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Abstract. A first-principles molecular-dynamics study of liquid NaSn alloy is presented.
The structural properties (static struciure faclor, bond angle distribution) are discussed.
The calculated static structure factor is in good agreement with that from neutron
diffraction experiments. The calculations show a tendency of network formation of
threefold and fourfold coordinated tin atoms in the liquid. Tetrahedral Spy complexes—
Zint! anions [Sn§}—which are typical structural units in solid NaSn are nearly absent
in the liquid. As a consequence of the network formation there is an indication of a
‘bimodal’ bond angle distribution for the tin atoms.

Alloys of alkaline metals and group IVA elements are characterized by cluster-like
groups of the group IV ¢lements (the so-called Zintl anions [1]} in the solid phase.
It proves to be interesting to investigate how far these complexes are also apparent
in the liquid phase. There are a number of interesting properties of such alloys,
s0, for example, they show a rather strong concentration dependence of the electric
resistivity, ranging from a clearly metallic conductivity down to a nearly semiconductor
one {2]. And this variability of the conductivity is probably closely connected with the
compound formation in these systems.

A suitable way to study such alloys even in the liquid state is the application of an
ab initio molecular dynamics scheme as the unified approach to molecular dynamics
(MD) and the density functional theory (DFT) {3]. This method allows the study of
structural as well as electronic properties; it has been successfully applied to series of
problems (see e.g. [4]).

In this letter we will report the results of such MD simulations of liquid NaSn
as a first stage of investigation of the structural and electronic properties of liquid
I-1V alloys. NaSn in equiatomic composition forms a tetragonal crystal in the solid
phase with Sn, clusters as typical structural units [5]. Na_Sn,__ alloys have also been
investigated widely in the liquid phase—see especially [6].

The unification of DFT and MD became in practice realizable by introducing ficti-
tious orbital dynarmics [3). In this way the Lagrangian £ for the system of one-particle
orbitals and ions is:

. 1 . .
e=Lu [arif+S EMkni—E[{wi},{Rk}1+§Aij( [ arwi5-6,).
(1)
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The second term in (1) describes the real dynamics of the nuclei with masses M,
on the potential energy surface E[{;}, {12, }], and the first term is associated with
the fictitious dynamics of the orbjtals with a ‘mass’ x. The third term follows from
the orthonormality constraint on the orbitals 1;, and the energy surface E is calcu-
lated using DF theory with a local density approximation for the exchange—correlation
energy. From this Lagrangian we obtain the equations of motion:

wiWi(r, 1) = —SE[8U;(r, ) + > Ayt(r, ) @
i

MR, = —-8E/8R,,. 3)

(For a dctailed description of the method see e.g. [4].) To solve these equations
in practice it is necessary to expand the orbitals ¢; in a suitable basis. Usually, a
plane-wave representation for the v, is used. The energy cut-off in the plane-wave
expansion was chosen to be 8 Ryd. This cut-off gives reliable for the lattice constants
of pure sodium and pure tin. The MD simulation was performed applying periodic
boundary conditions with a constant volume cubic elementary cell. This cell contained
32 Na and 32 Sn atoms. We used only the I" point to sample the Brillouin zone of
the supercell. The norm-conserving pseudopotentials according to [7] were used for
Na and Sn, considering only the s-non-locality. A fictitious mass u of 300 au was
used, and the time step for the numerical integration of the equations of motion was
taken to be 6 atu (1 atu = 2.4 x 107'7 ). This choice of parameters guarantees
an accurate adiabatic evolution of the system over a rather long time during the MD
simulation,

We started the simulation with a geometrical arrangement of the atoms according
to a structure obtained f{rom that of the elementary cell of solid 3-NaSn [5] by
homogeneously rescaling the Na coordinates and the positions of the centres of mass
of the Sn tetrahedra with different scaling lengths in the -y and z directions to
transform the original orthorombic ceil into a cubic one and keeping the same intra-
tetrahedral distances in order to preserve the tetrahedra. After a small random
displacement of the initial ionic coordinates, the system was equilibrated for 12000
time steps (2 ps) at a temperature of 921 K. The data for the statistics were collected
in a *production’ run of 10000 time steps (1 ps). The temperature of 921 K (648 °C)
is about 70 K above the experimental melting point of 3-NaSn [8].

Figure 1 shows the calculated static structure factor from our MD simulation in
comparison with that obtained from ncutron scattering expcriments [6). There is
a good overall agreement between the theoretical and the experimental curves, In
particular, our simulation also gives a prepeak in the structure factor at 1 A~! in good
agreement with the experimental results. Such a prepeak is commonly a characteristic
for some ordering in the liquid system and may be ascribed to the concentration—
concentration structure factor So-(¢q) [9]. We can directly verify such an assignment
in figure 2. Alblas et af 6] interpreted the prepeak as an indication of the existence of
Sn, tetrahedra separated by Na atoms, as in the solid compound. From the simulation
we indeed find a dominance of the threefold coordination for tin, as it is in the solid.
But one half of all Sn atoms is not threefold coordinated: about one quarter is twofold
coordinated and, also, about one quarter is fourfold coordinated. The bond angle
distribution for the threefold coordinated Sn atoms shows a distinct maximum at 60°
(sec figure 3(a)), which is also the bond angle in Sn, tctrahedra. But there is also a
tail to larger bond angles. The bond angle distribution for the fourfold coordinated
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Figare 2. Bhatia-Thornton structure factors [9] Snyn(g), Snve(g), Sce(yg) for NaSn.

Sn atoms shows a second maximum around the tetrahedral bond angle (109°—see
figure 3(5)). In summary this leads to a bimodal bond angle distribution for the tin
atoms (see figure 3(c)). This is a clear indication that the ideal isolated tetrahedra—
as they exist in the solid—no longer exist in the liquid phase. The analysis of the data
from our simulation shows that there are no isolated Sn, clusters in the molten alloy.
One can find relics of Sn, complexes, but always connected with other Sn atoms or
groups of Sn atoms. There is a clear tendency to network formation between the tin
atoms. An illustrative picture of this behaviour is given by a snapshot of the structure

during the simulation (see figure 4).
Thus, the structure of liquid NaSn seems to be a little bit more complex than
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Figure 3. Bond angle distribution [Ag, sa(8)] Figure 4. Snapshot of the iocnic positions during

for tin atoms in NaSn: (a) threefold coordinated  the MD simuiation (Sr atoms only). Tin atoms with

atoms, () fourfold coordinated atoms, {¢) total. interatomic distances less than 3.2 A are connected
by straight lines.

assumed from previous investigations [6]. Similar results were obtained quite recently
for a related system (molten KSi), also using the ab initio MD scheme [10]. In the case
of KS8i the Zintl jon stability is expected to be larger than in the present case. The
finding of Galli and Parrinello of an ‘oscillation’ between a configuration containing
distorted tetrahedra and another containing 2 ‘percolating’ network of Si atoms and
the absence of the distorted tetrahedra in our sample are in agreement with such an
expectation. In conclusion, from the simulation of KSi [10] and NaSn (presented here)
it follows that the assumption of the existence of stable Zintl ions in the liquid phase
may be inappropriate. Nevertheless, in the liquid phase there are clear indications of
a persistence of features related to the original F-NaSn crystalline structure. A more
detailed anaysis of the simulation results considering also the electronic properties is
in progress.

The authors thank M Parrinello for useful discussions. One of us (GS) thanks
P Ziesche for his continuing support and interest in these investigations, and the
ICTP (Trieste) as well as IRRMA (Lausanne) for kind support.
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