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Abstract 

 

The elastic moduli of GexSe100−x (0  x  10) glasses and deeply supercooled liquids are determined 

across the glass transition between ambient temperature and 1.16 Tg using resonant ultrasound 

spectroscopy.  The temperature dependence of the high-frequency shear modulus 𝐺∞(𝑇) at T > Tg 

is found to be consistent with the predictions of the elastic models of viscous flow that consider 

the energy barrier to the structural rearrangement associated with an elementary flow event to be 

governed by 𝐺∞(T).  A strong correlation between the fragility indices of these liquids and |
𝜕𝐺∞

𝜕𝑇
| at 

T > Tg indicates a clear connection between their entropic and elastic properties.  Finally, the rise 

in the Poisson’s ratio of these liquids with temperature is argued to be a consequence of the 

composition dependence of  
𝜕𝐺∞

𝜕𝑇
, as the temperature derivative of their bulk modulus is an order 

of magnitude lower than 
𝜕𝐺∞

𝜕𝑇
 at T > Tg. 

  



 3 

1. Introduction 

The mechanistic understanding of the temperature dependence of kinetic slowdown and 

eventual glass transition of glass-forming liquids (GFL) at an atomic level, remains an unresolved 

and controversial topic in condensed matter physics.  A wide range of theoretical models have 

been proposed in the literature to explain the remarkable rise in viscosity  of a GFL upon cooling, 

often by more than 12 orders of magnitude within a relatively narrow temperature range, along 

with a concomitant increase in its activation energy [1,2].  The key ingredients of these theoretical 

models range from the temperature dependence of the free volume to that of the configurational 

entropy or of the shear modulus of the GFLs [1–6].  Moreover, equivalence between some of these 

models has also been hypothesized, based on a deeper physical connection between the entropic 

and elastic properties [7] .  The Maxwell relation 𝜂 = 𝐺∞𝜏 connects the viscosity  of a GFL with 

its shear relaxation timescale 𝜏, with 𝐺∞ being the high-frequency shear modulus of the liquid 

[1,2,8]. Since as a multiplicative factor 𝐺∞ depends weakly on temperature, the Maxwell relation 

implies a similar temperature dependence of  and    

The configurational entropy model of Adam and Gibbs hypothesized that viscous flow of 

a GFL involves cooperative structural rearrangement and the continuous increase in the activation 

energy of this process upon cooling was related to the increasing size z of these cooperatively 

rearranging regions such that 𝜏  𝑒𝑥𝑝 (
𝑧∆𝑔

𝑅𝑇
) [3]. Here g is the average temperature-independent 

energy barrier associated with the cooperative rearrangement of elementary structural units.  The 

configurational entropy Sc(T) of a GFL is expected to decrease on cooling due to the increase in z 

such that z ~ 1/ Sc and thus 𝜏 can be written as: 

 𝜏 = 𝜏0 𝑒𝑥𝑝 (
Δ𝐺

𝑇𝑆𝑐
)   (1) 
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where 𝜏0 is a constant and Δ𝐺 is the activation enthalpy of shear relaxation and viscous flow.  The 

g or Δ𝐺 is considered to be independent of temperature in the Adam-Gibbs formalism and thus 

Sc(T) is solely responsible for the temperature dependence of 𝜏 or .  In contrast, the elastic models 

of viscous flow [2,5,9,10] note that the energy barrier Δ𝐺 to structural rearrangement can be 

directly linked to the shear modulus 𝐺∞, as the elementary flow event of a structural unit requires 

creation of excess volume via a local deformation of the surrounding, which results in a decrease 

in density.  Therefore, even a weak temperature dependence of 𝐺∞ could render 𝜏 strongly 

temperature dependent due to the latter’s exponential dependence on Δ𝐺.  Dyre and coworkers 

have shown that in this scenario [2,10]: 

 𝜏 = 𝜏0𝑒𝑥𝑝 [
𝐺∞(𝑇)𝑉𝑐

𝑘𝐵𝑇
]   (2) 

where Vc is a characteristic volume of the rearrangement region that is considered in its original 

formulation to be independent of temperature.  An important prediction of Eq. 2 is that log (T) or 

log (T) is a linear function of 𝐺∞/𝑇 and should collapse on a universal trend if 𝐺∞/𝑇 is suitably 

normalized and Vc can be considered a system-independent constant.   

It may be noted here that in a previous study one of us hypothesized a direct connection 

between Sc and  𝐺∞ by considering contributions to 𝐺∞ from (i) uniform deformation as well as 

from (ii) structural rearrangement in amorphous materials, and by relating the latter contribution 

to Sc [7].  It was shown that as the  𝐺∞(T) of a supercooled liquid decreases with temperature the 

Sc(T) of the liquid is expected to increase. Considering that the fragility index m of a GFL, which 

is a measure of the departure of its viscosity from an Arrhenius behavior and is defined as [11]:  

𝑚 =
𝑑 log10 𝜏

𝑑(𝑇𝑔/𝑇)
|

𝑇=𝑇𝑔

   (3) 
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with Tg being the calorimetric glass transition temperature, a combination of Eqs. (1) and (3) 

implies that m  
𝑑𝑆𝑐𝑜𝑛𝑓

𝑑𝑇
|T →Tg [12].  Therefore, this model would suggest a correlated variation 

between m and |
𝜕𝐺∞

𝜕𝑇
| at T > Tg.   On the other hand, Rouxel [9] has argued that the energy barrier 

to viscous flow being proportional to 𝐺∞, the activation entropy of viscous flow is directly related 

to d𝐺∞/dT.  Within this thermodynamic framework, when one considers the empirical negative 

linear correlation between m and the stretching exponent  of the non-exponential shear relaxation 

that is ubiquitously characteristic of the deeply supercooled state of GFLs [13], Rouxel’s model 

predicts 𝑚 ∝ − (
1

1−𝜒
) , where 𝜒 =

𝑇

𝐺∞

𝜕𝐺∞

𝜕𝑇
|𝑇=𝑇𝑔

. However, Nemilov [5] has pointed out that 

experimental observation of any correlation between viscous and elastic properties of GFLs may 

be contingent upon comparison within systems with related structural and bonding characteristics. 

Therefore, an atomistic understanding of the elastic model and a rigorous experimental 

validation of its predictions require the determination of 𝐺∞(𝑇)  and (T) at temperatures near the 

glass transition range for supercooled GFLs with systematic structural evolution and with a wide 

range of fragility indices, which remain scarce in the literature.  Here we present such data and test 

the predictions of the elastic model in the case of chalcogenide GFLs in the binary system 

GexSe100−x (0  x  10) with structures ranging from 1D chains to substantially connected networks 

with average coordination numbers ranging between 2.0 and 2.2 and m ranging between 45 and 

80. 

2.  Experimental 

2.1. Sample preparation and physical characterization 

The GexSe100−x (x = 0, 2, 5, 7.5, 10) glasses were synthesized from the constituent elements 

(≥99.999% purity, metal basis) that were melted in evacuated (10-6 Torr) fused silica ampoules in 
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a rocking furnace at 800 K. The melts were quenched to obtain glass by dipping the ampoules in 

water to form glasses. The 𝑇𝑔 of these glasses was determined using differential scanning 

calorimetry (Mettler Toledo DSC1).  Samples of mass ~15-25 mg were taken in hermetically 

sealed Al pans and heated at a rate of 10K/min in a flowing nitrogen environment to 𝑇𝑔+20K  to 

remove thermal history. The 𝑇𝑔 was taken as the onset of the endothermic glass transition signal 

while heating the sample at 10 K/min subsequent to cooling at the same rate from 𝑇𝑔+20K after 

the first heating cycle. 𝑇𝑔 was determined to within ± 2 °C as the onset of the glass transition 

endotherm.  Density of these glasses was measured using a gas expansion pycnometer 

(Micromeritics AccuPyc II 1340) at 20°C using helium (6N purity) as the displacement gas. For 

each measurement, approximately 0.5 g of glass sample was loaded into a 1 cm3 cup. All density 

values are taken as averages of 10 consecutive measurements of each sample.   

 

2.2. Elastic modulus measurement 

The various elastic moduli of these GexSe100−x glasses were determined using resonant 

ultrasound spectroscopy (RUS).  Measurements were carried out using a spectrometer (ACE-

RUS008) designed at the Los Alamos National Laboratory [14]. The free-body mechanical 

resonances of ~ mm sized samples are used in RUS to determine their complete elastic modulus 

matrix [14,15].  Details on the experimental setup and data analysis for RUS can be found in the 

literature [14,15]. The glass samples were cut into a rectangular parallelopiped geometry (~ 7mm 

x 5mm x 3mm) and all surfaces of these samples were polished flat and parallel. The as-prepared 

samples were mounted on opposing corners between two piezoelectric transducers. All 

measurements were carried out in a flowing nitrogen environment.  The gas was heated with a 

resistive heater for measurements at temperatures above the ambient to up to 375 K.  The sample 
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temperature was measured using a Si diode temperature sensor mounted within a few mm from 

the sample.  The RUS measurements involve the generation of an elastic wave of constant 

amplitude and varying sweeping frequency by the drive transducer and the acquisition of a 

resonant frequency spectrum with the pickup transducer.  For each GexSe100−x glass such spectra 

were acquired in the frequency range between 50 kHz and 400 kHz (Fig. 1) as a function of 

temperature. The location of the resonances in these spectra are subsequently identified for a free-

surface rigid solid with the geometry and density corresponding to the sample (Fig. 1), using the 

Lagrangian minimization code developed at the Los Alamos National Laboratory [14,15].  The 

code then uses the mechanical resonances of the solid thus obtained, to compute its elastic 

properties using an iterative inversion procedure, where forward computations on a varying elastic 

tensor are performed until the calculated set of resonances agree with the measured ones within 

some predefined threshold [14]. 

 

3.  Results and Discussion 

  

The temperature dependence of 𝐺∞(𝑇) of all glasses at T< Tg and in the deeply supercooled 

regime in the temperature range Tg < T   1.16 Tg, are shown in Fig. 2.  As expected, and consistent 

with previous studies on a wide variety of glasses and supercooled GFLs,  𝐺∞ decreases 

monotonically and approximately linearly with increasing temperature over both temperature 

ranges [9,16].   Moreover, it is clear that  𝐺∞ decreases more rapidly in the supercooled liquid state 

above Tg compared to that in the glassy state at temperatures below Tg.  A glass transition 

temperature can thus be defined as the onset temperature for the change in |
𝜕𝐺∞

𝜕𝑇
| in Fig. 2.  This 

onset temperature is remarkably consistent with the calorimetric Tg of these compositions 

measured using DSC, although the former is found to be systematically lower by a few degrees 
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(Fig. 3).  Previous studies in the literature reported a similar observation, where the  𝐺∞(𝑇) of a 

diverse range of GFLs were measured at significantly different frequencies using a wide variety 

of experimental techniques [9].  Here we hypothesize that the observed difference in Tg is likely 

indicative of the calorimetric (enthalpic) and “elastic” glass transition being controlled by the same 

structural rearrangement process where the two methods probe the process at different length 

scales and thus represent different parts of the associated relaxation time distribution [17]. In this 

scenario the elastic glass transition is expected to probe a smaller length scale and thus has a lower 

onset temperature on heating compared to the enthalpic glass transition. 

 The relationship between the thermal expansion coefficient , the Grüneisen parameter  

of the transverse sounds waves and the elastic modulus E of a solid can be expressed as:  𝛼 =
𝛾𝜌𝐶𝑣

𝐸
, 

where  is the density of the solid and Cv is its heat capacity at constant volume [18].  As the 

various elastic moduli of a solid are related to one another, and ,  and Cv of a glass can be treated 

as constants, at least over a limited temperature range below the glass transition, the |
𝜕𝐺∞

𝜕𝑇
| of any 

glass at T < Tg in Fig. 2 is expected to be primarily controlled by d/dT i.e. by its volume thermal 

expansion coefficient.  This expectation is borne out in Fig. 4 where the |
𝜕𝐺∞

𝜕𝑇
| of the chalcogenide 

glasses at T < Tg is indeed observed to be a monotonic function of the volume expansion 

coefficient.  

 In contrast to the relatively slow variation of  𝐺∞ with temperature at T < Tg, the |
𝜕𝐺∞

𝜕𝑇
| 

increases by nearly an order of magnitude in the supercooled liquid state.  Such a large increase in 

|
𝜕𝐺∞

𝜕𝑇
| cannot be explained by the corresponding increase in  of these liquids by only a factor of 2-

3 across the glass transition [19].  Therefore, the sharp increase in |
𝜕𝐺∞

𝜕𝑇
| must be related to the onset 

of structural rearrangement and relaxation in these supercooled liquids above Tg.  The temperature 
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dependence of the viscosity of these liquids are shown in Fig. 5.  It is clear that, consistent with 

the prediction of the elastic shoving model [2,10], the logarithm of the viscosity of these liquids 

tends to collapse on a linear trend when plotted as a function of 𝐺∞/T, despite the large spread of 

viscosity as a function of Tg/T owing to the wide range of the fragility index.  Moreover, a linear 

least-squares fit to the collapsed data yields a reasonable viscosity of ~ 10−3 Pa.s at infinite 

temperature [20].  The |
𝜕𝐺∞

𝜕𝑇
| at T > Tg for these GFLs shows a systematic and monotonic increase 

with m (Fig. 6a) that may be indicative of a direct connection between Sc and  𝐺∞ [7].  On the other 

hand, as noted earlier, Rouxel’s model [9] based on equating activation entropy of viscous flow to 

𝜕𝐺∞

𝜕𝑇
 predicts 𝑚 ∝ − (

1

1−𝜒
).  As shown in Fig. 6b, this prediction is also borne out by the present 

data with m displaying a nearly linear negative correlation with (
1

1−𝜒
).  Further systematic studies 

on other glass-forming systems are therefore required to distinguish between these two models, 

though the existence of a connection between the entropic and elastic properties in GFLs appear 

to be clear. 

It may be noted here that although the present study, to the best of our knowledge, reports 

the  𝐺∞(𝑇) of GexSe100−x glasses and GFLs with x  10 for the first time, that of amorphous and 

supercooled Se was reported in a previous study by Gueguen et al. [16].  In this study the authors 

used a resonant frequency technique, and the shear modulus was measured on plate-like samples 

in torsion mode over a frequency range that was significantly lower (1-10 kHz) than that used (50-

400 kHz) in the present study.  This study reports significantly higher slopes 
𝜕𝐺∞

𝜕𝑇
 both below and 

above Tg for Se (~ −0.022 and −0.15 GPa.K−1, respectively) compared to those determined in the 

present study (~ −0.0054 0.0005 and −0.067 0.003 GPa.K−1, respectively).  The origin of this 

large discrepancy remains unclear at this point but may be suggestive of the possibility that the 
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effects of relaxation on the modulus cannot be completely ignored even at frequencies that are 

substantially higher than the average structural relaxation time at these temperatures, since the 

distribution of relaxation times can be extremely broad, especially in fragile liquids such as Se, 

near the glass transition.   This issue needs to be further investigated in future by comparing elastic 

moduli measurements on GFLs across glass transition using a variety of techniques that cover a 

wide frequency range from kHz (e.g. resonant techniques) to GHz (e.g. Brillouin spectroscopy). 

Finally, the temperature dependent evolution of the Poisson’s ratio of the GexSe100−x GFLs  

is shown in Fig. 7.  The Poisson’s ratio  increases rapidly with increasing temperature above Tg 

and 
𝜕𝜈

𝜕𝑇
 appears to be strongly correlated to 

𝜕𝐺∞

𝜕𝑇
 (Fig. 7).  This increase in  is consistent with the 

fact that in general, compared to glasses, liquids are weakly compressible, and stress in the latter 

primarily results in shape change more than volume change [21]. Consequently, liquids are 

characterized by relatively higher bulk:shear modulus ratio  𝐵∞/𝐺∞  and  (approaching its limiting 

value of 0.5) compared their glassy counterparts. A number of previous studies reported similar 

observation in a variety of GFLs and ascribed it to a progressive structural disintegration of the 

liquid with increasing temperature [9,16,21]. This hypothesis has its origin in the negative 

correlation between  and structural connectivity observed in network glasses.  Examples of such 

temperature-induced structural disintegration were speculated to be (i) fragmentation of chains in 

the case of selenium or (ii) conversion of boroxol rings in B2O3 to chains of BO3 triangles and 

eventually to isolated BO3 molecular units[9] .  However, it may be noted that such structural 

disintegration of network liquids, although perhaps appealing, may not be physically sensible 

unless it is considered to be rather localized, rare and only transient events. For example, 

conversion of a B2O3 network into isolated BO3 molecules would have charge balance and 

stoichiometry problems as the B:O ratio would increase from 1:1.5 in the former to 1:3 in the latter 
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and the [BO3]−3 units will be highly negatively charged.  Similarly, fragmentation of Se chains 

would result in a significant fraction of singly-coordinated Se atoms, for which experimental proof 

remains lacking in the literature.  It is important to note here that the bulk modulus  𝐵∞ of these 

GexSe1−x GFLs also decrease with temperature above Tg, albeit at a rate that is an order of 

magnitude lower than that displayed by 𝐺∞ (Fig. 8), and consequently, the temperature dependence 

of the ratio 
𝐵∞

𝐺∞
=

2

3

(1+𝜈)

(1−2𝜈)
 and hence, that of  is controlled by 

𝜕𝐺∞

𝜕𝑇
.  Therefore, the composition 

dependence of the observed increase in  above Tg is simply a reflection of the behavior of  𝐺∞(𝑇).   

 

4. Summary 

The temperature dependence of the elastic moduli of GexSe100−x glasses and deeply 

supercooled liquids with a range of structural connectivity and fragility are measured across Tg.  

While the temperature dependence of 𝐺∞(𝑇) in the glassy state is relatively weak and can be 

ascribed to the thermal expansivity, above Tg the rapid drop in 𝐺∞ is consistent with it being 

proportional to the energy barrier to viscous flow via the creation of local free volume.  Correlated 

variation between the m and |
𝜕𝐺∞

𝜕𝑇
| of these GFLs at T > Tg indicates a fundamental connection 

between their entropic and elastic properties.  However, the nature of this entropy remains unclear.  

The composition dependence of |
𝜕𝜈

𝜕𝑇
| of these GFLs at T > Tg is also controlled by that of  

𝜕𝐺∞

𝜕𝑇
, as 

in this temperature range |
𝜕𝐺∞

𝜕𝑇
| >> |

𝜕𝐵∞

𝜕𝑇
|. 
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Figure Captions 

Fig. 1. A representative RUS scan (black line) of amorphous Se at 293K.  Red crosses show the 

location of resonance peaks computed by the data acquisition code. 

 

Fig. 2. Temperature dependence of 𝐺∞ of GexSe100−x glasses and deeply supercooled liquids.  Solid 

lines through the datapoints are guides to the eye. Arrows mark the break in slope corresponding 

to glass transition. 

 

Fig. 3. Composition dependence of calorimetric (open squares) and elastic (filled squares) glass 

transition temperatures of GexSe100−x glasses.   

 

Fig. 4. |
𝜕𝐺∞

𝜕𝑇
| of GexSe100−x glasses measured in the present study as a function of their thermal 

expansion coefficient as reported in the literature [19,22,23].  

  

Fig. 5. Viscosity of GexSe100−x supercooled liquids as a function of Tg/T (open symbols) 

and 𝐺∞(𝑇)/𝑇 (filled symbols). Here  𝐺∞/𝑇 is also normalized to 1 at T = Tg for ease of 

comparison.   Viscosity [24–26] data are taken from the literature.  Solid line through the filled 

symbols is a linear least squares fit to the data. 

 

Fig. 6a. |
𝜕𝐺∞

𝜕𝑇
| of supercooled GexSe100−x liquids measured in the present study as a function of their 

fragility index m obtained from viscosity data reported in the literature [24–26].   
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Fig. 6b. Parameter 
1

1−𝜒
 (see text for details) as a function of fragility index m of supercooled 

GexSe100−x liquids obtained from viscosity data reported in the literature [24–26].   

 

Fig. 7. Temperature dependence of Poisson’s ratio  of GexSe100−x glasses and deeply supercooled 

liquids.  Solid lines through the datapoints are guides to the eye.  

 

Fig. 8. Temperature dependence of  𝐵∞ and of  𝐺∞ of supercooled GexSe100−x liquids at T > Tg.  
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