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Semiconductor glasses exhibit many unique optical and electronic anomalies. We have put forth a
semiphenomenological scenario [A. Zhugayevych and V. Lubchenko, J. Chem. Phys. 133, 234504
(2010)] in which several of these anomalies arise from deep midgap electronic states residing on
high-strain regions intrinsic to the activated transport above the glass transition. Here we demon-
strate at the molecular level how this scenario is realized in an important class of semiconductor
glasses, namely chalcogen and pnictogen containing alloys. Both the glass itself and the intrinsic
electronic midgap states emerge as a result of the formation of a network composed of σ -bonded
atomic p-orbitals that are only weakly hybridized. Despite a large number of weak bonds, these
ppσ -networks are stable with respect to competing types of bonding, while exhibiting a high degree
of structural degeneracy. The stability is rationalized with the help of a hereby proposed structural
model, by which ppσ -networks are symmetry-broken and distorted versions of a high symmetry
structure. The latter structure exhibits exact octahedral coordination and is fully covalently bonded.
The present approach provides a microscopic route to a fully consistent description of the elec-
tronic and structural excitations in vitreous semiconductors. © 2010 American Institute of Physics.
[doi:10.1063/1.3511707]

I. INTRODUCTION

The electronic and structural excitations in amorphous
semiconductors, and the interplay of these excitations,
have evaded a self-consistent first-principles description for
decades. Amorphous semiconductors1–4 are important both
in applications, e.g., as phase change materials,5, 6 and from
the basic viewpoint. The electronic structure in a disordered
lattice is fundamentally different from the venerable Bloch
picture of continuous bands of allowed states separated by
strictly forbidden gaps, as would be applicable in periodic
solids. Although a result of multiple electron scattering,
the presence of such forbidden gaps in periodic solids is
also consistent with their energetic stability in that such
gaps usually imply stabilized occupied orbitals. In contrast,
in a disordered lattice, strict gaps in the density of states
are not a priori allowed. Yet the electronic orbitals can
still be subdivided in two relatively distinct classes7–10 (a)
extended states, in which electrons move as well-defined
wave-packets and (b) localized states, whose density decays
nearly exponentially away from mobility bands. Despite the
many successes in applying these ideas semiphenomeno-
logically, developing a first-principles description, in which
a realistically stable aperiodic lattice and mobility gaps
emerge self-consistently,11, 12 has been difficult.13 Further
compounding this difficulty, several electronic and optical
peculiarities of disordered semiconductors indicate that there
are effects of disorder beyond those generically expected of
a mechanically stable disordered lattice.

a)Author to whom correspondence should be addressed. Electronic mail:
vas@uh.edu.

We have argued14 that, instead, it is not the aperiod-
icity alone, but the intrinsic metastability of semiconductor
glasses that leads to many unique properties of these dis-
ordered solids. A glass is made by thermally quenching a
supercooled liquid at a rate exceeding the typical liquid re-
laxation rate. A supercooled liquid can be thought of as an
aperiodic crystal characterized by myriad low free energy
configurations that are nearly degenerate. Molecular motions
in the liquid occur via local activated transitions between
these low free energy configurations,15–17 which are accom-
panied by the creation of high-strain interfacial regions sep-
arating the configurations. The interfaces are intrinsic to the
activated dynamics; their concentration, for a given quenched
glass, depends (logarithmically slow) only on the time scale
of the glass transition, i.e., the quench speed. According to the
random first order transition theory of the glass transition,15–18

this concentration just above the glass transition temperature
on 1 h scale, Tg , is generically about ξ−3 � 1020 cm−3, within
an order of magnitude or so, depending on the specific sub-
stance. The parameter ξ denotes the cooperativity length for
activated reconfigurations.

Our results indicate14 that the high-strain regions that
form when the amorphous material is made may host deep
midgap electronic states of topological origin, which are cen-
tered on over- and under-coordinated atoms. These states
share several characteristics with the midgap electronic states
in trans-polyacetylene, which are centered on defects in the
perfect alternation pattern of the double and single bonds
along the polymer chains.19 Using a semiphenomenologi-
cal, coarse-grained Hamiltonian, we have established the spa-
tial and charge characteristics of the interface-based midgap

0021-9606/2010/133(23)/234503/16/$30.00 © 2010 American Institute of Physics133, 234503-1

Downloaded 28 Dec 2010 to 129.7.62.122. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/about/rights_and_permissions

http://dx.doi.org/10.1063/1.3511707
http://dx.doi.org/10.1063/1.3511707
http://dx.doi.org/10.1063/1.3511707
mailto: vas@uh.edu


234503-2 A. Zhugayevych and V. Lubchenko J. Chem. Phys. 133, 234503 (2010)

states in nonpolymeric glasses. We further concluded, based
on the internal consistency of the description, that the states
should be present only in a limited class of glasses that
satisfy the following requirements: The bonding should ex-
hibit inhomogeneous saturation so that the transfer integrals,
t, in the electronic effective tight-binding (TB) Hamiltonian
H = ∑

i εi c
†
i ci + ∑

〈i j〉 ti j c
†
i c j should uniformly exhibit spa-

tial variation. Nevertheless, the magnitude of the variation
should be modest:14

|t ′/t | � 0.5, (1)

where t and t ′ denote the upper and lower limits of the vari-
ation range. More detailed estimates20 indicate that the lower
limit on the t ′/t ratio is probably smaller, i.e., 0.3 or so. Fi-
nally, the spatial variation δε in electronegativity should not
be too large:

|δε| < |t − t ′|, (2)

thus implying the material is a semiconductor, since the trans-
fer integral t is at most a few eV. Of nonpolymeric materials,
only certain chalcogen- and pnictogen-containing glasses ap-
pear to satisfy all of these requirements. On the other hand,
these amorphous arsenic chalcogenides and similar materials
do indeed exhibit several electronic and optical anomalies that
could be accounted for by the interface-based states, in a uni-
fied fashion.14 These anomalies include light-induced elec-
tron spin resonance (ESR) and midgap absorption,21, 22 two
types of photoluminescence,23 and field-induced ultrasonic
attenuation.24 Thus general arguments, on the one hand, and
observation, on the other, seem to converge on the unique-
ness of chalcogenide and pnictide glasses with regard to
their potential ability to host topological midgap states. De-
spite this remarkable convergence, the currently available ev-
idence for the unique interplay between electronic excitations
and the metastability in those glasses must be regarded as
circumstantial.

The purpose of the present effort is to test the conclusions
of the semiphenomenological analysis from Ref. 14 directly,
based on the local chemistry specific to amorphous chalco-
genide and pnictide alloys. Our basic hypothesis for the origin
of the topological midgap states in the semiconductor glasses
is that these glasses represent aperiodic networks of σ -bonded
p-orbitals that are only weakly hybridized, as in Fig. 1.
These networks exhibit a relatively small number of intrinsic
over- and under-coordinated vertices. The latter are, in fact,
responsible for both the midgap states and the transition state
configurations intrinsic to molecular transport in the quenched
melts. In testing this hypothesis, we face the deeper question
of the actual stability of aperiodic ppσ -bonded networks. Ex-
periment shows (see below) that the enthalpy excess of a glass
relative to the corresponding crystal is less than the typical vi-
brational energy, i.e., a small fraction—one percent or so—of
the total bonding energy. In other words, despite their ape-
riodicity, glasses are nearly defect-free structures, consistent
with their bulk stability, both mechanical and thermodynamic.
This observation is in conflict with a common view of glasses
as a reconstructed—but otherwise arbitrary—array of malco-
ordinated configurations and other local defects, such as va-
cancies. This common view would imply excess enthalpies of
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FIG. 1. Structure of rhombohedral arsenic as an example of the ppσ -bonded
network. The solid lines denote regular covalent bonds that connect the cen-
tral atom with the nearest neighbors, bond length d. The dashed line denote
the weaker, secondary bonds connecting the central atom with its next nearest
neighbors, bond length d ′. Angles β < 180◦ and α �= 90◦ reflect the devia-
tion from ideal octahedral coordination. These particular crystal fragment and
view are based on Fig. 1 of Shang et al. (Ref. 25).

the order of eV per several atoms while avoiding to address
the mechanism of transport in the melt.

In the present and companion article,20 we test the
hereby proposed microscopic picture in two relatively sepa-
rate stages. The present article is devoted to the first stage,
in which we argue that ppσ -networks can represent the
quenched liquid and frozen glass forms of these substances in
the first place. We will make a case that (a) such networks are
stable against other types of bonding in a rather large class
of amorphous compounds containing elements from groups
15 and 16, and (b) despite their relative stability, aperiodic
ppσ networks are multiply degenerate, as are the actual liq-
uids and glasses in question. The present work thus contains,
to our knowledge, the first chemical bonding theory of a bulk
glass.

The article is organized as follows. In Sec. II, we dis-
cuss in detail several key features of ppσ networks, includ-
ing their spatial nonuniformity and a hierarchy of bonding,
from strictly covalent to weaker “secondary” to weaker yet
van der Waals. Despite the presence of such weak bonds, the
ppσ networks are stable. To trace the origin of this stability,
we formulate a structural model in Sec. III, by which both
periodic and aperiodic ppσ -networks are symmetry-broken
versions of a highly symmetric, strongly bonded structure.
This view is similar, but distinct from the common view of
many elemental solids as Peierls distorted simple-cubic (sc)
lattices.26 The symmetry breaking is driven by several com-
peting interactions, including in particular sp-mixing; these,
nevertheless, are only strong enough to perturb but not qual-
itatively modify the basic ppσ bonding. We will verify that
the resulting aperiodic ppσ -bonded lattice satisfies the three
requirements for the existence of the topological states listed
above. Importantly, this lattice will be argued to exhibit mul-
tiply degenerate configurations that differ by precise coordi-
nation of individual atoms, consistent with the possibility of
activated transport in the corresponding quenched melts. The
precise degree of degeneracy and the possibility of activated
transport are both intimately related to the questions of the
concentration of the corresponding transition-state configura-
tions in the melt and the accompanying electronic excitations.
The latter questions are analyzed in the companion article.20
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II. pp σ -BONDED SEMICONDUCTORS: THE ROLE OF
THE SECONDARY pp σ -INTERACTION

The goal of this Section is to provide a detailed de-
scription of ppσ -networks in pnictides and chalcogenides,
as arising from sigma-bonding between p-orbitals that are
only weakly sp–hybridized. Such a description is necessitated
by the lack of systematic comparative studies of the elec-
tronic properties of chalcogenide and pnictide alloys, even
though their structure itself has received much attention.3, 27

The ppσ -bonding emerges subject to competition from other
types of local ordering. The presence of several competing
types of local ordering in chalcogenides is evidenced by their
broad range of structural and electronic properties, as could
be seen by comparing, e.g., As2Se3

28 and GeSe2.29 While the
former exhibits a distorted octahedral coordination and well
separated s and p bands, the latter displays tetrahedral order-
ing and overlapping sets of s and p orbitals. At the same time,
the two substances exhibit opposite trends in terms of intrin-
sic and light-induced ESR response.21, 22, 30, 31 Such simulta-
neous trends are particularly vivid in the Gex Se1−x series32

for 1/3 < x < 1/2, which exhibit coordination ranging from
tetrahedral (smaller x) to distorted octahedral (larger x). In
this series, the octahedral ordering seems to correlate with the
separation between s and p bands33, 34 and light-induced ESR,
and anticorrelate with the presence of unpaired spins31 and
the glassforming ability.35 Vice versa, the tetrahedral bonding
exhibits the opposite trend.

When sp-hybridization is weak, each atom exhibits a dis-
torted octahedral coordination, as exemplified in Fig. 1: Two
or three nearest neighbors are situated at the distance of the
regular covalent bond in an almost right-angled geometry. Op-
posite to each of these covalently bonded neighbors, there is
an atom at a distance that exceeds the sum of the correspond-
ing covalent radii, but is closer than the sum of the corre-
sponding van der Waals radii.36 Crystalline As, Se, As2Se3,
GeSe are typical examples of this type of coordination. It is
appropriate to think of crystals that exhibit distorted octahe-
dral coordination not as fully covalently bonded, but as net-
works consisting partially of fully covalent bonds and weaker,
closed-shell interactions. In the physics literature, it is cus-
tomary to call the stronger bonds “front bonds” and to call
the weaker bonds “back bonds.”37–39 Because the back bonds
formally correspond to closed-shell interactions, chemists call
them secondary bonds,40–43 or donor–acceptor interactions,44

or, sometimes, hypervalent or three-center bonds, where the
distinction is only quantitative, if any.42 Importantly, the
secondary bonds are stronger than van der Waals interac-
tion and are directional, similarly to their strictly covalent
counterparts.40 We will see that, in fact, the distinction be-
tween the secondary and covalent bonds in ppσ -networks is
not sharp. A common example of the coexistence of cova-
lent and secondary bonding is crystalline As2Se3, which con-
sists of puckered layers of AsSe3 pyramids, see also Figs. 7–9
below, whereby the layers are only loosely bonded. The
pyramids are made of the stronger, covalent bonds, while the
secondary ppσ -interaction accounts for the rest of the in-
tralayer bonding, see Fig. 2. The interlayer secondary bonds
are even weaker; nevertheless they have been argued to be as

FIG. 2. A fragment of the As2Se3 crystal. The secondary bond between As1
and Se1 is shown with a thin solid line. The deviation from the strict octahe-
dral coordination is reflected in different values of covalent and secondary
bond strengths: t ′σ /tσ = 0.44 < 1, a deviation from their strict alignment
�β = 180◦ − β = 21◦, and bond elongation relative to the sum of the co-
valent radii: δd = +0.07 Å, δd ′ = +0.9 Å. The notations are the same as in
Fig. 1.

strong as 0.3 eV in As2Se3,45 i.e., significantly stronger than
a typical van der Waals-like bond.

Despite thousands of documented instances of secondary
bonding and the similarity in its properties across a broad
spectrum of compounds,41, 42, 44 both the mechanism and
quantitative description of this type of bonding still appear
to be a subject of debate.41 Without claiming full general-
ity, here we will presume the existence and universality of
secondary bonds based on those myriad documented cases.
The energetic and spatial characteristics of these bonds will
be treated empirically, using tight-binding (TB) formalism.
Such an approach is controllable insofar as the substances
in question are insulators or poor conductors since under
these circumstances,46 both localized, Wannier-like and the
delocalized Mulliken–Hund orbitals form a complete set
of electronic wave-functions. Consistent with the closed-
shell character of the secondary bonding, the TB expression
for the corresponding binding energy contains exclusively
interaction between occupied and unoccupied orbitals of the
constituent molecules. Indeed, a one-electron Hamiltonian
that describes the interaction of two molecules, A and B, can
be written as a block matrix, where the ket corresponding to
the wave-function is a vertical stack of the kets pertaining to
molecules A and B:

H =
(
HA V +

V HB

)
, |ψ〉 =

( |ψA〉
|ψB〉

)
. (3)

Matrices HAand HB are the Hamiltonians of the isolated
molecules A and B, while V contains the correspond-
ing transfer integrals. According to the standard perturba-
tive expression,47 the binding energy of two closed-shell
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TABLE I. Transfer integrals (in eV) in particular crystalline forms of sev-
eral elements often present in chalcogenide alloys (Ref. 39). All integrals
are for the nearest neighbors, except t ′σ . In tss and tsp , the subscripts indi-
cate the constituent orbitals. Here, tσ and t ′σ denote the transfer integrals for
the covalent and secondary ppσ bonds, and tπ for the ppπ interaction. A
graphical summary of the transfer integral definitions is given in Fig. 11(a),
see also p. 23 of Ref. 37.

−tss tsp tσ t ′σ −tπ Reference structure

Ge 1.70 2.36 2.56 Negligible 0.67 Diamond-Ge
As 1.17 1.60 3.10 1.66 0.79 α-As
Se 1.11 2.10 3.37 0.64 0.92 Trigonal-Se

molecules A and B, Ebind ≡ EAB
tot − EA

tot − EB
tot reads:

Ebind ≈ 2

{
Aocc∑

n

Bunocc∑
m

−
Aunocc∑

n

Bocc∑
m

}
|Vnm |2

EA
n − EB

m

, (4)

where HA|ψA
n 〉 = EA

n |ψA
n 〉 and HB|ψB

n 〉 = EB
n |ψB

n 〉. Labels
“occ” (“unocc”) denote summation over occupied (unoccu-
pied) orbitals of the molecules A and B.

Now, the precise geometry of the ppσ -network is
subject to several competing interactions, combined with
the precise stoichiometry and other many body effects: the
ppσ -interaction, sp-mixing, and ppπ -interaction, such as of-
ten found in conjugated polymers. (See Harrison37 for an in-
troduction to tight-binding methods.) All these interactions
have comparable strength as can be inferred from the values of
the corresponding electron transfer integrals. Table I compiles
the values of these transfer integrals for important represen-
tatives from groups 14, 15, and 16. Elements of these groups
are of particular interest in the context of amorphous semicon-
ductors, because of comparable electronegativity and suitable
valency, of course. The close magnitude of the listed compet-
ing interactions implies that the local order, which in turn is
strongly affected by the stoichiometry, plays a crucial role in
determining which interaction will ultimately dominate.

One may list several complementary ways to establish the
presence and significance of ppσ -bonding. A ppσ -network
reveals itself structurally in a weak deviation from the octahe-
dral coordination. In addition to a nearly right-angled geom-
etry, the disparity between the lengths of the secondary and
covalent bonds should be modest. In the latter case, the ra-
tio of the corresponding transfer integrals, t ′

σ /tσ , is not too
small, implying a relatively uniform, stable network. Further-
more, in view of a nearly universal relation −tπ/tσ � 1/4,
Ref. 48, a large enough value of t ′

σ /tσ automatically guaran-
tees that the effect of ppπ interactions on the geometry is
small. On the other hand, when sp mixing is weak and lit-
tle ss bonding is present, the top of the valence band con-
sists primarily of p-orbitals, while the s and p subbands are
relatively well separated. Indeed, consider for the sake of ar-
gument two identical centers, each having one s and p or-
bital and three electrons. The p-orbitals are aligned. Within
the second order in the sp-mixing, the one-electron ener-
gies of the four resulting molecular orbitals are given by
εs ∓ tss − t2

sp[εp − εs ± (tσ + tss)]−1 for the ssσ bond and
εp ± tσ + t2

sp[εp − εs ± (tσ + tss)]−1 for the ppσ bond. If the
s and p orbitals are sufficiently separated in energy, it follows

automatically that (a) the centers are ppσ -bonded and (b) the
effect of the sp-mixing on the ppσ transfer integral of the
bond is small: tsp/

√
tσ (εp − εs) < 1. A combination of the

photoemission spectra with tight-binding calculations, using
the known crystal structures, strongly suggests that exactly
this type of bonding occurs in the crystals of several archety-
pal chalcogenides: As2S3, As2Se3, and As2Te3.49

In Table II, we compile data on the deviation from
the ideal octahedral coordination and the corresponding
ppσ transfer integrals, in several distinct compositions and
stoichiometries characteristic of common chalcogenide and
pnictide alloys. One observes that a high value of t ′

σ /tσ is
indeed characteristic of ppσ -bonded materials, whereby the
angular deviation from the ideal coordination does not exceed
10◦. Conversely, a large value of the t ′

σ /tσ ratio, alone, is of-
ten a good predictor of ppσ -networking. Note also a subtle,
but nevertheless significant trend that in such a network, the
stronger bonds are somewhat longer than the sum of the cova-
lent radii. Furthermore, this deviation is the more significant,
the shorter—and hence stronger—are the secondary bonds.
This anticorrelation is a telltale sign of “trans-influence”42 in
which the weaker bonded atom donates electrons into anti-
bonding orbitals of the stronger bond, a common feature with
secondary and donor–acceptor interactions. For the trans-
influence to take place, it is essential that the counterpart co-
valent and secondary bonds be in a near linear geometry so
that the antibonding orbital on the stronger bond overlap sig-
nificantly with the bonding orbital on the secondary bond.40

Note that tight-binding descriptions are consistent with the
trans-influence. Indeed, we show in Appendix B that the bond
order65 for the AB dimer from Eq. (4) is approximately given
by the expression

bAB ≈ 4

{
Aocc∑

n

Bunocc∑
m

+
Aunocc∑

n

Bocc∑
m

}
|Vnm |2(

EA
n − EB

m

)2 . (5)

The first (second) double sum is twice the occupation of the
antibonding orbitals of molecule B (A), as donated by the
bonding orbitals of A (B), consistent with the donor–acceptor
nature of the secondary bond. Alternatively, according to
Eq. (4), the bond order strongly correlates with the binding
energy. Since the sum of the bond orders on a given atom
equals to the atom’s valency, stronger secondary bonds imply
weaker counterpart covalent bonds.

We should point out that a large value of the t ′
σ /tσ ra-

tio and the perfect octahedral coordination, separately or to-
gether, are often indicative but do not guarantee that the
ppσ -bonding is the main contributor to the lattice stabiliza-
tion. An obvious counterexample is provided by ionic com-
pounds with the rocksalt structure, which exhibit the per-
fect octahedral coordination. Incidentally, using stoichiome-
try to impose a (distorted) rocksalt structure is not guaran-
teed to produce a ppσ -network either. For instance, whereas
GeSe does indeed exhibit distorted octahedral coordination,
AsSe forms a molecular crystal composed of As4Se4 units,
whose symmetry is incompatible with uniform octahedral co-
ordination, despite relatively strong secondary bonding, see
Table II and the Supplemental Material.116 Finally, other com-
peting types of local order are present in solids formed by
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TABLE II. Geometry (notations from Fig. 1) and tight-binding parameters of representative compounds in crystalline form. Lower entries correspond to
progressively weaker ppσ -bonding. Here, ᾱ is the average bond angle (hybridization), ε is the half-difference in absolute electronegativities, �d and �d ′ are
the deviations of covalent and secondary bond lengths from the sum of the covalent radii, �β = 180 − β is the deviation from a linear geometry, t ′σ /tσ is the
ratio of ppσ integrals for secondary and covalent bonds. Crystallographic abbreviations: h – hexagonal, m – monoclinic, o – orthorhombic, r – rhombohedral,
t – trigonal. The computational details are given in Appendix A.

Crystal and Ref. ᾱ,◦ ε,eV �d,Å �d ′,Å �β,◦ t ′σ /tσ

Strong ppσ -secondary bonding/hypervalency
As2Te3 50 90.8 0.1 0.1–0.4 0.4–1.2 3–21 0.4–0.9

r-As (51) 96.7 0 0.12 0.7 16 0.65

Moderate ppσ -secondary bonding

o-As (52) 97.0 0 0.09 0.9 14 0.5
GeSe (53) 97.0 0.7 0.18 0.9 17 0.5
t-Se at 5 GPa (54) 104.7 0 0.05 0.8 15 0.45
As2Se3 (55) 97.5 0.3 0.02–0.08 0.9–1.4 10–20 0.2–0.4
As4Se4 (56) 98.4 0.3 −0.04+0.11 1.1–1.5 2–15 0.2–0.4
t-Se at 0 GPa (54) 103.1 0 0.03 1.1 19 0.3
r-Se (57) 101.1 0 0.02 1.1 9 0.3
Br at 5 K (58) – 0 0.02 1.0 10 0.3
Br at 250 K (58) – 0 0.01 1.1 10 0.3
α-m-Se (59) 105.6 0 0.00 � 1.1 – �0.2

As2O3 (As) (60) 96.5 1.1 0.0–0.1 1.2 23 0.3
AsBr3 (As) (61) 99.0 1.1 −0.1+0.1 1.6 11 0.2

sp3-bonding

GeSe2 (Ge) (62) 109.4 0.7 −0.06–0.03 �1.3 8 <0.3
h-Ge (63) 109.4 0 −0.03 1.6 0 0.2
diamond-Ge (64) 109.5 0 0 2.2 30 0.1

the elements from groups 14–16. For instance, in GeSe2 the
coordination of Ge atoms is tetrahedral, see Table II. El-
emental phosphorus and sulfur at ambient conditions exist
as molecular crystals made of tetraphosphorus P4 and oc-
tasulphur S8, respectively, that show no signs of octahedral
coordination.

Apart from the stoichiometry and peculiar types of
local ordering, the actual degree of stabilization of the
ppσ -network crucially depends on the strength of the sec-
ondary bonds since they account for at least a half of the total
bonds. We are not aware of systematic ab initio studies of the
dependence of the strength of these bonds on the bond length
and the deviation from the precise octahedral coordination,
in a crystal. Such studies are understandably difficult, as the
actual chalcogenide crystal structures exhibiting this type of
bonding are very complicated. For instance, the unit cell of
As2Se3 has 20 atoms.45 Despite these complications, it is pos-
sible to obtain an accurate estimate of the strength of ppσ sec-
ondary bonding in semiconductors by analyzing the simplest
possible micro- and macromolecular systems that exhibit this
type of bonding, i.e., dimers of diatomic halogen molecules
and halogen crystals, respectively. Specifically, bromine is an
appropriate example, because the elements of interest are lo-
cated in periods three through five. The ground state geometry
of the bromine dimer is shown in Fig. 3. Here the ppσ molec-
ular orbital of the lhs molecule is mixed with the in-plane ppπ

molecular orbitals of the rhs molecule, as can be seen directly
in the electronic density distribution in Fig. 3. Consistent with
this mixing, the strength of the ppσ secondary bond between

the bromine molecules exceeds 0.3 eV, i.e., significantly more
than expected of a typical van der Waals bond. According to
the estimates on a variety of pseudo-dimer structures by An-
derson et al.67, the strength of the secondary bonding, relative
to the covalent bonding, decreases toward the rhs in each pe-
riod. The above figure for the binding energy of the bromine
dimer, thus, gives us a secure lower bound on the strength of
a secondary bond, consistent with the data in Table II. Fur-
thermore, bromine crystals are comprised of layers in which
Br2 units are arranged in nearly the same geometry as in the

3.32 Å2.296 Å

2.287 Å
90.3°

177.3°

FIG. 3. A dimer of Br2 molecules. The geometry is optimized at the MP2
level, using the program FIREFLY (Ref. 66) with aug-cc-pVTZ basis set and
RHF wave-function. The gray shapes show the lowest energy molecular or-
bital consisting of the valence p orbitals of the Br2 molecules (61st MO,
Table V in Appendix B), see also the MO diagram in Fig. 12. The two hues
reflect the sign of the wave-function. The computational details are provided
in Appendix B.
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ground state of an isolated pair of Br2 molecules, see Supple-
mentary Material.116

III. ppσ -NETWORKS AS SYMMETRY-BROKEN
STATES

Here we propose a specific structural model of
ppσ -network formation, both periodic and aperiodic, and ar-
gue that aperiodic ppσ -networks are consistent with (a) the
structural degeneracy of the corresponding solid and (b)
the restrictions on the magnitude of the spatial variation of
the electronic transfer integral from Eq. (1) derived in Ref. 14.

In liquids and glasses, the first coordination shell is de-
termined by the stronger bonds and is very similar to the first
coordination shell in the corresponding crystals.69–71 Much
less is known about the precise configurations of the weaker-
bonded, next-nearest neighbors. A useful cue is provided
by the observation that the crystalline photoemission spec-
tra of several archetypal ppσ -bonded chalcogenides—As2S3,
As2Se3, and As2Te3

49, 72 are very similar to their amorphous
counterparts. In this and in Sec. IV, we argue that, indeed, the
local interactions specific to ppσ -bonded glasses are of the
same origin as in the corresponding crystals: In both cases,
the local structures result from a symmetry-lowering transi-
tion from the perfect octahedral coordination and thus are
comparably stable. The main corollary of this inference is
that a supercooled liquid or quenched glass can be sufficiently
stabilized by the ppσ -network alone. The key distinction be-
tween the crystal and glass is that owing to its aperiodicity,
the glass is necessarily structurally degenerate.

Let us begin with crystals. It is long appreciated36, 73–75

that the structures of many polymorphs of elemental pnicto-
gens, chalcogens, and halogens can be regarded as distorted
sc, with the exception of several of the lightest elements,
such as nitrogen or oxygen, which form molecular crystals.
Upon increasing pressure to several tens of GPa, the struc-
tures approach the ideal octahedral coordination, while phos-
phorus and arsenic actually exhibit a continuous transition to
the simple cubic structure (Ref. 76 and references therein).
Specifically in arsenic, which is rhombohedral (A7) at ambi-
ent conditions, as the bond angles approach the right-angled
geometry, the ratio of bond lengths of the nearest to the
next nearest neighbor grows.68 These two bond types cor-
respond to the covalent and secondary bonds respectively.
In the vicinity of the transition, the covalent bond increases
in length, while the secondary bond continues to shorten,68

see Fig. 4. Landrum and Hoffmann provide correlation data
on thousands of pnictogen and chalcogen compounds that
clearly demonstrate similar trans-influence between the cova-
lent and secondary bonds,42 see inset of Fig. 4. The molec-
ular fragments in question are of the type X–Q–X, where
Q = Sb, Te and X = F, Cl, Br, I. Note the correlation
in the inset of Fig. 4 pertains to valencies 3 (2) for Sb
(Te). The combined view of Fig. 4 implies that the dis-
tinction between the covalent and secondary bonds is not
sharp, but is subject to precise local coordination and/or
bond tension. In the strict sc limit, both the secondary and
covalent bonds become equivalent and should be regarded
as fully covalent, albeit hypervalent.43 Similarly in halide
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FIG. 4. Pressure dependence of the lengths of the covalent (d) and secondary
(d ′) bond in rhombohedral arsenic, after Silas et al. (Ref. 68). At a critical
pressure, of about 101 GPa, the lattice becomes simple cubic, while the two
types of bonds become equivalent. In the inset, we replot the framed region
with d as a function of d ′ and the pressure as a dummy parameter. The result-
ing dependence illustrates the trans-influence of the covalent and secondary
bonds, cf. Figs. 1 and 2 of Landrum and Hoffmann (Ref. 42).

crystals, each ppσ -bonded layer transforms into a square lat-
tice at a sufficiently high pressure (80 GPa for bromine75).
Isovalent binary compounds AIVBVI transform into the sim-
ple cubic structure not only upon increasing pressure, but also
upon increasing the temperature.77

To rationalize these observations, we hereby propose the
following structural model, which draws heavily on Burdett
and co-workers’ view of the structure of rhombohedral ar-
senic, black phosphorus and other compounds,78, 79 see Fig. 5.
Place the atoms at the vertices of the cubic lattice, so that each
atom is exactly octahedrally coordinated and the p orbitals
are aligned with the principal axes. All atoms are linked, the
links corresponding to bonds. Remove links so that each atom
obeys the octet rule, while making sure the remaining bonds
on each vertex are at 90◦, not at 180◦. This procedure could
be interpreted as adding electrons to a rocksalt-like compound
while breaking bonds, whereby each filled antibonding or-
bital transforms into a lone pair of electrons pointing away
from the remaining bonds.78 As a result, each pnictogen and
chalcogen, for instance, will be three- and two-coordinated
respectively, whereby all links pointing from an atom are at
right angles. We call the resulting lattice the “parent struc-
ture.” Third, estimate the energy of the resulting parent struc-
ture, using a tight-binding Hamiltonian, while assuming that
the transfer integrals are significant only for the linked atoms.
Now, those bond-breaking patterns that have a particular low
energy are special. One should expect that to these special
structures, there correspond crystals of actual substances that
exhibit a distorted octahedral coordination, in which the co-
valent bonds will precisely correspond to the links, while
the missing links correspond to secondary bonds or weaker,
van der Waals interactions. For instance, Burdett and McLar-
nan have shown there are 36 inequivalent ways to arrange
three-coordinated atoms on the cubic lattice with a repeat
unit of size 2 × 2 × 2. Two of the structures correspond to
the lattices of black phosphorus and rhombohedral arsenic.78

In actual materials, both of these lattices consist of dou-
ble layers that are buckled and mutually shifted, compared
with the parent simple cubic structure. Other specific exam-
ples can be found in Refs. 78, 79, and 80. It is understood
that although the simple cubic lattice is a convenient parent
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(a) (b)

FIG. 5. Parent structures of the crystals of (a) elemental arsenic and (b) black
phosphorus, after Burdett and McLarnan (Ref. 78).

structure for many compounds, it is by no means unique in
this regard. For instance, Albright et al.81 mention two ad-
ditional formal ways to obtain the arsenic structure, i.e., by
adding two electrons per atom to wurzite ZnS or by pucker-
ing graphite sheets. Yet what distinguishes the sc-like parent
structure is that, like the actual material, it is ppσ -bonded,
whereas the orbitals in the wurzite and graphite structures
are sp3 and sp2 hybridized, respectively. We point out that
IV–VI compounds that are isoelectronic with arsenic can be
obtained from the parent structures of arsenic or phosphorus,
see Fig. 6. Finally, note that the above rules for bond place-
ment, i.e., three-coordinated pnictogens and two-coordinated
chalcogens with right angles between bonds, can be formally
regarded as a subcase of the 64-vertex model,82 which is the
3D generalization of the venerable six-vertex model of ice and
eight-vertex model of antiferroelectrics.83 In the present case,
eight configurations on pnictogen vertices and 12 configura-
tions on chalcogen vertices have finite energies, while the rest
are infinitely costly. This analogy implies that the proposed
model is generalizable to more complicated coordinations by
assigning finite energies to the latter.

The present structural model can be formulated for stoi-
chiometries that cannot be arranged on the simple cubic lat-
tice, except if one allows for vacancies. A specific example
of particular relevance for this work is archetypal pnictogen-
chalcogenides of stoichiometry Pn2Ch3, such as As2Se3, that
can form both a glass and a crystal. (Pn = “pnictogen,”
Ch = “chalcogen.”) In Fig. 7 we show that coordination-
wise and symmetry-wise, the structure of this compound

(a) (b)

FIG. 6. Parent structure for (a) the GeTe crystal and (b) GeSe and GeS crys-
tals, cf. Fig. 5. Note these structures are by one horizontal layer taller than
the repeat unit.
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FIG. 7. A parent structure for a Pn2Ch3 crystal, such as crystalline As2Se3
and As2S3, c.f. Fig. 6(b).

consists of double layers similar to those in the black-
phosphorus parent structure from Fig. 5(b). Note that by plac-
ing the vacancies in a particular fashion, we achieve two
things simultaneously: On the one hand, the As2Se3 stoi-
chiometry is obeyed, and on the other hand, the octet rule
on both pnictogens and chalcogens is satisfied. In drawing
individual double layers, we have used the structural model
of Vanderbilt and Joannopoulos,84 see also Ref. 85. Note that
based on the actual density of As2Se3, the bond length in the
parent structure in Fig. 7 would have to be 2.8 Å, a reason-
able number consistent with the presence of the ppσ network
in the deformed structure. The presence of vacancies in parent
structures should not be too surprising: The archetypal phase-
change material Ge2Sb2Te5 is known to exhibit a (metastable)
distorted cubic structure with vacancies.86, 87

The parent structure in Fig. 7 is clearly not unique in that
we could have placed the double layers in several distinct po-
sitions relative to each other. The specific, “homopolar” ar-
rangement in Fig. 7 was chosen because the sets of close
neighbors in this arrangement and in the actual deformed
structure seem to exhibit the greatest overlap, see Figs. 8 and
9. Nevertheless, several other mutual positions are possible,
which exhibit comparably overlapping sets of close neighbors
with the deformed structure, and, in addition, minimize the
distance between the vacancies in the parent structure better
than the specific realization in Figs. 7 and 8. For instance,
consider shifting the top layer in Fig. 8 “north” by one lattice
spacing. Incidentally, one notices that the vacancies in the par-
ent structure become “smeared” in the interlayer space of the
distorted structure, see Supplementary Material.116 We point
out that it would be impossible to “merge” vacancies in the
Pn2Ch3 stoichiometry between each two double-layers, if we
attempted to use an arseniclike structure as the parent struc-
ture from Fig. 5(a) instead of the black-phosphorus structure
from Fig. 5(b). This notion is consistent with the stability of
the latter structure in the actual material. At any rate, during
the distortion, the distance between linked atoms decreases,
resulting in strong, covalent bonds. Conversely, the secondary
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double-layer and indicate that adjacent double layers are related by inversion. The thin dashed lines and adjacent numbers indicate the corresponding secondary
bonds and their length in the deformed structure, see Fig. 9. The tilted rectangle drawn with dashed lines indicates the unit cell.

bonds will result partially from the cleaved links (usually in-
tralayer) or new contacts that formed in the deformed struc-
ture. Figures 7–9 indicate that because the parent structure is
not unique, there is no one-to-one correspondence between
missing links in the parent structure and the secondary bonds
in the distorted structure.

It is obvious that in the process of cleaving the bonds in
the sc structure, symmetry was lowered resulting in a twice
bigger unit cell along the pertinent directions. For example,
in drawing the structure in Fig. 7, we could have split the
original sc lattice in double-layers in six equivalent ways,
i.e., two along each coordinate axis. Likewise, there are two
equivalent ways to buckle each double layer, in each of the
(1,1) and (1,-1) directions. Further symmetry lowering occurs
when we place pnictogens, chalcogens, and vacancies at the
lattice vertices. While the presence of symmetry breaking
itself is hereby obvious, its mechanism appears to be subtler.
Several workers have argued the symmetry-breaking transi-
tion that results in the structures of arsenic and phosphorus
is Peierls-like,25, 69, 77, 88 which is a cooperative analog of
the Jahn–Teller (JT) distortion89 in 1D or quasi-1D solids.

The precise degree of Fermi surface nesting,90 requisite for
such a structural instability, seems, however, to be subject
to a specific approximation employed.25, 91 The special sig-
nificance of near-octahedral coordination and the resulting
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FIG. 9. A side view of the actual As2Se3 structure. The wavy lines indi-
cate interlayer nearest neighbors in the parent structure, except the A-3 link,
which is through a vacancy. Note that the bonded intralayer atoms are auto-
matically nearest neighbors in the parent structure. The lengths of the links
are only partially indicative of the actual bond length because the bonds are
not parallel to the projection plane.
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trans-influence between the corresponding covalent and
secondary bonds, with regard to the Peierls metal–insulator
transition, can be viewed from yet another angle: Alcock40

points out that compounds in which the two bond types
display similar length show noticeable metallic luster.

We thus conclude that one should generally regard the
symmetry breaking of periodic sc parent structures as a
second-order (or pseudo) Jahn–Teller distortion,89 whereby
strict electronic degeneracy is not required. We further note
that the solid-state analogs of the second-order JT effect
are also well known, such as the dimerization transition in
a heteropolymer,92 or in coupled homopolar chains, such
as polyacene.26 Here, the polymer chain is unstable toward
dimerization so long as the gap is smaller than the coupling
to the symmetry-breaking perturbation, see Eq. (2). Elec-
tronic interactions, too, can lead to an effective one-particle
gap.14 Although second-order JT symmetry breaking, when-
ever present, is partially hampered by the lack of degeneracy,
it is still driven by the very same mechanism as during a strict
Jahn–Teller–Peierls distortion.

We note that the question of the mechanism of the sym-
metry breaking is generally distinct from that of the inter-
action that determines the relaxed structure upon the
symmetry breaking. According to Sec. II, the latter interaction
in distorted-octahedral coordinated compounds is dominated
by sp-mixing. Indeed, Seo and Hoffmann point out91 that the
distortion of the relaxed structures away from the simple cu-
bic structure is stronger for lighter elements, consistent with
stronger sp3 hybridization in those elements. For the pertur-
bation caused by sp-mixing to also contribute to the symme-
try breaking itself, it is essential that this perturbation can be
made periodic with the inverse period commensurate with the
electron-filling fraction in the undistorted structure, as is the
case (1/2 = 1/2) for trans-polyacetylene and arsenic. Other-
wise, the Peierls-driven destabilization is severely weakened
(Ref. 26, Chapter 2.6).

Specifically three-coordinated lattices with right angles
between bonds have a very special property that make them
additionally unstable toward symmetry lowering, even if these
lattices are aperiodic. Any such lattice78 can be thought of
as made of linear chains, each of which consists of white
and black segments of equal length in strict alternation. The
junctions between adjacent segments correspond to the lat-
tice vertices, while the white and black segments themselves
correspond to no-link and link, respectively. In the case of
strict octahedral coordination, i.e., no mixing between dis-
tinct chains, each such chain can be thought of as a result
of a Peierls distortion of a chain of equidistant atoms. As a
result, even aperiodic parent structures are expected to be rel-
atively (meta-)stable, not only the strictly periodic structures
of arsenic or black phosphorus. We illustrate the symmetry
breaking in an individual linear ppσ system in the presence of
significant sp-mixing, which will be also of use later. Shown
in Fig. 10 is a dimerized linear chain of hydrogen-passivated
arsenics, (AsH2)n . The details of the electronic structure and
geometry determination for the chain are provided in Ap-
pendix C. Despite the presence of sp-mixing and other inter-
actions, the chain exhibits a clear ppσ -character (see Fig. 1
for the notations). The As–As bond length are d = 2.48 Å

and d ′ = 3.0 Å for the covalent and secondary bonds, respec-
tively. The bond angles are αHAsH = 97◦, βAsAsAs = 150◦. The
secondary bonding is significant as witnessed by the value of
the corresponding transfer integral: t ′ � 2.3 eV, i.e., almost
a half of that for the covalent counterpart: t � 4.9 eV. The
competing interactions, i.e., ss, sp-mixing, and ppπ are sig-
nificantly smaller (see Appendix C), implying the bonding is
indeed ppσ . The sp-transfer integral is as large as 57% of
the ppσ transfer integral, consistent with the earlier statement
that the sp-mixing is the next leading contributor to the geom-
etry of the symmetry- broken state, after the ppσ interaction
itself. As expected of a Peierls insulator, the chain exhibits a
perfect bond alternation pattern. Lastly, note that even though
individual chains that make up aperiodic 3D parent structures
undergo Peierls transitions, the symmetry breaking for the 3D
structures themselves is generally not quasi-one dimensional
and thus is not Peierls, in contrast with periodic systems, such
as considered by Burdett and others.

The parent structures with three links per atom plus va-
cancies, if any, see Figs. 5–7, can serve as basic models for
compounds with distorted octahedral coordination that con-
sist of two- and three-valent elements. These structures also
apply to compounds containing elements from group 14, such
as GeTe, GeSe from Fig. 6 or archetypal phase-change al-
loys Ge2Sb2Te5 and GeSb2Te4.93 Hereby each AIVBVI pair is
isolectronic with a pair of pnictogens, implying these atoms
are three-coordinated. The rest of the atoms are in the Pn2Ch3

stoichiometry, and so the rules leading to the parent struc-
ture in Fig. 7 apply to these atoms. Even in the absence of
AIVBVI pairing, symmetry-breaking schemes can be proposed
for substances where the number of four-coordinated atoms is
large, as in GeP and TlI,80 or β-tin,88 and similarly for five-
coordinated atoms.88 Otherwise, an atom with coordination
four or higher can be considered as a defect in a lattice of
three-coordinated vertices. We will return to this important
point in the companion article.20

The following picture of structure-formation in
ppσ -networked materials, thus, emerges from the above
considerations: These materials may be thought of as
symmetry-broken versions of a simple cubic structure.
The symmetry breaking is an interplay of several types
of perturbation: (a) Peierls-instability proper for extended
near-linear chains; (b) cooperative second-order Jahn–Teller
distortion that results from mixing of the p-orbitals with other
orbitals, mostly s, and from electronic interactions; (c) steric
effects due to vacancies, if the latter must be present owing
to stoichiometry, as in Fig. 7; and (d) other coordination
variations, as in the case of elements from groups 14 and
lower. Even though these perturbations are strong enough to
break the symmetry, they are still perturbations, so that the
resulting bonding is primarily ppσ . This statement can be
quantified by comparing the strengths of the corresponding
transfer integrals in the deformed structure, see Table I and
the (AsH2)n example above.

Now, one must recognize that upon geometric optimiza-
tion, the lattice will generally be aperiodic, even when the
link-breaking pattern in the parent structure is itself strictly
periodic, let alone if we arranged the distinct species or va-
cancies aperiodically or with a period incommensurate with
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FIG. 10. The Peierls distorted (AsH2)n chain. The links and gaps correspond to covalent bond (bond order 0.9) and secondary bonds (bond order 0.1),
respectively.

the period prescribed by the electron filling fraction. Let us
now examine how such aperiodic lattices maintain the ppσ

character, and hence the stability with respect to other types
of ordering, while, at the same time, allowing for molecular
transport.

For concreteness, let us consider a specific prescription
to deform the parent sc structure. For each atom, consider the
links in the parent structure as vectors that start on the atom.
Move each atom by a small distance in the direction which
is the sum of its own vectors. For instance, if an atom has
three links: (1, 0, 0), (0, –1, 0), and (0, 0, –1), move it in
the direction (1, –1, –1). Analogously for a two-coordinated
atom, the displacement will be in the plane containing the
two links. Now turn on the interaction in the form of nonzero
transfer integrals, such as listed in Tables I and II. Let the
lattice relax, subject of course to the Coulomb repulsion be-
tween the ionic cores. As already mentioned, there is gen-
erally no one-to-one correspondence between the parent and
the distorted structure: this implies there are multiple relaxed
structures and hence multiple metastable minima on the total
energy surface. In discussing Figs. 7–9, we have mentioned
that distinct parent structures for the Pn2Ch3 stoichiometry
can be obtained by shifting the double layers relative to each
other. Because such a shift incurs bond breaking, these alter-
native parent structures are separated by barriers. It is under-
stood that since the parent structure is generally aperiodic,20

Figs. 7–9 apply only to a small fragment of such an aperi-
odic structure. Now, since the distinct parent structures are
separated by an energy barrier, at least one of them should
be separated by a barrier from the actual deformed structure,
implying a presence of additional, metastable minima. When
such metastable minima are few, the global potential energy
minimum is easily accessible, as is probably the case for the
periodic parent structure of arsenic, see Fig. 5(a). Elemental
arsenic is, in fact, a poor glassformer. (Other distinct three-
coordinated parent structures exist,78 but most of them are en-
ergetically costly.79) To summarize, the existence of distinct
parent structures with shifted atoms is crucial for the present
structural model to be consistent with the presence of molec-
ular transport in ppσ -networks.

When aperiodic, the distorted lattice will exhibit two key
features: first, if the substance forms a periodic crystal, it will
be lower in energy than any aperiodic counterpart. Second,
because aperiodic structures are not unique, the lattice will
be highly degenerate, as just discussed. We can also under-
stand the emergence of the degeneracy thermodynamically:
Suppose the substance can crystallize. A mechanically sta-

ble aperiodic structure, on the one hand, has a much lower
symmetry than the crystal. On the other hand, the aperiodic
structure corresponds to a higher energy and hence higher
temperature. The only way to reconcile these two conflict-
ing notions is to recognize that there should be a thermo-
dynamically large number of nearly degenerate aperiodic
structures separated by finite barriers. By virtue of barrier
crossing events, the lattice is able to restore the full transla-
tional symmetry at long enough times; the latter symmetry is
higher than that in a mechanically stable crystal. The lattice,
therefore, corresponds to a liquid in the activated transport
regime, if steady state,94 or to an aging glass, if below the
glass transition.17

The view of quenched liquids and frozen glasses as
broken symmetry phases is supported by an independent
argument: According to Fig. 4, the symmetry- broken phase
corresponds to a lower pressure. Bevzenko and Lubchenko95

have shown that a covalently bonded equilibrium melt can be
regarded as a high-symmetry lattice that has been sufficiently
dilated and then allowed to relax into one of the many avail-
able aperiodic configurations. Now, are the predicted struc-
tural degeneracy of emergent aperiodic ppσ -networks and
the barriers for activated reconfigurations consistent with the
configurational entropy of actual materials? The contiguity
between covalent and secondary bonding, as illustrated in
Fig. 4, suggests that ppσ -networks support atomic motions
that do not involve bond-breaking but only a gradual change
in the coordination, and as such, may be thermally accessible.
These special atomic motions will be discussed in detail in the
follow-up article.20

Available structural data are consistent with the preva-
lence of ppσ -bonding in vitreous chalcogenides with the
stoichiometries in question. According to several studies,71, 96

the nearest neighbor bond lengths in amorphous arsenic
chalcogenides are essentially identical on the average to
those in their crystalline counterparts, but have a somewhat
broader distribution. In view of the argued presence of trans-
influence between the covalent and secondary bonds in these
compounds, we conclude that the secondary bonds in the
vitreous samples are of strength comparable to those in the
corresponding crystals, again subject to a broader distribution.
Consequently, based on the applicability of the same general
mechanism of ppσ -network formation and the comparable
bonding strength, we conclude both periodic and aperiodic
lattices exhibit the same type of bonding. Still, for the sake
of the argument, suppose on the contrary that the bonding
is dominated not by the ppσ interaction, but by its leading
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competitor, i.e., sp-mixing, thus resulting in a predominantly
tetrahedral coordination. The ratio of the filling fractions
of the diamond and As2Se3 lattices is approximately 1.18.
At the same time, the densities55, 96, 97 of the amorphous
and crystalline compounds differ by less, i.e., is 4.57 versus
4.81–5.01 g/cm3 for As2Se3 and 3.19 versus 3.46 g/cm3 for
As2S3, implying that only a small fraction of atoms in these
glasses, if any, might be regarded as tetrahedrally coordi-
nated. Such a “defect” is analogous to a small region occupied
by an interface between two distinct lattices, which incurs a
significant free energy cost. The companion article20 shows
that a mechanism for a reversible formation of such defected
configurations arises naturally in the present structural model.

IV. CONCLUDING REMARKS

The main goal of this article was to establish the
mechanism of bonding in semiconducting pnictogen- and
chalcogen-containing quenched melts and frozen glasses.
Representative substances are archetypal glassformers, such
as As2Se3 and similar materials whose crystalline forms can
be directly argued to exhibit ppσ -bonding, based on their
known structures, measured electronic density of states, and
electronic structure calculations. We have formulated a struc-
tural model, by which both the crystalline and vitreous mate-
rials are seen to form by the same general mechanism, i.e., by
symmetry lowering and distortion of a high-symmetry struc-
ture defined on the simple cubic lattice. By combining this
model with the limited structural data on the vitreous coun-
terparts of those listed materials and similar compounds, we
have argued the glasses are also ppσ -bonded.

Lowering of the symmetry by breaking the bonds in the
fully connected simple cubic structure can be understood as
lowering of the lattice dimensionality, similarly to what is
seen in the (AsH2)n chain in Fig. 10, which is a linear array
of relatively weakly bonded dimers, or to what one finds in
the parent structures from Figs. 5–7, which consist of double-
layers, possibly accompanied by further symmetry lowering.
Papoian and Hoffmann43 have outlined general principles for
the interrelation of dimensionality and deformation of high-
symmetry periodic structures. These authors argue the bond-
ing in the parent structures from Fig. 5 can be regarded as
a Peierls distortion of a hypervalently bonded lattice built
from electron-rich units, whereby the dimensionality of the
lattice is lowered. In contrast, to preserve the dimensionality,
the electron-rich units comprising the hypervalent structure
would have to be oxidized instead. In the former case, the
deformed structure retains its original character, while in the
latter case, the geometry is expected to change. For instance,
a cubic Sb0 lattice exhibits a (distorted) octahedral coordina-
tion, while oxidation would hypothetically result in a tetrahe-
drally coordinated Sb+ lattice. The semiconducting alloys in
question do exhibit relatively low variation in electronegativ-
ity and, hence, the distorted octahedral coordination.

The parent structures for substances at the focus of the
present study, i.e., pnictogen and chalcogen-containing alloys
enjoy a very special property: Each vertex in the parent struc-
ture is three-coordinated, while the bonds are at near 90◦ an-
gles. Under these special circumstances, the whole lattice can

be thought of as composed of infinite linear chains in which
bond and bond-gaps strictly alternate. In view of the weak in-
teraction with the environment, each of these chains can be
thought of as a quasi-1D Peierls insulator with renormalized
interactions. (In the eventual deformed structure, the chains
are deformed and, likely, of rather limited length.20) This
observation allows one to extend the trends established by Pa-
poian and Hoffmann in periodic crystals to aperiodic lattices.
Since the symmetry can be restored partially or fully by high
pressure, the argued view of glasses as lowered-symmetry
versions of high-symmetry structures is supported by inde-
pendent arguments on (negative) pressure-driven glass transi-
tion in covalently bonded materials.95 We have also pointed
out that the view of this type of symmetry breaking as a sec-
ond order, cooperative Jahn–Teller distortion may be equally
justified. In addition to the Peierls instability proper, within
each chain, the symmetry breaking is also driven by local in-
teractions that compete with the ppσ -bonding proper, primar-
ily by the sp-mixing.

The presence of competing interactions in these
glass-forming materials is consistent with their struc-
tural degeneracy.98 It appears that the strength of such
competing interactions should satisfy certain restrictions.
Specifically, if the sp-mixing is too strong, it destroys the
ppσ -bonding. Yet, if the mixing is sufficiently weak, the
coordination can be made close to perfect octahedral while
decreasing the stability of the glass relative to the crystal.
The latter trend is exploited in making optical drives, using
Ge2Sb2Te5 or similar compounds.86, 87 Again consistent with
the structural degeneracy of the ppσ -networks is the noted
analogy between the bond-placement rules in the proposed
structural model and the vertex models known to exhibit rich
phase behavior.83, 99

The argued similarity of the bonding mechanisms in
ppσ -bonded crystals and glasses explains the puzzling sta-
bility of this important class of glasses. As mentioned in
the Introduction, the enthalpy excess �H of the supercooled
liquid, relative to the corresponding crystal, is easy to esti-
mate. It is directly related to the configurational entropy Sc

of the fluid, i.e., �H = ScT , save a small ambiguity stem-
ming from possible differences in the vibrational entropies.
The liquid configurational entropy varies between 0.8kB and
about 2kB per bead, between the glass transition16 and melting
temperatures. The energy 0.8kB Tg per bead amounts to less
than 0.05 eV per atom. The model, thus, allows one to rec-
oncile two seemingly conflicting characteristics of quenched
melts and frozen glasses. On the one hand, these materials
exhibit remarkable thermodynamic and mechanical stability,
only slightly inferior to the corresponding crystals. On the
other hand, these materials are also multiply degenerate thus
allowing for molecular transport.

Finally, this paper buttresses and clarifies some of
the technical aspects of the original programme: The
ppσ -networks automatically satisfy all the necessary
requirements for the presence of the intrinsic midgap elec-
tronic states, as listed in the Introduction. First, a necessary
requirement for covalent ppσ bonding is that the electroneg-
ativity variation ε is not too large, Eq. (2), lest the result-
ing bonding becomes predominantly ionic. Second, a high
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FIG. 11. (a) A graphical summary of the definitions of the transfer integrals
from Table I. (b) An example of geometry used to compute transfer integrals
t and t ′, see text.

symmetry ppσ -bonded network is unstable toward Jahn–
Teller distortion at each center, implying the deformed lattice
shows an alternating pattern of bond saturation in the form of
covalent and secondary bonds. Third, based on the stability
of the ppσ -network with respect to perturbations in the form
of competing chemical interaction, the secondary bonds are
sufficiently strong, i.e., the t ′/t ratio of the transfer integral of
the secondary and covalent bonds is not too small, see Eq. (1).
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APPENDIX A: DETAILED EXPLANATIONS OF
TABLES I AND II

Table I: A graphical summary of the definitions of the
transfer integrals is given in Fig. 11(a), see also p. 23 of
Ref. 37. By definition, the ppσ integrals, i.e., tσ and t ′

σ are
computed assuming the two p orbitals are aligned with the
bond and hence depend only on the distance between the par-
ticipating atoms. As a result, the transfer integrals t and t ′

from Eq. (1) are equal in value to tσ and t ′
σ , respectively only

when the three atoms in question are situated on a straight
line. If 180 − β < 20◦, as is the case for almost all com-
pounds from Table I, the difference between t and tσ is less
than a few percent, depending on the specific geometry and
basis set. For instance, in the geometry from Fig. 11(b), we get
t = 〈

p1
z

∣∣H ∣∣p2
z

〉 = tσ + (tπ − tσ ) cos2(β/2), yielding a differ-
ence of 4% between t and tσ for β = 160◦ and tπ/tσ = −1/4,
Ref. 48.

Table II: For several compounds, the structural data vary
somewhat depending on the source, such as for As4Se4 in
Refs. 56 and 100 and α-monoclinic Se, Refs. 59 and 64 The
resulting ambiguity should be kept in mind.

2nd column, deviation from the right-angled geometry.
For As2O3, GeSe2, and AsBr3 only As and Ge were consid-
ered as the central atoms.

3rd column. The absolute electronegativity is the average
of the electron ionization and affinity energies, as found in
Ref. 101.

TABLE III. Covalent radii. The three columns contain the species name,
the reference structure, and the resulting radius.

Reference structure rcov (Å)

O α-quartz-GeO2 crystal 0.52
Ge Crystal 1.225
As See text 1.20
Se Isolated helix (105) and rings 1.17
Br Diatomic molecule 1.140
Te Isolated helix and rings (106) 1.37

4th, 5th column. The covalent radii used are listed in
Table III. These radii were determined using compounds
exhibiting low variations in electronegativity, as pertinent
to the materials in question, except GeO2. For As, values
found in the literature102–104 differ within 0.02 Å. We use the
value from the middle of this range, which also happens to
coincide with the result of interpolation across the sequence
of Ge-As-Se-Br.

6th column. Only the strongest secondary bonds are cited.
To determine these for As4Se4 and Se, we have used dia-
grams that show the magnitudes of the atomic p orbitals of
the nearby atoms on a sphere centered on a chosen atom with
a radius equal to the covalent radius of that atom, see the Sup-
plementary Material.116 For the tetrahedrally bonded materi-
als, As2O3, and AsBr3, the nearest neighbor in the direction
opposite to the covalent bonded atoms is used.

7th column. Accurate values of the tight-binding param-
eters are usually determined by obtaining the best fit to the
electronic density of states for each specific systems and are
thus system-dependent. Our goal here is, instead, to high-
light the generic trends of tight-binding parameters that ap-
ply satisfactorily for bonds ranging from the strictly covalent
to van der Waals, in as many distinct compounds as possi-
ble. Such a universal parametrization of one-electron transfer
(resonance) integrals is provided, for instance, by the PM6
parametrization107 of the MNDO method,108 which we use to
estimate the t ′

σ /tσ ratios for the compounds in Table II. De-
spite the made approximations, we feel that the resulting po-
tential ambiguity of the ratio of the matrix elements, t ′

σ /tσ , is
not large.

We can partially judge the reliability of the tight-binding
parameters by comparing them to those obtained by other
standard methods. In Table IV, we compare Robertson’s
data39 for transfer integrals in three elemental solids, as ob-
tained by fitting the spectrum of the one-electron TB Hamilto-
nian (column 2) and by the chemical pseudopotential method
(column 3) to the present TB parametrization (column 4). The

TABLE IV. Comparison of the t ′σ /tσ ratio, as resulting from the present
tight-binding parametrization with compilations of Robertson (Ref. 39) (ta-
ble) and the calculations of Bernstein et al. (Ref. 109) (figure), see text.

As                  0.54                          0.51                       0.62

Ref. 39                    Ref. 39                  Present

Se                   0.19                         0.26                       0.27

Te                   0.33                         0.65                       0.74 0

0.5

1.0

2.5 3.5 4.5

t′/t

d,Å

Ref.107
present work

TB fit pseud. work
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FIG. 12. MO diagram of the Br2 dimer from Fig. 3 that depicts a subset of
the MO’s from Table V, along with pertinent MO’s of the constituent Br2
molecules.

figure on the rhs compares the result of the parametrization for
elemental Ge with accurate calculations of Bernstein et al.109

Finally, the same TB parametrization was used for calculation
on the dimer of Br2 molecules, see below.

APPENDIX B: DIMER OF BROMINE MOLECULES

In this appendix, we use the electronic structure of
Br2–Br2 dimer obtained by ab initio calculations to estimate
the contribution of the ppσ interaction to the binding energy
of the dimer and show that the resulting estimate is consistent
with the conclusions of a simple molecular orbital theory.

The geometry of the dimer (see Fig. 3) is optimized
by FIREFLY(Ref. 67) program on MP2-level with aug-cc-
pVTZ basis set and RHF (Restricted Hartree-Fock) wave-
function. Although more accurate approximations exist,110

the present method has the advantage of simplicity while
yielding the geometry consistent with that of the bromine
crystal; it also yields results that compare well with accu-
rate calculations for other halogen dimers.111 For clarity,
we have not corrected for the basis set superposition er-
ror, because here we are interested in the relative magni-
tudes of distinct contributions to the bonding, not the ab-
solute value of the binding energy. The resulting ambiguity
in the binding energy itself is not large anyway, about 15%,
as can be estimated using the standard counterpoise method,
Ref. 112, p. 714.

The total binding energy of the dimer, 0.13 eV, consists
of several contributions. For instance, the correlation (MP2)
contribution is 0.2 eV. To extract the contribution proper of
the electrons occupying distinct molecular orbitals, we ad-
here to the following scheme: First, we subtract the uniform
downshift of all MOs by 20 meV in the dimer, relative to the
two isolated Br2 molecules. Next, we compile the contribu-
tions of all molecular orbitals to the bonding, see Table V.
Here, the dimer is in the x-y plane. Because little sp-mixing
is present, the MO’s are naturally grouped into classes that

consist primarily of either p or s orbitals. The p orbitals are
further subdivided, according to their symmetry, into px,y and
pz orbitals. The former form the ppσ bonds, while the latter
are out of the x–y plane and contribute little to the bonding, as
is clear from Table V.

The magnitude of the binding energy due to the in-
plane p-orbitals, 0.284 eV, can be rationalized using a simple
molecular orbital theory. Let us first consider only the eight
valence p-orbitals lying in the plane of the dimer shown in
Fig. 3. The ab initio diagram of the corresponding MO’s is
shown in Fig. 12. Let us focus exclusively on the intramolec-
ular ppσ - and ppπ -interactions and the intermolecular
ppσ -interaction between two atoms connected by the dashed
line in Fig. 3. In this approximation, the py orbitals do not
interact with the px orbitals, so that the secondary bonding is
exclusively due to the px orbitals. The specific realization of
Hamiltonian (3) for this bonding configuration reads

H =

⎛⎜⎜⎜⎜⎝
εp tσ 0 0

tσ εp t ′
σ 0

0 t ′
σ εp tπ

0 0 tπ εp

⎞⎟⎟⎟⎟⎠ . (B1)

By Eq. (4), combined with

EA
unocc = εp + tσ , ψA

unocc = 1√
2

(
1
1

)
,

EB
occ = εp ± tπ , ψB

occ = 1√
2

(
1
±1

)
,

we obtain the dimer binding energy

(t ′
σ )2/tσ . (B2)

Generally, in the perturbative expression (4), the quantities
Vnm correspond to the transfer integrals of the secondary
bonds, t ′, while the denominators to the transfer integrals of
the covalent bonds, t . The binding energy is, thus, second or-
der in the t ′/t ratio.

Note that the result in Eq. (B2) also helps to par-
tially assess the reliability of the TB parametrization from
Appendix A. Substituting the numerical values for those
transfer integrals in Eq. (B2) yields the dimer bonding energy
0.3 eV, in good agreement with the ab initio analysis leading
to Table V. A similar analysis can be used to show that the s-
orbital bonding contribution from Table V results not from the
ss interaction, but primarily from sp-mixing, also consistent
with the small overlap of the s-orbitals.

Finally, we outline derivation of the TB expression (5) for
the bond order of a closed-shell interaction. Using Eq. (14.22)

TABLE V. Bonding contribution of the molecular orbitals (MOs) of the
Br2–Br2 dimer from Fig. 3. The quantity Ebinding is the difference between
the total MO energies of the dimer and those of the isolated molecules.

MOs AOs Energy range, eV Ebinding, eV

61, 62, 64, 66, 68, 69 px,y (−14.90,−10.9) −0.284
57, 58, 59, 60 s (−30.3,−25.7) −0.195
63, 65, 67, 70 pz (−14.0,−10.9) −0.075
71, 72 (unocc.) s, px,y (−0.3,+0.2) +0.466
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TABLE VI. The geometry of the dimer of As2H4 molecules: semiempiri-
cal PM6 calculations, ab initio RHF MP2 calculations with acc-pVDZ basis
set, and calculations from Ref. 115 The notations are according to Fig. 1,
two entries per cell correspond to the inner (1st) and the outer (2nd) AsH2

units, the energy is the dimer binding energy, the values in parentheses are
not optimized.

dAsAs d ′
AsAs β dAsH αHAsH αAsAsH E (eV)

PM6 2.463 3.06 148 1.523 95.7 97.4 −0.17
1.523 95.6 96.9

MP2 2.483 3.57 177 1.525 91.7 92.6 −0.13
1.527 91.6 92.1

Ref. 115 (2.441) 3.53 (180) (1.506) (93.9) (93.9) −0.10

of Ref. 47, for the wave-functions of an AB dimer formed by a
closed- shell interaction, one can straightforwardly show that
the interaction-induced correction to the density matrix P for
the dimer, in the second order, is given by{

Aocc∑
n

Bunocc∑
m

−
Aunocc∑

n

Bocc∑
m

}
Vnm

EA
n − EB

m

×
(

0 |ψA
n 〉〈ψB

m |
|ψB

m〉〈ψA
n | 0

)
. (B3)

According to a standard definition of the bond order,65

(also used in MOPAC), the latter can be written in the chosen
basis set as

bAB =
A∑
n

B∑
m

∣∣∣∣(〈ψA
n |, 0)P

(
0

|ψB
m〉

)∣∣∣∣2

, (B4)

leading to Eq. (5).
Note that the first (second) double sum in Eq. (5) is twice

the occupation of the antibonding orbitals of the molecule
B (A), as donated by the bonding orbitals of A (B). These
occupations are defined as 2

∑(AB)occ
ν

∑Bunocc
m | 〈ψB

m

∣∣ψν

〉 |2 and

2
∑(AB)occ

ν

∑Aunocc
m | 〈ψA

m

∣∣ψν

〉 |2, respectively, where ψν are
MO’s of the AB dimer.

APPENDIX C: ARSENIC CHAIN

In our model system, the dimerized (AsH2)n chain
(Fig. 10), the shorter and longer As–As bonds correspond
to covalent and secondary bonds, respectively; the As–H
bonds correspond to covalent bonds in chalcogenide glasses.
The calculations are performed on semiempirical level by
MOPAC113 program with PM6 parametrization. On each ar-
senic, the axes are labelled as follows: The px and py orbitals
are oriented toward the hydrogens (but not strictly along the x
and y axis), while pz orbitals are directed toward the neighbor-
ing arsenics, see the geometry in Fig. 11(b). Note these axes
are defined locally on each individual arsenic; the optimized
chain may or may not be linear on the average.

We first check the semiempirical approximation against
ab initio calculations for n = 4, see Table VI. The ab initio
results clearly indicate a distorted octahedral geometry and
are consistent with secondary bonding between the termi-

nal (AsH2)2 units: The β (As–As–As) angle is very close to
180◦, while the bond length, 3.57 Å, is close but shorter than
the sum of the reported van der Waals radii for As, i.e., be-
tween 3.7 and 3.9 Å, depending on the convention.114 Now,
judging from the angle β between adjacent As–As bonds
and H-As-H angle, the semiempirical method clearly over-
estimates the tendency toward sp3 hybridization. At the same
time, the semiempirical method underestimates the secondary
bond length, suggesting the two errors in the resulting bond
strength will partially cancel out. The discrepancy in the sec-
ondary bond lengths and the β angles between the ab initio
and PM6 methods should be considered a consequence of
the specific parametrization adopted in MOPAC, which was
optimized for covalent, not secondary bonds, and many of
which have a significant ionic component and/or coordina-
tions distinct from distorted octahedral. Thus the TB-based
analysis is not expected to be fully quantitative, unless ad hoc
parametrized. Nevertheless, we have seen from the discussion
of Eqs. (4) and (5) that TB analysis is qualitatively consis-
tent with the closed-shell character of the secondary bond-
ing and the trans-influence between the counterpart covalent
and secondary bonds. Our results for geometric optimization
of rhombohedral arsenic, using the PM6 parametrization, are
consistent with these conclusions: Using a 96 atom super-
cell, we obtain d = 2.46 Å (versus experimental 2.52 Å),
d ′ = 3.24 Å (3.10 Å), α = 99.3◦ (96.7◦). Clearly, the PM6
parametrization is consistent with ppσ bonding in rhombo-
hedral As, and, furthermore, gives reasonable figures for the
lattice parameters.

According to the semiempirical calculation, an infinite
AsH2 chain is dimerized and has a zero net curvature,
whereby d = 2.48 Å, d ′ = 3.0 Å, α = 97◦, β = 150◦. De-
spite the aforementioned bias toward sp-mixing, analysis of
localized MOs in the semiempirical calculations shows that
the bonding contribution of arsenic’s s-orbitals is negligible:
0.1 (versus 2 for a regular bond). Significant secondary bond-
ing and the trans-influence between the covalent secondary
bonds are clearly seen in the values of the bond order, which
are equal to 0.9 and 0.1 for the covalent and secondary As–As
bond, respectively.

To independently verify the dominant character of
the ppσ -bonding, we demonstrate that the competing
interactions are perturbations that mostly amount to a
renormalization of the ppσ -interaction. Indeed, the full
one-particle Hamiltonian for a system plus the environment
is a block matrix

H =
(
Hsys V†

V Henv

)
, (C1)

where the matrix Hsys contains exclusively the on-site
energies and transfer integrals for the system, Henv for the
environment. The (generally nonsquare) matrix V and its
hermitian conjugate V† contain the system-environment
transfer integrals. It is straightforward to show that, given an
energy eigenvalue E for the full Hamiltonian in Eq. (C1), the
portion of the wave-function corresponding to the system is
an eigenfunction of the effective Hamiltonian:

H̃ = Hsys + V† (E − Henv)−1 V (C2)
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TABLE VII. Columns 2–5: Elements 〈φ|H |ψ〉 of the Fock matrix of an
infinite (AsH2)n chain. The transfer integrals t and t ′ are indicated in brack-
ets next to their numerical values. Column 6: The renormalization of the
parameters of the one-particle ppσ -only Hamiltonian, as computed using
Eq. (C2). Column 7: The contribution to this renormalization of the s-
orbitals. Labels “cb” and “sb” mean covalent and secondary bonds. All
AO’s belong to the arsenics except the hydrogen’s sH.

φ \ ψ pz s px sH Renormalization sp

pz −4.9 −0.6 0.2 0.1 ε̃ − ε = +1.2 eV 60%
s −13. 0.9 −4.0
px −4.4 −7.6
sH −5.0
pcb

z 4.9(t) 2.8 −0.8 0.6 t̃ − t = +0.7 eV 50%
scb −0.7 0.4 −0.1
pcb

x 1.3 0.4
psb

z 2.3(t ′) −1.0 0.7 −0.2 t̃ ′ − t ′ = −0.3eV 35%
ssb 0.0 0.2 −0.1
psb

x 0.5 0.2

with the same eigenvalue E . Indeed, substituting |ψ〉
= (〈ψsys|, 〈ψenv|)† into H|ψ〉 = E |ψ〉, one gets Hsys|ψsys〉
+ V†|ψenv〉 = E |ψsys〉 and (Henv − E)|ψenv〉 = −V|ψsys〉,
from which Eq. (C2) follows.

Clearly, in the one-particle picture, the effect of the en-
vironment can be presented as an (energy-dependent) renor-
malization of the bare Hamiltonian of the system proper. One
can use this systematic procedure to estimate the strength
of both the intrachain and environment’s perturbation to the
ppσ− bonding within the chain. In doing so, below, we fix
the energy E at the gap center.

The contribution of s or d orbitals to the renormalization
of the ppσ transfer integrals can be estimated by using a per-
turbative expansion of the exact Eq. (C2):

H̃i j = Hsys,i j +
∑

α

tiαtα j

E − εα

−
∑
αβ

tiαtαβ tβ j

(E − εα)(E − εβ)
+ · · · , (C3)

where the Latin indices label intrachain pz orbitals and the
Greek indexes label the rest of the orbitals. The small param-
eter t/(E − ε) is indeed small, and the more so the further the
orbital energy ε from the gap center.

The essential elements of the Fock matrix are listed in
Table VII. Note that d-orbitals are also included in PM6
parametrization. Despite the large value of the pertinent trans-
fer integrals, the direct contribution of these orbitals to the
renormalization is at most a few percent because the orbitals
are almost empty. One infers from Table VII that the dominant
contribution to As–As bonding stems from ppσ -integrals.
The ppπ -integrals are four times smaller than ppσ , while the
ss-integrals are essentially negligible. Although s-orbitals do
not by themselves contribute significantly to the bonding in
the chain, they provide the main contribution to the renormal-
ization of the ppσ transfer integrals, specifically by weaken-
ing the secondary bonding. This contribution, provided in the
last column in Table VII, turns out to be well approximated
by the expressions:

�ε ≈ −t2
sp/εs, �t ≈ 2tspton-atom

sp /εs, (C4)

within the error of 20% or less compared with the more accu-
rate Eq. (C3). Here

ton-atom
sp ≈ −gsp Psp/2, (C5)

where gsp is the Coulomb integral for s and p orbitals of the
same atom (6 eV for As) and Psp is the corresponding entry of
the density matrix, which is the measure of actual hybridiza-
tion. If Psp > 0—as is the case for AsH2 chain—then the sp-
mixing weakens the secondary bonding, the magnitude of the
effect proportional to the hybridization strength.
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FIG. 1: Voids in As2Se3 crystal. The graph is generated as follows: First, we compute the distance rmin to the nearest atom
in each point (ξ, η, ζ) in the lattice coordinates. (The lattice is monoclinic.) Call the resulting function rmin(ξ, η, ζ). Next, we
make a projection of this function onto the plane of Fig. 9 of the main text, which is perpendicular to the ζ axis, according to
the following recipe. For each point (ξ, η), we vary ζ to find the largest value of rmin(ξ, η, ζ), call it r(ξ, η), and assign a color
to the point (ξ, η) so that redder hues correspond to larger values of r(ξ, η), more violet hues to smaller values of r(ξ, η). The
function r(ξ, η) varies in the [1.64, 2.52] Å range, while the sum of the covalent radii is 2.4 Å. As a result, intensely red regions
mark voids in As2Se3 crystal. Atoms are marked by white balls. The largest void is distorted octahedral; it is centered at point
(1/2, 1/2, 1/2) with Se atoms as vertices.
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3.29 Å
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FIG. 2: Fragment of a slice of bromine crystal. Compare the bond angles with those in Fig. 3 of the main text.
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FIG. 3: Illustration of distorted octahedral coordination of the arsenic atom in the position As1 of As4Se4 crystal. Draw a
sphere around the As1 atom at its covalent radius (1.2 Å). For each point, compute the logarithm of the sum of the radial
parts of the p orbitals on the atoms within 4.5 Å. Assign a color to the value of this function so that redder hues correspond
to larger values and more violet hues to smaller values. The resulting map is Merkator-projected on a rectangular area, where
the top edge corresponds to the north pole. The resulting map is shown in panel (a). In perfect octahedral coordination, red
areas would be centered at the black dots. (The line connecting the poles coincides with a C3 axis of the octahedron.) In panel
(b), the nearest neighbors are excluded, to specifically highlight back-bonding. The pertinent neighbors are indicated, together
with their distance to the As1 atom, in Angstroms.
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FIG. 4: Distorted tetrahedral coordination of the selenium atom in the position Se1 of As4Se4 crystal. See Fig. 3 for explanation.
Black and white dots indicate octahedral and tetrahedral coordination respectively.
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FIG. 5: Distorted octahedral coordination of the atoms in trigonal-Se crystal. See Figs. 3 and 4 for explanation.


