Chalcogenide Letters Vol. 3, No. 6, June 2006, p. 49 - 53

COMPACTNESS IN RELATION TO THE MEAN COORDINATION NUMBER IN GLASSY Ge_xBi_6S_{94-x}

G. Saffarini^*, J. M. Saiter

Laboratoire PBM, UMR 6522, LECAP, Institut des Matériaux de Rouen, Faculté des Sciences, Avenue de l’Université BP 12, 76801 Saint Etienne du Rouvray, France

The compactness of the structure of glassy Ge_xBi_6S_{94-x}(14 x 26 at %) is determined from the measured densities. The peculiarities observed in the compactness-composition dependence are understood using Phillips’-Thorpe and Tanaka’s topological models proposed for the structure of these covalently bonded solids.

Keywords: Chalcogenides, Glasses, Compactness, Mean-coordination number

1. Introduction

Chalcogenide glasses have rece ntly attracted much interest due to mainly two reasons. The first stems from their interesting physical and optic al properties and consequently of their potential technological applications. A recent review of a ll these potential applications appeared in the proceedings of the international workshop on amorphous and nanostructured chalcogenides [1]. These applications include the well-known xerography process with Se or As-Se , lithography with Ge_{25}Se_{75} [2], CD compatible erasable disk with Ge-Te or Ge-Te-Se [3], chemical sensors with As- S(-Se) based alloys [4], long lengths of low loss IR transmitting devices with As_{40}S_{60-x}Se_x [5], the use of memory and switching effects as observed in Bi_{29}Tl_{35}Se_{36} [6] or photodarkening properties as in As_2S_3(-Se_3), Ge-S_2(Se_2) [7,8], and their use for the preparation of electrical memories as in Al_{23}Te_{77} [9]. The second one is linked to the relative ease of their preparation from the melt. The best example is demonstrated by pure Se which is known to be the only element able to give monoatomic glass [10]. As a consequence, chalcogenide glasses can be used as reference materials in order to develop a better understanding of the glas sy state and its specific properties. Moreover, because these materials show a continuous change of their various propertie s with change in their chemical composition, it is possible to investigate the correlation of the features observed in the property-composition dependence with the structural arrangement in the glass. Such studies on thermal [11], mechanical [12], electrical [13], optical [14] and physicochemical [15] have recently been reported. The Ge-S-Bi is a prototypical chalcogenide system. The first paper that dealt with the addition of bismuth in a chalcogenide matrix was published by Bowman and Schottmiller [16] in 1968. The goal was the preparation of new infra red photoconductors. At the same time, it was discovered that a small amount of Bi atoms ( 7 at% Bi) incorporated in a Se matrix leads to the change of the conductivity type from p to n [17] . More recently, the possibility of making an all chalcogenide glass p-n junction based on this ability of Bi was demonstrated [18,19]. Since the results of [17], many studies were performed to prop ose an explanation of this specific property that the Bi atom seems to possess. Different atomic co nfigurations were proposed. Most of these works were recently discussed in a review article of Vautier [20]. With re gard to this review article, one conclusion was that after three decades of researches and debates on this matter, the origins of this

*Corresponding author safarini1@yahoo.com; safarini@najah.edu specific property are not yet fully understood. Indeed, one of the main problems is the lack of direct structural investigations of the atomic Bi su rroundings. Consequently, we have performed Ge Kedge and Bi L_{III}-edge extended x-ray absorption fine structure (EXAFS) measurements on these glasses and EXAFS measurements from Bi L_{III}-edge on crystalline Bi_2S_3 [21]. From these measurements, we have shown that Ge and Bi atoms in these glasses are uniquely coordinated with S atoms with a coordination number (CN) equal to four. The CN of Bi with S in crystalline Bi_2S_3 is found to be three and thus these results allow us to conclude that the presence of Bi_2S_3 microcrystalline inclusions , in the structure of th e glasses, is excluded and that these glasses are homogeneous at the microscopic level. Earlier, we reported X-ray photoelectron spectroscopy (XPS) measurements on Ge_{20}S_{64}Bi_{16} glass [22] and concluded that Bi atoms enter the parent glass matrix, Ge_{20}S_{80}, as a positive charge centre. In the present work on Ge-S-Bi glasses, we report the compactness results and discuss them in light of the topological models proposed for their network structure.

2. Experimental

The glasses with the compositions Ge_xBi_6S_{94-x} (14 x 26 at %) were fabricated from high purity elements by the usual melt quenching techniqu e. Appropriate amounts of Bi pellets, S pieces and Ge chunks ( total 1.5 g) were loaded into a cylindrical ( length 100 mm, internal diameter 8 mm) quartz capsule. Each capsule was then evacuated to a pressure of 10^{-5} Torr, sealed, and transferred to an electric furnace. The temperature of the furnace was then raised to 900 ^oC and the capsule was kept at this temperature for 72 h. Duri ng this time, the capsule was continuously shaken to guarantee the complete mixing of the various constituents. The glass was finally obtained by quenching the capsule to 0 ^oC in an ice-water mixture. The Archimedes method was used for the measurement of the density of as-prepared glasses. The weight of a piece of the Ge-S-Bi glassy alloy was measured in air and in distilled water using an electrical balance, as w_1 and w_2, respectively. The density of the glassy alloy could thus be determined from the formula

w_{ater} w w w 2 1 1 (1)

Five separate determinations we re made on each glass composition and the average of them was taken as the measured density of it. The experime ntal uncertainties of the density measurement was better than ± 0.5%. The compactness, , of the structure of the glass was calculated according to the formula [23-25]

i i i i i i i i i i Ax Ax Ax^1 1 1 ) () ( (2)

where x_i, A_i, and _i are the atomic fraction, the atomic weight, and the atomic density of the ith element of the glass and is the measured density of the glass. Thus, is a measure of the normalized change of the mean atomic volume due to chemical interactions of the elements forming the network of a given solid [26] and, therefore, is associated with the free volume and the flexibility of the network. The compactness can assume ne gative values, which corre spond to larger free volumes and flexibilities.

3. Results and discussion

The composition of the glassy alloy is repres ented by its mean coordination number, <r>, which has been widely used for the description of the structure of network glasses [27-30] and which is indiscriminate of the type of atomic species in a covalent bond [31]. It is defined as the mean number of bonded neighbours per atom in the structure and represents the rigidity of the structural units [31]. The <r> values for the investigated Ge_xBi_6S_{94-x} glassy alloys are calculated using the normal procedure [32-34] and cover the range between 2.46 to 2.64. The details of the calculation are given elsewhere [35]. Prepared samples with higher <r> were partially crystalline and therefore their results are not included here. The chief result of this work is depicted in Fig. 1.

2,40 2,45 2,50 2,55 2,60 2,65

-0,15

-0,10

-0,05

0,00

0,05

0,10

Compactness

Mean coordination number

Fig. 1. Variations of the compactness with the mean coordination number in Ge_xBi_6S_{94-x} glasses. Lines through data points are drawn to guide the eye.

The prominent features observed in this figure are a maximum at <r>= 2.46 and a minimum at <r>= 2.56 which are explained in the following paragraphs. Recently, Phillips [27] introduced the concept of viewing the properties of covalent glasses in terms of <r>. In his attempt to explain the gla ss forming ability of certain covalent glassy alloys and using elegant constraint-counting arguments, he proposed that the network connectivity could be parameterised by simply using <r>. He further pr oceeded to assume that, for the ideal glass, the number of inter-atomic force-field constraints per atom, N_c, exhausts the number of degrees of freedom per atom, N_d, in three dimensional space. Phillips’ balance condition N_c= N_d takes into account both bond stretching constraints and bond bonding constraints and led him to conclude that the mechanical stability for the network with the critical coordination number <r>_c= 2.4 is optimised. Later on, Thorpe [29,30] recognised that Phillips’ balance condition can be formulated as a percolation problem in which the quantity of inte rest is rigidity. He showed that for a three dimensional network, the number of zero-frequency (floppy) modes per atom, f, is given by r f 6 5 2 (3)

which approaches zero from below when <r> approaches the critical value of 2.4. Networks with <r> less than 2.4 are polymeric glasses (or floppy) in which the rigid regions are isolated. As <r> increases, the network goes thro ugh the transition at <r>= <r>_c. At this <r>_c, the rigidity is said to percolate and the glass transforms to a rigid structure. This <r>_c value is referred to as the rigidity percolation or mechanical threshold. Networks wi th <r> greater than 2.4 are amorphous solids (or rigid). The optimised stability of the network with <r>= <r>_c= 2.4 is linked with the most tight bonding, shortest bond lengths and consequently with the largest compactness. Therefore, the maximum in observed at <r> = 2.46 in these glasses is attributed to the floppy-rigid transition. The <r> value at which the rigidity transition is observed in this work for these glasses is higher than that predicted by the mean field theory [27-30]. Thus, it may be assumed that, in real glasses, this transition occurs in the slightly over-cross-linked regime. The positive shift in the <r> value marking the rigidity transition was noted in <r>-dependenc ies of various properties of chalcogenide glasses [36-41]. Furthermore, computer simulations of bo nd-depleted diamond network [42], 2D triangular central force networks [43], and self-organizing netw orks [44] confirm the existence of this rigidity transition.

0.10

0.05

0.00

-0.05

-0.10

-0.15

2.40 2.45 2.50 2.55 2.60 2.65 Mean coordination number

The minimum in at <r>= 2.56 can be understood by assuming that the structure of this composition (Ge_{22}S_{72}Bi_6) is a layered one with a network dimensionality D= 2. For this composition, the interlayer separation is a maximum resulting in the observed minimum in . The idea that D = 2 for structures of <r> 2.5 was previously proposed with structural models based on rafts [27,45] and distorted layers [46,47]. Indeed , Tanaka [31], modified Phillips’- Thorpe balance condition by including intermediate-range order (IRO) interactions and predicted the existence of a threshold at <r>= 2.67. At this <r> value, 2D layered structures are fully evolved and for higher <r> the structure is transformed to a 3D network. Thus, it can be argued that the minimum in at <r>=2.56 marks the 2D 3D structural transition in these glasses. The apparent discrepancy between the observed Tanaka’s threshold ( <r>= 2.56) and the predicted one ( <r>= 2.67) could be attributed to the inclusion of the heavy metal Bi in to the Ge-S network which, in turn, leads to the formation of partially ionic Bi-S bonds. In this case, Tanaka’s threshold derived for purely covalent networks is treated as a reference value. The lower value of <r>, compared to that predicted by Tanaka, at which the 2D 3D transition is observed in these glasses has been reported from meanatomic volume results in Ge-Se-Ga [48], from surface toughness measurements in Ge-Se-Sb [49], from high pressure resistivity measurements in Ge -As-Te [50], from calorimetric measurements in Ge-S-Sb [51] and from compactness results in Ge-Se-In [52].

4. Conclusions

The compositional dependence of the compactness, , for Ge_xBi_6S_{94-x}chalcogenide glasses has been investigated. The observed maximum at <r>= 2.46 and minimum at <r>= 2.56 in the -<r> dependence are caused, respectiv ely, by Phillips’-Thorpe flop py-to-rigid and Tanaka’s 2D 3D transformations.

Acknowledgements

G. Saffarini, would like to thank the Arab Fund for Economic and Social Development, Kuwait, for their financial support during the course of this work.

References

[1] M. A. Popescu, Proceedings of the First International Workshop on Amorphous and Nanostructured Chalcogenides- Fundamentals and Applications, Bucharest, Part 2, 2001. [2] Hyun-Yong Lee, Hong Bay Chung, Jpn. J. Appl. Phys. 36, 2409 (1997). [3] A. P. J. M. Jongenelis, J. H. Coombs, W. van Es-Spiekman, B. A. Jacobs, J. Appl. Phys. 79, 8349 (1996). [4] Yu.G. Vlasov, E.A. Bychkov, A.V. Legin, Talanta 41, 1059 (1994). [5] J. S. Sanghera, V. Q. Nguyen, P. C. Pureza, R. E. Miklos, F. H. Kung, I. D. Aggarwal, J. Lightwave Techn. 14, 743 (1996). [6] K. A. Sharaf, Appl. Phys. A 53, 218 (1991). [7] S. Ducharme, J. Hautala, P.C. Taylor, Phys. Rev. 41, 12250 (1990). [8] Ke. Tanaka, A. Qdajima, Solid State Commun. 12, 961 (1980). [9] J. Colmenero, J. M. Barandiaran, J. Non-Cryst. Solids 30, 263 (1979). [10] A. Winter, Verres Refractaires 36, 259 (1982). [11] K. Ramesh, S. Asokan, K. S. Sangunni, E. S. R. Gopal, J. Phys. Chem. Solids 61, 95 (2000). [12] A. N. Sreeram, A. K. Varshneya, R. M. Callahan, J. Non-Cryst. Solids 128, 294 (1991). [13] K. Ramesh, S. Asokan, K. S. Sangunni, E. S. R. Gopal, Appl. Phys. A69, 421 (1999). [14] E. Vateva, E. Skordeva, D. Arsova, Philos. Mag. B67, 225 (1993). [15] G. Saffarini, J. M. Saiter, J. Mater. Sci. 39, 6141 (2004). [16] D. L. Bowman, J. C. Schottmiller, J. Appl. Phys. 39, 1659 (1968). [17] J. C. Schottmiller, D. L. Bowman, C. Wood, J. Appl. Phys. 39, 1663 (1968). [18] S. Okano, M. Suzuki, T. Himura, A. Hiraki, Jpn. J. Appl. Phys. 24, L445 (1985).

[19] N. Tohge, K. Kanda, T. Minami, Appl. Phys. Lett. 48, 1739 (1986). [20] C. Vautier, Diffus. Defect Data B, Solid State Phenom. 71, 249 (2000). [21] G. Saffarini, J.M. Saiter, A. Zumailan, J. Optoelectron. Adv. Mater. 3, 485 (2001). [22] G. Saffarini, J.M. Saiter, Mater. Lett. 46, 327 (2000). [23] V. Vlcek, M. Frumar, J. Non-Cryst. Solids 97-98, 1223 (1987). [24] E. Savova, E. Skordeva, E. Vateva, J. Phys. Chem. Solids 55, 575 (1994). [25] E. Skordeva, D. Arsova, J. Non-Cryst. Solids 192-193, 665 (1995). [26] L. Tichy, H. Ticha, Mater. Lett. 21, 313 (1994). [27] J.C. Phillips, J. Non-Cryst. Solids 34, 153 (1979). [28] J.C. Phillips, M.F. Thorpe, Solid State Commun. 53, 699 (1985). [29] M.F. Thorpe, J. Non-Cryst. Solids 57, 355 (1983). [30] H. He, M.F. Thorpe, Phys. Rev. Lett. 54, 2107 (1985). [31] K. Tanaka, Phys. Rev. B 39, 1270 (1989). [32] S.R. Elliott, Physics of Amorphous Materials, Longmann, London 1990, p. 61. [33] J.Z. Liu, P.C. Taylor, J. Non-Cryst. Solids 114, 25 (1989). [34] J.Z. Liu, P.C. Taylor, Solid State Commun. 70, 81 (1989). [35] G. Saffarini, H. Schmitt, H. Shanak, J. Nowoczin, J. Muller, phys. stat. sol. (b) 239, 251 (2003). [36] A. Feltz, H. Aust, A. Blayer, J. Non-Cryst. Solids 55, 179 (1983). [37] K. Murase, K. Yakushiji, T. Fukunaga, J. Non-Cryst. Solids 59-60, 855 (1983). [38] W.J. Bresser, P. Boolchand, P. Suranyi, Phys. Rev. Lett. 56, 2493 (1986). [39] A. Kumar, S. Goel, S.K. Tripathi, Phys. Rev. B 38, 13432 (1988). [40] A.K. Agnihotri, A. Kumar, A.N. Nigam, Philos. Mag. Lett. 58, 63 (1988). [41] A. Giridhar, S. Mahadevan, J. Non-Cryst. Solids 134, 94 (1991). [42] D.S. Franzblau, J. Tersoff, Phys. Rev. Lett. 68, 2172 (1992). [43] D.J. Jacobs, M.F. Thorpe, Phys. Rev. Lett. 75, 4051 (1995). [44] M.F. Thorpe, D.J. Jacobs, M.V. Chubynsy, J.C. Phillips, J. Non-Cryst. Solids 266-269, 859 (2000). [45] P.M. Bridenbaugh, G.P. Espinosa, J.E. Griffiths, J.C. Phillips, J.P. Remeka, Phys. Rev. B 20,4140 (1979). [46] L. E. Busse, Phys. Rev. B 29 (1984) 3639. [47] A. J. Leadbetter, A. J. Apling, J. Non-Cryst. Solids 1, 150 (1974). [48] S. Mahadevan, A. Giridhar, J. Non-Cryst. Solids 152, 42 (1993). [49] D. R. Swiler, A. K. Varshneya, R. M. Callahan, J. Non-Cryst. Solids 125, 250 (1990). [50] A. Srinivasan, K. Ramesh, K. N. Madhusoodnan, E. S. R. Gopal, Philos. Mag. Lett. 65, 249 (1992). [51] E. Savova, V. Pamukchieva, Semicond. Sci. Technol. 12, 185 (1997). [52] G. Saffarini, Physica B 253, 52 (1998).