Structure 1
 Glass formation in chalcogenide system
 Structural models

1

Explaining glass formation?
 As for glass formation in the chalcogenide system, there are theories,
concepts, criteria, semi-empirical rules, and models.
 All of these would be divided into three groups as follows*;
 Structural–chemical
 Kinetic
 Thermodynamic (energetic)
 The differences between these groups are rather indistinct, and quite often
those concepts overlap from one group to another. Even now, the
harmonic combination of the most important elements of each of the three
groups of theories into a three-in-one concept that can be applied to the
prognosis of new chemically different glass-forming systems remains
unresolved.

* Semiconducting Chalcogenide Glass I, p. 1.
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Glass formation
 There seem to be two ways to solve the glass formation prognosis problem in
the absence of a unified concept of glass-formation that connects its
structural–chemical, kinetic, and thermodynamic aspects.
 The first method is based on experiences and related to using ‘the periodical
regularities’ in glass formation, which allows the qualitative evaluation of GFA
in simple chalcogenide systems.
 Elements of a same Group play similar structural/chemical role.
 The 8-N rule would estimate CN of each constituent atom, though not
applicable all the time
 In two- and three-component chalcogenide alloys, replacing one of the
components of 4th (Ge, Sn), 5th (As, Sb, Bi), or 6th (S, Se, Te) main
subgroups by an element with a greater atomic number decreases the
glass forming region, possibly due to the increase in the metallization
degree of covalent bonds.
 In ternary systems, there is a decreasing tendency of glass formation:
S>Se>Te, As>P>Sb, Si>Ge>Sn.
3

Glass formation
 The role of stable electronic configurations in glass-forming ability of ChG
(Funtikov, 1994).
 One of the principal conditions for glass formation is the structuralconfigurational equilibrium between the low- and high-molecular-weight
forms of atomic groups in melts (solutions) at the synthesis temperature.
 This equilibrium is related to the electron configuration equilibriums in the
atoms that make up all of these groups.
 For example, elemental sulfur or selenium can form glass, which can
produce in the molten state both types of molecular groups, i.e., cyclic X8
and chain Xn molecules in this case, possessing the same free energy and
existing in equilibrium with one another.
 Glasses can be treated as a modification of metastable highly disperse multicomponent eutectics or frozen lyophilic colloidal solutions (Funtikov, 1996).
 An ideal glass is a multicomponent eutectic in which the number of
components is comparable, in the order of magnitude, to a feasible total
number of structural elements of the short-range order.
* Semiconducting Chalcogenide Glass I, p. 10.
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Semiconducting Chalcogenide Glass I, p. 11.
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Criterion for glass formation: one example
 Sun-Rawson’s criterion for glass formation of individual oxide, the energy of
chemical or covalence-ion binding (CIB) of substance per one averaged atom
is given by the sum of products of energies of certain chemical bonds Ei, the
portion of atoms bounded by such bond Mi, and the half-value of their valence
CN Ki

 SR criterion:

 Minaev modifies the SR criterion to account for the effect of liquidus
temperature.
 SRM criterion

Semiconducting Chalcogenide Glass I, p. 15.
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Semiconducting Chalcogenide Glass I, p. 24.
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 The SRM criterion is successful to explain glass formation of many simple
chalcogenide systems.
 GFA of chalcogens carried out in accordance with the SRM criterion
 For energies of homopolar bonds of sulfur, selenium, and tellurium of 266,
184, and 168 kJ/mol/K and melting temperatures of 119.3, 217, and 449.8
C, respectively,
 Their glass-formation abilities are 0.678, 0.375, and 0.231 kJ/mol/K.
 GFA given by the SRM criterion is based on the physical–chemical essence
and the energetic in part, but not based on the kinetic aspect.
 Since glass formation depends on cooling rate, integration of statistical data
concerning critical cooling rates and the comparison with calculated values of
the glass-formation ability may be needed in order to fully describe the glass
formation.
Semiconducting Chalcogenide Glass I, p. 15.
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Semiconducting Chalcogenide Glass I, p. 40.
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Just some of the structural models
 A good structural model should explain 1) property-composition relationship, 2)
atomic arrangements in IRO as well as SRO, and possess 3) general
applicability for as many systems as possible.
 The most famous concepts of glass structure are the crystalline concept of
Frankenheim (1835, 1851) and Lebedev (1921, 1924), in which for the first
time an hypothesis was offered regarding glass formation and polymorphism;
the concept of polymeric structure (Mendeleev, 1864; Sosman, 1927; Tarasov,
1959, 1979, and others); the concept of a continuous random network of
Zachariasen (1932); the polymeric crystallite concept of Porai-Koshits (1959),
which with some success combines three previous concepts; the concept of
clusters of structural-independent poly-forms of Goodman (1975), which
develops the ideas of Frankelgeim–Lebedev, and the concept of polymeric
polymorphous-crystalloid structure of Minaev (1991).*
 Chemically ordered continuous random network model
 Polymeric polymorphous-crystalloid structure model
 Topological model based on the bond-constraint theory
* Semiconducting Chalcogenide Glass I, ch. 1.
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Chemically ordered continuous random network
 Continuous random network (Zachariasen, 1932)
 Chemically ordered continuous random network (Lucovsky and Hayes, 1979)
 Stereo chemically defined structure (Gaskell, 1981)
 Structural role of constituents; in view of Coulombic interaction
 Network former
 Network modifier
 Intermediate
 Can this classification be applied to the amorphous covalent solids too?
 Strong covalent ChG
 Weak covalent ChG
 Difficult to explain evidence of simultaneous influence of different polymorphs
on properties and structure of glass, and its crystallization as different
polymorphs.
 Difficult to support plural experimental clues indicating presence of IRO.
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Polymeric polymorphous-crystalloid structure





Micro-crystallite concept (Lebedev, 1924)
Polymeric crystallite concept (Porai-Koshits, 1959)
Polymeric polymorphous-crystalloid structure (Minaev, 1991)
Nano-paracrystallite (Popescu, 2005)

 Some explanations
 Glass formation is the process of generation, mutual transformation and
copolymerization of structural fragments of various polymorphs of crystal
substance without an LRO (crystalloids).
 The crystalloid is a fragment of crystal structure consisting of a group of atoms
connected by chemical bonds.
 In every non-crystalline substance there are two or more SROs, two or more
IROs, and there is no LRO.
 Glass structure is not absolutely continuous, and there are separate broken
chemical bonds and other structural defects.
 Validity not tested for multi-component glasses, even for ternary glasses.
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 Models evolve but usually become more complicated to incorporate;
 New experimental data on existing glass forming systems
 New results obtained from (ab initio) simulations
 Newly found glass forming systems
 Assumptions must not be needlessly multiplied.*
 There's more than one way to skin a cat.**

* http://en.wikipedia.org/wiki/Occam's_razor
** Deng Xiaoping

14

 Topological ordering and chemical
ordering in ChGs
 Ordering in the short range
 Ordering in a medium range

Salmon et al, Nature 435 (2005) 75.
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Topological model and bond constraint theory





Idea of mechanical constraint counting (Philips, 1979)
Floppy mode and mean-field rigidity threshold at Z=2.40 (Thorpe, 1983)
Structural transition from 2D to 3D at [Z]=2.67 (Tanaka, 1989)
Intermediate phase in addition to floppy and rigid phases (Boolchand, 2001)

 Assumption
 For a network possessing well-defined local structures, inter-atomic forces
must form a hierarchical order. The strongest covalent forces between
nearest neighbors serve as Lagrangian (mechanical) constraints defining
the elements of local structure (building blocks). Constraints associated
with the weaker forces of more distant neighbors must be intrinsically
broken leading to the absence of long-range order.
 Glass forming tendency is optimized when the number of Lagrangian
local-bonding constraints per atom, nc, just equals the number of degrees
of freedom.
 Implicitly assume that [Z] is indiscriminate in species of valence bonds.
The chemical property is obscured, and instead the topological nature
emerges.
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Topological model and bond constraint theory
 Basic ideas
 For a 3d network, the number of degrees of freedom, nd= 3.
 In covalent solids, there are two types of near-neighbor bonding forces;
bond-stretching ( -forces) and bond-bending ( -forces). The number of
Lagrangian bond-stretching constraints per atom is n = Z/2, and of bondbending constraints is n = 2Z-3.
 For the case when all - and -constraints are intact and no dangling
ends, nc = n + n = nd which results in Z=2.4.

Source of figure: M. F. Thorpe, M. V. Chubynsky
in Properties and Applications of Amorphous
Materials, Ed. M. F. Thorpe, L. Tichy, Kluwer
Academic Press, Dordrecht, p. 61, 2001.
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Feng et al, J. Non-Cryst. Solids 222 (1997) 137.
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Topological model and bond constraint theory
 Applicability and limitations(?)
 Explain many simple (binary) bulk glasses consisting of strong covalent
bonds
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