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Abstract

Phase transitions are transient processes in which a thermodynamically unstable or
metastable state evolves to a stable state driven by minimizing the appropriate free
energy. The instability or metastability occurs due to sudden changes in external pa-
rameters such as temperature, pressure, etc. Subsequently, the system undergoing phase
transition finds itself in a far-from-equilibrium unstable state characterized by complex
spatiotemporal pattern formation, where the patterns account for domains enriched in
the preferred states. The phase transition dynamics are subject to the nonuniformities
present in the form of defects, such as domain interfaces costing free energy, and the
system proceeds by annealing these defects. Such an annealing process adopts nonequi-
librium dynamics in the growth and coarsening of the domains, commonly referred to as
domain growth, coarsening kinetics, and phase-ordering kinetics. The objectives of my
thesis comprise systems that exhibit domain growth and coarsening kinetics in phase-
separating binary mixtures (AB). In our studies, the quenched mixture is unstable
to infinitesimal long-wavelength fluctuations and spontaneously decomposes into A-rich
and B-rich domains demarcated by interfaces. This process is a widely used paradigm
for the coarsening kinetics and is known as spinodal decomposition (SD). Phase sepa-
ration is recurring in most far-from-equilibrium systems. One of the primary focuses of
my work is to analyze the commonalities and distinctions in these systems.

The problems we address in our thesis emerge when we add surfaces to the phase-
separating mixtures. The phase-separating mixture in contact with a surface is com-
monplace in metallurgy, chemical, and biological systems. For immiscible mixtures, if
the surfaces preferentially attract one of the species, the surface becomes the origin of
composition waves, known as surface-directed spinodal decomposition (SDSD) waves.
These SDSD waves are composed of alternating segments of the wetting (rich in the pre-
ferred component) and depletion layers (lacking preferred particles). Using numerical
simulations, we specifically study the wetting kinetics in the systems undergoing SDSD
with functional surface properties. Our focus remains on elucidating the roles played by
composition ratio (A : B), hydrodynamics in the system, and the chemical and physical
heterogeneity of the surface in contact.

To begin with, we add a flat wall represented by an integrated wall potential V'(z)
with an attractive part ~ 2=, where z and n denote its depth below the horizontal fluid
layer and its interaction range, respectively. We find that for critical compositions (A :
B =50 :50), the wetting-layer thickness R;(t) at very early times exhibits a potential-
dependent growth regime of Ry (t) ~ t¢ with o = 1/(n + 2) being the growth exponent.
The potential-dependent growth next crosses over to a universal fast-mode regime with
a = 3/2. In contrast, much slower logarithmic behavior in R;(t) is seen initially for
a short-ranged surface potential (n — 00). Remarkably, a similar rapid growth with
a = 3/2 is seen in this case too. We invoked Siggia’s arguments to explain the fast-mode
kinetics, where novel long-range correlations develop in the early phase separation stage,
resulting in coating mechanism. Secondly, we investigate the role of the composition ratio
in the binary mixture for a similar attractive long-range potential V(z). We show that
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Ry (t) in early times slows down if the minority component (minority wetting) wets the
surface. However, the potential-dependent growth of Ry (t) ~ t1/(n+2) {5 obtained when
the majority component (majority wetting) wets the surface. The contrasting results
corroborate a local barrier of thickness greater than the thermal correlation length above
the wetting layer for minority wetting. In this case, the probability of particles crossing
the barrier to feed the wetting layer is lower. We also report the recovery of the potential-
dependent growth for the minority wetting by weakening the local barrier.

Furthermore, we replace the flat walls with amorphous ones to investigate the late-
time growth regimes of R;(t). By choosing the amorphous walls, we could avoid surface-
induced crystallization in the mixture and examine the wetting kinetics in SDSD for
times much later than previously reported by molecular simulation. Using morphological
characterization, we identify relevant length scales of phase ordering in the direction
parallel [L;] and perpendicular [L}] to the wetting wall. Our results on the length
scales show widely accepted growth exponents of o = 1/3 (Lifshitz-Slyzov (LS) law) and
1 (Siggia’s mechanism), which are also universal. However, we could not observe the
fast-mode as the coating mechanism was absent due to the roughness of the amorphous
wall. Furthermore, we highlight the possible orientational effects of the multilayered
structures on domain coarsening near the surface.

In the end, we replaced chemically homogeneous surfaces with chemically patterned
substrates. By setting the pattern’s periodicity commensurate with the mixture’s inher-
ent length scale, we notice the transposition of surface patterns to the fluid mixture in
contact. The emerging patterns are denoted as a transient surface-registry regime ex-
hibiting a dynamical crossover from surface-driven to other universal coarsening regimes.
Moreover, we provide details of the scaling behavior for the registry formation and melt-
ing times as a function of the pattern size M,. We further assess lateral domain mor-
phologies and examine the crossover using correlation functions, structure factors, and
domain length scales.

The kinetics of SDSD are of great technological and scientific importance, offering
a pathway to curate and design functional materials by enabling precise control over
their domain morphologies. Given the above, acquiring a detailed understanding of the
process is beneficial.
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the diffusive regime attaches itself to it for some time, ¢ = 300
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depths from the wetting surface. The data correspond to growths
in layers placed at z = 0,2, 6, 10 (near the wetting surface) and z =
60 (away from the wetting surface). The bulk data corresponds to
the length scale growth in a pure phase-separating system without
walls. Solid lines shown here have slopes of 1/3, 1/2, and 1. . . . .

Time evolution of the morphology resulting from the wetting ki-
netics and phase separation interaction. The two phases in the
binary mixture (A + B) undergoing SDSD are shown as blue and
red isosurfaces, with their interfaces represented by a green iso-
surface. The isosurfaces are constructed on the noise-eliminated
coarse-grained simulation box composed of the lattice structure
(as discussed in the text). We only show the part of the lattice
lying below the wetting layer (z > R;y(t)). The visualizations de-
pict morphology at times equal to (a) 500, (b) 1500, and (c) 3000,
ranging from diffusive growth regime to viscous hydrodynamics.
The tubular structures are visible across the depletion region with
openings toward the wetting layer, whereas no droplet morphology
is present near the wetting layer. . . . . . . . ... ... ... ..
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4.3.11 The time dependence of Lj(z,t) is analogous to what is shown in

5.2.1

5.3.1

5.3.2

Fig. 4.3.9, but for the simulations done with Andersen thermo-
stat to avoid hydrodynamics. The length scale growth exhibits
only diffusive growth with the growth exponent o = 1/3 for lay-
ers above the wetting layer z > 3. Whereas the layers inside the
wetting layer (z = 0,2 for ¢t > 10% and z = 6 for ¢t > 10*) gradu-
ally crossover to the accelerated growth with the growth exponent
a = 1/2. The accelerated growth emerges due to the fluctuation
growth against the highly off-critical compositional background.
The temporal evolution of compositions of the layers is shown in
the nset. . . . . ..

(a) A 3D perspective of the simulation box employed in our study
of SDSD of a binary mixture (A + B) on a chemically patterned
substrate. The simulation box is of the size L, x L, x L, =
128 x 128 x 68 that is periodic in = and y directions and limited by
amorphous walls in the z-direction. Fluid particles are not shown
here to highlight the pattern template clearly. The template of
substrate’s pattern at z = 0 is a checkerboard kind with gray
(prefers A) and white (prefers B) square patches of size M, =
M,. An impenetrable wall is present at the top edge z = 66 of
the simulation box and is composed of blue-colored particles that
uniformly repel A and B. (b) xz cross-section of the chemically
patterned wall of width 2¢. . . . . . . . .. ... .. ... ...

Snapshots of the wetting phenomenon on a chemically patterned
substrate at different times. The atomic representations of do-
mains are from the zy cross-sections of width 20 present next to
the patterned substrate and placed upward from z = 0. The fluid
is undergoing SDSD for T = 0.77.. ( bulk T, ~ 1.423), which starts
from a homogeneously mixed state for T" > T.. Only A-type par-
ticles (pink) are shown here for clarity. As stated in Fig. 5.2.1,
the substrate is templated with chemically distinct square patches
(M, = M, = 16), and we show here only the projection of gray
patches that prefer A-type particles. The wetting kinetics of gray
patches by A is exhibited by the snapshots belonging to three
reduced times of (a) t = 50, (b) t = 300, and (c) ¢t = 1000.

Snapshots analogous to what shown in Fig. 5.3.1 but for cross-
sections of a unit width starting upward from z = 4. The time
series presented here are (a) t = 500, (b) t = 1000, (c) t = 3000,
and (d) t =10000. . .. ... ... ...
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2.3.3

5.3.4

2.3.9

2.3.6

5.3.7

2.3.8

Snapshots with details similar to Fig. 5.3.2, but at different depths
from z = 0 for a single time ¢ = 5000 . The depths denoted by
the z values are: (a) 2, (b) 6, (¢) 12, and (d) 24. . . . ... ...

The evolution of the order-parameter profiles ¥ (z, z,t) vs. x for
times t as specified within the plot. The data are for a fixed y set
to M, /2 = 16/2 but at different z values. Different z values are (a)
z2=0, (b) z=2, (¢) 2z =6, and (d) z = 12. The temporal profiles
are obtained from snapshots presented in Figs. 5.3.1 and 5.3.3 after
performing the noise removal technique described in the text.

Scaling plot of the layer-wise correlation functions and structure
factors for the evolution shown in Fig 5.3.2. (a) Plot of scaled
correlation function vs. ¢. The data correspond to four different
times at z = 4. The data for 2 = 1 and z = 58 at ¢t = 3000
are shown with solid curves as references to the pattern dynamics
and the bulk phase separation, respectively. Moreover, we define
the characteristic length scale Lj(z,t) of the fluctuations at ¢ as
the first-zero crossing of C)(p, 2,t)/C)(0, z,t). (b) Log-log plot of
S(ky, z,t) L2 vs. k,Ly(z,t) for z =4 at different times. The sym-
bols carry similar meanings as above. The Porod law is mentioned
as a dashed line with the decay form labeled as k:/‘f. ........

Snapshots analogous to Fig. 5.3.1 and exhibiting the registry for-
mation at ¢ = 3000 and z = 2 for different patch sizes of (a)
M, x M, =4 x4, (b) My x M, =8 x8,(c) M, x M, =11 x 11
and (d) My x My =16 x16. . . . . ... .. ... ... ......

Scaling plot of the layer-wise correlation functions and structure
factors analogous to Fig. 5.3.5. (a) Plot of the scaled correla-
tion functions vs. ¢. (b) Log-log plot of S(k,,z,t)Ly(z,t)? vs.
koLj(z,t) for z = 2 for different M,. . . ... ... ... ... ..

Time-dependence of the characteristic length scale Lj(z,t). (a)
Log-log plot of Lj(z,t) vs. t for different depths z from the sub-
strate as indicated in the plot. The patch size is M, x M, = 16x 16.
(b) Log-log plot of Lj(z,t) vs. t at z = 4 and for different patch
sizes, as specified therein. The solid lines labeled t* denote the
universal growth regimes of o = 1/3 (diffusion) and a = 1 (hy-
drodynamics). . .. ...
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5.3.9  The log-log plot of the instantaneous exponent «;(t) = W

plotted with respect to time t. (a) «;(t) is extracted from the
length scale growth presented in Fig. 5.3.8(b). Inset: The critical
time t. corresponding to formation and melting of registry. The
computational detail of ¢. for each M, is described in the text.
The solid lines have slopes of 2 and 3 for the scaling of registry
formation and melting time, respectively, with M,. (b) «; for
M, = 16 at different depths z. Inset: The registry formation time
t formation fOr each peak is computed as the time distance between
the current peak and the preceding one. . . . . . . .. ... ... 109
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