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Structure and atomic transport properties in liquid AsTe
alloys using AMEAM based potentials
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The static, dynamic structure and atomic transport properties of liquid AsTe alloys have been calculated using the integral
equation theory with the effective pair potentials based on the analytic modified embedded atom method (AMEAM). The
effective pair interactions are described with the potential functions recently proposed Hu and co-workers which are
parametrized by fitting the cohesive energy, vacancy formation energy and equilibrium conditions of solid and liquid state
properties of pure metals. In the structural calculations for liquid AsTe alloys, the thermodynamically self-consistent
variational modified hypernetted chain (VMHNC) theory of liquids has been carried out to compute the partial static
structure factors. The calculated single particle and collective dynamic properties have used to obtain the atomic transport
properties, such as diffusion coefficients. The results have compared with available experimental data.
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1. Introduction

Liquid (I) As-chalcogenides, such as I-AsTe and
I-AsSe, have covalently bonded network structures. These
liquids have attracted considerable interest in both
experimental and theoretical studies because they undergo
the semiconductor to metal (SM) transition at high
temperatures with increasing As concentration [1].Endo
and co-workers have suggested from their EXAFS results
that the metallic behaviour observed for liquid As-Te
alloys at high temperature is governed by the bonding
configuration of Te atoms [1]. Misawa has also shown that
the experimentally obtained total structure factor for liquid
AsyTegy was similar to the S(q) for liquid Te [2].
Maruyama et.al. have obtained the results of neutron
diffraction (ND) experiments for I-AsTe alloys in the
temperature range between 673K-873K and determined
that the structural analysis of g(r) for liquid alloy
containing 20 at.% As and 80 at. % Te gives the most
reliable information on the partial correlation of Te, since
the contribution of the pair correlation of AsAs is
negligible [3].

On the other hand, theoretically the structure of the
crystalline group-V elements has been discussed within
the pseudopotential approach successfully [4]. Hafner has
carried out the molecular dynamics calculations with I-As
based effective pair interactions [5] and obtained results in
good agreement with ND data. Shimojo et al. [6] have first
studied the temperature dependence of atomic and
electronic structures in the liquid As,Tes by ab initio
molecular dynamics simulations. Then arsenic chalcogen
clusters have been studied with several researchers [7].
Popescu has proposed a closed cluster model for binary
arsenic-chalcogen glasses and investigated the charge
coordination defects in chalcogenide glasses [7].

It is well known that many body potentials based on
the embedded atom method (EAM) or semi-empirical

descriptions of atomic interactions have been used in many
aspects of computer simulations and theoretical
calculations. The embedded-atom method (EAM) which
was originally proposed by Daw and Baskes (DB) [8] has
been developed by several authors (References there in
[9]). In the literature, there are several versions of EAM
which are different with parameterisation methods and
functions involved. Hu and co-workers [10] have proposed
an analytic EAM potential (AEAM) for hcp metals. They
added one another energy modification term, interpreted
the anisotropy of hcp structure, in the total energy
expression. Hu and co-workers have constructed a new
analytic modified EAM (AMEAM) for hcp metals
currently, and calculated the thermodynamic properties of
Mg-Re alloys [11]. In our previous work, we have
investigated the structural properties of liquid CdTe alloys
with the AMEAM based potentials. To the best of our
knowledge, there is no study of the AMEAM model for
the liquid As-chalcogenides. In the present work, the
potential functions of the AMEAM proposed by Hu and
co-workers [10,12] have been used to obtain structural and
atomic dynamic properties of I-As, I-Te and I-AsTe alloys.
The effective interatomic potentials based on the AMEAM
potential functions are constructed with the recently
proposed Finnis-Sinclair (FS) type for the effective pair
potential approximation of AMEAM [9] in our previous
work. The constructed effective potentials are used as
input data in our static and dynamic structure calculations.
The partial structure factors and pair distribution functions
are calculated with one of the integral equation theory of
liquids namely, variational modified hypernetted chain
(VMHNC) theory [13,14] which was successfully applied
to metallic systems in the EAM calculations [15,16]. The
VMHNC results are compared with available experimental
data in order to determine the reliability of the AMEAM
for describing the structural properties of liquid As, Te and
AsTe systems. The self-diffusion coefficients for As and
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Te at different alloy compositions have been also
computed, and compared with the available results in
literature.

2. Theory
2.1 Effective pair potentials

In the AMEAM, the basic equation of the total energy
of a system of atoms is given by

1
E total = ZF(Pi) +EZZ o(ry) + ZM(Pi) + ZN(QI)
I I i$; 1 1
1)
where the F(p;) is the embedding function, ¢(r;) is the pair
potential between atoms i and j with distance r;, and p; is
the host electron density induced at site i by all other
atoms in the system as

[of sz(rij) 2
i

where f(ry) is the only one electron density function. M(P;)
and N(Q;) are the energy modification terms. The
potential functions of AMEAM are same as in
Refs.[9,10,12].

In order to construct the effective interatomic pair
potential from the AMEAM, second and higher derivatives
of the embedding function F are ignored. Recently
proposed effective pair potential, ¢es(r), form based on the
Finnis=Sinclair (FS) approximation [17] with AMEAM
are used. However, in this work, two different FS-
AMEAM models have been used to calculate the effective
pair potentials for liquid binary As-Te alloys. Modell and
Model2 are chosen to test of the applicability of different
energy modification terms and electron density function.
The model 1 is the same as given in Ref. [9]

dait (1)=0p8(r) — 2Fag (p)(M g (Pag ) + N ag Qg ))f s (1) (3)

where F'(p) is the first derivative of the embedding
function. The alloy pair potential ¢as(r) between different
atomic species, A and B type atoms in a binary alloy. For
the Model 2; we note that the N(Q) terms taken as equal to
zero in Eqgs (1,3) as,

AB '
ey (r) =0np (I’)— 2Fpg (p)(l\/l AB (PAB ))fAB (I’) (4)
The all model parameters in Eqs.(3,4) are obtained by
using the parameterization scheme given in Refs. [9,18].
2.2 The VMHNC Theory of Liquids
With the effective pair potential known, integral

equations are able to provide us the liquid structure for
metals and alloy. In our structural calculations, one of the

integral equation theories which have shown to be very
reliable theory of liquids VMHNC has been carried out
[13-16]. Like most liquid state theories the VMHNC
solves the Ornstein — Zernike (OZ) equation for binary
system which defines the partial direct correlation
functions, ci(r), in terms of the total correlation functions
hi(r) = g;5(r) - 1, where gi(r) denote the partial pair
distribution functions. The OZ equation is supplemented
by the exact closure relation. The partial static structure
factor, Sjj(q), for binary alloys can be written as Fourier
transform of partial distribution functions:

Sij(q): & + 4“(Pipj)1/2.[(gij(r)_l)sjnéqr) rdr. (5)

The theoretical calculations can be compared with
neutron or X-ray scattering experiments if the appropriate
scattering parameters are known [3]. The total radial
distribution for any concentration of alloy can be written
by a linear combination of three partial pair distribution
functions gi1(r), g12(r) and gox(r).

2.3 The Dynamical Properties: Self Diffusion

Self diffusion constant is the important parameter for
characterizing the liquid and as input into modelling heat
and mass flow in crystal growth simulations. In order to
compute the diffusion constant two different routes can be
followed. First it can be defined as the Green-Kubo (GK)
type equation in terms of the normalized velocity
autocorrelation function Z(t) by

D=

k,T
If/l [z dt 6)

where M is the mass of atom. The second one is in terms

of the mean square displacement, (Ar’(t)), using the
Einstein (E) relation as
Ar?(t)
D:Iim< > )
tow 6t

In the present work, the diffusivity for each constituent in
the alloy has been found using the theory for the dynamic
structure calculations given in Refs. [19,20] for details.

3. Results and discussion
3.1. Pure Liquid Metals

First, we have calculated the effective pair potentials
based on AMEAM potential functions for liquids As and
Te at the thermodynamic states T=1103K; 0.04221 at./A®
and T=1073K; 0.02617 at/A® , respectively. The input
physical data used in our liquid state calculations
determined from the solid sate values of Kittel [21] as



Structure and atomic transport properties in liquid AsTe alloys using AMEAM based potentials 1701

E.9(eV):2.82 for As; 2.17 for Te; a"I(A):3.45 for As; 4.05
for Te. All the parameters of potential functions are
determined by not only fitting to solid but also liquid state
properties using the parametrization procedure given in
Ref. [9,18]. The model parameters for AMEAM used in
our calculations are listed in Table 1.

Table 1. The parameters for I-As and I-Te used in AMEAM
calculations.

Input parameters Potential parameters

Param

Parameter As Te eter As Te
Fo(eV) [1.88 [1.45 (A) |514 [513
S N o045 Jo52 e (A) (290 [3.00
g a(eV) |0.5948 |0.4867 ?él\/) 50.743 |38.181

B(eV) [-0.0064 | -0.0813 |k, (eV) |-223.196 |-167.939

| Folev) [188  [145 ke (eV) [415.749 |312.821

| N [074 [o084 ko (eV) | -427.738 [ -321.842

g a(eV) |0.3256 [0.2085 |ks(eV) |263.384 [198.177

ke(eV) [-97.207 [-73.141

ks(eV) [19.916 |14.986

ks(eV) [-1.747 |-1.314

In Table 1, the r. is the cut-off distance determined by
the cut-off procedure [9,18]. The values of ry are
determined from experimental pair distribution function as
the position of the first peak. The number densities at these
temperatures are evaluated by extrapolating of the
empirical formula [22] which gives the temperature
dependence of density for liquid metals and alloys
linearly.

It has noted that the calculated effective pair potentials
for liquids As and Te using AMEAM based Modell and
Model2 give the correct trend as far as the position of the
concerned when compared with each other. The effective
potential calculated by using Modell gets deeper than the
obtained from Model2 because of the contribution to
energy of N(Q) term of the liquids. The presently obtained
AMEAM effective pair potentials for As and Te are used
as input data in our structural calculations. Calculated pair
distribution functions for I-As and I-Te are shown in
Figs.1a and 1b together with the neutron diffraction (ND)
data of Bellisent et.al.[23] for I-As and Maruyama et.al.
[3] for I-Te, respectively. It is shown that certain
differences between calculated results and experiment,
except first peak position of the g(r). In the case of I-Te, as
shown in Fig. 1a, the calculated g(r) by using Model2 has
a principal peak located at the same position and height of
the experimental one. In contrast to the I-Te, the height of
the calculated main peak of g(r) obtained by Model2 for I-
As is underestimated. Also, the results of static structure
factors have plotted with the neutron diffraction (ND)
data. It is noticed that the calculated and experimental
structure factors differ in depth of the first minimum. We
also find that the oscillations in the calculated structure
factors S(q) die out more rapidly than in the experimental
data.
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Fig. 1. The partial pair distribution functions for (a) I-As
and (b) I-Te along with the experimental data of ND from
Refs.[23,3], respectively. Insets show S(q)s’.

It is seen in Fig. 1 the results of S(q) using Modell
higher than those obtained by Model2. The calculated
main peak is somewhat shifted to larger r values in
comparison with the experiment. Especially for Te, it is
observed a good agreement with the experiment in the
large g values after that the second maxima.

3.2 Liquid Binary AsTe Alloys

For the liquid AsTe alloys, all calculations are
performed at T=1073K, very near their melting. In Fig.2a,
we have plotted the partial distribution functions, gj(r),
calculated by using Model2 for I-AsTe alloy at different
concentrations. When it is decreased the concentration of
Te in As,Te; alloys, it is appeared first peak height of
gij(r) gets close to that of I-Te (at 100%). The position of
the main peak slightly shift to larger r values and the
amplitudes of oscillation become radically different. We
have also been displayed the partial structure factors for
As-As, As-Te and Te-Te in equiatomic I-AsTe at 1073K
calculated by using the AMEAM effective pair potentials
with the VMHNC liquid state theory.
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Fig.2. The calculated a) partial pair distribution
functions and b) partial static structure factors for I-AsTe
alloys.

We have plotted corresponding ND data of pure
metals for the comparison; because of there are no

AsgoTe;

a9

AsyoTeg

1(A)

theoretical and experimental results of the partial structure
factor of I-AsTe.lt is seen in Fig.2b that there are some
discrepancies in low g-region. However, the calculated
results of the S;(q) are reasonable agreement with ND
results at larger q region. The total pair correlation
function, g(r), and total structure factor, S(q), for I-AsTe
alloy at different concentrations are plotted in Figs 4a and
4b, respectively. For comparison, we have also included
the ND data of Maruyama et.al[3]. The g(r) and S(q) were
determined as a linear combination of corresponding
partial ones. The values neutron scattering lengths needed
to estimate total distribution function are 6.58fm and
5.8fm, respectively [24]. We find that the oscillations in
our calculated g(r) die out more rapidly than in
experimental ones. It is suggesting too soft repulsive
potential. Qualitative similarity between total structure
factor and ND data is fairly obvious. This shows that AsTe
dimmers interact with the formation of TeTe bonds in
molten AsTe.

3.3 Atomic Dynamical Properties

The self-diffusion coefficients, D, have been obtained
from Eqs.(6,7) using these effective pair potentials and
static structures. The calculated values of D for pure I-Te,
I-As and I-AsyyTeg, alloy are listed in Table 2 along with
the available experimental values. It is seen that both GK
and E methods give consistent results with each other. D
of I-Te is smaller than that of I-As because of the atomic
size of Te is smaller than that of As. Especially, our
calculated self diffusion from (E) and Model2 agree with
theoretical and experimental values for I-Te and I-As.

AsyTeg

AsgoTe;

S(a)

AsyTeg

A’

Fig. 3. The calculated a) total pair correlation functions and b) total structure factors using the AMEAM models for
I-AsTe at 1073K. Temperatures of neutron diffraction data are 873K, 973K and 1073K for AsyyTeg, AszoTez and
AsTego, respectively.
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Table 2. The calculated self diffusion coefficients D.

T(K) D(A?/ps)
Model 1

Model 2 | Expt.

GK E GK E

Te 10730.413|0.433|0.381|0.390 | 0.26"

As 11030.725[0.744|0.552 [ 0.591 | 0.65"

Self-diffusion from GK

Model 1 Model 2

As Te As Te

AsyTeg |1073|0.731(0.410|0.521|0.378

AszTes |107310.741(0.40210.533|0.394

AsyTeg |1073|0.74810.422|0.539|0.401

AssoTeso | 1073(0.754|0.427 | 0.547 | 0.415
“from Ref[25] , "from Ref.[26]

1,0 ¢

I-As, Te,
0,84 (a) As
Model 1
—2— Model 2
06 Te
g —a— Model 2
0,4
0.2
0,0
T T T T T T T T T
0 1 2 3 4 5 6 7 8 9
t(ps)
40
I-As, Te,, (b)
30 As
Model 1
—2— Model 2
n Te
2 5l —a— Model 1
L2 Model 2
10 A
0 T T T T T T T T T
0 2 4 6 8 10

t(ps)
Fig. 4. a) The calculated velocity autocorrelation
functions and b) mean square displacements for As and
Te in I-As,,Te80 alloy.

There are no experimental and theoretical results for
As,Te; 4 alloys to compare with our calculations. It can be

seen that the D coefficients of As and Te have increased
by increasing the As concentration in As,gTegg alloys. The
diffusion of As into the Te have been faster than that of Te
into the As. In order to discuss time dependent properties
of |-AsTe, the results of the normalized velocity
autocorrelation  function, Z(t), and mean square
displacement, (r’(t)), are plotted in Fig.4a,b for As and Te
in I-AsyTeg alloy at 1073K, respectively. In all cases,
except As from Modell, Z(t) becomes negative which is
known as a famous cage effect due to temporary trapping
of particles by their neighbours, and subsequently shows
decay without any oscillations in contrast with the molten
alkali and alkali-earth metals [20]. It is clearly relevant for
the magnitude of D coefficient (proportional to the area
under Z(t)) and it affects Z(t) in a short time regime. Fig.
4b, we it is possible to say, time dependence of (r(t))
shows typical behaviour for simple liquids at higher
temperatures. For longer times, as soon as the motions
become diffusive, the (r’(t)) has a linear dependence on
time

4. Conclusions

The improved functional form of the effective pair
potential for AMEAM has been applied to liquid AsTe
alloys. These calculations were performed with the
potential functions that not only fit to solid data but also
liquid state properties. The structural calculations were
carried out using the VMHNC theory of liquids.
Comparison between the results of the VMHNC theory
and available experimental data show that the proposed
AMEAM formalism for AsTe alloy systems is capable of
providing a good description in their liquid state. However
the discrepancies between the calculated results and
experiment can be observed in intermediate g region. The
calculated monatomic dynamical properties, such as self-
diffusion, are consistent with available results in literature.
The cage effects are seen in all cases, except I-As from
Modell because of its higher value of D. In the point of
view, we have realized that AMEAM potentials can be
apply to liquid As-chalcogenide systems in many aspects
of computer simulations.
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