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Chain structure of liquid selenium investigated by a tight-binding Monte Carlo simulation
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The structure of liquid and amorphous selenium has been investigated by a Monte Carlo computer
simulation. The semiempirical model relies upon a tight-binding approximation of the cohesive energy.
The excellent agreement of the pair correlation functions and structure factors computed at different
temperatures with the experiments allows a detailed analysis of the structures. The fraction of twofold-
coordinated atoms never exceeds 70%. This implies that, contrary to commonly reported ideas, the
chains have to be quite short, of the order of five bonds per chain, forming a highly connected network.

L. INTRODUCTION

Se and its alloys, especially those with Te, have been
extensively studied. The properties of elemental Se are
intermediate between those of its chalcogen neighbors S
and Te. Like sulfur, crystalline Se exhibits a large num-
ber of allotropes, all of which are twofold coordinated at
normal pressures. These include trigonal Se (z-Se), the
stable form at 300 K and 1.013 bar, and «, B, ¥ mono-
clinic Se. #-Se consists of parallel helical chains and the
other forms are molecular crystals of Seg rings. As in the
case of Te and most elements of groups V and VII, this
low coordination number is due to a Peierls distortion.
The atomic electronic structure is s2p*, with an s band ly-
ing well below the Fermi level (about 11 eV) and not par-
ticipating in the bonding. The p-bonding mechanism
tends to form a simple-cubic crystal which is unstable
with respect to a Peierls distortion. As the p band is 2
filled this leads to a structure alternating one short and
two long bonds in each direction of the initial simple cu-
bic structure.! Like Te, crystalline ¢-Se is a semiconduc-
tor under normal pressure. Under high pressure the
Peierls distortion disappears causing an increase of the
coordination number from 2 to 6.2 The structure is then
a rhombohedral distortion of a simple-cubic lattice and,
under these conditions, Se should become metallic.
Above the melting point Se remains semiconducting
while Te becomes a poorly conducting metal. Liquid
Se,_,Te, alloys undergo a semiconductor-to-metal tran-
sition in the range 0.6 <x <0.8.>* Se is able to form
amorphous phases with technologically important semi-
conducting and photoconducting properties.” Among
many other methods, the structure of liquid and amor-
phous Se has been investigated by neutron or x-ray
diffraction®’ which gives direct information on the atom-
ic structure. The general agreement is that liquid Se has
approximately two first neighbors at a distance 2.33 A.
This coordination number, the chain structure of t-Se,

0163-1829/94/49(10)/6581(6)/$06.00 49

and the high viscosity of Se at the melting point led to a
picture of a liquid consisting of long chains, the number
of atoms per chain decreasing from 10° to 10° at the melt-
ing point® to 7 at 1550°C.° Lucovsky'” stated that there
are no Seg rings in the liquid state and not a majority in
the amorphous state. Enderby and Barnes'! concluded
that the structural properties of liquid Se were correctly
represented by a model of freely rotating chains. This
picture should be confirmed by simulations that do not
rely upon the assumption that chains already exist. In
other words, in the spirit of the Born-Oppenheimer ap-
proximation, the buildup of a chemical bond should be
the result of the position of the nuclei and of a quantum-
mechanical calculation. To our knowledge, only two re-
cent molecular-dynamics simulations of the structure ex-
ist. Balasubramanian, Damodaran, and Rao'? performed
a classical molecular-dynamics study, based on a descrip-
tion of the interactions with two empirical potentials: a
harmonic potential describing the covalent bonding of
the first-neighbor Se atoms within the chains and a
Lennard-Jones potential accounting for the longer-range
interactions. No angular-dependent potential was taken
into account. As a result, the chain structure that was
taken as an initial configuration remains without defects,
and no significant four-body correlation was found. Hohl
and Jones'* used a density-functional molecular-
dynamics method introduced by Car and Parrinello™ to
simulate the structure of liquid and amorphous selenium.
In this method there are no approximations apart from
the energy cutoff of the basis set and the description of
the exchange and correlation energy. An a priori draw-
back is the small size (usually about 100 atoms) of the
simulation box that can be treated. Unfortunately their
results are in poor agreement with the experimental data
as far as the structure factor S(Q) is concerned. Never-
theless, they indicate that the atomic scale structure of
liquid and amorphous selenium is more complex than a
simple assembly of chains. In particular, the number of
structural defects (atoms denoted Se! or Se® which depart
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from the ideal coordination of 2) is found to be impor-
tant. Another point is the possibility for the chains to ro-
tate freely or not, which affects the dihedral angle distri-
bution.

We have developed a semiempirical tight-binding (TB)
Monte Carlo (MC) method which allowed us to simulate
the structure of liquid arsenic and antimony'® with a few
adjustable parameters. Other authors combined the TB
approximation and molecular dynamics to study small
clusters of Si (Ref. 16) or liquid and amorphous Si on
rather small systems of 64 atoms.!”!® In contrast to
these works, we use a moments method in the real space
which avoids the full diagonalization of the Hamiltonian
matrix. This enables us to treat systems as large as 648
atoms in the simulation box. A short preliminary ac-
count of this work has already been published. '’

We first describe the method in the second section,
then we present our results and compare them with the
available experimental or simulation data. The results
are then discussed and conclusions are drawn in the
fourth section.

II. THE METHOD

The total energy used in the course of the MC simula-
tion contains two terms: an attractive term (E,) due to
the resonance of p orbitals which is treated in the tight-
binding approximation and a repulsive term (E,) which is
the sum over the relevant pairs of atoms of an empirical
pairwise additive potential. The attractive energy is due
to the broadening of the electronic levels into a band of
partially filled states:

E
Ea= [’ En(E)E , ()

where n(E) is the electronic density of states and E is
the Fermi level. We consider a minimal basis in the TB
approximation made of p orbitals which play a dominant
role in the bonding process. As the s band is nearly filled
and lies well below the Fermi level, we neglect the s elec-
trons contribution.

The B,,, resonance integrals are assumed to decrease
exponentially with the distance:

Bopor) =By, exp(—gr) . (2)

In a first approach we neglected the B, interactions.
We shall see below that their addition does not change
significantly the results. The parameters /, ‘2,0 and g are
obtained from Robertson.?’ We took the following

values:
B3,,=133 ¢V and ¢=1.628 A™" .

We avoid a full diagonalization of the TB Hamiltonian
matrix by making use of the moments method performed
at the fourth moment level.! In this approximation, the
local density of ‘states on each atom depends on its first-
and second-neighbor positions. The integration in (1) is a
three-point Gaussian integration. The empirical repul-
sive potential (E, ) is parametrized as

Er:VO(rO/r)p’ (3)
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where r is the distance unit in our calculations. It is tak-
en as the edge of a hypothetical undistorted simple-cubic
structure at the same density (p) as crystalline #-Se:

ro=p ?*=3.0A.

¥V, is calculated assuming that the minimum of the total
energy, which has a simple pairwise form in this limiting
case, is then located in r =r:

_ 285,590 exp( —gr)

V,
0 ‘/3p

4)

The remaining free parameter p is adjusted in order to fit
the first peak position of the experimental pair correla-
tion function g(r). In this simple approach, the relative
hardness of the repulsive potential p /gr is the key quan-
tity that indicates whether or not the Peierls distortion
survives in the liquid state.!* At given density and tem-
perature, a low value of p /gr, (i.e., a soft repulsive poten-
tial) favors the Peierls distortion, whereas a high value of
p/qr, (i.e., a hard repulsive potential) indicates that the
Peierls distortion has disappeared. In the present in-
stance p is equal to 5 (p /qr,=1.02), indicating that the
system is highly distorted (for stability reasons, p has to
be larger than gr,), in agreement with the simple picture
of a liquid with two short and strong covalent bonds per
atom.

The Monte Carlo simulations were done under canoni-
cal conditions (648 atoms in a box of 24.7X28.5X32.4
A?), 2000 MC steps per atom were performed, and the
averages were taken over 50 independent configurations.
The cutoff distance for the energy calculation was taken
at 3.70 A. The density (p=0.0284 atom/A’) is the ex-
perimental one. The temperature (k7 =0.08 eV) was ad-
justed so as to fit the experimental g(r) and S(Q) of Ref.
7 at 531 K. With such a crude model for the total energy
of the system, a better agreement between the tempera-
ture of the simulation and the experimental one would be
fortuitous. Moreover, we compare a simulated g(r) cal-
culated directly on the atomic positions with the experi-
mental one which has been damped by the transfer func-
tion of the experimental apparatus. This is probably a
reason why the temperature of the simulation is higher
than the experimental one.

III. RESULTS

A. Pair correlation function, structure factor,
and coordination number

Figure 1 shows the pair correlation function g(r) com-
pared to the experimental one at 531 K.%7 Except for the
small third peak at 5.9 A which will be discussed later,
and the peak heights, the agreement is excellent. It is a
general feature of all the simulations, in which the corre-
lation function is directly measured on the atomic posi-
tions, to yield peak heights larger than the experimental
ones. In the latter case, the peaks are smoothed by the
transfer function of the experimental spectrometer. The
agreement is even better as far as the structure factor is
concerned, as shown in Fig. 2. The peculiar shape of this
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FIG. 1. Pair correlation function of liquid Se: circles, experi-
ment (Ref. 7) at 531 K; solid line, simulation with 648 atoms.

structure factor, exhibiting a first peak at Q =1.87 A7,
with a height lower than one, is interesting to consider.
Except for the first one, all the peaks are in phase with
the Fourier transform of a single Dirac 8 function at
r;=2.33 A (the position of the first-neighbor peak) which
writes

S,(Q)=1+4mpr,sin(Qr,)/Q . (5)

This is shown in Fig. 3 and means that the correlations
beyond the first-neighbor position affect mostly the first
peak in S(Q). To this regard, the results of Hohl and
Jones!? are rather unsatisfacntor?', as the first pea}c of their
simulated S(Q) lies at 2.55 A~ ! instead of 1.87 A™'. The
size of the simulation box is not responsible for this
discrepancy as we were able to obtain a structure factor
of the same quality by performing a simulation with our
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FIG. 2. Structure factor of liquid Se: circles, experiment
(Ref. 7) at 531 K; solid line, simulation with 648 atoms.
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FIG. 3. Structure factor of liquid Se: circles, experiment
(Ref. 7) at 531 K; solid line, simulation with 64 atoms; dootted
line, Fourier transform of a Dirac 8 function at r,=2.33 A (see
text).

previous input parameters in a box containing 64 atoms
(see Fig. 3). The main difference between Hohl and
Jones’ results and ours lies in the region between the first
and second peak of g(r): the gap between them is much
deeper in our results and in the experiment. The larger
dispersion of the first-neighbor distances could be the
cause of the discrepancy. However, in agreement with
these authors, we find a distribution of first neighbors
with significant Se! and Se® contributions, as can be seen
in Table I. The average number of first neighbors is
found to be 2.1 by integrating the radial distribution
function G(r)=4vrpr;2g(r) from r=0 to the first
minimum at 2.92 A. This distance will be used
throughout the paper to define the first neighbors in the
analysis of the structure. The distribution of neighbors
shown in Table I is not very sensitive to the choice of this
cutoff distance in the sense that the fraction of twofold-
coordinated atoms remains constant around 70% what-
ever the cutoff distance between 2.70 and 3.10 A.

B. Higher-order correlations

The bond angle distribution B(8) depicted in Fig. 4 ex-
hibits a rather narrow distribution centered around 106°,
a slightly higher value than that of #-Se (103°). This is
consistent with the value that can be deduced from the

TABLE I. Distribution of atomic coordination in liquid Se.

Number of Frequency Average_
neighbors (%) distance (A)
1 11 2.30

71 2.36
3 18 2.50
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FIG. 4. Bond angle distribution in liquid Se: circles, simula-
tion with 648 atoms; triangles, simulation with 64 atoms.

positions of the first two peaks in g(r) (106°) and with the
other simulation results. The dihedral angle distribution
D(¢) (Fig. 5) is nearly flat, exhibiting a smooth maximum
around 0°, which means that four atoms have a slight
preference to remain in the same plane, like atoms 1, 2, 3,
and 4 in Fig. 6. As the distances 1-3 and 1-4 contribute
to the second peak in g(r), this is consistent with the ex-
perimental data. The small hump of the simulated g(r)
at r=5.9 A has been shown in Ref. 6 to be consistent
with a random distribution in D(¢). The absence of
structure in D(¢) shows that neither an energy prefer-
ence nor a steric effect favor a given dihedral angle. In
particular, there is no preference for a dihedral angle
¢=102°, the characteristic value of the 7-Se helices. We
conclude that the structure of liquid Se does not contain
helical chains.

D(®) (arbitrary units)

0 30 60 L 1] 120 150 180

dihedral angle ® (deg)

FIG. 5. Dihedral angle distribution in liquid Se: circles,
simulation with 648 atoms; triangles, simulation with 64 atoms.
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FIG. 6. A possible local atomic configuration in liquid Se:
all bond distances are 2.33°A, the bond angles © are 106°,
d,;=3.75 A and d,,=3.64 A contribute to the second peak of
g(r).

C. Analysis of the structure in terms of rings and chains

As the calculated g(r) and S(Q) fit rather well the ex-
perimental data it is worth analyzing the details of the
atomic structure. In particular, we calculated the num-
ber and the length of the chains that can be found in the
structure by linking together atoms separated by less
than 2.92 A. The chain length is defined as the number of
bonds linking a series of twofold-coordinated Se? atoms
and the end of chains which are either Se! or Se® atoms.
As can be seen from Fig. 7, there is about six times more
chains than rings in the structure. Both chains and rings
are rather short: an average value of 4.2 bonds was found
for the chains and 4.9 bonds for the rings. The Seq rings
encountered in the crystalline a and B phases are totally
absent in the liquid structure. Only 4% of the chains
have free ends of Se! atoms, 32% of them are of the type
Se'-(Se?),-Se?, and the rest are of the type Se3-(Se?),-Se’.
These statistics shows that the structure of liquid Se con-
sists of highly connected short chains.

number of chains or rings (arb. units)

15

number of bonds / chain or ring

FIG. 7. Distribution of chain and ring lengths in liquid Se.
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D. Influence of the B, interactions

The B,,, interactions that have been so far neglected
for the sake of simplicity can be included and the reso-
nance integrals are parametrized in the same way as the
Bopo

Bopr 1) =By exp(—gr) . 6)

This simply adds one electronic structure parameter that
can be taken from Robertson® and consequently the
value of our empirical repulsive energy parameter has to
be modified in order to maintain the correct first peak po-
sition. With fB,,,=—35 eV we had to take p=5.7 to ob-
tain the same agreement for g(r) and S(Q). No major
changes were observed, even in the dihedral angles distri-
bution. As most of the paths on this structure are self-
retracing at the fourth moment level, we cannot expect
any torsional rigidity.

E. Amorphous selenium

Starting from a configuration of Se in the liquid state at
kT=0.10 eV an amorphous state has been obtained by
quenching to a temperature of k7=0.02 eV. The param-
eters of the calculation were the same as the previous
ones in the liquid (nga=133 eV, g=1.628 A~ ', p=5),
except for the density that was the experimental one in
the amorphous state (p=0.0326 atom/A*). The calculat-
ed structure factor is compared with the experimental
one®” in Fig. 8. The agreement is not as good as for the
liquid. Although S(Q) correctly reproduces characteris-
tic features of the amorphous state (e.g., the small peak
around 6.8 A™!), its second and third peaks are slightly
shifted towards lower Q values. Nevertheless, it has to be
emphasized that the adjustable parameter p has not been
changed to improve the agreement. The structure has
been analyzed in the same way as above and no major
change was observed: the distributions are narrower but
no striking new feature appears.
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FIG. 8. Structure factor of amorphous Se: circles, experi-
ment (Ref. 7); solid line, simulation with 648 atoms.

IV. DISCUSSION AND CONCLUSION

In this study, our attempts have been twofold. We first
have tried to apply a semiempirical model, already used
in the case of the group-V elements (As and Sb) (Ref. 15)
for the total energy of liquid selenium. The tight-binding
approximation combined with the moments method per-
formed at the fourth moment’s level is relevant from the
point of view of the quantum mechanics that govern such
a system with covalent bonds and a Peierls distortion.
Second, we have attempted to reproduce, as close as pos-
sible, the pair correlation function and the structure fac-
tor in order to analyze the atomic scale structure. A sim-
ple view of one of the configurations that have been gen-
erated (Fig. 9) can summarize our findings: in this model,
liquid Se consists of rather short branched chains. The
bond length and bond angles of crystalline Se remain, but
the dihedral angle distribution is nearly random. This
disorder creates a large number of defects that drastically
reduce the chains length, making of liquid Se a kind of
branched polymer. In agreement with the Car-Parrinello
simulations of Hohl and Jones, ! we found that only 70%
of the atoms are twofold coordinated. This implies that
the chains have to be rather short (about five bonds per
chain) in order to accommodate the 30% defects. We
conclude that, despite an average coordination number of
2.1, liquid selenium is not made of long chains. This re-
sult has to be related to our previous study of liquid ar-
senic'® for which, despite its coordination number just
above 3 as in the crystalline state, the liquid structure is
not made of disordered corrugated planes but is a more
complicated structure with two-, three-, and fourfold
coordinated atoms. Although the pair correlation func-

D S LS 5, *-e
SRR
0'1.7:_." ° %’ \‘3’—'\7/. 8&'
. . CAse® de
s 3 0

FIG. 9. A configuration of liquid Se. The neighbors at dis-
tances less than 2.92 A are linked together. A small slice has
been cut in the box to preserve the legibility.
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tions and structure factors of liquid and amorphous Se
can also be represented by models of “nearly free rotating
chains,”® we believe that such purely topological models
that do not treat properly the process of chemical bond-
ing are not reliable to give an insight into the atomic
scale structure. Nevertheless, both approaches suffer
from the fact that they rely only upon a comparison with
the experimental pair correlation functions and structure
factors. To this regard our simulations are not conclusive
as they yield neither dynamical properties nor the elec-
tronic density of states to compare with other experimen-

tal data. It should be of interest to measure the propor-
tion of dangling bonds (or Se! atoms) in amorphous Se to
check the validity of our main result that was also found
in Ref. 13, namely, the presence of a large number of “de-
fects” in the structure.
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