Chalcogenide Glasses Course. Spring Semester 2011.
Homework Assignment 1- answers


(Set 1)
· How to calculate the average coordination number (Z) for typical ChGs?
Each constituent atom is supposed to follow the 8-N rule, which is usually true for typical ‘strong covalent’ ChGs. As such, coordination number of As, Ge and S is fixed at 3, 4 and 2, respectively, for the As-S and Ge-S systems. Thus, Z for each system can be calculated as follows;
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Note that there are some more elaborated equations made to incorporate other glasses, e.g., glasses containing halogen atoms. For more interested students, please refer to papers of Boolchand and/or Mitkova (information can be found from the lecture notes).
· How many topological thresholds proposed for ChGs?
1. Rigidity percolation threshold; floppy-to-rigid transition
Ideal mechanical stability is achieved at Z=2.4 at which the number of inter-atomic force-field constraints per atom equals the number of vector degrees of freedom per atom. Specifically, for Z < 2.4, the network is under-constrained (floppy or spongy) whereas, for Z > 2.4, the network is over-constrained (rigid) since the rigid cluster becomes continuous. The floppy-to-rigid transition occurs at Z=2.4 where properties would exhibit anomalous behaviors. 
2. Structural dimensionality threshold; 2D to 3D transition
Assume that ChGs form preferentially low-dimensional structures, e.g., chain or layer rather than 3-dimensional structures, which looks reasonable in many cases. Then, at Z=2.67, a two-dimensional structure appears to become stable in three-dimensional space. More specifically, for Z < 2.67, a glass has a low-dimensional structure where various properties would be affected by inter-molecular forces, e.g., secondary forces between chains or layers. For Z > 2.67, a glass is supposed to become of a three-dimensional cross-linked structure.
3. Chemical ordering threshold; 
At the stoichiometric composition in a chalcogenide system where only heteropolar bonds are present, i.e., a maximized chemical order, various properties would show more significant changes. The threshold position would usually be found based on the stoichiometric composition of a given system. However, as a generalized concept, the chemical ordering threshold would be determined in terms of the energetically favorable bonding configurations taking into consideration the number of homopolar bonds relative to that of heteropolar bonds and bond energy of each chemical bond. 
To those who are more interested in, please take a look at references below;
1) Thchy and Ticha, Phil. Mag. 79 (1999) 373.
2) Narayanan, Phys. Rev. B 68 (2003) 212201. 
· How to distinguish the effects of the different thresholds?
As a whole, changes of properties over the entire Z range of a ChG system would be qualitatively explained taking into consideration the different thresholds. In other words, properties would exhibit a more significant change at each threshold Z value. 
From now on, a more detailed discussion is made on the Z dependence of properties in both ChG systems, but this discussion is NOT a kind of textbook explanation so that those students who are not interested in this topic can neglect the followings.
In the case of As-S system, the rigidity percolation threshold and the chemical ordering threshold coincide at Z=2.4, since the stoichiometric composition for this system is As2S3. For Ge-S system, the structural dimensionality threshold becomes identical at Z=2.67 to the stoichiometric GeS2 composition. As a result of this coincidence, distinguishing those effects is not an easy task at all. Here, we need to figure out how each model forecasts about the trend of property changes. We may come up with, as a very rough approximation, that each model points out implicitly presence of inflection at the threshold point. In other words, each model would indicate that variations of properties at each threshold do not exhibit extrema, i.e., maxima or minima in their variations as a function of Z, but exhibit just inflection. This assumption would not be valid since a threshold point given by any of the models may possibly suggest existence of extreme value of a property. Therefore, the current assumption seems quite conservative, but anyway would be able to reflect the changes occurring before and after the threshold point, though qualitative. 
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Fig. 1 General trend of property variations that each model may reveal. Here, for the chemical ordering model, the slope for the region Z<2.4 is set to be negative, taking into account the higher bond energy of S-S homopolar bonds than that of As-S heteropolar bonds. Note that in this low Z region the rigidity percolation model seems to dominate. In the region Z>2.4, on the other hand, the chemical ordering model dominates. 
The above sketch shows just one of many possible ideas on how each of the models affects the properties. Note that in this example a linear dependency of properties on Z is assumed, which is just a crude and simplified conjecture. Anyway, important thing here is that it looks quite reasonable to think that the observed variations in the properties over the entire glass forming region result from combined effects of the different thresholds.
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Fig. 2 General trend of property variations that each model may reveal. For the chemical ordering model, the slope for the region Z<2.4 is set to be negative, taking into account the higher bond energy of S-S homopolar bonds than that of Ge-S heteropolar bonds. However, some data (Ticha and Tichy, J. Non-Cryst. Solids 189 (1995) 141) show that bond energy of Ge-S pair is greater than that of S-S pair. 
Change of the molar volume for As-S system appears reversed compared to other properties, whereas it does not in the case of Ge-S system. This discrepancy may be explained in connection with the difference in short-range-order units formed in each system, even though this conjecture needs experimental confirmation. Specifically, as for As-S system, trigonal units increase with increasing Z, while tetragonal units increase in Ge-S system. 
Based on rough but closer look at these two ChG systems, we would realize that each of the models have pros and cons, and none of them seems to explain to a good degree the overall property changes over the entire glass forming range. It would be more appropriate to think that for some Z regions determined based on the chemically ordered random network structure of ChG, the chemical threshold affects the properties of ChG more significantly, as other thresholds given by the other models do for some specific Z regions. 
Discussions with B. Heffner, D. Zhao, A. Stone and C. Saiyasombat are greatly appreciated.
(Set 2)
1. Crystalline Ga2S3 consists of tetrahedral GaS4 units where Ga and S are covlently bonded each other. Here, some of the bonds should be dative bonds (or coordination bonds) that can be thought to form via donating lone pair electrons from S to Ga. It is noteworthy that this Ga2S3 crystal cannot form a glass phase.
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Fig. 3 Local atomic arrangements around Ga in Ga2S3 crystal. Small violet dots indicate valence electrons of Ga atom, while small green dots indicate those of S atom and smaller green dots denote paired electrons for S atom but not participating in chemical bond. This drawing was created by Adam Stone. 
If Na2S is incorporated with maintaining the covalent bonds between Ga and S, one of possible configurations is that one of the two covalent bonds of S atoms becomes dangling bond that is negatively charged. The extra electron can be given by Na atoms, making them positively charged. Then, there is Coulombic interaction between the negatively charged dangling bonds and Na+ ions, which seems difficult to be distinguished from ionic bond between non-bridging S2- and Na+ ions. Note that this picture looks awkward because we are forced to take into account only the covalent bonds.
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Fig. 4 Local atomic arrangements around Ga in Ga2S3–Na2S glass. Covalent bonds are taken into consideration for this configuration. This drawing was created by Adam Stone. 
2. If the chemical bonds between Ga and S are basically ionic, which means there is relatively strong ionicity involved in the bonds, the local structural environments of Ga should be similar to a sodium borosilicate or a calcium aluminosilicate glass. Positively charged trivalent Ga ions are surrounded by four negatively charged divalent S ions which bridge two Ga thtrahedra. In this case, the network formers would be [GaS4/2]- tetrahedra, and Na2S would act as charge compensator and/or network modifier.
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Fig. 5 Local atomic arrangements around Ga in Ga2S3–Na2S glass. Ionic (but not pure ionic) bonds are taken into consideration for this configuration. Note that the effective charge of the GaS4/2 units is -1 upon which Na+ ion acts as a charge compensator. These drawings were created by Adam Stone (left) and Donghui Chao (right).
3. The atomic arrangements of Ga in Ga-Na-S glass are kept not fully resolved. Elaborated analyses are needed, but at the moment the covalent argument looks more difficult to accept since this picture possesses three-coordinated S atoms, and Na atoms are known very electro-positive, thus favoring ionic bond in a solid. It should be noted that for some ChGs such as Ga-La-S, Ga-Na-S, Ag-Ge(As)-S(Se), we need to consider the increased ionicity in their chemical bonds. 
(Set 3)
From a practical viewpoint, pure oxygen is gaseous at room temperature and oxide compounds that can be used for producing oxide glasses such Na2O and SiO2 are cheap and abundant compared to their elemental forms such as Na and Si. As a result, it is more convenient to use oxide compounds as starting materials. In addition and more importantly, we need to care the charge balance problem for all oxide or fluoride glasses since in these glasses the chemical bonds possess stronger ionicity than those in ChGs. A stable stoichiometric oxide or fluoride compound is automatically charge neutralized, so that this makes using starting materials in the form of compound more convenient. This is inferred from that there is no homopolar bond in oxide and fluoride glasses. As such it seems impossible to make a good oxide glass out of mixture of nonstoichiometric compositions. Specifically, it is possible to make 20Na2O-80SiO2 a glass, but seems very difficult to make 20Na-80SiO2. If the amount of metal is not large, the metallic atom would be incorporated into the glass in the form of metallic phase presumably with no effective net charge, but anyway this is not a typical glass. On the other hand, as for chalcogenide glasses, homopolar bonds do exist because of the enhanced covalence in the chemical bonds. This implies that starting materials do not need to be stoichiometric compounds. For example, 22Ge-10As-68S can form glassy phase but it cannot be written in the combinations of GeS2 and As2S3 compounds. 
