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Molecular Dynamics Simulation of Diffusion Behavior
in Liquid Sn and Pb

MASATO SHIINOKI, AKTHIKO HIRATA, and SHINSUKE SUZUKI

This study aimed to clarify the effect of a unique structure with a “shoulder,” which represents a
hump on the high wave vector side of the first peak of static structure factor, in liquid Sn (lig-Sn)
on the self-diffusion behavior through molecular dynamics (MD) simulation. The MD
simulations of lig-Sn at 573 K and liquid Pb (lig-Pb) at 773 K were performed for comparison.
The former and latter were selected as element with and without shoulder structure and reliable
self-diffusion coefficients in liquid have been measured in both elements. The calculated
self-diffusion coefficients of lig-Sn and liq-Pb were reproduced as the same order of magnitude
with the referred reliable data of diffusion coefficients, which were obtained by experiments on
the ground. The microscopic diffusion behavior of lig-Sn is unlike that of the hard-sphere model
because the atoms become sluggish in the range that corresponds to the shoulder appearing in
the pair distribution function of lig-Sn as well as in the structure factor of lig-Sn based on the
local atomic configurations and time-series analyses of individual atoms. Therefore, the velocity
autocorrelation function (VACF) converges to zero more rapidly than that of lig-Pb, and it is
reproduced by the hard-sphere model. However, the macroscopic diffusion behavior of liq-Sn
expressed by the self-diffusion coefficient is the same as that of the hard-sphere model with the
non-correlation of the VACF in the long time.
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I. INTRODUCTION

DIFFUSION coefficient in liquid metal is an essen-
tial thermophysical property for understanding metal-
lurgical phenomena and modeling diffusion theories.
For measuring the microscopic behavior and structure
in the liquid metal, measurements using the quasi-elastic
neutron scattering and X-ray scattering are effective,
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and they have already been reported by previous
studies.[" ® Especially, the polyvalent liquid metals like
Sb, As, Bi, Ga, Ge, Si, and Sn have been reported for
unique structures characterized by a shoulder which
represents a hump on the high wave vector side of the
first peak of static structure factor of these liquid
metals.!”” This unique structure expresses as shoulder
structure in this paper. The origin of the shoulder
structures is still an unresolved issue in liquid metals that
has been discussed not only experimentallP/ but also by
molecular dynamics (MD) simulation.’*®!  Several
assumptions have been proposed to explain the physical
cause of the shoulder structures; the explanations
contain the a hard core with a ledge-shape repulsive,!'”!
the possibility of traPI‘ping particles in an energetically
metastable position,!'" the interplay of two different
scale lengths which are the effective hard-sphere diam-
eter and the Friedel wave length,”'>'3 the partial
covalent bond structures affecting atoms from short and
middle range order,"* ' and the clusters primarily
including tetrahedrons.'>*!'” The liquid structures of
these metals exhibit peculiar behaviors different from
those of simple metallic liquids like Al and Pb, as
represented by a shoulder.

In these anomalous metals, Sn is a kind of indispens-
able material industrially often used as a main element
in solder. The fundamental physical properties of Sn are
also unique. The solid Sn possesses two allotropes which
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are «-Sn and f-Sn."® At an ordinary temperature, the
crystal of Sn has a tetragonal structure (f-Sn) above
286.4 K. Below 286.4 K its crystal structure changes of
cubic structure (z-Sn). (z-Sn has the same tetrahedral
diamond lattice as those of Si and Ge and shows a
character of semiconductor. On the contrary, f-Sn has a
metallic property. Itami et al. measured the structure
factor of liquid Sn (lig-Sn) from 573 K to 1873 K using
neutron scattering, and calculated the structure factor of
the lig-Sn from the ab initio molecular dynamics
(AIMD) simulation.[! They reported that the shoulder
in lig-Sn appears largely near the melting point and
disappears with an increase in the temperature. Further,
they proposed that the origin of the shoulder in lig-Sn
would be the covalent bond in the short-range order
based on the calculation of the angle distribution
function. Moreover, to investigate the tetrahedral bond
in lig-Sn, Zhao et al. measured the static structure
factors of In3oSn;, from llquld 673 K to near solidus 398
K using X-ray diffraction.l"” They reported that the
unusual features originating from the covalent bonding
of Sn persist even in a liquid state. Zhang et al. also
measured the static structure factors of InSn system
along the liquidus based on the experimental results
obtained using X-ray diffraction and discussed how the
covalent bonding structures and viscosity change in the
whole solidification process. Further more, they have
suggested that when the melt is in the temperature range
of 60 K above the liquidus, the melt retains more
covalent bonding fragments originated from solid Sn. In
addition, they also reported that increasing the coordi-
nation number or the population of covalent bonding in
InSn liquid affects the static properties such as increas-
ing viscosity.'® However, there have been only a few
studies that reported on the effect of a unique structure
like a shoulder on dynamic behavior of self-diffusion in
liquid metals.!"”??! The difficulty is development of a
potential that can reproduce the unique structure, which
makes it difficult to study the dynamics in detail owing
to the high computational cost of the AIMD. With the
rapid development of information science in recent
years, the development of an interatomic potential that
can be reproduced for the shoulder in lig-Sn has allowed
us to perform large-scale MD simulations.**!

Further, it is necessary to understand the microscopic
behavior for discussing the contribution of the liquid
structure to the diffusion mechanism. However, it is
difficult to analyze the atomic behavior in the local
structure in the liquid metal from scattering experi-
ments. Therefore, this study focuses on MD simulation
for analyzing the microscopic dynamic behavior of
self-diffusion in liq Sn. It is useful to use MD simulation
to analyze the microscopic behavior of self-diffusion in
the liquid metal.?*3% Especially, one indicator of the
dynamic properties in liquid metal is a velocity auto-
correlation function (VACF) that represents the micro-
scopic dynamic behavior of an atom. Alder et al
calculated the VACF by the MD simulation for 108 or
500 particles using a hard-sphere potential.?¥ The
high-density VACF becomes negative in the middle,
which means that when one atom is moving in a certain
direction, another atom is more likely to be moving in

the opposite direction. This indicates the presence of
strong interactions which include collisions as well as
interatomic forces between atoms in the system. This
calculation result from MD simulation revealed that the
high-density state promotes the irregular motion of
atoms, which expresses the negative value of the VACF
and is also called as backscattering. Especially, Calderin
et al. calculated the VACF of lig-Sn from AIMD
simulation using 205 atoms at simulation temperatures
of 573 and 1273 K.*) They reported that the VACF of
lig-Sn exhibits the negative value with a first minimum
which is not so deep as in liquid Pb (lig-Pb) but much
deeper that in ll(Lllld Si. This behavior was connected to
the cage effect,”!! that is, whereas the loose packed
structure of liquid Si induced a very weak backscatter-
ing, the closed packed structure of lig-Pb yielded a
stronger backscattering and a deeper first minimum. To
understand the microscopic behavior of VACF in more
detail, it is necessary to link it to the microscopic
behavior of liquid structures on an atomic scale and
time-series analysis of atomic trajectories.

Therefore, this study aims to clarify the effect of the
shoulder in lig-Sn on the self-diffusion behavior through
MD simulation. The selected elements for the MD
simulation were Sn and Pb. Sn was selected as a
representative element with a shoulder. Pb was selected
as the representative element that reproduces a hard-
sphere model and a closed packed liquid for comparison
of the effect of the shoulder on microscopic and
macroscopic diffusion behaviors. In addition, reliable
self-diffusion coefficients in lig-Sn and liq- Pb have been
measured under microgravity conditions®***! and our
prev1ous ground-based experiments.***! The macro-
scopic diffusion behavior was evaluated for correctness
using the self-diffusion coefficient of Sn and Pb obtained
from experiments to determine the validity of the MD
calculation. The VACF in each element was calculated
for analyzing dynamic properties in a short-time range.
The local structure and time series of these elements
were analyzed for coordination atoms up to the second
nearest neighbor. Further, the time series of the atomic
motion in the local configuration was calculated.

II. COMPUTATIONAL METHODOLOGY

The MD simulation was conducted using the
LAMMPS package (19 Sep 2019 version).*! The
modified embedded-atom force field was used for the
pair potential of Sn,**! and the embedded-atom force
field was used for the pair potential of Pb.*"! A total of
4096 atoms with the body centered tetragonal structure
(lattice constant in a-axis: a = 5.83 A and in c-axis: ¢ =
3.18 A) 1381 and 4000 atoms with the face centered cubic
structure (a = 4.94 A) Varranged in a cubic simulation
box with periodic boundary conditions were considered
for the MD simulation of Sn and Pb, respectively. Each
atom is given a serial number (ID). The MD simulations
were conducted by integrating Newton’s equations of
motion using the velocity-Verlet algorithm with a time
step of 1.0 fs. Targeted temperatures of Sn and Pb were
573 K and 773 K, respectively; these temperatures were
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decided by the same conditions as the reference self-dif-
fusion measurements upon meltln% ?omts of Sn and Pb
under microgravity conditions®**?! and our previous
ground-based experiments.’**! Further, the targeted
temperature of Sn was selected so as to be near the melting
point at which the shoulder is expressed. The lengths of
one side of the cubic simulation box of Sn and Pb were
48.96 A and 51.69 A, respectively. They were decided
from the volumes of the cubic simulation box after
relaxing that box at the atmospheric pressure using an
isothermal-isobaric ensemble for each targeted tempera-
ture. The visualizations of the atoms were obtained using
OVITO, which is a scientific visualization and analy51s
software for atomic and particle simulation data.
Before performing the targeted calculation, the thermal
equilibrium process is implemented on simulation box as
follows. First, the liquid sample was simulated at 2000 K
during 3 ps using a canonical (NVT) ensemble by means
of a Nosé—Hoover thermostat to control temperature.
Second, the simulation box was cooled from 2000 K to
the targeted temperature and equilibrated at the targeted
temperature during 18 ps using the NVT ensemble. After
the thermal equilibrium process, the targeted calculation
was run during 100 ps using NVT ensemble, and then, the
time-series data of the atomic position were obtained. The
output was obtained at every At = 0.1 ps. The pair
distribution functions g(r) of Sn and Pb were calculated
from histogram of atoms by normalization using the
following equation.

o) = o 1]

Here p, Ar = 0.02 A, and n(r) represent the number
density, a radial bin, and the number of atoms at a
distance in a range between r and r + Ar from a cen-
ter atom, respectively. The g(r) was calculated with
each atom as the center, and the average of g(r)
among all atoms was used. The structure factors S(Q)
also were calculated from the results of g(r) using the
following equation, which is connected by the Fourier
transform relationship.

01 =1+ 4m [ Platn) G2

0 r

dr 2]

Here Q represents wave vector. The integral range of
dr was set to a half of the simulation box length. The
position data of Sn and Pb when starting the targeted
calculations were used.

III. RESULTS

Figure 1 shows the calculated S(Q) of Sn and Pb with
the experimental data of lig-Sn!”! and liq-Pb!”! obtained
from the X-ray scattermg experiments and the calculated
data from AIMD.® The results included not only the
experimental data but also the AIMD data because the
experimental data alone would not be sufficient to verify
our results. Oscillations were observed throughout both
of S(Q), especially around low Q values. These were
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Fig. 1—Calculated structure factors: (@) liquid Sn at 573 K and (b)
liquid Pb at 773 K. Scattering and AIMD indicates the data from
X-ray scattering measurement and ab initio molecular dynamics
simulation, respectively.

unphysical errors introduced during the Fourier trans-
form. The S(Q) of Sn had a first peak at 2.1 A~ and
changed the curve gradient discontinuously from 2.5 to
3.5 A7". This range agreed with the start to end of a
shoulder referred to the experiment and the AIMD
mmulatlon Therefore, the shoulder around 2.5 to 3.5
A" was well reproduced for the structure factor of lig-Sn
at573 K asreportedin a lpreV10us work.'! The S(Q) of Pb
had a first peak at2.2 A~"and a continuous curve from 2.5
t03.5A" compared to the S(Q) of Sn. Although the first
peaks of both S(Q) were slightly lower than the those of
experiments, the states of both lig-Sn and lig-Pb were well
reproduced at the beginning of the calculation because the
presence or absence of a shoulder was reproduced.

The mean-square diffusion depths (MSD) were cal-
culated from the time-series data of all positions of Sn
and Pb; the self-diffusion coefficients of Sn and Pb in the
simulation box were obtained. The MSD and self-dif-
fusion coefficient D are defined as

N 2
MSD(1) = %;le(l) — xi(0)] B



D = lim *53 4
where N, i, x;, and ¢ represent the number of all atoms
in the simulation box, number from the small order of
the ID of atoms, position vector, and calculation time.
Figure 2 shows the calculated self-diffusion coefficients
of Sn and Pb. In experimental data about self-diffusion
coefficients, the experiments conducted under the
microgravity conditions would be reliable because
self-diffusion coefficients can be measured with high
accuracy due to the absence of buoyancy-driven con-
vention. On the other hand, the experiments conducted
on the ground used our data and the suppression of
buoyancy-driven convections on the ground has been
verified in our papers.***! Both of self-diffusion coef-
ficients provided high immediately after the start of
the calculation, decreased with calculation time, and
then remained constant with some variance. The val-
ues of the self-diffusion coefficients of Sn and Pb at
100 ps when the calculation finished were 2.29 x 1077
and 2.56 x 1072 m’s~', respectively. These self-diffu-
sion coefficients have lower values than those obtained
under  microgravity  conditions,***¥  on  the
ground,[34“35] and from AIMD.”®! However, because
the differences between the results of the experiments
and the results from the calculations of Sn and Pb
were not out of the order of magnitude, these
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Fig. 2—Calculated self-diffusion coefficients: (a) liquid Sn at 573 K
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calculations were considered as those reproduced by
the above experimental results.

Z() = 5 o) 5]

where v denotes the velocity vector of an atom, and
the dot refers to the inner product. Figure 3 shows the
calculated VACF of Sn and Pb. The VACF of Sn had
a minimum at 0.11 ps with Z(¢) ~ 0, and it converged
to 0 after an oscillation of Z(f) > 0. Like the hard-
sphere model, the VACF of Pb showed a convergence
behavior similar to 0 after passing through the region
Z(t) < 0. The value of Z(¢) of Pb at the first minimum
was deeper than that of Sn, which was the same ten-
dency of the previous research.?® Therefore, the
VACEF of the liquid Sn showed a microscopic behavior
with a minimum value at 0.11 ps with Z(7) ~ 0 unlike
the hard-sphere model. As time passed, Z(z) became
zero for both Sn and Pb.

IV. DISCUSSION

Local structure analysis using the pair distribution
function and time series analyses of the individual atoms
were performed for coordination atoms up to the second
nearest neighbor. This aimed to investigate the relationship
between the diffusion of atoms and the liquid structure with
the shoulder, which appears in the pair distribution
function as well as in the structure factor. The local
structures of lig-Sn and lig-Pb were visualized, and the
coordination atoms of Sn were compared to that of Pb.
Finally, the influence of atoms at the shoulder region in the
pair distribution function on the microscopic dynamic
behavior of Sn was discussed in terms of the relationship
between the VACF and the configuration atoms.

A. Local Atomic Configurations up to the Second
Nearest Neighbor

The pair distribution functions g(r) of Sn and Pb were
calculated from not only the position data starting at the
targeted calculation but also the initial crystal structure.
Figures 4 and 5 shows the calculated pair distribution
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Fig. 4—(a) Calculated pair distribution function g(r) of lig-Sn at 573
K and (b) visualization of typical local atomic configurations up to 6
A. Each color area in (a) corresponds to the position of atoms from
the center of the blue atom in (b). Red bars in (b) indicate bonds
between a pair of red atoms. The vertical line expresses the g(r) of
p-Sn (Color figure online).

functions of 1- and f-Sn, and I- and solid Pb (fcc-Pb),
respectively, together with the local atomic configura-
tions. As shown in Figure 4(a), the nearest neighbor
atoms up to the interatomic distance r = 3.5 A [atoms
shown in red color in_Figure 4(b)] and next neighbor
atoms from 5.1 to 6.0 A [atoms shown in violet color in
Figure 4(b)] were defined. As shown in Figure 4(a), the
next nearest neighbor atoms [atoms shown in yellow
color in Figure 4(b)] can be viewed at a shoulder of g(r),
which represents a hump on the high interatomic
distance side of the first peak of g(r), from 3.5 to 5.1
A corresponding to the start to the end of the discon-
tinuity in the curve gradient. Therefore, the pair
distribution function of lig-Sn has a liquid structure
with a shoulder in real space as well as the structure
factor of lig-Sn. As shown in Figure 5(a), the nearest
neighbor atoms up to 4.7 A which was the first
minimum to the right of the first peak of g(r) [atoms
shown in red color in Figure 5(b)] and the next neighbor
atoms from 4.7 to 6.0 A [atoms shown in violet color in
Figure 5(b)] were defined. The ranges of coloring
corresponded roughly to the positions of the neighbor-
ing atoms in $-Sn and fcc-Pb, respectively. The coordi-
nation numbers were calculated using the method” of
minimum value as following this equation.

T'm

Neood = / 4npr2g(r)dr [6]
0

Here N.ooq and ry, represent the coordination number
and the interatomic distance of the maximum value of
integration in the 47mpr’g(r) curve. Negoq of lig-Sn had
5.9 in the nearest neighbor atoms up to r, = 3.5 A
and 18.3 in the next nearest neighbor atoms up to
rm = 5.1 A which was the first minimum to the right
of the first peak of 4mpr’g(r) curve with the
shoulder of g(r). On the other hand, N.,oq of f-Sn had
6 up to r, = 3.5 (second nearest neighbor) and 18 up
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Fig. 5—(a) Calculated pair distribution function g(r) of liq-Pb at 773
K and (b) visualization of typical local atomic configurations up to 6
A. Each color area in (a) corresponds to the position of atoms from
the center of the blue atom in (b). Red bars in (b) indicate bonds
between a pair of red atoms. The vertical line expresses the g(r) of
fce-Pb (Color figure online).

to rm = 4.4 A (fourth nearest neighbor). Comparing
Neooa of 1lig-Sn with that of f-Sn, the atoms of Sn
located in the range corresponding to the shoulder of
g(r) corresponded to third and fourth nearest neigh-
bors in f-Sn. Neooa of lig-Pb had_12.3 in the nearest
neighbor atoms up to r, = 4.7 A. That was almost
the same corresponding to the N.,,q of fcc-Pb (12
atoms) to the nearest neighbor. Therefore, the local
atomic configurations of the nearest neighbor atoms,
which include the shoulder of g(r) in the lig-Sn, were
cleared to have a higher coordination number in Sn
than that in Pb.

Further, the angle distribution functions g®(0, r) of
Sn and Pb were calculated to determine how the
surrounding atoms were distributed spatially. Figures 6
and 7 show the calculated angle distribution functions of
lig- and f-Sn, and lig- and fcc-Pb, respectively, together
with the visualization of the local atomic configurations
in a plane with a thickness of 3.2 A. The bond angle 0 is
defined by a pair of vectors drawn from a reference atom
to any other two atoms within the sphere of the cutoff
radius r.. This calculation was performed by the
following procedure: (i) select the central atom, (ii)
calculate the direction vectors from the central atom to
two pickup atoms within r., and (iii) calculate the angle
between the two vectors from each inner product
divided the product of the norms. The area of g‘¥(0,
r¢) is normalized to 1. As shown in Figure 6, the nearest
neighbor atoms in lig-Sn at less than r. = 3.3 A
remained the directivity of the covalent bonds around
109° originated from f-Sn within the second nearest
neighbor. However, the atoms become sluggish in the
range corresponding to the shoulder of g(r) in lig-Sn
disappeared the directivity of the covalent bonds at r,
less than 4.7 A because of the complex distribution
surround the atomic configurations in f-Sn within
fourth nearest neighbor. On the other hand, as shown
in Figure 7, the nearest neighbor atoms in lig-Pb at r. in
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the range from 3.6 to 4.7 A had peaks around 60° and
120°, which indicates a dependence of the bond angle
between atoms in lig-Pb as the same directivity as that in
fce-Pb. The parallel shift of the g¥(6, r.) of lig-Pb to the
with increasing r. was due to the increasing influence of
the atoms in the second nearest neighbor. That is, the
probability of finding the atoms of Sn was more
uniformly distributed than that of Pb; therefore, an
atomic configuration within the shoulder of g(r) in the
lig-Sn was cleared to be more dispersed in the sur-
roundings than that of lig-Pb.

B. Time-Series Analyses of Individual Atoms

The time-series behavior of coordination atoms was
analyzed by focusing on individual atoms and display-
ing the surrounding coordination atoms. Figure 8 shows
examples of the calculated time-series behaviors of the
coordination atoms of Sn and Pb. Each color shown in
Figure 8§ corresponds to the color defined in the range of
the pair distribution function of Sn and Pb in Figures 4
and 5. The calculation process of this analysis is shown
below:

1) An atom called the central atom is focused.

2) Atoms that exist within the sphere of the cutoff ra-
dius r. are calculated for the surrounding atoms.

3) After a lapse of At, the positions of atoms within r.
were calculated again, and the distance from the
central atom was displayed, as indicated in Figure 8.
Further, as shown in Figures 8(a) and (b), the
configuration atoms of Sn from the central atom,
which is 1D450, were within the range 3.5-5.1 A
and they corresponded to the shoulder of g(r). In
addition, as shown in Figures 8(c) and (d), the
configuration atoms of Pb from the central atom,
which is ID857, moved back and forth between the
nearest neighbor and next nearest neighbor. Thus, it
was cleared that atoms at the shoulder of g(r) in the
lig-Sn could stay longer than those in Pb in the time
series.

Some MSDs for individual Sn atoms were calculated
to analyze the microscopic behavior of the self-diffusion
of Sn. Figure 9 shows examples of MSDs for the
individual atoms of Sn and Pb and for all atoms from 0
to 10 ps. The MSDs for the ID450 and ID857 atoms
were abnormally larger than those for the ID451 and the
ID210 atoms shown in Figures 9(a) and (b), respectively.
The behaviors of the rapid increase in both MSDs for
the 1D450 atom of Sn around 2 ps and for the ID857
atom of Pb around 7 ps were confirmed. This behavior
of the rapid increase in the MSD can be attributed to
jump diffusion, and this has been reported in a previous
work related to the MD simulation of the liquid Ar.*#
Thus, the existence of jump diffusion was confirmed in
both the lig-Sn and lig-Pb. However, the relationship
between the jump diffusion and the shoulder of g(r) in
the lig-Sn remains unclear because the analysis in this
study did not reveal any difference in the local atomic
motion of Sn and Pb in the space where the jump
occurred.
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C. Effect of the Shoulder in Liquid Sn
on the Self-diffusion Behavior

The above discussions suggest that the effect of the
shoulder in the lig-Sn on the self-diffusion behavior can
be considered as follows: As shown in Figure 4, the pair
distribution function of lig-Sn has a liquid structure
with a shoulder as well as the structure factor. The
atomic motion of Sn is inhibited by the surrounded
atoms owing to the presence of the atoms in the range
that correspond to the shoulder of g(r) closer to the
central atom. Further, atoms of Sn in the range that
correspond to the shoulder of g(r) in lig-Sn can stay in
the time series and atoms of Pb cannot stay long
between the first and second peak of g(r) in lig-Pb
because of no shoulder of g(r) in lig-Pb. Thus, when the
central atom of Sn diffuses, that is, it is blocked by the
surrounding atoms in the range corresponding to the
shoulder of g(r), the VACF of Sn is considered to
converge rapidly to zero as shown in Figure 3. This
indicates that atoms of Sn become sluggish in the range
corresponding to the shoulder of g(r), which causes a
sudden decrease in the VACF to the negatively large
value. This tendency is different from the behavior of the
hard-sphere model. The shoulder will not have a
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significant effect on the macroscopic diffusion behavior
because the VACF becomes zero over time, for both Sn
and Pb.

V. CONCLUSIONS

The diffusion behavior in the liquid Sn and Pb was
analyzed using MD simulation. The calculated self-dif-
fusion coefficients of Sn and Pb were reproduced in the
same order of magnitude with the referred reliable data
of diffusion coefficients, which were obtained by exper-
iments on the ground. The velocity autocorrelation
function of Sn reached a minimum value close to zero at
0.11 ps.

Based on the local atomic configurations and time-
series analyses of individual atoms obtained by MD
simulation, the next nearest neighbor atoms can be seen
in a shoulder appearing in the pair distribution function
of liquid Sn. The atomic motion of Sn is inhibited by the
atoms around the next nearest neighbor sites when the
diffusion of Sn atoms occurs. This is because the first
nearest neighbor atoms are located closer to the atoms
in the range corresponding to the shoulder than the
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central atom. Therefore, the velocity autocorrelation
function of Sn is considered to converge rapidly to zero.
This suggests that the microscopic dynamic behavior of
Sn is different from the behavior of the hard-sphere
model. In addition, the shoulder does not have a
significant effect on the macroscopic diffusion behavior
because the VACF became zero over time.
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NOMENCLATURE

a Lattice constant in a-axis (é)

c Lattice constant in c-axis (A)

D Self-diffusion coefficient (m? s~ )

g(r) Pair distribution function

230, r.) Angle distribution function

ID Serial number of atoms .

MSD Mean-square diffusion depth (A?)

N Number of all atoms in a simulation box

Neood Coordination number

n(r) Number of atoms at a distance between r
and r + Ar from a center atom

(0] Wave Vectoro(A_l)

Ar Radial bin (A) .

r Interatomic distance (A)

Te Cutoff radius (A)

’'m Interatomic distance of the Maximum value
of 4npr’g(r) curve (A)

S(Q) Structure factor

t Time (ps)

At Output interval time (ps)

v Velocity vector of an atom (m s~ ')

x Position vector (m)

Z(1) Velocity autocorrelation function

GREEK SYMBOLS

0 Bond angle (deg) .
p Number density (atoms A~)

SUBSCRIPTS

i Number from the small order of the ID of atoms
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