



     Composition dependency of specific heats in Se-Te-Sn-In chalcogenide glasses
Abstract 
The specific heats of glassy Se90-xTe5Sn5Inx (0, ≥x≤ 9) alloys have been investigated at different heating rates under non isothermal conditions using differential scanning calorimetry (DSC). The specific heats corresponding to the equilibrium liquid state Cpe (after Tg), the glassy state Cpg (before Tg), Cp0 (at peak value of Tg) and ΔCpg (the difference Cpe and Cpg) were examined with different indium concentration. All these specific heat values exhibit compositional dependence and attain a maximum values at 9 at.% In. The observed variations are interpreted on the basis of the intrinsic specific heats of Se and In (indium) at room temperature and structural changes. 
Keywords: Multi-Component Chalcogenide Glasses, Glass Transition Temperature, Differential Scanning Calorimetry (DSC) Specific Heat.

  
 1. Introduction 
In recent decades, chalcogenides have drawn a group of attention as of their numerous scientific and technological uses [1–4]. The structural changes during the amorphous-to-crystal transition are an intriguing area of contemporary physics. The devitrification process should be carried out slowly to generate high-quality glasses since chalcogenide glasses are widely utilized in the manufacturing of optical elements, such as waveguides, lenses and optical fibers. It should, however, be quick when erasing in CDs and DVDs for phase-change optical recording [5–6]. Chalcogenide glasses (ChGs) usually contain glass modifiers like arsenic (As), antimony (Sb), gallium (Ga), or germanium (Ge) in addition to a chalcogen element like selenium (Se), tellurium (Te) or sulfur (S) [7]. In general, ChGs have phase-change ability, photosensitivity optical nonlinearity and high refractive indices [8–9]. At this time, ChGs are highly desirable for use in every industrial area [10]. To comprehend the thermal relaxation process in chalcogenide glasses, one crucial thermal parameter is specific heat. The dynamical binding of atoms or molecules inside a material has a significant impact on specific heat [11]. Therefore, a test that effectively characterizes a material as a glassy substance is produced by measuring and analyzing factors like heat capacity.Glasses are less thermodynamically stable than their corresponding supercooled liquids due to their metastable nature. The system experiences a steady growth of structures toward equilibrium below the glass transition temperature (Tg), a process known as stabilization. On experimental timeframes, however, the majority of the glass's thermophysical characteristics seem to be effectively frozen because of its incredibly slow kinetics. At the glass transition region, all chalcogenide glasses display a sudden shift in specific heat. Understanding a material's thermodynamic characteristics requires knowledge of its specific heat [12, 13]. In the first work on the thermodynamic functions of chalcogenide glasses, the specific heat was found to have a maximum-like dependency [14]. For the glass system it may be used to calculate the Kauzmann temperature which is the common hypothetical limit for the glass transition [15]. The specific heat capacity (Cp) of selenium (Se) chalcogenide glasses is a critical thermophysical characteristic that reflects their ability to hold thermal energy. Because of their unique thermal, electrical and optical properties of selenium-based chalcogenide glasses is the focus of a lot of research, so understanding their specific heat is essential for different applications [16]. In general, Cp for Se-Te glasses increase as the tellurium concentration rises because of the higher atomic mass and various bonding conditions [17]. In a Se-Te binary system, adding Sn generally results in an increase in molar mass and structural rearrangement which decreases Cp [18]. Sarswat and Mehta reported the specific heat after and before glass transition temperature of Se-Te-Sn-In glassy system and conclude that specific heats are increases with Indium (In) concentration [19]. According to Goel et al., the specific heat provides insight into the solubility of doping ions and how they affect the thermal properties of materials used in the production of glass [20]. By utilizing differential scanning calorimetry to measure heat capacity in the glass transition region, Pradeep et al. noticed that Se-Te-Cd glasses quickly relax to equilibrium, and the considerable peak within specific heat (Cp ) is an entire object of the samples' thermal past history [21].The composition dependency of the heat capacity increase in Ge-Se-In chalcogenide glasses was investigated by Saffarini and Saiter, who discovered that all of the Ge-Se-In glasses under study might be thermodynamically strong [22]. Using modulated differential scanning calorimetry, Sharma et al. concluded the Cp for chalcogenide glass and determine the specific heat values in the glassy area [23]. Additionally, they investigated the concentrations dependency of specific heat values for above and below the glass transition temperature [24-25]. Kumar et al. investigated the concentration addiction of heat capacity in Se-Te-Cd-In glassy alloys and calculated heat capacities for glass transition temperature and crystallization region. They observed maximum heat capacity for (5 at. wt. % of In), and explained by bond theory [26]. Kumar et al. reported glass transition and crystallization kinetics of Se90−xTe5Sn5Inx (0, ≥x≤ 9) glassy alloys and observed the effect (thermal) of indium in Se–Te–Sn chalcogenide glasses [27, 28]. K.K. Sarswat et al reported the studies of effect of Ge, Pb, Sb and In on Se-Te-Sn system for thermal stability and crystallization behavior and analysis of specific heat changes for glass transition region [29]. In the present article we discuss the composition dependency of specific heat of Se90−xTe5Sn5Inx (0, ≥x≤ 9) chalcogenide glasses and calculate all type of specific heat in the glassy region.
2. Methodology 

Material preparation and experimental technique
An electronic balance was used to weigh the rudiments Se, Te, In and Sn, which are all extremely pure (99.999%), based on their appropriate at. wt. percent ratios. The ingredients fell into quartz ampoules (diameter 12 mm and length 8cm). The sample ampoules were sealed at a vacuum (10-5 torr) for prevent any possibilities oxygen reaction of an alloy at high temperatures. All ampoules were heated steeply up to 8250C in the furnace for10-12 hours at a rate of 3–4 K/min. The samples were periodically taken aback to make sure they were uniform in nature. The melted samples were quickly cooled water (ice) in order to attain the glassy behavior of the alloys. The glassy behavior of alloys may be done by with X-ray diffraction pattern [27]. A differential scanning calorimetry (DSC), equipment (Shimadzu DSC-60 Model) was carried out to analyze each sample's thermal behavior. Diffrents heating rates (5, 10, 15, and 20 K/min) were used to heat 10 mg of the crushed material in conventional aluminum pans for the observations. The heat absorbed or emitted during phase transitions and the observed glass transition kinetics under non-isothermal circumstances were determined using a DSC. Prior to measurements, the DSC apparatus was calibrated using high purity standards for Sn (tin),Pb (lead) and In(Indium) with established melting points. Using the familiar melting enthalpy of the aforementioned reference materials, the total area of their full melting endotherms was measured in order to determine the instrument constant. The instrument constant is determined to be 1.5, and the enthalpy and temperature calibration findings for the standard materials were contained by 3% of the values reported in the literature [30].The microprocessor of the thermal analyzer measured the temperature with an accuracy of ±0.1 K, and the precision of the heat run was ±0.01 mW.
3. Result and Discussion
Fig. 1 illustrates the basic structure of a DSC thermogram, showing heat flow as a function of temperature.  In the DSC curve The glass and crystallization regions are represent endothermic and exothermic peak in the DSC thermogram. Glassy region represents by Tgo , Tge  and Tgp onset endset and peak glass transition temperature respectively. In the crystallization region onset, endset, and peak temperatures are denoted as Tco Tce and Tcp, respectively. A DSC thermogram between specific heat and temperature is shown schematically in Fig. 2. At glass transition temperature (Tg), endothermic phase reversal peaks were visible in the DSC trace. In the glassy area, the following formula was used to calculate the specific heat values [31]:
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where β is denoted heating rate and ΔH shows heat exchange that occurs as a sample of mass m passes through it. 
Using equation (1) the calculated values of specific heats Cpg (before) Cpe (after) Cp0 (peak) and ΔCpg (difference of Cpe and Cpg) for the glassy region listed in Table 1. Table 1 displays various specific heat values in the glassy region that are first decreases for 3 at. wt.% of indium(In) while increasing at 6 and 9 at. wt.% of In. Figure 3(a-d) illustrates how Cp changes with temperature for each glassy alloy at a fixed heating rate 15 K/min. Because only vibrational degrees of freedom participate, it is evident from Figs. 3(a-d) that Cp is weakly temperature dependent below the glass transition temperature. In this region the atoms have very little configurational mobility and are shielded in their disorderly sites. Although Cp exhibits a sharp rise with temperature close to the glass transition temperature and reaches its maximum at this point. At this region, the system transforms from a stiff glass to a softer, super-cooled liquid, producing atomic rearrangements. Cp reaches a steady value after the glass transition temperature that is slightly greater than Cp below the glass transition temperature. The Se-Te-Sn-In system thermally takes easily to heating in this state, and favorable rearrangements are finished. It is possible to trace the rapid increase in Cp values for each glassy alloy at glass transition region for anharmonic contributions to the specific heat [32].
To determine the average coordination numbers<Z> for different glasses under study, the following relation was used [33]:
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   According to the literature, the co-ordination numbers of Se, Te, Sn, and In one by one are Zse = 2, ZTe = 2, ZSn = 4, and ZIn = 3. The atomic weight percentages of the elements in the glassy matrix are denoted by p, q, r, and s, respectively. For In= 0, 3, 6, and 9 glassy systems, the average coordination number can be calculated by using equation (2) that is equal to 2.1, 2.13, 2.16, and 2.19, respectively [27].
       A number of factors, such as changes in structural dimensionality, Indium size effect, densification, bonding changes, network rigidity, the Philips–Thorpe constraint theory, the and the scene for some limited stoichiometric changes, can account for the observed non-monotonic variation in the glassy region specific heat with average coordination number for the present Se-Te-Sn-In system. Because these glasses depict a floppy network at <Z>= 2.13 the values of Cpe,   Cpg, Cp0 and ΔCpg are minimum at <Z>= 2.13[34]. The specific heats attain a minimum and an extremum, values for 3 and 9 at. wt.% of In respectively. At 3 at. wt. % of In, which corresponds to an average coordination number <Z>= 2.13 shows minimum specific heats due to glassy alloys moves closer to rigidity percolation. Because the Se-Te-Sn-In system could go into an over constrained or heterogeneous domain and additional low-frequency excitations may emerge, all specific heats experience a slightly increase for 6 and 9 at. wt. % of In. Table 1 shows that all of the specific heat values for each glassy alloy remarkably reduced if Indium (In) was added to the ternary Se90Te5Sn5 glassy alloy; nevertheless, values for 6 and 9 at. wt.% of Indium increased due to formation of rings and chains [35]. The structure of glassy alloys (Se-Te-Sn) without Indium (In) is primarily composed of weakly cross-linked Se chains with Sn and Te. Its under-constrained Se-rich network, which has many floppy vibrational modes, low density (in compression of Se-Te-Sn-In), and significant anharmonic contributions, makes the network less stiff and more anharmonic without In (Indium), increasing specific heat. The observed decrease in Cp at 3 at. wt.% of Indium results from the addition of In, which decreases these excitations by increasing network stiffness and density. The atomic weights of the Se and In elements and their room temperature Cp values help to explain this to a particular extent. Adding of indium on glassy Se–Te–Sn system, decrease specific heat for 3 at. wt.% of In, because Cp (0.23 J/g-K) of In is lower than Cp (0.32 J/g-K) of Se at the room temperature. When compared to the ternary Se90Te5Sn5 alloy, this is most likely the cause of the lower values of all specific heats in quaternary alloys. Specific heat values improve as indium is further included into the ternary Se90Te5Sn5 alloy. It is commonly known that some thermally induced structural relaxation occurs in the glassy system during the glass transition occurrence in chalcogenide glasses. The atomic weight of Se is fewer (78.96 g mol-1) than Indium (114.82g mol-1), therefore, when the mean atomic weights of quaternary alloys increase, more specific heat is needed for structural rearrangements. Most likely, this is the cause of the rise in Cp values as the In content increases. Similar behavior was observed by A. Sharma et al. in another glassy system [23]. Another way at low value of Indium create modest rise in structural disorder and defect formation. At increasing In (Indium) concentrations, not all of the Indium can be accommodated as simple cross-links in the glass network. This results forms more homopolar bonds (In–In, Se–Se) in compression of hetropolar bonds (Se-In, Se-Sn, Se-Te) [27] produce imperfections, and structural disorder. New localized vibrational states and anharmonic contributions are introduced by such disorder, which raises Cp once more.
4. Conclusion
The glassy Se90−xTe5Sn5Inx (0, ≥x≤ 9) alloys have been subjected to specific heat measurements using a DSC thermogram under non-isothermal conditions. The glassy zone shows the impact of indium on the Se-Te-Sn system for all specific heats. At 3 at.wt.%, the specific heats fall when In is added to the Se-Te-Sn system because the Cp of Se (0.32 J/g-K) is greater than the Cp of In (0.23 J/g-K). As the mean atomic weights of quaternary alloys increase, more heat is needed for structural rearrangements, which is the reason all specific heat values rise for 6 and 9 at. wt. % of In.
Tables 
Table 1. Computed values of specific heat Cpe,,Cpg, Cp0 and ΔCpg in glass transition region for multi-components chalcogenide glassy Se90-xTe5Sn5Inx (x = 0, 3, 6, and 9) network.

	Composition
	˂Z˃
	    Cpg (J/g-K)  
	     Cpe(J/g-K)
	     Cp0(J/g-K)
	ΔCpg (J/g-K)

	x = 0
	2.10
	0.760
	0.856
	1.41
	0.096

	x = 3
	2.13
	0.652
	0.727
	1.15
	0.075

	x = 6
	2.16
	0.673
	0.756
	1.22
	0.083

	x =9
	2.19
	0.820
	0.923
	1.48
	  0.103
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Fig. 1:A schematic framework of a DSC thermogram,that shows heat flow as a function of temperature, In DSC plot sharp peaks against a flat baseline, representing theglassy and crystallization regions.
[image: image5.jpg](I-3/r) Yeal dy1dadg

Temperature (K)




Fig. 2: A schematic framework of a DSC thermogram that shows Specific heat as a function of temperature
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                      Fig. 3(a-d). A graphical illustration of temperature-dependent specific heat in glass transition region for glassy Se-Te-Sn-In network at heating rate 15 K/min.
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Fig 4: Variation of specific heat at peak glass transition temperature with <Z> for multi-components chalcogenide glassy Se90-xTe5Sn5Inx network at heating rates 15 K/min.
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