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Using ab initio molecular dynamics simulations, the structural and electronic properties of liquid Si;sTegs
and Si,oTegg at two temperatures were studied respectively. Compared with available experimental data,
the calculated structure factors are acceptable. From symmetry arguments, the calculated partial bond-
angle distribution functions suggest that with increasing temperature the extensive tetrahedral network
structures persist longer in liquid SiyoTego than those do in liquid Si;sTegs. Our results indicate that the
local tetrahedral structure around Si atoms and the Peierls-like distorted local atomic structure around
Te atoms both play important roles in the structural change of liquid SiyeTego and SiqsTegs, which also sug-
gest that the mechanisms of the structural change upon cooling in liquid SiyoTego and Si;sTegs are of no essen-

tial difference. The results of DOS and LDOS indicate that the variation of the dip in DOS at Er mainly
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results from the change of Te p orbitals.
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1. Introduction

The accurate and systematic structural information of liquid
state is fundamental for the exact theoretical analysis of physico-
chemical properties; however, it has still been a challenge com-
pared to the well-defined crystalline structure due to its
structural particularity and experimental difficulties. Recently,
the binary systems with chalcogen atoms as one component have
attracted a great deal of attention because of their anomalous tem-
perature-dependence in several physical properties [1-5]. High en-
ergy y-ray attenuation and sound velocity in Te-rich molten Si-Te
alloys have been measured in the reported experiments [3]. De-
duced from the measurements, the thermal expansion coefficient,
as well as the adiabatic compressibility, with the variation of tem-
perature shows an extremum at around 650 °C for Si;sTegs and
750 °C for SiygTego, respectively [3]. These anomalies are indicative
of a structural change caused by the temperature change at the
microscopic level. Furthermore, a neutron diffraction experimental
investigation by Kakinuma et al. has been performed to study the
temperature-induced structural change of liquid SixTe;go_x alloys
directly [6,7]. In their results, the weighted average coordination
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numbers of Si and Te atoms are ns;=4 and nr. = 2, respectively,
suggesting that the tetrahedral configuration of SiTe, in the Si;Tes
crystal may partly remain in the liquid state. Moreover, the struc-
ture factor, S(Q), of liquid SixTe;go_x alloys with X=10, 15 and 20
has a pre-peak at around Q= 1.0 A~! at lower temperature, which
gives us a hint of the existence of medium-range order. However,
with increasing temperature the pre-peak of S(Q) in liquid Si;gTego
and Si;sTegs alloys disappears, while remains in SiygTegg. So they
speculated that the mechanism of the structural change with the
variation of temperature in the liquid SiyoTegg alloy is different
from that in the liquid SixTe go_x alloys with X < 15.

Although a consistent set of experimental results suggest a tem-
perature-induced structural change in this liquid state [3,6], no
clear picture about the microstructure and the involved structural
change mechanism of liquid SixTe,go_x have been presented. The
rapid development of ab initio molecular dynamics simulations
makes it possible to study the atomic and electronic structure of li-
quid metals and alloys from the first-principles perspective. For the
past several years, ab initio molecular dynamics simulations have
been successfully performed on many liquids, giving much useful
information about the microscopic structure. In liquid and amor-
phous matter, the above mentioned anomalous properties are
commonly associated with directional tetrahedral bonding. The
best known example is liquid water in which each oxygen atom
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can form four tetrahedrally disposed hydrogen bonds with its
neighbors, displaying a density maximum at 277 K and atmo-
spheric pressure [8,9]. However, the atomic and electronic struc-
ture of GeqsTegs, another IV-Te alloys displaying thermodynamic
anomalies, have been clearly discussed by means of ab initio
molecular dynamics simulations, indicating the absence of sp>
hybridization of the Ge bonding [10]. The thermodynamic anoma-
lies may result from the symmetry recovery of the local environ-
ment of Ge atoms as in the parent solid phases. With reference
to the above described two cases, two different mechanisms could
be considered, assuming different types of bonding states for Si: a
sp? hybridization state of Si and a purely p-bonding around Si in li-
quid SioTego and SijsTegs.

In this paper, to obtain more detailed microscopic atomic struc-
tural and electronic properties and further investigate possible
temperature-induced structural change mechanisms, we per-
formed ab initio molecular dynamics simulations on liquid Si;sTegs
and SipgTegq alloys, with the adopted temperatures being 600 and
700 °C for Si;sTegs, 650 and 800 °C for SigTegq, respectively. The
paper is organized as follows: in Section 2, we describe the method
of our simulations; the results of our simulations and the corre-
sponding discussions are reported in Sections 3 and 4, respectively;
finally, a short summary is given in Section 5.

2. Computational methods

Our simulations were performed within the framework of the
density-functional theory (DFT) [11]. We used the Vienna Ab initio
Simulation Package (VASP) [12,13], and employed ultrasoft
pseudopotential (USPP) of the Vandebilt type with the generalized
gradient approximation (GGA) to the exchange-correlation energy
[14-17]. The experimental density [3,6] was used, and a system
with 80 atoms, i.e., 12 Si + 68 Te atoms for Si;sTegs and 16 Si + 64
Te atoms for SiygTegg, in a cubic box was adopted with periodic
boundary condition. Only the I'-point sampling was used to sam-
ple the Brillouin zone of supercell. The electronic wave functions
were expanded in the plane-wave basis set, with an energy cutoff
of 250eV. All the dynamical simulations were performed in a
canonical ensemble with Nosé thermostat to control temperature
[18]. The Verlet algorithm was used to integrate Newton’s equa-
tions of motion and the time step of ion motion was 3 fs [19].
The Kohn-Sham energy function was minimized by the precondi-
tioned conjugate-gradient method [20].

The initial atomic configuration adopted was a random distribu-
tion of 80 atoms on the grid, which was constructed by dividing
the supercell into 5 x 5 x 5 square segments. Then the system
was heated up to 1500 °C by rescaling the ionic velocities. After
equilibration for 6 ps at this temperature, we gradually reduced
the temperature to 700 °C for Si;sTegs, and 800 °C for SiygTegq al-
loys. Next we repeated this procedure and only changed the final
temperature into 600 °C for Si;sTegs and 650 °C for SiygTegq alloys,
respectively. At each temperature, the physical quantities of inter-
est were obtained by averaging over 3 ps after the initial equilibra-
tion taking 3 ps.

3. Results

The structure factor S(Q) is an important physical quantity,
serving as a connection with experimental results. In a liquid
two-component alloy, the Ashcroft-Langreth partial structure fac-
tor S;(Q) can be obtained by Fourier transformation of the partial
pair-correlation gji(r) [21],

Si(Q) = 9 +4mnp./cic / gu )—1]

sm( )

(1)

where i and j denote the two-components of the binary alloy, pg is
the average number density, ¢; and ¢; are their number concentra-
tions, respectively. The total structure factor can be calculated by
a linear combination of three partial structural factors, normalized
by the neutron-scattering lengths of the two elements in the alloy
[21],
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where the neutron-scattering lengths are bs;=4.15 and br. =5.68
[22]. The results are shown in Fig. 1. Compared with the neutron
diffraction experimental data in the reference paper, the calculated
total structure factor can be acceptable on the whole and almost
correctly reproduces the temperature-dependence, especially the
pre-peak around 10 nm~'. As demonstrated in Ref [JNCS 192-193
(1995) 102-105], the typical wavelength of the fluctuations giving rise
to the pre-peak can be estimated from the relationship d = 21/Q,,. The
value of d estimated in our work is about 0.582 nm, which is much less
than the length of side of the supercell (about 1.450 nm). Thus, we be-
lieve that the system size of 80 atoms is sufficient to discuss the pre-
peak at 10 mn~! of total S(Q) [23]. From Fig. 1, one can easily find
that the pre-peak appears at lower temperatures in both Si;sTegs
and SiygTegg alloys. With increasing temperature, the pre-peak dis-
appears in SijsTegs, but still remains in SiygTego. This is in good
accordance with experimental observation [6]. Additionally, the po-
sition of the first peak in S(Q) presents a little shift towards larger Q
value and the height decreases obviously with increasing tempera-
ture. The height of the second peak shows a quietly slight decrease
while the trough between the first two peaks becomes shallower
obviously with increasing temperature. In conclusion, the evolution
of these features is in reasonable qualitative agreement with exper-
imental results [6].

The pair-correlation function, g(r), also plays an important role
in the physics of liquids because, in principle, various properties of
liquid materials can be estimated from the pair-correlation func-
tion when coupled with an appropriate theory. In a two-compo-
nent alloy, the total pair-correlation function g(r) is obtained by
weighting the partial pair-correlation function gi;(r) with the neu-
tron-scattering length:
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Fig. 1. Total structure factors of SijsTegs and SioTego alloys calculated by Fourier
transform at two different temperatures respectively.
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where the neutron-scattering lengths (bs; and bre) are the same as
defined in Eq. (2). g;(r) is calculated by the following definitions:

(Zxerm)

Iz
where r;; is the interatomic distance between atom i and j. Using the
atomic coordinates from the molecular dynamics simulations, the
results of pair-correlation function of the liquid Si;sTegs and
SixoTegg alloys at two different temperatures respectively are shown
in Fig. 2. From Fig. 2(a), we can find that for each composition (i) the
position of the first peak shows a slight shift towards the right, (ii)
the height of the second peak decreases and (iii) the trough be-
tween the first peak and the second peak becomes more and more
shallow with increasing temperature. The partial pair-correlation
functions gsite(r) and grete(r) were also calculated from Eq. (4),
and shown in Fig. 2(b) and (c). A marked intensive first peak can
be observed in the plots of gsite(r) and the features in grere(r) show
the similar evolution with increasing temperature as those in g(r).
Given the total and partial pair-correlation functions, it is possible
to estimate the coordination number by the integration of gji(r) to
its first minimum,

1
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where pj = poc; is the partial number density of the atom j. Here, the
cutoff distance Rcytofr is chosen to be 0.33 nm, corresponding to the
position of the first minimum of the total pair-correlation function.
The calculated results of total and partial coordination number are
shown in Table 1. The total and partial coordination number Nrotay,
Nsite and Nrere all increase both in Si;sTegs and SiygTegg alloys, indi-
cating a more compact structure at higher temperature. This is in
contrast with the behavior of a classical isotropic fluid, but fits well
with the experimental results that thermal expansion coefficient of
SiysTegs and SipgTegg is negative in these two temperature regions
[3]. Unlike Nt and Nsire, Which are almost unchanged with composi-
tion, Nrere Shows a significant increase with the increase of Te
composition.

4. Discussions

As mentioned in Section 1, from the temperature-dependence
of the pre-peak in S(Q), Kakinuma et al. have suggested that the
mechanism of the structural change with temperature in liquid
SiyeTego alloy may be different from that in liquid Si;sTegs alloy.
However, from Fig. 1 in our results, it should be noted that the
pre-peak height in SiygTego also decreases and tends to be more
like a shoulder, suggesting that there is no essential difference of
the temperature-dependence of the pre-peak between two
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Fig. 2. Pair-correlation functions of liquid SijsTegs and SiyoTego alloys at two different temperatures respectively. (a) Total pair-correlation function; (b) partial pair-

correlation function for Si-Te; and (c) partial pair-correlation for Te-Te.
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Table 1
Total and partial coordination numbers of liquid Si;sTegs and SiyoTego alloys at two
different temperatures respectively.

Composition/temperature Coordination number

Nsite NreTe Nrotal
SiysTegs 600 °C 3.46+0.30 2.01+0.20 2.74+0.20
700 °C 3.80+0.20 2.12+0.20 2.93+0.20
SizoTeso 650 °C 3.54+0.20 1.72+0.20 2.79+£0.20
800 °C 3.69+0.20 1.84+£0.20 2.94+0.20

compositions and it is just a matter of degree. In order to explain
this doubt, the bond-angle distribution function g3(6) was also cal-
culated, which is one type of three body distribution functions. The
angle noted in g3(0) formed by a pair of vectors drawn from a ref-
erence atom to any other two atoms within a sphere of cutoff ra-
dius Reuoe The calculated partial bond-angle distributions
Zresite(0) and grerere(0) Nnormalized by sin(0) are shown in Fig. 3,
and the cutoff radius is chosen to be 0.33 nm. From the left panel
of Fig. 3, it can be found that at lower temperatures there are
mainly two peaks located at around 60° and 108° in gresite(0) for
both liquid Si;sTegs and SiygTego. The 60° peak is related to close-
packed structure of atoms. But the 108° peak, close to the tetrahe-
dral bond-angle of 109°28’, indicates an tetrahedral structure SiTey
remaining in both liquid SisTegs and SiyoTego. With reference to its
crystal structure, the Si-Te system in the phase diagram is charac-
terized by a single compound Si,Te; in which 2 of the Si atoms of
atoms occupy tetrahedral positions and the remaining } occupy
octahedral interstices [24]. It means that the structural configura-
tions in the crystal state still remain in the liquid state upon melt-
ing and the correlations between them lead to the appearance of
the pre-peak. With increasing temperature, the height of the 60°
peak is almost unchanged, but that of the 108° peak decreases
obviously in both two compositions, indicating the structural
change in both two compositions is related to the local atomic
structures around Si atoms. More importantly, it should be noticed
that the position of the 108° peak in liquid SigTegq is almost un-
changed with increasing temperature, while moves to around
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102° in liquid Si;sTegs at 700 °C. From symmetry arguments, it
would means that the extensive tetrahedral hydrogen-bonding-
like network structure would persist longer in liquid SipgTego than
that in liquid Si;sTegs, so that the pre-peak in S(Q) still remains in
liquid SiyoTegg at higher temperature while disappears in liquid
SiysTegs. Compared with gresite(0), Zretete(?) sSeems to show three
peaks located at around 60°, 96°, and 180° respectively. The first
peak, located at around 60°, is also related to close-packed struc-
ture of atoms. The 96° and 180° peaks indicate a Peierls-like dis-
torted local atomic structure around Te atoms is preserved in
liquid SiyoTego and SiysTegs [25-28]. With increasing temperature,
the height of the 180° peak decreases in both two compositions,
which suggests that the local atomic structures around Te atoms
also play an important role in the structural change of liquid
SizoTego and SijsTegs. From the above analysis, we can conclude
that the mechanisms of the structural change upon cooling in li-
quid SiyoTego and Si;sTegs are of no essential difference.

The microscopic atomic structure is closed correlated with the
electronic structure. Here we also studied the electronic density
of the state (DOS) and the local density of states (LDOS), i.e., the
DOS for each atomic species is decomposed into angular-momen-
tum-resolved contributions. By projecting all the wave functions
in a sphere of radius R around atoms i onto the spherical harmonic
(I, m), we obtained the (I, m) angular momentum component of the
atom i. For a binary system, there is no unambiguous way to define
the value of the sphere radius R and several choices are possible.
Here, we use the covalent radius of atoms, Rs;=0.111 nm and
Rte = 0.136 nm. The calculated DOS and LDOS of liquid Si;sTegs
and SiygTegg alloys are represented in Figs. 4 and 5, respectively.
We can see that in two compositions the major contribution to
the density of states at the Fermi level Er is due to Si s, Si p and
Te p orbitals, and there is an obvious dip in DOS at Ef, but it should
also be noticed that the dip at higher temperatures is more shallow
than that at lower temperatures. From LDOS, we can conclude that
the variation of the dip in DOS mainly results from the change of Te
p orbitals. Also, these facts indicate that the Te atom also plays an
important role in the structural change of liquid Si;sTegs and
Sionego.
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Fig. 3. Partial bond-angle distribution functions of Te-Si-Te (left panel) and Te-Te-Te (right panel) normalized by sin(6) of the liquid Si;sTegs and SiyoTego alloys at two

temperatures respectively.
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Fig. 5. The total and local density of states for liquid SiyoTego alloys at 650 °C (left panel) and 800 °C (right panel).

In summary, using ab initio molecular dynamics simulations,
the structural and electronic properties of liquid Si;sTegs and
SiyoTegg at two temperatures respectively were studied. The struc-
ture factors, pair-correlation functions, average coordination num-

bers, bond-angle distribution functions, and DOS/LDOS at each
temperature were calculated. The calculated structure factors are
acceptable with available experimental data. The results of partial
bond-angle distribution functions suggest that with increasing
temperature the extensive tetrahedral hydrogen-bonding-like net-
work structure would persist longer in liquid SiyoTego than that in
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liquid Si;sTegs, so that the pre-peak in S(Q) still remains in liquid
SiyoTegg at higher temperature while disappears in liquid SiysTegs.
Our results also suggest that the local tetrahedral structure around
Si atoms and the Peierls-like distorted local atomic structure
around Te atoms both play important roles in the structural change
of liquid SiygTegg and SiysTegs. Thus, we can conclude that the mech-
anisms of the structural change upon cooling in liquid SigTegy and
SiisTegs are of no essential difference. The results of DOS and LDOS
indicate that the variation of the dip in DOS at Er mainly results
from the change of Te p orbitals.
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