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Abstract The temperature dependence of the structure of liquid tin was stud-
ied from 773 to 1873 K by a first-principles molecular-dynamics simulation.
The calculated results were discussed with the neutron scattering experiments.

1 Introduction

It is well known that the structure factor, S(Q), of liquid tin near the melting point has
a shoulder on the high-Q) side of the main peak [1, 2|. This shoulder has been explained
by the difference between the effective core radius and the wavelength of the Friedel
oscillation in the interatomic pair potential[3] or the existence of the covalent bonds even
in the liquid metal [4]. It is an interesting issue that how such complex structures change
with variation of temperature. To clarily this issue our project team carried out a neutron
scattering experiment and a first-principles molecular-dynamics (FPMD) simulation for
a wide range of temperature |5, 6.

In this paper, we study the temperature dependence of the structure of liquid tin by the
['PMD simulations.

2 Method of Calculation

Our method of the FPMD calculation is based on the density functional theory with
the local density approximation|7]. For the interaction between the valence electrons and
the ion, we employ the norm-conserving pseudopotential by Troullier and Martins[8],
which is derived from the calculation of the atomic electron configuration 3s® 5p? 5d°.
The electronic wave functions are expanded in terms of a plane wave basis set with a
cutoff energy of 11 Ryd. The I'" point is used to sample the Brillouin zone of the supercell.
The Kohn-Sham energy functional is minimized by the preconditioned conjugate-gradient
method[9, 10, 11]. Then the forces on the ions are calculated using the Hellmann-Feynman
theorem. The MD simulations are carried out with 64 atoms in a cubic supercell from 773
to 1873 K. For the density of the system, the experimental data[12] are used. The mass
and the number densities of the system are 6.82 ~ 6.15 ¢ cm 2 and 0.0346 ~ 0.0312
A—3, respectively. The lengths of the side of the cubic supercells are 12.3 ~ 12.7 A. The
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Figure 1. Structure factors, S(Q)’s, of liquid tin at the temperatures from 573 to 1873 K.

constant temperature simulations are performed using the Nosé-Iloover thermostat[13, 14]
for 10000 steps with the time steps 150 ~ 200 a.u.(3.6 ~ 4.8 fs). The simulations were
performed on the supercomputer VPP500 at the Center for Promotion of Computational
Science and Engineering of JAERI and the workstations at National Space Development
Agency of Japan.

3 Results and Discussion

The structure factors, S(Q)’s, and the radial distribution functions, g(r)’s, obtained in the
present study are shown in figures 1 and 2, respectively. The lines and the circles show the
results obtained from the FPMD simulation and from the neutron scattering, respectively.
The calculated results are in excellent agreement with the experiments. The shoulder
around Q -~ 2.8 A=! is reproduced at low temperatures. With increasing temperature,
the first peak becomes lower and broader and the shoulder seems to disappear. The
characteristic features in g(r) are the flatness and the large values in the region between
the first and the second peaks compared with those of simple liquids. With increasing
temperature, though the height of the first peak in g(r) becomes lower, the values of g(r)
in this flat region are almost unchanged. Similarly, the values of S(Q) around the shoulder
stay almost constant with varying temperature and the shape of the first peak of S(Q) is
asymmetric even at the highest temperature of 1873 K.

To study the microscopic structure more in detail, a three-body angle distribution function
g®(6,r.) was calculated from the atomic configuration and the results at 773 and 1873
K are shown in figure 3. The three-body angle is formed by a pair of vectors drawn from
a reference atom to any other two atoms within a cutoff radius r. (see the inset in figure
3). When the cutoff radius r. is 3.4 A, which is longer than the average nearest neighbor
distance, g®(0,r.) shows a clear peak centered at 60°. When an interatomic interaction
is isotropic and the atoms are in closed-packed, g©®(0, r.) should show the peak around
60°. Thereforc this peak indicates a typical structure in a simple liquid. With deccreasing
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Figure 2. Radial distribution functions, g(r)’s, of liquid tin at the temperatures from 573 to
1873 K.

the cutoff radius r., the peak at 60° disappears and g (0,r.) shows only single broad
peak distributed near 100° close to the tetrahedral bond angle of 109°. This peak suggests
that there are complex local structures due to anisotropic interactions in liquid tin. With
increasing temperature, g‘®(0,r.) becomes broad for r. = 3.1 and 3.4 A, while that for
r. = 3.0 A is almost unchanged. This means that the short-range structure within 3
A does not so much depend on the temperature in the temperature range of the present
study.

It is well known that S(Q)’s of liquid silicon and germanium also have the shoulder on
the high-Q side of the first peak|1] and at the same time their g0, 7.)’s show the peak
around 100°[10, 15, 16, 17]. On the other hand, for liquid lead, which is also the group IV
element, there is no shoulder in S(Q) and no peak around 100° in its g®(8,7.)[1, 6, 18].
These facts imply that the shoulder in S(Q) is related to the short-range structure making
the peak around 100° in g®(8,r.). From the results of g(r), S(Q) and g3 (0,7.) in the
present study, it is considered that the shoulder in S(Q) of liquid tin does not disappear
but is merely covered by the broadened first peak at high temperatures.

2@, r)

Figure 3. Three-body angle distribution functions, g®)(0,r.)’s , at 773 K and 1873 K.
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The coordination number, n, is usually calculated by the integration of g(r). For the
liquid tin, however, since the position of the first minimum is not clear and the first
peak is asymmetric, the definition of the coordination number is difficult. Therefore the
distribution of the coordination number with the cutoff length r. was investigated and
the results at 773 K and 1873 K are shown in figure 4. Though, from the structure in the
solid state with n = 4 and from the bond angle distribution function for r. = 3.0 A, the
existence of the tetrahederal structure is implied, few four-fold structures are found in
d(n) within r. = 3.0 A. When r, is fixed, the average coordination number decreases with
increasing temperature for r. > 3.1 A. For r, = 3.0 A, however, d(n) is almost unchanged
with changing temperature. This means that the short-range structure does not so much
depend on the temperature.

o
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Figure 4. Distributions of the coordination number d(n) of liquid tin at 773 K and 1873 K.
The radial distribution functions at the same temperatures are also shown.

From the present FPMD simulations, the information of microscopic atomic motion can
be obtained. The mean square displacement (MSD) of atoms is shown in figure 5. Three
regions can be seen in this figure, the free particle behavior of parabolic time dependence
(t < 0.1 ~ 0.2 ps), the region of linear time dependence of the diffusion law (t >~
0.3 ps) and the transition region between them. Figure 6 shows the normalized form
of the velocity auto correlation function (VAF), Z(¢). The normalized VAF, Z(t)/Z(0),
decreases rapidly with the progress of time and then the oscillatory negative regions can
be seen below 1273 K. However, over 1473 K, the normalized VAF indicates no negative
regions though oscillatory behaviors themselves can be seen. These [acls indicate thal
the back scattering effect or cage effect is present clearly at lower temperatures. However,
at high temperatures, such an effect is weaker or absent though the interaction with
surrounding atoms itself still works judging from the existence of oscillatory behavior.
Such a complicated interaction can be seen also from the complicated spectrum of the
VAF, Z(w), shown in figure 7.

The self-diffusion coefficients, D’s, were calculated both from the MSD of atoms and from
the VAF. Since the simulations were carried out for long time, 36~48 ps (10000 step), the
results obtained from the MSD and the VAF are in good agreement with each other. The
D values of our present simulation, shown in figure 8, are about half of the experimental D
obtained under microgravity [19, 20, 21] in spite of the fact that the calculated structure
factors, S(Q)’s, are in excellent agreement with the experimental S(Q)’s. One of problems
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in the present simulation is the small system size in the FPMD simulation. To check the
size dependence of D, we have performed the FPMD simulation for liquid Sn at 773 K
using a larger system composed of 125 atoms for 800 time steps. Though the statistical
average for D in this short time simulation is not so good, the result of I is about thirty
percent larger than that calculated in the system of 64 atoms with the same time steps.
One of the other factors for the improvement of the calculated value of D may be the
pressure of the system in the simulation. In our MD simulation the experimental value
of the density [12] was used at each temperature. When the density and the temperature
are fixed, the pressure is uniquely determined in the thermodynamics. However, since our
simulation was carried out under constant number of atoms, constant temperature and
constant volume (NVT ensemble) in the small systems, the pressure may not be the same
as the macroscopic one.

Figure 5. The variation of the mean square displacement (MSD) with time, ¢, for liquid tin
from 773 K to 1873 K.

4 Summary

Temperature dependence of structure of liquid tin was investigated by the FPMD sim-
ulation. A shoulder on the high-Q side of the first peak of S(Q) can be seen at low
temperatures. Since even at 1873 K the main peak is asymmetric, such a shoulder may
be present though it becomes unclear in the change of overall pattern of S (Q). A broad
peak around 100° in the three body distribution function was observed up to 1873 K. The
coordination number with cutoff radius of 3.0 A does not change with the increase of
temperature from 773 K to 1873 K though it decreases with the increase of temperature
in the case of larger cutoff radius. These features indicate that some local structurc which
is produced by many body force may persist even at high temperature in the liquid tin.
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Figure 6. The variation of the velocity autocorrelation function (VAF) with time, ¢, for
liquid tin from 773 K to 1873 K (Z(t): VAI® at time £).
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Figure 7. The variation of the spectrum of the VAF, Z(w), for liquid tin from 773 K to 1873
K.
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Figure 8. The self-diffusion coefficient ,D , of liquid tin.

81

This document is provided by JAXA.



