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Coarse graining for the phase-field model of fast phase transitions
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Fast phase transitions under lack of local thermalization between successive elementary steps of the physical
process are treated analytically. Non-Markovian master equations are derived for fast processes, which do not
have enough time to reach energy or momentum thermalization during rapid phase change or freezing of a highly
nonequilibrium system. These master equations provide a further physical basis for evolution and transport
equations of the phase-field model used previously in the analyses of fast phase transitions.
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I. INTRODUCTION

The phase-field model presents a useful and elegant tool
for analysis of various free-boundary problems. A main idea
of the model is to describe the dynamics of a system by
conserved or nonconserved field variables, which change
steeply but continuously differentiable in an interfacial region
of finite width (diffuse interface) between transforming and
final phases. The evolution of this field is obtained from
the formalism of irreversible thermodynamics that makes the
model flexible for the analysis and numerical modeling of
various problems in materials physics, from solidification
phenomena up to pattern formation in colloidal solutions [1].

To have a robust base for equations of motion a coarse-
graining procedure is used in free-boundary problems. This
procedure consists of dividing a system into mesoscopic cells
and writing kinetic equations for the evolution of the atomic
configurations in a cell. Normally, a special assumption is
applied about a local equilibrium or full energetic thermal-
ization in every cell at the characteristic time scale of the
microstructure evolution. As an example, this procedure leads
to a mesoscopic master equation where the driving force is
derived from a coarse-grained free-energy functional of the
Ginzburg-Landau type [2-5].

Several useful advances of the coarse-graining procedure
were made for the phase-field equations, which describe
the dynamics of local equilibrium systems. For instance,
application of coarse-graining in time to the microscopic
density field of molecular-dynamics simulations leads to the
phase-field crystal model [6]. Moreover, a complete coarse-
grained derivation of a phase-field model for precipitation and
phase separation was presented by Bronchart ef al. [7]. Their
derivation leads to a mesoscopic nonlinear Fokker-Planck
equation finally equivalent to a Cahn-Hilliard equation with
noise and with definite expressions for the mobilities and the
moments of the noise. Using the coarse-graining procedure in
the phase-field theory allows for the obtention of a mesoscopic
free energy to model properties of materials [8] or even
nonequilibrium effects, such as solute trapping by a rapidly
moving interface [9].
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For a high driving force of phase transformation, fast phase
transitions can be initiated, in which the phase boundaries
move with velocities comparable with the atomic diffusion
speed or with the speed of local structural relaxation [10].
Examples of such motion or transitions are known in trans-
port of non-Newtonian fluids, viscoelastic bodies, rapidly
solidifying alloys and systems, materials deeply quenched
into the spinodal region, and, more generally, systems with
memory [11,12]. Considering microscopic accessible states of
particles (atoms or molecules), one should accept the absence
of local equilibrium in fast phase transitions because the
particles do not have enough time to sample all the phase
space. The number of microstates accessible to each of them
will be lower than in equilibrium; therefore, a local equilibrium
hypothesis fails. Phenomenologically, fast phase transitions
are described using memory kernels, which, in a simplest case
of their exponential relaxation, provide a system of hyperbolic
partial differential equations for dynamics of interface motion
and transport of matter [13,14].

In this paper we generalize the analysis of Bronchart
et al. [7] to fast phase transitions described by the phase-field
model. One of the remarkable features of fast transitions is
that the system lacks sufficient time for local thermalization
between consecutive elementary steps of the process. We
shall consider two different situations, namely, a lack of
thermalization in the local energy distribution and in the
local momentum distribution. Both these situations lead to
non-Markovian processes, which in some conditions may be
described at the mesoscopic level by means of a hyperbolic
differential equation for a conserved parameter, the particle
concentration. These derivations provide an explicit physical
basis to the previous analysis of fast phase transitions using
such hyperbolic equations that give satisfactory information
for the short-time dynamics of processes such as the initial
stages of spinodal decomposition, rapid solidification, etc., as
well as for long-time dynamics [14].

The paper is organized as follows. Section II describes
the system being considered. In Sec. III, a non-Markovian
master equation is derived for fast phase transitions, which do
not have enough time to thermalize the energy distribution.
Atomic transport in phase transitions for systems with inertia,
lacking time for momentum thermalization, is described in
Sec. IV. The corresponding non-Markovian master equation
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is derived for analysis of very short periods of transitions (at the
absence of momentum thermalization) as well as transitions
under local thermodynamic equilibrium (upon momentum
thermalization). Finally, Sec. V presents a discussion of the
obtained results together with outcomes of the present work.

II. MARKOVIAN MASTER EQUATION
AND DESCRIPTION OF THE SYSTEM

The system being considered is an alloy composed of A
and B atoms in a line or a regular lattice. An instantaneous
configuration of the alloy at a microscopic level is given
by C=(pi...pi...pj...pn), pi being the probability of
occupancy of an atom B to the site i, and 1 — p; the probability
of occupancy of an atom A to the site i. A configuration of the
alloy evolves by the following master equation [5,7]:

IPC.H)  + y y
— = 2 WC.oPC

iJj

X
— > W(E.CYHPC.1). (1)
i
Here, P(C,t) is the probability distribution of finding con-
figuration C at time ¢, W(C,C") is the transition rate from
configurations C to C"/, where C” is a configuration identical
to C, except that atoms at sites i and j have been mutually
exchanged. The stars in the sums mean that Eq. (1) is restricted
to first-neighbor exchanges.

The authors of Ref. [7] assumed that the time scale between
successive atom exchanges, let us say the time fj, is long
enough for thermalization of the system after the exchange.
Namely, assume that in the jump at time ¢, a particle A
previously at site j arrives to site i and a particle B previously
at site i arrives at site j. Before the next jump, the system
has time enough to thermalize in such a way that the energy
probability distribution feq at sites 7 and j is the canonical one,
namely,

feq < [ f2  ocexp {B[RAC) + RE(©)]). (2)

where 8 = (kgT)~' is the Boltzmann factor with the tem-
perature T and the Boltzmann constant kg, hiA(C) is the
interaction energy between site i and the rest of the system
in configuration C when site i is occupied by an atom A.
An analogous definition is true for h? (C). The hypothesis
about full thermalization has been used in Ref. [7] to set the
expression for the transition rates as

W(C,C7) o 0'8(p)d(p; — 1) feq
=0'8(p)d(p; — Dexp {B[RAC) +hE©O]}. )

with 0" =0 exp[—2BE;], 6 being a characteristic attempt
frequency, and E; the energy of the barrier that particles must
surpass for the jump exchange of atoms between sites i and
J to take place, and §(p;) are the Kronecker deltas related
to the presence of A in i and B in j. Equation (3) has been
used to describe precipitation in a binary mixture, where the
process from a well-mixed initial state to a two-phase final
state with components A and B forming two different regions
takes place [7].
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III. MASTER EQUATION IN THE LACK
OF ENERGY THERMALIZATION

Our aim is to generalize the idea about coarse-grained
derivation presented in Ref. [7] to fast phase transitions
[14]. The main feature characterizing a fast transition in the
present content is that the time 7y elapsed between successive
elementary steps of the physical process is not long enough
to allow for a true thermalization of the system. Therefore,
first, we consider the lack of energy thermalization for the
elementary steps characterizing particle exchanges between
sites 7 and j.

To describe the degree of thermalization we need an
evolution equation for the local probability distribution (f)
of energy. Here, for the sake of simplicity, we will consider
the simplest relaxation time approximation:

aof 1

E = _;(f - feq)a (4)

with 7 the relaxation time characterizing the local thermal-
ization of the energy, and fq the corresponding equilibrium
distribution function. In Eq. (4) we refer to f.q in general terms,
namely, not directly referring to our system but rather to the
generic expression of the usual relaxation-time approximation
for the distribution function. In our system, for instance, Eq. (4)
would apply to f;, the energy distribution function at each ith
site.

Thus, one has two microscopic characteristic times: the
time #;, between successive particle jumps and the local
thermalization time 7. A slow transition occurs for ¢y > 7 and
fast transitions correspond to g & t orfy < t. For the diffusion
process, this situation is considered in details in Ref. [15].

A. Evolution of the alloy’s configuration

In the situation analyzed by Bronchart et al. [7], the energy
distribution ( f) of the system after a time ¢, following a jump
of a particle A from j to i and of a particle B from i to j will
be, according to Eq. (4),

[ fl-Aij o {exp [BRAO][1 — exp (—to/7a,)]
+ exp [Bh4(C)] exp(—to [ 7a,)}
x {exp [BhZ(O)][1 — exp (—10/75,)]
+exp[BhiO]exp (=t0/78)}, )

where 74, and tp,; are the respective thermalization times
of the system after the particle A (or B) arrives at site i (or
J), respectively. The times t4 and tp play the role of T from
Eq. (4), but refer to the distribution functions of particles A and
B, respectively. For notational simplicity, we assume that this
relaxation time is independent of the site i or j, but in general
it could also depend on the site. Obviously, when 7y > 74 and
to > 1, Eq. (5) simply reduces to Eq. (2).

The distribution function Eq. (5) leads to a new type of the
master equation which, in fact, will be non-Markovian. This
could be seen from the following argumentation.

Equation (5) takes explicitly into account that the energy
distribution function of particle A (respectively, particle of
B-sort) for times ¢ not much longer than #, is not yet the
Boltzmann equilibrium distribution function for A at its final
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site i. The distribution function Eq. (5) tends to the equilibrium
distribution exponentially [see the first term in the right-hand
side of the first line of Eq. (5)], while it is “forgetting”
exponentially the initial distribution function it had at site
J [see the second term in the right-hand side of Eq. (5)].
Analogously, this is true for particle B [see the third and
fourth lines of Eq. (5)]. In the following step, at t = 2¢,, the
distribution function for A at the initial site of the second step
will no longer be the Boltzmann distribution function at that
site, but the expression given by the first and second lines of the
right-hand side of Eq. (5), and so on (and analogously for B,
of course). Thus, the actual distribution function f at any time
t will be a complicated expression of the history of the system
between the initial time (say, 0 or ¢') and the actual considered
time ¢. In steady-state systems, the history will depend only
on ¢t — t’, but not on the particular initial time ¢'.

Nonequilibrium distribution Eq. (5) assumes that the initial
state before the first jump exchange was a state of full
equilibrium. This will not be the case after successive jumps.
As this takes place, the transition rates Eq. (3) should use,
instead of f¢q given by Eq. (2), the actual distribution function
f as given by Eq. (5). Since f in Eq. (5) depends not only on ¢
but it is in general a complicated function of ¢t — ¢’ (# being the
initial time of the whole process), Eq. (1) with instantaneous
transition rates depending only on the considered instant 7, will
become a generalized master equation with memory kernels
dependent on ¢t — ¢'. Hence, Eq. (1) takes the following generic
form:

dP(C,1)
ot

* t
= Z / W(CY,C,t —t)YP(CY,¢")dt'
ij 70
— Z/ W(C,Cl,t —tP(C,tdt. (6)
ij 70

In Eq. (6) we have taken the integration limits from O to
t, because we assume that the process begins at t = 0. An
alternative extreme possibility that is also often adopted would
have been to assume that the process began at t = —oo. Since,
in fact, the relaxation times are relatively short compared to
macroscopic observation times, these different expressions are
essentially equivalent.

The generalized master Eq. (6) is analogous to well-known
equations with memory as, for instance, the Mori functional
equation (see Ref. [16] and Chapter 7 in Ref. [12]). The
memory kernels W(C",C,t — ') and W(C,C,t —t') govern
the current evolution of the alloy’s configuration through its
pastrelaxation of local states. For instance, in the case when the
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time 7y between successive steps is smaller than the relaxation
times 74 and tp, Eq. (5) for t — ¢’ = ngty (no being the number
of time steps of the system) would have the form

[ —1) ocexp [Bh}(C)] exp(—noto/Ta)
X exp [/ShiB(C)] exp(—noto/TB).

In doing so, the_ .corresponding transition kernels W(C,C",
t —t") and W(CY,C,t —t') would also have an exponential
formint —t':

W(CY,C.t — 1) =17 'Wo(CY,C)exp[—(r — 1)/T].
In this exponential case, the master Eq. (6) becomes

2
JPPECH | OPE)

a2 ot
=Y Wo(CY,OPCY.t) =) WoC.CHPC.0). (7)
i,j iJ

Equation (7) describes the evolution of probability for the
whole configuration of the alloy. This equation represents
the simplest non-Markovian generalization of Eq. (1). One
should especially note that the alloy’s configuration may
strongly depend on the memory kernels W(C"/,C,t —t') and
W(C,C",t —t') in Eq. (6). This is shown in consideration of
the concentration evolution described in the next section (see
Table I). As such, to describe realistic systems undergoing fast
transition, the choice of the memory kernels for the concrete
dynamics of conserved and nonconserved phase-field variables
should be microscopically motivated.

B. Coarse-grained concentration

Using the arguments and coarse-graining procedure of
Bronchart et al. [7], we now derive one of variants of the
phase-field models for the system described by Eq. (6). In
particular, we derive the phase-field for the phase separation
with the diffusive interface, i.e., the Model B by classification
of Hohenberg and Halperin [17].

Let us divide the system into cells of linear size d and
assume that N; = (d/a)? is the number of sites in each cell,
where a is the characteristic distance between sites. Further,
we define mesoscopic configuration C = (c;...c,...) with
¢n = N;'Y,., pi the average concentration of B atoms in
cell n. The diffusion transport equation for &, which has been
analyzed in the literature [5,7], may be generalized by taking
into account the evolution prehistory and memory effects as

TABLE I. Memory kernels for different types of relaxation to local states with thermalization.

Type of the local relaxation dynamics

Memory kernel £,,,,(C,t — t')

Dissipative propagation
Wave propagation
Exponential relaxation
Dissipation with relaxation

Exponential relaxation with oscillations

LD C. 8¢ — 1)

£,m(C,0) = const
1O C.1)exp (—=L)

D@08 — 1)+ T Q1) exp (—=0)
O (C.1) exp (— 1) cos[Qt — 1')]

nm
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follows:

dca(t) ﬁa2 &

2 / dt' {l,m(C.t — 1))

X [/Lm(cv[ ) — /Ln(C,t N} +&£.(1), ®)

where n and m are adjacent cells. Here the average chemical
potentials p,, within cell n are given by

1.(C) = g£(C) — g (), 9)
with the functions
g1 (©) = (BN Y In{8[pi(O)lexp[Bh(O)])s

ien

i (10)
g2 (€)= (BN)™" Y In(8[pi(C) — Lexp [BRF(C)]) ¢

ien
having the following transition kernels €,,,,
Enm(CNat - t/) =0 ,CXP(O SIBgn m)
gom =g C.)+ &7 (C.0) + g5, (C.1") + g (C.1).

(11)
The noise &,(¢) in Eq. (8) is characterized by
, 2 a2 & ~ ,
606 = - 7 ;znp«:,t —1),
) (12)
(En()Em(1)) = N, ﬁﬁnm(cvt —1).

Without memory effects, the function £,,,(C,t — t') from
Eq. (12) is a §-correlated function in time, i.e., Lam(Cit — 1) =
L C.)8( — ") [7]. In the presence of memory effects,
the chemical potential Eqgs. (9) and (10) should correspond
to a nonequilibrated system in such a way that g; 4C) is
related to the expression exp [,BhA(C) 1 —exp(—to/Ta)l +
exp [,BhA(C)] exp (—#y/ta), which is commented on in Eq. (5).
Further detalls of noise modifications arising from the fast
character of transitions is given through the example of phase
separation by the spinodal mechanism in Ref. [18].

The memory kernels Lum(C,t —1t') in Eq. (8) characterize
the type and intensity of relaxation to local thermalization.
Table I shows various types of relaxation by the memory
kernels. First, by choosing the memory kernel of the form
of & function (see the first line in Table I) pure diffusive
dynamics takes place [as is given by Eq. (1)]. Second, if
the memory kernel is given by the constant value (see the
second kernel in Table I), undamped waves will propagate in
the alloy’s concentration. Third, for the exponential relaxation
to local thermalization (see the third kernel in Table I, which
is given by the so-called Maxwell’s relaxation function),
the concentration evolves through the diffusive and wave
mechanisms. This evolution is given by the “telegrapher”
equation, which predicts damped wave propagation by the
hyperbolic differential equations. Fourth, when the memory
is set by a more complicated kernel, namely, by the sum
of §-like and exponential functions (see the fourth line in
Table I, which is given by the so-called Jeffreys relaxation
function), the relaxation proceeds by damped waves together
with gradient’s temporal relaxation of the chemical potential

PHYSICAL REVIEW E 88, 042151 (2013)

(see Ref. [19] for the concrete equation of fast transitions).
Finally, fifth, by setting the memory kernel as the exponential
relaxation with oscillations having the frequency 2 (see
the fifth kernel in Table I), one can analyze the alloy’s
configuration by the equation with the third time derivative
as well as including all the above mentioned processes (i.e.,
with damped waves and with the gradient’s temporal relaxation
of the chemical potential). It should be noted that the inclusion
of memory effects (excluding, of course, the §-like function
from Table I) can essentially delay the concentration evolution
and, therefore, the time for the system to thermalize might not
suffice prior to the start of the fast phase transition.

In the particular case of the exponential memory kernel,

Lam(Cot — 1) =770 (C,t)exp [—(t — t')/7] (see the third
kernel in Table I), we may rewrite Eq. (8) as
Cn(t) dc, (1)
012 ot
,3612 (n)

= 23533,(6 OlpnC.1) — GO+ EX1),  (13)

where the noise term &, (¢) is characterized by

a2 (n) o PR
EOEW) = - dzZz (Ct)exp( . )
(14)
* YN 1) _l‘—t’
608N = - dzﬂnm(C,t)exp< v >

Equation (13) describes the evolution of the coarse-grained
concentration of the second component of the binary mixture.
Introducing the memory effects and obtaining the hyperbolic
Eq. (13) leads to the exponential temporal correlation of the
noise as predicted by Eq. (14). Therefore, internal stochastic
process influence the fast phase transitions in the form of
colored noise but not in the form of é-correlated or “white
thermodynamic” noise (see also analysis in Ref. [18]).

An explicit form of the chemical potential from Eq. (13)
can be written with the definition of the free energy. In
fact, Bronchart et al. [7] find that the shape of the chemical
potentials u, appearing in Eq. (13) depend significantly on the
size of the coarse-graining cell d in such a way that there is not
a well-defined univocal continuum limit to the coarse graining
procedure. Here, following previous studies [5,7], we consider
the free energy in the form of the discrete Ginzburg-Landau
functional

F(T,pi;d) =) f(T.p;;d)

€(T,cp;d)
+ = ;(mb -p), (19
where the free-energy density f and stiffness € are written
explicitly in such a way that these mesoscopic quantities
depend on the cell size d and summation over b means a
sum over all nearest-neighbor sites. For example, the present
coarse-graining procedure introduces the stiffness,
€an(T,cp;d) + epp(T,cp3d)

= - T1 n;d ’
€ 2 €ap(T,cp;d)
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as the d-dependent energetic parameter of the free-energy
Eq. (15) with €44, €pp, and €sp being the interaction
energies between pairs A — A, B — B,and A — B (or B — A),
respectively. In fact, we assume here that the interaction
between A atoms (or B atoms) exists also for different cells,
making some average on their separations, which change with
the cell size d.

It was additionally observed by Bronchart et al. [7] that in
spite of the fact that free energies, mobilities, and intensity of
noise depend on the coarse-graining size d, three simulations
carried out by them on the problem of precipitation in binary
mixture (with values d/a = 6, 8, 10) yield approximately the
same qualitative results for the volume fraction of precipitate
as a function of time. Thus, the overall method proposed in
Ref. [7] leads from the practical point of view to a consistent
macroscopic formalism roughly independent on d.

The expression for the effective macroscopic (d-
independent) free energy will depend on the system and
the situation at hand. In particular, in our previous analyses
[12,18,22], we have used an effective free-energy density of

the form
Z€AA Z€BB -
T’ i) = — ;
S (T, pi) > 5 Pi

+B7 (1= p)In(l — p)+ pilnp],  (16)

where z is the coordination number of the lattice. Equation (16)
is suitable in the limit d — a, i.e., when d has the minimum
possible value, which is not strictly zero but is equal to the
distance a between atomic sites, and it is well defined, as a
given value of d is specified. Thus, one can state that (a) the
coarse-graining formalism leads to the d-dependence of the
mesoscopic functions and parameters (free energy, stiffness,
etc.); (b) the d-independent effective mesoscopic approach is
qualitatively consistent with the coarse-graining description,
and may be quantitatively satisfactory for a macroscopic de-
scription with the suitably chosen thermodynamic potentials,
mobilities, and relaxation time.

The explicit expression for the chemical potential is
obtained from the derivative of the free energy Egs. (15)
and (16) with respect to the local occupation probability as

(1 — pi)* — zeag(1 — pi)pi —

5 aF om
wiC)=—| =pu" —eTc)Mppi, (17
api T
where
_ PDi
™ = (= poma+ pius + 7 In " (18)

is the contribution into the chemical potential from the
particles (components A and B) and their mixing, A,p; =
> p(pity — pi) is the discrete Laplacian for the concrete
lattice, and s = z(€aa — €ap) and up = z(eap — €pp) are
the chemical potentials of the atoms A and B, respectively.
The continuum limit would correspond to both d and a
going to zero. In this case, the several differences between
values of chemical potentials at different neighboring cells may
be written in the form of gradients, as we will mention. The
physical problem, however, may be found in the d-dependence
of the free energy and the chemical potential, as mentioned
above. Therefore, we consider the continuous limitd — 0 and
take the local (near-neighbor) approximation, (&, — i,)/d
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tends to (Un+1 — Uyn)/d — Vu, into account, where u is
now a continuous function of spatial coordinates (instead
of a function with values at discontinuous positions md, for
m integer numbers). Analogously, (,Bct2 [ [y — )/ d]
tends to (Ba®/d)yns1(ttnr1 — 1n)/d — V- [M(T.0)Vpl,
with M.(T,c) the mobility given by Ba’l,,+1 with c the
average local concentration. In fact, in the continuous limit
one gets a — 0 but the product a*l,n+1 should tend to a
finite constant value. As a result, Egs. (13)—(18) present the
hyperbolic equation for the phase segregation by the spinodal
mechanism:

LG MoV g ®,  (19)
N0 = : c ,C )
arz ot H "
with the chemical potential
oF )
p=oo = Knom)(T,c;d) — €(T,c;d)V-c. 20)

As for Eq. (15), we have written explicitly the d-dependencies
of hom and € to remind that the mesoscopic quantities depend
on the cell size d, although suitable phenomenological expres-
sions independent on d are eventually useful from the practical
view and consistent with the features of the results of micro-
scopic simulations. Obviously, different forms of the free en-
ergy and of the chemical potential from Eqgs. (13) and (19) may
lead to different phase field models (see comments in Sec. V).

Hence, by application of the coarse graining procedure,
Eq. (19) represents the hyperbolic equation for spinodal de-
composition [13], which has been investigated mathematically
with regard to existence and uniqueness of its solutions [20].
Physically reasonable solutions of this equation and their
outcomes have been tested against experimental data [21].
In these tests, one of the important parameters of the first fast
stages of spinodal decomposition is the relaxation time 7 as
introduced by Eq. (19). Its numerical values will define the
duration of the transition stage to a purely dissipative regime
of spinodal decomposition. To date, T has been obtained only
by fitting theoretical comparison to experimental data. For
example, the relaxation time can be estimated in a wide range,
10~'!(s) < © < 1077(s), as for a Co-Cu melt deeply quenched
into the spinodal region or for the amorphous SiO,-Na,O
system under spinodal decomposition [21]. Using these values
of 7, one may explain nonlinear behavior of characteristic
functions of spinodal decomposition, namely, in the ampli-
fication rate and structure factor [18,22]. In addition to the
present description using hyperbolic equation, an alternative
analysis leading to qualitative explanation of experimentally
observed nonlinearities in spinodal decomposition can also be
given using mean-field kinetic equations [23].

IV. TRANSITIONS WITH INERTIA: LACK OF
MOMENTUM EQUILIBRATION

Another situation in which a hyperbolic phase-field model
is needed is the case of correlated jumps, analogous to
correlated random walks [12,24]. In this case, it is assumed that
if a particle has jumped in one direction, the probability that
the next jump is in the same direction of the previous jump is
higher than the probability of jumping in the opposite direction.
This may also be seen as arising from a lack of complete
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thermalization in the momentum space, because in that case the
different directions of motion would be equivalent. To model
this situation, one assumes that the transition rate W(C,CV)
depends not only on the situation at time ¢ but also on the
previous jump exchange at time ¢ — #. For instance, let us
assume that C'/ means exchanging particle B at i and particle
Aat j. Ifi < j, this means that site i was more at left than site
J as in a simple one-dimensional situation. Finally, this would
mean that if particle B arrived to i from a previous jump from
left to right, and particle A arrived to j from a previous jump
from right to left, the rate W(C,C") will be higher than in all
the other possibilities.

Following the analogy with the correlated random walk
[24], we split p;(¢) as

pi0) = p )+ p ) + pl0),

where pm

B le, and pl@ are the probabilities to find particles
of the sort B at site i, having arrived from the right (+)
or from the left (—), or which were already at ith site
(0). Here, for simplicity, we shall consider pf”) as a small
quantity, i.e., most particles move at each step (one can
also avoid this hypothesis at the price of more cumbersome
expressions).

The transition rates, W;;(a) and W;;(y) [with W;;(a) >
W;;(y)], are correlated (respectively, autocorrelated) with the
former exchange, which is denoted by the indices « or y. «
means that the particle arrived at site i from the left (i.e.,
from some site i’ with i’ < i). y means that the particle
arrived at site i from the right (i.e., from some site i’ > i).
Furthermore, the transition rates W;; are used namely for
W(C,C¥) to have shorter expressions for the probabilities,
such that

p(t + 1) — pP(1)
To
_ - (+) : ) +)
- z.z—l(“)Pi_l(f)_"Vz-H,z(Ol)P,‘ (t)
+ Wi ()P ) — Wil (n)p P,
P +10) — pU)
fo
_ - (=) _ : ) (=)
- 1,t+l(a)pi+](t) ‘/thl,z(a)pi (t)
+ Wit )P @) — Wi (n)p (). (21)

Note that the transitions from the site i — 1 to the site i for
particles in i having arrived from the right in the former
exchange have a higher transition rate W;;_;(«) than the
transitions from the site i — 1 to the site i for the particles in
site i that arrived from the left in the former exchange, which
have the transition rate W;;_;(y). Analogously, one gets for
the transitions from the site i + 1 to the site i for particles
previously arriving from the right, W; ;;(«), or from the left,
Wiir1(y).
Equations (21) may be rewritten as

PP+ 10) = pP()
Io
= Wi 1(@)pioi(t) — vap! (1) — v, p (1),
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PO+ 10) — p0)
To
= Wit 1@ pir1 (1) — vapi () — v, p (1), (22)

with vy =W, ((y) — Wii—i(a) = Wit 1(y) — Wiig1(a)
and vy = Wi_1;(y) + Wigri(@) = Wiy (o) + Wig,i(y). In
fact, the rate coefficients W;;j(e) and W;;(y) could have
general sets of values, though not necessarily satisfying
these equations. A simple illustration can be provided as
follows.

Summation of Eqs. (22) yields (neglecting the role of p} as
it has been already noted)

pilt 1) = pit) = Wii—1(@)pi—1(t) + Wi ip1(@)pit1(t)

fo
—oalp () + pH O] = vy pi(D).
(23)

Taking into account the equality

pi(t = 10) = piTi() + pi11 (),
Eq. (23) can be rewritten as

1m(t++—p,(t) = Wi i—1(@)pi—1(t) + Wi i 1(@)pi1(2)

— U pi(t) — va pi(t — 1o). 24)

Thus, the values of p;(t + #;) depend on the values of p; at the
moments ¢ and ¢ — #p in such a way that the non-Markovian
character is clearly seen. It is straightforward to show that

Eq. (24) is approximated as

d’p; dp;

2 i i

1y —— 1 —vgty)—

valg +( UdO)dt
= Wii—1(@)pi-1(t) + Wi it1(e) piv1(t) — (va + vs) pi(2).

(25)

Equation (25) is a hyperbolic master equation for de-
scription of the local probability of occupation of the i site
by the B atom. Obviously, this equation also predicts the
probability (1 — p;) of occupation of the i site by the A
atom. Coming from consideration of the correlated jumps of
particles, Eq. (25) seems to be important for the analysis of
atomic transport and diffusion of defects (vacancies, micro-
scopic imperfections, etc.) in phenomena of disorder trapping,
solute trapping, and degeneration of solute drag appearing
around a rapidly moving interface [10]. For vanishing correla-
tions, vy = 0 [i.e., for W ;_1(a) = W;;_1(y)and W; ;11 (o) =
Wii+1(¥)], Eq. (25) reduces to the known Markovian master
equation.

V. FINAL COMMENTS AND CONCLUSIONS

Two physical situations concerning the fast phase tran-
sitions were studied. In the system of binary mixture we
assumed lack of energy thermalization and a lack of complete
thermalization in the momentum space of jumping particles
(atoms, molecules). It is shown that the mesoscopic description
of such processes requires going beyond the usual parabolic
differential equations for the evolution of the concentration.
This description requires hyperbolic transport equations in
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phase transformations, which have indeed been known to
provide a richer and more faithful description of several fast
transitions, such as fast solidification fronts [25] or initial
stages of spinodal decomposition [22].

Fast phase transitions are recognized as transitions having
different temporal scales with changing slow thermodynamic
variables (such as internal energy, chemical potential, con-
centration, etc.) and fast thermodynamical variables (such
as fluxes of heat and substances, rate of phase-field change,
etc.). For example, the atomic concentration and the diffusion
flux of atoms are physically motivated to be slow and fast
independent variables, respectively, in rapid solidification [25].
Also, reasonable incorporation of fast elastic relaxation and
slower mass diffusion leads to the hyperbolic (modified)
phase-field crystal equation [26]. Within this context, the
evolution equations for the diffusion flux have been considered
previously [14,15,22], which result in the hyperbolic evolution
equation for the concentration directly. Even though the use
of such formalism is efficient on quantitative and practical
grounds [10], from the conceptual viewpoint it provides only
a particular situation leading to hyperbolic equations. In the
present paper, we have given two other different physical
bases for hyperbolic equations of the phase-field model.
They are not directly related to relaxation effects in diffusion
transport but rather to nonequilibration of internal energy and
of linear momentum inbetween successive elementary steps
of the corresponding physical process. A specific feature of
the present particular derivation of hyperbolic differential
equations is that the noise is not é-correlated in time (so-
called “white noise”) but it instead depends on prehistory of
thermalization (known as “colored noise”) [18].

Following the treatments for the coarse-grained concen-
tration, which lead to the hyperbolic transport Eq. (13) and
its continuum limit Eq. (19), one can analyze the discrete
distribution of atomic density—conserved variable used in the
phase-field crystal model [27]. Indeed, considering now the
probability p; to find the atomic density of B atoms at site i,
the free energy might be taken as

F(pi,T) =Y f(pi.T) =11 Y (pis» — pi)’
i b
2
.
+5 [;<pi+b - p,»)} : (26)

where the free-energy density f(p;,T) has the form of Eq. (16)
and r; and r, are the parameters of the crystal model [28].
Equation (26) represents the discrete analog of the concrete
free energy (see Ref. [29] and references therein) for the
description of locally periodic states, which, in general, is
given by the Brazovskii-Swift-Hohenberg functional [30].
Furthermore, just as Eq. (26), the free-energy with high-order
nonlocal terms has also been analyzed by Rosenau [4] within
the extension of the Ginzburg-Landau theory to high-gradient
domains. Obviously, with r, =0 and r; = —€/2, Eq. (26)
transforms into the discrete Ginzburg-Landau functional
Eq. (15). The explicit expression for the chemical potential
is obtained from the derivative of the free-energy Eq. (26)
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with respect to the local probability as

3 IF
wn(@C.1) = — = pi™™

™ +2rAppi + 12 ALp, (27)

where App; =Y (piys — pi) is the discrete Laplacian for
the chosen concrete lattice, A2p; = Y, (pi+» — pi)* is the

discrete analog for the squared Laplacian, and ,ul(.hom) has
the same form as Eq. (18). Applying the same analysis and
analytical treatments, as is given for Egs. (8)—(14), to the
nonuniform periodic atomic density, the hyperbolic Eq. (19)
with the continuum limit of chemical potential Eq. (27),

IF 2 4
= s = Wmom) +2rVic+nrnVic, (28)

is obtained. Equations (19) and (28) describe the hyperbolic
phase-field-crystal model as is previously introduced from
various physically motivated situations [19,26,31]. Therefore,
the use of coarse-graining procedures and various types of free
energy have led to overcoming different phase-field models.

A few comments on the obtained non-Markovian master
Egs. (7) and (25), as well as the equation for coarse-grained
concentration, Eq. (13), can also be outlined. Avoiding
the restriction on the energy thermalization or momentum
equilibration, these equations describe atomic transport in fast
transitions under local nonequilibrium and slow transitions
evolving under local equilibrium conditions. Such general-
ization leads to the appearance of memory effects in the
equations describing non-Markovian kinetic processes, which
can, however, be obtained from the other physically reasonable
situations [32]. For instance, one can refer to a time-dependent
diffusion coefficient, which is considered as an alternative way
to introduce memory effects. Moreover, following the other
alternative description, one can even eliminate the memory
effects in the equations if a greater number of variables are
taken into consideration. Indeed, one can get a typically
Markovian equation for density by introducing density and its
flux as thermodynamically independent variables. Similarly,
the fast phase transition can be described by the Markovian
equations if high-order diffusion fluxes are included [12].

With regard to coupled processes, such as atomic diffusion
and phase-field dynamics (by classification of Hohenberg
and Halperin [17] it could be “Model C”), one can state
that, in the present work, we have considered just a single
relaxation time for the internal equilibration. In addition to
this, study of solute trapping by rapid solid-liquid front shows
that the diffusion coupled with the phase-field dynamics
in isothermal system requires introducing two characteristic
times for the local equilibration [33]. These two times are
related to a pair of characteristic speeds for disturbances
propagation as is described by the hyperbolic model tested
in atomistic simulations [34]. The values of T depend on the
concrete system. As an example of the relaxation time of
the solute diffusion flux, one can estimate v ~ 10~'9(s) for
semiconductors [33] and one can get 107"(s) < 7 < 1077(s)
for binary alloy systems or inorganic solutions [14]. In
general, a given spectrum of relaxation times for the internal
equilibration of the different variables of the system should be
taken into account. This would lead to more complicated but
more faithful evolution equations.

042151-7



D.JOU AND P. K. GALENKO

ACKNOWLEDGMENTS

D.J. acknowledges support by the Direccion General
de Investigacion of the Spanish Ministry of Economy and
Competitiveness under Grant No. FIS 2012-32099 and of the

PHYSICAL REVIEW E 88, 042151 (2013)

Generalitat of Catalonia under Grant No. 2009-SGR-00164.
P.K.G. acknowledges the partial support within the framework
of Program 07.08 “Research Investigations in Education,”
Project No. 2.947.2011.

[1] W. J. Boettinger, J. A. Warren, C. Beckermann, and A. Karma,
Annu. Rev. Mater. Res. 32, 163 (2002); H. Emmerich, Adv.
Phys. 57, 1 (2008); 1. Singer-Loginova and H. M. Singer, Rep.
Prog. Phys. 71, 106501 (2008); N. Moelans, B. Blanpain, and
P. Wollants, Calphad 32, 268 (2008); I. Steinbach, Model. Simul.
Mater. Sci. Eng. 17, 073001 (2009).

[2] J. S. Langer, M. Bar-on, and H. D. Miller, Phys. Rev. A 11, 1417
(1975); K. Kaski, K. Binder, and J. D. Gunton, Phys. Rev. B 29,
3996 (1984).

[3] G. Caginalp, Ann. Phys. 172, 136 (1986); J. Stat. Phys. 59, 869
(1990); G. Caginalp and E. Esenturk, Discrete Contin. Dynam.
Syst., Ser. S 4, 311 (2011).

[4] P. Rosenau, Phys. Rev. A 39, 6614 (1989).

[5] M. Plapp and J.-E. Gouyet, Phys. Rev. E 55, 5321 (1997); Eur.
Phys. J. B 9, 267 (1999).

[6] P. F. Tupper and M. Grant, Eur. Phys. Lett. 81, 40007
(2008).

[7] Q. Bronchart, Y. Le Bouar, and A. Finel, Phys. Rev. Lett. 100,
015702 (2008).

[8] T. Garnier, A. Finel, Y. Le Bouar, and M. Nastar, Phys. Rev. B
86, 054103 (2012).

[9] L. Zhang, E. V. Danilova, 1. Steinbach, D. Medvedev, and P. K.
Galenko, Acta Mater. 61, 4155 (2013).

[10] D. Herlach, P. Galenko, and D. Holland-Moritz, Metastable
Solids from Undercooled Melts (Elsevier, Amsterdam, 2007).

[11] G. Lebon, D. Jou, and J. Casas-Vazquez, J. Phys. A 13, 275
(1980); D. Jou and J. Casas-Vazquez, J. Non-Newtonian Fluid
Mech. 96, 77 (2001); G. Lebon, M. Grmela, and D. Lhuillier,
J. Non-Equilib. Thermodyn. 28, 1 (2003).

[12] D. Jou, J. Casas-Vazquez, and G. Lebon, Extended Irreversible
Thermodynamics, 4th ed. (Springer, Berlin, 2010).

[13] P. Galenko, Phys. Lett. A 287, 190 (2001).

[14] P. Galenko and D. Jou, Phys. Rev. E 71, 046125 (2005).

[15] D. Jou and P. Galenko, Physica A 366, 149 (2006).

[16] H. Mori, Prog. Theor. Phys. 33, 423 (1965); 34, 399 (1965).

[17] P. C. Hohenberg and B. I. Halperin, Rev. Mod. Phys. 49, 435
(1977).

[18] P. K. Galenko, D. Kharchenko, and I. Lysenko, Physica A 389,
3443 (2010); D. Kharchenko, I. Lysenko, and P. K. Galenko, in
Stochastic Differential Equations, edited by N. Halidias, (Nova
Science, New York, 2011), Chap. 5, pp. 97-128.

[19] P. Galenko, D. Danilov, and V. Lebedev, Phys. Rev. E79,051110
(2009).

[20] S. Gatti, M. Grasselli, A. Miranville, and V. Pata, J. Math. Anal.
Appl. 312,230 (2005); A. Segatti, Math. Models Methods Appl.
Sci. 17, 411 (2007); M. Grasselli, G. Schimperna, A. Segatti,
and S. Zelik, J. Evol. Equat. 9, 371 (2009); W. Wang and Z. Wu,
J. Math. Anal. Appl. 387, 349 (2012).

[21] E. Davidoff, P. K. Galenko, M. Kolbe, D. M. Herlach, and
N. Wanderka, Acta Mater. 61, 1078 (2013); P. Galenko and
V. Lebedev, JETP Lett. 86, 458 (2007).

[22] P. Galenko and D. Jou, Physica A 388, 3113 (2009); N. Lecoq,
H. Zapolsky, and P. Galenko, Eur. Phys. J. Special Topics 177,
165 (2009).

[23] M. Nastar, Solid State Phenom. 172-174, 321 (2011).

[24] P. Rosenau, Phys. Rev. E 48, R655 (1993).

[25] P. K. Galenko and D. A. Danilov, Phys. Lett. A 235,271 (1997);
J. Cryst. Growth 197, 992 (1999).

[26] P. Stefanovic, M. Haataja, and N. Provatas, Phys. Rev. Lett. 96,
225504 (2006); Phys. Rev. E 80, 046107 (2009).

[27] K. R. Elder, M. Katakowski, M. Haataja, and M. Grant, Phys.
Rev. Lett. 88, 245701 (2002); K. R. Elder and M. Grant, Phys.
Rev. E 70, 051605 (2004); K. R. Elder, N. Provatas, J. Berry,
P. Stefanovic, and M. Grant, Phys. Rev. B 75, 064107 (2007).

[28] Within the discussion about the free-energy Eq. (15), the free-
energy density f and coefficients r; and r, from Eq. (26) are
also considered as dependent on the cell size d.

[29] P. K. Galenko, H. Gomez, N. V. Kropotin, and K. R. Elder, Phys.
Rev. E 88, 013310 (2013).

[30] S. A. Brazovskii, Sov. Phys. JETP 41, 85 (1975); J. Swift and
P. C. Hohenberg, Phys. Rev. A 15, 319 (1977); M. C. Cross and
P. C. Hohenberg, Rev. Mod. Phys. 65, 851 (1993).

[31] J. A. P. Ramos, E. Granato, S. C. Ying, C. V. Achim, K. R. Elder,
and T. Ala-Nissila, Phys. Rev. E 81, 011121 (2010).

[32] N. Hashitsume, F. Shibata, and M. Shingu, J. Stat. Phys. 17, 155
(1977); F. Shibata, Y. Takahashi, and N. Hashitsume, ibid. 17,
171 (1977); S. M. Barnett and S. Stenholm, Phys. Rev. A 64,
033808 (2001).

[33] V. G. Lebedev, E. V. Abramova, D. A. Danilov, and P. K.
Galenko, Intern. J. Mater. Res. 101/04, 473 (2010).

[34] Y. Yang, H. Humadi, D. Buta, B. B. Laird, D. Sun, J. J. Hoyt,
and M. Asta, Phys. Rev. Lett. 107, 025505 (2011).

042151-8


http://dx.doi.org/10.1146/annurev.matsci.32.101901.155803
http://dx.doi.org/10.1080/00018730701822522
http://dx.doi.org/10.1080/00018730701822522
http://dx.doi.org/10.1088/0034-4885/71/10/106501
http://dx.doi.org/10.1088/0034-4885/71/10/106501
http://dx.doi.org/10.1016/j.calphad.2007.11.003
http://dx.doi.org/10.1088/0965-0393/17/7/073001
http://dx.doi.org/10.1088/0965-0393/17/7/073001
http://dx.doi.org/10.1103/PhysRevA.11.1417
http://dx.doi.org/10.1103/PhysRevA.11.1417
http://dx.doi.org/10.1103/PhysRevB.29.3996
http://dx.doi.org/10.1103/PhysRevB.29.3996
http://dx.doi.org/10.1016/0003-4916(86)90022-9
http://dx.doi.org/10.1007/BF01025855
http://dx.doi.org/10.1007/BF01025855
http://dx.doi.org/10.1103/PhysRevA.39.6614
http://dx.doi.org/10.1103/PhysRevE.55.5321
http://dx.doi.org/10.1007/s100510050766
http://dx.doi.org/10.1007/s100510050766
http://dx.doi.org/10.1209/0295-5075/81/40007
http://dx.doi.org/10.1209/0295-5075/81/40007
http://dx.doi.org/10.1103/PhysRevLett.100.015702
http://dx.doi.org/10.1103/PhysRevLett.100.015702
http://dx.doi.org/10.1103/PhysRevB.86.054103
http://dx.doi.org/10.1103/PhysRevB.86.054103
http://dx.doi.org/10.1016/j.actamat.2013.03.042
http://dx.doi.org/10.1088/0305-4470/13/1/028
http://dx.doi.org/10.1088/0305-4470/13/1/028
http://dx.doi.org/10.1016/S0377-0257(00)00138-5
http://dx.doi.org/10.1016/S0377-0257(00)00138-5
http://dx.doi.org/10.1515/JNETDY.2003.001
http://dx.doi.org/10.1016/S0375-9601(01)00489-3
http://dx.doi.org/10.1103/PhysRevE.71.046125
http://dx.doi.org/10.1016/j.physa.2005.10.027
http://dx.doi.org/10.1143/PTP.33.423
http://dx.doi.org/10.1143/PTP.34.399
http://dx.doi.org/10.1103/RevModPhys.49.435
http://dx.doi.org/10.1103/RevModPhys.49.435
http://dx.doi.org/10.1016/j.physa.2010.05.002
http://dx.doi.org/10.1016/j.physa.2010.05.002
http://dx.doi.org/10.1103/PhysRevE.79.051110
http://dx.doi.org/10.1103/PhysRevE.79.051110
http://dx.doi.org/10.1016/j.jmaa.2005.03.029
http://dx.doi.org/10.1016/j.jmaa.2005.03.029
http://dx.doi.org/10.1142/S0218202507001978
http://dx.doi.org/10.1142/S0218202507001978
http://dx.doi.org/10.1007/s00028-009-0017-7
http://dx.doi.org/10.1016/j.jmaa.2011.09.016
http://dx.doi.org/10.1016/j.actamat.2012.10.010
http://dx.doi.org/10.1134/S002136400719006X
http://dx.doi.org/10.1016/j.physa.2009.04.003
http://dx.doi.org/10.1140/epjst/e2009-01173-8
http://dx.doi.org/10.1140/epjst/e2009-01173-8
http://dx.doi.org/10.4028/www.scientific.net/SSP.172-174.321
http://dx.doi.org/10.1103/PhysRevE.48.R655
http://dx.doi.org/10.1016/S0375-9601(97)00562-8
http://dx.doi.org/10.1016/S0022-0248(98)00977-4
http://dx.doi.org/10.1103/PhysRevLett.96.225504
http://dx.doi.org/10.1103/PhysRevLett.96.225504
http://dx.doi.org/10.1103/PhysRevE.80.046107
http://dx.doi.org/10.1103/PhysRevLett.88.245701
http://dx.doi.org/10.1103/PhysRevLett.88.245701
http://dx.doi.org/10.1103/PhysRevE.70.051605
http://dx.doi.org/10.1103/PhysRevE.70.051605
http://dx.doi.org/10.1103/PhysRevB.75.064107
http://dx.doi.org/10.1103/PhysRevE.88.013310
http://dx.doi.org/10.1103/PhysRevE.88.013310
http://dx.doi.org/10.1103/PhysRevA.15.319
http://dx.doi.org/10.1103/RevModPhys.65.851
http://dx.doi.org/10.1103/PhysRevE.81.011121
http://dx.doi.org/10.1007/BF01040099
http://dx.doi.org/10.1007/BF01040099
http://dx.doi.org/10.1007/BF01040100
http://dx.doi.org/10.1007/BF01040100
http://dx.doi.org/10.1103/PhysRevA.64.033808
http://dx.doi.org/10.1103/PhysRevA.64.033808
http://dx.doi.org/10.3139/146.110297
http://dx.doi.org/10.1103/PhysRevLett.107.025505



