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Abstract: This chapter covers state of the art in physical ageing of 
chalcogenide glasses. The thermodynamic origin of this phenomenon, 
experimental possibilities for its investigation, up-to-date results, general 
phenomenology and observed regularities are critically reviewed. The 
influence of various external factors, such as elevated temperatures, 
light exposure, high-energy irradiation, on the physical ageing effect in 
chalcogenide glasses are considered and analyzed from the constraints theory 
point of view. Possible mechanisms of structural relaxation caused by these 
factors are discussed thoroughly. 
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8.1 Introduction

8.1.1 Thermodynamic origin of physical ageing in 
disordered solids

If the cooling rate of glass-forming liquid q = dT/dt is high enough to prevent 
the formation of crystal seeds and their further growth, the thermodynamic 
system emerges into a supercooled liquid regime (Feltz, 1993; Varshneya, 
2006). Usually, viscosity of the supercooled liquid still allows the internal 
parameters of the considered thermodynamic system to follow their equilibrium 
values determined by a current bath temperature (Feltz, 1993; Varshneya, 
2006; Donth, 2001; Ngai, 2011). The corresponding structural changes 
involve breaking of bonds, their switching, conformation of steady structural 
units, changes in their dimensions, as well as translational, vibrational and 
rotational movements. At further cooling, the time needed by the considered 
thermodynamic system to achieve a new equilibrium state at a particular 
bath temperature becomes greater (because of temperature dependence of the 
viscosity) and at some point (the glass transition temperature) it exceeds the 
time allowed by a cooling rate q = dT/dt to attain equilibrium. As a result, 
the system departs from equilibrium and enters the glassy regime, being 
stuck in one of the local potential minima of the energy/enthalpy landscape 
(Ngai, 2011; Angell et al., 2000). The internal parameters that describe a 
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thermodynamic system in equilibrium are no longer in time with the cooling 
rate. As a consequence, the achieved glassy state is characterized by higher 
values of configurational entropy Sc, enthalpy Н and free volume V available 
for relaxation, in comparison to what can be expected at a certain temperature 
in equilibrium (Feltz, 1993; Varshneya, 2006; Donth, 2001; Ngai, 2011; 
angell et al., 2000; Zallen, 1983). Contrary to liquid and supercooled liquid 
regimes, in a glassy state the bond breaking or switching mechanisms are not 
expected to be significant, the only possible structural perturbations seem to 
rely on the conformations of structural units.
 Figure 8.1 illustrates the above glass formation paradigm. Cooling of the 
high-temperature liquid (path AB) through the melting point Tm can result 
in two different products. If the cooling rate permits formation of crystal 
seeds and their further growth, we have a crystallization process (path BC) 
resulting in the thermodynamic equilibrium of crystalline state (path CD). If 
the cooling rate is high enough at point B, crystallization does not occur and 
we achieve thermodynamically equilibrium supercooled liquid states (path 
BG). At further cooling, the viscosity increases dramatically (up to ~1012–1013 
Poises) at some critical point F and the system departs from the equilibrium 
line BG forming a glass (path FI). The corresponding temperature is called 
the glass transition temperature TF (coincides with the fictive temperature, 
as defined by Moynihan et al., 1974). Strictly speaking, it does not coincide 
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8.1 Schematic diagram, showing temperature behavior of enthalpy 
(H), configurational entropy (Sc), and free volume available for 
relaxation (V) during glass formation and reheating of the glass with 
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with the softening point, determined from the heating curve (path I1EB, for 
example) and often used in the literature as the glass transition temperature 
Tg. The reason is the hysteresis, which is usually observed between heating 
and cooling paths in the glass transition interval (Feltz, 1993; Varshneya, 
2006; Donth, 2001; Ngai, 2011; Angell et al., 2000; Zallen, 1983; Moynihan 
et al., 1974). The slower the cooling rate, the lower the TF value and the 
closer to thermodynamic equilibrium would be the final glassy state. The 
infinite slow cooling will result in the formation of an ideal glass at the 
Kauzmann temperature TK. However, the real glasses (I1 or I2 in Fig. 8.1) 
obtained by conventional melt quenching always are in a thermodynamic 
non-equilibrium metastable state, characterized by an excess of configurational 
entropy DSc, enthalpy DН and free volume DV available for relaxation over 
the crystalline state (line CD) or extrapolated states of supercooled liquid 
(line BG). Therefore, thermodynamically driven forces tend such system 
with time towards thermodynamic equilibrium (transition from I2 to I1 state 
in Fig. 8.1, for example), which is represented by supercooled liquid states 
extrapolated into the low-temperature region (line BG). This occurs via 
structural relaxation, leading to spontaneous densification of glass. The related 
processes are called physical ageing (Struik, 1978; Golovchak et al., 2006a; 
Saiter et al., 2005; Shieh and La Course, 1993; Nemilov, 2000; Kurchan, 
2005; Hutchinson, 1995; Drozdov, 1999). 
 We will distinguish here the natural physical ageing occurring at room 
temperature and induced physical ageing occurring under external influences 
(light, high-energy radiation, elevated temperatures, etc.), even if such 
classification is somewhat artificial. Note, that ageing due to the chemical 
reactions with the atmosphere (chemical ageing), crystallization, and phase 
separation are not included in this categorization.
 Physical ageing is known to be an important concern for organic polymers, 
because it results in time dependence of important properties, such as density, 
elastic modulus, brittleness, permeability, impact strength, fracture energy, 
deformation, etc. (Struik, 1978; Golovchak et al., 2006a; Saiter et al., 2005; 
Shieh and La Course, 1993; Nemilov, 2000; Kurchan, 2005; Hutchinson, 
1995; Drozdov, 1999; Churbanov et al., 2002). However, up to now there 
seems to be no consensus on the microstructural mechanisms of this effect. 
The typical difficulties with polymers are due to the complicated nature of 
most monomer units, the large variety of their possible conformations, and 
the high concentration of impurities ultimately brought into their polymeric 
matrices due to general peculiarities of preparation procedures (catalysts, 
etc.). In this sense, the investigation of physical ageing in more structurally 
simple inorganic polymers like chalcogenide glasses can be considered as a 
model to reveal general regularities and microstructural mechanisms. These 
materials can be obtained of a high purity (Feltz, 1993; Borisova, 1981), 
their networks are built of covalent bonds and structural parameters have 
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been evaluated for many years, even if some current controversies remain 
(Feltz, 1993; Borisova, 1981; Fairman and Ushkov, 2004). 
 On the other hand, the effect of physical ageing in silicate glasses was 
first documented by J.P. Joule (Joule, 1867; 1884). To date, the kinetics of 
changes in physical-chemical properties of many silicate glasses has been 
studied on timescales from several hours to several decades (Nemilov, 2000, 
2001). As such, silicate glasses are characterized by an over-constrained 
network, whose ageing kinetics are very slow under normal conditions. 
Therefore, the physical ageing in these materials under normal conditions 
is far from complete, which can be estimated using the fictive temperature 
of the aged glasses. As a consequence, the exponential law, which is 
assumed for ageing kinetics in silicate glasses under ambient conditions 
(Nemilov, 2000, 2001), describes only a part of the relaxation process. 
To develop a complete picture and understand the fundamental nature of 
this phenomenon, the glasses with fast kinetics of physical ageing should 
be studied, such as the chalcogenide glasses (ChG). These materials have 
lower glass transition temperatures and faster kinetics of physical ageing 
under ambient conditions in comparison to silicate glasses, which allows 
the observation of the almost complete picture of physical ageing within 
acceptable experimental timescales (~tens of years) (Golovchak et al., 2006a; 
Saiter et al., 2005; Shieh and La Course, 1993). Furthermore, extended 
glass-forming regions of typical chalcogenide systems permit wide ranges of 
fragility and connectivity within the same glass family (Feltz, 1993; Borisova, 
1981; Vinogradova, 1984), that is nearly impossible to realize in silicate  
glasses.

8.2 Experimental characterization of physical 
ageing in glasses using thermal analysis

Structural relaxation of polymeric glass network associated with physical 
ageing usually results in a characteristic endothermic peak superimposed on 
the endothermic step of experimental heating curves recorded by differential 
scanning calorimetry (DSC) or temperature-modulated DSC (TMDSC) in the 
vicinity of glass-to-supercooled liquid transition (Ngai, 2011; Angell et al., 
2000; Struik, 1978; Golovchak et al., 2006a; Saiter et al., 2005; Shieh and 
LaCourse, 1993). It is associated with regaining of the entropy/enthalpy 
lost during natural storage (Golovchak et al., 2006a; Saiter et al., 2005), 
or photo- (Lucas et al., 2005, 2006) or high-energy radiation influences 
(Golovchak et al., 2006b; 2009a). In fragile glass-formers, development of 
the endothermic peak as a result of physical ageing is usually accompanied 
by Tg changes (Golovchak et al., 2006a; Saiter et al., 2005). Additionally, for 
highly quenched (hyperquenched) glasses, the decrease in area of exothermic 
pre-Tg peak is observed over time (Yue, 2004). It is, presumably, associated 
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with self-annealing under the ambient conditions of elastic strains that appear 
in the glass as a result of quenching. 
 In the case of chalcogen-rich glasses obtained by conventional quenching, 
the typical DSC curves and corresponding behavior of configurational enthalpy 
(H) in the as-prepared and aged states can be schematically represented as in 
Fig. 8.2. The difference in the area under this endothermic peak in DSC (or 
TMDSC) signal of the aged and rejuvenated ChG is directly proportional to 
the enthalpy losses DH. Along with the DH value, the changes in softening 
point Tg (usually designated as onset Tg

onset, midpoint Tg
mid , endset Tg

end or 
inflection Tg

infl glass transition temperatures) and partial area A (determined 
as shown in Fig. 8.2 taking into account an appropriate q value), as well as 
fictive temperature TF could be analyzed as the main parameters describing 
physical ageing in ChG. Here, the A and Tg

onset values will be used as control 
parameters for the qualitative/quantitative description of physical ageing 
along with DH and TF values (insets to Fig. 8.2). It should be noted here 
that the value of Tg as determined from DSC patterns in a heating mode 
depends significantly not only on the heating rate during DSC scans, but also 
on the cooling rate through the glass transition region during the preparation 
procedure (Moynihan et al., 1974; Hutchinson, 1992). In particular, it was 
demonstrated that the Tg value for inorganic glasses (determined in heating 
mode) exhibited U-like dependence on cooling rate q, increased with high q 
(more than 15 K/min) and very low q (less than 1 K/min) (Hutchinson, 1992). 
The latter effect is attributed to annealing of the glass during slow cooling 
through Tg, while the former corresponds to usual Tg behavior established 
by Moynihan et al. (1974). Despite these difficulties and ambiguities in 
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Tg determination from DSC heating measurements, we will be using this 
parameter in our further discussion on physical ageing.
 If Ta is the annealing (ageing) temperature, the maximum energy that a 
glass can lose after an infi nite annealing can be approximated as (Saiter et 
al., 2005): 

  DH∞ ≈ DCp(Tg) (Tg
c – Ta) [8.1]

where DCp(Tg) = Cpl – Cpg measured at Tg (Cpl is the thermal capacity in 
supercooled liquid state and Cpg is the thermal capacity in glassy state); and 
Tg

c is the glass transition temperature, when the glass is cooled through the 
transition region at a given rate. In the fi rst approximation, it is equal to the 
fi ctive temperature TF of the rejuvenated glass.
 According to Eq. [8.1], the increase in the annealing temperature Ta leads 
to a decrease in DH∞ values. Therefore, if Ta became very close to Tg, the 
enthalpy losses DH vanish because of negligible DH∞ value at Ta = Tg and 
the beginning of the rejuvenation process. So, the excess of enthalpy which 
a glass can lose during physical ageing depends considerably on the Tg – Ta 
departure. 
 However, not only an excess of enthalpy determines the ability of the 
system to undergo relaxation; a connectivity of glass backbone should 
additionally be taken into account (Wang and Boolchand, 2004), which 
is related to the viscosity and fragility of the glass-forming liquid (Feltz, 
1993; Varshneya, 2006; Ngai, 2011) and determines the time constraints of 
the physical ageing kinetics (Ngai, 2011; Angell et al., 2000). The higher 
is the connectivity of glass backbone, the higher is the viscosity and more 
constraints for a structure to relax. On the other hand, the lower the (Tg – 
Ta) value, the faster the glassy system approaches equilibrium because of 
temperature dependence of time relaxation constants (Ngai, 2011; Angell 
et al., 2000). The fi ctive temperature TF of the glass approaches Ta during 
physical ageing (Feltz, 1993; Nemilov, 2000), such as:

  
lim
t F a  F a  T TF aT TF aÆ•

T TªT TF aT TF aªF aT TF a
 

[8.2]

Changes in DSC parameters caused by physical ageing are well correlated 
with corresponding changes in optical transmission/absorption characteristics 
of ChG (Golovchak et al., 2010a), volumetric/density (Hach et al., 1997), 
and stress relaxation (McEnroe and LaCourse, 1989) measurements.

8.3 Physical ageing effects in chalcogenide glasses

8.3.1 Natural physical ageing

The first comprehensive investigations of natural physical ageing in 
chalcogenide glasses using thermal analysis techniques appeared a short time 
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ago (Saiter, 2001; Saiter et al., 1994, 1995, 2004, 2005; Echeverria et al., 
2003; Lima et al., 2001; Tonchev and Kasap, 2002; Cortes et al., 1998; 
Chakravarty et al., 2005; Bohmer and Angell, 1992). Long-term physical 
ageing in ChG was first documented by Saiter and co-authors for Se-rich 
Ge-Se glasses, stored more than 10 years under room conditions (Saiter et al., 
2005; Saiter, 2001). These authors have applied to chalcogenide glasses the 
protocol, which was usually used for thermal analysis of physical ageing 
in organic polymers (Donth, 2001; Struik, 1978; Saiter et al., 2004). In 
particular, it was shown that the thermal history of ChG can be erased by a 
rejuvenation procedure like in the case of organic polymers, bringing them 
into a state close to the as-prepared one (Saiter et al., 2005; Saiter, 2001). 
The rejuvenation procedure implied heating of the samples above their 
glass transition temperatures (Tg), waiting equilibrium there and subsequent 
cooling in the chosen regime. It has opened a broad possibility for studies of 
physical ageing phenomena using either forward or backward chronology. 
Short-term physical ageing (up to a year) was also reported in glassy Se 
(Echeverria et al., 2003; Lima et al., 2001) and some ChG of binary (Hach 
et al., 1997; Tonchev and Kasap, 2002; Saiter et al., 1994; Cortes et al., 
1998) and ternary (Chakravarty et al., 2005; Saiter et al., 1995; Bohmer 
and Angell, 1992) systems.
 By definition, the natural physical ageing is a spontaneous transition of the 
glass into a more thermodynamically favorable state closer to the equilibrium 
state of supercooled liquid under ambient conditions (Struik, 1978; Hodge, 
1995). It is revealed by conventional DSC through the development of strong 
endothermic peak and shift in the glass transition temperature, measured 
during heating of a glass sample through the glass-to-supercooled liquid 
transition domain (Struik, 1978; Golovchak et al., 2006a, 2006b, 2009a, 
2009b; Saiter et al., 1994, 1995, 2004, 2005; Lucas et al., 2005, 2006, Saiter, 
2001; Echeverria et al., 2003; Lima et al., 2001; Tonchev and Kasap, 2002; 
cortes et al., 1998; Chakravarty et al., 2005; Bohmer and Angell, 1992; 
Hodge, 1995). The greater the ageing duration, the greater is the energy loss 
and endothermic peak at Tg, whose area after subtracting the non-aged curve 
for the same material is directly proportional to the enthalpy lost during 
ageing (DH). 
 Typical DSC behavior during natural physical ageing of AsxSe100-x and 
GexSe100-x glasses is shown in Fig. 8.3, the DSC curves being recorded with 
q = 5 K/min heating rate (Golovchak et al., 2006a, 2009b). As expected, a 
large endothermic peak of structural relaxation accompanied by a shift toward 
higher temperatures of the apparent glass transition is observed for Se-rich 
ChG. Analogous behavior is also characteristic of S-rich ChG (Fig. 8.4) 
(Shpotyuk et al., 2011). Sometimes, even double peak relaxation is observed 
after a long period of natural storage (Fig. 8.4(a), Ge4Se96 composition) 
(Saiter et al., 2005; Golovchak et al., 2009b), which is assumed to be 
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dependent on the quenching rate during ChG synthesis (Golovchak et al.,  
2009b). 
 For a given composition, the value of DCp(Tg) should not depend on the 
sample’s age, which is to confirm that the glass undergoes only physical 
ageing, not associated with any crystallization or phase separation effects 
(Saiter et al., 2004, 2005; Saiter, 2001). Then, from the area of the measured 
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subsequent rejuvenation procedure (b).



217Physical ageing of chalcogenide glasses

© Woodhead Publishing Limited, 2014

endothermic peak, after subtracting the non-aged (rejuvenated) curve, 
and using Eq. [8.1], the value of DH• can be estimated for each glass 
composition. Doing this, completeness of physical ageing for each particular 
glass composition in addition to TF can be also evaluated by comparison of 
DH• values with those determined from DSC heating curves of long-term 
aged ChG. Contrary to DH and TF values, the Tg

onset parameter for aged 
and rejuvenated ChG depends significantly on the heating rate during DSC 
experiments, as demonstrated in Fig. 8.4 for 25 years aged and rejuvenated 
as25S75 glassy samples (Shpotyuk et al., 2011). Therefore, this quantity 
should be used with some caution during quantitative analysis of physical 
ageing and its kinetics.
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 In the case of TMDSC signal, the physical ageing results in a significant 
non-zero out-of-phase (non-reversible) component of heat flow (Golovchak 
et al., 2008a; Chen et al., 2010). These components of complex heat flow are 
shown in Fig. 8.5 for typical representatives of aged and rejuvenated Se-rich 
glasses. The area under the peak denoted as DHnr may be used for description 
of physical ageing. This term provides a measure of how different a glass 
going through the softening process is from the liquid in a configurational 
sense at the moment of measurement. In addition, the DHnr depends on a 
lot of other factors: the conditions of TMDSC experiment (heating ramp, 
modulation parameters), glass composition and prehistory, completeness of 
physical ageing, etc. (Tonchev and Kasap, 2002; Golovchak et al., 2008a; 
Hutchinson, 2003). It also depicts the average cooperative rearranging 
region size distribution during transition from glassy to supercooled liquid 
state (Saiter et al., 2009). Behavior of non-reversible heat flow component 
DHnr in TMDSC experiments can be roughly compared to that of A values 
determined from DSC measurements (Fig. 8.6). Thus, according to either 
DHnr or A parameters the compositional dependence of isothermal physical 
ageing at room temperature for AsxSe100-x and GexSe100-x glasses (Fig. 8.6) 
suggests significant effect for chalcogen-rich compositions and an almost 
negligible one for glasses with higher concentration of high-coordinated 
atoms (As or Ge) (Golovchak et al., 2006a, 2009b). This result testifies 
that physical ageing can be adequately probed either by conventional DSC 
or TMDSC techniques with the same reliability in good agreement with 
Tonchev and Kasap (2002). 
 In general, the enthalpy losses DH follow a sigmoidal time dependence, 
which is defined by a choice of ageing temperature Ta in respect to Tg (Tg – 
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Ta difference) (Ngai, 2011; Angell et al., 2000). Therefore, for some ChG 
compositions with fast component of natural physical ageing (for example, 
with lower Tg), a significant enthalpy loss can be detected within a short 
experimental timescale, while for glass compositions with more extended 
kinetics (higher Tg), their marginal value just after synthesis (or short-term 
periods of physical ageing) can lead to misleading conclusions (Fig. 8.6(a)). 
The longer periods of storage depending on specific kinetics for chosen glass 
composition are needed to conclude on the existence of the ageing process 
(Golovchak et al., 2006a, 2008a, 2009b; Shpotyuk et al., 2011; Chen et al., 
2010). Thus, for As30Se70 composition (Fig. 8.6(a)), the first year of natural 
storage does not lead to any observable changes in A or DHnr parameters, 
while further storage induces significant physical ageing in this specimen 
(Golovchak et al., 2006a, 2008a). 
 This circumstance should be taken into account to study correctly physical 
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ageing in network glasses. We suggest that only DSC experiments, whether 
temperature-modulated or conventional, performed in a real-time scale 
chronology from earliest stages of as-prepared (rejuvenated) up to long-term 
aged state can be used to draw strict conclusions on physical ageing ability 
and quantification of physical ageing effect in ChG.
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8.3.2 Radiation-induced physical ageing

The first announcements about the changes of mechanical properties of As2S/
Se3 ChG caused by 60co g-irradiation appeared in the former Soviet Union 
in the early 1960s (I.A. Domoryad, Institute of Nuclear Physics, Tashkent, 
Uzbekistan) (Starodubcev et al., 1961). In particular, it was established 
that g-irradiation of 105–106 Gy doses led to the experimentally detectable 
radiation-induced changes of microhardness, Young’s modulus, internal 
friction and geometrical dimensions of various ChG (Starodubcev et al., 
1961; Kolomiets et al., 1971). 
 Then, in the mid-1980s, a lot of experimental studies appeared, concerning 
radiation-induced effects in optical properties, photoluminescence, 
photoconduction, dissolution of ChG, as well as their compositional, dose, 
and temperature dependences (Fairman and Ushkov, 2004). The mechanism 
of radiation-induced structural transformations was proposed on the basis of 
FT-IR spectroscopy, EPR and mass-spectrometry data for glassy As2S3 – the 
model compound with high radiation sensitivity and well-studied structural 
properties (Fairman and Ushkov, 2004; Shpotyuk et al., 1994). At the same 
time, thermal analysis studies of g-induced effects, which could be treated in 
terms of physical ageing phenomenon, were lacking. The pioneering work 
in this direction was performed by Calemczuk and Bonjour (1981). They 
showed a g-induced enhancement of structural relaxation in amorphous Se 
associated with physical ageing. Since that time, the problem of radiation-
induced physical ageing was not raised for the next two decades. 
 Only recently it was shown that g-irradiation can accelerate physical 
ageing in a greater variety of ChG (Golovchak et al., 2006b, 2006c, 2009a, 
2011a; Imran, 2008; Lucas et al., 2011). Thus, the increased rate of structural 
relaxation towards thermodynamic equilibrium was recorded for chalcogen-
rich fragile As-Se (Golovchak et al., 2006b), Ge-Se (Golovchak et al., 2009a), 
As-Ge-Se (Golovchak et al., 2006c), Sn-Se (Imran et al., 2008) and As-S 
(Golovchak et al., 2011a; Lucas et al., 2011) ChG under the influence of 
g-radiation. The DSC curves recorded after isochronal periods of natural 
storage and g-irradiation are shown in Fig. 8.7 for the example of typical 
representatives of sulfide and selenide ChG (Golovchak et al., 2006b, 2006c, 
2009a). The physical ageing under g-radiation field conditions causes greater 
changes in Tg and endothermic peak area A values for Se-rich glasses than 
an equal period of natural storage does. Increase in the concentration of As 
or Ge leads to decrease in the value of radiation-induced physical ageing 
as detected by DSC (Golovchak et al., 2006b, 2009a, 2011a; Lucas et al., 
2011). Finally, no detectable g-induced changes (within an accuracy error) 
in DSC curves were recorded for ChG close to the Phillips–Thorpe rigidity 
percolation threshold at the average coordination number Z = 2.4 (Golovchak 
et al., 2006b, 2009a, 2011a). Thus, we can speak of the acceleration of physical 
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8.7 DSC curves recorded for typical representatives of selenide and 
sulfide ChG after equal periods of natural storage in dark (dashed 
line) and within g-radiation field (dash-dot line). Solid black curves 
correspond to DSC signal from rejuvenated (as-prepared) samples.
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ageing due to radiation treatment only in floppy chalcogen-rich glasses. As 
far as the similar behavior in DSC scans after g-irradiation was recorded for 
g-irradiated vitreous Se, As-Se, As-Ge-Se, As-S, and Sn-Se glasses (showing 
increase in Tg and endothermic peak area A values) (Golovchak et al., 2006b, 
2009a, 2011a; Imran et al., 2008; Lucas et al., 2011), the conclusion about 
acceleration of physical ageing and related structural relaxation far below 
glass transition interval can be generalized to all chalcogen-rich fragile 
ChG. In other words, radiation treatment of these materials modifies their 
glass networks towards thermodynamically equilibrium extrapolated states 
of supercooled liquid as shown in Fig. 8.1. 
 Recent comprehensive studies on g-induced physical ageing in binary As-S 
and As-Se ChG (Golovchak et al., 2011a) have shown that, despite structural 
similarity of the main constituent building blocks (As(S)Se3/2 pyramids and 
chalcogen chains), the compositional dependence of radiation-induced physical 
ageing significantly depends on the nature of the chalcogen atom (Fig. 8.8). 
In particular, a considerable radiation-induced physical ageing was recorded 
in asxS100-x glasses within 30 ≤ x ≤ 42 compositional range, while no effect 
was observed for analogous ChG of AsxSe100-x system (Fig. 8.8) (Golovchak 
et al., 2011a). This result correlates with previous investigations of g-induced 
changes in mechanical properties (shear modulus, microhardness) of binary 
As-based ChG, showing decay of g-induced changes in the compositional 
row As2S3 Æ as2Se3 Æ as2te3 (Starodubcev et al., 1962; Domoryad and 
Kolomiets, 1971). 
 To explain the different behavior of S- and Se-based ChG, which are 
expected to have similar structure of covalent networks, the processes under 
g-radiation influence should be considered in more detail. As a rule, three 
main mechanisms of the interaction of g-rays with matter are considered: 
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glass transition temperature Tg (inset) for rejuvenated, aged and 
g-irradiated AsxS100-x (a) and AsxSe100-x (b) ChG, determined from 
corresponded DSC curves recorded with q = 5°C/min heating rate.

g-quanta can lose their energy as a result of absorbing, Compton scattering 
and creation of electron-positron pairs (Pikaev, 1985). In the case of ChG 
and g-quanta energies usually used (1.25 MeV of 60Co isotope), the main 
mechanism is related to Compton scattering (Pikaev, 1985). Because of 
strong electron-phonon coupling character for ChG (Feltz, 1993; Mott and 
Davis, 1971), the Compton photoelectron produces specific destructive 
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structural transformations. They are associated with the breaking/switching 
of chemical bonds, which can be accompanied, in part, by the formation of 
coordination defects (Golovchak and Shpotyuk, 2005). In the case of selenide 
ChG, these processes decay rapidly without conservation of any coordination 
defects, which is evident from the absence of significant changes in optical 
properties of these materials under g-irradiation influence (Fairman and 
Ushkov, 2004; Shpotyuk, 1990). In the case of sulfide ChG, it is shown that 
g-induced covalent bond switching is accompanied by formation of metastable 
topological coordination defect pairs, like diamagnetic positively-charged, 
over-coordinated and negatively-charged under-coordinated atoms (Fairman 
and Ushkov, 2004; Golovchak and Shpotyuk, 2005). 
 So, it can be assumed that g-stimulated structural transformations (broken 
or switched covalent chemical bonds, topological coordination defect pairs, 
in the first approximation) are more stable and appropriate to sulfide networks 
giving additional possibility for reorientation of constituent structural units 
and more extended structural fragments under irradiation. These processes 
provide an additional effective channel to release free volume frozen during 
melt-quenching and, thus, contribute towards general shrinkage of a glass 
backbone, identified as physical ageing with DSC. In other words, destruction-
polymerization transformations are more effective in sulfide ChG than selenide 
ones, giving additional possibility for shrinkage of glassy backbone under 
g-radiation conditions. Under g-radiation, the relaxation of network sites can 
be achieved even if it would never occur during very long natural storage 
because of significant spatial constraints. This process is possible due to 
destruction of covalent bonds under g-irradiation (Fairman and Ushkov, 2004; 
Golovchak and Shpotyuk, 2005), which makes it different from the natural 
physical ageing, where only conformations of the network are considered to 
be significant. So, with g-radiation we can achieve a more thermodynamically 
favorable state (Fig. 8.1) than it is achievable after many years of natural 
storage, provided g-stimulated excitations do not decay rapidly in the glass 
network. Therefore, the use of g-radiation is an alternative way to achieve 
a thermodynamic quasi-equilibrium state of glass for a short period of time 
(days) at much lower (room) than Tg temperatures, at which relaxation rate 
normally is very slow (tens of years).

8.3.3 Light-assisted physical ageing

High photosensitivity of ChG has been known right from the earliest stages 
of the discovery of their semiconducting properties in 1950s by Kolomiets 
and Goryunova (1955). Since that time, different effects induced by bandgap, 
sub-bangap and above-bandgap light have been reported (Kolobov, 2003; 
Zakery and Elliott, 2007; Krecmer et al., 1997; Stuchlik et al., 2001; Ganjoo 
et al., 1999; Kuzukawa et al., 1998; Tanaka, 2002; Trunov et al., 2009; 
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Poborchii et al., 1999; Tallman et al., 2008; Kovalskiy et al., 2008), and 
numerous models of photoinduced effects have been developed (Kolobov, 
2003; Shimakawa et al., 1995; Frumar et al., 1983, 1997; Tanaka, 1983; 
Tanaka et al., 2009). Photoinduced darkening/bleaching (Kolobov, 2003; 
Zakery and Elliott, 2007), optomechanical effect (Krecmer et al., 1997; 
Stuchlik et al., 2001), photoexpansion/photocontraction (Ganjoo et al., 1999; 
Kuzukawa et al., 1998), photofluidity (Tanaka, 2002; Trunov et al., 2009), 
photomelting/photocrystallization (Poborchii et al., 1999; Tallman et al., 
2008), and photodiffusion (Kovalskiy et al., 2008) are only a few examples 
of the progress achieved in the field. 
 Investigations on light-assisted physical ageing in Se-based ChG, induced 
by sub-bandgap light (laser sources), revealed its strong compositional 
dependence, as well as dependence on the intensity of sub-bandgap light 
and thermal prehistory of ChG samples (Lucas et al., 2005, 2006; Calvez 
et al., 2008; Lucas, 2006). A summative bond-breaking mechanism within a 
concept of strong/fragile glass-formers (Lucas, 2006) was assumed to explain 
the observed phenomena. Physical ageing effects produced by bandgap or 
above-bandgap light exposure were not considered to be significant in bulk 
ChG for a long time, because of too low penetration depth of corresponding 
photons (< 0.1 mm). The first to question this common assumption were. 
Larmagnac et al. (1982). Using conventional DSC, they recorded for 
amorphous Se films (6 mm thickness) an unusual increase in the relaxation 
rate under above-bandgap light exposure (404, 546, 643 nm wavelengths): 
the highest value of photorelaxation was achieved with 404 nm light, which 
had the lowest penetration depth into the material (~0.04 mm) (Larmagnac 
et al., 1982). It was assumed that photoinduced excitations in the form of 
valence alternation pairs diffused from the surface, where they had been 
created by illumination, into the remaining bulk interior of the film, effectively 
promoting physical ageing as probed by DSC. Later on, similar wavelength 
dependence of photostructural relaxation induced by above-bandgap light 
exposure (404, 546, 581, 643 nm wavelengths) was reported for GexSel00-x 
films (5 mm thickness) (Vautier et al., 1991). The conclusion was made 
about the significant role of Se chains, which again were considered as a 
main source of valence alternation pairs created by the illumination. More 
recent studies revealed also a considerable athermal physical ageing effect 
in Se-rich bulk As-Se ChG caused by the above-bandgap light exposure 
(Golovchak et al., 2008b). The mechanism of the observed photoinduced 
enthalpy losses was assumed to be connected with dissipation into bulk of 
elastic strains produced at the surface layers of the sample by light excitations 
(Golovchak et al., 2008b). 
 More comprehensive investigations of light-assisted physical ageing 
in broader spectral range, using for excitation discrete wavelengths from 
above- and sub-bandgap regions, are performed in Kozdras et al. (2011) 
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for typical sulfide and selenide ChG. The DSC curves recorded for ChG 
samples after equal time intervals of dark storage and irradiation with light 
of different wavelengths are shown in Fig. 8.9 (Kozdras et al., 2011). Their 
behavior is similar to radiation-induced effects – the light exposure causes 
greater changes in Tg and endothermic peak area A values than equal period 
of natural storage does. A measurable light-assisted physical ageing effect at 
room temperature is recorded for all ChG with Z < 2.4 regardless of choice 
of chalcogen (anion) or cation atoms. The samples with Z = 2.4 (As40S60, 
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as40Se60 or Ge20Se80) did not exhibit any significant changes in DSC curves 
either under a dark storage or under light exposure at any of the wavelengths 
used (Fig. 8.9) (Kozdras et al., 2011). 
 The influence of the exposure with light of different discrete wavelengths 
on the physical ageing of ChG with Z < 2.4 (expressed through DA values) is 
presented in Fig. 8.10. The effect of physical ageing in the same ChG caused 
by isochronal dark storage is indicated by horizontal lines. It is shown that 
for chalcogen-rich selenide ChG, DA values show almost threshold increase 
(Fig. 8.10) at the energies lower than the optical gap of the corresponding 
material (Eg) (Kozdras et al., 2011). After that, DA values slightly decrease 
in the transparent region of ChG spectra with further decrease in the energy 
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of incident photons (Fig. 8.10). The overall DA magnitude in selenide ChG 
decreases significantly with increasing connectivity (Z) or As(Ge) concentration 
in the samples. On the other hand, in sulfide ChG, the light-assisted physical 
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ageing is almost one order of magnitude greater than in selenide ChG. It 
shows maximum in spectral dependence at the illumination wavelengths 
comparable to the optical gap of these ChG (Fig. 8.10), almost vanishing 
with deviation of the incident photon energies from Eg in both directions. 
So, from these results it is evident that dispersion of light-assisted physical 
ageing differs for S- and Se-based ChG, while influence of cation type (Ge 
or As) is not so essential. Therefore, type and number of chalcogen atoms 
play a decisive role in the light-assisted physical ageing.
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 The mechanisms of photostructural transformations in ChG are usually 
considered in respect to three phenomena: photodarkening, photoinduced 
volume changes, and photoinduced carriers/defects creation (related to 
photoconductivity) (Shimakawa, 2007). Recent in situ studies and simultaneous 
kinetic measurements of these effects suggest rather the absence of direct 
relationships between them (Shimakawa, 2007). Therefore, it is interesting 
to compare the wavelength dispersion of light-assisted physical ageing with 
spectral dependences of photoconductivity, photodarkening, and photoinduced 
volume expansion in ChG (El Gharras, 1989; Averyanov, 1972; Nagels 
et al., 2000; Oheda, 1979; Derrey et al., 1986). Of the considered effects, 
the maximum on spectral dependence of photoconductivity is observed at 
the highest energies of the incident photons above the ChG optical gap, 
which is demonstrated by the example of vitreous As20Se80 and Ge5Se95 
samples (Fig. 8.11) (El Gharras, 1989; Averyanov, 1972). It is assumed 
that light-assisted physical ageing under above-bandgap light exposure 
is connected with generation of charge carriers. Indeed, when the energy 
of incident photons exceeds the bandgap value, we have direct excitation 
of the electrons from top energetic levels in the valence band (in the case 
under consideration they are formed by lone-pair and bonding electrons 
of chalcogen atoms) (Golovchak et al., 2007a, 2009c) into the conduction 
band, producing electron-hole pairs and broken covalent bonds. Owing to 
a low penetration depth of the above-bandgap light and low mobility of 
electrons in ChG (usually these materials possess p-type of conductivity) 
(Feltz, 1993; Mott and Davis, 1971), these excitations should be effective 
only in the surface layer, where above-bandgap incident light is directly 
absorbed. They cause transient and metastable displacements of atoms 
from their most energetically favorable positions in a glass structure due 
to thermalization of excited hot electrons through inelastic collisions with 
surrounding atoms (note, ChG are characterized by strong electron-phonon 
coupling; Mott and Davis, 1971), switching or restoration of the destroyed 
covalent bonds and possible valence alternation pair formation. In turn, 
the disturbed atomic sites ultimately cause elastic stresses at their nearest 
surroundings in the covalent network, whose further relaxation promotes 
physical ageing into the remaining volume of the glass, as happens in 
surface-modified Se-rich fibers (McEnroe and LaCourse, 1989). In other 
words, the surface under above-bandgap light excitation plays the role of 
‘mechanical hummer’ for the rest of the bulk volume. In such a way, the 
changes produced by above-bandgap photoexposure near the surface of the 
samples can diffuse into their depth, producing a measurable DSC effect 
(which is known to be an integral method sensitive to bulk properties of 
materials) (Golovchak et al., 2008b; Kozdras et al., 2011). The effect 
produced by above-bandgap light exposure (in the region of 400–600 nm) 
decreases significantly with increasing connectivity of glass backbone (or 
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8.11 Comparison of spectral dependences of photoconductivity, 
photodarkening, and light-assisted physical ageing in As20Se80 
and Ge5Se95 ChG (El Gharras, 1989; Averyanov, 1972; Nagels et 
al., 2000; Oheda, 1979). Optical gap values measured at room and 
lower temperatures (indicated by superscript Eg index) are shown by 
arrows (Nagels et al., 2000; Oheda, 1979).

Z). It fully disappears in As40Se60 (As40S60, Ge20Se80) glass with Z = 2.4 
(Kozdras et al., 2011). 
 Spectral studies of photodarkening effects in ChG, associated with long-
wave shift of their optical absorption edge, have provided important insights 
into the understanding of microstructural mechanisms of these phenomena 
(Tanaka, 1986, 2004, 2006; Ho et al., 2003). It has been demonstrated 
that photodarkening can be induced by bandgap illumination with photon 
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energy hn ~ Eg (Nagels et al., 2000; Oheda, 1979; Tanaka, 1986, 2006), as 
well as sub-bandgap illumination with photon energy hn < Eg, but much 
higher intensities (~100 W/cm2) (Tanaka, 2004; Ho et al., 2003). If the 
intensity of light is fixed, then the maximum of photodarkening is observed 
at the photon energies comparable with ChG bandgap (hn ~ Eg) (Nagels 
et al., 2000; Oheda, 1979; Derrey et al., 1986; Tanaka, 1986). Position of 
this maximum is slightly shifted from corresponding Eg values towards 
the high-energy side of the optical spectrum, as is shown by the examples 
of as20Se80 and Ge5Se95 glasses (Fig. 8.11) (Kozdras et al., 2011). The 
developed microstructural mechanism of photodarkening in ChG films is 
based on chemical bond switching processes, presumably also accompanied 
by valence alternation pair formation (Shimakawa et al., 1995; Frumar et al., 
1983, 1997; Tanaka, 1983, 1986; Tanaka et al., 2009). It is also known, that 
the magnitude of the induced darkening decreases in the row S Æ Se Æ te 
and with increasing temperature (reversible component of the effect can be 
erased by near-Tg annealing at T/Tg ~ 0.75) (Tanaka, 1986; Tanaka, 1983). 
Therefore, one order increase in the magnitude of light-assisted physical 
ageing in As-S ChG observed around the optical gap can be correlated with 
greater efficiency of the mechanisms responsible for the photodarkening in 
sulfide ChG compared to selenide ones. On the other hand, the photodarkening 
is observed even in stoichiometric compositions (like As40S60 and As40Se60) 
with Z = 2.4 (Kolobov, 2003), while light-assisted physical ageing is not (Fig. 
8.9). Owing to the reversible nature of photodarkening, which is typically 
erased when approaching Tg (Kolobov, 2003; Tanaka, 1983), the irradiated 
(after light illumination) As40S60 and As40Se60 samples lose the reversible 
effect produced by light exposure when approaching temperature 0.75Tg 
during DSC scans. As a result, the signature of reversible photodarkening 
cannot be seen in DSC curves during structural relaxation through Tg. The 
DSC measurements can reveal only photostructural rearrangements, which 
can permanently affect a general connectivity of glass backbone or facilitate 
(through valence alternation pair formation, bond switching) the light-assisted 
physical ageing. 
 The maximum of light-assisted physical ageing in selenide ChG is shifted 
towards photon energies lower than corresponding Eg values (Fig. 8.11). In this 
case, the energy of the incident photons is not enough to excite electrons from 
valence to conduction bands directly. The valence alternation pair formation 
is also doubtful due to a lower probability of bond breaking. So, only weak 
two-photon absorption processes, phonon-assistant electronic transitions or 
inelastic photon scattering, can be considered as a reason for light-assisted 
physical ageing under sub-bandgap illumination of relatively low intensity. 
However, owing to a much greater penetration depth of sub-bandgap light, 
these processes can occur in the whole volume of the sample, not only at 
the surface layer as in the case of above-bandgap photoexposure (Kozdras 
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et al., 2011). Therefore, sub-bandgap light can produce greater effect of 
light-assisted physical ageing in comparison to above-bandgap light, because 
of greater amount of photoinduced perturbation events (more network sites 
of the bulk are involved). 

8.3.4 Thermally-induced physical ageing

Physical ageing of ChG at elevated temperatures is relatively well studied 
only for stoichiometric As40Se60 (Cernoskova et al., 2001; Cernosek et al., 
2003; Golovchak et al., 2011b) and a few Se-rich compositions, including 
glassy Se (Echeverria et al., 2003; Svoboda et al., 2006, 2007, 2010). Like 
in the case of natural or induced physical ageing, the endothermic peak 
superimposed on the endothermic step of the glass transition signal is observed 
in DSC curves as a result of prolonged annealing at the elevated temperatures. 
Considering As40Se60 glass as typical example, the DH values determined 
from DSC curves after annealing of this material during 1 and 5 days at 
various temperatures (starting from room up to near Tg) are plotted in Fig. 
8.12 (Golovchak et al., 2011b). The results obtained in a heating mode show 
a clear threshold around annealing temperature Ta ~ 90°C for the onset of 
structural relaxation, revealed through the increase in DH values (Fig. 8.12). 
Enthalpy losses achieve maximum at temperatures 20–40 K below the glass 
transition temperature Tg

onset and decrease significantly when approaching Tg
onset 

= 181°C (Fig. 8.12). The maximum of the enthalpy losses occurs exactly at 
the temperatures that are usually used to anneal as-prepared As40Se60 glass 
during synthesis procedure (annealing of glasses at temperatures ~20–40 K 
below their Tg is a well-known technological operation to homogenize and 
stabilize glass structure; Feltz, 1993; Borisova, 1981). This behavior is in 
good agreement with Eq. [8.1], where the maximum of energy that a glass 
can lose during ageing depends on the Tg – Ta value. Indeed, the maximum 
energy that As40Se60 glass can lose after an infinite annealing duration at 
room temperature can be estimated at the level of DH∞ ª 28 J/g, while at Ta 
= 140°C at the level of only DH∞ ª 6 J/g, which is quite close to DH values 
observed experimentally after 5 days annealing at Ta = 140–160°C (Fig. 
8.12) (Golovchak et al., 2011b). It testifies to near saturation of physical 
ageing in as40Se60 glass under these annealing conditions. Further increase 
in the annealing temperature towards Tg leads to vanishing of the enthalpy 
losses DH because of vanishing DH∞ at Ta = Tg according to Eq. [8.1], and 
the beginning of the rejuvenation process.
 To exclude from consideration the redistribution of significant chemical 
bonds or phase separation at higher annealing temperatures, which also could 
be a reason for strong endothermic peak in the vicinity of glass-to-supercooled 
liquid transition, the structural investigations were performed for As40Se60 
glass using in-situ EXAFS measurements at As and Se K-edges (Golovchak 
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et al., 2011b). According to these results, the coordination number did not 
change for both As and Se atoms either during annealing at Ta = 140°C or 
thereafter. However, at this high-temperature stage, a slight increase in the 
nearest neighbor distance (~0.003 Å) and Debye-Waller factor (~0.0008 Å2) 
around both atoms was recorded (Golovchak et al., 2011b). These values did 
not change during an annealing period of 24 hours at Ta = 140°C and retained 
their initial values after cooling the glass to room temperature. Therefore, 
the observed signifi cant enthalpy losses at Ta = 140°C (Fig. 8.12) are not 
associated with changes in the fi rst coordination spheres around Se and As 
atoms. So, phase separation effects or signifi cant bond redistribution during 
the annealing process should be excluded from consideration. Thus, the only 
possible way to explain the observed changes in DSC curves is structural 
relaxation of as40Se60 glass at the elevated annealing temperatures. 

8.4 Phenomenological description of physical 
ageing 

8.4.1 Topological consideration of covalent-bonded 
glassy networks 

Consider an ideal covalent network with N atoms (N Æ ∞). Let it be 
constructed by nr atoms each having r bonds in respect to their valence 
(Thorpe, 1983, 1995):

  
∑ 
r

rn N= n N= rn Nr
 

[8.3]
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8.12 Enthalpy losses DH caused by isochronal thermal annealing of 
As40Se60 glass at different temperatures (Golovchak et al., 2011b).
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an ideal means that there are no surfaces, voids, defects, dangling bonds or 
any phase-separated regions in this network and every atom has saturated its 
valence by covalent bonds with nearest neighbors. So, the mean coordination 
number Z of each atom can be calculated as:
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In covalently bonded networks, the bond lengths and angles are well defi ned 
and small displacements from equilibrium are described by a potential of 
small vibrations (Keating, 1966): 
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where Drij is change in nearest-neighbor bond length between atoms <ij>, 
DQijk is change in bond angle between two adjustment <ij> and <jk> bonds, 
and aij and bijk are bond stretching and bond bending force constants.
 The rank of dynamical matrix formed from potential [8.5] gives a number 
of linearly independent constraints Nc (Frazer et al., 1938). 
 Another way to estimate the number of constraints is as follows (Thorpe, 
1983):

1. one constraint per bond is associated with bond stretching forces (fi rst 
term in Eq. [8.5]) na = r/2 for each r-coordinated atom;

2. the number n D r D
b  = (D r(D r – 1)D r – 1)D r(2D r(2D r  – )

2  of angular constraints, where D is 
space dimensionality, is associated with bending forces (second term 
in Eq. [8.5]): if D = 3, then nb = 2r – 3. (It is clear, that atoms with r ≤ 
D – 2 should be excluded from consideration.) 

 According to this analysis, the total number of Lagrangian constraints 
can be estimated as:
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 Consequently, taking into account Eqs [8.3] and [8.4], the number of 
Lagrangian constraints per atom is:

  
N Z Zc  = 2  + (2  – 3)

 
[8.7]

 Now, let’s consider two deviations typical for ChG from an ideally 
composed covalent network. The fi rst one is associated with dangling bonds 
and the second with ring-like fragments. If dangling bonds are present in a 
glass network, then nb = –1 instead of zero for r = 1. Therefore, to account 
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for the total number of Lagrangian constraints, Eq. [8.6] should be corrected 
for a number of singly coordinated atoms (dangling bonds) n1 (Thorpe, 
1995):
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The existence of small rings in the structure of ChG means that not all the 
constraints specifi ed above are linearly independent. It is easy to show that 
a six-sided ring is just rigid (Thorpe, 1983). Triangles, quadrilaterals and 
pentagons are also rigid, but the number of constraints calculated using Eq. 
[8.6] is overcounted by three for a triangle, two for a quadrilateral and one 
for a pentagon (Thorpe, 1983). All the remaining isolated rings have seven 
or more sides and are fl oppy (Thorpe, 1983). So, three constraints should 
be removed from the total number of constraints calculated using Eq. [8.6] 
for three-sided rings, two for four-sided rings, one for fi ve-sided rings and 
none for lager rings. Therefore, Eq. [8.8] should be rewritten as:
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where nring is a corresponding ring-correction parameter, which depends on 
the number of rings and their type.
 Finally, the number of Lagrangian constraints per atom for ChG should 
be calculated as follows:

  
N Z Z n
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n

Nc
ring

 = 2  + (2  – 3) +  – 1

 
[8.10]

 It was assumed by Phillips (1979) that optimal mechanical stability of 
the network can be achieved when nc = D (nc = 3 in the case of a three-
dimensional network). According to Eq. [8.7], nc = 3 when Z = 2.4 – a 
well-known fl oppy-to-rigid transition, in which extrema in compositional 
dependence of many physical-chemical properties are observed (Feltz, 1993; 
Borisova, 1981; Vinogradova, 1984). At this point, the number of fl oppy 
modes becomes zero (Eq. [8.8]) dividing the glass formation region into 
sections with preferential fl oppy or under-coordinated/constrained (Z < 2.4, 
nc < 3) and stressed rigid or over-coordinated/constrained (Z > 2.4, nc > 3) 
networks. The network with nc = 3 is called optimally constrained (Phillips, 
1979; Boolchand et al., 2005; Thorpe et al., 2000). 
 The classic Maxwell constraints counting algorithm predicts a solitary 
transition from fl oppy to rigid networks at Z = 2.4 with increasing backbone 
connectivity by changing glass composition (Z) (Thorpe, 1983, 1995; Phillips, 
1979). However, for networks that have a possibility to avoid stresses by 
structural variation at low entropy cost, this solitary transition splits into two 
points: the second-order transition from fl oppy to unstressed-rigid and fi rst-
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order transition from unstressed-rigid to stressed-rigid networks (Boolchand 
et al., 2005; Thorpe et al., 2000). In other words, the topological self-
organization occurs when a structure is able to keep the optimal number of 
constraints per atom (nc = 3, for instance) with changing composition as long 
as possible, avoiding creation of over-constrained stressed regions (Thorpe 
et al., 2000; Chubynsky et al., 2006). The range of ChG compositions with 
optimally constrained networks forms a so-called self-organized phase (the 
terms self-organized and intermediate are equivalent), also according to Eqs 
[8.9] and [8.10]. It is believed that optimally constrained networks of self-
organized phases do not undergo any structural relaxation during storage 
or under the influence of external factors (Phillips, 1979; Boolchand et al., 
2005). This remarkable feature makes ChG with nc = 3 very appealing for 
application in highly reliable optoelectronics. 
 However, within the Phillips–Thorpe approach (Thorpe, 1983, 1995; Phillips, 
1979), the number of constraints for a given ChG composition is assumed 
to be constant with respect to temperature. A mathematically equivalent 
approach, which accounts for temperature dependence of constraints, has 
been derived by Gupta and Mauro (2009) and Smedskjaer et al. (2010a, 
2010b). According to their approach, a constraint is considered floppy above 
an onset temperature and rigid below this temperature (Smedskjaer et al., 
2010a, 2010b):

  nc(T) = q(Tth – T) [8.11]

where q(Tth – T) is a unit step function and Tth represents the temperature 
below which a particular constraint becomes rigid. 
 Using temperature-dependent constraints theory (Gupta and Mauro, 
2009; Smedskjaer et al., 2010a), it was possible to predict compositional 
dependence of glass transition temperature in Ge-Se ChG (Gupta and Mauro, 
2009), as well as fragility and hardness in some oxide glasses (Smedskjaer 
et al., 2010a, 2010b). An attempt to develop an atomistic understanding of 
the dynamical processes responsible for viscous flow and shear relaxation 
in Ge-Se glasses was made using the basics of temperature-dependent 
constraints theory and temperature-dependent nuclear magnetic resonance 
data (Gjersing et al., 2010). Molecular dynamics simulations also provided 
some evidence for temperature degeneracy of constraints in sodium silicate 
glasses (Bauchy and Micoulaut, 2011). Thermally induced physical ageing 
of optimally constrained As40Se60 glass (Fig. 8.12) can be also explained by 
temperature removal of some of constraints (their degeneracy) (Golovchak 
et al., 2011b). 
 To distinguish the influence of temperature degeneracy of constraints and 
temperature dependence of structural relaxation time constant (t = f (T)) 
on the degree and kinetics of physical ageing, the isothermal annealing of 
ChG with almost the same Tg (same Tg – Ta value), but different nc should 
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be considered. If t = f (T) alone determines the structural relaxation and nc 
does not have any influence, then such glass should demonstrate the same 
value of physical ageing effect, otherwise nc also governs the structural 
relaxation. Long-term physical ageing under normal conditions in As30Se70 
and As55Se45 ChG, having almost the same Tg (~110°C) and comparable 
fragility, but different nc (As30Se70 has nc < 3, As55Se45 has nc > 3), can 
be considered as typical examples of such isothermal annealing studies 
(Golovchak et al., 2006a, 2008a). The noticeable effect of long-term (tens 
of years) natural physical ageing was recorded for As30Se70 glass, while 
this effect was negligible for As55Se45 glass (Fig. 8.6(a)) (Golovchak et al., 
2006a, 2008a). So, structural relaxation of optimally constrained glasses at 
the elevated temperatures during relatively short time periods (~days) can 
be well explained by temperature removal of some of the constraints rather 
than t = f (T) dependence. So, the initial optimally constrained network 
behaves as under-constrained with nc < 3 at higher temperatures, resulting 
in pronounced physical ageing (Fig. 8.12) (Golovchak et al., 2011b).

8.4.2 Role of topological self-organization in physical 
ageing 

Compositional trends in physical ageing of ChG can be satisfactorily explained 
within mean-field constraints theory (Thorpe, 1983, 1995; Phillips, 1979; 
Boolchand et al., 2005; Thorpe et al., 2000; Chubynsky et al., 2006; Gupta and 
Mauro, 2009; Smedskjaer et al., 2010a, 2010b; Gjersing et al., 2010; Bauchy 
and Micoulaut, 2011). This explanation is grounded on a supposition that the 
ability to attain physical ageing of a specific covalently bonded network is 
fully determined by its constraints number nc. The under-constrained ChG 
(nc < 3) are characterized by a pronounced physical ageing, revealed through 
significant drift in their physical properties. The over-constrained ChG (nc 
> 3) can be affected by ageing too, while ChG with nc = 3 should not age 
at all. Consequently, ChG belonging to a self-organized phase should be 
distinguished by ideal non-ageing ability. 
 Mean-field topological consideration predicts self-organized phase for 
network glasses within a very narrow range of compositions close to Z ª 
2.4 (in the case of 3D networks) (Thorpe et al., 2000; Chubynsky et al., 
2006). To much surprise, it was claimed on the basis of TMDSC data that 
the width of self-organized phase in real glasses could be about one order of 
magnitude greater (Chakravarty et al., 2005; Chen et al., 2010; Selvanathan 
et al., 1999, 2000; Georgiev et al., 2000, 2003; Wang et al., 2000, 2005; 
Boolchand et al., 2001a, 2001b, 2002a, 2002b; Mamedov et al., 2003; Qu 
et al., 2003; Gump et al., 2004; Vempati and Boolchand, 2004; Qu and 
Boolchand, 2005; Cernoskova et al., 2005). In this case, the marginality of 
non-reversible heat flow component in TMDSC experiments performed on 
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ChG samples aged for a few weeks (or as-prepared) was used as the universal 
criterion to determine compositional limits of the self-organized phase. The 
range of compositions with marginal non-reversible heat flow component 
was called the reversibility window (Table 8.1). On the other hand, many 
reports on a collapse of reversibility windows in ChG after long-term natural 
storage (Golovchak et al., 2006a; Chen et al., 2010) or under the influence of 
external factors (Wang et al., 2007), supported by lack of direct experimental 
evidence for structural signature of a self-organized phase (Shatnawi et al., 
2008), have brought into question the validity of this criterion for correct 
identification of the compositional boundaries of self-organized phases. 
Furthermore, the enormously wide reversibility windows, especially those 
extended far below Z = 2.4 such as for As-containing ChG (Table 8.1), have 

Table 8.1 Reversibility windows (x1, Z1 = onset composition, x2, Z2 = end point) 
identified by TMDSC for as-prepared or short-term aged glasses

Glass 
composition

x1 x2 Z1 Z2 References

SixSe100-x 20 27 2.40 2.54 Selvanathan et al. (1999, 2000); 
Boolchand et al. (2002a)

SixSe100-x 20 26 2.40 2.52 Boolchand et al. (2002b)

SixSe100-x 20 26.5 2.40 2.53 Wang and Boolchand (2004)

AsxSe100-x 29 37 2.29 2.37 Georgiev et al. (2000); Boolchand 
et al. (2001b); Wang and 
Boolchand (2004) 

AsxSe100-x 27 38 2.27 2.38 Boolchand et al. (2002b)

AsxS100-x 22.5 29.5 2.225 2.295 Boolchand et al. (2001a, 2002b) 

GexSe100-x 20 26 2.40 2.52 Gump et al. (2004)

GexSe100-x 19 – 2.38 – Wang and Boolchand (2004); 
Wang et al. (2005)

GexSe100-x 20 25 2.40 2.50 Wang and Boolchand (2004); 
Georgiev et al. (2003)

PxSe100-x 28 40 2.28 2.40 Wang et al. (2000)

GexAsxSe100-2x 9 14 2.27 2.42 Boolchand et al. (2002b)

GexAsxSe100-2x 10 14 2.30 2.42 Mamedov et al. (2003)

GexAsxSe100-2x 9 16 2.27 2.48 Qu et al. (2003)

GexAsxSe100-2x 11 15 2.33 2.45 Wang and Boolchand (2004)

GexAsxSe100-2x 9 15.5 2.27 2.46 Qu and Boolchand (2005)

GexAsxS100-2x 9.3 15.7 2.28 2.47 Cernoskova et al. (2005)

Ge25Se75-xIx 15.5 16.4 2.345 2.336 Wang and Boolchand (2004)

Ge25S75-xIx 15.5 16.4 2.345 2.336 Wang and Boolchand (2004)

GexPxSe100-2x 9 14.5 2.27 2.43 Wang and Boolchand (2004); 
Chakravarty et al. (2005)

GexPxSe100-2x 9 13.5 2.270 2.405 Vempati and Boolchand (2004)

Ge7.5AsxTe92.5-x 10 20 2.35 2.45 Wang and Boolchand (2004)
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led to significant discrepancies with Phillips–Thorpe rigidity percolation 
theory (Chubynsky, 2009). Thus, to overcome these obstacles for As-based 
ChG, the existence of quasi-tetrahedral Se=As(Se1/2)3 structural units, having 
double-bonded Se atoms and optimal number of Lagrangian constraints per 
atom nc = 3, was admitted by Georgiev et al. (2000). Another approach 
was based on ‘repulsive interactions of lone pair electrons of As atoms’ to 
introduce additional constraints (Lucovsky et al., 2007). Whichever the case, 
to explain the expansion of the intermediate phase into the Z < 2.4 region, 
the four-fold coordinated As atoms, was necessarily introduced (Georgiev 
et al., 2000; Lucovsky et al., 2007). In contrast to P-(S)Se ChG, having their 
crystalline counterparts in the form of corresponding penta-chalcogenides 
p2S(Se)5 based on quasi-tetrahedral units (Feltz, 1993), the As-based ChG 
are not the same, as most of the reliable experimental data speak in favor of 
exceptionally three-fold coordinated As atoms (Feltz, 1993; Borisova, 1981; 
Vinogradova, 1984; Golovchak et al., 2008a; Saiter et al., 2009; Renninger 
and Averbach, 1973; Yang et al., 2010). 
 Collapse of wide reversibility windows into the narrow regions near Z ª 
2.4 for As-based ChG after a long-term period of natural storage (Fig. 8.6(a) 
and 8.13) (Golovchak et al., 2006a, 2008a; Elabbar and Abu-Sehly, 2011) 
has shown that all glasses, whose backbone is under-constrained (nc<3), are 
characterized by a pronounced physical ageing, removing the discrepancy 

8.13 Compositional dependence (a) of DHnr term for aged (solid) 
and rejuvenated (open) AsxSe100-x (Golovchak et al., 2008a). Inset 
(b) shows the compositional trend (solid line) of DHnr published by 
Georgiev et al. (2000).
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with rigidity percolation theory. In this case, the non-reversible component 
of heat flow in TMDSC experiments (as well as the endothermic peak area 
in DSC experiments) only indicates temporary compositional boundaries of 
natural physical ageing, determined by a time interval passed between ChG 
preparation and current DSC/TMDSC measurements. The possibility for 
long-term kinetics of physical ageing should be taken into account (Fig. 8.13). 
Therefore, the compositional boundaries of reversibility windows indicated 
in Table 8.1 can be accepted only as the boundaries of short-term physical 
ageing rather than the range of self-organized topological phases in ChG. 
 However, the absence of long-term physical ageing itself is a necessary, 
but not sufficient, criterion for identification of topologically self-organized 
phases in ChG. Sometimes, the over-constrained (nc > 3) networks can be 
also characterized by non-ageing ability, as in the case of the pseudo-self-
organization phenomenon of the binary GexSe100-x system (Golovchak et al., 
2009b; Shpotyuk and Golovchak, 2011). In this case, the range of non-ageing 
ability (both short-term and long-term) was identified by DSC and TMDSC 
techniques within 20 ≤ x ≤ 25, accepted also as the reversibility window in 
this system (Wang and Boolchand, 2004; Georgiev et al., 2003). 
 However, careful structural investigations show that the network of 
GexSe100-x glasses within this domain contains structural fragments proper to 
high-temperature modification of crystalline GeSe2 (Golovchak et al., 2009c). 
The latter consist of two edge-shared GeSe4/2 tetrahedra connected with four 
corner-shared GeSe4/2 ones (so-called outrigger raft clusters), which are 
over-constrained with nc > 3 (Fig. 8.14(a)). Quantum mechanics calculations 
show that all glass compositions of binary GexSe100-x system within 20 < x 
< 28 range are more energetically preferable in their atomic configurations, 

(a) (b)

8.14 Outrigger raft structural motive in GexSe100-x glasses within 20 
< x < 28 compositional range (a) and most energetically favorable 
linking for optimally constrained Ge21.5Se78.5 composition (b). Area I 
denotes a place of initial Se-Se dimers, area II shows a place of inter-
cluster bridges. Dark four-fold coordinated spheres denote Ge atoms, 
while light two-fold coordinated spheres denote Se atoms.
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which involve two Se atoms incorporated between separate outrigger raft 
network-forming clusters in the form of optimally constrained ∫Ge-Se-Se-
Ge∫ inter-cluster bridges (Fig. 8.14(b)) (Shpotyuk and Golovchak, 2011; 
Shpotyuk et al., 2010, Golovchak et al., 2009c). Other Se atoms, which do 
not participate in the backbone connectivity, form Se-rich fragments attached 
to place I in Fig. 8.14(a), as is arbitrarily shown in Fig. 8.14(b). According to 
this scheme of structural evolution, only one glass composition Ge21.5Se78.5 
(Fig. 8.14(b)) possesses nc = 3 in a global sense, e.g. for separate out-rigger 
raft clusters themselves and inter-cluster bridges. Thus, the real self-organized 
phase in a strong sense is expected to exist in these glasses only in a narrow 
domain around x ª 20–22, in good agreement with Thorpe et al. (2000), 
Chubynsky et al. (2006) and Chubynsky (2009). All the remaining ChG in 
the range of reversibility window (20 ≤ x ≤ 25) (Wang and Boolchand, 2004; 
Georgiev et al., 2003) possess glassy networks built of locally over-constrained  
(nc > 3) outrigger raft clusters interconnected via optimally constrained 
inter-cluster bridges. This evolution trend, restricted by Ge27.25Se72.75 and 
Ge21.5Se79.5 glass compositions (determined with the accuracy of x-step in 
the modelling procedure; Shpotyuk and Golovchak, 2011; Shpotyuk et al., 
2010), forms a so-called pseudo-self-organized phase. 
 So, in addition to known experimental observations of long-term physical 
ageing, the energetic characteristics of optimally constrained network-forming 
units should be examined by theoretical calculations. If one could show the 
energetic preference of units with nc = 3 over the remaining possible units 
(or, at least, they should coexist at low entropy cost) in a specific range 
of ChG compositions where long-term physical ageing is absent, then this 
range can be accepted as a topologically self-organized phase. Nevertheless, 
the existence of these units in real glass networks still needs to be verified 
experimentally.
 So, compositional trends in long-term physical ageing of different ChG 
systems can also demonstrate the existence of pseudo-self-organized topological 
phases. The self-organized optimally constrained intermediate topological 
phases are possible in the glasses whose networks allow formation of a 
variety of optimally constrained network-forming clusters (nc = 3) at low 
entropy cost. In contrast, the pseudo-self-organized topological phases occur 
when rigid structural units (like stressed over-constrained with nc > 3) are 
linked via optimally constrained inter-cluster bridges with nc = 3. 

8.4.3 Kinetics of physical ageing in chalcogen-rich 
glasses

In general, time evolution of the departure from equilibrium of any physical 
quantity, d, during isothermal ageing can be represented by Kohlrausch’s 
stretch-exponential law (Ngai, 2011; Angell et al., 2000):
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where d0 is the initial departure of physical quantity from equilibrium; t is the 
relaxation time constant; and 0 ≤ b ≤ 1 is the non-exponentiality index.
 Then, non-linearity of structural recovery can be accounted for by 
an appropriate model like the Tool–Narayanaswamy–Moynihan (TNM) 
(Narayanaswami, 1971), Kovacs–Aklonis–Hutchinson–Ramos (KAHR) 
(Kovacs et al., 1979) or Hodge–Scherer (Hodge, 1991) models, which 
are considered as equivalent. These models, however, do not address the 
microscopic nature of structural relaxation, describing only the behavior 
of macroscopic physical quantities. The most frequently used is the TNM 
model (Kovacs et al., 1979; Pustkova et al., 2005):
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where y is structural factor (0 ≤ y ≤ 1); Ea is activation energy and R is gas 
constant. Nevertheless, this model cannot account for the temperature or 
structural dependence of the b parameter, if any (Ngai, 2011). 
 At the same time, it is also shown that various relaxing properties including 
enthalpy, volume, stress, strain and refractive index behave differently in 
the glass transition region and reach equilibrium at widely different times 
(Ngai, 2011; Struik, 1978; Moynihan et al., 1976; Simon et al., 1997). The 
b and t values depend also on the waiting time t below the glass transition 
temperature (Ngai, 2011; Angell et al., 2000). In particular, a large increase 
in t accompanied by decrease in b upon ageing is testifi ed by studying 
colloidal suspensions (Ngai, 2011; Leonardo et al., 2006). On the other hand, 
increase in b is expected with increasing of non-linearity y of the system 
(Hodge, 1991) and temperature (in the case of thermorheologically complex 
systems) (Ngai, 2011; Angell et al., 2000; Stickel, 1995). Again, the lower 
the (TF – Ta) value, the faster the glass system approaches an equilibrium 
because of t(T) dependence (Ngai, 2011; Angell et al., 2000). All these 
correlations make a lot of complications for developing a master empirical 
equation capable of describing ageing kinetics in complex glassy systems. 
 Physical ageing kinetics can be studied with DSC/TMDSC, using changes 
in the glass transition region (Plate IV between pages 330 and 331). Enthalpy 
losses DH, changes in Tg (onset Tg

onset, midpoint Tg
mid, infl ection Tg

infl  or 
endset Tg

end values), partial area A or fi ctive temperature TF (Moynihan et al., 
1974) can be used for quantitative analysis of physical ageing kinetics. As 
a rule, the DH(ta, Ta) dependence in semilogarithmic scale has a sigmoidal 
trend (Fig. 8.15), approaching saturation value determined by a current ageing 
temperature Ta, while the fi ctive temperature TF is known to approach the 
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ageing temperature (Ta ª 300 K, in case of room storage) over time according 
to Eq. [8.2] (Ngai, 2011; Angell et al., 2000; Saiter et al., 2005; Nemilov, 
2000; Hodge, 1994). Typical time dependences of enthalpy losses DH and 
fictive temperature TF values, obtained from DSC measurements for some 
representative As-Se glasses, are shown in Fig. 8.16. The completeness of 
the physical ageing process can be estimated by TF values. Thus, in the 
ChG considered, the physical ageing is fully completed for vitreous Se (TF 
ª 300 K) and almost completed for the As10Se90 sample (TF ª 305 k) after 
two decades of ambient storage in the dark (Fig. 8.16) (Golovchak et al., 
2010b). Contrary to these glasses, the physical ageing for As20Se80 and, 
more pronounced, for As30Se70 ChG is far from its completeness, since 
corresponding TF values are far from Ta ª 300 K even after long-term ageing 
(Golovchak et al., 2010b). So, different stages of physical ageing kinetics 
can be captured: the saturation exemplified by vitreous Se, beginning (glassy 
as30Se70), intermediate (glassy As20Se80) and almost full kinetics of physical 
ageing (glassy As10Se90). This circumstance should be taken into account during 
theoretical description of kinetic dependences, because different functions 
can fit various stages of physical ageing kinetics with different quality. At 
present, the physical ageing kinetics in ChG are not fully established.

8.5 On the origin of physical ageing in 
chalcogenide glasses

8.5.1 Physical ageing by structure-sensitive probes 

Structural investigations of physical ageing with Raman spectroscopy allowed 
the identification of the mutual re-conformations of bent-deformed (Se atoms 
in cis configurations) and chain-like (Se atoms in trans configurations) Se 
fragments (Golovchak et al., 2007b), as well as small changes in bond 

DH
DHa2(Ta1)

DHa2(Ta2)

Ta2 Ta1

log(t)

8.15 Schematic view of expected variation of energy recovery 
associated with energy lost during ageing for two different annealing 
temperatures Ta1 < Ta2 < Tg.
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statistics (Golovchak et al., 2008c). The Raman spectra of 20-years aged 
and rejuvenated As10Se90, as20Se80 and As30Se70 ChG as well as their 
differences are shown in Fig. 8.17, as common examples. The observed band 
components (x) in Fig. 8.17(a) and (b) for glassy As10Se90 and As20Se80 have 
been assigned to AsSe3 pyramidal units (~230 cm–1), Sen chains (230–250 
cm–1) and Se ring-like fragments (250–260 cm–1) (Nakamura and Ikawa, 
2002; Bogomolov et al., 1985; Kovanda et al., 2003; Yannopoulos and 
Andrikopoulos, 2004). As a result of prolonged natural storage, the changes 
in Raman spectra of these glasses can be conveniently represented in the 
form of difference spectra (insets to Fig. 8.17) (Golovchak et al., 2007b, 
2008c). The bands of negative intensity (Dx) at ~260 cm–1 in the insets to 
Fig. 8.17(a) and (b) can be associated with the disappearance of Se ring-like 
fragments (cis configurations of Se atoms in chains), while the appearance of 
straightened/aligned Sen chains instead of the former should cause the band 
of positive intensity at Dx ~240 cm–1. The observed peaks in the Raman 
spectra of aged and rejuvenated As30Se70 glass (Fig. 8.17(c)) have been 
assigned to bond-stretching vibrations of directly corner-shared (~230 cm–1) 
or Se-Se shared (~240 cm–1) asSe3/2 pyramids and Se3 segments (~250–260 
cm–1) (Bogomolov et al., 1985; Kovanda et al., 2003; Yannopoulos and 
Andrikopoulos, 2004). The weak changes after prolonged natural storage are 
seen in the difference spectrum between aged and rejuvenated samples (inset 
to Fig. 8.17(c)) (Golovchak et al., 2008c). The band of positive intensity (Dx) 
at ~260 cm–1 is assigned to the appearance of Se-Se-Se fragments and one at 
~230 cm–1 to the formation of As-Se-As fragments or corner-shared AsSe3/2 
pyramids as a result of long-term physical ageing. Analysis of broad features 
in the 80–150 cm–1 range corresponding to bond-bending vibrations is more 
complicated because of overlapping of different vibrational modes. 
 The NMR data, recorded for rejuvenated and ~20-years aged As10Se90 
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8.17 Raman spectra of 20-years aged and rejuvenated glassy 
As10Se90 (a) As20Se80 (b) and As30Se70 (c) samples. Insets show 
difference between aged and rejuvenated curves.

glass (Fig. 8.18(a)) (Golovchak et al., 2007b) show the general invariance 
of the chain-crossing model during physical ageing. The lines corresponding 
to Se-Se-Se (~860 ppm), As-Se-As (~380 ppm) and Se-Se-As (~580 ppm) 
fragments, can be identified from NMR data obtained for a number of samples 
of the same ChG series (Fig. 8.18(b)), rich in Se-Se-Se, Se-Se-As and As-
Se-As fragments (Bureau et al., 2003). According to such identification, a 
slight increase of Se-Se-Se (~860 ppm), As-Se-As (~380 ppm) and decrease 
of Se-Se-As (~580 ppm) sites in the structure of aged As30Se70 glass can be 
found by appropriate fitting of 77Se NMR spectra (Fig. 8.18(b)) (Golovchak 
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et al., 2008c). This conclusion is supported also by high resolution XPS data 
for Se and As core levels of glassy As30Se70 sample, which allowed relative 
fractions of transformed complexes to be determined (Golovchak et al., 
2008c). So, although the changes observed for As30Se70 ChG after 20 years 
of physical ageing are weak in their magnitude (in the case of NMR, they 
only slightly exceed a noise level), the Raman scattering, NMR and XPS 
support the idea that two As-Se-Se-As structural units transform into As-
Se-As and As-Se-Se-Se-As fragments during prolonged natural storage. 
 In general, we can conclude from Raman, XPS and NMR results that 
long-term physical ageing does not cause drastic changes in short-range 
ordering of ChG. The same conclusion is also supported by extended 
X-ray absorption fine structure (EXAFS) spectroscopy, which is sensitive 
to changes in the local coordination number around the target atom, to the 
distances in the coordination shells, as well as to the average deviations in 
bond lengths and angles (mean square relative displacement or the so-called 
Debye–Waller factor). Thus, the differences between 20-years aged and 
rejuvenated glassy As10Se90 samples are shown in Fig. 8.19 in the form of 
Fourier transformed (FT) EXAFS spectra (Golovchak et al., 2007b). The 
well-pronounced peak in partial radial distribution functions is associated 
with the first coordination shell, and minor peaks at longer distances are 
attributed to second and further coordination shells. Comparative analysis of 
the EXAFS data for As10Se90 glass shows only slight changes (possible small 
increase in the local coordination number Nj for Se K-edge, distance Rj for 
As K-edge and Debye–Waller factor s2 for both of them) after 20 years of 
natural storage (Golovchak et al., 2007b), which can be well explained by 
shrinkage of glass backbone and re-conformation of some Se-based structural 
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8.18 Solid state Se77 NMR spectra of 20-years aged and rejuvenated 
glassy As10Se90 (a) and As30Se70 (b) samples (Golovchak et al., 2007b, 
2008c).

fragments. With increase in As content, even these changes become less 
prominent (Golovchak et al., 2008c). Thus, fitting parameters of EXAFS 
spectra for As30Se70 and As40Se60 ChG do not show any significant changes 
in the average interatomic distances (Rj) or coordination number (Nj) after 
20 years of natural storage or ageing at near Tg temperature for both As and 
Se elements (Golovchak et al., 2008c, 2011b). There is also no evidence for 
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are shown as insets for 20-years aged (a) and rejuvenated (b) sample 
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coordination defects or broken bonds in significant concentrations formed 
during physical ageing of Se-based ChG. 
 More significant changes are expected at a so-called intermediate range 
ordering level of these materials. However, the corresponding experimental 
investigations have not been performed to date. 
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8.5.2 A unified structural model of physical ageing in 
chalcogenide glasses

Recent experimental investigations and theoretical achievements suggest 
that physical ageing well below Tg occurs through the Johari–Goldstein 
(JG) b-relaxation mechanism (Ngai, 2011), which can be considered as the 
initiating process (precedent) for a-relaxation events (Ngai, 2011; Nemilov 
and Johari, 2003). However, the microstructural nature of these processes 
is not yet confidently established for any of the materials.
 The nanostructural mechanism proposed for physical ageing in ChG 
(Golovchak et al., 2007b, 2008c) consists of two stages of structural 
perturbations (Fig. 8.20). The first one is grounded on the elementary relaxation 
events (twisting) of inner Se atoms within double-well potentials associated 
with high flexibility of chalcogen bonds (Fig. 8.20) (Golovchak et al., 2007b). 
It causes spontaneous densification of some local regions (identified as the 
alignment stage in Golovchak et al., 2007b), which ultimately leads to the 
formation of loosely packed regions and elastic strains in their immediate 
surrounding (as was suggested for physical ageing of oxide glasses; Nemilov 
and Johari, 2003) under the condition that total macroscopic volume of 
the glass is still the same (Stage I in Fig. 8.20). Such situation leads to a 
lowering of the general connectivity strength of the glass backbone (due to 
elastic strains and partitioning of the system into loosely and more densely 
packed regions, in the first approximation), which is partially confirmed by 
simultaneous positron annihilation lifetime spectroscopy (PALS) and DSC 
measurements (Fig. 8.21) (Ingram et al., 2012). Indeed, PALS is known to 
be a powerful tool for characterization of local free volumes (open-volume 
holes, inner pores, vacancies and vacancy-like agglomerations) in crystals, 
liquids, polymers and glasses on a sub-nanometer scale (Krause-Rehberg 
and Leipner, 1999; Jean et al., 2003). The average positron lifetime (tav) 
is sensitive to the total amount of nanoscale volume free of the electron 
density (Krause-Rehberg and Leipner, 1999; Jean et al., 2003). In general, 
the greater the amount of this volume, the greater the value of tav expected. 
A well-expressed correlation between time depenences of tav, onset value 
of Tg (Tg

onset) and DA is emphasized for As20Se80 glass (Fig. 8.21) (Ingram 
et al., 2012), testifying the appearance of local free volume and collapsed 
regions (increased density fluctuations) during the initial stage of physical 
ageing (Stage I in Fig. 8.20). The same conclusion was drawn for glassy 
poly(methylmethacrylate) by Takahara et al. (1999), showing formation of 
loosely packed and densified local regions at the initial stage of physical 
ageing by means of light scattering and oscillating DSC studies. 
 Then, if the accumulated elastic energy became sufficient to overcome 
the energetic barrier of inter-metabasin transition in the potential energy/
enthalpy landscape (Golovchak et al., 2011c), the cooperative rearrangement 
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occurs during next stage of physical ageing (Stage II in Fig. 8.20), eliminating 
redundant free volume from the glass. This leads to the lowering of potential 
energy of a whole system and, thus, to a decrease in the macroscopic volume 
of a glass (shrinkage) through elimination of strained regions and free volume 
from the bulk. Therefore, the second stage of physical ageing was identified 
as shrinkage of ChG network (Golovchak et al., 2007b, 2008c; Ingram et al., 
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8.20 Schematic illustration of possible structural rearrangements 
in g-As-Se during physical ageing. In the first stage, the individual 
transitions of Se atoms within DWP occur resulting in the alignment 
of some regions, appearance of elastic strains and open volume 
nanovoids in their nearest surrounding. In the second stage, the 
cooperative atomic rearrangements and dissipation of elastic strains 
lead to reorientation of more extended structural groups, which 
result in shrinkage of glass.
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2012), leading to general densification of glassy bulk, as well as observed 
increase in Tg

onset, DA and decrease in tav values (Fig. 8.21). 
 In the case of very Se-rich samples (like glassy As10Se90), the Monte 
Carlo simulations (Mauro and Varshneya, 2005) allow one to schematically 
represent the cross-linked Se chains between AsSe3 pyramids as spheres 
of ~15–20 Ǻ diameter interlinked by As atoms (Fig. 8.22). When aligning 
shrinkage processes occur, they lead to a decrease in the volume of these 
virtual spheres and distortion of some chemical bonds (presumably seen with 
EXAFS and NMR; Golovchak et al., 2007b). Taking place independently in 

Alignment/shrinkage

8.22 Schematic representation of physical ageing in g-As10Se90 
through subsequent alignment shrinkage processes. The simulated 
structure of Se chains is taken from Golovchak et al. (2007b).
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each individual step, the alignment shrinkage processes have attained complex 
hierarchical behavior (cyclic repeating of Stages I and II in Fig. 8.20). The 
latter can be a reason for step-wise kinetics of physical ageing (like DH in 
Fig. 8.16), resulting in non-uniform shrinkage of glassy network. 
 At the same time, much lower dissociation energies of chalcogen bonds 
(within ~1.5–2.8 eV range) (Feltz, 1993; Varshneya, 2006) compared to that 
of the Si–O bond in SiO2 glass (~4.6 eV) (Varshneya, 2006) together with 
the possibility of chalcogen–chalcogen bond formation (in the case of silicate 
glasses, the homopolar O–O bonds do not exist), introduce an additional 
possibility for covalent bond switching accompanying physical ageing. 
This is evident also from structural studies of physical ageing phenomena 
in as30Se70 glass (see previous section) (Golovchak et al., 2008c). When 
the pyramid I in a floppy configuration starts rotating (Fig. 8.23) due to 
some relaxation processes, re-conformation of some Se-Se shared AsSe3/2 
pyramids (As-Se-Se-As structural fragments) into directly corner-shared (via 
As-Se-As bridges) pyramids and Se-Se-Se structural fragments can occur 
(Golovchak et al., 2008c). This cooperative many-body relaxation process 
is expected to be more significant for As and/or Ge-rich ChG approaching 
rigidity transition (e.g., As40Se60 composition in the case of As-Se ChG, 
possessing optimally constrained network of directly corner-shared AsSe3/2 
pyramids). 

8.6 Conclusion and future trends

Despite extensive experimental and theoretical works on the problem of 
physical ageing in network glasses, our understanding of this phenomenon is 
still in its infancy. The existing problems can be divided into three categories. 

III IV III IV

III I

II

I

Volume 
collapse

8.23 Schematic representation of bond-changing structural 
transformations in g-As30Se70 associated with long-term physical 
ageing (the switched bonds are highlighted; the previous positions of 
structural complexes are shown by dashed lines) (Golovchak et al., 
2008c).
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First of all, the full kinetics of physical ageing at various temperatures should 
be investigated by DSC-TMDSC methods depending on glass fragility 
and network dimensionality (connectivity). Then, the influence of various 
external fields on the parameters of structural relaxation should be examined 
to understand the role of the chemical nature of the constitutive elements in 
physical ageing. Finally, the changes at medium range ordering of glassy 
structure should be emphasized to correlate them with theoretical models. 
Successful resolution of these problems will allow in the future the effect of 
network self-organization to be used in practice, to predict the stability and 
durability of ChG-based devices, as well as to develop high-reliable glassy 
media for modern optoelectronics.
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