MD Simulation of Crystal Growth from Sodium Chloride Melt
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Crystal growth on the (100) and (110) faces of sodium chloride from supercooled melt has been
studied by molecular dynamics simulation. The growth velocity was considerably higher for the (100)
plane (90100 m/s) than for the (110) plane (transiently 40—50 m/s). Consequently, even from the
(110) face, the crystal seems to grow in the [100] direction. Under the present MD conditions, ca. 2
interface layers with a considerable fraction of defects was formed, which means that the surface

advances normal to itself without needing steps.

Introduction

Crystal growth from Lennard-Jones liquids [1], lig-
uid silicon [1] and soft-core liquids [2] has intensively
been studied by MD simulation, but to our knowledge
not that from ionic melts. Therefore, in the present
work crystal growth from molten sodium chloride has
been studied by an MD simulation.

Method and Model

The basic cell of the MD simulations contained 432
ions. Crystal growth was studied on the (100) and
(110) faces of the NaCl crystal. The MD cell is shown
in Figure 1. The edge lengths L, and L, of the basic cell
are given in Table 1. These were based on the crystal
density data [3]: ¢ = 2.1895 — 3.0879 x 10~ 3 (T/K) —
1.754 x 107 (T/K)? (g cm ~3), the chosen temperature
(900 K) and the crystal structure. Periodic boundary
conditions were imposed in the x- and y-directions,
but not in the z-direction. The ions on the plane z =0
were held fixed at their positions during the whole
MD runs. In the z-direction the cells were open to a
vacuum; the ions did not “evaporate” even at 2000 K
owing to the strong coulombic attractions. Pair po-
tentials obtained by Tosi and Fumi [4] for NaCl crys-
tal were used. The two-dimensional Ewald method
[5, 6] was used for the calculation of the coulombic
potentials. The 8 nearest replica of the basic cell were
considered for the real space calculation. The Gaus-
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Fig. 1. Model MD cell for the crystal growth.

Table 1. Dimensions of the MD basic cell.

Crystal growth L, /pm L,/pm
direction

[100] 1731 1731
[110] 2449 1731

sian parameter a was taken to be 1.7 L,. The parame-
ter for the reciprocal space vector |n| was taken up to
\/i. The MD time step was 4 fs. For constant temper-
ature runs, the Woodcock method [7] was used.

We distinguished 12 layers, numbered 1,2, ..., 12.

For (100) the width of the layers up to layer 5 corre-
sponds to the crystal-density at 900 K and amounts to
288 pm. The width of the layers 6 to 11 is 321 pm, and
layer 12, ranging above z = 3225 pm, holds all the
particles not present in the other layers.

For (110) the width of the layers up to layer 11
corresponds to the density of the crystal at 900 K and
amounts to 204 pm. Layer 12, ranging above 2142 pm,
holds all the particles not present in the other layers.
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The MD simulations proceeded in the following
way:

(1) In the first stage, the ions in the layers 1-6 were
kept at 0 K and the ions in the layers 7—-12 were kept
at 2000 K for 1000 time steps.

(2) In the second stage, a constant temperature run
at T, = 900 K (experimental m.p.: 1073 K) for the lay-
ers 2—12 was performed. This way the interface was
equilibrated.

(3) In the third stage, MD runs at constant energy
were performed except for layer 1, kept at 0 K, and the
layers 2, 3, 11 and 12, kept T;, = 900 K.

The duration of these 3 stages is given in Figure 2.

Crystal growth was studied mainly by comparing
relevant properties in the 3rd stage, which was as-
sumed to be in a steady state of growing. As it is often
argued that the transfer of the heat of solidification is
rate-determining for the crystal growth from melt, the
growth of the crystal was performed for constant en-
ergy runs rather than for the constant temperature
ones.

Results and Discussion

Plots of trajectories of Na™ projected onto the x-z
plane are shown for (100) and (110) in Figs. 3 and 4
respectively. As the trajectories of Cl~ are similar,
these are not shown here. In these figures the positions
of the ions at every 0.08 ps are connected by solid
lines. For (100), the trajectories at t =8—10 ps and
18—-20 ps are shown in Figs. (3a) and 3(b), respec-
tively. Evidently, the crystal grows by ca. 3 layers
(900 pm) during 10 ps, that is with a velocity of ca.
90 m/s.

Similarly, for (110) the trajectories at 10—12 ps and
20-22 ps are shown in Figs. 4(a) and 4(b), respec-
tively. The velocity of crystallization is 2 layers
(400 pm) during 10 ps, that is roughly 40 m/s. In this
case, however, the crystal seems to grow in the [100]
direction rather than in the [110] direction. The
growth in the centre x-axis part of the box was faster,
as will be discussed.

The velocity (90 m/s) seems not to be far from real-
ity, as the system is in the supercooled state. For ex-
ample, the crystallisation velocity of pure metals such
as copper has been measured to be as high as 100 m/s
[8]. In the MD simulation of argon, the maximum
velocity occurs at approximately half the melting
point and amounts to 80 m/s [9].
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Fig. 2. Timetable of the MD procedure for the (100) and
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Fig. 3. Trajectories of Na™ projected on the x-z plane for the
(100) case; (a) t =8—10 ps, (b) t = 1820 ps. The thin lines
represent the wall of the basic cell.

The evolution of the temperature in the layers is
shown for (100) and (110) in Figs. 5 and 6, respectively.
As mentioned above, the temperatures of the layers 2,
3, 11, and 12 were held at 900 K in the 3rd stage. The
increase in temperature is assumed to be caused by the
heat of solidification. It is higher for (100) than for
(110), and slightly higher in the liquid phase than in
the solid phase; the temperature in the 10th layer is
near 900 K, as expected as T = 900 K for the layers 11
and 12. Although the temperatures in the interfacial
region were higher than 900 K, they are still lower
than the melting point (1073 K). Therefore, it is not
clear whether the generated latent heat accelerated or
retarded the solidification. In a preliminary simula-
tion at T, = 1000 K the crystal did not grow apprecia-
bly in the [100] direction during 10 ps.
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Fig. 4. Trajectories of Na™ projected on the x-z plane for the (110) case; (a) t = 10—12 ps, (b) t = 20—22 ps. See also the legend
of Figure 3.
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Fig. 8. Density profiles of Na* along the z-axis; (a) t = 12—14 ps, (b) t = 20—22 ps.
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Fig. 9. Na* —(bold lines) and Cl1~ — (fine lines) trajectories during ¢t = 18—20 ps, projected on the x-y plane of (100). The ions
were in the indicated layers at t = 18 ps.
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Fig. 10. Na™ — (bold lines) and Cl~ — (fine lines) trajectories during t = 20-22 ps, projected on the x-y plane of (110). The

ions were in the indicated layers at ¢t = 20 ps.

Density profiles along the z-direction for (100) are
shown for Na™ at 12—14 ps and 1820 psin Figs. 7(a)
and 7(b), respectively. These figures reveal that crys-
tallisation advances by ca. 2 layers in 6 ps, which cor-
responds to ca. 100 m/s. For (110), density profiles at
12-14 ps and 20-22 ps are shown in Figs. 8(a) and
8(b), respectively. The resulting apparent growth ve-
locity is ca. 50 m/s. These velocities are consistent
with those obtained from Figs. 3 and 4.

Figures 9 and 10 show projections on the x-y plane
of the motions of Na* and Cl~ in the layers 7—12, the
time periods being the same as those in Figs. 3 and 4,
respectively. Figure 9 suggests that there are about 2
diffuse layers for (100). Coexistence of regions of crys-
tallinity with regions of defects rather than with those
of fluidity within the layer is observed, although the
x-y plane area is not large. Figure 9 shows that in (100)
the defects in the boundary region become occupied
by diffusion of ions mainly in the z-direction.

In the case of (110) (Fig. 10) the crystal grew fa-
vourably in the middle x-axis part of the box. This
does not necessarily indicate a crystal growth by steps
but may rather indicate that the crystal advances

more favourably in the [100] direction, as is also sug-
gested by Figure 4.

Some mean square displacements of Na™* in the x-y
plane and z-direction have been calculated. The regis-
tered displacements start at t = 14 ps and end at 16 ps.
They are shown as functions of t'=r—14 ps for four
layers of (100) and (110) in Figs. 11 and 12, respec-
tively. As the number of cations in each layer was
about 18, the statistics is poor. Further, for (110), the
analysis along the layers perpendicular to the z-axis is
not so meaningful, as the crystal seems to grow in the
[100] direction.

For (100) the displacements in the growth region
seem to be more pronounced in the z-direction than in
the x-y plane. The ions seem to become ordered by the
motion mainly in the z-direction in the diffuse layer, as
mentioned above. However, this may perhaps be only
caused by the short periodicity in the x-y plane. MD
simulations with larger particle numbers in the x-y
plane are needed even for (100) to make it clearer.

For an infinite monolayer in a perfect crystal having
the inter-ionic distance at 900 K, the configurational
energies of Na*™ and C1~ are calculated to be —6.451
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and —6.426 x 10™*° J/NaCl molecule for the (110)
plane, and —5.319 and —5.306 x 10~ !° J/molecule
for the (110) plane, respectively. Since the repulsive
potential is higher for the C1™—Cl~ pair than for the
Na*-Na™* pair, the energy of Na* is lower than that
of C1™. These values also indicate that the (100) plane
is stabler than the (110) plane.

The crystal grows faster in the [100] direction (ca.
0.30 layers/ps) than in the [110] direction (0.19 layers/
ps), as is qualitatively consistent with the experimental
result for KCI [10]. In the [100] direction a “crystallis-
ing” ion will come on top of an unlike ion, and, fur-
ther, the 4 neighbours in the plane of the crystallising
ion are unlike ions. On the other hand, in the [110]
direction a crystallising ion will sit above the middle
of 2 unlike ions, and only neighbours of the crystallis-
ing ion in its layer are unlike ions, the other 2 neigh-
bours, though not the nearest, being like ions. Thus,
the configuration of the first neighbour ions about
every ion in the molten state resembles more that in
the (100) face than in the (110) face. This may be the
reason why the crystal grows more rapidly on the
(100) plane than on the (110) plane. Since the inter-
layer distances are greater for the (100) planes
(ca. 288 pm) than for the (110) planes (ca. 204 pm), the
velocity should depend on both the ordering in the
layers and the distances between the layers.

In the case of argon, the fcc crystal grows more
rapidly on the (111) than on the (100) face [11, 12]. For
NaCl a stable (111) surface cannot be created because
of the repulsion between like ions. For the soft-sphere
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