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Abstract. The static and dynamic properties of liquid Sn at two different thermodynamic states have
been studied from the Orbital Free Ab-Initio Molecular Dynamics (OFAIMD) simulation method.
This method is based on the density functional theory (DFT) of Hohenberg and Kohn. The exchange
and correlation interaction is described here with the local density approximation (LDA). We, in this
study, have developed a pseudopotential model to describe the external non-Coulombic interaction
acting on an electron; this is an essential ingredient of the theory. We have studied several static and
dynamic properties of the system. The calculated results are found to be good in agreement with the
available experimental data. They are also found to be of similar accuracy as those of other ab-initio
studies.
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1 Introduction

The first principles calculations along with Molecu-
lar Dynamics (MD) simulation techniques have be-
come an essential way to study different properties of
condensed matters [1-4]. Most of the first principles
methods are based on the Density Functional The-
ory [5-6]. Since the microscopic details of the orbital
are involved in the Kohn-Sham ab-initio molecular dy-
namics (KS-AIMD), calculations are computationally
very expensive, and this limits the size of the systems
(one or two hundred particles) under study. However,
some of these constraints may be greatly reduced by
the so called orbital free ab initio MD (OF-AIMD)
simulation method [3,7]. In the OF-AIMD method the
electronic orbitals of KS formulation are disposed of
by using only the valence electron density, expanded in
a plane wave basis set, which greatly reduces the num-
ber of variables describing the electronic state, and
thus enables to study larger sample and for longer
simulation time (tens of picoseconds). We report, in
the present work, OF-AIMD simulation results for the
static and dynamic properties of liquid Sn at two dif-
ferent thermodynamic states characterized by temper-
atures of T=573 K and 1275 K.

Sn in the liquid phase displays some characteristics
features in their structural properties. For example,
the static structure factor S(q) displays a shoulder,
although small, at high q-side of the main peak, sim-
ilar, although less marked, to liquid Si and liquid Ge,

and a coordination number (CN ) around 9-10 unlike
Si and Ge that have CN around 6. Liquid Sn for its
characteristic features attracted attention of theoreti-
cians [8,12-16] and experimentalists [8-11]. But to the
best of our knowledge, this is the first application of
the OF-AIMD method with a relatively large sample.

Within the Hohenberg and Kohn theory of DFT
[5] the external potential is a local function generated
by the positive ions and, it is normally treated by a
pseudopotential. This local pseudopotential plays an
essentially important role in determining the energy as
well as the forces acting on ions. In the present study
we initially tried with different model pseudopoten-
tials for Sn available in the literature [12-14], but none
of them could produce static and dynamic properties
together as experiments suggest. Finally, we have de-
veloped a simple model (see below) to describe the
electron-ion interaction and found that it works suffi-
ciently well in predicting different physical properties
at several thermodynamic states.

2 Theories

Different theories relevant to the OF-AIMD simula-
tion method, namely, the density functional theory
with an approximated kinetic energy functional, and
pseudopotential are described in this section.

2.1 Density Functional Theory

Within the density functional theory (DFT) the total
energy functional may be written as,

E[n] = TS [n] + EH [n] + EXC [n] + Eext[n] (1)
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where, TS [n] is the kinetic energy, EH [n] the Hartree
electrostatic energy, EXC [n] exchange and correlation
energy and Eext[n] the energy due to the external po-
tential. Within an average density model, the kinetic
energy functional for non-interacting electrons may be
written as [3]

TS = TW + Tβ (2)

with

TW =
1

8

∫

dr̄
|∇n(r)|2

n(r)
(3)

and

Tβ =
3

10

∫

d3rn(r̄)(
5

3
−2β)k̃(r̄)2 (4)

k̃(r̄) = (2k
(0)
F )3

∫

dr̄′k(r̄′)wβ(2k
(0)
F |r̄ − r̄′|) (5)

where
k(r̄′) = (3π2)

1

3 n(r̄′)β , (6)

and k
(0)
F is the Fermi wave vector corresponding to a

mean electron density ne = Ne

V
, and wβ is a weight

function chosen so that both the linear response the-
ory and the Thomas-Fermi limits are correctly recov-
ered.

2.2 Pseudopotential

In the orbital free MD approach the electron density
is a variable, so non-local pseudopotentials cannot be
used. A local pseudopotential must therefore be de-
veloped that includes an accurate description of the
electronic structure in the physical circumstance of in-
terest. In this situation we have proposed a new local
pseudopotential of the following form,

Vps(r) =







A + Be−
r

a for r < Rc

−Ze2

r
for r > Rc

where A and B are constants, Rc is the core radius
and a is the softness parameter. Following the work
of Abarenkov and Heine [15] we set a condition that
the logarithmic derivative of the potential inside and
outside the core exactly matches at the core radius.
This permits the elimination of B as a parameter. The
values of the constants for liquid Sn are specified in
table 1.

Table 1. Values for the pseudopotential parameters. The
same values are used for the two temperatures considered.

A (a.u.) a (a.u.) Rc (a.u.)
-0.08 0.80 1.55

3 Results and Discussions

The results of calculations for static and dynamic prop-
erties of liquid Sn from the OF-AIMD simulation are
presented in this section. In the simulation we have
used 500 atoms in a cubic cell with periodic bound-
ary conditions. The plane wave expansion is truncated
at a cut off energy Ecut = 20 Ryd. The energy mini-
mization with respect to the Fourier coefficients of the
expansion is performed every time step leading to the
ground state electronic density and energy.

Figure 1(a) shows the non-Coulombic electron-ion
interaction in q space. It is seen that the magnitude
of the interaction is maximum in the long wavelength
limit. The magnitude decreases with increasing q and
becomes slightly oscillatory after q > 4 Å−1 which
is also observed with other model potentials [12-14].
The value of the present pseudopotential at q = 0 is
clearly smaller than that of Fiolhais pseudopotential,
but comparable to Ashcroft and Bretonnet-Silbert (BS)
ones. On the other hand, the q-range where the pseu-
dopotential decays is much greater for the BS pseu-
dopotential, the other three being comparable. Our
model shows in fact the shortest range. We believe
that these features made the present model suitable
for its application to liquid Sn.

3.1 Static properties

The simulation allows to have a direct evaluation of
static structure factor S(q) and its counterpart in real
space, the pair correlation function g(r) at two differ-
ent thermodynamic states. Figure 1(b) shows the pair
correlation function g(r). A comparison with the avail-
able x-ray diffraction data [10] shows a good agree-
ment both in phase of oscillations and magnitude ex-
cept at the level of the principal peak, where simula-
tion values are slightly larger than the corresponding
experimental ones, in particular, at 1273 K. g(r) pro-
vides information about the short range order in the
liquid. For 573 K the position of the principal peak
of g(r) is at 3.107 Å and the ratio of the positions of
the first and second peaks is 2.02 whereas for simple
liquid metals the ratio lies in the range 1.84-1.93 [10].
In order to evaluate the coordination number, CN , we
integrated the radial distribution function 4πρr2g(r)
up to the position of the first minimum which is 3.93 Å
for both temperatures. The results are given in Table
2 and are very close to other ab initio results [8].

Figure 1(c) shows S(q) as a function of q at T=573
K and T=1273 K. The figure shows the main char-
acteristics of S(q) for liquid Sn: an asymmetric main
peak located at qp= 2.22 Å−1 and a hump at the right

of qp, located at qh=3.093 Å−1. Comparison with the
x-ray diffraction data [10] at 573 K shows an excellent
agreement for the whole q range except at the level of
principal peak where the peak value is slightly overes-
timated. Similar agreement is also found at a higher
temperature T=1273 K [30]. We note here that the
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level of accuracy of the OF-AIMD results is similar to
that of other AIMD simulation study [8].
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Fig. 1. (a) Bare non-Coulombic electron-ion interaction
in momentum space for different pseudopotential models.
(b) Pair correlation functions at 573 K and 1273 K. Line:
simulation data, circles: experimental values. (c) Static
structure factor S(q), same meaning of symbols. (d) Least
square fit to the S(q) at low q.

It is worth noting that the small hump in S(q) is
microscopically connected to the existence of bonds
corresponding to pairs of atoms closer than the aver-
age neighbour distance in the liquid [8]. A closer look
at S(q) at a higher temperature T= 1273 K reveals
that the hump disappears at high temperature. This
is due to the thermal broadening of the main peak,
that leads to covering small features like the hump.

The static structure factor S(q) connects to ther-
modynamics in the long wavelength limit through the
isothermal compressibility χT : S(0) = nkBTχT . In or-
der to determine S(0) we fit a parabolic expression for
structure factor S(q) = S0 + S2 q2 to the OF-AIMD
data at low q (see figure 1(d)). Values of χT calculated
are listed in Table 2 and are good in agreement with
experimental data.

3.2 Dynamic properties

Dynamic properties of liquid Sn at two different ther-
modynamic states characterized by T= 573 K and
1273 K are presented in this section.

3.2.1 Single particle dynamics

Information about different atomic transport prop-
erties of liquid systems can be extracted from the

Table 2. Results obtained for the coordination number
CN and isothermal compressibility χT at the two thermo-
dynamic states considered. Values in the parenthesis are
experimental data [16], and in the curly bracket ab-initio
results obtained with 205 particles [8].

T n CN χT × 1011

(K) (Å−3) (N−1m2)
573 0.035 9.2 {9.4} 2.78 (2.71)
1273 0.032 8.2 {8.5} 3.80

simulations. The normalized velocity autocorrelation
function (VACF) of a tagged ion in the fluid, Z(t)
is defined as Z(t) =

〈

v̄(0).v̄(t)
〉

/
〈

v2
〉

where v(0) and
v(t) are the velocities at reference and after an inter-
val t respectively. < ... > denote the ensemble aver-
age. Figure 2(a) shows Z(t) as a function of t for T=
573 K and 1273 K. At 573 K, Z(t) exhibits the typi-
cal backscattering behaviour with a first minimum at
t = 0.189 ps. However, the back scattering is much
less at higher temperature T=1273 K. The self diffu-
sion coefficient, D, of an ion can be found by integrat-
ing Z(t), D = kBT

M∗

∫

∞

0
Z(t) dt or from the slope of the

mean square displacement δR2 =< |R1(t)−R1(0)|2 >
of a tagged ion in the fluid. From the first method we
have found D = 0.20 Å2/ps at T=573 K. This value
is fairly close to the microgravity data DExp = 0.25

Å2/ps [17]. At the higher temperature T=1273 K we
found D = 0.79 Å2/ps whereas the experimental data
available is DExp = 1.14 Å2/ps [18]. We note here that
one AIMD simulation gave D = 1.10 [8] and another
gave D = 0.78 Å2/ps [19].

3.2.2 Collective dynamics

The collective dynamics in a liquid system are gen-
erally described through an intermediate scattering
function which contains relevant information over both
length and time scales. Its time Fourier Transform is
the dynamic structure factor, S(q, ω), which has a di-
rect connection to the inelastic neutron or x-ray scat-
tering data. We find that S(q, ω) shows well defined
side peaks, which bears indication of collective density
excitations, up to q = 1.214 Å−1. Figures 2(b-c) show
S(q, ω)/S(q) compared with experimental data [20,21]
when the experimental resolution function is ignored
(dashed lines) or taken into account through convo-
lution (solid line), the latter showing a better agree-
ment with experiment. The adiabatic sound velocity
obtained from the position of side peak is cs = 2344
m/s at T= 573 K. At a higher temperature T= 1273
K we have also observed side peaks and, the veloc-
ity of sound obtained from them was found to be
cs = 2244 m/s. The corresponding experimental val-
ues are cs = 2448 m/s at 573 K and 2284 m/s at
1273 K [20-21]. The agreement with the experimental
data is favourably good. From the positions of the side
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Fig. 2. (a) Velocity autocorrelation function. (b-c) Dy-
namic structure factors S(q,ω) compared with the exper-
imental data at T= 573 K.Full circles for experimental
data, dashed and solid line OFAIMD results before and
after convolution, respectively, with experimental resolu-
tion function. (d) Dispersion relation, closed circles ob-
tained from the side peak frequency and open circles from
the peak positions of the longitudinal current correlation
function.

peaks, ωm, the dispersion relation of the density fluc-
tuations has been obtained. This dispersion relation
is demonstrated in figure 2(d) for T= 573 K. The lon-
gitudinal dispersion relation obtained from the maxi-
mum of the longitudinal current correlation function,
Jl(q, ω) = ω2S(q, ω) is also shown in the same figure.
We note here that in the hydrodynamic limit, i.e at
q → 0 the slope of the dispersion relation curve gives
the adiabatic sound velocity. The bulk velocity found
in this way was 2328 m/s. This is very close to the
experimental value [20] at 523 K.

4 Conclusions

An orbital free ab-initio molecular dynamics simula-
tion is performed for liquid Sn at two different thermo-
dynamic states characterized by temperatures T=573
K and 1273 K. This OFAIMD method requires as an
essential input a pseudopotential to describe the non-
Coulombic electron ion interaction. Results obtained
from the OFAIMD method along with our proposed
pseudopotential agree very well with the available ex-
perimental data for both static and dynamic proper-
ties. In particular, the present approach can describe a
fine structural feature like the hump in S(q) success-
fully. The experimental dynamic structure factor is
also well accounted for with the pseudopotential con-
structed in this work. Calculations of static and dy-
namic properties for liquid noble and transition met-
als, using this type of pseudopotential, are in progress
and preliminary results are found to be very encour-
aging.
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