
Density functional and classical simulations of liquid and glassy selenium

J. Kalikka,1 J. Akola,1, 2 R. O. Jones,3, ∗ and H. R. Schober4

1Computational Physics Laboratory, Tampere University, FI-33014 Tampere, Finland
2Department of Physics, NTNU Norwegian University of Science and Technology, NO-7491 Trondheim, Norway

3Peter-Grünberg-Institut (PGI-1) and JARA/HPC,
Forschungszentrum Jülich, D-52425 Jülich, Germany

4Peter-Grünberg-Institut (PGI-2) and JARA/HPC,
Forschungszentrum Jülich, D-52425 Jülich, Germany

(Dated: August 27, 2020)

Molecular dynamics simulations of liquid and glassy selenium have been carried out using density
functional (400–773 K, 600 atoms) and classical force field (290–500 K, 5488 atoms) methods. Struc-
tural features (structure factors, pair distribution functions, bond lengths, bond and dihedral angles,
cavities) and dynamical properties (diffusion coefficients, power spectra, sound velocity, collective
excitations, bond lifetimes) agree well with experimental data where available. The structures are
predominantly chainlike, with a small fraction of rings with a range of sizes, and large cavity volumes
lead to flexible chains. It is striking that the density functional simulations show very few Se8 rings
at 600 K and below.

I. INTRODUCTION

The properties of chalcogen elements (group 16, va-
lence configuration ns2np4), particularly S, Se, and Te,
have fascinated researchers for more than a century.
Chalcogen atoms have two “lone pair” p electrons oc-
cupying nonbonding, directional orbitals at the top of
the valence band, and a well-known preference for di-
valency and twofold coordination [1]. Many structures
contain rings and chains, where the bond angles α are
dominated by the overlap of the p orbitals, and the di-
hedral angles γ reflect the repulsion of pπ electrons on
“lone pair” orbitals, which is weakest when the orbital
planes are orthogonal. Simple considerations favor nar-
row ranges for α (95 − 110◦) and γ (70 − 100◦) [2], and
helical forms of these elements should have low torsion
barriers (∼ 0.1 eV) [3].

Sulfur has the most solid allotropes (>30) of any
element [4] including helices and unbranched cyclic
molecules Sn (n = 6 − 20). Rings, chains, and helices
also occur in Se and Te, and the structures (S [5–7],
Se [8, 9], SexSy [10], Te [11]) show clear trends as the
atomic number Z increases: The coordinates of the ring
structures scale systematically, and the ratio between the
interchain and intrachain distances in fibrous S and the
α-forms of Se, Te, and Po decreases steadily. Trends in
the electronic properties of the crystals are the same as
in groups 14 and 15: insulator (S) to semiconductor (Se,
Te) to metal (Po).

In spite of these structural regularities and the mis-
cibility for all concentrations of S-Se, S-Te (with a gap
[12, 13]), and Se-Te [14, 15], the disordered phases of S,
Se, and Te differ greatly, as emphasized in a recent re-
view [16]. It has been known for over a century [17] that
the viscosity of liquid S increases by several orders of
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magnitude near 160◦C. This is usually attributed to the
ring-opening polymerization of S8 units [18], and very
recent combined density, x-ray diffraction, and Raman
scattering measurements in sulfur indicate the presence
of a liquid-liquid first order phase transition and criti-
cal point at pressures up to 3 GPa [19]. Eisenberg and
Tobolsky [20] proposed that a ring-chain transition also
occurred in Se at 356 K, i.e. below the melting point
(494 K). Misawa and Suzuki [21] developed a disordered
chain model incorporating chains and Se8 conformations
in a single molecule, and Böhmer and Angell [22] viewed
changes of tensile modulus and stress relaxation as ev-
idence for a transition involving rings and chains near
300 K, slightly below the glass temperature. The differ-
ence between the dominant Raman active modes in trigo-
nal Se (A1, 233 cm−1) and in amorphous and monoclinic
Se (250 cm−1) has been interpreted as the signature of
Se8 rings in the glass [23]. However, Se5, Se6, and Se7
molecules are more prevalent than Se8 in the vapor above
liquid Se [24], indicating their presence in the liquid. The
crystal structures of Se6, Se7, and Se8 are known [4].

An alternative picture is provided by viscosity and
recoverable creep compliance measurements [25], which
indicate that amorphous Se is a relatively low molecu-
lar weight polymer without rings. Warren and Dupree
[26] attributed shifts in 77Se nuclear magnetic resonance
(NMR) data to paramagnetic centers at the chain ends
and concluded that the chains comprised about 750
atoms at 873 K and many more at temperatures near
the melting point. A reverse Monte Carlo (RMC) study
of neutron diffraction data indicated that the prevalence
of chainlike molecules was “more probable” than rings
in amorphous Se [27]. Furthermore, 77Se NMR spec-
troscopy can distinguish readily between chains in trig-
onal crystalline Se and cyclo-Se8 rings in the monoclinic
forms provided no evidence for such rings in amorphous
Se [28]. Rheological measurements on supercooled Se
showed the presence of two distinct relaxation processes
coupled to viscosity, but with time scales differing by
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several orders of magnitude [29].
Liquid Se is a polymeric semiconductor at normal tem-

peratures and pressures, but it is metallic above 1700 K
and 38.5 MPa [30]. The semiconductor-metal transition
has been attributed to a structural change from helical to
planar zigzag chains [31] accompanied by changes in the
distribution of voids [32]. Density functional calculations
show indeed that the conduction and valence bands of
the planar zigzag structure overlap [9]. For temperatures
between 343 K (superheated glass) and 441 K (super-
cooled liquid), spontaneous crystallization means that a
disordered, metastable state is unsustainable over long
periods [33]. There are no viscosity data in this tem-
perature range, but shorter measurements may produce
useful data for other quantities.

Rings and chains have the lowest energy of small ag-
gregates of Te atoms [11], but there are no molecular
allotropes of the element and no evidence for Te8 rings
in liquid Te. The properties of disordered Te are also un-
usual: The liquid can be supercooled to 553 K [34], far
below the melting point (722 K), near which a maximum
in the density and a semiconductor-metal transition oc-
cur [34]. At 626±3 K there are extrema in the specific
heat, thermal expansion coefficient, compressibility, and
related properties that point to a structural phase tran-
sition. Amorphous thin films of Te on a cold substrate
crystallize when warmed above 285 K.

There have been many molecular dynamics (MD) sim-
ulations of disordered phases of S, Se, and Te using classi-
cal force fields (FF) and density functional (DF) [35] cal-
culations. The former can be carried out for thousands
of atoms and hundreds of nanoseconds and include sim-
ulations of amorphous and liquid Se [36–39], and there
have been Monte Carlo studies of the equilibrium poly-
merization of liquid S [40] and liquid Se [41]. The last
of these used a semiempirical tight-binding model, and
others [36, 38, 40, 42] used FF fitted to measured quan-
tities and the results of DF calculations on small atomic
aggregates. DF calculations are often free of adjustable
parameters, but they are computationally very demand-
ing for large systems, and early DF calculations on dis-
ordered Se [43–45] and liquid Te [46] were restricted to
small samples (<100 atoms) and short times (<∼10 ps).
Much longer DF calculations on larger samples of liq-
uid [47] and amorphous [11] Te led to more convincing
results.

Se is the only element with a glass transition temper-
ature near 300 K, where the viscosity is 12 orders of
magnitude higher than at the melting point [48]. MD
simulations are very challenging in the liquid and glassy
states, and long simulation times are essential. We study
here structural patterns, pair distribution functions g(r)
and structure factors S(q), and dynamical properties (dif-
fusion coefficients, power spectra, bond lifetimes) using
dynamical structure factors S(q, ω) and current-current
correlation functions. We compare with experimental re-
sults, particularly quasielastic and inelastic neutron scat-
tering [49–51] and inelastic x-ray scattering (IXS) [52],

which provide information about collective excitations.
The DF/MD method was used previously to study liq-
uid Te [47], Bi [53] and Sb [54], and details are given
in [53]. In Sec. II we summarize the methods of calcu-
lation and the basis of the analysis, and the results are
presented and discussed in Sec. III and IV, respectively.

II. METHODS OF CALCULATION

A. Classical molecular dynamics

Classical MD (FF) simulations with periodic boundary
conditions were performed on ten independent systems of
5488 atoms [39] interacting with a three-body potential
[42] with parameters adjusted to reproduce properties
of Se clusters and the trigonal crystalline phase. This
force field has proved to be useful in a range of con-
texts [37, 55, 56]. The pressure was set to zero through-
out the constant pressure (NPT ) simulations by using a
Parrinello-Rahman algorithm [57] with mass parameter
W =

√
N mSe, where N is the number of atoms in the

sample and mSe the mass of the Se atom. A small volume
damping term was added to reduce volume fluctuations
at high temperatures. The equations of motion were in-
tegrated using the velocity Verlet algorithm [58] with a
time step of 1 fs. The 10 samples were initially equili-
brated at 650 K and then quenched at a rate of 1012 K/s.
Some expanded simulations with 148176 atoms were car-
ried out at 350 K and 500 K. More details are given in
[39].

B. Density functional calculations

The DF/MD simulations (DF) were carried out with
the CPMD program [59] in the Born-Oppenheimer MD
mode. Periodic boundary conditions and a single point
(k = 0) in the Brillouin zone were used, and the electron-
ion interaction was represented by a scalar-relativistic
Trouiller-Martins pseudopotential [60] for the valence
electrons of Se (4s24p4). We used the PBEsol approxima-
tion [61] for the exchange-correlation energy functional
and a plane wave basis with a kinetic energy cutoff of
20 Ry.

The simulations were performed with 600 Se atoms
in cubic simulation boxes (27.01667 Å) of fixed volume
(NV T ensemble) with a time step of 3.025 fs. The ex-
perimental density at the melting point (3.99 g cm−3,
number density 0.03043 atoms Å−3) [62, 63] was used
throughout, although somewhat lower densities may have
been preferable at higher temperatures (e.g., 3.56 g cm−3

at 773 K [62]). The temperature was controlled by a
Nosé-Hoover thermostat [64], and samples were equili-
brated at each temperature before data collection (75 ps
at 600 K, 773 K; 140 ps at lower temperatures). The
pressures (average of the stress tensor diagonal compo-
nents) were 13.9 kbar at 773 K and 12.7 kbar at 500 K,
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which are typical values for DF simulations of this scale.

1. Structure factor, pair distribution function

If r⃗i denotes the coordinates of atom i and r⃗ij the vec-
tor between atoms i and j, the pair distribution function
(PDF) g(r) is the spherical average over configurations

g(r) =
1

ρ

⟨∑
i

∑
j ̸=i

δ(r − |r⃗ij |)

⟩
, (1)

where ρ is the atomic number density. The local struc-
ture is also characterized by the distributions of bond
angles, near-neighbor separations, and ring structures.
Cavities (nanosized empty regions) were assigned by us-
ing a cubic mesh and determining domains (grid points)
that are farther from any atom than a given cutoff (here
2.6 Å) and constructing cells around them according to
the Voronoi prescription [65].

The structure factor S(Q) is the Fourier transform of
g(r):

S(Q) = 1 + ρ

∫ ∞

0

dr 4πr2 [g(r)− 1]
sin(Qr)

Qr
. (2)

The coordinates and velocities of all atoms are moni-
tored throughout, so that distributions of bond lengths
and bond and dihedral angles can be determined. The
definition of the dihedral angle follows Klyne and Prelog
[66].

2. Power spectrum and thermodynamics

The particle velocities v⃗i lead to the velocity-velocity
autocorrelation function Cv

Cv(t) =
1

N

N∑
i=1

⟨v⃗i(0) · v⃗i(t)⟩
⟨v⃗i(0) · v⃗i(0)⟩

, (3)

whose Fourier transform is the vibrational density of
states (vDOS) or power spectrum. The power spectrum
can be decomposed into “gas phase” (g, diffusive, single-
particle) and “solid” (s, collective) components, which
contribute to the low- and high-frequency regimes, re-
spectively. This is the basis of the TwoPT (two phase
thermodynamics) program [67] used here, where the dif-
fusional component is modeled by a hard sphere gas. The
fluidicity f is the fraction of the degrees of freedom of the
system that are diffusional.

The diffusion coefficient D can be determined from the
mean square displacements (MSD) of the atoms (coordi-
nates r⃗i), and we write its long-time limit as

D∞ = lim
t→∞

⟨
|r⃗i(t)− r⃗i(0)|2

⟩
6t

. (4)

It is convenient to introduce a time-dependent diffusion
coefficient

D(t) =
1

6

d

dt

⟨
s2(t)− s2ball

⟩
, (5)

where s denotes the atomic displacement and sball ac-
counts for displacements due to ballistic motion and/or
vibrations. Changes in D in a model glass beyond a
waiting time tw can be fitted well using parameters of a
“defect” model [68]

D(T, t) = D∞(T ) +Ddef(T )cdef(T, tw)e
−αD(T )(t−tw) ,

(6)
and we use this form in Sec. III B 1.

3. Dynamical structure factor

The density fluctuations in the liquid can be described
by the intermediate scattering function

F (q, t) =
⟨
Re

(
n(q, t+ t0)n(q, t0)

)⟩
, (7)

where
⟨
. . .

⟩
denotes an average over all reference times

t0, and n(q, t) is a Fourier component of the density,

n(q, t) =
1√
N

∑
i

exp(iq⃗ · r⃗i) . (8)

The index i runs over all N particles.
The dynamical structure factor S(q, ω) is the Fourier

transform of F (q, t)

S(q, ω) =
1

2π

∫
dt F (q, t) exp(iωt) . (9)

The wave number q is restricted by the periodic boundary
conditions to

q = |q| = 2π

L
|(n1, n2, n3)| , (10)

where n1, n2, and n3 are integers and L is the size of
the cubic simulation cell. F (q, t) can also be obtained
directly from the (van Hove) time-dependent pair distri-
bution function g(r, t), but the Fourier transform of the
current densities yielded more stable results.

4. Current autocorrelation functions

The current autocorrelation function C(q, t) [69] can
be calculated from the Fourier transform of the particle
current J(q, t), which has a longitudinal component

JL(q, t) =
1√
N

∑
i

q⃗ · v⃗i exp(iq⃗ · r⃗i) (11)
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and a transverse component

JT (q⃗, t) =
1√
N

∑
i

q⃗ × v⃗i exp(iq⃗ · r⃗i) . (12)

The current autocorrelation function also has longitudi-
nal

CL(q, t) =
⟨
Re

(
JL(q, t+ t0)JL(q, t0)

)⟩
(13)

and transverse components

CT (q, t) =
1

2

⟨
Re

(
JT (q⃗, t+ t0)JT (q⃗, t0)

)⟩
. (14)

More details are provided in [70].

5. Viscosity

The shear viscosity η arises from coupling to trans-
verse modes and may be determined, in principle, from
CT (q, t). In liquid bismuth, the viscosity changes by only
a factor of two between 573 K and 1023 K, and such an
analysis led to very good agreement with experiment [70].
A simple connection between viscosity η and diffusion
coefficient D is the Stokes-Einstein relationship (SER)
[71], which was derived for the diffusion of uncorrelated
macroscopic spheres in a liquid:

D(T )η(T ) =
kBT

cπd
, (15)

where d is the effective diameter of a sphere, and c de-
pends on the boundary conditions between the particle
and fluid (slip: c = 2, stick: c = 3). The SER is of-
ten satisfied (within ∼ 20%) for monatomic liquids and
simple molecules at high temperatures, and liquid Bi is
a good example [70].

The situation in Se is dramatically different. The vis-
cosity at the glass transition temperature (∼ 300 K) is at
least thirteen orders of magnitude higher than in the liq-
uid at 600 K [48], and the values depend on the method
of measurement used. Furthermore, early neutron scat-
tering measurements on Se at 523 K and above led to
an activation energy for diffusion of 5.0 kcal/mole [49],
which is much less than the apparent activation energy
for viscous flow (18 kcal/mol [72]). Two dynamical pro-
cesses are crucial in liquids of group 16 elements: diffu-
sional motion of chain segments and bond interchange
[73, 74], and the highly correlated atomic motions in Se
chains mean that large violations of the SER can be ex-
pected ([49], Fig. 5). Extensive analysis of the present
simulations showed that the connection between CT (q, t)
and η, used successfully in liquid Bi, is inappropriate for
disordered Se and was not pursued.

III. RESULTS

After presenting details of the structures, we focus on
the dynamical (time-dependent) aspects. Our main em-
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FIG. 1. Structure factors S(q) calculated for 500 K (full blue
curve) and 773 K (full red curve) compared with IXS measure-
ments [52] at 523 K (blue triangles) and 773 K (red triangles)
and IND measurements [51] at 503 K (dashed blue curve) and
773 K (dashed red curve) (after [52]).

phasis is on the DF results, and the FF simulations pro-
vide additional insight. Coordinate files for the final DF
structures at 500 K, 600 K, and 773 K are provided as
Supplemental Material [75] and can be visualized using
freely available software [76].

A. Structural properties

1. Pair distribution function g(r), structure factor S(q)

In Fig. 1 we compare the calculated structure factors
at 500 K and 773 K with the experimental (IXS) values
of Inui et al. at 523 K and 773 K [52] and inelastic
ND results [51], as given in [52]. The pair distribution
function g(r) for the DF calculations at 400, 450, 500,
600, and 773 K are shown in Fig. SF1 in the Supplemental
Material [75], and the corresponding structure factors for
q up to 12 Å−1 are shown in Fig. SF2.

The coordination number, usually defined by the inte-
gral over g(r) to the first pronounced minimum, is close
to 2.0 in all studies of amorphous Se, and the present
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studies are no exceptions. This is consistent with both
ring and chain structures and in broad agreement with
the picture of Pauling [2], where bond lengths and the
bond and dihedral angles vary within relatively narrow
ranges.

2. Chains, coordination defects

For temperatures of 600 K and below, there are chains
of more than 500 atoms (of the 600 in the DF simulation
cell) that stretch across cell boundaries. The large frac-
tion of atoms belonging to a “chain” makes it difficult
to differentiate them from “rings” (see below), and the
effect of periodic boundary conditions is greater than in
the much larger FF simulations. If chain ends are iden-
tified in the FF results by atoms with a coordination
number other than 2, we find about 80% of the atoms
are in chains, and the average chain at 350 K has around
50 atoms.

Steudel and coworkers [77] found that the longest
bonds in sulfur ring molecules are always adjacent to
short bonds. In fact, the bond length (d2) is approxi-
mately inversely related to the mean of the two neigh-
boring bonds (d1, d3). An analysis of calculated bond
lengths in Sn molecules (n = 2− 13) [43] found the same
inverse relationship. Color maps of these two quantities
are shown in Fig. 2 for all four-atom chain segments oc-
curring in the simulations at 500 K and 773 K, where
the central pair are each twofold coordinated. The trend
found in sulfur rings is then repeated in disordered Se,
and similar plots are found at lower temperatures. The
larger atomic motions found at 773 K are reflected in the
fuzzier plot for this temperature.

The second empirical relation that was supported by
calculations on Sn molecules is that d2 is shortest for di-
hedral angles γ near 90◦. For the same sequences of four
atoms, we show the relationship between these quanti-
ties in Fig. 3. Dihedral angles near ±90◦ are preferred,
and there are very few structures with γ near 0◦, which
occur in Sen molecules, or 180◦, as found in the planar
zigzag structure of the Se∞ helix. This structure has an
energy only 0.2 eV/atom above the trigonal form [9], and
structures with positive and negative dihedral angles are
almost equally likely.

Structures with higher coordination numbers are un-
common, but significant, and early DF/MD simulations
indicated that single threefold coordinated atoms were
the most common defect [43]. Nevertheless, the small
(64-atom) simulation cell and the relatively short time
scales certainly overestimated the number of defects. Ex-
tended x-ray absorption fine structure (EXAFS) mea-
surements [78] showed that the coordination number in-
creased by 20% (to 2.2) after irradiation, which was at-
tributed to the transient formation of static threefold
coordination sites. The dominant coordination defects
in the present DF simulations also have threefold co-
ordination, i.e., three atoms within 2.8 Å, and 0.29%

FIG. 2. Color maps of bond lengths (d2) of twofold coor-
dinated atoms against the average of bonds to neighboring
atoms (d1, d3) for (a) 500 K and (b) 773 K. The origins of the
axes correspond to the interatomic separation in Se2 (2.17 Å).

and 2.02% of the atoms are threefold coordinated at
500 K and 773 K, respectively. Only 0.01% of the atoms
are fourfold coordinated at 773 K. These fractions are
much lower than those found in an RMC analysis of neu-
tron diffraction measurements on liquid Se at 523 K and
623 K, where around 30% of the atoms were threefold-
and around 5% fourfold coordinated [79].

If “short” bonds are those shorter than 2.6 Å, threefold
coordinated defects with one long and two short bonds
dominate at all temperatures, although the dominance
becomes weaker as the temperature increases. At 773 K,
67 % of the threefold sites have one long and two short
bonds, but 25 % have two long bonds, and 7 % have three
short bonds. The last of these are the most prevalent in
the classical FF simulations. Bond angle distributions
(for two and threefold coordinated atoms) are shown for
temperatures 500 K and 773 K in Fig. 4. Apart from the
prominent peaks ∼ 100 − 110◦, the distributions show
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FIG. 3. Color maps of bond lengths d2 of twofold coordinated
atoms against the dihedral angle γ for 500 K (upper) and
773 K (lower). The origin of the d2-axis corresponds to the
interatomic separation in Se2 (2.17 Å).

few features, but the range of sizes is greater at 773 K.
The early DF results [43] are similar and also show en-
hanced weight for threefold coordinated structures with
α ∼ 160◦.

3. Rings

Chains are the dominant structural feature, but there
have been many studies of rings in disordered chalcogens,
particularly those with eight atoms. Ring distributions
here are found by searching for all unique closed loops of
bonded atoms. A loop shaped like a figure 8, for example,
would contain one large and two smaller rings. The closed
chainlike features mentioned above are included and are
present throughout the simulations at 500 K and below,
and for part of the simulation at 600 K. They do not
occur at 773 K, where there is a broader range of smaller
ring sizes. The distributions of rings containing 30 and

FIG. 4. Distribution of bond angles α for two- and threefold
coordinated atoms at 500 K (above) and 773 K (below).

fewer atoms are shown for 500 K and 773 K in Fig. 5 for
a bond cutoff of 2.8 Å. Shorter cutoffs reduce the number
of rings, but the overall picture is unchanged. The most
striking result for smaller ring sizes is the absence of Se8
rings at 500 K and below.

The FF simulations at 350 K and 500 K are much
longer than the DF simulations, and the much larger
samples make the effect of periodic boundary conditions
weaker. In addition to very long chains with ends de-
fined by singly coordinated atoms, there was a range of
smaller Sen rings with 5 ≤ n <∼ 15. Eight-membered
rings occurred, and the number of smaller rings of differ-
ent sizes varied more than in MD/DF simulations (Fig.
5). Increasing the pressure in the simulation to 5 GPa
produced little change in the ring distributions.

4. Cavities

The surface based cavities [65] for a representative
structure of Se at 500 K (just above the melting point)
are shown in Fig. 6. The cutoff distance rc of 2.6 Å al-
lows a direct comparison with the results for amorphous
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FIG. 5. Average number of rings with less than 30 atoms
during 600-atom simulations at 500 K and 773 K. The bond
cutoff is 2.8 Å.

Te [11], where the larger cutoff (2.8 Å) reflects the larger
atomic radius and longer bonds. The cavity volume is ap-
proximately constant (48–50%) in the temperature range
400–773 K, and the optimized structure of amorphous Te
had a substantially lower cavity volume (37 %) [11].

The origin of the first sharp diffraction peak or prepeak
in S(q) has been discussed on numerous occasions in the
context of medium range order and related to the clus-
tering and ordering of structural units, including voids
[80, 81]. Caprion and Schober [37] performed FF simu-
lations on liquid and amorphous Se and found at lower
density a prepeak at ∼ 1.3 Å−1 that was absent at higher
density, and they attributed this to correlations between
voids. Ordering of voids and Se chains has also been used
to explain EXAFS and neutron diffraction measurements
on liquid Se and Rb-Se mixtures [51]. The void concen-
tration increased with increasing temperature.

A prepeak in S(q) near 1 Å−1 is not resolved in the IXS
and IND measurements (Fig. 1), and definite identifica-
tion in the DF results is not possible (Fig. 1). The pres-
ence of multicavities corresponding to more than one do-
main complicates the analysis. Nevertheless, ordering in

FIG. 6. Surface based cavities (blue) in unit cell of Se (brown
atoms) at 500 K using cutoff radius of 2.6 Å.

the cavities can be studied by calculating the partial pair
distribution functions involving the centers of domains or
cavities (cav) and Se atoms, g(r)Se−cav and g(r)cav−cav

(Fig. SF7). The former shows weak peaks near 4.9 Å
and 6.4 Å, and the latter a maximum at r = 5.2 Å. The
noisy data do not allow Fourier transformations, but the
peak in g(r)cav−cav suggests a q-value in the range 1.0–
1.2 Å−1, where the prepeak indeed occurs. These and
other published cav-cav PDF are noisy and depend on
the definition of “cavity” or “void” adopted, and the re-
sults should be treated with caution.

B. Dynamical properties

1. Diffusion coefficient

The diffusion coefficients D∞ (FF) and D (DF) are
given in Table I at several temperatures. Values of D
were calculated from mean square displacements and
from the TwoPT program [67] (Sec. II B 2), which also
provides values of the fluidicity (Table I). The values of
D are in reasonable agreement, which suggests that the
approximation of the diffusional modes by those of a hard
sphere gas is satisfactory in this chainlike system. We
know of no direct measurements of D in amorphous Se,
e.g. by using radioactive 75Se as tracer. Indirect methods,
such as measuring the broadening of the quasielastic peak
in neutron scattering, lead to inconsistent results [49, 82].
The values of D in Table I are in reasonable agreement
with those in [49] (∼ 0.4 × 10−5 cm2/s at 523 K) and
of DF/MD simulations on small samples (< 0.5 × 10−5
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FIG. 7. Long-time diffusion coefficients D∞(T ) of Se between
500 K and 270 K and the corresponding values of α(T ) [Eq.
(6)] in units of ns−1 [37] (FF simulations).

cm2/s at 570 K [45]), but are much larger than those of
[82] (2.2× 10−7 cm2/s at 500 K).

TABLE I. Diffusion coefficient D∞ (Eq. 6, FF simulations),
D (DF simulations) from mean square displacements and
TwoPT program, and fluidicity f (TwoPT program) at five
temperatures. The units of D are 10−5×cm2/s.

T (K) D∞ (FF) D (DF) f

MSD, TwoPT
400 0.108 0.027, 0.048 0.038
450 0.329 0.052, 0.082 0.049
500 0.677 0.096, 0.178 0.059
600 – 0.216, 0.293 0.092
773 – 0.581, 0.786 0.146

TwoPT calculations require relatively short trajecto-
ries, but equilibration is difficult to achieve below 500 K
on times accessible to the present DF simulations. Fig-
ure 7 shows D∞ and the corresponding decay constants
α [Eq. (6)] after an FF simulation of 5 ns for temper-
atures between 500 K and 290 K, and it is clear that
long simulations are essential at low temperatures. The
MD/DF simulation times of 140 ps at 450 K and below
are unlikely to have reached equilibrium, and we focus
here on the DF simulations at 500 K and 773 K, where
experimental results are available, and 600 K.

FIG. 8. Vibrational components of power spectra of Se from
DF simulations at 400 K (cyan), 450 K (green), 500 K (blue),
600 K (black), and 773 K (red).

2. Power spectrum, vibrational DOS

The TwoPT program was used to calculate the vibra-
tional and diffusive components of the power spectra,
and the vibrational densities of states (vDOS, Fig. 8) are
very similar to those calculated (from the melting point
to below the glass transition temperature) by Caprion
and Schober [55] for the FF used here. For 500 K, for ex-
ample, there is a low-energy peak (2–5 meV), a shoulder
near 14 meV, a pronounced minimum near 20 meV and
a second peak at 28–30 meV. All peaks move to lower
frequencies (“soften”) as the temperature increases.

The calculated vDOS show pronounced similarities to
the densities of states measured by inelastic neutron scat-
tering for amorphous [83] and trigonal Se [84, 85], and
the trigonal form has also been studied theoretically.
There are three atoms in the unit cell and nine phonon
branches, and the identification of the acoustic branches
with torsional vibrations, and the optical branches with
bending (∼13 meV) and stretching (∼30 meV) nodes has
been carried over to the disordered phases as well. The
low-frequency modes (∼5 meV) have been attributed to
interchain interactions (see [16] and references therein).

The small diffusive component of the DOS at all fre-
quencies and temperatures is reflected in the fluidicity
(Table I, see Sec. II B 2) and the temperature-dependent
normalization of the vDOS. This differs strikingly from
the situation in (metallic) liquid Sb [54] and liquid Bi
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[70], where diffusive components dominated at low fre-
quencies. The diffusion coefficients D are given in Ta-
ble I.

3. Dynamical structure factor

The dynamical structure factors S(q, ω) for selected q
values were calculated from the DF trajectories at 400 K,
450 K, 500 K, 600 K, and 773 K using Eq. (9). Plots of
the ratios to the static structure factors S(q) are com-
pared with experimental IXS results [52] in Figs 9 (500 K)
and 10 (773 K), respectively. Calculations for 400, 450,
and 600 K are given in Figs. SF3, SF4, and SF5 of the
Supplemental Material [75]. A Gaussian window func-
tion (σ = 3 meV) has been used to reduce numerical
noise.

The overall agreement between the peak positions in
theory and experiment is satisfactory for small q, but the
calculated side peaks are more pronounced than in the
experiment (523 K: below 0.5, 1023 K: below 0.4 Å−1).
This effect is not due to discrepancies in the density as-
sumed in the simulation. This value is closer to exper-
iment at 523 K than at 773 K, but the agreement with
experiment is better for small q values in the latter case
[Fig. 10]. Results for small q are naturally more sensitive
to the simulation parameters (cell size, simulation time)
than those for larger values of q, for which the peak po-
sitions and intensities agree well.

4. Current correlation functions, collective dynamics

Information about the collective dynamics can be ob-
tained from the longitudinal and transverse current cor-
relation functions (Sec. II B 4). The dispersion relations
obtained from the peaks of CL(q, ω) and CT (q, ω) are
shown in Fig. 11 for 500 K and 773 K. These results
and those for 600 K are compared in Fig. SF6 of the
Supplemental Material [75]. The linear relationship be-
tween ω and q below 0.7 Å−1 for the LA modes indi-
cates “phononlike” modes, and there is a minimum near
q = 1.8 Å, where there is a maximum in S(q). A second,
weaker minimum occurs at approximately twice this wave
vector. This does not imply that modes in this range of
q are “phononlike,” but a process resembling umklapp
scattering—sometimes viewed as a remnant “solidlike”
feature—could occur in liquid Se. The overall agreement
between the calculated dispersion curves and those de-
rived from IXS data is satisfactory.

Sound velocities can be calculated from the linear part
of the dispersion curves, and fits to the low q values in
Fig. 11 give a longitudinal frequency-dependent phase ve-
locity at 500 K of 1630 m/s, in good agreement with the
IXS value of 1600 m/s and much larger than the adiabatic
sound velocity measured at the melting point (1080 m/s
494 K) [63]. “Positive dispersion” also occurs in glassy
Se, where the extrapolated value of IXS measurements
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FIG. 9. Ratio of dynamical to static structure factors,
S(q, ω)/S(q), for selected q values at 500 K. Red: DF with
3 meV Gaussian broadening, black, circles: experimental IXS
at 523 K [52], with corresponding q values in Å−1.

is 2000 m/s [86] and the longitudinal sound velocity at
the glass temperature is 1780–1820 m/s [33]). It occurs
in a wide range of liquids [87], although it is less pro-
nounced (typically 10–20 %) in liquid metals [86]. The
fit at 773 K yields a sound velocity of 1640 m/s compared
with the IXS (1500 m/s) and adiabatic (880 m/s) values
[63], so that positive dispersion is even more pronounced
at higher temperatures. The measured sound velocities
in the glassy [33] and crystalline [88] states are signif-
icantly higher than in the liquid [63], so that positive
dispersion is sometimes viewed as a “solidlike” effect.

Side peaks of the calculated CT (q, ω) spectra are
weaker than those on CL(q, ω), but the transverse modes
have been determined by fitting the quasi-elastic contri-
bution at long wavelength to a Lorentzian function at
q = 0 [69] and determining the peak position by fitting a
single Gaussian function to the remainder. The disper-
sion of the transverse acoustic (TA) modes, also shown
in Fig. 11, is linear at 500 K and 773 K, with transverse
sound velocities of 760 m/s for 500 K, and 720 m/s for
773 K. The corresponding values are 870–900 m/s at the
glass temperature [33] and 809 m/s in crystalline Se at
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FIG. 10. Ratio of dynamical to static structure factors,
S(q, ω)/S(q), for selected q values at 773 K. Red: DF with
3 meV Gaussian broadening, black, circles: experimental IXS
at 773 K [52], with corresponding q values in Å−1.

298 K [88].

5. Bond lifetimes

Bonds form and break at rates that depend on the
temperature. In Fig. 12 we show the probability that a
bond shorter than 2.8 Å and present at time t = 0 is
also present at time t. Table II provides further informa-
tion concerning bonds that form and/or break during the
simulations at 500 K and 773 K. The fixed bond cutoff
may confuse “bond-breaking” with bond stretching dur-
ing vibration, and we show also in Fig. 12 the variation
with time of the number of bonds (shorter than 2.4 Å,
but including those formed in the first 50 time steps)
that are assumed to have “broken” when they are longer
than 3.8 Å. The temperature dependence is particularly
striking. At 500 K, close to the melting point, all bonds
so defined remain throughout the simulation, while most
bonds do not survive the simulation at 773 K. The FF
simulations at 500 K (quench rate 1012 K/s) show that
38 % of the bonds are still alive after 140 ps; 61 % of the
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FIG. 11. Calculated longitudinal dispersion (open circles) at
500 K (blue) and 773 K (red) up to q = 5.0 Å−1. Experimen-
tal results of Inui et al. for 523 K and 773 K are shown as
blue and red triangles, respectively [52]. Full circles: calcu-
lated frequencies of transverse modes, dashed and dot-dashed
curves: sound velocities of 1500 m/s and 750 m/s, respec-
tively.

atoms have broken both bonds, 35 % have lost one bond,
and just 4 % have retained both. The simulation allows
for bond reconnection. It is satisfying that the fraction
of original bonds still alive after 140 ps is similar in the
simulations at 500 K (DF: 50 %, FF: 38 %).

TABLE II. Percentage of four categories of bonds in DF sim-
ulations at 500 K (140 ps) and 773 K (75 ps).

500 K 773 K
Bond throughout 49.8 0.33
Initially present, broken at end 21.4 14.5
Formed during run, present at end 21.0 18.7
Formed and broken during run 7.8 66.4

IV. DISCUSSION

The results of extensive molecular dynamics simula-
tions of glassy and liquid Se using both density functional
theory (DF, 600 atoms, 140 ps, 400–773 K) and a classi-
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FIG. 12. Time dependence of number of active bonds in DF
simulations at 500 K (blue) and 773 K (red). Dashed curves:
bonds break at 2.8 Å, full curves: bonds initially shorter than
2.4 Å, break at 3.8 Å.

cal force field (FF, 5488 atoms, up to 200 ns, 290–500 K)
have been analyzed to provide structural and dynami-
cal information. The FF simulations indicate that the
DF simulations below 500 K have not reached equilib-
rium. Comparison with experiment has been carried out
where possible. The calculated structure factors S(q)
agree well with INS and IXS measurements at 523 K and
773 K [52], which encourages the use of DF/MD simula-
tions in other disordered systems. A comparison of the
the present (melt-quenched, MQ) results with DF/MD
simulations of the as-deposited (AD) structure will be
presented elsewhere [89].

The DF structures themselves are dominated by
twofold coordinated atoms, mainly chains, with a sin-
gle chain occupying most of the cell at 500 K. There is a
small ring component, a limited amount of branching at
threefold coordinated sites, and even fewer singly coordi-
nated atoms at chain ends. There is more empty space
and greater chain flexibility than found in similar simu-
lations of Te [11, 47]. Prescriptions for defining and de-
termining the shape of cavities and their decomposition
are not unique, but the Voronoi construction we use [65]
leads to partial PDF that suggest cavity ordering. This
implies, of course, ordering in the Se atoms themselves.

The FF calculations at 390 K and 500 K show ring
structures with up to 20 atoms, the most prominent be-

ing five-membered rings. DF calculations also give ring
structures with five and more atoms, but the number
of eight-membered rings is vanishingly small, except at
the highest simulation temperature 773 K. This is very
surprising, since an equilibrium between Se8 rings and
chains has been postulated for more than 60 years as a
possible structure for a-Se [16, 18, 20].

The focus on Se8 rings has been based on the anal-
ogy to the group 16 neighbor S. Sulfur forms a liquid
comprising S8 and other homocyclic rings with up to 35
atoms [90] above the melting point (388 K) and below
the onset of polymerization (432 K) to a mixture of rings
and chains. Both S and Se form monoclinic structures
comprising eight-membered rings with the “crown” (D4d)
structure, which are among the most stable of group 16
clusters [6, 11]. Nevertheless, larger clusters, particularly
S12, have similar cohesive energies, and the number of
chain isomers can greatly exceed the number of rings. In
sulfur cluster anions, for example, they are favored over
the more stable rings under certain experimental condi-
tions [91]. The existence in liquid Se of Sen rings with
n ̸= 8 is demonstrated by their presence in the neighbor-
ing vapor [24], so the sole focus on Se8 rings is question-
able.

Side peaks in the dynamical structure factor S(q, ω)
indicate the presence of collective excitations, and the
agreement with the dispersion found in IXS is satisfac-
tory. S(q, ω) shows minima at q-values where S(q) has
maxima (near q = 1.8 Å−1 and q = 3.6 Å−1). The low-
q dispersion shows a sound velocity (1630 m/s, 500 K)
that is close to the IXS experimental value, but much
higher than the measured adiabatic sound velocity at the
melting point (1080 m/s, 494 K) [63]. The pronounced
“positive dispersion” in both experiment and theory at
773 K reflects the reduction of adiabatic sound veloci-
ties at higher temperatures. The spectra of the trans-
verse current correlation functions CT (q, ω) show inelas-
tic peaks up to q ∼ 1Å−1 with a linear dispersion corre-
sponding to much lower sound velocities at low q (500 K:
760 m/s, 773 K: 720 m/s) than in the corresponding LA
modes.
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