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A molecular-dynamics simulation has been carried out for liquid and amorphous selenium
in the temperature range 350—720 K. The simulation used 64 atoms in a constant-volume sim-
ple cubic cell, and the energy surfaces and forces were calculated using the density-functional
formalism, with a local-density approximation for the exchange-correlation energy. The main
focus is on the microscopic atomic structure, with the associated short- and intermediate-range
ordering phenomena. Ring statistics, pair correlation functions g(r), structure factors S(Q),
bond angle and dihedral angle distribution functions, phonon densities of states, and diffusion
constants D were computed and compared with experimental and theoretical data where avail-
able. Several structural models proposed previously for Se are evaluated and their predictions
compared with the results of the present simulation. Special emphasis is given to the concen-
tration, structure, and stability of the dominant defects, and a structure and defect model is
presented.

I. INTRODUCTION

Liquid (E-Se) and amorphous or vitreous (a-Se)
selenium have been investigated extensively for more
than half a century. There are several rea.sons. I'irst,
apart from its group-VIA neighbor sulfur and the group-
VA element phosphorus, selenium is the element with
the most allotropes, many of which are fascinating from
a structural point of view. In addition to the various
amorphous and vitreous forms, five crystalline modifica-
tions exist under normal pressure and temperature con-
ditions: Trigonal ("metallic, " "grey") t-Se, n-, P- and
p-monoclinic Se, and rhombohedral Se. Polymeric t-Se
consists of parallel helical chains (space group C3q21 or
C3221, molecular point group Ds) and is thermodynarni-
cally stable at 300 K and 1.013 bars. The monoclinic and
rhombohedral forms are molecular crystals with building
blocks of Sep and Se6, respectively. While other ring
molecules (Se„.7 g $0) and smaller clusters (Sea, Se4) have
been synthesized chemically, identified in the gas phase,
or both, the structures are poorly characterized. Ta-
ble I shows that all condensed forms of Se have twofold
nearest-neighbor coordination with distances d from 2.32
to 2.37 A and bond angles slightly above 100'. This
is a familiar consequence of the 4s 4p valence elec-
tronic structure. All crystalline forms have intermolec-
ular distances significantly smaller than the van der
Waals distance (4 A) and intermolecular bonds play
an important role in determining the electronic and geo-
metric struct, ures and the properties of the various Se
forms. " This distinguishes polymeric Se allot, ropes
from polymers with weakly interacting chains, such as
polyethylene. The existence of three high-pressure phases
of crystalline Se between 14 and 50 Gpa has recently
been established. The application of pressure leads to in-

creased interchain interactions in t-Se with transitions to
threefold, fourfold, and finally sixfold coordinated mon-
oclinic, tetragonal, and rhombohedral phases.

Second, selenium readily forms glasses, and its ele-
mental nature and accessible glass transition tempera-
ture (Tz 310 K) make it a prototype of such systems.
Using topological arguments, Phillips showed that co-
valent materials with an average coordination number
(W) ( 2.4 are potential glass formers, i.e. , they yield
amorphous structures when quenched from the melt at
modest rates. Amorphous Se, with (X) 2.0, is "under-
constrained" and retains a significant amount of configu-
rational freedom even with fixed bond lengths and angles.
This is reflected in the distribution of dihedral angles (the
angle between the planes defined by the first and second
t, rirners in a four-member chain) and longer-range corre-
lations, and is the origin of the intermediate-range order
observed. The polymerization in the solid phase from
either Se6 or Ses molecules to Se chains is directly ob-
servable via differential scanning calorimetry (DSC), in
contrast to sulfur, where polymerization proceeds in the
liquid phase.

Third, and most important, the photoconducting and
semiconducting properties of selenium —particularly its
amorphous form —have led to important applications,
such as photocopying machines and rectifiers. The
photoconductivity and photodarkening phenomena are
thought to be linl. ed to the nature and concentration of
the "defects" in this material, , i.e. , the deviations
from optimal twofold coordination in 8-Se and the ring
molecules. Laser-induced vitrifaction and crystallization
of Se and Se alloys show promise of becoming viable pro-
cesses for storing data on rewritable optical disks.

It is not surprising that much experimental infor-
mation has accumulated on the disordered phases of
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TABLE I. First- and next-nearest-neighbor distances d and dNN (in A.), and bond angles n
for n-monoclinic (See), rhombohedral (Se6), trigonal (Se ), "free" Se chains in mordenite (M-
Se), amorphous selenium (a-Se), and liquid seIenium (l-Se). The number of atoms in the neighbor
shells is given in parentheses, subscripts e and i denote intermolecular and intramolecular distances,
respectively.

dNN

n-Se8

2.34; (2)
106'
3.48, (4)
3.7i; (2)

Se,b

2.36; (2)
101'
3.4~. (2)
3.47, (S)
3.64; (2)

Se

2.37, (2)
103'
3.44, (4)
3.68; (2)

M-Se'

2.33, (2)
102'
3.6i; (2)

a-Se

2.32-2.3 6; (1.9—2.3)
105'
3.6-3.8,+, ( 6 —7)

E-Se'

2.34

Reference 4.
Reference 11.

'Reference 22.
Rejecting the range of numbers given in the experimental work referenced in this article.

'Reference 33.

Se:is X-ray and ultraviolet, photoemission spectroscopy
(XPS,UPS), is optical and vibrational spectro-
scopy, ' nuclear magnetic and electron spin
resonance, Mossbauer spectroscopy, mechanical
properties and viscosities, calorimetric and other
types of thermodynamical data, transmission electron
microscopy, and numerous neutron and x-ray scat-
tering data including extended x-ray-absorption fine
structure. In spite of the wealth of experimental
information, however, the underlying atomic structures
of amorphous and liquid Se remain controversial, due,
in part, to the sensitivity of many measurable proper-
ties to preparation conditions, thermal history, and im-
purity content (e.g. , oxygen) of the samples. Therefore,
"amorphous selenium" is not a material with a unique
structure, and similar ambiguities may be expected in
different samples of liquid Se.

Many structural models have been proposed. They of-
ten confIict, even if apparently supported by more than
one experiment. On the basis of early x-ray and neutron-
scattering data, Henninger et al. concluded that a-Se
consisted of Se chains in random orientation and "liq-
uidlike atomic assemblage. " Kaplow et a1. were led
by their x-ray data to conclude that a-Se is a molecular
solid made up of distorted Ses molecules. Richters~ pic-
tured the constituents as planar zig-zag chains, joined to
layers. Robertson and Lucovsky and Wong were
among the first to note that radial distribution functions
from scattering experiments alone are insufhcient to dis-
tinguish between the various models.

The source of di%culty can be seen in Table I, which
shows that both the first and next-nearest-neighbor dis-
tances are very similar in all crystalline Se modifica-
tions. Models based solely on the small differences be-
tween these forms cannot be expected to explain all the
measured features, particularly in view of the sensitiv-
ity of the latter to the preparation conditions. How-
ever, the table does display a clear trend concerning the
relative strengths of intramolecular and intermolecular
bonds. As is well known from confining single Se helices
in linear mordenite channels, 3 a reduced intermolec-

ular coupling leads to increased intramolecular bonding
and shorter nearest-neighbor distances. Table I shows
that the short-range order in a-Se resembles more that
of "free" chains, with weaker interchain interactions than
in t-Se, possibly due to misalignment of chains or rings,
or both.

Robertson and Lucovsky and Wang o developed
a static model for the structure of a-Se based on ad-
ditional information from XPS/UPS and infrared (ir)
spectra and comparison with parametrized calculations
for the electronic density of states (DOS) and the ir re-
sponse. In this popular model, the vast majority of atoms
are in chains —with bond distances and bond angles nar-
rowly distributed about the t-Se and Ses values —and the
monomer content is low (( 5%%uo). The intermediate range
order consists of a narrow distribution of the dihedral
angle p about the energetically most favorable value of

100'. In most crystalline forms p is near 100', but it
varies widely with a characteristic pattern in some smaB
Se„molecules. s Note that the phase of dihedral angles
in any five-atom fragment determines whether the config-
uration is helixlike ("trans, " ++ or ——) or ringlike ("cis,"
+ —or —+). The model of Robertson, 2 Lucovsky and
Wang ~ is a pat ter n of randomly varying signs of the
(fixed) dihedral angle along extended chains. Extreme
examples of this "motif" are helical Se (++++++
or ~ .) or Ses rings (+ —+ + + —). Amor-
phous Se could then contain five- or six-atom fragments
of rings within the chains and show fingerprints of rings
in the ir spectrum. Interpretations of early CS~ disso-
lution experiments indicating a significant Ses fraction45
were shown to be unreliable due to uncontrolled illumi-
nation conditions and rapid, concentration-dependent
equilibration reactions

Se Se~ —Se7 Se6.

Misawa and Suzuki proposed a similar disordered
chain model for liquid selenium, and computed ring and
chain fractions as functions of temperature from the same
erroneous data. 45 Their fitted energy difference between
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cis —(++) and trans —(+ —) sequences (27 meV/atom)
is probably an overestimate, and the question of the
relative role of rings versus chains in E -and a-Se is
still unsettled. Structural aspects of E-Se, in particular,
have received recent attention in experimental work on a
semiconductor-met al transition. Tamura investigated
thermodynamical, electronic, and structural properties
near the liquid-gas critical point. On the basis of opti-
cal absorption and x-ray-diA'raction measurements it was
concluded that approximate twofold coordination per-
sists into the metallic range up to 1500'C and 510 bars,
with an average chain length of only about seven atoms
reducing the coordination number slightly below N1 2.
This is consistent with other experimental work, where
a markedly diAerent short-range order with %1 3 was
reported only at much higher pressures () 80 000 bars).
The coordination in the semiconducting liquid phase in-
vestigated in the present work therefore appears repre-
sentative up to relatively high pressures.

Although a detailed molecular-dynamics (MD) study
would oA'er a direct view into the microscopic structure
and could shed light on a number of these issues, we are
unaware of any such investigation to date. Long et al.
used simple empirical two-, three- and four-body forces
acting on a small number of initial structures to obtain
radial distribution functions, structure factors, and di-
hedral angle distributions for comparison with scattering
experiments. A much more detailed MD study employing
state-of-the-art empirical interatomic potentials has been
carried out for sulfur by Stillinger et al, The main aims
of these authors, however, were special aspects of the
static structure and not dynamic properties. They also
pointed out the limitations of even carefully constructed
empirical few-body potentials in highly anisotropic cova-
lent systems such as group-VIA elements.

We present here what we believe to be the most realis-
tic MD simulation of E- and a-Se performed to date. The
interactions between 64 Se atoms in a constant volume
simple cubic (SC) cell were computed with a quantum-
mechanical method described in Sec. II, avoiding the dif-
ficulties with empirical, truncated potentials. Sec. III A
gives our results for a-Se and E-Se and discusses the short-
and intermediate-range order in conjunction with exper-
imental data where available. In Sec. III B this informa-
tion is used to compare with previous models for a-Se,
and we present an extended model. Sec. III C is devoted
to structure and stability of the defects and our conclud-
ing remarks follow in Sec. IV. A preliminary report has
been presented elsewhere.

z=) p;

dr d;d; —d;;)

(first term). Here Mr and Rr denote the ionic masses
and coordinates, p; are fictitious "masses" associated
with the electronic degrees of freedom, dots denote time
derivatives, and the Lagrangian multipliers A;z are intro-
duced to satisfy the orthonormality constraints (second
term) on the g, (r, t). For the potential energy surface
for the ions E[(g,), (Rr)] we use the Kohn-Sham func-
tional

E[(@*)(R.N = ) .8'(r)l —
2 I@*(r))

dr n(r) (V,„,(r) + —@(r))

+E-[ ()]+-,).R
'

R2 Rr —RJ

C'(r) is the Coulomb potential, E„,the exchange-
correlation energy, and V~« the field of the ions. For
E„,we adopt the widely used local-density (LD) approx-
imation,

LDE„, dr n(r) s„,[n(r)],

where s„,[n] is the exchange and correlation energy per
particle of a homogeneous electron gas with density n.
This approximation yields reliable binding energy trends
(i.e. shapes of energy surfaces) and equilibrium structures
for many molecules and solids. We use here the electron
gas parametrization of Vosko et al. The single electron
eigenstates g; used to construct the density n(r, t)
P,. lg, (r, t)l are expanded in the plane-wave basis

Q, (r) = @.k(r) = ) c.G exp[i(k+ C„)r], (5)

of MD-DF to structural and dynamical properties of
group VA and VIA elements in a variety of cluster
studies. In the MD-DF formulation, the elec-
tronic wave functions (@;)are treated as dynamical vari-
ables and a corresponding kinetic-energy term appears in
the Lagrangian

II. METHOD OF CALCULATION

A. Forrnalisrn

and a local pseudopotential representation was chosen for
the electron-ion interaction V«q,

The method we use has been described in detail
previously. 5s 54 It combines the density-functional (DF)
formalism and molecular dynamics, and avoids the
parametrization of interatomic forces common in MD
simulations. We have demonstrated the applicability
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The potential parameters r, and A were optimized by
fitting the tails of the valence electron orbitals to those
of an all-electron calculation. The equations of motion
derived from Eq. (2)

pg;(r, t) = — + ) A;t@p(r, t),
6 *r, t

MIRr = —vg, E

were solved using the Verlet algorithm. The artificial
Newton's dynamics for the electronic degrees of freedom,
together with the choice p; (( MI, efFectively prevent
transfer of energy from the classical to the quantum de-
grees of freedom over long simulations.

B. Computational details

We represent bulk E- and a-Se by 64 atoms in a SC
unit cell with lattice constant a = 12.9 A. and periodic-
boundary conditions. The resultant density p = 3.91
gem corresponds to liquid Se at ambient pressure and
T = 573 K, near the center of the temperature range
350—720 K of interest here. The thermal density depen-
dence of liquid Se at 491 K has been given as —5 x 10

gem K . Isochores show a pressure slightly higher
than 1 kbar at the density and upper temperature we

have chosen. Therefore a comparison of our results
with constant pressure data in this limited temperature
range appears justified. The cutofF energy for the plane-
wave expansion Eq. (5) was 7 a.u. , leading to 14000
plane waves for each of the 192 occupied electronic states
at a single k point in the Brillouin zone (k = I', the

only high-symmetry point in disordered systems). The
parameters in the local pseudopotential [Eq. (6)] were

0.924 a.u. and A = 10.4 a.u, . CutofF energy
and pseudopotential parameters were taken from previ-
ous work, where they satisfied the stringent test of giv-
ing accurate energy surfaces for small selenium clusters.
In that work, bond distances, bond angles, and dihedral
angles for Sea and Ses agreed with experimental data to
about 1%, and atomization energies were overestimated
by about 1 eV/atom. A uniform overestimate of that
size is common in applications of the I D approximation,
but binding energy trends, shapes of energy surfaces, and
relative depths of difFerent minima are given reliably.

With appropriate values of p (1800 a.u.), M ( 143 600
a.u.), and integration time step At (3.4 x10 s), the
equations of motion Eq. (8) are integrated accurately,
with one time step taking about 25 s of CPU time on a
Cray X-MP 416 computer.

C. MD procedure and thermal treatment

The initial configuration comprised 64 Se atoms on a
slightly perturbed simple cubic lattice (Fig. 1), with six-
fold coordinated atoms at nearest-neighbor distances of

6.1 a.u. For this geometry, we determined those g, that
minimize E, using an eKcient self-consistent iterative di-
agonalization technique, such as described by Stich et
al. With the electrons initially in their ground state, the
dynamics [Eq. (8)] generate Born-Oppenheimer trajec-
tories without constantly requiring additional diagonal-
ization and self-consistency cycles for the electrons over
several thousand time steps. During the microcanonical

'1

I

Flo. &. Ball-and-stick model of the starting geometry used for the MD-DF simulation. 64 Se atoms were placed on randomly
perturbed simple cubic lattice sites with the coordination number 6. The initial atomic spacing is 6.1 a.u. Only atoms and
bonds inside the periodically repeated cube are shown.
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MD runs, the maximum deviation from the ground-state
energy of the system of 384 electrons was 0.3 eU at (T)=
720 K and 0.15 eU at (T)= 350 K. To achieve this level
of convergence, it was necessary to quench the electronic
subsystem every few thousand time steps.

Once in the initial electronic ground state, the sys-
tern was melted at T 2500 K and the temperature then
lowered in steps to 720 K, where the system was equi-
librated. This initial thermal treatment took 2500 At
(0.85 ps, approximate cooling rate 4 x 10i5 E& s i) and
the atoms moved an average of 4 of a typical Se—Se
single bond length, reaching approximate twofold coor-
dination towards the end.

The system was then separated from the heat bath
and evolved microcanonically for 13500 steps (4.6 ps).
This will be referred to subsequently as the 720 K trajec-
tory. After 5000 of these steps, two diA'erent MD paths
were pursued. The first was an annealing in steps to and
equilibration at 350 K (duration 10 600 steps, 3.6 ps) fol-
lowed by 13200 steps microcanonical evolution (4.5 ps,
the 350 K trajectory) for temporal averaging. The sec-
ond was an instantaneous quench and equilibration at
350 K followed by a microcanonical trajectory of 3000
steps. The latter was undertaken in order to check the
infiuence of the quench rate on our results and will be
discussed below. To investigate the local stability of the
defects, the system was quenched at the end of the 4.5
ps run at (T) = 350 K into the nearest local minimum
via steepest descents techniques.

Relatively long MD runs are necessary to rule out
artifacts caused by poor equilibration in a high vis-
cosity, slowly diA'using system such as Se. In Z-Se,
for example, the mean-square displacement (P,.[r;(t)—
r;(0)] ) has a linear dependence on time only after 0.8
ps of the trajectory. The corresponding self-diA'usion
coefficient (1.10x10 s crn s ) is in good agreement
with the value deduced from scattering experiments
(0.95x10 cm s i). i Diffusion at T=350 K was too
slow to be quantified reliably.

III. RESULTS AND DISCUSSION
OF THE MD SIMULATIONS

A. Short- and interm. ediate-range order

We now compare our computed short- and
intermediate-range correlation functions with available
experimental data. The data comprise two-body [pair
distribution, g(r), three-body [bond-angle distribution,

A(n)], four-body [dihedral angle distribution, D(y)], and
five-body correlation functions (dihedral angle phases).
Much of this information is not directly accessible to ex-
perimental evaluation and will be used later to gain in-

sight into the atomic structures of a-Se and S-Se and to
assess the validity of earlier models of a-Se.

1. Pair distribution functions

In Fig. 2 we compare the pair distribution functions

g(r ) from our simulation with those obtained at al-
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FEG. 2. Pair distribution functions g(r) obtained from
MD-DF simulation and experiment (Ref. 37) for liquid and
amorphous selenium. The theoretical curve is broadened with
the experimental resolution for proper comparison. Oscilla-
tions below the first peak in the experimental curve due to a
raw Fourier transform have been omitted.

most identical temperatures in a recent high-resolution
neutron-scattering study. The theoretical curves have
been broadened with the experimental resolution accord-
ing to the procedure used by Etherington et a/. The
main features agree very well for a- and Z-Se, with small
deviations in peak intensity and position. It should be
noted, however, that g(r) curves derived from S(Q) scat-
tering data depend somewhat on light sources used, res-
olution, sample density and preparation, and details of
the Fourier transform method used to obtain g(r) (see
Refs. 30, 31, 36, 37, and 39).

Our calculations show two prominent peaks in both
disordered phases (a-Se: 2.41 and 3.73 A. ; /-Se: 2.39 and
3.79 A.), but no sign of the intricate long-range corre-
lations present in the crystalline forms. A further col-
lapse of the network structure in the liquid leads to the
expected reduction in nearest-neighbor distance and to
the larger second-neighbor separation mentioned above.
Apart from this phenomenon and thermal broadening of
peaks in the liquid, the pair distributions suggest very
similar radial order in amorphous and liquid Se. These
findings are reflected in the experimental curves, with
some disagreement (less than -3 %) in the peak po-
sitions. Such small discrepancies could be due to the
specific pseudopotential approximation we use, to the
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TABLE II. Distribution of first-neighbor coordination
numbers N in the MD-DF simulations of Se at T=720 K
and T=350 K. The upper integration limit, i.e., the first min-
imum in g(r), was 5.2 a.u. in bath cases (see Fig. 2). We
show the temporal average percentage (over the whole length
of the trajectories) of atoms with coordination number ¹

Se (T = 720 K-)

8
75
16
1

a-Se (T = 350 I&)

4
77
17
2

plane wave basis and jor the fixed density approach. We
note that the a-Se trajectory following the instantaneous
quench from 720 I& to 350 K (see Sec. II C) shows little
of the characteristic difFerences from the g(r) diagram of
E'-Se. Vhth a significant "memory" of S-SC, peak posE-
tions and widths are almost identical, emphasizing the
need for a slower annealing to resolve diA'erences.

The area under the first and second peaks in the (orig-
inal, unbroadened) pair distribution function gives the
nearest and next-nearest neighbor coordination numbers
NI and Nq, respectively. Wc find that both a- and E-

Se have an average coordination number Ni —2.1 —2.2
that is well within the range quoted by most experimental
studies (see Table I). At both temperatures, the second-
neighbor range between 5.2 and 8.0 a.u. contains on av-
erage another N~ 7 atoms. Table II shows the distri-
bution of first-neighbor coordination numbers found in
our MD simulations that leads to the average Ni val-
ues mentioned above. These distributions remain prac-
tically constant along the trajectories taken, indicating
that equilibration artifacts are not significant: If we av-
erage only over the last 3000 steps of each trajectory, the
numbers remain unchanged for E-Se but show a small
tendency towards increased twofold coordination for a-
Se (3%, 82%, 14%, and 2% being the concentration of
onefold-, twofold-, threefold-, and fourfold coordinated
atoms, respectively). The only visible difFerence between
amorphous and liquid Se is the slightly higher propor-
tion of singly coordinated atoms in the liquid phase, and
this can be attributed to more frequent bond breakings
at higher temperatures. A rough estimate for the bond
breaking frequency I' can be deduced by counting events
in the MD cell that lead to bonds stretching beyondr;„=5.2 a.u. For E Se, we -obtain I' 2 ps (per
atom), for a-Se I' ( 1 ps i. The vast majority of atoms
is twofold coordinated as in the crystalline forms. This
has been known since the first scattering experiments
were performed on a-Sc, ' ' and recent careful ex-
periments have shown it for the semiconducting liquid as
well. 36 48

The concentration of threefold coordinated atoms in
the MD cell is 15% at both temperatures, and is higher
than expected from experimentally derived g(r) curves. ss

Although most experiments lead to an average coordina-
tIon number slightly above 2.0, R fact thRt CR11 only bc
rationalized with a nonvanishing fraction of more highly

coordinated atoms, we believe that the rapid quenching
procedure we use leads to an upper bound for the number
of coordination defects regardless of type. In principle, a
pressure-induced increase in threefold atoms is conceiv-
Rblc En R constRnt-volume simulation, but tllls cfkct CRI1

only play a minor role here: The number of overcoor-
dinated atoms is almost identical at T=720 and 350 K,
and the (p, T) diagramis for E-Se indicates only a small
pressure increase. Therefore, the almost constant con-
centration at T=720 and 350 K over trajectories several
ps long indicates that threefold coordinated atoms and
chain branching contribute considerably to the properties
of 8- and a-Se. The number of atoms with NI ) 3 in our
cell is small, but an average of one fourfold coordinated
atom in a-Se allows us to study such defects. 3

The phonon density of states can be computed eas-
ily by a Fourier transform of the velocity autocorrelation
function, and provides further evidence that our simula-
tion overestimates the defect concentration. We obtain
good agreement with inelastic-neutron-scattering exper-
iments for a-Se (Refs. 38 and 40) for the three main
peaks representing torsion, bending and stretching modes
(theor. , 52, 114, and 269 cm i; expt. , 44, 129, and 260
cm i, respectivelyss). However, while experiment shows
a gap between 150 and 200 cm, our calculations lead
to a pronounced peak at 185 cm that we attribute to
the higher proportion of defects in our sample. Several
small shoulders also appear in the torsion and bending
region that are not observed in the scattering spectra of
a-Se.

2. Partial pair distribution functions

It is illuminating to decompose g(r) into contributions
from atoms with difFerent NE. Figure 3 shows the par-
tial pair distribution functions g,&. (r) between i and j--
fold coordinated atoms, and the dominance of twofold
contributions g22 is evident. Twofold coordinated atoms
are bonded primarily to other twofold atoms with inter-
atomic distances of dq2 ——2.39 A (a-Se) and d22 —2.37
A. (E-Se). Threefold coordinated atoms (see Sec. III C for
more details) are mainly bonded to twofold atoms with
ds2 ——2.47 A. . The bonds between pairs of threefold co-
ardinated atams are even longer, dss —2.65 A (l- and
a-Se). This elongation of bonds to group-VIA elements
with increased coordination is known from previous the-
oretical works (geometries of Ci and Cs defects) and
supported by chemical evidencei 42 5s (e.g. , S—S bands
are longer and weaker in —S—So—S—than in —S-
S—S—groups). It is interesting that the opposite trend
can be observed for the second-neighbor peaks in Fig. 3.

Figure 3 also helps explain the absence in the com-
puted g(r) functions (I'ig. 2) of the pronounced minimum
between the first and second peaks in the experimen-
tal curves. The probable overestimation of the number
of threefold coordinated atoms leads to significant g23
and g33 contributions in precisely that region. The small
hump in the theoretical g(r) for a-Se near 3.0 A (5.7
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37) static structure factors StQi f -Sor a- e in comparison. The
experimental curve has been shifted by —0.5.
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FIG. 3. PPartial pair distribution function
2, 3) for 8- and a-Se. T

'ons g;z ~r~ ~i, j =
The first neighbor coordination shell

was defined by the first minimum in g(r) at 5.2 a.u. (see
text). No broadening was applied.

a.u. , which can be termed intermolecular or interchain
distance correlations between twofold coordinated atoms

b
see gq2 in Fig. 3), is obscured by thermal vibrations a dra sons an

y the presence of the threefold atoms at T=720 K. Its
appearance is independent of the quenching rate, i.e., the
position and shape are identical in the a-Se trajectory fol-

lowing an instantaneous quench from 720 Ik to 350 K '
ec. I C) and are unlikely to be an artefact of the fast

cooling procedure required by MD-DF. A similar feature
has been observed in several scattering studies )

but it hes in a region most sensitive to experimental res-
olution and the method used to obtain g(r) from S(Q)
and could not be identified unambiguously.

8. Static structure factor

The static structure factor S(Q) provides a further set
e accuracy of ouro experimental data for assessing th

D simulation. Figure 4 compares the S(Q) obtained
by Fourier transforming g(r) with the experimental func-
tion far a-Se over the complete Q-range investigated. s

Apart from the first sharp diffraction peak (FSDP), the
agreement of peak locations and intensities is excellent,
and even the oscillation between third and fourth peak
in the experimental curve is evident. A uniform broad-
ening of the theoretical curves is to be expected because
of the finite radial cu fftoff used in the Fourier-transform
procedure. It is difIicult to link th ' f he origin o the devi-

ation in the position of the FSDP (theory, 1.35 a.u.
experiment, 1.01 a.u. i) to a particular deficiency in the
theoretical g(r) function, because of the nonlocal Faurier
transform used to obtain one from the other. However,
the shape and position of the FSDP should be affected
most by real-space features near = 2 ' 6.3
and 4.7 a.u. (theor. ), corresponding to the region near

~ ~

in shape, intensity, and position of the second-neighbor
peak in g(r), where the agreement with the experimental
pair correlation function is not perfect. Test calculations
indicate that neither the long-range behavior of g(r) near

fold coordinated atoms had a noticeable impact on the
position of the FSDP.

Figure 5 shows the S(Q) functions in more detail in
a range where both 8- and a-Se experiment h bs ave een

perimental S(Q) diagrams is equally good for liquid and
amorphous Se. Moreover, all significant differences be-
tween the 8- and a- e structure factors are reproduced
well in the theoretical curves (see Fig. 5). Upon rais-
ing t e temperature, (a) all four peaks shown ds s own un ergo a
sma s ift to lower Q, (b) the intensity af the first peak
is reduced dramatically, and (c) all peaks are broadened.

The comparison of computed g(r) and S(Q) functions
with experimental data shows that our simulation gives
an accurate picture of the local order and distance cor-
relations in E- and a-Se. As noted in Sec. I, two-body
correlations are an insuKcient b fasis or a microscopic
model of these substances. We now discuss three-, four-
and five-body correlation functions that are not directly
accessible to ex ep riments, although some circumstantial
evidence from scattering and spectroscopy data does ex-
ist.

g. Bond-angle distribution

The firsfirst and second peaks in pair distribution func-
tions derived from scattering experiments can be ex-
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ploited to give a highly averaged value of 105' for
the bond angle in amorphous Se.2 3 The bond-angle
distribution functions A(n) shown separately for twofold-
and threefold coordinated atoms in Fig. 6 are consistent
with this value but reveal more information. Aq(cr) is

singly peaked and centered symmetrically at o, = 103'.
The only visible temperature eA'ect is a small thermal
broadening (standard deviations of the data points 10'
and 13, full width at half maximum values of 21 and
26' at 350 and 720 I&, respectively). The similarity be-
tween liquid and amorphous phases is also rejected in
the negligible eA'ect of the quenching rate on the bond-
angle distribution function. The annealed and instantly
quenched a-Se trajectories (see Sec. II C) are practically
identical in this respect.

Inspection of Table I shows that the center of the dis-
tribution lies close to the bond angles of all crystalline
Se modifications and is practically identical to the value
found in the Se helices of t-Se and M-Se. Values in that
range were found to be energetically the most favorable
in Se and S clusters with up to 13 atoms in our previous
work. Angles larger than 110' or smaller than 100'
occurred only in the smallest clusters (S,Se)3—5 with sig-
ni6.cant ring strain.

The relatively large number of threefold coordinated
atoms in our MD cell allows us to derive with accurate
statistics a separate bond-angle distribution function (see
Fig. 6). A trimodal distribution with maxima around
90 ) 110 ) and 180' indicates the possible existence of
several geometrically diA'erent threefold defect types in
amorphous Se (see Sec. IIIC). A3(n) is spread out more
than A2 and the only apparent efkct of a temperature

increase is again a thermal broadening (standard devia-
tions 26' and 28' at 350 and 720 K, respectively).

5. Dihedral angle distribution

The crucial role played by the dihedral angle y and
its variation in the structural chemistry of twofold coor-
dinated sulfur and selenium allotropes and compounds
is well known. s The bond distance and bond-angle
potential functions are steeper than the dihedral angle
potential, so that p can be distorted more easily than
any other molecular parameter. In a simplified molecu-
lar orbital picture, the p "lone-pair repulsion" on adja-
cent atoms is responsible for (a) the energetically opti-
mal value of near 90' for an isolated chain of four Se or S
atoms and (b) a strong coupling between the dihedral an-
gle and the strength and length of the central bond. @ A
more thorough analysis of the orbitals involved was pre-
sented in previous LD work, where the high flexibility
and ease for distorting dihedral angles of single Se chains
was also demonstrated. A value of y close to 100' is the
most common in all allotropes of sulfur and selenium,
but large distortions from 90' occur in stable forms such
as (S,Se)7 crystals. 5 42 5~ Apart from the marked elon-
gation of bonds associated with dihedral angles far from
90' and minor distortions of bond angles, essentially all
allotropes of S,Se, including the various rings and the
polymeric chains, diA'er only in their pattern of dihedral
angles ("motif").

For amorphous selenium, there is indirect experi-
mental evidence that p is distributed "over a wide

range. " Raman spectra of a-Se were inter-
preted in favor of chainlike molecules with dihedral angles
distributed within a certain range. Andonov, assuming
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FIG. 5. Theoretical and experimental structure factors
S(Q) for a-Se and E-Se in a smaller q range. The experi-
mental curves have been shifted by -0.5.
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FIG. 6. Bond-angle distribution functions A, (i = 2, 3) for
i-fold coordinated atoms in a-Se and E-Se. The first-neighbor
shell used to determine the coordination number has a radius
of 5.2 a.u. A2 and A3 are normalized to the same arbitrary
number.
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distorted interacting chains as basic constituents, derived
74 & y ( 112 from the third-neighbor distributions
obtained from x-ray data. Corb et al s . found that a
simulated model (twofold coordination with bond length,
bond-angle, and dihedral angle distribution as adjustable
parameters), when fit to experimental radial distribution
functions, gave greater agreement with a broad scatter of
p values. Long et al. and Bellissent went farther, not-
ing that experimental g(r) functions could be reproduced
adequately with atomic models with a random distribu-
tion of dihedral angles.

On the other hand, Robertson and subsequently Lu-
covsky et al. proposed a "narrow" distribution of
the dihedral angles in a-Se based on tight-binding calcu-
lations for ring and chainlike strings of Se atoms. The
energy as a function of p was assumed (without explicit
calculations) to rise rapidly from the crystalline value,
with a torsional barrier of 0.4 eV/atom. Although this
is substantially greater than the experimental value for
homocyclic sulfur rings (0.15—0.2 eV/atom), ~s reasonable
agreement could be obtained with XPS-UPS (Ref. 20)
and infrared spectra of a-Se using a model based on
fixe values of bond length, bond angle, and dihedral an-
gle. Supplemented by a random variation of the sign of
y along chains (no closed rings), this remains a popular
model for a-Se.

Figure 7 confirms that dihedral angle distortions are
much more prominent in a-Se (and 1-Se) than both bond-
angle and bond-length variations. The data support the
hypothesis of Steudel that y can assume all values from
0' to 180, with 90 being the most frequent value. A
prominent maximum at ~yl 90', consistent with all
experimental evidence gathered so far, is clearly visible.
Apart from larger statistical fluctuations due to a much
constrained thermal motion ("freezing out" of dihedral
angle defects), the data at T=350 K show a maximum at
p = 0' that is absent at T=720 K. This can be attributed
to an increase in the number of planar four atom frag-
ments with cis configuration in the disordered Se chains
observed as main constituents (see Sec. III B). Although
a precise number is difIicult to give in a small system, we

estimate that the temporal and number average of dihe-
dral angles ~pl ( 10' is about 5%%uo at T=350 K. We add
that the annealing from 720 K to 350 K is essential to
develop this feature: The instant quench trajectory (see
Sec. II C) shows no indication of that second maximum.

The existence of a second maximum in D(y) near 0'
at low temperatures is consistent with earlier LD calcu-
lations for energy hypersurfaces (T=O) of single S and
Se chains. It was found there that a planar zig-zag
chain geometry represents a shallow local minimum and
saddle point in S and Se~, respectively, energetically
close to the ground state. Unfortunately, these authors
did not consider cis chains with y = 0' and it would
be very interesting to compute relative energies of iso-
lated trans and cis chains with a traditional total-energy
LDA method. On the basis of tight-binding calculations,
YVong et al. concluded that dihedral angle distortions

with p 0' or p 180' are the intrinsic defects respon-
sible for shallow trapping of holes and electrons in a-Se.
Finally, Carroll and Lannin noted the remarkable fact
that the Raman peak at 250 cm due to Se-Se stretch-
ing vibrations broadens with decreasing deposition and
measurement temperature of the a-Se film used. This in-
dicates that D(y) is temperature dependent, and our MD
simulations support this. The broadening of the vs, s,
peak can be explained on the basis of the dependence of
bond distance, bond strength, and force constant on the
dihedral angle associated with the bond. ' A growing
proportion of dihedral angles near zero at lower tempera-
tures will lead to an increase in the number of long, weak
bonds, and the corresponding peak in the Raman spec-
trum broadens. A similar argument has been used with
success to study structures of small S and Se clusters
when single crystals were not available.

Averaging over all five-atom fragments in the MD cell
with no bond longer than 5.2 a.u. , we find that the num-
bers of "ringlike" (dihedral angle phase + —or —+) and
"chainlike" (++ or ——) sequences are equal to within
+5%. This agrees with the random variation in the signs
of the dihedral angles in a-Se suggested by Lucovsky and
tA'ong, but is inconsistent with a significant energy
advantage for the ring-like fragments (0.03 eV/atom) de-
duced from equilibration experiments. However, the
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FIG. 7. computed dihedral angle distribution D(p) for
a-Se and E-Se. D(p) represents the temporal and cell average
for the absolute values of dihedral angles in strings of four
atoms with bonds up to 5.2 a.u. The histograms (redundant
data points are omitted) are normalized to the same arbitrary
number and the lines provided as a guide to the eye.
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analysis of these experiments assumed fixed bond dis-
tances, bond angles, and dihedral angles, while we have
shown that p, in particular, varies much more widely
than often assumed.

B. Microscopic models

We can now assess the validity of models proposed pre-
viously for the disordered phases of Se and outline a new
microscopic picture based on our calculations. For this
purpose, we provide two "snapshots" typical of configu-
rations in our MD simulations at T=350 K and T=720 K
in Figs. 8 and 9, respectively. We show that aspects of
several models can be combined into a single picture.

The early model of Henninger et al. ,
3 though some-

what imprecise and based in part on experimental data
that have not been confirmed, describes the essential
ordering phenomena in a-Se remarkably well. In this
model, amorphous selenium contains chain molecules like
t-Se, but randomly oriented. Significant reduction in
interchain correlations and rotations and stretching of
the intrachain bonds are required to smear out regulari-
ties beyond second neighbors. The primary constituents
of both o,-Se and 8-Se in our calculations are chainlike
molecules with up to 20 atoms, not disordered isolated
rings as suggested by Kaplow et al. The MD cell is
too small to allow us to comment on the average chain
length (believed to be 10 —10 at the melting point)
or to detect small portions of isolated rings in a bath
of chains. Furthermore, the quenching rates are higher
than currently attainable experimentally. Nevertheless,
it is generally agreed that vibration spectra ~ and
solution-extraction experiments ~ virtually exclude an
atomic ring fraction of more than 5%, in accordance
with our calculations. Previous investigators appear to
have favored rings as primary constituents by the "more
molecular" character of a-Se compared with I-Se, by its
reduced interchain correlations, and also by the presence
of fingerprints for rings in the vibration spectra. As dis-
cussed above, neither aspect is inconsistent with a disor-
dered chain model.

Although we rarely observe "isolated" closed rings (i.e. ,

where bonds with d ( 5.2 a.u. are all intramolecular),
this does not rule out closed paths through the branched
network of doubly and triply coordinated Se atoms. An-

alyzing the network structure further (see Figs. 8 and

9), we can determine the size distribution of rings that
form (and disappear) in the course of the simulation.
At T=720 K, closed pathways through the network of
Se atoms lead to variety of ring sizes, notably five, six,
seven, and nine atom rings, the last occurring approxi-
mately twice as often as each of the others. This variety
is reduced at T=350 K, with ring sizes increasing to 6-,
9-, and 11-membered closed paths in an approximate ra-
tio 5:1.5:l. Because of the small unit cell, accurate ring
statistics are not obtainable.

Richter analyzed the the pair distribution func-
tions in various preparations of a-Se and proposed two
models —a-Se(1) and a-Se(II)—containing planar zig-zag

chains (p = 180') with slightly difFerent packings. Short-
ened zig-zag chains were also proposed as main con-
stituents of semiconducting 8-Se. These models are in-
consistent with our dihedral angle distribution (Fig. 7),
and the incorrect conclusions resulted because interchain-
intermolecular distances were mistaken for intramolecu-
lar separations.

Our results support three aspects of the model of
Robertson and Lucovsky and Wong for a-Se: Nar-
row distributions of (a) nearest-neighbor distances and

(b) bond angles, and (c) a random variation of the dihe-
dral angle phases along the primary constituents, mean-
dering chains of Se atoms. As can be seen in Figs. 8 and

9, this can lead to ringlike fragments in the chains. We
do not find the "narrow" distribution of dihedral angles
that is part of their model, and we note that D(y) is the
only quantity discussed so far that changes noticeably
with temperature. Because of the link between dihedral
angles and bond strength (and by that token electronic
structure), empirical interatomic potentials and simple
models for disordered Se cannot be expected to incorpo-
rate the essential dihedral angle behavior reliably.

It is evident that a realistic picture for a- and E-Se
embracing all the above aspects cannot be provided by
any simple model. One important aspect concerns the
behavior of /-Se as "dynamical" (as opposed to purely
Rouse-like) polymer with frequently breaking and re-

forming bonds. Faivre and Gardissat2" pointed out that
their measurements of the viscoelastic properties of Se
can be explained with a combination of Rouse-like and
dynamical behavior. Another aspect not included in any
of the models developed to date is the role played by de-
fects in the disordered phases of Se. Although our fast
quench rate will probably lead to an overestimate of the
(coordination and dihedral angle) defect concentration, a
reasonable description of the microscopic picture emerg-
ing from our calculations would be "branched chains of

. Se atoms with bond distances and angles close to the
crystalline values, and widely varying dihedral angles of
random phase" (see Figs. 8 and 9).

C. Coordination defects in amorphous selenium

The approach to the structure and stability of defects
in a-Se taken here is distinctly different from other meth-
ods commonly employed for that purpose (see, e.g. , Ref.
67). Rather than selecting a limited number of defect ge-
ometries, computing their energies and —in some cases—
relaxing the geometry locally to find the minimum in the
energy surface, we analyze the network structure gener-
ated by the MD simulation at T=350 K for defect types
and geometries. We then quench one configuration to
its closest minimum in EHRI)] to investigate the local
stability of the different coordination defect types and to
remove bonding ambiguities. This approach avoids the
arbitrary selection of defect geometries, but cannot yield
information about defects that are too low in concentra-
tion to occur in the small MD cell or others that might
require a specific annealing procedure.
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FIG. 8. Ball-and-stick model of a typical spatial configuration in amorphous selenium. All a,toms inside the periodically
repeated cube are shown and bonds are drawn between atoms within the cell with separation d & 5.2 a, .u. Threefold coordinated
a.toms are shown in purple, all others in blue. Bonds to atoms in neighboring cells are omitted, so that the number of sticks is
not necessarily a measure of the coordination number.

Among the numerous defect studies in a-Se, the mod-
els developed by Street and Mott, Kastner et al. and
Vanderbilt and Joannopoulos have received consider-
able attention. To explain the presence of localized states
in the band gap, Street and Mott ~ proposed that dan-

gling bonds D generated naturally by breaking bonds

homolytically can lead to charged centers:

2D' D++ D-

(the symbol D denotes a defect without reference to a
particular geometry or coordination). It was assumed
that this reaction is exothermic by means of a substantial
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FIG. 9. Ball-and-stick model of a typical spatial configuration in liquid selenium. Threefold coordinated atoms cluster and

are not as evenly distributed as in Fig. 8.
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phonon contribution. Kastner et al. attempted to ana-
lyze the possible coordination environment and electronic
structure of these defects. From the exothermic nature of
reaction (9), they concluded that all defects generated by
homolytic bond scission will eventually become pairs of
threefold coordinated cations Cs+ and singly coordinated
anions Ci ("valence alternation pairs", VAP's) (C de-
notes a chalcogen atom, and subscripts and superscripts
represent coordination number and charge state, respec-
tively). Most of the Cs+ and Ci were thought to be
bound together to form "intimate" VAP's (IVAP's):

2C2 ~ Cs+ + C, ~ (C+ —C ). (10)

However, from self-consistent total-energy LDA super-
cell calculations employing geometry optimization, Van-
derbilt and Joannopouloss7 showed that reaction (9)
is probably endothermic. As a result, VAP 's will

not be the dominant defect type in a-Se, in spite of
a substantial stabilizing phonon contribution. They
calculated the optimal geometries for three coordi-
nation defect types, Ci, Cio, and Cs+ and found
that Cs and Ci+ relax without barrier to Ci and

Cz+, respectively, when charges are constrained. Us-

ing this information, Steudel proposed that hyper-
valent defects Cg-C& and C40 are the most frequent

types (the superscripts d denote a double bonded pair).

tendency to cluster, with 82% of all threefold atoms oc-
curring in the form of Cs-Cs pairs, 12% as Cs-Ci pairs,
and the remainder as isolated Cs centers. The ratio
G39 —f g33/f

n
g2s —0.42 is considerably larger in

the liquid than that in an ideal gas mixture of N3 three-
fold sites and N2 twofold sites [Xs/Nq ——0.21; r;„=5.2

a.u. , the location of the first minimum in g(i)]. Gs2 also
remains practically constant over the whole E-Se trajec-
tory, making the Cs-Cs pair the dominant defect type.
This specific type of defect pair has not been proposed
previously and has its origin in thermal motion bringing
separate Se chains and chain fragments into such close
proximity that chemical bonding can occur. A similar
linear defect geometry (see below) has been proposed by
Dernbrovsky and Chechetkina under the name "quasi-
molecular defect. " Although an average over the com-
plete trajectory still yields Gs2 = 0.45 (Ns/Nq ——0.22)
in a-Se, with 90% of all threefold atoms in Cs-Cs pairs,
a relaxation process that is slow on our MD time scale
reduces G&2 to 0.24 (57% of all threefold sites in Cs-C3
pairs, 7% in Cs-Ci pairs) in the final 3000 steps of the
trajectory (with Ns/Nq ——0.17). The Cs-Cs pairs break
up, suggesting that a "memory" of the defect states in

CP -CI

Se =Se
—Se Se

Xl
Se—Se

~
Co

"Hypervalency" —or the presence of more than eight
electrons in the chalcogen valence shell —occurs in several
well-known, stable sulfur and selenium compounds (e.g. ,

SeF4 and SeFs), and C40 configurations are plausible re-
action intermediates in reaction (1). Simple electron-pair
counting arguments suggest a pyramidal geometry for Csd

and a pseudo trigonal-bipyramidal geometry for C& (with
one lone pair occupying an equatorial position).

The average defect concentrations shown in Table II for
a-Se do not support the assertions of Kastner et al. 2 and
Steudel. VAP's, IVAP's, and hypervalent defects of the
C3 C] typ e as dominant defects would require approx-
imately equal numbers of onefold and threefold coordi-
nated atoms. However, our MD simulations show roughly
four times as many threefold sites as onefold sites. Fur-
thermore, we rarely observe the Cs-Ci pairing required
by the defect models of Steudel (Cs-Ci) and E&astner et
al (Cs+-Ci, IVA.P).

The defect types occurring in our a-Se and E-Se MD
runs are shown qualitatively in Fig. 10. They com-
prise Cs-Cs and Cs-Ci pairs, isolated Cs and Ci defects
bonded to only twofold coordinated atoms, and a four-
fold C4 defect with a geometry close to the one proposed
by Steudel. In Z-Se, the C3 defects show a pronounced

CI Cp

Cg

FIG. 10. Schematic drawings of the defect types encoun-
tered in the MD simulations. See Table III for geometrical pa-
rameters in the quenched a-Se sample. C denotes chalcogen
atoms and subscripts the corresponding coordination num-
bers.
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TABLE III. Geometrical parameters for the defect types encountered in the MD simulations of
a-Se after quenching to T=O (see Fig. 10 and the discussion in Sec. III C). Bond distances d, ~ are

in A, bond angles n;zq in degrees. Three diferent geometries (a.), (b), and (c) are shown for the
isolated C3 defect.

d13

d15
d45

d46

2.30
2.48
2.61

2.42
2.50

2.38
2.59
2.31

2.36

&s(a)

2.75
2.52
2.47

Cs(b)

2.49
2.40
2.47

Cs (c)
2.51
2.30
2.66

2.49
2.62
2.49
2.41

314
213

215
641
541
O'645

O'415

105
119
97

113
71
109

110
118
164
69

104
108
74

90
98
94

76
174
98
75

126

the liquid was retained in the amorphous sample due to
the short time scale currently attainable with the MD-DF
method. We expect isolated C3 sites to become eventu-
ally the dominant defect type in a-Se, an assertion that
is further supported by the following quench to T = 0.

Since the defect geometries we observe during the
T=350 K MD run are subject to thermal distortions, we

have quenched the system to the next local minimum in

E[(g,), (Rl)] at the end of that trajectory, lowering the
total energy E of the system by 3.1 eV. While all the
defect types discussed above are locally stable, the defect
concentrations decrease significantly from their values in

and a-S-e, with 3%, 9%%uo, and 2% of the atoms onefold,
threefold, and fourfold coordinated. The isolated C3 site
is the prevailing species (50% of all threefold sites) and
the proportion of C3-C3 and C3-Cq pairs becomes smaller
(33% and 17%, respectively, of all threefold sites). In Ta-
ble III we show the geometrical parameters for the defects
that are locally stable in the quenched sample. All show
a lack of symmetry due to the constraints imposed by
the surrounding amorphous network. The geometries of
the Cs (pyramidal) and Ct defects are similar to those
found by Vanderbilt and Joannopoulos. As was sus-
pected from the bond-angle distribution functions (see
Sec. III A), two qualitatively different Cs geometries ex-
ist: A T-shaped one with. bond angles close to 90' and
180' in the Cs-Cs pair (atoms 1, 4, 5, and 6 in I"ig. 10)
and pyramidal arrangements in the other cases. The C4
defect has a geometry very close to the pseudo-trigonal-
bipyramid suggested by Steudel.

IV. CONCLUSIONS

We have described extensive MD simulations of amor-
phous and liquid selenium at 350 K and 720 I4, respec-

tively. The energy surfaces and forces are calculated us-
ing the density-functional formalism, with a local-density
approximation for the exchange-correlation energy. This
approach is free of the adjustable parameters common in
MD calculations and has provided previously an accurate
description of the structures of small Se clusters. The re-
sult, s for the extended systems are in close agreement with
experimental data where available, and provide interest-
ing information about the microscopic structure that is
currently inaccessible to measurement. This is particu-
larly true for the defects in the disordered systems.

The dihedral angle, one of the quantities about which
little experimental information is available, plays a cen-
tral role in our discussion of the structures. In our
view, both amorphous and liquid selenium can be viewed
as branched chains of atoms of considerable complexity,
with bond lengths and angles close to the crystalline val-
ues and with widely varying dihedral angles of random
phase. The importance of higher-order correlations (four-
and five-body corresponding to the dihedral angle and its
phase, respectively) shows the limitations to be expected
from fitted potential forms, such as those that focus on
two- and three-body correlations.

The fast annealing procedure required by the current;
implementation of MD-DF is an advantage for study-
ing defects, since we generate significant defect numbers
even in a small unit cell ~ Although the concentrations of
the various defect types encountered are probably higher
than in experiment, the computed geometries should be
reliable. The present MD simulation does not support
previous assertions that VAP's Cs+-C~ or doubly bonded
hypervalent pairs C3-C& are the dominant defect types in
a-Se. Instead we find single threefold coordinated atoms
C3 to be the most promising candidates, leading to oc-
casional chain branching. In the semiconducting liquid
phase, the C3 atoms form clusters.
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