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FIG. 3. Second~-sound attenuation vs temperature.
Solid curve is fit to data with use of temperature de-
pendence predicted by £q. (3) of text.

from Eq. (3) with use of the observed second-
sound velocity. The attenuation increased with
frequency, as expected, but the data did not per-
mit a determination of the functional dependence
on w,
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A surface molecular-dynamics method is described and employed to investigate the
epitaxial crystallization of a supercooled melt. The procedure allows for thermal dis-
sipation via a dynamic bulk reservoir, thus enabling the study of the approach to equili-
brium. The early stages of the crystallization involve layering in the fluid, followed by
intralayer ordering. The system evolution is described via layer profiles of particle
number, temperature, potential energy, and orientational- and translational-order

parameter versus time.

PACS numbers: 68.55.+b, 61.25.Bi, 61.50.Cj, 68.45.Da

We explore, by using a molecular-dynamics
(MD) technique, the evolution, kinetics, and dy-
namics of an epitaxial-phase transformation,'™
In contrast with previous MD studies of the equi-

libvium properties of crystal surface-fluid sys-
tems in coexistence,® we study the temporal evo-
lution and the dynamics of an initially nonequilib-
vium system. Prior to investigation of the liquid-
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FIG. 1. Schematic description of the bulk (B), surface
(S), liquid (L) system. The bulk block possesses 3D
PBC’s, the S and L possesses 2D PBC’s. The coupling
region is hatched. Also included is the particle number
vs 2z profile of the system at £ =0, consisting of an
equilibrated surface and supercooled liquid film at 7'*
=0.4. Distance in units of 7.940.

solid interface we must first provide an adequate
description of the substrate surface.

Suvface Molecular Dynamics (SMD)—In MD the
classical equations of motions of an interacting
collection of particles are integrated and the re-
corded phase-space trajectories [r(¢), v(¢)] are
then analyzed. While periodic boundary condi-
tions (PBC) are appropriate in most bulk MD
studies the simulation of a semi-infinite system
requires a special treatment. A schematic de-
scription of the system used by us is shown in
Fig. 1. The “bulk block” (B) and “surface block”
(S), consist each of 500 particles, interacting via
a Lennard-Jones (L-J) 6-12 potential. The B sys-
tem possesses three-dimensional (3D) PBC’s and
the S system possesses only 2D PBC’s and is
free in the z direction. Consequently, while the
dynamics of particles in the S system is influ-
enced by that of particles in the B system, the
reverse statement does not hold (in the spirit of
a bulk being an infinite reservoir whose dynamics
and properties should not be influenced by surface
effects). A region of the S system at the S-B in-
terface is used as a “coupling region” on which
we impose (time step by time step) a scaling of
velocities such that the average kinetic energies
(kinetic temperatures) in these layers are equal
to the corresponding bulk ones. The thickness of
this region (in this calculation three layers) is
chosen to be larger than the pair interaction
range to assure that the rest of the S system is
not directly influenced by the bulk. The integra-
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FIG. 2. Particle number vs 2z at four different times
during the evolution of the system. Note the layering
in the liquid region. The small peak at 2= 1.1, at the
250th time step corresponds to the embryonic cluster
(see text).

tion of the equations of motions is performed
using a predictor-corrector method® with a time
step” Af*=0.0075 and the evolution of the S and B
systems is synchronized at each time step. The
S-B system has been equilibrated as an fcc crys-
tal (the density of the B system is adjusted to
yield a vanishing average equilibrium pressure)
exposing the (001) face, at a temperature T*=0.4
(Ar melts at T*=0.7). The above SMD technique
has an advantage over slab configurations or cal-
culations in which a static or a random matrix
representation of the bulk are used. It allows the
investigation of equilibrium and nonequilibrium
surface and interface phenomena in which the dy-
namics of the bulk reservoir is included. Using
our method, we currently investigate surface
melting, defects, surface alloy dynamics, and
transport phenomena.

Surface-Liquid System —Having equilibrated
the surface described above, we prepare an equi-
librated liquid sample. In the following we de-
scribe the results for a supercooled L-J liquid
film (2D PBC’s and free in the third direction)
consisting of 500 particles, at 7* =0.4 (see block
L in Fig. 1; other liquids such as liquid film at
T*=0.737 have also been investigated by us).
Once equilibrated the L system is positioned at a
distance chosen such that the smallest distance
between a surface and a liquid particle is equal to
1.120 (the location of minimum of the L-J poten-

2033



VOLUME 45, NUMBER 25

PHYSICAL REVIEW LETTERS

22 DECEMBER 1980

tial) and the evolution of the coupled system is
followed. (Note the initial absence of a tempera-
ture gradient.) Sample particle number versus z
profiles at various time steps are shown in Fig.
2. It is observed that while the layers in the sol-
id are well defined, those in the liquid fluctuate,
averaging to the density profile of a liquid film.
However, as time progresses a permanent layer-
ing of the liquid occurs. In fact, stratification of
the liquid in the (001) direction (z direction) pre-
cedes the achievement of intralayer good crystal-
line order. Note also that the topmost layer of |
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N, is the number of particles in layer [ at time ¢,
© is the Heavyside step function, R,, is the neigh-
bor distance, N, ,. is the number of neighbors to
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FIG. 3. Time evolution of the kinetic temperature T*
=kgT'/€, potential energy (PE), orientational-order
parameters, Oy and Og, and structure factor S, (_E), for
layers 9 and 10. Note peaking of T'*, plateau in PE and
increase in $;(0,0, 2) at /At =1000, associated with
layering in the solid. Order-disorder transformations
in the layers are indicated by the behavior of O, and Ug.
Compare positions of the arrowed peaks in O, and
5,(2, 0, 0) which indicate intralayer ordering and dynamic
coupling between layers.
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the surface (layer 10) first expands (in fact it is
expanded already at £=0) and upon solidification
of the liquid it contracts to the bulk spacing. In
the following, layers in the liquid region are de-
fined as regions in space whose thickness in the
(001) direction is that of the next to the top-most
layer of the solid surface (layer 9). Samples of
the layer kinetic temperatures T* =k T/¢, de-
fined as the mean kinetic energy of particles in
layer /, and layer potential energies versus time
are shown in Figs. 3 and 4. Also shown are the
ovientational -order parameters O, and O, defined
as

m=4,6, (1)

| particle I within a sphere of radius R,,, 6,, is

the “bond” angle between I and J with reference
to an arbitrary direction. O, and Qg4 take the val-
ues 1 and 0, respectively, for a perfect cubic
crystal, while in_.the liquid state O is generally
larger than O,. k is a bulk reciprocal-lattice vec-
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FIG. 4. Same as Fig. 3 for layers 11 and 12 (regions
of crystallizing fluid).
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The T* plots undergo a maximum around ¢/At
=1000 for layers 9-14, when the monotonic de-
crease in the layers’ potential energies achieve a
plateau. In addition, the structure factors for K
=(2n/a) (0, 0, 2), i.e., a reciprocal-lattice vector
in the normal direction, exhibit a noted increase
at this time. Notice that while at £=0 layers 9
and 10 (solid surface) were less stable, less co-
ordinated, than deeper layers they, along with
the crystallized layers of the liquid, achieve
eventually a bulk value (typically S,(l?) =0.8).
While the maximum in 7* indicates the expulsion
of latent heat of ordering and is associated mainly
with the “layering” of the fluid occuring at approx-
imately the same time for a wide region of the
liquid, the variations in O, and Q4 reflect intra-
layer ordering. Following the peak in O, desig-
nated by an arrow from layer to layer, it is seen
that it shifts to longer times for higher layers.
From the time delay of ordering in consecutive
regions in the liquid the velocity of crystalliza-
tion is estimated to be ~100 m/sec. Added con-
firmation that crystal-liquid layering precedes
intralayer fcc crystalline ordering is provided
via the S,(K)’s for an in-plane reciprocal-lattice
vector K=(27/a) (2,0, 0). It is also observed that
layer 10 (and even 9) initially partially disorders
(roughened?) and eventually orders (smoothed?).8
The evolution of intralayer order (0,, see Fig. 4
for layers 11 and 12) exhibits a sudden increase
followed by a marked decrease, and finally an
eventual rise. The decrease in order of a crys-
tallizing layer is correlated with an increase in
the order of the layer above it. Such systematic
layer order-disorder transformations reflect
strong dynamic and thermal interlayer coupling
while little mass transport between layers is oc-
curring. Increasing order in a layer induces or-
dering in a neighboring layer, with the expulsion
of latent heat, which while dissipating partially
disorders the first layer, delaying its eventual
crystallization.

This new picture of epitaxial crystallization
prompts a revision of current theoretical ap-
proaches'™ and demonstrates application of MD to
temporal evolution of a nonequilibrium system.®
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