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An extensive computer simulation investigation of the time dependence of spinodal
decomposition in a two-dimensional, one-component fluid is reported. This investigation in-
cludes constant-temperature and constant-energy simulations, both of which are followed to
very long times. We observe the detailed density morphology, finding different growth re-
gions for the average size of the formed liquid clusters. The late-time growth law for the
average cluster size is found to be #!/? for the isothermal and ¢ '/ for the constant-energy
simulation, respectively. The physical origin of these results is explained by asymptotic
analysis of the governing equations of cluster growth. A linear hydrodynamic theory for
the early stages of the separation process is also presented.

I. INTRODUCTION

The phenomenon of phase separation is a com-
mon occurrence in nature. In technological applica-
tions one often needs to mix or unmix various sub-
stances (metals, glasses, polymers, and various other
chemical species). It is therefore of great impor-
tance to study in detail the properties and behavior
of a variety of systems undergoing phase separation.
The systems of technological importance are often
complex, whereas basic understanding is easier to
obtain from simpler systems. Because of the impor-
tance of this subject area there is a vast amount of
literature.! —¢

Our purpose here is to present an in-depth com-
puter simulation study of the dynamics of phase
separation for a two-dimensional unstable fluid. In
contrast to laboratory experiments, there is relatively
little work in the dynamics of fluid phase separation
using numerical simulation experiments, the excep-
tion being Abraham et al.' We use a molecular-
dynamics simulation method to study the time evo-
lution of a system which is initially quenched to the
unstable region of its thermodynamic phase dia-
gram. This is the relevant quench for the
phenomenon of spinodal decomposition. Our nu-
merical experiments are described in detail in Sec.
II. [Even though we have done some study of
quenches into the metastable region (nucleation) we
choose not to present it here.] The results of the nu-
merical experiments on spinodal decomposition are
described in Sec. III. These include (i) the configu-
ration snapshots, (ii) cluster distribution, (iii) time-
dependent radial distribution function, and (iv) the
structure factor, as they evolve in time. Laboratory
experiments* on spinodal decomposition have
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probed only the structure factor, and, in this respect,
numerical experiments certainly provide much
greater detail and finer description of the physical
phenomena. Laboratory experiments and numerical
simulations are also complimentary to one another
in regards to the time scales probed. In general, lab-
oratory diffraction experiments cannot probe very
short times and are therefore performed often in the
critical region of binary fluid mixtures, where
characteristic time scales are much longer compared
to the conceptually simpler, one-component fluid
system which is separating into liquid and vapor
phases. As can be seen from the results in Sec. III,
the characteristic time scale for the significant phase
separation in a two-dimensional, argon-like,
Lennard-Jones fluid is approximately several hun-
dred picoseconds; near its triple point by far the
most interesting features of the dynamic phenomena
already occur by 300 ps. For a one-component sys-
tem quenched to realizable distances very close to
the critical point, the time duration of the phase
separation is very short for a meaningful x-ray dif-
fraction experiment. Thus, none so far have been re-
ported to our knowledge. In Sec. IV we give the
theoretical analysis of the experimental results of
Sec. III. Our discussion of the characteristic time
scales given below in this section becomes more
meaningful from the linear stability analysis
described in Sec. IV C.

Since we present here numerical experiments on a
one-component, two-dimensional system, two fur-
ther remarks can be made: (i) Much of the theoreti-
cal analysis for binary mixtures as well as for one-
component systems (presented in Sec. IV) is in-
dependent of dimensionality. Advantage of the
present two-dimensional study is that the time evo-
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lution of the density fluctuation can be visually seen
directly from the configuration snapshots. (A movie
for quench A discussed in Sec. III has also been
made.) With the advent of accurate experimental
and theoretical studies of monolayer rare-gas films
on graphite substrate (to which the film couples only
weakly), the present study is also quantitatively
relevant. (ii) Since, in the area of spinodal decompo-
sition, most laboratory experiments have been done
on binary mixtures and numerical experiments
presented here are for a one-component system, it is
also important to appreciate an essential difference
in the physics of these two systems. (For a detailed
discussion on this point, see Ref. 7.) For the fluid-
fluid phase separation in the binary fluid mixture
the relevant fluctuations are in the local concentra-
tion variable which, in a first approximation (at the
level of Cahn-Cook theory), decouples with the oth-
er hydrodynamic variables—there is only one con-
servation law. The fluid-fluid phase separation is an
instability driven via a negative thermodynamic
derivative of chemical potential with respect to con-
centration and one introduces a negative diffusion
coefficient phenomenologically. For the liquid-
vapor phase separation in a one-component system,
on the other hand, there are two conservation laws:
(@) Local fluid density, leading to the continuity
equation of hydrodynamics which couples to the
other conserved variable, the local momentum densi-
ty; (b) for the momentum density one may either
write the equation of motion at the level of Euler’s
equations or the Navier-Stokes equation. Both con-
tain the reversible pressure gradient term which has
the negative (isothermal) compressibility, responsible
for driving the liquid and vapor phases to separate.
The essential change in the fluid hydrodynamic
modes (as compared to the single-phase regions of
the thermodynamic phase diagram) is that (provided
the quench is within the spinodal) during the
dynamic evolution of the phase-separation process,
C, <C, (instability) and the sound speed ¢, becomes
purely imaginary (negative compressibility); none of
the hydrodynamic modes are propagating (C, and
C, are heat capacities at constant pressure and con-
stant volume, respectively). The characteristic time
scale 7 is determined from the unstable mode (one of
the acoustic modes) in which the negative compres-
sibility enters: T=icok where k is a typical wave
number for the unstable modes. For our numerical
experiments this is of the order of a picosecond, and
the maximum times to which the experiments were
done are 460 ps for the constant-temperature run
(quench A4) and 300 ps for the constant-energy run
(quench C).

The theoretical analysis sketched in Sec. IV also
includes the asymptotic analysis of cluster growth in

a one-component system (Sec. IV B). This is similar
to that done by Lifshitz and Slyozov for binary mix-
tures. The asymptotic time dependency of the mean
cluster radius is found to be ¢!/2 for the isothermal
time evolution and ¢!/3 for the adiabatic condition.
The experimental results for quench 4 and C,
respectively (Sec. III), support this theoretical find-
ing. In Sec. IV A, we also present a calculation of
the coarse-grained radial distribution function and
its scaling properties using a simple model. The re-
sults show good qualitative agreement with the ex-
perimental radial distribution functions. The model
contains the essential ingredients of the dynamical
evolution and can be improved to obtain better
quantitative agreement. The linear stability analysis
used in Sec. IV C is similar to our earlier work for a
three-dimensional one-component system.’

II. MOLECULAR-DYNAMICS
SIMULATION EXPERIMENT

A. Numerical method

In the molecular-dynamics method one solves nu-
merically Newton’s equations of motion for a given
number of particles in a cell, which interact by a
specified interaction potential. Since this method is
described in various references,® we do not discuss it
in great detail. As a result of the simulations, one
obtains the positions and the velocities of all parti-
cles as a function of time. Because the number of
coupled differential equations which can be solved
simultaneously on a computer is restricted by the
available computer time and storage space, one has
to deal with a relatively small number of interacting
atoms. These are typically several hundred up to a
few thousand. However, if one wants to simulate a
quasi-infinite system, one applies periodic boundary
conditions. This means, that the computational cell
is surrounded by identical cells with the same atom-
ic configuration. Each particle has its periodic im-
ages, all of which behave identically. If a particle
leaves the computational cell at one side, one of its
periodic images enters the cell from the opposite
site, so that the number of particles in the cell is
fixed.

Because one deals with a closed system in a
molecular-dynamics experiment, the total energy is
constant (within the numerical accuracy). However,
a constant-temperature experiment can also be per-
formed, simulating the physical properties of the
coupling of the system to a heat bath by simply re-
scaling the velocities of all atoms at every time in-
terval 77, so that the mean kinetic energy corre-
sponds to the desired temperature 7.’
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B. Simulated system

In our experiments we deal with a two-
dimensional system of 5041 atoms which interact by
the Lennard-Jones potential
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where r is the interatomic separation and €,0 are the
Lennard-Jones parameters. This potential is
known!? to be a fairly good representation of the in-
teratomic potential for the rare-gas atoms. Thus,
with appropriate parameters €,0 our system is a
model of a physisorbed monolayer of, e.g., argon on
a structureless substrate (e.g., graphite). Since we
want to investigate the time dependence of phase-
separation processes in this system and are interest-
ed in the long-time behavior, we need a fast integra-
tion routine with high numerical accuracy. There-
fore, we use the fifth-degree Nordsiek-Geer algo-
rithm described in Ref. 11 and a very small integra-
tion time step of 0.01 ps. The physical parameters
which we have to specify for our experiments are
the temperature and the area; i.e., the density since
we are always dealing with a fixed number of atoms.

Information regarding these parameters is ob-
tained from the phase diagram of a two-dimensional
Lennard-Jones system, which was recently calculat-
ed and verified using Monte Carlo techniques by
Barker, Henderson, and Abraham.!> A cut through
this phase diagram in the temperature-density plane
is shown in Fig. 1. The solid lines are the phase
boundaries and the dashed line is the spinodal which
was calculated using two-dimensional liquid-state
perturbation theory.'?
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FIG. 1. Phase diagram of the two-dimensional

Lennard-Jones system in the density-temperature plane.
Dashed curve indicates the spinodal separating unstable
and metastable regions.

Generally, our experiments on phase separation
are done by quenching the system from various ini-
tial configurations, in which we have a one-phase
situation, into the unstable region of the phase dia-
gram. These quenches are done by quasi-
instantaneous changes in the temperature and/or the
density of the system. A quench into the unstable
region allows us to study phase separation by the
mechanism of spinodal decomposition.'’* This is
the instability of a homogeneous fluid to infini-
tesimal fluctuations, which are sufficiently large in
extent, that the surface free-energy contribution is
always smaller than the volume free-energy contri-
bution. Thus, one expects to observe with increasing
time a decomposition process in which highly inter-
connected regions appear with densities slightly
above and slightly below the mean density. These
regions will break up into regions with high and low
densities, which eventually approach the equilibrium
liquid and gas density, respectively. Spinodal
decomposition has to be distinguished from nu-
cleation, which occurs if one quenches into the
metastable region of the phase diagram. Generally,
nucleation' is the instability of the homogeneous
fluid to density fluctuation with a large amplitude
and short wavelength, i.e., the creation of critical
droplets of liquid density. These droplets grow until
the equilibrium situation of liquid-gas coexistence is
reached. (See Fig. 2 for a pictorial description of the
two types of density fluctuations and the corre-
sponding phase instability phenomena.)
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FIG. 2. Pictorial representation of the type of density
fluctuations that lead to nucleation in the metastable re-
gion and spinodal decomposition in the unstable region.
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C. Quenches to the unstable region
of the fluid phase diagram

We have performed several experiments (A—C) in
order to observe spinodal decomposition under vari-
ous experimental conditions. The experiments to be
discussed are as follows.

(A) The fluid is initiated by placing the atoms in a
triangular lattice of density po?=0.325 with a
Boltzmann velocity distribution corresponding to a
temperature kzT/€=0.45." Thus, the density is
the critical density for liquid-vapor coexistence and
the temperature is slightly above the triple-point
temperature.'? At each time step the atomic veloci-
ty distribution is renormalized in order to fix the
average temperature to k3T /€=0.45. This initiali-
zation guarantees that we start with a uniform dis-
tribution of atoms in a very unstable part of the
two-dimensional fluid phase diagram.

(B) The system is equilibrated at a temperature
kgT/€e=1.0 and a density po®=0.8, i.e., in the
one-phase region of the phase diagram. Then a
quasi-instantaneous quench is performed to the
same point as in experiment A, i.e., the velocities are
rescaled to the temperature kT /e=0.45 and the
distances are rescaled to the density po’=0.325,
respectively. The comparison between experiments
A and B allows us to study the influence of the pre-
quench state on the experimental results after the
quench.

(C) The system is equilibrated at a temperature
kpT /€=0.65 and a density po®=0.325. Then it is
quenched to the point kpT /e=0.42, pa?=0.325.
The velocities are rescaled to the temperature
kgT/€=0.42 for 2000 time steps (20 ps). From
then on, no velocity rescaling was done, i.e., the total
energy was fixed. This constant-energy experiment
allows us to study the latent-heat effects in spinodal
decomposition.

As a result of the molecular-dynamics experi-
ments, one obtains the position of all atoms as a
function of time. Using this information, one can
calculate various physically interesting quantities,
such as the time-dependent radial distribution func-
tion g (r,¢)

g (r,t) < {8p(T,1)8p(0,2)) .

By Fourier transformation one obtains the time-
dependent structure factor

S(k,t) fd?g(r,t)e"r'?-

These quantities can be compared to theoretical re-
sults.

Furthermore, one can directly visualize the
dynamics of the simulated process by plotting the

atomic configuration for various times. This creates
“snapshot pictures” and gives information on the
time evolution of the atomic density distribution.
From the atomic configurations one can also obtain
the cluster size distribution at various times.!® In
order to do this, one introduces a critical distance R,
such that all pairs of atoms with pair distance below
R, are counted within the same cluster. We will
now discuss our experimental results in detail.

ITII. EXPERIMENTAL RESULTS

A. Experiment A

Starting from a triangular lattice of density
po?=0.325 and kyzT/€=0.45 we performed a
constant-temperature simulation.'> We ran this
simulation for a very long time to 45000 time steps,
i.e., 450 ps, because we were also interested in the
late-time behavior and especially in scaling of g (r,?)
or S(k,t), respectively. The physical meaning of
“very long” is discussed in Sec. IV C.

Figure 3 shows a temporal sequence of atomic
configurations starting at 5 ps after the quench up
to one of the final configurations at 450 ps. Up to
20 ps, one clearly sees the wavelike decomposition
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FIG. 3. Snapshot pictures of the constant-temperature
simulation (kT /€=0.45, pa?=0.325) for various times
shown in picoseconds after the initialization (experiment
A, see text).
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process yielding highly interconnected regions of
high and low densities, respectively. Around 40 ps,
this regime, which may be characterized “wave
creation and growth,” changes into a regime, which
may be characterized as “wave necking” or breakup,
leading to the creation and subsequent growth of
atomic clusters. These atomic clusters grow until
only very few large clusters exist. From the cluster
distribution study, we find that the largest of these
clusters has ~2500 atoms around 400 ps from the
total of 5041 atoms in the system.

Figure 4 shows the radial distribution function
g(r,t) for the same times at which Fig. 3 shows the
atomic configuration. The radial distribution func-
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tion is numerically calculated by counting the num-
ber of atom pairs at distances between r and r +Ar.
The cutoff at large r is determined by the size of the
computational cell. Because we are dealing with a
large system of 5041 particles, we have on the order
of 12500000 pairs in our system. Therefore, we can
choose a very small Ar in order to obtain the de-
tailed structures in the radial distribution function.
[We choose Ar such that we evaluate g(r) in 1000
“bins,” i.e., 7ma/Ar=1000.] We note the short-
range liquid-state atomic order which is represented
in g(r) by the pronounced small period oscillations
for a radial distance of 50, this order becoming time
invariant around approximately 40 ps. In addition,
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FIG. 4. A sequence of radial distribution functions calculated from the configurations shown in Fig. 3.
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a damped oscillation with growing amplitude and
period is evident for all times, representing a grow-
ing long-range order with a spatial scale that is time
dependent. This is simply a consequence of the con-
tinuous partitioning of atoms to condensed regions
which grow in size.

In terms of the Fourier transform of the radial
distribution function, the structure factor S(k,t),
the short-range liquid peak appears at a wave num-
ber ko=5.87, as shown in Fig. 5. The liquid peak
saturates in amplitude after 30 ps. Figure 5 shows
that a small k peak already appears at ko=1.33 by
4 ps and continues to grow. This is the peak corre-
sponding to the spinodal phase-separation process.

As we can see from Fig. 6, this growth in ampli-
tude continues to the longest times in our simula-
tion. Simultaneously, we observe a shift of the
small-k-peak position to decreasing wave numbers
with increasing time, indicating the coarsening pro-
cess in the density pattern (compare Fig. 3).

In order to analyze the scaling behavior connected
with the phase-separation process, we calculate a
coarse-grain radial distribution function by averag-
ing over radial intervals greater than the period
characteristic of the atomic short-range order and
arbitrarily take as a measure of the coarse-grain
“average size” of the growing liquid regions the ra-
dial distance at which this distribution function first
equals unity. In Fig. 7, this average cluster size R (t)
is presented as a function of time on a double-
logarithmic plot and exhibits a t%2° dependence dur-
ing the early stage of the phase-separation process
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FIG. 5. Experimental structure factor S(k,t) vs k for
various early times after the initialization of the simulated
system at kpT /€=0.45, po?=0.325 (experiment A, see
text).
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FIG. 6. Long-time behavior of the spinodal peak of the
structure factor S(k;t); compare Fig. 5. Note especially
the magnitudes in vertical scales in Fig. 5 and in this fig-
ure.

(0<t <30 ps), followed by a change to a one-half
power dependence for the remainder of the simula-
tion (50 <t <450 ps). A careful examination of the
time developing interatomic morphologies for these
different growth stages suggests that they may be
characterized as wave creation and growth until lo-
cal maxima in density approach the condensed
liquid density, followed by wave necking or breakup
leading to the creation and subsequent growth of
macroscopic clusters. One may correctly state that
the “spinodal mechanism” comes to completion by
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FIG. 7. Cluster size R(t) (®, upper left scale),
minimum of radial distribution function G,,(r,t) (@,
lower left scale), and the size of the longest cluster (A,
upper right scale) as a function of time (experiment A, see
text).
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about 30 ps since the density extremes have been
achieved. After this early time, coarsening dynam-
ics by vapor condensation and/or cluster coagula-
tion are the governing mechanisms.

The two stage growth of clusters is also substan-
tiated by examining two further characteristics. (i)
The magnitude of the minimum of g (r) versus time
is shown in the lower part of Fig. 7. It clearly
shows the two growth stages. (ii) From the atomic
configurations (Fig. 3), we have also studied directly
the cluster size distribution using the algorithm out-
lined in Ref. 16. In Fig. 7 (upper right scale, &), we
show the size of the largest cluster as a function of
time. This demonstrates the phenomenon of wave
creation up to about 30 ps, manifesting itself as the
appearance of a very large growing cluster due to
the highly interconnected morphology. Subsequent-
ly, there is a wave-necking transition region around
40—50 ps. This is followed by “isolated” cluster
growth (compare Fig. 3).

A simple scaling of coarse-grain radial distribu-
tion functions with time is suggested if we hy-
pothesize that the density morphology remains ap-
proximately topologically invariant during coarsen-
ing, but the actual spatial variation of density
domains expands as R (t). We conclude that within
the framework of this picture, a time-invariant radi-
al distribution function G(X) is obtained from the
relation

G(X)=g(X,t), X=r/R(1), (1)

where g(r,t) is the measured coarse-grain distribu-
tion function at time 7. In Fig. 8, the scaled func-
tion G (X) is presented for various times and for the
two different growth regimes. We see very good
scaling invariance for the two growth regimes, with
the invariance at later times breaking down for
X >2.0. This failure only reflects the fact that the
average nearest-neighbor separation distance does
not scale with average cluster size R (z) when the
system coarsens to a few large clusters, a conse-
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FIG. 8. Scaled radial distribution function G(X),
X =r/R (1), for the two-time regimes in experiment A:
(a) 12, 14, 16, 18, 20, 22, 24, 26 ps and (b) 40, 60, 80, 100,
200, 300, 400, 450 ps.

quence of the conservation of the total number of
atoms. In actual fact, the scaled coarse-grain distri-
bution function G (X) for distances X <2.0 reflects
principally the structure of an individual “average”
cluster of normalized size X =1.0, the cluster’s
structure described by the peculiarities of radially
averaging over atom positions in the cluster. We
conclude that G(X) is a rather insensitive measure
of the system’s density morphology and that it is not
very astonishing that we find a scaling invariance
for relation (1). This scaling behavior G (X) is re-
flected in a scaling invariance for the growing peak
in the structure factor S(k); i.e.,

S(K)—1=[S(k,)—1]/[R(D}?,

K=R(®k . (2)

In Sec. IVB of this paper we present a theoretical
explanation of the %> power-law behavior of R (2).

B. Experiment B

In this experiment we equilibrated the system at a
temperature kzT/€=1.0 and a density po’=0.8.
Figure 1 shows that this is in the one-phase region
of the phase diagram. After equilibrium is reached,
we quenched the system to the same point as in ex-
periment A, i.e., to kT /€=0.45, po?=0.325. This
quench was done “quasi-instantaneously,” i.e., we
rescaled all velocities, so that the mean Kkinetic ener-
gy corresponds to the temperature kzT /€=0.45,
and rescaled all distances, so that the density po? be-
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FIG. 9. Experimental structure factor for the quench
from po?=0.8, kT /e=1 to po?=0.325, kzT /€=0.45
(experiment B) for very early times after the quench
showing the loss of the memory of the prequench condi-
tion.
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comes 0.325. This experiment was done in order to
investigate if and how the prequench state of the
system influences the results after the quench.

In Fig. 9 we show, as an illustrative example, the
structure factor S(k,t) of our system at different
times. We see that S (k,t) in the prequench situation
has the typical shape of an equilibrium liquid with
one peak around ko=6.2. Immediately after the
quench, we see this peak shifting to lower k values
(due to the rescaling, i.e., expansion of the distances
in our system) and the peak amplitude decreasing,
while at the same time a ‘“background” starts to
build up. By about 2.5 ps the memory of the pre-
quench situation at high temperature and density is
lost.

As a comparison, we have plotted in Fig. 10 the
structure factor for very early times for experiment
A. At 1 ps we see a lot of spikes, the memory of the
triangular lattice, the structure of which is a 8 func-
tion at ko=3.85. These spikes vanish very rapidly
and by about 3—4 ps after the quench the memory
of the triangular lattice is lost. If we call this time
at which the memory is lost =0, then at subse-
quent times experiments A and B show the same
behavior and yield the same (time-averaged) quanti-
ties. Thus, we conclude that our experiments are,
after a short initialization period, rather insensitive
to the prequench conditions.

1

Structure Factor S(k,t)

FIG. 10. Experimental structure factor for experiment
A (see text) for very early times after the initialization,
showing the loss of the memory of the initialization in a
triangular lattice.
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FIG. 11. Time evolution of the system temperature
ksT /e (averaged over 10 time steps) vs time for the
constant-energy simulation (experiment C; see text).

C. Experiment C

In this experiment we equilibrated our system at
kpT /€=0.65 and po?=0.325, i.e., in the one-phase
region of the phase diagram but relatively close to
the phase boundary. Then we quenched it quasi-
instantaneously to k3T /e=0.42, keeping the densi-
ty fixed. At this point we ran it for 2000 time steps,
i.e, 20 ps, as a constant-temperature simulation.
After that, we no longer rescaled the velocities, i.e.,
we performed a constant-energy experiment. Figure
11 shows how the temperature of the system behaves
as a function of time. Approximately 60 ps after we
stopped the velocity rescaling, kzT /€ approaches a
value at 0.5, and fluctuates around 0.5—0.505 during
the remainder of the simulation. This temperature
value is still well below the critical temperature as
can be seen from Fig. 1.

However, if we had not fixed the temperature to
kgT/€=0.42 for 20 ps, the system temperature
would have increased very rapidly and exceeded T,
so that the system would have gone again into the
single-phase region of the phase diagram. We
analyzed this experiment in the same way as experi-

20 — r T
10
E 1
2 5 1
2| (
> o t0.33 :
2 - 4
i T Lol L I FE R 1
2 5 10 20 50 100 200
Time (ps}

FIG. 12. Cluster size R (t) as a function of time for the
constant-energy simulation (experiment C; see text).
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FIG. 13. Scaled radial distribution function G(X),
X =r/R (1) for the t>% scaling regime in experiment C
(see text) at 30, 50, 80, 120, 160, 210, 240, 270, 300 ps.

ment A. A comparison shows that the time evolu-
tion is much slower than in experiment A. In order
to express this quantitatively, we plot in Fig. 12 the
average cluster size R (¢) obtained from the coarse
grain g(r) in the same way as described earlier. Fig-
ure 12 shows that R(z) is only very weakly time
dependent for very early times up to 10 ps, followed
to a one-third power dependence for the remainder
of the simulation, i.e., up to 300 ps. This growth
law of ¢!/3 for constant-energy simulation compared
to ¢!/2 for constant-temperature simulation is under-
stood theoretically and discussed in Sec. IV B of this
paper. Figure 13 shows the scaled G (X) obtained
using Eq. (1). Again, we see very good scaling in-
variance during the times from 30 to 300 ps.

IV. THEORETICAL ANALYSIS

A. Model calculation
for the pair correlation function

In Sec. III we showed that experimental coarse-
grain radial distribution function g(r,t) obeys very
good scaling invariance. The scaling was suggested
through the hypothesis that during the coarsening
process the density morphology remains topological-
ly invariant while the actual spatial variation of den-
sity domains expands as the typical cluster size
grows. In this section we discuss a very simple
model of the inhomogeneous density distribution for
the phase-separating system which contains the
essential ingredients of the dynamical evolution.
For the model we evaluate the radial distribution
function g (r,t), then show that it obeys scaling, and
compare the scaled distribution g (X) with the exper-
imental results shown in Fig. 8.

The model system consists of a “mother-cluster”

of size R(t), surrounded by a shell of vapor concen-
tric with the mother cluster and of outer radius
R, (1), which in turn is surrounded by a uniform
fluid of mean density with which the system began
its time evolution (and which “macroscopically” is
always constant). For simplicity we assume that the
density variation in the model system is such that (i)
within the mother cluster the density is p;, the final
equilibrium density, (ii) the density in the vapor
shell is zero, and (iii) the density is p,,, the uniform
mean density in the outermost region. The conser-
vation of the total number of atoms in the system
implies that R,=(p;/p,)!/?R,. The model is
schematically shown in Fig. 14. The center of the
mother cluster is at O. In order to obtain the
coarse-grain distribution function g(r,?) we need to
average over the point Q around which a circular
shell of radius r to r +dr would be drawn to count
the number of atoms in this shell, i.e.,

g(N=C(g(rXo))yx,

1
7TR%

R
L'gmxwuxmmy 3)

The time dependence arises entirely from that of R ;.
In Fig. 14, for a typical Xy, a circle of radius 7 is
shown as the dashed circle P, P,P;P,Ps. It is obvi-
ous that the integrand in Eq. (3) is given by

P2 PS
lp, f”1 ds +pm fP3 ds] , (4)

where the integration is along the dashed circle.
The geometrical problem is quite straightforward to
solve once it is treated as a superposition of two
simpler problems in which the density distributions,
as seen from the center of the mother cluster, are

pi» O<R <R
01 R >R1

g(rXy)=
2mrpy,

prR)= (5a)

and

AN

\\ o - \\\

FIG. 14. Model for the theoretical calculation of the
coarse-grain radial distribution function (see text).
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(R) 0, O<R <R,
paAR)= oms R >R, (5b)
respectively. The result is

g(r1=gi(r)+g,(r), (6a)
J

52 Y2+%[I(Y,l,x,l)—l(I—X,Y,X,l)] ,
gi(r=
281X -1,1,%,1),
o
0,
and
0,

11(5-X,1,X,52) ,
m

g(r)= 1—Z2+%[I(S—X,Z,X,Sz)—I(Z,1,X,82)],

1-21(x—8,1,%,8),
m

1,

where X =r/R,, Y=(1—-X*'2, 8=p,/p,,, and
Z =(8%—X%'2. The result, as expected, depends
only on two variables: r/R(t) and p;/p,,. Thus,
for the model, the scaling as defined in Eq. (1) is sa-
tisfied when p; and p,, are fixed given values. If one
performs a series of experiments with varying
quench depth, then the superposition of scaled G (X)
of the type shown in Fig. 8 will not hold. In the
model there are actually two length scales R; and
R,. The number conservation relates these two:

172

Pi R,

R2=

and the interrelation involves the quench depth.
Numerical integration of Eq. (6a) for p;=0.71,
pm =0.325 (conditions for the simulations discussed
in Sec. III) shows that as r increases, g (r) becomes
unity at r =~1.25R,. Thus, in order to compare the
model result to the experimental distribution shown
in Fig. 8, we use R (¢)=1.25R(z). This comparison
is shown in Fig. 15. It is clear that the simple model
contains all the essential ingredients to understand
the experimental scaling. The quantitative differ-
ences between the model and experiment arise from
our assumptions of (i) sharp interfaces at R; and

where g,(r) and g,(r) involve the following integral:

b 7’ 4+x2—a
I(a,b,n,a)=fa arc cos 2 xdx (6b)
and are given by
if 0<X <1
if 1<X<2 (6¢)
if X>2

if 0<X <(8—1)
if (8—1)<X <(8—1'72

if (82—1)'"2<X <8 (6d)

if <X <(6+1)
if X>(8+1)

r

R,, (ii) approximating the vapor region by vacuum,
and (iii) approximating the second shell of clusters
by the mean density fluid which starts sharply at
R,.

FIG. 15. Comparison between model-radial distribu-
tion function (full line) and experimental results (squares),
taken from Fig. 8(b).
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B. Asymptotic analysis for cluster growth

From the constant-temperature simulation experi-
ment A, we showed in Fig. 7 that for large times the
mean cluster radius grows as ¢'/2. In contrast, for a
constant-energy simulation we find (Fig. 12) that
asymptotically the growth law is consistent with ¢!/
with the exponent 0.33+0.05. In this section we
give an asymptotic analysis for these simulation re-
sults.

The classic work relevant to our analysis is that of
Lifshitz and Slyozov.!” They study the cluster
growth for a binary mixture and conclude that the
radius of the cluster R (t) would grow as t!”* for
large times. This result can be shown to be indepen-
dent of dimensionality and would hold in both two-
and three-dimensional systems. Their basic starting
equation for R (¢) is

dR D

dt R

a

R | 7

where D is the diffusion coefficient of particles
across the cluster boundary, A is the degree of su-
persaturation, and a is a parameter related to sur-
face tension. By supplementing this equation with
the matter conservation law and the equation of
continuity for the cluster distribution function,
Lifshitz and Slyozov not only show that R (£)~¢'/3
asymptotically but also explicitly evaluate the
asymptotic cluster size distribution. Recently,
Turski and Langer'® have studied the dynamics of a
diffuse liquid-vapor interface for a one-component
system. Even though they applied hydrodynamics
only to evaluate early time nucleation rate and did
not investigate asymptotic cluster growth, they ob-
tain an equation [their Eq. (4.15)] for R (z) which is
identical in form to Eq. (7) above. In this analysis
the combination (DA) of Eq. (7) is replaced by

(2AaT)/I’nR*) ,

where A is thermal conductivity, o surface tension, /
the latent heat, n; the liquid density at temperature
T, and R* the critical droplet radius. It is quite sim-
ple to start with such an equation for R (¢) and ex-
tend Lifshitz-Slyozov analysis to one-component
systems to arrive at ¢t!/? growth law for adiabatic
(constant-energy) simulation regardless of dimen-
sionality.

For our isothermal simulation of the one-
component, two-dimensional Lennard-Jones system,
we now briefly describe how a Lifshitz-Slyozov-type
asymptotic analysis leads to a growth law where
R(t)~t'2. Our starting point is the rate equation
for the number of particles n in the cluster

dn _
dt

The right-hand side of this equation, the particle
current at the cluster boundary is the difference be-
tween a gain term due to the monomers impinging
from the low-density vapor at temperature 7 and a
loss term from the cluster due to evaporation at the
surface. We have made a movie of the atomic tra-
jectories in our isothermal simulation. From this,
we find that the motion of atoms in the vapor phase
is kinematic (nondiffusive). Thus, we use the kinetic
theory to write the gain term as

8n=n,()S(T /27m)'/? | (8b)

gn_ln . (8a)

where S =27R is the surface of the two-dimensional
cluster and n,(¢) is the vapor density at time ¢. In
terms of n, and the equilibrium liquid density n; the
supersaturation A(z)=n,(t)/n; and the number of
particles in the cluster n is related to the cluster ra-
dius as n =7R?n; if we assume that at late stages
the density within the cluster is n;. Then Eq. (8a)
becomes

172 I,

- (8¢)
n

2RR _ A(t2nR
dt

2mm

For the loss term, we can use the classical nucleation
theory, where the competition between the surface
and volume energy terms enables the droplet to
grow or shrink. The total loss rate from the cluster
surface S can then be written as

1,=AS e ~%/Te?/R | (8d)

where A is a proportionality constant, ¢ the volume
energy, and a/R the surface contribution. In a
similar context (but for a different system) these
ideas have been used to analyze the finite lifetime ef-
fects in electron-hole droplet formation.!* There the
loss term would arise due to thermionic emission-
type result given by the so-called Richardson-
Dushman equation in which ¢ would be the elec-
tronic work function and the constant 4 would be
given by (4mmT?)/h>. In the asymptotic analysis,
the explicit expression for A is irrelevant; it is only
the form of the equation for R (¢) that matters. One
gets

172
dR _
dt

T

2mm

Ae= T

e®’R . (9a)

A(z)

n

For large time a/R is rather small and it is ap-
propriate to write e*/®=1+a/R which leads to

drR _
dt

a _@a
R.(t) R

b, (9b)




where a critical droplet radius R.(¢) can be defined
from Eq. (9a) by setting dR /dt =0. The remaining
proportionality constant b provides for the scaling
of time ¢. It is convenient to render Eq. (9b) dimen-
sionless by introducing the following quantities:
R, o, the initial value of the critical radius which
would depend on the initial supersaturation A, a
scaling time T =RZ,/ba and dimensionless supersa-
turation x (t)=R,(t)/Rp; the variables R and ¢ are
changed to p=R /R g and t'=t/T. Then we get

dp _1
dat' p

P

— 10
() , (10)

which is one of the starting equations for the
asymptotic analysis. To a good approximation, the
quantity x (¢') is Ag/A(t) and becomes large at large
times since A(t) approaches zero. Once Eq. (10) is
established the remaining details of our asymptotic
analysis are trivial extensions of the work of Lifshitz
and Slyozov to two dimensions. This is described
elsewhere.’’ The area distribution of clusters is ob-
tained from such an analysis. When expressed in
terms of reduced variables z=p’/x*(t') and
7=In[x?(¢")], the distribution is

¢( ) n (T)p (z,YO)’ z SZO=4
z,7)=
0, z>z (11)
where the number of clusters per unit area is
no(T)E fow ¢(Z,T)dz =Ae -7 , (12)
|
Vzexp|—VZz/ 1——‘/2i
p*(Vz,70)= vz |t ’
2— |1———
2
0, Vz>2

This is shown in Fig. 16. In the analysis?® we also
find that

z
(2-1)= [ "pay)z'?~1dz=0,  (8)

i.e.,

(21/2)=<

P >=1 ) (19)
x(t')

We also obtain the asymptotic growth law as
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and the probability that a cluster will have reduced
area between z and z +dz is

p(2,70) e Y/vr(z,70), Z2<zo=4
1o 0, z>z (13)
Here
vr(z,70=4)=—(2—2'/2)?, (14)
z dz'
Uz, y0=4)= fo—(z_z,m)«z
vz 2Vz
=2In|l———"
n 5 +2—\/E , (15)
and
e 1 1
T 4oV - 8k[+ —e2E (2)]
Kf ——zdz 2 1
0 VR
~0.287 Qf : (16)
c0

where k=mR2/Qq and Q, is the total initial super-
saturation. Since z is reduced area, it is of interest to
find the cluster size distribution

d.
p"‘(\/E,)/o):p(z,yo)rf/2 .
Itis
(17)
[
<p>=x<t')=—‘/%(t'>“2 20)

in conformity with the results of numerical simula-
tion shown in Fig. 7. The cluster size distribution in
Eq. (17) cannot be verified from our molecular-
dynamics simulation experiment since the actual
number of droplets in late states of the simulation is
quite small.

C. Linear stability analysis

In this section we use a linear stability analysis for
a two-dimensional fluid in the unstable region of the
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FIG. 16. Cluster distribution function as calculated
from the asymptotic analysis of equations for isothermal
nucleation theory.

liquid-vapor phase diagram.” The analysis is com-

pletely analogous to that in Sec. II of Ref. 7, so we
only give the results. Briefly, we use the linear hy-
drodynamic equations which include the stochastic
fluctuations in the stress tensors and the heat flux.
The nonlocal driving force arising from density in-
homogeneities is specified by the van der Waals
prescription' and is accounted for through the pres-
sure gradient in the dynamical equations. Compar-
ison of the time-dependent structure factor S(k,¢?) is
made with our molecular-dynamics computer exper-
iments. Detailed expression for S(k,?) is given in
Ref. 7.

In order to apply the result of linear hydrodynam-
ics to the specific situation of spinodal decomposi-
tion, we have to specify the prescription for the
equation of state and various transport coefficients.
Liquid-state perturbation theories have been success-
fully applied to the study of the thermodynamics of
a constrained single-phase system within the two-
phase coexistence region."!? (Such thermodynamic
quantities are denoted by a dagger.) The reference
system in these theories is one with hard-sphere in-
teraction. In our dynamical calculation it is there-
fore appropriate to use similar ingredients.

From the Enskog theory of dense fluids,?! we
have the following expressions for the three trans-
port coefficients:

n=mn1+y +0.87299%) /Y , (21a)
E=mo(1.246p%) /Y , (21b)
k=ko(1+ 1.5y +0.8718y2)/Y , 21c)

where 1,=0.511V'T /7 and k,=2.058V'T /7 are

the low-density values of the shear v1scosnty and
thermal conductivity, respectively, Y =y /( ‘vpoa 2),
and Y is the factor by which the binary-collision fre-
quency is increased in the Enskog theory. This fac-
tor is usually determmed from the knowledge of the
equation of state p(p, T):

ap'
TaT

1
pokpT

—1. (22)

We use a two-dimensional liquid-state perturbatlon
theory'? to obtain the equatlon of state p (p, T) and
hence (dp' /aT and ( ap /9p)r. In addition, we
need to specify only the nonlocal driving term ¥ (k)
which appears in the linear theory. Traditionally,
one would use the square gradient theory which was
introduced by van der Waals** to discuss the liquid-
vapor interface and by Cahn'* in the study of spino-
dal decomposition of solid solutions. This would

imply
]vdw(k)zAkz . (23a)

In any extension of van der Waals theory, one has to
explicitly or implicitly specify the direct correlation
function ¢ (k). An approximate prescription of c (k)
used by Abraham et al.! gives the generalized van
der Waals theory for .#’(k). In two dimensions it
reads

Z pawtk)=2 [ 7 [cos(kx) —1]Q(x)dx  (23b)

z t
x| dZmu (Z)gz(Z,po) ’

where the pair-correlation function g; is calculated
for the Lennard-Jones fluid using the two-
dimensional liquid-state perturbation theory.!*> We
have used in our computations both the prescrip-
tions (23a) and (23b) to see how sensitive the qualita-
tive features of S(k,t) are to the choice of .Z (k).
The dispersion of hydrodynamic modes a;(k) can
also be found in a manner analogous to that in Ref.
7.

In Fig. 17(a) we display a;(k) for van der Waals
ansatz and in Fig. 17(b) the same for generalized van
der Waals prescription for kgT/€=0.45 and
po?=0.325. As expected, both of these agree for
small k and the general qualitative features are also
identical for all k values. For the range of k values
shown we get one real and a pair of complex roots
which turn into three real roots for large k (not
shown in the figures). The real root [always denoted
by a;(k) in the subsequent discussion and by a solid
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FIG. 17. Dispersion of the hydrodynamic modes
within the unstable region of two-dimensional Lennard-
Jones liquid-vapor coexistence (po?=0.325, kpT /€
=0.45) using (a) van der Waals theory, and (b) general-
ized van der Waals theory.

line in Figs. 17(a) and 17(b)] is positive up to some
critical wave number k. and negative thereafter.
Thus, for k < k., we have a growing mode which is
related to the hydrodynamic instability in the
phase-separation process.

Using the hydrodynamic modes a; of van der
Waals (vdW) and generalized van der Waals (gvdW)
theory, we numerically obtain the time-dependent
structure factor. The results are plotted in Figs.
18(b) and 18(c) for different times after the quench.
For S(k,0) we use the experimental data at t =4 ps
(since by this time the memory of initial triangular
lattice is lost; see Fig. 10 and Sec. III) to be able to
compare the theoretically predicted time evolution
with experiment. Figures 18(b) and 18(c) show a
very similar overall behavior of Syqw and Sygw.
The structure factor in generalized van der Waals
theory is broader than S.yw because the critical
wave number k. (gvdW) is larger than k. (vdW).
The faster growth of S(gvdW) reflects the greater
positive values of a,;(gvdW) in comparison to
a(vdW).

In Fig. 18(a) the experimental structure factor
(quench A) is replotted for several times after the
quench (compare Fig. 5). For small times (lowest
curves), theory and experiment agree quite well. For
later times, linearized hydrodynamic theory clearly
overestimates the absolute S(k,t). Nonlinear contri-
butions will slow down this growth rate.

In order to make a sensitive comparison of our
theory with the molecular-dynamics experiment, we
deduce an “effective growing mode a.y” from the
experimental time-dependent structure factor
Sexplk,t). The manner in which this is done is
described in detail in Ref. 7. For our two-
dimensional fluid, we follow an identical procedure.
In Fig. 19 we present the comparisons for both
prescriptions, and for several times after the tem-
perature quench. These times are the earliest mea-
surements in the simulation experiment (after the
memory of the prequench situation is lost) where
linear behavior is most probable. It is very gratify-
ing that the effective amplification factor a.g is of
the same qualitative magnitude as the a; for each
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FIG. 18. (a) Experimental structure factor (experiment
A) in comparison with theoretical structure factor using
(b) van der Waals and (c) generalized van der Waals
description.
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FIG. 19. Comparison of the theoretical growing mode
a, (solid line) predicted by (a) van der Waals and (b) gen-
eralized van der Waals theory with the effective amplifi-
cation factor a. (dashed lines) obtained using experimen-
tal structure factor measurements for experiment A.

prescription, even though the theory has no adjust-
able parameters. Quantitatively, both the general-
ized van der Waals and the van der Waals descrip-
tions yield a; and a. that are in reasonable agree-
ment with experiment. Qualitatively these two-
dimensional results are very similar to our three-
dimensional results.’

V. SUMMARY AND CONCLUSIONS

We have used the technique of molecular-
dynamics simulation to study the dynamics of phase
separation of a one-component, two-dimensional

Lennard-Jones fluid into liquid and vapor phases. A
variety of quenches have been made within the coex-
istence curve of the system and these are described
in detail in Sec. II. Specifically, two of the quenches
(4 and C) have been made to evolve for quite a long
time. The isothermal simulation of the quench 4 to
an initially unstable state was run to 460 ps and a
similar adiabatic quench C to 300 ps. In contrast to
laboratory diffraction experiments these numerical
experiments have provided with detailed informa-
tion about the system trajectories, cluster distribu-
tion functions at various times, and the time evolu-
tion of the radial distribution function in addition to
the structure factor. We have analyzed these results
theoretically in Sec. IV. Both g(r,t) and S(k,t)
obey scaling relations. A simple model discussed in
Sec. IVA describes the observed scaling of g(r,?)
quite well. The mean cluster radius is found to
grow as t!/2 for the isothermal simulation (quench
A) and as t'” for the adiabatic simulation (quench
C). These results are explained by our asymptotic
analysis for cluster growth given in Sec. IVB. In
Sec. IVC we discussed the linear stability analysis
for a one-component, initially unstable fluid using
equations of fluctuating hydrodynamics. Qualita-
tively, the structure factor given by the linear theory
is found to be of the same order as that found in nu-
merical experiment even though one knows that the
nonlinearities are essential in the phenomena of spi-
nodal decomposition. However, the coarsening
behavior is found to be in the experimental structure
factor even at the earliest of time (approximately
1—2 ps); this is absent in a linear theory and we con-
clude that there is (quantitatively), strictly speaking,
no linear regime in our numerical experiment.

There are important differences, both in detail
and in computational concepts of spinodal decom-
position in one-component systems like the one
studied here and for fluid-fluid phase separation in
binary systems for which many experiments exist.
These were discussed in detail in the Introduction
and also in Ref. 7. There are still many aspects of
the experimental results described in Sec. III which
require a greater theoretical understanding. At the
present time a complete nonlinear theory for spino-
dal decomposition in a one-component system does
not exist even though a useful beginning’ has been
made.
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FIG. 3. Snapshot pictures of the constant-temperature
simulation (kzT /e=0.45, p02=0.325) for various times

shown in picoseconds after the initialization (experiment
A, see text).




