — / Z ZEZm,nS(m)<D11 + Dgg)m_n[%Re(Dl + ZD2>2n¢]§
+ 219 Gy (2.89)
0 = — Z i a’cvgm’nS(m)(Du + Dgg)m_n[%Re(Dl + 1D2)2n]¢ (290)
+w'(¢) — aG'(d)u. (5.23)
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As before, we can express the O(1) differential equation and the surface tension in local

coordinates with Co,, , = ComnJe(n) and the scaling S(m) ~ ™! yielding

92m o m
0=— 55am ZEQW” cos2nf | + w'(P) (2.91)
n=0
M amq)o m
o = /dsz:lfo(_l)mﬂm < S ) ;b}mm cos 2n. (2.92)
M
(i) 0797
— / dz ) ;1 EE 0+ [ dzWW(D°) (2.93)
m=1
Once again we defined
m 1/2m
Xam(0) := [Z Com,n COS 2n0] )
n=0

Next, we derive the solvability condition by writing the O (¢) phase field equation. Sim-
ilarly to our proof in the pure anisotropic case (2.79) we get rid of the extra term by sub-

tracting it out from the zeroth order solution, i.e.,

B(z,5,t) = Dz, 5t)—cd(z,5,t) +ed+ ... (2.94)

A

o = (i)1+5<i>2+

Then we obtain

0= Z{ xi”;a — + (") }ed' - (2.95)
om 0P 2 o 0 1740
[— ERXBm 7 am 1 E/chmm]@ }—eG'(@%)u

where 2 | €2 are defined in a similar fashion as follows:

Xon = Z 2n* — m) cos 2n0]

)ZQC% = Z 2nCapm.n SIN 2n9]
=0
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We again define the operators

M o anq)O o
Lv:=Y" ~Xim g T W@ ¥ (2.96)
m=1
M m— m
H = Z | _,2n 0Pt —2m 0 0 _ G/((I)O) (2 97>
T RXBm §z2m—1 — Xcm 922m—19g u. )

Notice that, equation (2.97) has almost the same form as the pure (single mode) case, the

difference being due to %, and xZ . Then, by the Fredholm theorem we have

~ 0 0
(LCD ,aZCID ) (H, aZCD ) 0

since d®°/dp solves LY = (. Letting ®°(z, s) = ¢(z,0) we find that

00 m—1
_/OO G'(P")uddz /-i / —223%8 Y~ 190 %) (2.98)

o 82m 0
—2m
H( XCm a 2 — 180’@Z>
=1

M 2
e 10 om?
_1\ym+1 —2m —2m

m=1 -

=1

+

[G'(65) = G'(¢2)]u

Now we will compare the right hand side of the equation in the last row with the surface

stiffness, i.e., 0 + 0gp. From equation (2.92)

/ i an Ogo +/de(c1>°)

We note that the operator /06 acts on both the integral and y%7. Hence, there will be

extra terms which were absent in the previous calculation.

Ms

82mg00 M . 02m900
e / dz Y () TR e / d=W' (")
m=1

a2m<'00 0
aZQm ¥

Il
—_

m

M:

S8

y4

/dz
-/
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Above, the second and third term added up to zero by the rescaled O(1) equation. The

second derivative with respect to 6 yields

M 2 ”82m 0
Uggz—/dzz Z;:lgoo—/dz

m=1 m=1

. anSOO
(X?‘lm)/ azgm 902

NE

Now, observe that

XAm - Z 2f0n02m n c ) sin 2n6 = _(X%n:,n)/

(XCim)” Z foCom.n(4n?)J.(n) cos 2nf

Hence

00 o ansOO o0 o 2m—1g00
(0 +0p9) k= /f/_ X oo 900+/’€/_ XzBmng

o0 o0

= (G(2} = G(PV))u = —uls]p

Thus we have proved the following

Result 3. Let

J(r,0) = f(r)

Jo+0 Z {J.(n) cos (2n0) + Jg(n) sin (2n9)}]

satisfy the same conditions as in Result 1. Consider a stationary interface in the limit
e,a — 0 with the scaling a = €. Then formal asymptotic solutions to the phase field equations

{(2.27) ,(1.5) } satisfy the Gibbs-Thomson-Herring interface condition
—uls], = k(o +a").

The result can be summarized as follows. Omne can start from a quite complicated
anisotropy in terms of the microscopic interactions, and calculate the surface tension from the
phase field equation. In the limit of a sharp interface one recovers the classical macroscopic

results.
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2.4.3 Non Equilibrium Systems

In the previous sections we assumed the interface to be stationary for the sake of clarity
and simplicity. With a little more effort we can extend our discussion to non-equilibrium
anisotropic systems. For a moving interface, the time derivative of the phase field, and
therefore the left hand side of the phase field equation, will no longer be zero. This part of
the equation is handled in the same manner as [20]. Then the time derivative of the phase

function is

vT 8_@ 0P 0s 0P

T T T as e o

Using these dynamical relations we can derive the most general anisotropic phase field equa-
tions and derive the associated interface relation. The latent heat condition across the
interface and the heat equation in the bulk phases (1.1) follow easily as shown in previous
papers.

Result 4. Let J(r,0) = Jo + 0 3.0 {Je(n,7) cos @ + Jy(n,r)sin @} where 6 is a parameter.

Then the phase field equations are derived as

l
pcuy + §¢t = KAu

M

T¢r=— Y _ aS(m)moJo(Du + Do) + w'(¢) — aG'(d)u (2.99)
m=1

—6 ) Y " aS(m)eumn(Di1 + Do) "[Jo(n)RRe(Dy + iD2)™")¢.

m=1 n=1

in the limit 7,a — 0 with the scaling a = ¢, T = €2, formal asymptotic solutions satisfy the

macroscopic condition

—us]p = k(o + ggg) + Po. (2.100)

Derivation. Since the LHS is of order O(e), the O(1) phase field equation is not affected

by the inclusion of this term. However in the next order we will have one extra term in
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the equation. The solvability condition is then slightly different. Basically, the term H of
equation (2.97) must be replaced by

09° | - o P o O N o g
H = 80(1)% + € (_’%XBmW + & Xcmm) ) +€G ((I) )U (2101)

and L is defined as before. Since d®°/dp solves LY = 0, by the Fredholm theorem

0 0
Lo, 2o = (1, Za0) =
( "0z ) (’82 ) 0

Hence, we conclude that

—uls|g = k(o + gge)+ || “8@0/82“20,

i.c., for §:=[09°/9z||, one has the result (5.42).

2.4.4 A Numerical Example

To see possible applications we consider a system in 2 — d which interacts through a toy po-
tential that consists of two parts. One part is isotropic and short range, the other anisotropic

and longer range, i.e.,

J(r,0) = Ji(r)+ 6Jx(r)cos 6
exp(—7?) () = r? exp(—r?)

Ji(r) = ——, (2.102)
T T
To zeroth order, this yields a differential equation of the form
0 = bg®O 4 b dW + 5,03 + W' (D) (2.103)

O(£5) = +1, V(x5 =0, P (£5) =0

where by = 1, by = &, bg = o1 (1+ 9925 and W/ (@) = & —P*.To solve the above high order

non linear differential equation we use finite difference scheme. We discretize the interval
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[—5,5] into K equal pieces and enumerate the points zo = —5, ..., x5, = 5. while second,

fourth and sixth order derivatives are numerically approximated by

BPO(xy)  Plrigr) — 20(;) + Pwi1)

= 2.104
dx? Ax? ’ (2.104)
d4q)<£lfz) ~ q)(l'i+2> — 4¢(SCZ+1) -+ 6@(%1) — 4(13(33'1,1> -+ @(l’i,g)
dxt N Ax?
d6q)(flfz) ~ CI)(ZEZ'_H;) — 6(I)<I'Z+2) + 15®(ZL’1+1> - 20(1)($l) + 15@(1‘1_1) - G(I)(ZEZ_Q) + q)(xi_g;)
do® Azb

respectively. Then, the discrete system constitutes a non-linear algebraic equations with
K + 1 unknowns.
This algebraic equation is solved using a multi-dimensional version of Newton’s method.
For mesh sizes Az < % the value of the surface tension does not change appreciably, but
1

the matrices constructed in the scheme become close to singular when Az < ¢5.50 we take

Az = 1/60 in our calculations. The phase profile obtained is shown in 2.

15

1

05

ot

05k

Figure 2: The phase profile

As the solution will change for changing values of 6, the calculated surface tension will

change too accordingly by the formula

=K

o= ; (W((I)(;z:i)) - W/((I)@;))@(xi)) Az (2.105)

The surface tension is calculated as o(0) = 0.321 and o(7/6) = 0.314, hence the

anisotropy of the surface tension is 'Y“’afy‘& =~ 2%. The o — plot is shown 3
avg
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3.0 INTEGRAL PHASE FIELD EQUATIONS

In the previous chapter we have seen the importance of the correlation terms in the free
energy. We tried to remedy the situation by introducing higher order derivative terms. The
approach allowed us to calculate the surface tension without ignoring the microscopic effects
and verify the interfacial conditions. However, there were two main obstacles in front of
the method to make it a practical tool for realistic calculations. First of all the formulation
of the method was done in two dimensions. Secondly, it required one to solve higher order

non-linear differential equations.

In this chapter we generalize the results of the previous one to arbitrary dimensions.
However this is not immediate, as the polar coordinate approach is inadequate. Beyond
the geometric issues, it is also desirable to seek a formulation in which one retains all of the
detailed anisotropy. We resolve these problems by presenting results on a general set of inter-
actions that contain both local and non-local interactions in arbitrary dimension. Instead of
approximating Ising type interactions with mean field and solving the corresponding phase
field equation, a direct integral equation form is formulated, accomplishing thef following

objectives simultaneously:
i) The formulation is physically exact (as a continuum model);
i1) The formulation is valid for an arbitrary dimension;

ii1) The existence of solutions to the integral equations is easily established using the

current theory [80];

w) There is an asymptotically stable numerical scheme for the solutions of the integral

equations.
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3.1 ANISOTROPIC INTERFACE RELATIONS WITH NON-LOCAL
INTERACTIONS

In this section we present the idea of working directly on the integral form (see also [73])
with both local and non-local interactions. This has a number of advantages, as summarized
above, particularly in terms of avoiding arbitrarily large order differential equations.

We shall use a phase field model from a free energy functional comprising a linear
combination of a local interaction term [ a(?cﬁ(m)dw and a non-local interaction term
J [ Tl = y)lé(z) — ¢(y)Pdwdy.

For the physical motivation, we consider a microscopic lattice system involving a set of
“spins”, denoted by a real value ¢, for each lattice point k, and interactions of strength Jy,
between these spins. In statistical mechanics, the (reduced) Hamiltonian of this physical

system is described by
Hinteraction [Cb] - Z i(ﬁbk - ¢l)2Jkl~

k,l
The entropic part of the free energy which is the temperature times the logarithm of the
number of accessible states times {~ ¢ In ¢ + (1 — @) In(1 — @)} is often approximated in
applications by a smooth double well potential, denoted W (¢y), which takes its minimum
values on the bulk (i.e., single phase) material. In particular, ¢ ~ 1 denotes the higher
energy phase (liquid), while ¢ ~ —1 denotes the lower energy (solid). Moreover, in under-
cooled melts, the free energy is further reduced by an amount proportional to latent heat.

These ideas lead to the free energy that can be written as

FIO) = 3" 2 (0 — 60 + W) + 3T — Te)Glow). (3.1)

k k

When passing to the continuum limit, the interaction strength must be scaled appropri-
ately [20]. In the continuum limit we replace the summation by integrals (and the physical
quantities by their calligraphic counterparts). Adding a local interaction term to the Hamil-

tonian and writing everything in dimensionless units, we arrive at the functional form of the
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interfacial excess free energy:

Fiol =5 [a@owpar+ T2 [ne - o) - spasty 62

n / W ((x))dz + / (T - T)S(8(x)) dx

where J.(2) = eV J(¢7!2) and ¢ is an atomic length scale. For simplicity we assume Q = RY
with N > 2. The following conditions are imposed: \ € [0, 1] is a constant and a(¢) = CA¢T
where A = (A);; is a semi-positive definite constant matrix. Since the energy does not
change when J.(x) is replaced by 1[J.(z) + J.(—z)], J. can be assumed to be even. Also, for

simplicity, we take Q2 = RY (N > 2). We make the following assumptions:

1. A € [0,1] is a constant and a(¢) = (A¢T where A is a semi-positive definite constant
matrix;

2. J.(z) = e NJ(etx) where J € CH(RY) satisfies
J(x)=J(—2) >0Vz e RY, / J(x)dx =1, / |z|®J(z) do < oo.
RN RN

3. W e 0®([~1,1]), 0 = W(£1) < W(¢) ¥V # £1, W"(£1) > 0;
4. Either A is positive definite or W”(¢) > A —1V¢ € [—1,1];
5.G e C*[-1,1]), G(1) — G(~1) =1, G'(£1) = 0.

The phase field equation for the order parameter is a gradient flow for the free energy. For

a smooth 1 with compact support we can calculate the first variation of F in the direction

Y by

6F (9] o Flo+ oY) = Flo)
<W’¢> o= 5
= / w{—5>\A:D2¢+w—uG’(gb)—u[Ja*gb—gzﬁ]}dm
]RN 13 13
where

Joxota) = [ o= oty = [ Iw)ote - i)y

Here D?*¢ = (¢yizi ) nxn and for N x N matrices C' = (¢¥)yxn and D = (d;;) nxw,

N N
C:D= Z cd;; = Trace(CT D), A:D*p= Z A i
ij=1 i,j=1

93



The phase field equation is taken as ¢; being proportional to —0F /¢, i.e.,
210 = 2AA  D*p + (1 = N)(J. x o — ) — W'(p) + euG' () (3.3)

where 7 > 0 is a scaled relaxation time. We are interested in the asymptotic behavior of

the solution as € N\, 0, with fixed A\,7 and A. When necessary, we shall write the solution of
(3.3) as ¢ = p.(x, ).

Remark 9. Traditionally [24], G is taken as G(p) = ¢/2. Here the assumption G'(£1) =0
provides a number of advantages over the traditional one. The condition G'(£1) = 0 implies
that both ¢ =1 and ¢ = —1 are solutions of (3.3), so it ensures that any physical relevant

solution of (3.3) satisfies |p| < 1. In addition, in a matched asymptotic expansion, the outer

expansion is trivial: ©°"*" = 1 in the liquid region and @°"** = —1 in the solid region.

In the sequel, we regard z = (2!, , ") as a column vector and Vo = (dp,, -+ , duy)

as a row operator. Also, for vectors ¢ = (¢;)nx1 (or (¢i)1xn) and d = (di)nx1 (or (d;)ixn),

we denote

N
c®d=(cd)yun, A:VRVO=VoAV =" ¢,,a7¢, =a(Ve).

i,j=1

Using convolution, we can write the free energy as

Flo] = /RN {%A : Vo @ Vo + %W — J.¢] + @ — uG(qb)} dz. (3.4)

3.2 PLANAR INTERFACE AND SURFACE TENSION

In this section, we seek solutions of (3.3) that represent stationary planar interfaces at the

melting temperature. For this purpose, we assume that v = 0.
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3.2.1 Stationary Solution with Planar Interfaces.

Given a point zy € RY and a direction ¢ € RV \ {0}, we seck a stationary solution of (3.3)
such that ¢(xg,t) = 0 and all level sets of ¢ are hyperplanes perpendicular to (; this is

equivalent to seek a solution of the form
p(z,t) =Q((,2), z:=-—Tr2€R. (3.5)
Under this special form, we can calculate
e2A: D*p(x,t) = a()Q:2((,2), a(Q) =A:(®(¢=(TAC= VA

Making the change of variables y = 2( + ¢’ with Z € R and ¢/ L (, we obtain dy = |(| dZdy’
so that

Jreet) = [ Jwela-eni= [ J0QEE-y 0l 69
= Jes =20 [ e =i«

where j(¢) = j((,-) is defined by

32 =] / G veeR (3.7)
y/

Thus, for certain boundary conditions of interest, u = 0, ¢(x,t) = Q((, (x — x) - (/e) is
a stationary solution of (3.3) if Q(() solves the following boundary value problem of an

autonomous integral-differential equation
Aa(Q) Q=+ (1 =N *Q-Q -W'(Q) =0 R,
hmz—>:too Q(CJ Z) = il? Q(Cv 0) = 0.
For fixed ¢ € RY \ {0}, it is easy to verify that
J69) =i - =i(-¢A 20wz R [iGad =1 [Pz <
R R

Also, when A\A is positive definite, Aa(¢) > 0; when AA is not positive definite, Aa(¢) = 0 but
in this case we have assumed that the function ¢ € [—1,1] — (1 —\)¢ + W'(¢) is increasing,.

Hence, from a general theory of Chen [80], we have the following:
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Lemma 10. For each ¢ € RY1\ {0}, problem (3.8) admits a unique solution. In addition,
the solution is smooth, strictly monotonic, and globally asymptotically stable for the 1-D

dynamics

pr = Aa(Q)ez: + (L= A)[j(O) xp =] =W'(p) R x(0,00),
v(,0) =@o()  Rx{0}.
Here “globally asymptotically stable” means that there exist constants ¢ € (0,1) and v > 0

such that if |l@ollre® < 1, Im, , po(2) = ¢, and lim,,_o o(2) < —c, then for some

zo € R and K > 0,

lo(- 1) = Q(C, - — 20)|| L) < Ke™ Vi >0.

3.2.2 Interfacial Energy Density

Notice that when v = 0 and ¢(z) = Q((, (z — o) - (/¢), the integrand in (3.2) is a positive
constant on each hyperplane that is perpendicular to (, so the integral is unbounded. A
relevant quantity is the integral along any line in the direction (, say, (R := {z( | z € R}.

Hence, we define

Aa(C 1—A .
00 [ {29+ @+ 520@ -0+ O s oo (9
Clearly, o(¢) does not depend on ¢ and xy. When ¢ = n is a unit vector, we call o(n) the
interfacial energy density for interfaces with unit normal n. If v is a macroscopically

observed solid-liquid interface, its total interfacial energy is defined as

[ ot@na )

i

where n(z) is the unit normal of v at x €  (pointing from solid to liquid), and HY~!(dx) is
the surface element of . We call o : R\ {0} — (0, 00) the naturally extended interfacial

energy density, or simply the interfacial energy density function.
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Remark 11. Since j((,-) is an even function, Q((,-) is an odd function and numerically
it can be obtained by taking the limit, as t — oo, of a solution of (3.8) with odd initial data
that approaches 1 as z — oo. For example, one can choose a small positive At and perform

the following:

¢o(z) = tanhz VzeR" (3.10)
Per1 = Ox + At{Aa(Q)dy + (1 = N[i(Q) * ¢ — d] — W (o)},

Q) = lim g,

o0 = [(W@-3eW@)dloac- (3.11)

Here the formula (3.11) is obtained from (3.9) by an integration by parts and a substitution
of the integro-differential equation for Q(().

In the sequel, Q¢ = (Q¢1,--- ,Q¢n) is the gradient of Q((,z) with respect to (. Also
D?*0 = (oeve)nxn is the Hessian of o(¢). The following will be used later in deriving

interfacial conditions for solutions of the phase field equation (3.3).

Lemma 12. The interfacial energy density function o has the following properties:

1. o 1s even and homogeneous of degree one, i.e.
o(Ln) = |L|o(n) VL#0, necsSV,
Consequently,

¢-Vo(¢)=0(¢),  D0(¢) ¢ = (0)nx1, ¢"D*(C) = (0)run. (3.12)

2. Using the abbreviation Q for Q(C, z) and Q for Q(¢,z—1vy (), we have

N

YOy A .
D2o(¢) = /R 0. <)\[AQZ 1 2AC® Q)+ (1—N) /R T)(Y0. —y e Qg)dy) dz.
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Proof. (1) Since j((,z) is even in z and in ¢ and the solution of (3.8) is unique, it
is easy to verify that Q(—(,z) = Q((,—z), so by (3.11), 0(¢) = o(—¢). Similarly, for
n € S¥"!and ¢ = Ln with L > 0, both Q(n,x -n/e) and Q((,z - (/) represent the same
stationary solution of (3.3) with planar interfaces perpendicular to n, so one can verify that
Q(¢,2) = Q(n, z/L). It then follow from (3.11) that o(¢) = Lo(n). Thus, o(-) is even and
homogeneous of degree one.

Now differentiating to(¢) = o(t() with respect to ¢t and setting ¢t = 1 we have o(({) =
¢ - Vo (¢). Differentiating this relation with respect to (¥ we obtain ok = 0ck + (¢ - Voer so
¢ - Voer = 0. This implies that (Y D?*0(¢) = 0, D*¢(¢) ¢ = 0.

(2) Using the abbreviation @ for Q((, z) and Q for Q(¢,z —y - () we can write (3.9) as
A —A A
o) = [ w@+ 70 [ Iwie - Qv (3.13)
R RN
Since j(¢,-) is an even function, denoting by (-, -) the L*(R) inner product, we have
3O r g = [ [ £@i6x - Dae)dzdz = G0+ 1. ).
R JR

Differentiating (3.13) with respect to (¥ and using the above identity with f = Q and g = Qcr

we then obtain,

agg) _ /RAa(C)QZQz@dz FW(Q)Qek + (1 — NQe[Q — 5(C) * Qld=
Ak _
+/ aCQ(C) Qzdz + %Q JW)y Q.(¢,z —y - ()dyd= .
R RN

Note that ac(¢) = 2 Zfil a*(; =: 2(AQ)*. Also, the first integral equals, by integration by

parts,
/R Qo (—Ma(O) Qe+ W(Q) — (1= N[F(Q) * Q — Q])dz = 0

by the integral-differential equation for @ = Q((, z). Thus,

do ()
ack

= [ M0 Qs+ 2520 [ It Qu(¢ s~ vy
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Consequently, one more differentiation gives

82

C’“@Cl /{)\ale2 +2MA)* Q.Qc }d= + — / @cl (y)kaz dydz

/ /RN Y (Q.0 — ¥'Q:2] dydz.

Since y*J(y) is an odd function, we have

/ch/ NYEQ. dydz = — /RQZ /RN J(y)kaCz dydz.

Also, integration by parts in z we have

/ Q[ T — 0. dydz = / Q. [ T 0a — 4 O.dyd-.
RN R RN

Substituting the last two identities into the expression of ok we then obtain the second

assertion of the Lemma. This completes the proof. O

3.2.3 A Solvability Condition

For ¢ € RN \ {0}, consider the linear operator £¢ defined by
£56 = Xa(pes + (1= V() # 6~ 6] - M@)o
Lemma 13. Let ¢ € RV \ {0} and Q = Q(¢,+). Then
Q20 £Q=-2MAOQu+ (1= [ T Qulcz—y-Ody (10
In addition, for every m € R and bounded f satisfying f(+00) = 0, the equation
Lo=Fon®  o(ke) =0, o(0)=m
has a unique solution if and only if

/IRQz(C, 2)f(z)dz = 0. (3.15)
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Proof. (1) The first assertion follows by differentiating (3.8) with respect to z and ¢
and using a((¢), = 2A¢ and

0 0

0x@= g [ Iy Ody=ixa- [

. J()yQ-(¢, 2z —y - ()dy.

(2) Since j(¢,-) is even, one can check that £¢ is self-adjoint in the sense that

(L0, ¥) = (o, L) VYo,9 € CF(R).

Also, 0 is an eigenvalue of £¢ with eigenvector Q. (¢, ). Since W”(41) > 0 and Q.(¢,+) >0
on R, one can show that 0 is a simple eigenvalue and the remaining spectrum of £¢ lies on the
half-plane {i € C | Re(p) < —po} for some positive real number gy < min{W"” (1), W”(—1)}.
The assertion then follows from the Fredholm alternative, for which we omit further technical
details. When (3.15) holds, there are infinitely many solutions, each of which can be written
as ¢(z) = ¢sp(2) + ¢Q.((, 2) where ¢ is an arbitrary constant and ¢, is a special solution.
Since @,(¢,0) > 0, when the extra condition ¢(0) = m is imposed, the constant ¢ is uniquely

determined so the solution is unique. O

3.3 SOME DIFFERENTIAL GEOMETRY

In studying free boundary problems, quite often one needs local representations of free
boundaries. Here we briefly present a key technique used in formal asymptotic expansions

from a differential geometry perspective.
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3.3.1 Local Coordinates

Let T' = Upcser(Ty x {t}) C RY x [0,T] be a smooth N-dimensional manifold, where [0, 7]
is time interval of interest. Fixing an arbitrary point on I', we can parameterize I" near that

point by a local chart, denoted by
Xo(s',t) € Ty, s =(s'---, sy e RV,
Fixing an orientation, we denote by n(s’,¢) the unit normal of T'; at X((s',¢) and define
X(s,t) := Xo(s',t) + s"n(s',t), s=(s,s")=(s",---,s") € R,

Then locally = X (s, ) is a diffeomorphism. We denote by s = S(x,t) = (S'(z,t), SN (x,1))
the inverse of x = X (s,t) so that

x = Xo(S' (2,1),t) + SN (x,t) n(S' (2,1),1). (3.16)

3.3.2 Curvature and Normal Velocity

(1) Tt is easy to see that h(x,t) := S¥(x,t) is the signed distance from z to I';. In addition

differentiating the identity (3.16) with respect to = we have

N-—1
X(z)sk + s nzk) S:L'j =+ nlej.
k=1

or' 09X Z(

i _
0 ol

Thus,

N—1
anéw—z n-XOSkjLan-nsk)Sﬁj +n-n5ﬁ=5ﬁ.
k=1

Here we have used the fact that Xy, is a tangent vector of I';, so it is perpendicular to n.
Hence,

VSN (x,t) = n(s,1).

This equation explains that the normal n of the interface, originally defined on I';, can be

extended to a neighborhood of I'; (by constant along normal lines), so that
Vn = Vn(S'(z,t),t) = D*SN (x,1).
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It is easy to see that n is an eigenvector of Vn with eigenvalue zero. Let {n, 7, -+ ,7n_1} be
an orthonormal eigenbasis of Vn with corresponding eigenvalues {0, !, - -+ k¥ ~1}. Restrict-
ing = to the point X,(s,t), the eigenvalues {x!, -, k¥ 1} are called principal curvatures
of I'y at Xo(s',t), and {7, -+ ,7n_1} the corresponding principal directions. It then fol-

lows by the decomposition of a symmetric matrix that
N—1
V(S (2,1),t) |oexos.n= D>S™N (Xo(s', 1), ) = Z K'T @ T (3.17)
i=1

(2) Next differentiating (3.16) with respect to t gives

a N-1
0= _J,' = X()t + Z(Xosk + SNnSk>Sf + nSL{V + SNnt.
ot —

Taking the inner product with n we obtain 0 = Xy, - n + S so that
SN(z,t) = —Xou(s',t) -n(s',t) = —v(Xo(8, 1), 1)

where v(Xo(5',t),t) == Xo(s,t) - n(s', t) is called the normal velocity of I'; at Xy(s', 1) in

the normal direction n(s’,t). Here again, S} (z,t) is constant along the normal lines.

3.3.3 The Stretched Variable

Let ¢ = . be a solution of (3.3) and I := {z | vc(x,t) = 0} be the zero level set of p..

With respect to the e-independent reference manifold I';, we represent I'f locally as
X (8',t) == Xo(s',t) + e H(s', t)n(s',t) €Ty,

where €¢H. admits an expansion eH_(s',t) = ehy(s',t) + €2ho(s',t) + ---. In this context,
ho can be regarded as the unknown Xj,. The location of the interface I'; is then uniquely
determined by the coefficients Xg, hy, ho, - -+, of the asymptotic € power series expansion of
X..

We introduce the stretched variable

N . ' N
= 2oty SN BTN

We call (z,¢',t) the local coordinates in which I' is represented by z = 0.
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Remark 14. In the case u = 0, the phase field equation (3.8) (with X\ = 1) becomes the
well-studied Allen-Cahn equation [18]. It is known that ¢.(x,t) = Q(n.,d.(z,t)/e) + O(&?)
where d-(x,t) is the signed distance from x to the interface IS, with normal n.. This fact
leads to a common practice (e.g. [85]) in which z := d. /e is defined as the stretched variable

and the local variables (§',z,t) are the inverse of
x =X (§,t) + ezn.(3,t).

Comparing with this e-dependent local chart, our chart x = Xo(s',t) + ez + H.(s',t)n(s, 1)
has advantages and disadvantages. The obvious advantage is that s' = S'(x,t) does not
depend on . The disadvantage is that Q(n(s',t), z) is only an O(e) approximation of p.(z,t).
Using
n. = n—eVH.(S(z,1),t)+ O(?),
Qne,2) = Qn,z) —eVH.(s,1) - Qc(n, 2) + O(c?),

we can eliminate this disadvantage by subtracting the quantity eV H.-Q)¢ from our asymptotic

ETPansion.

3.3.4 Smooth Function Expanded in ¢ Power Series

The transformation from (z,s',t) to (z,t) can be expressed as
r=Xo(s't)+e[z+ H(s, 1) n(s,1). (3.18)

A smooth function f(z,t) for x near I'; can be expressed in (z, ¢, t) via the Taylor expansion
e?(z + H.)?
2
where X and H, are short for Xo(s',t) and H.(s',t). In particular,

(

flz,t) = f(Xo,t) +e(z+ H.)(n- V) f(Xo, t) + mMen:VeV)f(Xet)+---

SN(x,t) = —v(Xo, 1), VSN (x,t) = n(s, 1),

SP(x,t) = Sf(Xo,t) + e[z + Ho](n - V)VSFH(Xo, 1) + -+ -
(3.19)
VSH(x,t) = VS*(Xo,t) + e[z + H](n - V)VSH(Xo, 1) + -+ -,

D?S*(z,t) = D2S*(Xy,t) + €[z + H.](n - V)D?S*( X, , t) + - - -

\
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3.3.5 Chain Rule

As a function of (z,t), relevant derivatives of Z defined by the second equation in (3.18) are

Zy = et SN(x,t) — O,H.(S (w,1),1) = —eF v(Xo, 1) — O,H.(5,1),
VZ = e 'n(s,t) — VH.(5,1), D?*Z =& 'Vn — D*H.(5,t).

In the sequel, for a function F(z, s/, t), we shall use V, 9y, and D? to denote the corresponding

partial derivatives with respect to ¢ and x, with 2z considered as a constant:

N—-1

VF<Z7 Sla t) = Fsk <Z7 Sla t)vsk (I, t) ’x:Xo(s’,t)—&-e[z—i—Hs(s’,t)}n(s’,t)7
k=1

~ N-1

0 F(z,8,t) = Fu(z, 8, t)Sf(a:,t) |o=Xotelz+Hln +Fi(2, 5, 1),
k=1
N-1 N-1

DQF(Z, 8/, t) = FskSzVS’“ ® VSZ + Z FSkD?'Sk ’:p:Xo—i-s[z—i-HE}n .

k=1 k=1

Here in the (z,s',t) variable, the expansions in (3.19) are needed for the right-hand side.
When F(z,s',t) does not depend on z, the operators @,@,DQ are identical to d;, V, and

D?, respectively.

Let F(z,8',t) = f(x,t) with x evaluated at © = Xy(s',t) + e[z + H.(s',t)]n(s',t). Then

fil@,t) = —F.(z,8 1) 0(Xo,t) + O H(s;,1)] + 0, F (2,5, 1),
Vi(z,t) = e 'F.(z ¢, t)n(s t) — F.(z, 8, t)\VH.(s',t) + VF(z, 5 1),
D*f(x,t) = e n®n F,,
et {FZVn _F.n®VH.+VH.®n]+[n®VE +VF, & n]}

+D*F — F,D’H. + F,,VH. @ VH. — [VH. ® VF, + VF, ® VH,].
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3.3.6 The Convolution in the Stretched Variable

With f(z,t) = F(z,s,t) where z = Z(x,t) and s’ = S'(z,t) we have

fle—ey,t) = F(Z(x-ey), 5« —ey),b),
SN(x — ey, t) —eH (S (z — Sy,t),t).

Z($_€y7t) =

Using the Taylor’s expansion and VSY = n, D?SY = Vn we derive that

2
Z(x—ey,t):Z(:E,t)—y-n(s’,t)jtz—:y-VHa%—yéﬂ:Vn—%y@y:DzHa+---

Here we keep track of only those O(g?) terms that depend on D?H.. Thus, with z := Z(x,1)

and s’ := S'(x,t) one has

flx—ey,t) = Flz—y-ns,t)—ey-VF(z—y-n,s,t)

2
+F.(z —y-n,st) <5y-VHa+@:Vn—%y®y:D2Ha>+---.

A

Hence, abbreviating F'(z —y - n, s, t) as F, we have

Jox f(z,t) = j(n)*F+€/
R
e?D*H.

2 ’ RN

J(y)({y-VHg—l—@:Vn} Fz—y-@F) dy

yRyL.dy+---.

3.4 ASYMPTOTIC EXPANSION FOR THE PHASE FIELD EQUATION

Let ¢ = ¢. be a solution of (3.3) and I'{ := {x | p.(x,t) = 0} be the zero level set of ..
Let T'; be the limit, as ¢ ™\, 0, of I';. We call I'; the macroscopically observed liquid-solid
interface. We would like to derive macroscopically observable interfacial conditions from the

microscopic model, i.e., the phase field equation (3.3) for p = ¢ (z,1).
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3.4.1 The Expansion

Using the local coordinates (z, ¢, t) introduced in the previous section, we write
ez, 1) = ®(2,5,1) r=Xo(s',t) +elz+ H(s, )] n(s, 1).
Under the local coordinates (z, s, t), the differential equation (3.3) can be written as

0 = Xan)®., —W'(P)+(1-N[j(n)*x®—P|+e{rvd, + uG (D)} (3.20)
+ed: {©.9n — 20, @ VI + 2n 8 VO, }
+e(1 —)\)/ J(y) ([y-VHE—l—@ : Vn] éz—y@é> dy
RN

1—A .
+e? (T@Zatm — D*H. : {/\ACIDZ + —5— yQyd(y)P, dy]) + ...

RN

where v = v(Xo(s',1),t), u = u(T,t)|a=xo(s' ) 4elz+H.(s,0)], D = (2,5, 1), o = O(z—y-n, s, t),

and “ -7 are O(g?) terms that are not relevant to our final conclusion.

We assume the asymptotic expansion

D(z,8,t) ~ Bg(z,8,t) +e®i(z,8,t) +*Py(z,8,t) + -, (3.21)
H.(s',t) ~ hi(s',t) +eha(s,t) +%hs(s',t) + - (3.22)
where ®g, &1, Dy, - -+, hy, he, -, are smooth functions that do not depend on e.

The outer expansion yields the simple solutions ©®***(z:) = +1, so the matching condition
becomes ®(+oo, s',t) = +1. Also, since the zero level set of . = & is characterized by z = 0,

we need ®(0,s',¢) = 0. Hence, we impose

®y(do00, 5, 1) =1,  By(0,s,t) =0, (3.23)

®;(+00,5,t) =0, ®;(0,s,6)=0 Vi=1,---. (3.24)
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3.4.2 The Zeroth Order Expansion

Substituting (3.21) into (3.20), expanding both sides in € powers, and equating the leading

order coeflicients we obtain the equation
Aa(n) @g., + (1 = N)[j(n) * Py — o] — W'(Pg) = 0.
With the boundary conditions in (3.23), the solution is uniquely given by
Doy(z,8,t) = Q(n(s', 1), 2).

Note that V is the partial derivative with respect to = with z regarded as a constant.

Hence

V&, =VQ(n(s,t),z) = Sp; Qee(m, 2)VnF(S'(z,t),t) = 31, VSN Qe = (Vn)Q,
y-Vdy=Vn:yeQ, A:n®@Vdy, =Vn: (An)® Q.. (3.25)

3.4.3 The Default Correction

As mentioned in Remark 14, in the definition 2 = (SV — eH.)/e, the quantity SV (z,t) —
eH(S'(x,t),t) is not exactly the distance function from z to the zero level set, I'f, of ¢ (-, ).
This deficiency leads to certain default first order expansion terms. Here we eliminate them

by expanding the solution as

D(z,5,t) = Qn(s,1),2) —eQc(n(s',t),2) - VH.(s' 1) + e, (3.26)

B(z,8,t) ~ Dy(z,8t) +eby(z, 8 t)+--- . (3.27)

Since Q(¢,0) = 0, we have Q¢(¢,0) = 0. Hence, the boundary condition (3.24) is equivalent

to

~ A

®,(+o0,s',t) =0, ®;(0,s,t)=0 Vi=1,2,---.

~

Abbreviating Q(n(s',t),2) as @ and Q(n(s',t),z —y-n(s,t)) as Q,

VH, - L"Q; = VH. - (—QAnQZZ + (1 - )\)/

RN

T). dy) | (3.28)
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Now substituting (3.26), (3.28), and (3.25) into (3.20) and keeping track of the D?H. term,
we derive that (3.20) is equivalent to

L = 10Q, +uG'(Q) +Vn: B+¢(rQ.0,H. — D*H.: B) + - -- (3.29)
where

—AAQ. + 2 Qu + (1= ) [ 1) {1500~y @c}ay

3.4.4 The First Order Equation

The first order equation of (3.29) reads
— LD = 70(Xo, 1) Q. + u(Xo,t) G'(Q) + Vn(Xy,t) : B

where Xy = Xy(s,t) is a generic point on I';. The solvability condition (3.15) requires that

the following interfacial condition be satisfied on I':

0 = 1v(Xo,1) / Q%dz +u(Xo, 1) / G'(Q)Q.dz + Vn(Xy,1) : / B(z,s,1)Q.dx.
R R

R

Using Lemma 11 and [, G'(Q)Q.dz = G(1) — G(—1) = 1, this condition can be written as
u(Xo,t) + a(n)v(Xo, t) + Vn : D*o(n) =0

where n = n(Xo, 1), a(n) = 7 [, Q.(n, 2)?dz, and Xy, = X(s',t) is a generic point on the
limit interface I';. This is exactly the equation (1.17). Note that if we use (3.17), then we

have

Vn : D?o( Z k' @1 0 Do Z KO (1

Here the direction 7; in the second order directional derivative o,,, is assumed to be constant

in the differentiation. Consequently, the interfacial condition (1.17) can be written as (1.18).

Assume that this interfacial condition is satisfied. Then there is a unique solution 3.
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3.4.5 High Order Expansions

The equation for <i>k+1, k > 1, can be written as
— L2y =7Q.0 hy — VY @V hy, : B—C -V, —C : V'hy @ VY hy, — Dhy — Ey,

where 0F, V', and V¥ @ V! are the restrictions of 9;, V, and D? on T respectively; that is,

N-1

O h(s',t) == hgi(s',1)Si(Xo,t) + (s, 1),
=1
N-1

V(s t) = hyi (s, t)V.S'(Xo, 1),
=1
N—-1 N—-1

V@ VIh(s' t) == haiss (8, 1) VS (X0, t) @ VS (Xo,t) + Y hy(s', 1) D*S (X, 1),

Il
i

i=1

<.

7j

where Xy = Xo(s',t). Also, C.C, D are functions depending only on () and X, whereas
E}, depends only on lower order expansions Py, <i>1, cee <i>k, Xo,hi,- -, hi_1. The solvability

condition (3.15) for @, can be written as
LUh(s'1) = en(s',1) (3.30)
where
L' = am)df — D*c(n): V' @ V' —c(s',t) - VI +d(s,1).

Here one can verify that [, Q.C(z,¢,t)dz = 0, so there is no V'hy ® V' term.

When the matrix D?c(n) is positive definite on the tangent space {7 | 7 L n}, for every
n € SV¥1 (3.30) is a parabolic linear equation defined on the manifold I'. If we impose
appropriate initial and boundary conditions, say, hx(s’,0) = 0 and T'; has no boundary, we
can solve the parabolic equation to obtain a unique hy, from which, we obtain a unique Ci)k+1-

The induction can proceed to arbitrary high order expansions.

We summarize our derivation as follows:

Theorem 15. The solution ¢ = p.(x,t) of (3.3) admits a formal asymptotic expansion only

if the interface condition (1.17) is satisfied on the limit interface.
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Remark 16. In general, hy £ 0. In [27], for the case of A = 1, a special non-linearity of W
and G was selected so that the solution of the resulting system of the phase field equations
gives hy = 0. This means that the zero level set of . is within an O(g?) distance from the

limit interface.

3.5 REPRESENTATIONS OF INTERFACIAL CONDITION IN SPECIAL
CASES

3.5.1 The Two Dimensional Case

In the two dimensional case, we can express the normal as n = (cos 6, sin ) and the tangent
as 7 = (—sin#, cosf). Consequently, using polar coordinates and the homogeneity of o we
can express o as

og(pcost, psind) = pa(0).

Consequently,
Vo(¢) = [oa o] =[cosf sinb]a(0) + [—sinb cosb] 7' (0),
101 2,1 —sinf % o'
D?c(¢) = o oo | [—sinf cosb)] o(6) +5"(6) (9)7
O¢1¢e2 0¢2¢2 cos 6 P

r®7:D%(m) = 1t'D%(n)r =5(0) +5"(0).

Thus, in the 2-dimensional case, Gibbs-Thomson relation can be written as (1.10).

3.5.2 Interfacial Condition Using Distance Function

Let h(z,t) be the signed distance from z to I';, positive in the liquid region and negative in
the solid region. Then h(z,t) = SN(x,t), Vh(z,t) = n, and D?*h = Vn. Also, v = —h;.
Hence, the interfacial condition (1.17) can be expressed as
N
aA(Vh)hy = u+ Y ocics (V) hgiz on I'={h=0}. (3.31)
ij=1

This equation is valid only on T'. Off the set, the governing equation for h is |[Vh| = 1.
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3.5.3 Interfacial Condition Using Level Sets

Suppose the interface I' is represent by the non-degenerate zero level set of a function W, i.e.
[y ={x| Y(z,t) =0} with V¥ -n > 0 on I';. Then there exists a positive function C' such

that in a small neighborhood of

h(z,t) = C(z,t)V(x,t).

Consequently,

hy =CU,+CU, Vh=CVUY+UVC, D?h=CD*V+VCRVV+VIeVC+UDC.

Thus, on I,

|
h=TU=0, Vhe(OVU, C=—.
V|
v, D2y
h, = CU, = D2h = VO ® VY 4+ VU © VO,
t AT vy TVOeVERVEE

Since (3.12) implies that V¥ D20 (n) = 0 and D?*0(n) VI'¥ = 0, we then obtain, on T,

Vn: D?c(n) = D?*h:D%(n)= D : D*0(n) = D

0 W, Sl : Vv
= S ove () 5 (1) = S () =o (o (7))

Finally, recalling that the normal velocity of the interface is given by v = —h, = =¥, /|V V]|,
the interfacial condition (1.17) thus can be written as (1.19). Unlike (3.31), equation (1.19)
can be regarded as valid in the whole space, whose viscosity solutions have been well-studied;

see, for example, Evans-Soner-Souganidis [86] and Chen-Giga-Goto [87].
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3.5.4 A Three Dimensional Example

Assume that the anisotropy is given by, for positive constants a, b, c,

1\2 b 2\2 3\2
o(¢) = M (fq) AT o (¢ YT e R {0,
Then
[2a¢t 2b¢? 2¢¢?] B o
veld) ] I
(2a,2b,2¢) ol = 30
Do(¢) = L2299 59
7(¢) a1 et ®e
2

—icp Hla¢ 0 el @ ¢+ ¢ @ fac” bCec}

Now let h(z,t) = SV (z,t) be the signed distance from z to the interface I';. Then n = Vh
and Vn = D?h. Using n? D*h = (0),xn and D?h n = (0)xx; we obtain

Vn : D*0(n) = 2ah1,0 + 2bhy2ge + 2¢hys,s — (ah?, + bh2 + ch?s)Ah.

The operator on the right-hand side is elliptic for every n = VA € SV~ if and only if

2min{a, b, c} > max{a, b, c}
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3.6 THE WULFF SHAPE—A NUMERICAL EXAMPLE

We consider a special two dimensional case where J is given in polar coordinates by

Jwy) = J0,6) = Jo(r) +beos(nb)l ), v =R tanb=L,

where n is an even positive integer. For n = (cos 6, sin #) we write j(n) and o(n) as j(6) and

7 (0) respectively. Then

j(0,2) = / J (z{cosf,sin @) + ¢(—sin 6, cosb)) dl

[e.e]

= / J(\/z2+€2, 6 + arctan f) ¢
o z
= j(dcosnb, z)

where

jh,z) = 2) 4 hjn(2),
Jo(z) = / Jo(Vz2 + £2)de,

Jn(z) = 2/ J1 (V22 + £2) cos (n arctan {) de.
0 z

As an illustration, we choose the following:

—r? 6 ,3—2r2
(& 7” (&
n=6, Jolr) = T Nilr) = 27
Then
. e , 322" (15 — 18022 4 2402* — 642°)
Jo(2) = —=,  Je(2) = :
Nz 1728v2 7

The function j(h,-) := jo(-) + hjs(-) is shown in Figure 4(a). It is easy to verify that

J(z,y) =0 VY(r,y) eR? <+—= [|§ <1
J(0,2) =j(dcosnb,z) 20 VOe[0,2n],ze R <+  |0] <6.15285---
For each h € [—12,12], we denote by Q(h,-) the solution Q of (3.8) with

(1—ff‘

A =0, j(<7 Z) = j(h7 2)7 W(Q) = 4
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Then (3.8) can be written as
i(h) * Q(h) = Q*(h).
Numerically, we compute the solution by the iteration scheme

Qo(z) = tanh(z), Qi1 = V/Jj(h) * Qx, Q(h,-) = ]}LHOE Qr(+).

The solution Q(h,-) is shown in Figure 4(b). For h € [11,12], we find that Q(h, -) is not
monotonic; this is caused in part by the fact that j(h,-) is not positive when A > 6.15---.

The corresponding surface energy density, plotted in Figure 4(c), is calculated by

o) = [ (W@ -t (@) iz = [ (1-Q'(h) =

r O(h.z)

08

06"

04

0.5 1.0 1.5 2.0

Figure 4: The functions j(h, 2); Q(h, 2); & (h)

Now for fixed §, denoting n = (cos 8, sin ) we have
Q(n, 2) = Q(cos(66),z), o(n)=a(h) = &(0cos(60)).
From the plot of 4(+) in Figure 4(c), we see that
&(h) ~ 0.412062 — 0.00177 h — 0.0000500 /2.

Thus,

Qi
=
X

0.412062 — 0.00177 6 cos(66) — 0.0000500 67 cos?(66),

|
=
2

5[0.0106 + 0.000600 4 cos(66)] sin(66),

|
=
Q

]0.0639 cos(66) + 0.00360 d cos(126)].
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Figure 5: The functions a(#);a(6) + ¢”(0); The Wullf Shapes
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For § = 1,8 and 12, the functions (0) = 6(d cos(66)) and 7(0) + 3" (#) are plotted in Figure
5. Numerically, we find that ¢(6) + &"(0) > 0 for all § € [0, 27] when || < 9.78---.

The Wulff shape is the shape of a solid under the undercooling temperature u = —1.
From (1.10), the Wulff shape can be computed in terms the surface energy density as follows.
Denote the boundary of the Wulff shape by x = X () where 6 € [0,27] and (cos#,sin0) is

the unit normal at X (#). Then, with respect to the arclength parameter s, we have

%—g@—<—sin9 cosG)ﬁ ﬁ—m——l
o ds df ’ do’ ds  &(0)+a"(0)
It then follows that
di—g” — [5(0) + 5”(6)](— sin 6, cosB).

After integration, we obtain the function for the boundary of the Wulff shape:
X(0) =a(0)(cosb, sin) +a'(0)(—sinb, cosb), 6 € [0, 27].

For § = 1,8, 12, the Wulff shapes are given in the third row in Figure 5. When ¢ € [9.79, 12],
the function ¢ + d” is not positive; the corresponding Wulff shape is close to a hexagon with

“ears” at the vertices.
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4.0 A REALISTIC APPLICATION: LENNARD-JONES SYSTEMS

As noted in the introduction chapter, for the surface tension, a common conclusion of all
experimental and computational studies is that regardless of the inter-atomic potential, its
value in the [110] direction is slightly less than the surface tension in the [100] direction.
Furthermore, simulations and some theoretical calculations indicate that surface tensions of
Lennard-Jones systems at the triple temperature is approximately v = 0.37¢/0? where €, 0
are material constants.

Although the explicit approach above that we introduced in the previous chapter takes
the microscopic effects into account, it is not immediately clear how one can use a contin-
uum method to model a system whose particles sit on a discrete lattice. This is a serious
issue, since, the same type of interactions can lead to different surface tension values and
anisotropies in different lattice structures. (Generally the surface tension anisotropy is lower
in systems whose solid phase has a bce structure lattice than for those with fee structure).

Due to the points noted above, in this paper, we pursue a more convenient strategy
that eliminates this difficulty. Instead of using a continuum free energy involving derivatives
of phase field as an approximation to the interaction energy, we shall use the full discrete
Hamiltonian on the actual lattice and derive a discrete equation for equilibrium. We then
solve the resultant equation for the particular case of a planar interface. Once the particular
solution is obtained, it will be used to calculate the surface tension whose definition is
modified to fit the discrete structure.

A method that has recently been popular to study the interfacial properties is the phase
field crystal (PFC) method, a diffuse interface model that takes the crystal structure into
account. The main difference between PFC method and our method is that our potential is

non local where in PFC the free energy consists of local term only.
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4.1 THE DISCRETE PHASE FIELD MODEL

We consider an excess free energy functional of the form.

Flol =7 Y Jx—y)(d(x) = () + > W(g()) (4.1)

z,ye) e

Here z,y are points on the lattice, J is the interaction potential, W is the double well
potential and ¢ is the phase function that takes the constant value 0 in the solid and 1 in
the liquid bulk. The form of the interaction term reflects that it is actually an excess free
energy where the infinite contribution of bulks sides are subtracted out.

It is customary to replace singular entropic potential by a smooth function for theoretical
and computational purposes. In doing so we do not want to suppress its physical effect. So,

we are going to choose a reasonable well depth, (i.e. "a”).

W(¢) = kT(=¢In¢ — (1 —¢)In(1 - ¢))
~ kT(¢ — ¢°)*/a

Next, we look for the extremum of F. Then, by variational argument, we obtain the

following;:

— 171 () + T * ¢(x) = W(g(x)) (4.2)

where
Jx ¢(x) = Z oz —y)J(y)
1T 1= J(x)

e
x#0

Let 2y € Z3 be a point on the lattice and let {z | ¢(zq,t) = 1/2} denote the interface as

a level set. We seek solutions of equation (4.2) of the form
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where x is an arbitrary lattice point in the crystal.

Let e; = \/AQ < 1,1,0 >, es = \/Li < 1,0,1 >, e3 = -+ < 0,1,1 > be the base vectors

V2
of the lattice and ¢ be a vector (with integer valued components such as < 1,1,1 >) that is

normal to the level set of ¢. Then, the equation (4.2) takes the form

0=—1[IJ | P(¢.2)+ > P(C.2—V2y-n)J(y) —W'(P(z))  (4.3)

yeQ

lim P(¢,z) =0, lim P((,2z)=1, P(0)=1/2

Z——00 Z—+00

Our task is then to solve the above ”sum equation” (analogous to the integral equation in
the continuum case). In order to solve this equation for P(j) ( j € Z) we will use the analog
of the auxiliary time iteration (Lemma 9) technique of the previous chapter. However, we
note that the theorem above is proved for the continuum problem. Nevertheless, it suggests
a numerical scheme for the discrete problem that will be used to calculate the eventual phase

profile.

4.2 RESULTS AND DISCUSSIONS

4.2.1 Numerical Solutions

Let us assume that particles interact through Lennard-Jones potential, i.e.,

4g<—§%+(;—fﬁ> it |2|<5d
0if |z |>5d

J(x) =

For simplicity one can take xy = 0. The interface thickness is roughly several atomic
distances long. We generate a portion of the lattice (denoted by 2) using independent base
vectors by i-e1+j-ea+k-e3 where i = —iac...tmaxs ] = —Jmax---Jmax, & = —Kmax---Kmax. S1Nce
the interaction decays with the sixth power of the inverse of the distance, the range of i, j, k

need not be very large. By an easy computation we see that, for 1. = Jmax = Fmax = 6,
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| J ||= 4.279. This value does not change appreciably for greater values of i, j, k. Hence we
choose Tmax = Jmax = Kmax = 10.

In our calculations we scaled the system so that the physical quantities can be written
in terms of the basic parameters of the problem. (e.g. surface tension can be expressed in
terms of £/d* where ”d = 1.090” is the nearest neighbor distancej.

We want to solve equation (4.3) numerically. Using the idea of the lemma, one expects

that, for small values of At and reasonable initial profile (e.g. hyperbolic functions), the

following iterative process converges

fraa(2) = fr(2) + At {= | T || ful2) + > fulz = V2y - n) I (y) (4.4)

L)~ RN ~1/2)/a)

fo(z) = (1 + tanh(2))/2

As noted earlier, for the double well potential, we use a smooth function instead of a
singular one and estimate the value for a so that both functions Wy (z) = —zInz—(1—z)Inz
and Wa(x) = (z — 2%)?/a will be close to each other in some sense. A reasonable choice is
that ”a” be the value for which the functions will be close each other in their average values.
In this case @ ~ 1/15. Another choice can be that the maximum values of the both functions
(which are at © = 1/2) will be close to each other. This approximately gives a ~ 1/11. In
most phase field models ”a” is taken as a phenomenological parameter which is related to
interface thickness in a certain way. Depending on this relation different macroscopic sharp
interface models can be obtained as limiting cases of phase field equations.

We choose At = 0.01, a = 1/15 and imax = Jmax = kmax = 10. Using the scheme above
we truncate the iteration when the maximum of difference between two successive fj, is less
than § = 0.0003. The obtained solution profiles at the triple point 7* = kT'/e = 0.70 in an

fcc lattice are given above in figure-6.
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Figure 6: The discrete phase profile

Based on the solution profile one can roughly estimate the interface thickness. If we
view the points of the lattice where Q(-,z) < 0.1 as ”essentially liquid” and Q(-,z) > 0.9

"essentially solid” then the interface thickness is found to be approximately ”3d” long.

4.2.2 Surface Tension

In this subsection, we modify the definition of the surface tension in a way that will make the
notion meaningful for discrete systems. We shall derive an expression for the surface tension
and in the next subsection we will compute this quantity using a slightly different form of

the interaction potential in order to compare our results with the ones in the literature.

Surface tension is understood through a local interpretation of the free energy. Generally,
it is defined as the excess free energy per unit area. So, given a direction ( in the discrete
lattice, we need to choose a region in which we can calculate the free energy per unit area.

Let us write the total free energy in a more suitable form
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FIo = 5 1171 0@~ 5 3 T~ 9)o@oly) + 3 W((a)

= 1T P2y (45)
will #
_ Z P@Q’Z) Z (ZP(C,Z - ﬂyn)J(y)) + Z ZW(P(QZ))
wilé z yeN will #

where, in the second equality above, the summations are taken over all z (z € Z) and
w (wi L ¢) such that z{ + wi € Q. Notice that, for fixed z, the phase function P((,z) has
constant values on all points x for which V2 - ¢ = z. Then it makes sense to talk about
the plane that contains all such points . Consider now a rectangular region on that plane
in the direction ¢ (see figure 7). We can imagine a tube that goes through the interfacial
region that is formed by moving the rectangle along the —5 , 5 direction. We calculate the
contributions of all the points within that tube to the free energy and divide the result by
the cross sectional area of the same tube. Obviously, the number of the lattice points and
the cross sectional area will change with the geometry of the lattice. Using equation (4.3)
and ignoring the contribution to the free energy near the bulk sides (which is nearly zero for

| 2 |> imax) one can write the following expression for the surface tension

. . '\\“ *
-
. . . /’._7¢ :2
y—
- 9 :1 o‘
.
o / / . .\\1
/ L

Figure 7: Cross sectional areaa for (100) and (110) planes
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Zxﬁ 2=—lmax---imax W(P(C7Z>> - W/(P<<7Z))P(<7Z)/2

7(() x_intersects the tube
Cross area of the tube

As an illustration, for the potential defined in [49], we find the surface tension for ¢; =
[100] at the triple point as follows:

Define f(¢, z) := W(P(¢, z)) — W/(P(C, 2))P(C, 2)/2. Let the points x satisfying x - (; =
z = 0 denote the interface plane. Then, we observe that (figure 7-a), for z = even, the site
in the center of the brown square lies completely inside the tube and the four other sites on
the corners are shared by four squares (including the brown square). On the other hand, for
z = odd, each of the four sites touching the tube is sitting on one side of the brown square

and each of them is shared by two squares. Hence the surface tension can be written as

Y e imax ] (C1, 2) +4f (1, 2) /4 + Zzzfimxd.d.imax 4f(C1,2)/2

_ z even z o 4.6
Zz:—imax...imax f(Ch Z)
= -
A similar argument can be used for the surface tension in (; = [110] direction. We see

from figure 7-b that, for z = even, the site in the center of brown rectangle is completely
inside the tube. However, for z = odd, there are four sites sitting at the corners of the brown
rectangle each of which is shared by four rectangles. Hence, the surface tension in the (,

direction is given by

St F(6202) + ot s A (G )/

1G) = =2 e (4.7

o Zzzfimax...imax f(€27 Z)
= \/§d2

Using the numerical solutions for P((, z) and P((, 2), one finds the surface tension values

as

Y(¢1) = 1.738 ¢/d? (4.8)
Y(G) = 1.695 ¢/d?
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4.2.3 Anisotropy of the Solid-Liquid Interface

The calculated values above are the surface tension for the solid-gas interface. However, one
can find the value of the solid-liquid interface using the argument that the surface tension

must be proportional to the latent heat (the "broken bond” argument), i.e.,

Vsolid—liquid ™ Lsolidfliquid (49)

Viiguid—gas ™ Lliquid—gas

Then we have Ysoiid—gas = Vsolid—liquid T Viiquid—gas- Also, assuming that 7yiquid—gas 1S isotropic,

we can write

Ll' .

o _ _avg iquid—gas

Tiquid—gas = rysolidfgasL J7 (410)
solid—liquid+ liquid—gas

. The ratio Lliquidfgas/(Lsolidfliquid + Lliquidfgas% for Lennard-

where ,yavg _ ’Y(Cl);’Y(Q)

solid—gas ~—

Jones systems, is characteristic (with the exception of He where the quantum effects become
more dominant) and approximately equal to 0.847. For instance, for the 8A Group elements
Argon, Krypton and Xenon, this ratio is 0.845, 0.847, 0.848 respectively. Hence, we find

Viiquid—gas = 1.716 €/ d?. Then, the solid-liquid surface tension values are found as

00 = 0.284 £/d* = 0.217¢ /o (4.11)

Y110 = 0.241 £/d* = 0.184¢ /o*

The anisotropy is traditionally defined to be the relative ratio of the surface tension

values, i.e.,
5 = 7100 — Y110

avg
’ysolidfliquid

Comparing our results with values in the literature, we see that the values obtained in
recent simulations (see Ruslan & Davidchack (RD) [49] and Morris & Song (MS) [53]) with
a modified Lennard-Jones potential at the temperature T* = 0.62 are relatively higher than
our results (see Table-1).

Earlier simulations of Broughton and Gilmer (BG) [46] predicted value of the surface

tension also in the same order of magnitude but the sign of the anisotropy was negative. It
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Table 1: Surface Tension Values

Table 1 Our work MS RD BG

7100 0.217 0.369 0.371 0.34
1o 0.184 0.361 0.360 0.36
2% 16% 22% 3%  5.7%

became an issue for some time to estimate the correct sign. The recent simulations support
the reverse order. Our calculation at the triple point also predicts the same ordering with
the recent simulations [49], [53], i.e., Y100 > Y110- A list of the old and new results is shown
in Table-1.

From the table, it is seen that, the absolute value of the surface tension values are about
half of the values obtained by the simulations. This discrepancy could be attributed to
imprecise estimation of the depth of the double well potential W. As mentioned earlier,
one may choose to treat ”a” as variable and match the results with values of other works.
Nevertheless, the fact that even such a crude estimate can produce reasonably close values

is an indication of the model’s ability to capture the essential physics.
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5.0 CONCLUSION

In this thesis, we pursued the problem of anisotropy from two different perspectives using
a diffuse interface approach. Our concern was to develop a semi-microscopic method that
would do both confirm the existing sharp interface results and enable us to calculate the
physically important properties of real systems.

The first chapter was intended to be a historical review of the developments in the field
bringing the story to this date. The concepts and references that were cited are the ones
which we found to be more relevant to the theme of this thesis.

In the second chapter, we followed the path of [20], [21] deriving higher order approxima-
tions to the free energy in order to improve the existing models. By this way, we were able
to obtain the celebrated Herring’s condition in the sharp interface limit. The technique also
gave some insight on why one needed the extra terms in the free energy for the inclusion of
anisotropy into the model. Hence we believe that the generalized formulation considerably
resolves the skepticism against a single order parameter models ”to be a realistic description
of underlying physics”.

However, there are still analytical issues that need to be solved with this approach.
The mathematical problem involves proving the existence and uniqueness of the phase field
equation which may be challenging. Even for the stationary problem, i.e., the corresponding
ordinary differential equation, it is not a easy task to handle. Another remaining issue in the
same problem is the analysis of numerical solutions. Especially for the ordinary differential
equation, the author is investigating the usability of interpolation methods in this regard.

The third chapter handled the problem of anisotropy in a more direct way also aiming at
getting a semi-microscopic description. In the past, there have been attempts with a similar

intention using a probabilistic approach [71], [75], [72], [73], [74]. The main difference between
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our work and the theirs is that we focussed on obtaining macroscopic interfacial condition
starting from a mesoscopic model rather than considering purely microscopic dynamics with

their probabilistic limits.

There are a number of nice things that come for free with approach of Chapter 3. First
and foremost, it is a physically exact model in the sense that no approximation are introduced
for the interaction Hamiltonian. Secondly, the existence and uniqueness of solutions were
already proven [80]. Thirdly, the results are valid in arbitrary dimensions. Therefore dyanmic
extensions of this method can be used to model crystal growth and grain boundary motion
and the results can be compared with those obtained by other methods [68]. The method
also helps to see the connection between the Hoffman-Cahn capillarity vector formulation
of interfaces within the context of phase field models, that is, the gradient of the interfacial

free energy density function yields the & — vector.

Chapter 4 was concerned with putting these ideas into practice by calculating the certain
physical quantities for a Lennard-Jones system. The virtue of the technique was its suitability
to the discrete lattice structure which is the origin of anisotropy. Our aim in this chapter was
to get realistic results that can be tested by computer simulations or experiments. We used
a modified discrete phase field equation and solved it to find the interfacial free energy of the
solid-vapour interface. We were able to calculate the 7 in [100] and [110] directions. However
calculating v for [111] requires more care and is not a immediately obvious. Nevertheless,
the two directions is enough to make an estimate of the anisotropy. It was found that the
surface tension in the [100] direction was greater in value than the surface tension in the
[110] direction which is in agreement with recent simulations. However, the ablsoute values
obtained were somewhat lower than the ones in the literature.

In the literature there exist other diffuse interface models which take the discrete struc-
ture of the solid into account such as phase field crystal models (PFC). The main difference
between our model and PFC is that our interaction potential is non-local where as in PFC
the free energy consists of local terms only. Another nice feature of our method is its flexi-
bility. For different kinds of materials one can essentially repeat the same procedure just by

changing the interaction potential.

A future goal that the author is willing to undertake is to apply the formalism to a broader

87



set of physical phenomena. To do that, one needs to understand the physical ingredients of
the new phenomena that is under study and cast it to the framework of phase field model.
One such problem involves the interface properties of alloys. Using the techniques that was
developed in this thesis, one can determine the interfacial conditions and interfacial free

energy of alloys.
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6.0 APPENDIX

Here, we derive, for an arbitrary dimension, the interfacial condition of isotropic systems
with with the approach of Chapter 2.

We begin our task by parametrizing the n dimensional sphere:

xr1 =rcosb (A.5)
Lo = 1 sin by cos b,

x3 = rsin #; sin 0y cos 63

Tp_1 = rsinf;sinby...sinb,,_ocosb,_;

T, =1rsinf;sinb,...sind,,_, cosb,,.

This parametrization has the volume element
n—2
| di |= "' sin" 2 0, sin™ % 02.. sin 0,,_ydrdf, ..db,_, = " ‘dr H sin" "1 6,de;. (A.6)

i=1

Define (with 7 integrated over (0, Rw) , 61 over (0,27), 6a, ..., 60, over (0,7) )

1
A 2 2 == . e 2k 3 2ko
(m, 2ky, ..., 2ky,) (2]{1)!@]{2)!”(2]{”)!/ /(rcos@l) (rsin 6, cos 0y)

« .. (rsinfy..sin 6, 5 cos Hn_l)%"‘l (A.7)

n—2
- (rsinf...sin6,_1)*" {dr [[sin" Gid@} .

i=1
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In n—dimensional space, the Hamiltonian will have sums such as

Ry = > A(m, 2ky, ..., 2k,) (D} D43..Dkn ) . (A.8)

2k14+2ko+..+2kn=2m

Now, we rearrange equation (A.7). We first split the sums as:
2]{31,”:277/ 2k1+2k27n:2n 2k2+2k23’n=2k27n 2kn—2+2kn—1,n:2kn—2,n

After this splitting, starting from the last sum, we will handle the coupled angular integrals

and the summations one by one, yielding

o= D> D> (A.10)

2k1,n=2n 2k14-2k2 =20 2ko+2k3 n=2k2 n

> / i Sl l)dQn Lafraln

%142k =2kn 1.0 (2k,-1)'(2ky)!

where the last term is sorted by comparison with equations (A.7) and (A.8). The calculation

of the integral follows exactly the same way as in 2d (Proposition 1 of Section 3). Define:

(cosn=10, _1)(sin®*-10,_;) kn—1
fai - IH%:_%H N / (2 1)!(2k)! Dnryra
T aknaﬁn 1
(k- 1)l %y, 1+g22kn - Fin—1 !
— 9—2kn1n m (@) tm. (A.11)

(knfl,n)!(anfl,n)!!

Similarly we define f, o

™ kn—2
fn—2 = Z / M(Coszk"72 9n_2)(sin2k"*1’"“ en_g)fn_l. (A].Z)
0

!
an*2+kn71,n:2kn—2,n (2kn_2)

We put f,,_1 in the above expression for f,,_» so that
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s 1 .
fn—2 = Z /0 dem(cos%"*? en_g)(Sll’lyf"*l’"J’_l 871—2)

2](;,171 +kn:2kn71,n

1 1
. _k’nfl,n k;n knfl,n
|:2 (2kn—1 n)” (kn—l n)!an72(an_1’n) :| ’ (Al?’)
Using Proposition 2 (Section 3) we have
K
fn—o = 9 kn—2.n 1 Z an—22 (an—l,n)kn_l’"
S I | ,
ko2t DNy, S kgl Kol
2

—= 27]6”—2,% m 1 (a/n727n>kn_2’n

(2kn—np + D k!

Proposition 17. The f ,_; term is given by

7l 1
(2kp—jn +7— D k!

foy = 27 ()i (A.14)

where n denotes the dimension.

Proof. We use induction on 7 and note that the 7 = 1 and j = 2 cases have already been

established above. Since the “f” terms are defined recursively we have

Ay j)fn=i
o= % [ o) (A15)

an7j+knfj+1:2k‘nfj,n

: (Sin2kn7j+1’n+j71 enfj)fnfj#l (knfjJrl,n)d@nfj .

Suppose by the induction hypothesis, the statement is true for the f,_;;1 term. We use it

in the definition of f,,_; to obtain

T (a'n— A)knfj - o il
b= fer— -+ Z k /0 W(COSQ 7 O _j) (sinn=in 710, )
2kn—jthn—j+1=2kn—jn
it 9—Fn—jt+in .
. I L S I A 16
P T S TIC ) g (A.16)

91



Once again using the identities for the angular integration, we have

fos = > m(an—5)* 7 (2kn—js1n +5 — 2)!
' 2kn—j+kn—j+1=2kn—j.n (Qk:n_‘j)! (an—j,n - 1)”

Wj_l(zkn_j — 1)” Z_kn—j+1,n ( )

. - an_ . n
(2kn—j+l,n +J— 2)” (kn—j+1,n)! .

it (A.17)

After considerable calculations, we are left with a simple binomial expansion

(2hin_jm +J — D (kip_jn)!

Z (kn—jﬂ’b)' (an_]‘)kn*j (an_j+1’n)kn*j+l,n

A . |
2kn—jtkn—j+1=2kn—jn ! (kn_])' (kn_]-i_l’n).

fn—j — 2_kn7j,n

Taking the sum we arrive at our conclusion, (A.14), and the proof is complete. ]

In n dimensions, the Hamiltonian has n — 1 summations of the type shown above. The
only difference will be that the last integration will have limits 0 to 27. Therefore there will
be an extra factor of 2. Apart from that, the last sum can be easily evaluated using the

Proposition. The result will yield R,,. Since k1, = m and a1, = > D;; = A, we have

2 (ay )R
(2k1n +1n —2)!M(kyp)!

1 T a

Rm - fn—l - 27k17n

(A.18)

s
~ 2L (2m 4+ n — 2)!Im!
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