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ABSTRACT:   The recent discovery of glass forming hybrid metal halide perovskite (MHP) 

semiconductors has opened the opportunity to explore their utility beyond the already celebrated 

fields of photovoltaics and light emitters, as enabled by their crystalline counterparts. Reversible 

switching phenomenon between glassy and crystalline states further extends the potential 

application space to prospectively memory, computing, photonics, metamaterials and phase 

change energy storage. To better identify the characteristic switching properties, the underlying 

kinetics of glass crystallization is studied for an exemplary glass forming (S)-(−)-1-(1-

naphthyl)ethylammonium lead bromide (SNPB) perovskite using a combination of calorimetry, 

microscopy, and kinetic modelling techniques. The study shows an activation energy of ~350 

kJ/mol for the glass-crystalline transition and an Avrami parameter n = 2.02 + 0.11, pointing to 

heterogenous surface mediated nucleation of crystallites with 2-dimensional laminar growth in 

space. These results serve as an initial guide towards modelling the glass-crystallization kinetic 

effects in MHPs and to facilitate assessing the suitability of the glass forming MHPs for a broad 

range of prospective applications. 
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 Glasses represent an important class of metastable solids, finding versatile utility in modern 

civilization.1 2 3 Various compositions within different families of glass forming materials, such as 

oxides,4 chalcogenides,5 metals,6 organic,7 and polymeric8 systems, have broad-ranging 

exploitable properties for applications ranging from packaging systems,9 batteries,10 solar cells,11 

catalysts,12 photo13/nuclear14 detectors, and communication devices.15 Good glass formers such as 

silicate glasses don’t generally crystallize under practical timescales upon providing thermal 

energy.16 However, certain materials with stronger ordering tendency, e.g. some chalcogenide 

glasses, readily undergo reversible glass-crystal switching with thermal, optical, or electrical 

cycling.17 Crystal-glass switching opens up a broader range of applications for such materials due 

to the distinct properties in the glass and crystalline states—e.g., memory,17, 18 computing,19 

metamaterials20 and photonic devices.20-22 Though chalcogenides are the most broadly studied 

family of switchable glass forming semiconductors, recent demonstration of glass formation in a 

hybrid organic-inorganic metal halide perovskite (MHP)23, 24 unlocks new areas of scientific 

enquiry and prospective application for these materials beyond the already well-celebrated fields 

of photovoltaics,25 detectors26 and emitters27 engendered by their crystalline counterparts. Related 

demonstration of glass formation in metal organic frameworks (MOFs)28 and non-halide based 

hybrid perovskites29 has also spurred the field to push the boundaries of associated hybrid glasses.  

 

Thermodynamics and kinetics underlie reversibility in glass-crystal switching. A 

crystalline material can liquify at temperatures beyond the melting point (Tm) (assuming congruent 

melting) and then be quenched to form a glass if crystallization can be circumvented during 

cooling. The obtained glass can then be provided with sufficient thermal energy to induce a glass 

transition (Tg) wherein it enters a supercooled liquid state prior to its subsequent crystallization 
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(Tx).30 The above-mentioned iteration of melting (thermodynamics) and quenching/crystallization 

(kinetics) reflects reversibility for the process. The characteristic temperatures, i.e., Tg, Tx and Tm, 

serve as a guide to identify the suitability of the glass for various applications. For example, a 

higher Tg/Tm (Turnbull criteria of glass formation) suggests a stronger glass forming ability, with 

larger timescales for the ordering kinetics.31 The associated sluggish crystallization can be 

employed in making optical fibers for communication,32 glass-crystal composites,33 or in phase 

change energy storage applications wherein slow release of energy may be beneficial.34, 35 Smaller 

Turnbull criteria values signify higher propensity towards crystallization and associated higher 

crystallization rates, which may be useful in, for example, phase change memory and computing.19 

Thus, kinetic effects represent a key factor dictating the ultimate utility of an associated glass. 

 

 In this regards, understanding and controlling the kinetics of the glass-crystal 

transformation (i.e., nucleation and growth of crystalline grains within the hybrid glass) for the 

important MHP semiconductor family 36 should allow for programming of tailored properties and 

guide device fabrication/operation over the lifecycle of prospective switching devices—e.g., such 

study should aid in understanding: i) vitrification and devitrification processes in different 

temperature/time regimes, ii) nucleation density and crystal growth rates, iii) type of nucleation: 

homogeneous vs heterogeneous or sporadic vs instantaneous, iv) crystal growth mechanism and 

growth dimensionality, and v) feasibility of different MHP compositions targeted towards 

specified applications. To provide a first example of such studies for MHPs, in this article we 

employ iterative calorimetric measurements on the recently discovered chiral two-dimensional 

(2D) MHP, [S-(−)-1-(1-naphthyl)ethylammonium]2PbBr4 (SNPB),23, 37 which exhibits a Turnbull 

criterium Tg/Tm = 0.76, 23 to understand the kinetics of the glass-crystal transformation. The kinetic 
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behavior is modelled using the Ligero38, 39 and Kissinger40, 41 analytical theory of glass-crystal 

transformation, employing calorimetric experiments to help extract the two most valuable kinetic 

parameters, i.e., activation energy (E) and Avrami factor (n). Extraction of these parameters 

elucidates the mechanism of SNPB glass crystallization. Further, the analytical results are 

corroborated using a set of in-situ and ex-situ microscopy to provide a firmer understanding of the 

nucleation and crystal growth processes. 

 

Figure 1a shows the X-ray diffraction (XRD) pattern of SNPB crystals and the associated 

melt-quenched glassy counterpart. The broad hump centered at 2θ of 5.6° shows the amorphous 

nature of the SNPB glass as opposed to regularly repeating crystalline peaks corresponding to the 

(00l) family of interlayer atomic planes in SNPB crystals. The slight shift of the diffraction peak 

towards higher 2θ (from 4.6˚ to 5.6˚) upon glass formation suggests that some aspect of the layered 

nature of the crystalline phase is carried over to the glass, albeit with some structural contraction 

along the stacking direction.42 The differential scanning calorimetry (DSC) and thermogravimetric 

(TGA) heating scans for SNPB, as provided in our previous work 23 and reproduced as Figure S1, 

shows the characteristic temperatures, such as glass transition temperature (Tg ≈ 67 ˚C), 

crystallization onset temperature (Tx ≈ 101 ˚C), and melting temperature (Tm ≈ 175 ˚C), which are 

all significantly less than the degradation onset temperature (Td ≈ 205 ˚C), allowing for an 

appropriate working temperature range for vitrification and devitrification of the SNPB glass.   



6 
 

 

Figure 1. X-ray diffraction pattern of SNPB crystals (red curve) and SNPB glassy film (green 

curve). The SNPB crystals show a regularly repeating pattern of (00l) features with primary peak 

at 2θ of 4.6°, whereas the SNPB glass shows a typical amorphous broad feature centering at 2θ 

of 5.6°. The other broad feature (20-35°) in the green curve arises predominantly from the 

underlying soda-lime glass substrate. 

 

 Upon confirming the complete glass formation (XRD) and the associated regimes of 

working temperatures (DSC and TGA), multiple crystallization data modelling theories were 

examined to select the optimum range for extraction of associated parameters.30, 43 The available 

models each have pros and cons depending upon the glass-forming system under study and the 

conditions employed for the study. The fundamental theory dates to the 1930s, was independently 

developed by Johnson, Mehl and Avrami, and is known as the JMA kinetics model.44-46  Under 

isothermal conditions, the JMA theory of crystallization kinetics can be expressed as, 
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𝑥𝑥(𝑡𝑡) = 1 − 𝑒𝑒𝑒𝑒𝑒𝑒[−(𝐾𝐾𝐾𝐾)𝑛𝑛]                                                                              (i) 

 

where x represents the crystallized volume fraction at a certain time (t) corresponding to a given 

isotherm; n is the Avrami coefficient, which can be split into a summation of nd (dimensionality 

of the crystal growth) and nn (nucleation mechanism); and K is a reaction constant that can further 

be expressed by equation (ii). 

 

𝐾𝐾 = 𝐾𝐾0 𝑒𝑒(−𝐸𝐸 𝑅𝑅𝑅𝑅⁄ )           (ii) 

 

where R is the gas constant, T is the absolute temperature, E is the activation energy for the overall 

crystallization process, which includes both the nucleation and growth, and Ko is known as the 

frequency factor, which is related to the likelihood of a molecular entity participating in the process 

of crystallization and overcoming the energy barrier E. Importantly, K has temperature 

dependence, but under isothermal conditions this parameter can be considered a constant. When 

equation (i) is written in its logarithmic form, it can be expressed as, 

 

ln(− ln(1 − 𝑥𝑥)) = ln(𝐾𝐾) + 𝑛𝑛 ln(𝑡𝑡)        (iii) 

 

which on plotting may yield a straight line with slope represented by the Avrami coefficient, n.46 

The crystallized volume fraction (x) as a function of time (t) can be accessed by converting the 

DSC crystallization exotherm peak into various discrete area segments, each covering some 

interval of time.30  
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Equations (i)-(iii) show how the JMA theory applies to isothermal crystallization. 

However, there are practical limitations in experimentally obtaining a suitable exothermic 

crystallization curve during an isothermal hold step in a calorimetric experiment (e.g., see Figure 

S2 for the case of data collected for the current SNPB hybrid material), thus suggesting the need 

for non-isothermal methods. Non-isothermal methods have added advantages, as they are i) time 

efficient (no need to equilibrate at each temperature), ii) not subject to potential temperature 

over/under-shoot and oscillation during the process of rapid ramp to the isothermal temperature 

and, iii)  able to measure phase transformations that occur too rapidly to be measured under 

isothermal conditions.30, 47 The JMA theory can be extended to non-isothermal conditions only in 

cases where the nucleation centers can be shown to form before or during the initial stages of 

crystal growth and where the crystal growth rate can be considered Arrhenian in the determined 

temperature range of crystallization.30, 48, 49 The former condition is supported for the SNPB glass 

through in-situ microscopy (described later), whereas Arrhenian growth can be assumed for 

measurement in the relatively narrow temperature window49 (i.e., ~373-393 K) over which the 

activation energy remains nominally constant during the glass-crystal transformation process.30 

Both conditions for use of the non-isothermal approach appear to be satisfied, as shown by the 

experimental results discussed below. 

 

Hence, the non-isothermal mode of calorimetric experiments can be employed for the 

current study of SNPB glass crystallization. Such JMA theory extensions were provided by 

Ligero38, 39 and Kissinger.40, 41 The Ligero method provides the kinetic parameters—e.g., Avrami 

coefficient (n) and the activation energy (E)—at different crystallized volume fractions of glass 
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(x) and under non-isothermal conditions,38 by taking the logarithm of the first order derivative of 

both sides of equations (i) and (ii) with respect to time (t), as defined in equation (iv). 

 

ln �𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
� = ln[𝐾𝐾𝑂𝑂𝑓𝑓(𝑥𝑥)] − 𝐸𝐸

𝑅𝑅𝑅𝑅
      (iv) 

 

Here, f(x) is a function of the Avrami coefficient (n) and the crystallized volume fraction (x), as 

described in equation (v). 

𝑓𝑓(𝑥𝑥) = 𝑛𝑛(1 − 𝑥𝑥) [− ln(1 − 𝑥𝑥)]
𝑛𝑛−1
𝑛𝑛      (v) 

As evident from equation (iv), for constant values of ln[K0f(x)], the activation energy (E) can be 

determined from the slope of the ln(dx/dt) vs inverse temperature (1/T) plot. Further, using 

equations (iv) and (v), when we can consider ln[K0f(x)] = C (constant), then for two crystallized 

fractions x1 and x2 that satisfy this condition, the value of Avrami coefficient can be determined 

using the expression described by,38, 39 

𝑛𝑛 = ln �ln(1−𝑥𝑥2)
ln(1−𝑥𝑥1)� . �ln �(1−𝑥𝑥2) ln(1−𝑥𝑥2)

(1−𝑥𝑥1) ln(1−𝑥𝑥1)�
−1
�    (vi) 

The other widely employed approach, the Kissinger model, which is a non-isothermal 

extension of Arrhenius and reaction rate equations,41 considers the change in peak crystallization 

temperature (Tp) as a function of heating rate (qh). The simplicity of the model facilitates the 

extraction of activation energy (E) using equation (vii).30, 40 

ln �𝑞𝑞ℎ
𝑇𝑇𝑝𝑝2
� = ln �𝑍𝑍𝑍𝑍

𝐸𝐸
� − 𝐸𝐸

𝑅𝑅𝑇𝑇𝑝𝑝
       (vii) 
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where, R is the gas constant and Z is a pre-exponential factor from the Arrhenius equation. The 

Kissinger model provides the activation energy corresponding to the crystallization fraction with 

highest crystallization rate, i.e., peak of the crystallization exotherm. The extracted value is often 

found to closely match with the value extracted from the Ligero analysis.39, 50 

 

 

Figure 2. Differential Scanning Calorimetry (DSC) measurements and analysis of SNPB glass. a) 

The crystallization exotherms obtained at ramp rates of 3, 5, 10 and 15°C/min. b) The change in 

the glass transition temperature (Tg) and crystallization peak temperature (Tp) as a function of 
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heating ramp rates. The evolution of crystallized volume fraction as a function of temperature (c) 

and time (d). The dotted lines show the temperatures and times corresponding to 50 % crystallized 

volume (x = 0.5). 

 

 The DSC crystallization exotherms of SNPB monolithic glass are obtained at ramp rates 

of 3, 5, 10 and 15 °C/min (Figure 2a) in a hermetically sealed aluminum pan. Crystallization at 

these ramp rates yields comparable enthalpy values (Table S1). Figure 2b shows the change in 

glass transition temperature (Tg) and crystallization exotherm peak temperature (Tp) values on 

employing different ramp rates, which reveals the underlying kinetic effects involved in the glass-

crystal transformation. The crystallization exothermic peaks (Figure 2a) are integrated at different 

temperature and time intervals to obtain the crystallized volume fraction (x) as a function of 

temperature (Figure 2c) and time (Figure 2d), showing the typical sigmoidal shape of 

crystallization.43  
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Figure 3. The Ligero kinetic analysis. a) Ligero curves corresponding to different crystallized 

volume fractions (0.1-0.9) along with their linear fits. The four points in each linear fit correspond 

to different ramp rates, with the bottom and top ones measured at 3 and 15°C/min, respectively. 

b) Extracted activation energy with standard deviation at various stages of crystallization. 

The crystallized volume fraction curves obtained in Figure 2d are then processed using the 

Ligero method employing equation (iv) (Figure 3a) and plotted for crystallized volume fraction 

ranging from 0.1 to 0.9, and the corresponding activation energy of crystallization is obtained 

through the slope of the curve. The derived activation energy (i.e., from the slope of curves in 

Figure 3a) is depicted in Figure 3b with square root mean error (R2) shown in Table S2. The 
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activation energy in the most well-behaved linear regime (for x = 0.7, for which the R2 is greater 

than 0.99) is determined to be 334 kJ/mol with standard deviation of 21 kJ/mol. Furthermore, upon 

performing the Kissinger analysis (using equation (vii)), the extracted activation energy of 365 + 

25 kJ/mol (Figure S3) is in good agreement with the Ligero analysis. Activation energies of 

crystallization as well as the glass forming ability may vary significantly within a glass forming 

family, depending on detailed composition and element choice.51, 52 Nevertheless, just for 

perspective, the above activation energies can be compared with analogous values for some oxide 

glasses (strong glass formers) that may range from ~300 to 700 kJ/mol 53-56 and chalcogenide 

glasses such as germanium-antimony-telluride (GST) used in phase change applications (poor 

glass formers) that may range from ~150-300 kJ/mol.57-59 This value could further be lowered at 

higher temperatures due to the breakdown of Arrhenian behavior.57, 60 Hence, a direct comparison 

of activation energies between different families of glass formers may not be meaningful. 

Nevertheless, the extraction of activation energies does serve as a starting point to understand the 

differences in the kinetics of glass formation among different prospective compositions in the 

family of glass forming MHPs. Further, the extracted fragility index m ~ 45 (Figure S4, calculated 

from the change in Tg in Figure 2) suggests a strong glass forming behaviour.42  

 

Having gained confidence in the extracted activation energies by using both Ligero and Kissinger 

models, we next consider the extended Ligero approach to determine the Avrami parameter (n), 

which may reflect the nucleation mechanism and crystal growth dimensionality. For this analysis, 

two values of crystallized volume fractions (x1 and x2) are required wherein, between these two 

fractions, the value of ln[K0f(x)] should be a constant, considering the linear nature of equation 

(iv). The plot relating ln[K0f(x)] and crystallized fraction (x) for different ramp rates show such a 
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behavior, with a near constant value of ln[K0f(x)] for a broader range of x (Figure S5). As can be 

seen from Figure 3b, for x = 0.7, the slope of equation (iv) yields the highest degree of linear fit 

with R2 = 0.9955 (Table S2). Upon determining the ln[K0f(x)] value corresponding to this fraction, 

taken as x2 = 0.7, the value of x1 is identified corresponding to the same value of ln[K0f(x)] for each 

ramp rate (Figure S5). The values of the Avrami factor (n), calculated using equation (vi), are 

tabulated (Table S3) and averaged to yield a value of 2.02 + 0.11. The Avrami factor being close 

to 2 suggests that the SNPB glass nucleates either with constant nucleation rate and 1-dimensional 

growth or with fixed number of nucleating sites  (site saturation) and 2-dimensional growth.30 The 

growth mechanism can be hypothesized as being interface controlled (and not diffusion controlled) 

due to the similar composition of glass/melt and the crystals (congruently melting system with 

single recrystallized phase, such as ours), which allows for predominantly interfacial local change 

in atomic arrangement.61 The integral value (~2) of Avrami factor further validates this 

hypothesis.30, 49 The various possible nucleation and growth mechanisms correspond to different 

Avrami factors (n), as detailed in Table S4 for reference. Accounting for the 2D nature of the final 

crystalline material, the value of n = 2 from DSC analysis suggests a marginally low degree of 

overlap between the nucleation and growth processes60 and a 2D growth mechanism for the 

crystalline grains.  

 

To bolster the above claim regarding nucleation and growth, we present electron 

microscopic images of SNPB melt-quenched films with different degrees of crystallization. Figure 

4a-d shows top-view SEM images of the glassy films crystallized at 120°C for different duration 

of times (complete crystallization is achieved in 5 min). The cross-sectional images show a 

uniform morphology for the glassy films. Crystallization appears to nucleate heterogeneously at 
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the surface and the fully crystalline films show a 2D morphology through the plate-like growth 

(Figure 4e-f), in accord with the Avrami parameter obtained through calorimetric data modelling. 

To further address the nucleation mechanism, melt quenched SNPB glassy films were prepared 

and examined by in-situ optical microscopy at an isothermal hold temperature of 120°C. The 

optical images as a function of time (Figure 5) and corresponding supplementary Video S1 show 

the emergence of a nominally fixed number of nuclei. After site saturation, these nucleation centers 

grow in time with no substantial emergence of newer isolated sites, confirming a fixed 

heterogenous nucleation mechanism as the primary nucleation pathway. A spin-coated amorphous 

SNPB film was also prepared and subjected to crystallization at the same temperature for 5 

minutes. Figure S6 shows the optical image, revealing complete crystallization at the rough edges 

of the soda-lime glass substrates, whereas incomplete crystallization was observed near the 

smoother central region,  suggesting a heterogeneous surface- or edge-dominated nucleation 

mechanism. 
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Figure 4. Scanning electron microscopy (SEM) images of partially crystallized SNPB films. a-d) 

Top-view SEM images of melt-quenched SNPB glassy films annealed (ex situ) at 120°C for 

different duration. e-f) Cross-sectional SEM images of SNPB glassy film before and after complete 

crystallization at 120°C for 5 minutes.  
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Figure 5. In-situ optical microscopy of glassy SNPB film during heating. a-h) Top-view optical 

microscope images of melt quenched SNPB glassy film at various stages of isothermal 

crystallization at 120°C. Stills are obtained from Supplementary Video S1. 

 

As an additional pathway for elucidating the effect of surfaces/interfaces on crystallization, we 

performed DSC heating scans on SNPB glass samples with three different form factors or particle 

sizes—i.e., monolith, flakes, and powder (Figure S7 and S8). This study shows two clear trends: 

a) increasing propensity towards crystallization (nucleation) for smaller feature size, with Tp 

shifting to lower values and, b) increasing crystallization peak intensities (indicative of higher 

nucleation density) as the SNPB glass particle size is reduced from bulk monolith to flakes to 

finely powdered configuration (progressing to higher surface-to-volume ratio). These trends reveal 

the underlying surface-dominated nucleation mechanism56, 62-66 and are not unique to SNPB, but 

have been observed in other glass forming systems.62, 66 Importantly, there are two features in the 

DSC profile of flakes and powdered glass samples. We hypothesize that the narrow feature 

corresponds to sudden nucleation (shifts to lower temperature with reduction in particle size from 
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flakes to powder), whereas the broad feature corresponds to crystal growth. For monolith 

configuration, these two processes are convoluted, which leads to a single exothermic 

crystallization peak (Figure S9).67 The morphological study provides further evidence of growth 

dominated (after rapid fixed nucleation) crystallization behavior in SNPB glass, akin to the 

observations in the AgInSbTe (AIST) chalcogenide phase change material. In AIST, 

crystallization proceeds with formation of a few nuclei in the nucleation stage that further grow 

larger during the later growth stages, whereas GST shows nucleation dominated behavior with 

formation of myriad number of nuclei before a short growth process.68 Interestingly, due to the 

heterogeneous surface mediated nucleation in the SNPB glass, it is conceivable to control the 

number of nucleation sites by either modifying the surface area or through introduction of a 

varying density of foreign surfaces (e.g., particles) that can act as nucleating sites. The 

modification of introduced nucleation site density may provide an additional degree of control for 

the glass-crystal transformation timescale. However, the reduction in Tg and Tx to near ambient 

temperature for very small sized glass particles may also limit their utility (inadvertent switching 

due to thermal fluctuations); design of MHPs with higher Tg and Tx values can be targeted, given 

the rich compositional space of organic cations from which to choose.69 

 

In summary, for the first time we report the underlying kinetics governing the glass-crystal 

transformation in an exemplary MHP, [S-(−)-1-(1-naphthyl)ethylammonium]2PbBr4 (SNPB). The 

iterative calorimetric experiments coupled with Ligero and Kissinger kinetic models enable 

extraction of the activation energy for crystallization (E = 334 + 21 kJ/mol and 365 + 25 kJ/mol 

respectively, for the two models) and the Avrami parameter (n = 2.02 + 0.11), which sheds light 

on the nucleation and crystal growth mechanisms. The determination of the activation energy will 
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ultimately (as new glass forming MHPs are discovered) facilitate comparing the glass forming 

ability and the stability of the various systems. Moreover, optical microscope and SEM images 

have been used at different stages of glass crystallization to corroborate the results obtained from 

the DSC kinetic models, revealing that crystallization proceeds through heterogenous surface 

driven nucleation followed by 2D growth. These results serve as an initial guide towards 

understanding and modelling glass-crystallization kinetic effects in MHPs. With continued 

discovery of new glass forming MHP compositions, the disparate requirements for glass formation 

and distinct crystallization characteristics are expected to aid in the design and fabrication of 

prospective broad-ranging devices employing such systems. 
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