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a b s t r a c t

Ab initio molecular-dynamics simulations have been used to investigate the structure and dynamics

properties of the liquid AsxSe1�x at four compositions x ¼ 0:2, 0.4, 0.5, and 0.6. We present results for

the static structure factors, frequency spectra, and the electronic density of states. The results for the

structure factor are in good agreement with the available experimental data. The vibrational density of

states has two distinct bands for all compositions; the lower-energy band shifts to higher frequency

while the higher-energy band shifts to lower frequency as the number of As atoms increases. The

electronic density of states show that the liquid As2Se3 has semiconducting properties; increase or

decrease As atoms will reduce the semiconducting character of the sample.

& 2008 Elsevier B.V. All rights reserved.
1. Introduction

Arsenic, selenium, and their alloys are good examples of
systems in which the fine interplay of microscopic structure and
electronic properties provides an interesting test ground for
theories. In particular, a great deal of work has been invested
into the analysis of the semiconductor/metal (SC/M) transition
[1–5,8]. The structure of liquid arsenic is found to be similar to its
ground-state, rhombohedral crystal structure, with three-fold
coordination [9,10]. The liquid phase of selenium consists of chain
molecules [11] and the electronic properties are strongly corre-
lated with its structural features. The chain-like structure remains
even in the metallic state [12,13], although the average chain
length decreases substantially. The liquid As–Se mixtures have a
network structure composed of three-fold coordinated As atoms
and two-fold coordinated Se atoms. The electronic structure of
this liquid mixture is semiconducting in character near the triple
point due to the preservation of a covalent bonding. The optical
absorption measurement [14] revealed that the optical gap
decreases rapidly with increasing temperature, and it vanishes
at about 1000 �C. This means that liquid As2Se3 has metallic
properties above that temperature. The electrical conductivity and
thermoelectric power of liquid As–Se mixtures were also
measured for a wide range of temperature and pressure including
the SC–M transition [5].
ll rights reserved.
As2Se3 displays an interesting character in the short-range
environment. A similar bonding character of As2Se3 exists in the
crystalline, glassy [6], and even the liquid states [7] from an
analysis of radial distribution functions (RDFs) from scattering
experiments. Recently, Shimojo et al. [8,15] have carried out ab

initio molecular dynamics (MD) simulations for liquid As2Se3

mixtures and they focus mainly on the temperature dependence
of the atomic structure, and discuss the structural change in
connection with the microscopic mechanism of the SC–M
transition. Structural studies for liquid As–Se alloy have exten-
sively been made by means of X-ray and neutron diffractions
[7,16,17], and extended X-ray absorption fine structure (EXAFS)
techniques [4]; the structural information over a wider concen-
tration has been received for this liquid alloy. However, to our
knowledge the concentration dependence of the structural and
electronic properties of liquid As–Se mixtures has not been
studied from first principles yet. It is obvious that an ab initio

investigation of the properties of these systems might provide
valuable information to clarify the experimental results. There-
fore, in this paper we intend to explore the capabilities of the DFT
approach in the generalized gradient approximation (GGA) to
provide a realistic picture of various liquid AsxSe1�x alloys
(x ¼ 0:2, 0.4, 0.5, and 0.6).
2. Computational methods

Our MD calculations have been performed at 800 K by using
the Vienna ab initio simulation program VASP [18,19] with the
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projector augmented wave (PAW) method [20,21]. The calcula-
tions presented here are based on density functional theory
within the generalized gradient approximation (GGA). Our GGA
calculations use the PW91 functional due to Perdew and Wang
[22]. We have considered four concentrations of AsxSe1�x: x ¼ 0:2,
0.4, 0.5, and 0.6. In each case, we used a cubic 100-atom supercell
with periodic boundary conditions. For this size cell, the actual
numbers of As atoms in the five samples were 20, 40, 50, and 60.
(Since the minority component in the 20% sample has only 20
atoms, the statistics will be quite poor and the results should be
given greatest significance for the majority component in this
case.) The atomic densities for the five concentrations were
obtained from the measured density of l–As2Se3 at this tempera-
ture [3], together with Vegard Law. We use 215 and 462.8 eV
cutoff for the energies of the plane waves and the electron density,
respectively, and G-point sampling for the supercell Brillouin
zone. For the electronic structure, we used Fermi-surface broad-
ening corresponding to an electronic subsystem temperature of
kBT ¼ 0:1 eV. In calculating the electronic wave functions, at each
concentration we include ten empty bands. We control the ionic
temperature using the Nosé–Hoover thermostat [23]. The equa-
tions-of-motion are integrated by means of the Verlet algorithm,
using an ionic time step of 3 fs. The initial atomic configuration
adopted was a random distribution of 100 atoms on the grid for
each concentration. Then, the system is heated up to 2000 K by
rescaling the ionic velocities. After equilibration for 4 ps at this
temperature, we gradually reduce the temperature to 800 K. The
Fig. 1. Atom–atom pair distribution functions gAsAsðrÞ, gSeSeðrÞ, and gAsSeðrÞ for

l–AsxSe1�x at a temperature of 800 K. The graphs are vertically offset by six unit

each for clarity.
physical quantities of interest were obtained by averaging over
10 ps after the initial equilibration taking 3 ps.
3. Structural properties

The atom–atom pair distribution functions obtained from the
ab initio MD are depicted in Fig. 1. Our results for gabðrÞ at x ¼ 0:4
are in close agreement with the recent calculation by Shimojo et
al. [8]. The first peak of gAsAsðrÞ becomes higher while the first
peak of gSeSeðrÞ becomes lower with increasing As concentration.
Here it also can be appreciated that the As atoms induce a larger
degree of short-range order than Se atoms and the gSeSe for x ¼ 0:6
sample has no obvious first peak. Since we are dealing with a
mixture, in order to make a proper comparison with neutron
scattering data, an average gðrÞ is obtained from the atom–atom
distribution function gabðrÞ appropriately weighted with the
atomic neutron scattering lengths,

gðrÞ ¼
1

hbi2
ðx2b2

AsgAsAsðrÞ þ ð1� xÞ2b2
SegSeSeðrÞ

þ 2xð1� xÞbAsbSegAsSeðrÞÞ, (1)

with hbi ¼ xbAs þ ð1� xÞbSe being x the fraction of As atoms, and
the scattering lengths bAs ¼ 0:658� 10�14 m and
bSe ¼ 0:797� 10�14 m. The calculated total pair distribution
functions for AsxSe1�x are shown in Fig. 2 in which we compare
them with the experimental results. The calculated total gðrÞ is in
reasonable agreement with the experiments; the first and second
peak positions as well as the position of the first minimum of the
Fig. 2. Calculated total pair distribution functions for l–AsxSe1�x (full lines)

compared with the experimental results (circles, Ref. [10]). The graphs are

vertically offset by two unit each for clarity.
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Table 1
The calculated nearest-neighbor distance r (in Å) and partial coordination number

N for l–AsxSe1�x

x As–As As–Se Se–As Se–Se

r N r N r N r N

0.2 2.57 0.12 2.47 2.61 2.47 0.65 2.38 1.04

0.4 2.56 0.31 2.47 2.33 2.47 1.56 2.43 0.21

0.5 2.55 1.04 2.46 1.64 2.46 1.64 2.42 0.16
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calculated gðrÞ are in good agreement with those of the
experimental gðrÞ. The Fourier transformation of the total pair
distribution function leads to the Faber–Ziman structure factor,
which we show in Fig. 3. Our calculated structure factors of
l–AsxSe1�x are in good agreement with experimental structure
factors obtained by neutron diffraction method. Given the partial
pair distribution functions, it is possible to calculate the partial
coordination numbers as

Nab ¼ 2

Z Rmax

0
4pr2rbgabðrÞdr, (2)

where Rmax is the first maximum coordinate (the nearest-
neighbor distanced) in gab. The calculated nearest-neighbor
distances and the partial coordination numbers of l–AsxSe1�x are
listed in Table 1. We can see that the value of the average As–As
bond length is larger than those of As–Se and Se–Se, and the
difference between the average As–Se and Se–Se bond length is
quite small. Since rab corresponds to the bond length between a-
and b-type atoms, it is natural that rab depends weakly on the x.
On the other hand, the As concentration dependence of Nab is
noticeable as is seen in Table 1. The NAsAs and NSeAs increase while
NAsSe and NSeSe decrease with increasing As atoms. The total
coordination number of atom a in the alloy, Na can be obtained
from the sum of partial coordination numbers, such as
NAs ¼ NAsAs þ NAsSe. Both NAs and NSe in the liquid As–Se alloys
decrease with increasing x.
Fig. 3. Calculated total structure factors for l–AsxSe1�x (full lines) compared with

the experimental results (circles, Ref. [10]). The graphs are vertically offset by one

unit each for clarity.
4. Dynamical properties

The dynamical properties are characterized by studying the
velocity autocorrelation function CðtÞ defined as

CðtÞ ¼
h_riðtÞ � _rið0Þi

h_rið0Þ � _rið0Þi
. (3)

Additionally, the Fourier transform of CðtÞ gives the frequency
spectrum ZðoÞ, which will give us, among other things, informa-
tion on the vibrational modes of the sample. The two functions for
total and each atomic species are shown in Figs. 4 and 5 for the
four systems under consideration. The velocity autocorrelation
function and frequency spectra for pure liquid Se from the ab initio

calculation [24] are also shown in the figures. We can see that the
x ¼ 0:2 sample has some of the same features as those in the pure
l–Se. The general features of frequency spectra in all cases consist
of two main bands. The lower-energy band (LEB) goes up to about
0.6 2.54 1.42 2.47 1.17 2.47 1.76 – –

Fig. 4. Velocity autocorrelation function for l–AsxSe1�x alloys calculated by ab

initio MD. The velocity autocorrelation function for liquid Se (circles) from Ref.

[20].
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Fig. 5. Frequency spectra for l–AsxSe1�x alloys in l–AsxSe1�x alloys calculated by ab

initio MD. The frequency spectra of liquid Se (circles) from Ref. [20].

Fig. 6. The electronic density of states for l–AsxSe1�x alloys calculated by ab initio

MD. The energy zero is taken at the Fermi level (vertical dotted line).
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4 THz and the higher-energy band (HEB) decays after 8 THz. The
vibrational modes in LEB is strongly correlated to the connectivity
of the network [25], consisting of extended interblocks vibrations,
in analogy with acoustic modes. The vibrational modes in HEB
tend to strongly depend on the configurations of the building
blocks, consisting of much more localized intrablock vibration:
optical-like modes. The most relevant feature worth mentioning is
the shift in the LEB toward higher frequency while the HEB toward
lower frequency as the number of As atoms increases. This relative
shift of frequency spectra is due to the change of the dominant
building blocks. The effective valence force field undergoes a
global change with the increasing of As concentration.
5. Electronic properties

The structural behavior of liquid alloys can be understood in
terms of the electronic structure. In Fig. 6 we have plotted the
change in the electronic density of states (DOS) as the As
concentration increases. The pure l–As and l–Se are semiconduct-
ing and have been calculated to have deep minima in the
electronic DOS at the Fermi energy ðEFÞ [2]. We see these features
reflected in our simulations in Fig. 6. The valence band exhibits
two broad features. The lowest band between about �16 and
�8 eV originates from the atomic s-like states of As and Se. The
next band above �6 eV contains p-like bonding states and p-like
non-bonding states. These identifications agree with general
expectations about the electronic structure of chalcogenide
materials. The p-like states of the Se atoms have similar features
to those in liquid Se [13]: two peaks in DOSðEÞ at �4 and �1 eV
correspond to p-like bonding and p-like non-bonding states,
respectively, while the states above the Fermi level are p-like anti-
bonding states. The generic features of the DOS for x ¼ 0:4, i.e.
liquid As2Se3, are consistent with previous results [15] and the
DOS for liquid As2Se3 are very similar to those found for glassy
As2Se3 [26]. Even though the DOS for the four concentrations are
quite similar, we observe significant modifications as the As
concentration is changed. First, the height of the peak from �2 eV
to the Fermi level decreases with increasing As atoms. Second, the
lowest band which is broad and has a single peak at x ¼ 0:2 splits
into two peaks at x ¼ 0:4 then the two peaks become illegible as
the x increases to 0.5 and 0.6. Finally, for x ¼ 0:4 DOSðEÞ has a deep
dip at EF, which means that the system has semiconducting
properties while the dips are partly filled up for other As
concentrations.
6. Conclusions

We have investigated the structure, dynamics properties, and
electronic structure of liquid alloy AsxSe1�x at 800 K. The nearest-
neighbor distances for l–AsxSe1�x depend weakly on the x; the
calculated partial coordination numbers of l–AsxSe1�x change
noticeable as the number of As atoms increases. The vibrational
density of states has two distinct bands for all systems. The lower-
energy band shifts to higher frequency while the higher-energy
band shifts to lower frequency as the number of As atoms
increases. The electronic density of states has also two main bands
in the valence range. The liquid AsxSe1�x at x ¼ 0:4 has
semiconducting properties; increase or decrease x will reduce
the semiconducting character of the sample.
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