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of vapor-liquid transitions. In the case of a disconnected structure, the mechanism has
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RESUME

Nous passons en revue la compréhension de la cinétique de séparation de phases fluides
dans diverses dimensions d’espace. Les différences morphologiques, les domaines de
percolation ou déconnectés, basés sur la composition totale binaire ou sur la densité dans
un systéme vapeur-liquide, sont discutés. Selon la morphologie, les différents mécanismes
possibles sont présentés et les prédictions théoriques correspondantes discutées. Du coté
du calcul par ordinateur, des modéles utiles et des méthodes de simulation sont présentées.
Des lois de croissance prédites théoriquement ont été testées au moyen de simulations
de dynamique moléculaire des transitions vapeur-liquide. Dans le cas d'une structure
déconnectée, le mécanisme a été confirmé directement.

© 2015 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

1. Introduction

Topics related to phase transitions have received significant attention over many decades [1-11]. The evolution of a
system from one equilibrium phase to another is a non-equilibrium phenomenon and happens via nucleation [1-6] and
growth [5,7-11] of domains. Let us consider a liquid or solid binary mixture (A 4+ B) that exhibits immiscibility (demixing

* Corresponding author.
E-mail address: das@jncasr.ac.in (S.K. Das).

http://dx.doi.org/10.1016/j.crhy.2015.03.006
1631-0705/© 2015 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.


http://dx.doi.org/10.1016/j.crhy.2015.03.006
http://www.ScienceDirect.com/
http://www.sciencedirect.com
mailto:das@jncasr.ac.in
http://dx.doi.org/10.1016/j.crhy.2015.03.006
http://crossmark.crossref.org/dialog/?doi=10.1016/j.crhy.2015.03.006&domain=pdf

304 S.K. Das et al. / C. R. Physique 16 (2015) 303-315

transition). When such a system is quenched inside the miscibility gap, say via variation of temperature (T ), from a homo-
geneously mixed state, it becomes unstable to fluctuations and moves towards the coexisting phase-separated state via the
formation and growth of domains rich in A and B particles. For a vapor-liquid transition, the approach to the new equilib-
rium occurs via the growth of particle-rich and particle-poor regions. The objective of this review is to discuss developments
in the understanding of such kinetics [1-49], with a focus on phase-separating fluid systems [20-49].

Typically, the growth of domains is a scaling phenomenon [9], i.e., there exists self-similarity of domain patterns at two
different times, despite a change in length scale £(t), the average size of domains at time t. This is captured in the scaling
properties [9]:

C(r,t)=Clr/e@)] (1)
S(k, t) = £(t)4S[ke(t)] (2)
P(€q,t) = £(t) ' P[Lq/L(D)] 3)

of the two-point equal time correlation function (C), structure factor (S) and domain size distribution function (P). In
Egs. (1)=(3), r is the distance between two points (r; and rj), k is the wave vector, ¢4 is the size of a domain, and d is
the system dimensionality. There C(x), S (y) and P(z) are master functions, independent of time. The above-mentioned
correlation function is calculated as [9]

Crn=<y@oyd,0>—<yF.0>< YTt > (4)

where ¢ is the relevant order parameter for the transition. S(k,t) is the Fourier transform of C(r,t). The scalar notations
r and k imply spherical isotropy and are applicable to systems without any bias such that the structures are isotropic in a
statistical sense. The angular brackets in Eq. (4) are for statistical averaging.

Typically, £(t) grows with time in power-law fashion as [9]:

2(t) ~ t* (5)

The growth exponent o depends upon d, morphology, the number of order parameter components, hydrodynamic effects,
and order-parameter conservation [9]. In out-of-equilibrium systems, as is clear from Eq. (4), the order parameter v is a
function of space and time. In a magnetic system, this can be identified with the local magnetization, in a binary mixture
with the local difference between the concentration of the two species, for a vapor-liquid system with the local density.
Depending upon the type of transition, the total order-parameter (the local value integrated over the whole system) may
or may not remain the same at all times. For instance, in a paramagnetic-to-ferromagnetic transition, where, starting from
a zero net magnetization, the system gets spontaneously magnetized, the order parameter is a non-conserved quantity. On
the other hand, for all types of phase-separating systems, assuming that there is no chemical conversion or flow of material
between the system and a reservoir, this is a conserved quantity. In this paper, we will deal only with conserved scalar
order parameter.

The major fraction of the literature in kinetics of phase transitions is related to the behavior of C(r,t) and to the
understanding of the exponent «. However, there exist other interesting aspects, e.g., aging [50] and the persistence of the
local order parameter in its original state [51]. In aging phenomena, typically one studies the two-time quantities, e.g., the
order-parameter autocorrelation function [50]

Cage(t, tw) =< w(ﬁ7t)¢(ﬁ»tw) >—< 1//(71, t) >< 1/’(7:;’ tw) > (6)

where ty, and t (> t,y) are respectively the waiting and observation times. Even though the time translation invariance is not
obeyed by Cage(t, tw) in out-of-equilibrium systems, this quantity is expected to exhibit scaling [50] with respect to t/ty.
An objective in studies related to aging is to obtain scaling functions for Cage or for other two-time quantities of relevance,
in different types of phase transitions.

Each of these aspects are better understood in the non-conserved order parameter case [9]. For the conserved order
parameter case, significant progress has been made only with respect to the growth exponent «, especially for solid binary
mixtures [12-18]. For the latter class of systems, diffusion (via evaporation and condensation) is the only transport mecha-
nism, and the growth is characterized by a single exponent, except for very low temperatures. In fluids, however, no single
exponent describes the entire growth process [9]. This is due to the faster transport of material at late times. Manifestation
of such fast transport may happen in different ways, depending upon system dimensionality and domain pattern. Thus,
kinetics of phase separation in fluids is a richer and challenging area. In spite of that, reasonable progress has been made
[20-49]. The aim of the article is to review some of these works in brief.

The rest of the article is organized as follows. In Section 2 we discuss the theoretical progress. Section 3 is devoted to the
discussion of models and computational methods. Representative computational results are presented in Section 4. Finally,
Section 5 concludes the paper with a brief summary and outlook.
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Fig. 1. Schematic phase diagram for vapor-liquid coexistence in the T-vs-p plane. The critical point is marked by a cross. The left and right branches
represent respectively the vapor and the liquid densities.
From Molecular Simulation 41 (2015) 382.

2. Theories

In a solid binary mixture, the rate of change of domain size is associated with the chemical potential gradient as [13]
d¢/dt ~ |V u|. Using the dimensionality of @ as y /¢, y being the (domain) interfacial tension, and assuming that a gradient
exists over the length of the domain size, one obtains [13]

de y
ENE_Z (7)

The solution to Eq. (7) provides « = 1/3, referred to as the Lifshitz-Slyozov (LS) law [12], and is understood to be valid for
any domain growth occurring via simple diffusive mechanism.

The early stage of fluid phase separation is also dominated by diffusion, with an expected « value of 1/3. At late times,
hydrodynamic effects become more important. As already mentioned, while for phase separation in solid mixtures system
dimensionality and domain morphology do not play important roles [18], they become crucial for the selection of the
mechanism in fluids. In some cases, different mechanisms may give rise to a same value of the growth exponent. Thus,
very direct computational or experimental probes are necessary to validate a particular one. We will discuss below some
relevant mechanisms briefly.

Typically, phase separating systems exhibit interconnected or droplet morphology, depending upon the overall compo-
sition or density of the system. In Fig. 1, we show a vapor-liquid coexistence curve in the temperature-versus-density (p)
plane. There the left branch corresponds to the vapor-phase density and the right one to the liquid-phase density. For a
binary mixture phase separation, the appropriate abscissa variable is the concentration of one of the species. For a density
or a composition very close to the coexistence curve (vapor branch in vapor-liquid transitions), a droplet-like pattern is
visible, from the very beginning. In this under-saturation case, the system requires fluctuations involving large length scales
to nucleate stable droplets that can grow. Such events, depending upon the proximity of the coexistence curve, may be
rare and the phase separation can be delayed. On the other hand, far from the coexistence curve, the system falls unstable
to infinitesimal fluctuations and the corresponding phase separation process is referred to as the spinodal decomposition.
Typically, in this case, the domain morphology is percolating. Here we caution the reader that at late time droplet structures
can emerge from the percolating morphology as well [36], if the system is even slightly away from the critical composition
or density. This is decided by the percolation threshold. In d = 2, for instance, the threshold composition for a symmetric
binary mixture is 50 : 50, i.e., the critical one. While during the time evolution of a solid binary mixture, with marginally
off-critical composition, this phenomenon may not be observable, in fluids this is observable within the computationally
accessible time-scales of the simulations of coarse-grained models [36].

Let us first consider the case of a percolating domain morphology for which interesting hydrodynamic mechanisms have
been proposed. Because of experimental realizability, we will first take up the d = 3 case. The hydrodynamic regime is
divided into two subregimes [9], viz., viscous and inertial. These we discuss below, following Siggia [22] and Furukawa
[23,24], using the Navier-Stokes (NS) equation:

D . V27 S 8)
—v—pvViv=—
Y Dt p b
In Eq. (8),_p is the mass density, v is the fluid velocity, v is the kinematic viscosity, p is the pressure and D/Dt =
d/dt + (v-V). In DV/Dt, both terms stand for acceleration, as can be checked dimensionally. The second one is related
to convection, where the acceleration is generated by the space-dependent velocity. Eq. (8) is essentially related to the bal-
ance of the force coming from pressure with that due to frictions. In an incompressible fluid (V - v = 0), in the absence of
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any external influence like gravity, the relevant term on the right-hand side comes from the gradient in the free energy,
being given by y /¢2. On the left-hand side, the first term can be treated as inertial friction and the second one is related to
dissipative friction originating from viscous drag. Via dimensional substitutions, Dv/Dt = v/t and V2v = —v/¢2; one writes,
after multiplying both sides of Eq. (8) by vt,
2 PV v

pve+ 7 V= 7 9)
The second term on the left-hand side of Eq. (9) is related to the inverse of the time-dependent Reynolds number and is
important at earlier part of the hydrodynamic regime, providing viscous growth. At a later time, when ¢ becomes large,
the first term dominates, giving rise to the inertial hydrodynamic growth. Thus, in the first part of hydrodynamic growth, it
is equivalent to equating the interfacial free-energy density with the viscous stress and in the second part, the same with
the kinetic energy density [22]. With the understanding that there exist unique time and length scales in the problem, one
identifies v with d¢/dt. Then, in the viscous regime, one obtains

de
a_r (10)
dt pv

and in the inertial regime
de
a_ /¥ (11)
de pl

The solutions to Egs. (10) and (11) provide o =1 and 2/3, respectively.

Recall that our discussion is related to an interconnected domain morphology, having a tube-like structure for d = 3.
The fast advective transport of material through these undulating tubes happens due to a driving force calculable from
the interfacial tension and the domain size. In d = 2, the analogue of a tube is a strip. San Miguel et al. [25] argued that
fluctuations along the linear boundaries of these strips significantly increase the interfacial free energy due to the increase
in the curvature. This mechanism thus lacks instability. According to these authors, unlike for d = 3, where a crossover from
o =1/3 to 1 occurs, the 2-d fluid may encounter a crossover from 1/3 to 1/2, the latter coming from an interface diffusion
mechanism [25]. There a crossover from o = 1/3 to 1 will require large fluctuations, and may become possible only at very
high temperatures.

Note that, in case of droplet morphology, the growth description cannot be provided via NS equation [9]. As opposed to
solid binary mixtures, droplets in fluids are significantly mobile. This gives rise to, in addition to the standard evaporation-
condensation like process, another growth mechanism involving random diffusion and collision of droplets, proposed by
Binder and Stauffer (BS) [20-22]. These are inelastic collisions, following which the colliding partners merge, forming a
bigger droplet and reducing the droplet density (n). For the decay of n, one can write [22]

dn 5

— =—KDfn 12
dr ¢ (12)
where K is a constant and Dy is the diffusion constant for a droplet of size ¢. For a discussion on the value of K (an error
exists in Ref. [11]), see Refs. [22,26-28]. Following the Stokes-Einstein-Sutherland relation [52], D;¢ can be treated as a
constant. Using n ~ 1/¢%, one obtains [22]

de 1

dr & pd-
The solution to Eq. (13) provides o = 1/d. Thus, for d =2, the BS value of « is the same as that for the interface diffusion
mechanism of San Miguel et al. On the other hand, for d = 3, the BS mechanism provides a value of « that coincides with
the LS value. It is expected that the amplitudes will be different for different mechanisms that provide the same exponents.
For instance, for d = 3, LS mechanism should have a smaller amplitude than that of the BS mechanism [26-28]. Direct
verification of the latter is possible via computer simulations [45]. Tanaka [26-28] argued that in a high droplet density
situation, the motion of the droplets will not be random, due to inter-droplet interaction. However, the incorporation of such
fact merely changes the growth amplitude. The presence of such interaction can be verified by calculating the mean-squared
displacements (MSD) [52] of the droplets.

The pictures presented above are primarily meant for the kinetics of incompressible liquid-liquid phase separation.

Nevertheless, they may apply for vapor-liquid phase separation to a good extent. This, however, requires verification.

(13)

3. Models and methods

The kinetics of phase separation in solid binary mixtures at an atomistic level have been traditionally studied via Monte
Carlo (MC) simulations [53] of the nearest-neighbor Ising model

H=—]> SiS;; ]>0; Sj==*1 (14)

<ij>
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on a regular lattice. Here, an up spin (S;j = +1) corresponds to an A particle and a down spin (S; = —1) to a B particle. In
this model, the kinetics is introduced via the Kawasaki exchange [53] trial moves, in which the positions of two nearest-
neighbor particles are interchanged. These MC moves are accepted according to the standard Metropolis algorithm [53]. At
the coarse-grained level, one solves the Cahn-Hilliard (CH) equation [9]

%=—V2[1//(F,t)+V21//(?,t)—w3(?,t)] (15)

where the order parameter ¢ can be thought of as being obtained from the coarse-graining of the Ising spins over a
length scale of the order of the equilibrium correlation length &. Thus, the CH equation provides the advantage of exploring
large effective length scale within a practically accessible computation time. Eq. (15) can be obtained from the Ising model
via a master equation approach with Kawasaki kinetics as an input [54,55]. Despite the latter being a direct and rigorous
approach, in this article we will present a phenomenological derivation. This equation is solved on a regular lattice, typically
via an Euler discretization technique [55].

According to the nomenclature of Hohenberg and Halperin [56], the above model is referred to as model B. In fluids, at
coarse-grained level the kinetics is typically studied via model H [56], which is a combination of model B and of the NS
equation, the latter taking care of the fluid flow. To describe this model, the derivation of the CH equation [9] will be of
help. Recalling that we are dealing with a conserved order parameter, one writes the continuity equation

Bw__a.ﬁ
= Ve (16)

where the current fc comes from the gradient of the chemical potential —%u, setting the appropriate transport coefficient
(concentration conductivity for a binary fluid) to unity. Eq. (15) can be arrived at by knowing that the chemical potential
can be obtained from the functional derivative as

_SFIY G0

= 17
Sy (r,0) (a7
the free energy functional being the Ginzburg-Landau one

F:kBT/dF[—awz + by + c(Vy)?] (18)

where the positive coefficients a, b, and c are temperature dependent. Often these coefficients are scaled in such a way that
the final form is parameter free, as in Eq. (15).
The model H equations read [9], in the incompressible limit, as:

0 L -

a—f+v~vwzvzu (19)
DV e .

pD—t—vV v=—-Vp—yVpu (20)

In this limit, the pressure term on the right-hand side of Eq. (20) can be eliminated via the condition V-¥ = 0. The drive will
come essentially from the second term on the right-hand side, as discussed before, in the context of Eq. (8). In addition to
the pure CH and NS equations, there are thus additional terms in Egs. (19) and (20), coming from the coupling between the
velocity and the order-parameter fields. This is justifiable, e.g., by the fact that the current J. in the CH equation is expected
to be influenced by the velocity field, providing a term proportional to ¥V and that the chemical potential gradient should
provide a driving force to affect the velocity field in the NS equation. Again, these equations can be solved on a regular
lattice.

Even though the construction of this model is very much justifiable phenomenologically, a microscopic derivation like
the CH equation [54] is still lacking. Such an objective can possibly be achieved [57] via the construction of free-energy
functionals by taking density and velocity distributions as inputs from molecular dynamics (MD) simulations at various
coarse-grained levels, by appropriately adjusting the effective inter-particle potential at successive steps. The success of a
multi-scale method like this may seem obvious, but has never been demonstrated. If it works for the present problem,
the method will prove useful in justifying similar (elegant) phenomenological models in more complex problems, like with
active matter [58].

The incorporation of the coupled terms in Egs. (19) and (20), in a sense, guarantees the simultaneous growth in the
velocity and density fields. While such facts have been reported from lattice Boltzmann simulations [10,34], they are lacking
in MD simulations, even though the latter is more direct and accurate. Thus, a microscopic justification of the model and,
possibly via the similar multiscale method, an understanding of the importance of additional (higher-order) terms, is needed.

As can be guessed from the above discussion, at atomistic level, the kinetics of fluid phase separation is studied via MD
simulations [59-61] in which hydrodynamics can be easily implemented. For this purpose, the interatomic interactions are
popularly incorporated via the well-known Lennard-Jones (LJ) potential
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wn=s](2)"-(2)'

where r (= |r; — ;) is the distance between two particles at r; and rj, € is the interaction strength and o is the interparticle
diameter. In a binary (or multicomponent) mixture, ¢ and o can be chosen to be different for different combinations of
species.

In standard MD simulations, the equations of motion are solved in discrete time, typically via Verlet’s velocity algorithm
[59,60]. The conservation laws of hydrodynamics are perfectly satisfied in a microcanonical ensemble that allows various
fluid transport properties to be calculated at the equilibrium. However, concerning the kinetics of phase separation, following
a temperature quench, in the course of the system’s evolution, the potential energy decreases for energy-driven phase
transitions. In a constant energy ensemble, thus, kinetic energy, i.e., temperature increases, destroying the objective of the
study. Therefore, simulations in a canonical ensemble, with an appropriate hydrodynamics preserving thermostat, become
essential. There are a number of good methods for this purpose, e.g., dissipative particle dynamics [62-64], multiparticle
collision dynamics [65], Lowe-Andersen thermostat [66], Nosé-Hoover thermostat [60], etc. In this article, the presented
results were obtained via the application of the Nosé-Hoover thermostat (NHT), which will be introduced soon.

4. Simulation results

Binary fluid phase separation has been studied via lattice Boltzmann simulations or through simpler solutions to model
H equations [34-36] for quenches with critical composition. Though MD simulations in this context are relatively rare, the
theoretical expectations for critical quenches are confirmed to a good degree [11,37-41]. Here we focus on vapor-liquid
phase separation, for which MD simulations are mostly recent [42-49]. Particular emphasis is placed on off-critical (overall
density close to the vapor branch of the coexistence curve) quenches that provide the droplet morphology. The objective is
to check to what extent the kinetics of vapor-liquid phase separation is similar to that of an incompressible binary liquid. In
this context, we must mention that in dynamic critical phenomena [8,56,67-74] liquid-liquid and vapor-liquid transitions
belong to the same universality class. It is important to verify, thus, whether the non-equilibrium dynamics are similar
in the two cases. In dynamic critical phenomena, the interest lies in understanding the singularities of various collective
transport properties, e.g., viscosities and diffusivities, in the vicinity of the critical or second-order phase transitions.

All results were obtained via a modified L] model where particles interact as [59]:

du(r)
dr lr=r
Ur=r)=0 (22)

Ur<rd)=u@) —u(red) — T —re)

The cut-off radius r. (= 2.50) in Eq. (22) is introduced for faster computation. Note that, in critical phenomena [1,2],
LJ potential being a short-range one, this truncation does not alter the universality class. Due to the cut-off of the potential,
despite shifting to 0 at r =r¢, a discontinuity in the force is created. This may cause a non-smooth behavior in energy (as a
function of time) and can possibly be problematic for energy and momentum conservations at the local scale, necessary for
the preservation of hydrodynamics. This problem is corrected by incorporating the last term in the first part of Eq. (22).

The phase diagram, the primary requirement before studying the kinetics of phase separation, for atomistic models, can
be obtained using both MC and MD simulations. As is well known, equilibrium phase behavior and thermodynamic prop-
erties are insensitive to the ensemble and technicality related to transport mechanism. Thus, MC simulations with “smart”
ensembles are advantageous for this purpose, compared to MD. For vapor-liquid phase transitions, popular choices are
grandcanonical and “Gibbs” ensemble MC methods [53,60,75]. In a grandcanonical ensemble, alongside the particle dis-
placement moves, one allows density to fluctuate inside the simulation box, by deleting or adding particles. To incorporate
these additional moves, one needs to introduce the chemical potential in the Boltzmann factor while performing the MC
simulations. On the other hand, in the Gibbs ensemble method one works with two boxes, allowing the particles to move
from one box to the other by keeping the total number of particles fixed. In addition, there exist moves related to change
in box volumes (by keeping the total volume fixed) and standard particle displacements. Thus, the particle densities in the
two boxes fluctuate around different values and their averages correspond to the coexisting vapor and liquid densities on
the coexistence curve, when simulations are performed below the critical temperature.

As mentioned, an NHT was applied to study dynamics via MD. There one solves the deterministic equations of mo-
tion [60]

mf; = p; (23)

. sU .

pi=——= —Ep; (24)
81’,’

I:ié(piz/m) _ 3NkBT]

E= 25
) (25)
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In Egs. (23)-(25), m is the particle mass (set equal for all), E is a time-dependent drag that adjusts its value depending
upon the drift of temperature from the assigned value, N is the number of particles, kg is the Boltzmann constant, and Q
is the coupling strength between the system and the thermostat. From the form of Eq. (25) and the discussion above, it
is understood that the instantaneous temperature of the system fluctuates around the assigned temperature T. In the NHT
scheme, one essentially works with a microcanonical ensemble with a modified Hamiltonian. The results thus obtained are
equivalent to those from the canonical ensemble with the original Hamiltonian [60,63].

There exist better hydrodynamics preserving thermostats. But for the present purpose, the NHT appears adequate. The
results obtained using this thermostat have been tested against other methods. For example, for d = 2, we have compared
[49] them with the Lowe-Andersen thermostat (LAT). The LAT is an improvement over the basic Andersen thermostat (AT).
In the AT, randomly chosen particles are assigned new velocities (with an overall Maxwell distribution) to keep the tem-
perature at a desired value and thus stochastic in nature, like MC methods. In the LAT, while assigning new velocities, the
conservation of local momentum is appropriately taken care of. Further, inside the coexistence region, transport properties of
droplets (for equilibrium configurations), calculated via NHT, are found to be in good agreement with the calculations using
microcanonical ensemble [46,47]. Also, in a binary fluid, critical behavior of shear viscosity was nicely reproduced via NHT
[67]. In addition, from the experience, we feel that the NHT provides a superior control over temperature (which is an im-
portant criterion), compared to a few other better hydrodynamics preserving thermostats, particularly in out-of-equilibrium
situations.

We will present results [45-47,49] for both d =2 and 3, from MD simulations in periodic square or cubic boxes of
linear dimension L (in units of o). All results were obtained after averaging over adequately large numbers of indepen-
dent initial configurations. In the solutions to the equations of motion, we have used time discretization At = 0.005t, to
[=(mo?/g)1/2] being an 1] time unit. Note that the critical temperature and the critical number density for this model for
d = 3 respectively are ~0.9¢&/kg and ~0.3 0 3. All results for d =3 correspond to quenches from T = 0o to 0.6&/kp. As ex-
pected, the value of T. for d =2 is lower (~0.4¢/kg). The quench temperature in this case is 0.25¢/kg. For this dimension,
we will present results only for the number density 0.020 2. In the rest of the article, we set m, o, & and kg to unity.

In Fig. 2a, we present snapshots for d = 3 (unless otherwise mentioned, the results are from this dimension) for different
overall densities. In Fig. 2b we show the phase diagram of the model in a temperature-density plane, obtained from the
Gibbs ensemble simulations. The state points for which the snapshots in Fig. 2a are presented are marked on this phase
diagram by crosses. It is clearly seen that as one approaches the vapor branch of the coexistence curve, the morphology
becomes more droplet like. Given that we have access to both percolating and droplet structures, a wide variety of mecha-
nisms can be checked.

In Fig. 3, we show a scaling plot of the correlation functions for an overall density that provides droplet morphology,
using data from different times. For this calculation, the order parameter i at a point is given a value +1 if the density
there is higher than the overall density p, and —1 otherwise. A nice collapse of data, when plotted versus r/£(t), confirms
the self-similarity of the structures. Note here that we have obtained £(t) from different methods, from the lengths at
which C(r,t) decays to a particular value, from the first moment of P(¢g4,t), as well as by identifying domain boundaries
and directly counting the number of particles inside them. For the last method, cube (square for d = 2) root of the average
number of particles inside the liquid droplets will provide £(t). For the sake of brevity, we present results only from the
correlation functions.

In Fig. 4, we show plots of ¢(t) vs t, for various overall values of p. It appears that closer to the critical density there
is a linear growth, after a brief slow regime, before hitting the finite-size effects. The slower part at the very beginning
can be attributed to the LS behavior [12] and the linear one to the hydrodynamic behavior [22-24]. Due to the demanding
nature of MD simulations, to the best of our knowledge, a crossover from a linear to t2/3> behavior is not yet appropriately
observed using this method. However, for intermediate densities, we observed a t2/3 behavior even before a linear growth
appears. This has been checked [47] via an appropriate finite-size scaling analysis [76], which we do not present here.
A possible reason for observing the exponent 2/3 during the early period of the hydrodynamic growth can be the following.
In an intermediate density regime, where the interconnectedness of the domain morphology is not very robust, the break-up
becomes easier. Due to the competition between growth and break-up, the evolution may become slower than linear, leading
to an observation of the exponent 2/3 early enough. For densities very close to the coexistence vapor density, certainly the
growth is much slower. We will discuss this in details below [45-47].

In Fig. 5 we take a look at the length scale results for o = 0.05 on a double-log scale. The flat behavior of the data at
the beginning is due to delayed nucleation. A very fast rise after this signals the onset of nucleation (the consistency of the
data with the exponent 2/3 in this regime should not be taken seriously), following which the data are consistent with a
t1/3 growth. As mentioned already, for d = 3 this behavior can be due to a LS [12,13] as well as to a BS [20-22] mechanism.
To identify the correct mechanism from the multiple possibilities, we do the following exercises.

In Fig. 6, we show plots of dn/dt versus n, for two different low values of p, both providing droplet structure, on a
double-log scale. The technical details of the counting of droplets (by identifying them) can be found elsewhere [45-47].
Linear look in both cases confirms a power-law behavior. The solid lines there are proportional to n?, which are consistent
with the simulation data. This verifies the starting equation—see Eq. (12)—for deriving the BS [20-22] growth law. We have
also checked that between two collisions, the sizes of the droplets remain the same, within minor fluctuations. On the other
hand, for LS mechanism it has been observed that the droplets are essentially static. This was studied via application of AT
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Fig. 2. (Color online.) (a) Evolution snapshots for various overall densities p, obtained from molecular dynamics simulations of the single-component
Lennard-Jones model for d = 3. In all the cases the time, temperature and the system size were fixed to t =150, T = 0.6 and L = 80. (b) A phase diagram,
obtained from Gibbs ensemble simulation, for a d =3 1J fluid is presented in the temperature-vs.-density plane. The state points for which the snapshots
in (a) are presented have been marked with crosses.

Part (a) reproduced with permission from J. Chem. Phys. 139, 044911 (2013).
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Fig. 3. Scaling plot of C(r,t) as a function of r/¢(t), for p =0.05, for d = 3. Data from few different times are included. The results correspond to droplet

morphology.
From Soft Matter 9 (2013) 4178.
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Fig. 4. Plots of £(t) versus t, for different overall values of p, for d = 3. The continuous straight line corresponds to viscous hydrodynamic growth.
Reproduced with permission from J. Chem. Phys. 139 (2013) 044911.
© 2013 AIP Publishing LLC
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Fig. 5. Log-log plot of ¢ versus ¢, for d =3, for p = 0.05. This corresponds to droplet morphology. The solid lines stand for power laws, the exponents being
mentioned in the figure.
From Phys. Rev. E 85 (2012) 050602(R).
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Fig. 6. Plots of dn/dt versus n, n being the droplet density. Results for two values of p, for d = 3, are included. The solid lines are proportional to n?. For
p =0.08 a multiplicative factor 5 was used to separate the data sets from each other.

Reproduced with permission from J. Chem. Phys. 139 (2013) 044911.
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Fig. 7. Mean squared displacements for droplets in equilibrium and non-equilibrium situations are plotted versus time. The droplets are of similar sizes. The
quadratic and linear behaviors, corresponding to ballistic and diffusive regimes, are appropriately marked by different lines. The results are for d =3.
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Fig. 8. Plot of £ vs t, obtained from the simulations of LJ fluid for d = 2. The solid line has a t'/2 behavior. The results correspond to a droplet morphology
for an overall density p =0.02.

that provides purely diffusive growth. The combination of these tests rule out the importance of the LS mechanism in the
present context.

Next, we come to the point of inter-droplet interaction. To understand it, we have calculated the MSD [52] of individual
droplets [45,46] as

MSD = < (Rem(t) — Rem(0))2 > (26)

where §CM(t) is the location of the center of mass of the droplet under consideration at time t. In Fig. 7, we show MSD
values for a typical droplet during non-equilibrium evolution (see the continuous line), as a function of time. Note that
the duration over which such data can be presented is dictated by the average collision interval. This is larger for low
droplet density and increases with the evolution of the system. In the same graph, we showed a corresponding plot for
a droplet in equilibrium situation, of approximately the same size as in the non-equilibrium case. The difference between
the two cases is significant. As can be seen, on a double-log scale, at a late time, the equilibrium droplet exhibits a linear
behavior, confirming a Brownian motion. The super-linear behavior in the non-equilibrium case can be due to inter-droplet
interactions, as stated by Tanaka [26-28].

Finally, in Fig. 8 we show an ¢-versus-t plot for d =2 with off-critical composition [49]. Here an exponent o = 1/2 is
visible, corresponding to the BS mechanism. From the calculation of dn/dt, in this dimension also we have confirmed the
validity of Eq. (12). For the sake of brevity, we do not present them here. For a higher overall density, an exponent 1/2, pos-
sibly due to the interface diffusion mechanism, was previously observed in this dimension [48], even before the appearance
of a linear growth. However, the latter study is very preliminary and since then a number of important developments have
happened in the field of computer simulation, in terms of improved methods as well as with respect to the enhancement
of computer speed and memory. Thus, these problems can be revisited for superior understanding.
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5. Conclusion

We have provided a brief review on the kinetics of fluid phase separation. A general discussion on various theoretical
pictures, based on system dimensionality and domain morphology, is provided. Methodologies related to coarse-grained and
atomistic models are discussed. Particular emphasis was on the simulation methods of molecular dynamics.

Molecular dynamics results for vapor-liquid transitions are presented [45-47,49] for d =2 and 3. These include percolat-
ing as well as droplet structures. From these simulations, the domain growths are observed to be consistent with theoretical
predictions, despite the fact that most of these predictions are related to phase separation in binary fluids. For the sake of
brevity, we have avoided presenting the simulation results on binary fluid mixtures.

Recently, important results and the corresponding understanding have been obtained with respect to aging in fluid phase
separation, for binary fluids as well as for vapor-liquid systems, via molecular dynamics simulations [77,78]. In addition,
the effects of disorder in the kinetics of fluid phase separation have been looked at [41] and compared with the case of
disordered Ising systems. The lack of space, however, prevents us from including these results.

Further, there have been significant activities in the area of kinetics in confined geometry [79-89]. A good number of
reports in this context exist in fluid phase separation [83-86,88,89] as well. However, the understanding of these results is
not as complete as for pure two- and three-dimensional systems.

Even though there exist significant agreement of the theories with simulations of simple models and experiments, occa-
sionally discrepancies have been reported. In the analysis of simulation as well as experimental results, one needs to choose
the right morphologies in the appropriate time regimes. In experiments, care should be taken to remove the external ef-
fects, e.g., gravity and impurity. On the other hand, it is possible to do simulation studies of more realistic models [41,90]
by incorporating the above-mentioned effects, particularly when improved computational resources are available.
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