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ABSTRACT 
 

Owing to their excellent infrared transmittance and good rheological properties, selenium 

based chalcogenide glasses have been materials of choice for a number of technological 

applications. However, chalcogenide glasses can undergo substantial structural relaxation 

even at room temperature due to their low glass transition temperatures. The origins of 

these dynamic processes and their correlation to the glass structure is therefore of 

fundamental and practical interest. In particular, a deep understanding of the dynamic 

response near the glass transition region could help elucidate the mechanism of these 

structural relaxation processes. The correlation between structure and dynamic properties 

of selenium based glass systems were therefore investigated. 

NMR and Raman spectroscopy measurements reveal that the structure of AsxSe1-x glass 

follow the chain crossing model in selenium-rich glasses but contain increasing amounts 

of cage molecules in arsenic-rich compositions. This structural pattern leads to systematic 

extrema in physical properties at the stoichiometric composition As40Se60. 

The dynamic response of AsxSe1-x glasses investigated by heat capacity spectroscopy 

shows two minima in melt fragility as a function of composition which correlate well 

with the dimensionality of the glassy network. The structure evolves from 2D to 3D 

during crosslinking of selenium chains by arsenic but reduces into a 2D layer-like 

structure at the stoichiometric composition. Upon precipitation of arsenic-rich cages the 

network first reverts back to 3D and eventually becomes a mix of 2D and 0D structural 

units. The presence of molecular clusters in the network is evidenced by a strong bimodal 

dynamic response at high arsenic contents. 
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NMR and Raman spectroscopy measurements of GexSe1-x glasses suggest a structure 

composed of aggregated tetrahedral units and long selenium chains with little or no 

connectivity. Distinct dynamic responses of these two separated structural motifs are 

revealed by heat capacity spectroscopy. A non-Gaussian distribution of the imaginary 

heat capacity peak provided further evidence for the structural heterogeneity. This 

behavior is consistent with high temperature NMR measurements which show that the 

dynamic response of floppy selenium chains is distinct from that of rigid tetrahedral 

units.  

Finally, heat capacity spectroscopy applied to pure selenium provides strong evidence for 

the microscopic origin of the non-exponential structural relaxation, a universal feature of 

fragile glasses. The evolution of the imaginary heat capacity peak shape during annealing 

shows a non-monotonic trend which remarkably matches model predictions based on the 

enthalpy landscape. These results indicate that the non-exponential character of the 

relaxation process is linked to density fluctuations in the glass.  
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1. Introduction 
 

The glass transition and the relaxation of glasses remain one of the unsolved problems in 

condensed matter physics [1]. There have been many models and approaches developed 

to understand their underlying mechanisms. The knowledge about glass transition has 

been progressively changing. Weitz's stated that "There are more theories of the glass 

transition than there are theorists who propose them" [2] and his humorous statement 

summarizes the current situation in glass physics. Both classical and contemporary glass 

models are in need of further experimental validation so that our general understanding of 

glass physics can be constructed on solid theoretical grounds.  

 

1.1 Definition of Glasses 

Glasses are non-equilibrium, non-ergodic, and non-crystalline materials[3].  

1.1.1. Non-equilibrium state 

A change in enthalpy with time has been clearly demonstrated in various glass types 

using calorimetric techniques[4]. Other physical properties such as electrical[5] and 

mechanical [6, 7] properties have been shown to also change as a function of time at the 

room temperature. These changes are a clear indication of the non-equilibrium state of 

glasses.  

1.1.2. Broken Ergodicity 

The system is a single point in the phase space, and ergodic systems can sample a 

sufficient amount of the configurational phase space in the observation timescale. The 

ergodic state can be satisfied when time averaged properties of the dynamical system and 

the ensemble averaged properties of microstates are equal[8]. Thus, broken ergodicity is a 
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direct consequence of the lag between the internal time and observation time of 

measurement. Reiner[9] defined the Deborah number (D) for rheological materials as: 

( )

( )

t observation
D

t relaxation
=      (1.1) 

When D>>1 the system is ergodic and when D<<1 the system is non-ergodic. In the 

proximity of D~1 the phase space is partitioned into micro-domains that have internal 

ergodicity while macroscopically ergodicity is broken.  This also implies that any matter 

can become a glass as long as D<<1 when the observation time is significantly shorter 

than the relaxation time.   

1.1.3. Non-crystalline solids  

Zachariasen’s X-ray diffraction (XRD) experiments[10] showed the first clear picture of 

the glass structures which lacks long-range order structural units, unlike crystalline 

solids. Then, Warren[11] demonstrated the similarity between the glass and liquid 

structure employing the radial distribution functions constructed from experimental XRD 

data. 

The radial distribution function, g(r), is a very common way to interpret the structure of 

disordered solids. Basically, the probability of finding an atom at a distance (r) from the 

atom’s origin is defined as: 

0 ( ) ( )g r d rr                                                           (1.2) 

and 0r , average density is 0

N

V
r =  where N is the number of atoms and V is the volume. 

At infinitely long distances from the origin g(r)=1 and when r=0 g(r)=0 due to repulsion 

between electron orbitals [12]. For a three dimensional system all atom-pair probability 

function is calculated and normalized by the spherical geometry and can be expressed as: 
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g(r)=4�r
2
�0dr                                                          (1.3) 

 

 

Figure 1.1. Comparison of g(r) of a hypothetical glass, a liquid and a crystalline solid 

(from [13]) 

 

Figure 1.2. Radial distribution function of glassy selenium (on the left) is very similar to 

liquid selenium (on the right). (from [14])  

 

 

Radial distribution functions of glasses and liquids are almost identical (Fig. 1.2) while 

the only common feature of glasses and crystalline solids is the similar positions of the 
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first peaks and lines. This is a solid implication that crystals and glasses have the same 

short range order. However, the glass structure includes a wide range of bond angles and 

atomic distances without a periodicity in the long range so the g(r) is composed of broad 

peaks. The crystal structure is represented with sharp lines that correspond to exact 

repeated position of bonds and atoms (Fig. 1.1). 

 

1.2. Supercooled Liquids 

Liquids above their melting point are in thermal equilibrium. When liquids are cooled 

below the melting point and when the nucleation and growth mechanism is kinetically 

bypassed they can transform to a supercooled liquid, a metastable equilibrium phase. 

Upon further cooling the supercooled liquid becomes more viscous as its structural 

relaxation time increases. When the relaxation time becomes longer than the cooling rate 

allows for reaching equilibrium, the system becomes kinetically frozen into a glassy 

solid. 

 

1.3. Liquid to Glass Transition (LGT) 

The conventional quenching technique is the most traditional approach to describing 

LGT mechanism, and it involves using the cooling rate as the external time of 

observation. When the liquid is quenched (Fig.1.3), the observation time is a constant 

inversely proportional to the cooling rate while the relaxation time of the liquid becomes 

longer as a function of decreasing temperature. When temperature is decreased, the 

viscosity increases exponentially and so does the time for structural re-arrangements 

(relaxation). At the glass transition temperature (Tg), relaxation time and observation time 
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become equivalent and below the Tg  the system cannot reach the equilibrium state in the 

corresponding observation time. Therefore, the glass starts to deviate from the 

equilibrium values of thermodynamic properties such as enthalpy[15].  

 

Figure 1.3. Enthalpy versus temperature in a hypothetical glass transition. Fast quenching 

yields a higher glass transition and bigger deviation from the equilibrium enthalpy and 

vice versa for slow quenching rates. 

 

At the glass transition temperature, there is no discontinuity in the first order properties 

so it cannot be identified as a first order phase transformation[16]. Second order 

properties such as thermal expansion coefficient (�), isobaric heat capacity (Cp) and 

isothermal compressibility (�) exhibits discontinuities similar to second order phase 

transformations. However, Prigogine-Defay ratio, which is defined as the ratio of the 

jumps of the second order thermodynamic quantities, 

PD=
2

1
( )

( )

Cp

VTg

k

a

D D

D
                                                   (1.4) 



 19 

differs from unity at the glass transition. Thus, the glass transition cannot be considered 

as a second order phase transformation [16, 17]. More importantly, the glass transition is 

a function of cooling rate and the Tg is higher when the quenching rate is increased[15]. 

The relaxation time of the liquid deviates from the observation time at higher 

temperatures for higher quenching rates because the time of observation is shorter.  As a 

result, LGT can be only defined as a kinetic transition, and it cannot be categorized as a 

thermodynamic phase transformation.  

 

1.4. Chalcogenide Glasses 

Chalcogenide glasses are inorganic glasses that contain at least one of the group 6a 

elements; sulfur, selenium and tellurium. They are usually mixed with neighboring 

elements such as germanium, antimony and arsenic but never oxygen. Chalcogenide 

glasses are materials of choice for infrared night vision cameras [18, 19] and biosensor 

applications [19-22] due to their excellent infrared transmittance and good rheological 

properties [19, 23].  

There is a significant demand for noninvasive, highly selective and fast bio-optical 

sensors which can detect organic molecules in-situ and quantitatively. Most functional 

groups of biological molecules have vibrational modes in a broad range of wavelengths 

in the infrared spectrum. Therefore, materials used to develop novel optical sensors need 

to have a wide transparency window in the infrared range. Infrared cut-off wavelength 

must go up to 16-20 microns in order to cover all the vibrational fingerprints of 

bioorganic molecules. In addition, luminescence emission of the human body at the room 
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temperature is centered near 10 microns within the IR range. Therefore, glasses that have 

transmittance in the infrared range is necessary to design a night vision camera[19].  

Multiphonon absorptions due to the glassy network vibration determine the cut-off edge 

of the transparency window, and vibrational frequency strongly depends on the mass of 

the oscillator. Chalcogenide glasses are composed of heavy chalcogen elements unlike 

their oxide glasses counterparts and consequently have low phonon energy which makes 

them excellent candidates for biosensors and night vision Figure 1.4. shows the 

comparison of the transmittance window of chalcogenide and oxide glasses in the 

infrared range.  Oxide glasses have a very limited transmittance range even when mixed 

with heavy elements such as arsenic. IR transmission cut off wavelength increases with 

increasing chlacogen element weight. The change in transmittance is also correlated to 

the change in the refractive index due to the greater polarizability of heavy atoms. The 

greater index leads to increased reflection losses and telluride glasses which have higher 

index of refraction values have smaller maximum transmission in comparison to sulfide 

and selenide glasses.  
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Figure 1.4. Transmittance of oxide and chalcogenide glasses (image provided by Garrett 

Coleman) 
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2. Background 
 

2.1. The Fictive Temperature and the Structural Relaxation 

Introduction of the fictive temperature concept[24] was one of the most important steps 

toward a phenomenological understanding of structural relaxation phenomena. The 

fictive temperature is not a physical property of materials, but it is used to conceptualize 

the structural relaxation processes. For a given temperature, the fictive temperature 

quantifies the structural state in temperature units, and acts as an indicator of departure 

from equilibrium.  

 

Figure 2.1. Enthalpy vs. Temperature plot displays the fictive temperature at various 

temperatures in the vicinity of the glass transition (T2 and T3). Tf at T1 is the glass 

transition temperature.  

 

Consider a cooling experiment from the supercooled liquid to the glass state. In the liquid 

region, the system is in equilibrium at all temperatures so the fictive temperature is equal 

to the temperature at the instantaneous time. At the glass transition, the system falls out 

of equilibrium and the structure cannot fully relax so that the fictive temperature Tf  > T 
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(Fig. 2.1.). When the structure becomes frozen the system reaches the limiting fictive 

temperature and the heat capacity and other second order thermodynamic properties are 

only governed by vibrations. The limiting fictive temperature is defined as the glass 

transition temperature. Below the glass transition region, the fictive temperature is equal 

to the glass transition temperature[4].  

Ideally, the response of a liquid to a quenching event from temperature T1 to temperature 

T2 can be considered as a two step process. The first step is the instantaneous response 

(�t�0). This step involves a rapid change in the enthalpy or the volume and it is linked 

to the vibrational degrees of freedom and the decrease in the amplitude of the atomic 

vibrations[15]. In the second step, the time constraint is removed and the glass is held 

isothermally at a constant temperature, T2. This step is associated with structural 

relaxation and involves breaking and re-formation of bonds as shown in Figure 2.2. The 

average ring size and the average volume decrease while the enthalpy is released[15].  

 

Figure 2.2. Enthalpy and volume versus time during the two step process. The Structural 

relaxation involves a decrease in the fictive temperature. (from [15]) 
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Tool derived a linear relationship between the fictive temperature and the relaxation rate 

below the glass transition temperature and showed that the change in the fictive 

temperature is proportional to relaxation time. This is a logical approach since the change 

in the physical properties lead to change in the fictive temperature and it determines the 

relaxation rate. However, the fictive temperature alone is not sufficient to fully define the 

relaxation rate. The non-linearity and thermal history dependency of the relaxation rate 

was demonstrated with crossover experiments of Napolitano et al[25]. Hence the 

relaxation rate is governed by the fictive temperature Tf and the non-linearity x in 

addition to the activation energy and system temperature. The combination of this factors 

is compiled in the Tool-Narayanaswamy-Moynihan[26, 27] (TNM) and expressed as: 

0

(1 ) H
exp[ ]

p

f

x H x
r

RT RT
t

D - D
= +                                            (2.1) 

where r0 is a constant, R is the ideal gas constant, x is the non linearity constant(0<x<1) 

and �H is the activation energy. Previous experiments have also shown that the 

relaxation cannot be defined with a single fictive temperature and it can be only fit with a 

stretched exponential function due to the distribution of fictive temperatures. The 

relaxation function defining the slow structural processes can be expressed using a 

stretched exponential function(f ) [28] written as 

exp ( )
t bf
t

= -                                                     (2.2) 

where t is the time, t  is the average relaxation time and � characterizes the non-

exponential beahvior  of the relaxation function[29]. � is a unitless term which values 

satisfies 0 1b< £  When �=1, it defines an ideal function similar to a Debye relaxation 
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process. When � value becomes smaller it is an indication of the increase in the 

distribution of relaxation times[29, 30]. Stretched exponential relaxation behaviors have 

been linked to dynamical heterogeneities and these hypothesis have been supported by 

dynamic experimental techniques[30-34]. The presence of these dynamical 

heterogeneities will be investigated in this work using MDSC. 

  

2.2. Fragility 

The viscosity of glass forming liquids governs most glass manufacturing processes such 

as melting, fining, and glass forming. It is one of the most important properties of glass 

formers. Both fundamental scientists and industrial researchers have showed great 

interest in transport properties of liquids[12]. Laughlin and Uhlmann[35] investigated the 

non-Arrhenius behavior of the molecular dynamics in organic liquids as a function of 

temperature. They proposed to normalize the temperature by the glass transition 

temperature to compare the viscosity of different liquids. Then, Angell [36, 37] 

introduced the fragile-strong classification of liquids. This classification is based on a 

very comprehensive study of the temperature and viscosity relationships in a number of 

inorganic and organic liquids. Various glass forming liquids are represented on a log� - 

Tg /T plot (Figure 2.3.) to illustrate the difference in the level of deviation from the 

Arrhenius behavior. For instance, the viscosity of SiO2 follows a trend very close to an 

Arrhenius function while glycerol, changes in a non-Arrhenius fashion.  
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Figure 2.3. Log(viscosity)- Tg /T (also known as Angell plot) representation of various 

glass forming liquids (from [38]) 

 

2.2.1. Kinetic Fragility  

The rapid change in the viscosity or the relaxation time is defined as the kinetic fragility 

since fragile glasses are figuratively “fragile” to thermally activated processes. Most 

molecular liquids interactions are consisted of weak intra-molecular van der Waals 

interactions and their networks easily collapse with temperature so they are considered as 

fragile glasses. Covalent network glasses that have high dimensionality require more 

energy to break the network and they act as kinetically strong glasses[36, 38].  
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2.2.2. Thermodynamic Fragility  

Thermodynamically fragile glasses gain structural degrees of freedom at a higher rate 

than strong glasses and their entropy changes rapidly with temperature. The 

thermodynamic fragility (Fig. 2.4) is related to the jump in heat capacity at the glass 

transition written as[39] 

( ) (liquid) (glass)Cp CpTgCpD = -                            (2.3) 

where Cp(liquid) is the heat capacity of the liquid and Cp(glass)  is the heat capacity of the 

glass. To be able to compare the thermodynamic fragility of various glasses ( )TgCpD  is 

normalized by the entropy of fusion of the corresponding crystal[39]. It is a universal 

correlation factor and allows comparing the kinetic fragility with thermodynamic 

fragility. However, the glass must have an equivalent crystal phase that has the same 

stoichiometry. This is not always possible for most chalcogenides. The thermodynamic 

fragility can also be related to the width of the glass transition normalized by the Tg and it 

is defined as[40]: 

( ) TglTg Tg

Tg Tg

D -
=

                                   (2.4) 

where Tg (l) is the onset temperature of the liquid baseline and the transition curve, and Tg 

is the glass transition defined as the onset temperature of the transition curve. 

Thermodynamically strong glasses are identified by large glass transition widths ( TgD ) 

and small heat capacity jumps at the Tg ( ( )TgCpD ) and vice-versa for thermodynamically 

fragile glasses [37, 38].  
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Figure 2.4. Thermodynamic Fragility of various glass forming liquids(from [38])  

 

The fragility index(m) is a single parameter that quantifies the fragility and it is defined 

as 

1 log

(1 / T) ln(10)
T Tg

g G

Ead
m

T d RT

hh
=

= =                                   (2.5) 

where h  is the viscosity, and Eah  is the activation energy for viscous flow. It is a good 

approximation that the trends in Eah is close to the activation energy for enthalpy 

relaxation (
H

Ea ). Since it is not very convenient to measure the viscosity of the 

glass/liquid at high temperature 
H

Ea values estimated from calorimetric methods are 

often preferred to calculate the fragility index.  
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2.3. Structural Relaxation and Fragility 

2.3.1 The magnitude of the structural relaxation 

The fragility of the liquids determines how fast the system deviates from the equilibrium 

during the quenching and it is correlated to the change in entropy as illustrated in Figure 

2.5. Deviation from the equilibrium defines the magnitude of the driving force for 

structural relaxation below the glass transition temperature. Since fragile glasses have 

steeper changes in properties through the glass transition the magnitude of the relaxation 

is bigger in comparison to strong glasses[36, 38, 39].  

 

 

Figure 2.5. Variation of the equilibrium excess entropy below Tg in comparison to the 

value frozen at Tg for three hypothetical glass formers in a range of fragilities. Fragile 

glasses exhibit a bigger deviation from the equilibrium and it leads to a bigger driving for 

structural relaxation ( from [41]) 
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2.3.2. The rate of the structural relaxation 

The fragility also controls the rate of the relaxation as activation energy for enthalpy 

relaxation is proportional to the activation energy for viscous flow. Fragile glasses are 

known to have higher activation energies. As expected from the TNM equation[27] (2.1.) 

fragile glasses are expected to have longer relaxation times. On the other hand, strong 

glasses have smaller activation energies and relatively smaller deviation from the 

equilibrium. Therefore, strong glasses exhibit structural relaxations that have shorter 

relaxation times but a lower propensity for relaxation[42].  

 

2.4. Topological Constraint Theory and Rigidity Percolation 

Introduced by Phillips[43] and Thorpe[44] the topological constraint theory employed a 

microscopic model to predict the glass forming ability of glasses. Chalcogenide glasses, 

which have highly covalent nature, and similar electronegativities, are ideal model 

networks for the rigidity theory because there structure as a well-defined topology. 

The model defines the interatomic rigidity of covalent systems by comparing the number 

of atomic degrees of freedom (d) with the number of constraints (n) in the interatomic 

space. The number of constraints consists of interatomic bond stretching and bond 

bending constraints which are defined by valence field force theory. To quantify the 

network connectivity a single parameter, average coordination number, is defined as: 

iir x r< >=�                                                                     (2.6)    

where <r> is the average coordination, xi is the molar fraction and ri is the covalent 

coordination of each atom. The average coordination approach allows correlating the 
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rigidity with compositions of glasses. Each single bond is shared by two atoms so the two 

body, bonding constraints (nb) can be expressed as 

2
b

r
n

< >
=                                                                       (2.7) 

Additional bond angles are not independent and to be able to avoid over counting; the 

angular constraints (na) are written as 

2 3an r= < > -                                                              (2.8)    

The total number of constraints is a sum of the bond and angular constraints: 

a bn n n+=                                                                (2.9) 

When we insert (2.7) and (2.8) into (2.9) the total number of constraint yields 

(2 3)
2

r
n r

< >
= + < > -                                               (2.10) 

a   b  c  

Figure 2.6. Angular constraints for a) two folded Se and b) four folded Ge(Se)4 

thetrahedra (from [45] )  c) Bond constraints of a trigonal structural fragment. 

 

Figure 2.6 (a) and (b) shows the comparison of two atoms with different coordination 

numbers. Two-folded selenium has one angular constraint while four-folded Ge has 5 

angular constraints. The number of bond constraints is simply equal to the number of 

covalent bonds as shown in Fig. 2.6. (c). When n>d, the system is overconstrained and 
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when n<d, it is underconstrained, and when n=d it defines the ideally constrained, 

isostatic network. 

Consider a three-dimensional structure where each atom is defined by three transitional 

degrees of freedom. To determine the condition for an optimum glass composition, which 

satisfies the isostatic conditions, the total number of degrees of freedom must be equal to 

the sum of the bond and angle constraints according to equation (2.10) 

(2 3) 3
2

r
r

< >
+ < > - =                                                       (2.11) 

Solving equation (2.11) yields the ideal average coordination number <r>=2.4. Polymeric 

structures with long chains or chain and ring structures of selenium or sulfur glasses are 

good examples of low average coordination number systems. Since low <r> systems have 

higher degrees of freedom and more molecular mobility they can more easily transform 

to their corresponding equilibrium crystalline states when cooled from their liquid state 

so their glass forming abilities are limited. The structure of glasses that have coordination 

numbers higher than 2.4 consist of interconnected rigid domains. The high structural 

connectivity of these glasses also leads to faster crystallization and poorer glass forming 

ability. Hence, glasses that have 2.4 average coordination numbers were considered to be 

the best glass formers[43] and this idea was in a good agreement with the previous 

experimental studies in glass forming tendencies of Ge-Se glasses[46].  

It is emphasized that the covalent systems that have coordination numbers less than 2.4, 

such as polymeric glasses, have both floppy and rigid modes, and rigid regions are 

isolated. The volume of the rigid regions increase with increasing coordination number 

until the rigidity percolation threshold (<r>=2.4) where rigid structures percolate through 

the glass and the total degrees of freedom are isostatically constrained by the covalent 
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bonding structure. At <r>=2.4 the glass matrix is transformed from the floppy network to 

the elastically rigid network.[44] For <r>=2.4, glasses are expected to have optimum 

physical properties and several studies on mechanical properties [47, 48] of 

chalcogenides supported this theory.  

 

2.5. Temperature Modulated Differential Scanning Calorimetry 

Standard DSC techniques have a linear heating profile which provides limited detailed 

quantitative information about the relaxation function of glasses. Some parameters 

defining the non-linear and stretched exponential relaxation can be obtained by fitting the 

calorimetric data with relaxation models such as the TNM equation[49], however, direct 

access to more detailed information about the slow dynamic processes near Tg is needed. 

Therefore, MDSC was developed as a complimentary technique to standard DSC.  

The first original article about temperature modulated DSC (MDSC) was introduced as 

early as two decades before the first experimental implementation of the idea. In 1971, 

Gobrecht et al.[50] suggested modulating the standard DSC heating profile by applying 

an alternating current to the reference current. Considering the time constant of DSC at 

higher frequencies and the average relaxation times for glass transition, they proposed a 

generator supported by a sine potentiometer that works around 0.01Hz frequency range. 

Complex heat capacity concept and separation into real and imaginary parts were 

explained and interpreted on selenium glass. Most of the instrumental and conceptual 

ideas introduced in that article is currently valid and used in MDSC experiments.  

Complex heat capacity concept and the frequency dependent imaginary heat capacity 

were demonstrated by Birge and Nagel’s seminal isothermal heat capacity spectroscopy 
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experiments [50, 51]. Their method consisted in applying a small temperature oscillation 

over a wide frequency spectrum while the average temperature was kept constant. 

Complex heat capacity (Cp*) was separated into real (Cp') and imaginary (Cp'') parts 

using the analogy of the complex dielectric constant in impedance spectroscopy. Cp* can 

be expressed as  

Cp* = Cp' + i Cp''                                                    (2.12) 

Figure 2.7. shows Cp' and Cp'' as a function of oscillation frequency.  

 

Figure 2.7. Heat spectroscopy measurements conducted at three different temperatures 

(203.9 
o
K, 211.4 

o
K, and 219.0 

o
K from left to right) for glycerol. Imaginary and real 

parts of the complex heat capacity display the same peak shape but located at different 

frequencies due to the temperature dependence of configurational degrees of freedom. 

(from[51]) 

 

This experimental approach also demonstrated the loss of ergodicity without changing 

any average thermodynamic property but only the frequency of the oscillation and the 

observation time of the measurement[52]. However, thermal inertia effects limit its 

practice, and it requires very specific sample preparation procedures such as thin films. It 

can only be used with special calorimetric instrumentation, so isothermal heat capacity 
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spectroscopy is not conveniently available as the previously proposed modulated DSC 

technique.      

In 1993, Reading launched the era of modulated DSC[53] and it was marketed with 

different commercial names such as alternating DSC (ADSC) by Mettler-Toledo, 

temperature modulated DSC (TMDSC) by TA Instruments and Oscillation DSC by Seiko 

Instruments. These commercial instruments use the same concept and they can be 

considered as equivalent to each other. The average linear heating ramp used in standard 

DSC can be written as: 

T(t)  = T0 + qt                                                   (2.13) 

where T0 is the initial temperature, t is the time and q is the heating rate. Therefore, the 

input function, which is the linear heating rate, can be defined as 

�T/ �t = q                                                    (2.14) 

and the output is in a linear heat flow function. In an MDSC experiment sinusoidal 

temperature oscillation is superimposed on the linear heating ramp and it can be 

expressed as: 

T(t)  = T0 + qt + AT sin(�t)                                   (2.15) 

where AT is the amplitude and � is the angular frequency. The input function of the 

temperature perturbation can be written as  

�T/ �t= q+ AT � cos(�t)                                         (2.16) 

and the output function is a sinusoidal modulated heat flow rate function[54].  

�H/ �t = Heat Flow rate                                           (2.17) 
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a       b 

Figure 2.8. Temperature profile in standard a) DSC and b) modulated DSC 

 

 

 

Figure 2.9. Input and output functions in standard and modulated DSC. Red lines show 

average heating rate and average heat flow in MDSC and they are equivalent to linear 

heating rate and linear heat flow in standard DSC. Black lines show the modulated 

perturbation in sinusoidal heating rate and modulated heat flow response from the 

system. (data published in [55]) 
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Interpretation of MDSC raw data is a very controversial subject. The first proposed 

evaluation involves separation of heat capacity into reversing and non-reversing parts and 

it is advocated by Reading [53, 54]. Schawe introduced the complex heat capacity 

interpretation [56] based on linear response theory and isothermal heat capacity 

spectroscopy. The two methods will be compared in details in order to emphasize the 

difference in interpretation of the raw data.  

2.5.1. Complex Heat Capacity 

When an intensive property of a system is perturbed away from its equilibrium, a 

response in an extensive property can be measured. In MDSC, the intensive property is 

the temperature and the extensive property is the enthalpy of the system. When the 

perturbation is close enough to the vicinity of the equilibrium; linear response theory, 

which explains time dependent processes, can be applied. This implies that in MDSC 

measurements, oscillation amplitude and heating rate must be small enough to satisfy the 

linear response conditions.  The change in extensive properties can be defined by a 

retardation function, 	(t), that represent molecular fluctuations[56-58]. The enthalpy can 

be expressed as  

( ) T

t

H t dt
-¥

¶ = Y ¶�                                            (2.18) 

Since �H/ �t is the Heat Flow rate HF and applying that to the modulated DSC signal, it 

can be written as 

0

( )

t
T

HF t dt
t

¶
= Y

¶�      (2.19) 

where the modulated heating rate is �T/ �t= q+ AT � cos(�t) so that inserting this term 

into (2.19) yields: 
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0

( ) cos( )T

t

HF t t dA tw w= Y�    (2.20) 

The complex heat capacity is given by 

*

0

( ) e i t
C t dt

w
¥

-= Y�     (2.21) 

Combining (2.20) and (2.21) yields: 

( ) cos( )THF C tAw w w f= -    (2.22) 

Where f  is the phase angle between the heating rate, �T/ �t and the heat flow rate �T/ �t , 

and ( )C w  is the modulus of the complex heat capacity defined as: 

'2 ''2( )C C Cw = +     (2.23) 

so that the real and imaginary parts can be calculated using the phase angle, f  

' ( ) cosC C w f=   and 

'' ( ) sinC C w f=    (2.24) 

It should be noted that the phase angle isf =0 out of the Tg range and since sin(0)=0 the 

imaginary heat capacity is equals to zero out of the Tg range so that the heat capacity 

becomes a complex value only in the transition range.  

The real part of the complex heat capacity is linked to energy storage through molecular 

motions and is equivalent to the normal heat capacity [56]. The imaginary part of the 

complex heat capacity is attributed to different quantities such as entropy production[56, 

59], entropy exchange, energy dissipation and energy loss during the time dependent 

processes[59]. However, there is no consensus on the thermodynamic meaning of the 

imaginary heat capacity and it is suggested that the imaginary heat capacity is purely a 
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kinetic quantity that defines the lag between the input and output functions[59]. This 

interpretation agrees with the definition of a glass as a broken ergodic system and the 

original isothermal heat capacity spectroscopy measurements. The phase angle (and the 

imaginary heat capacity) is a direct function of the relationship between the molecular 

mobility (relaxation time) of the system and the frequency of the oscillation. 

During an MDSC heating scan, from well below Tg to the equilibrium liquid range, three 

stages are probed. Below Tg, the relaxation time of the glass is much longer than the 

experimental timescale of MDSC (60s-200s).  Molecular mobility is too slow and 

configurational contributions to heat transfer is negligible in comparison to vibrational 

ones. Therefore, heat is transferred by atomic vibrations that have timescales in the range 

of 10
-13 

seconds which is much faster than the oscillation time. Hence, there is no phase 

lag between the input and output, and the imaginary heat capacity is zero. Above the 

glass transition molecular motion dominates the heat transfer and average relaxation time 

is much smaller than the observation time and similarly the phase lag and Cp'' are zero. 

Approaching the glass transition from the liquid or the glass, the system starts to 

gain/lose molecular mobility and configurational degrees of freedom. The average 

relaxation time starts to match the period of oscillation. The heat flow lags behind the 

heating rate.  

In this context, Cp'' measurements can be considered to be a type of heat capacity 

spectroscopy albeit at constant frequency. Cp'' is represented in the temperature spectrum 

instead of frequency spectrum. Each temperature defines a distribution of relaxation 

times associated with the collection of microdomains in the glass structure. As the 

temperature increase these relaxation times progressively match the inverse of oscillation 
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frequency and generate the phase lag and the Cp'' peak. The Cp'' peak therefore probes 

the slow structural dynamic processes and the distribution of dynamic domains.  

Another way of utilizing MDSC as a heat capacity spectroscopy which is conceptually 

similar to the isothermal Cp spectroscopy measurements [50, 51] involves performing 

series of temperature scan at different frequencies. The temperature at maximum point of 

Cp'' peak is linked to the average relaxation time of the glass through the TNM 

equation[60]. The dynamic response as a function of frequency can then be obtained by 

systematically modifying the frequency in consecutive scans while using the same 

amplitude and heating rate. As shown in figure Fig. 2.10. the peak position would shift 

due to the change in the observation time and the shift rate is governed by the activation 

energy for structural relaxation [60-62].  

a     b  

Figure 2.10. a) The real and imaginary parts of complex Cp extracted in a  heat capacity 

spectroscopy experiment conducted with a Maltitol sample using an underlying heating 

rate 0.1K/min in the range  of 20 to 100s period of oscillation (from [60]) b) The 

Imaginary part of the complex heat capacity of a polymer as a function of increasing 

frequency: period of oscillation in the range of 30s to 100s(from [61]) 

 

That way, the activation energy for structural relaxation can be estimated from the shift 

rate as a function of frequency in a way similar to the Moynihan’s heating rate activation 

energy estimation method [15] and it is expressed as: 
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g

ln

(1 / T )

Hd Q E

d R
= -                                                        (2.25) 

where R is the gas constant, Q is the heating rate, and EH is the activation energy for 

enthalpy relaxation. In addition the peak shape can reveal structural heterogeneities and 

structural properties.  

In conclusion, MDSC can be used as a heat capacity spectroscopy both in a temperature 

spectrum to identify the distribution of the microscopic dynamics and in a frequency 

spectrum to characterize the macroscopic dynamics of slow relaxation processes. It 

should be noted that relaxation processes probed in the MDSC are only alpha relaxations 

since beta relaxation[63] timescale is much shorter than period of oscillation at all 

temperatures.  

2.5.2. Non-reversing Heat Capacity  

Some of the terms used to calculate the non-reversing Cp are the same terms used in 

complex Cp. They are defined in section 7.1. 

The non-reversing Cp mostly depends on defining the thermally activated irreversible 

processes with an additional kinetic term f (t, T) [53, 54, 56]. The heat flow rate is 

expressed as  

Cp (t,T)
dT

HF f
dt

= +     (2.26) 

and inserting (2.16) into (2.26) yields the following expression for HF  

Cp[q T cos( t)] (t,T)HF fw w= + +    (2.27) 

The non-reversing heat capacity is considered to be associated with the kinetic effect  

f (t, T) and it is expressed as:  
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*

singnon rever averageCp Cp Cp- = -    (2.28) 

where averageCp is estimated from the underlying heat flow and average heating rate: 

u

average
H

Cp
T

=
¶

¶
     (2.29) 

The modulus of the complex heat capacity is also called the reversing heat capacity [53] 

*

revCp Cp=                                                (2.30) 

 

2.5.3 Comparison of Non-revering and Complex Cp  

The complex heat capacity interpretation of MDSC data derives from the linear response 

theory and it is consistent with non-equilibrium thermodynamics[64]. It is an extension of 

well established measurements of complex physical properties such as impedance 

spectroscopy which depends on the same out of phase – in phase concept[58].  

On the other hand the non-reversing heat capacity is derived from empirical equations 

that have limited mathematical foundation. The non-reversing Cp is calculated by 

subtracting a complex quantity from a real quantity which are obtained in different 

thermodynamic conditions. The average Cp is equivalent to the Cp measured from linear 

DSC experiments. However, the reversing heat capacity is the modulus of a complex 

quantity measured using a sinusoidal perturbation of temperature. In addition, the non-

reversing or reversing heat capacity do not contain any information about the phase angle 

and phase lag process which are the most important features of MDSC technique. The so 

called non-reversing heat capacity was proposed to result from the enthalpy relaxation 

component of the Cp. To test the reliability of this claim, polystyrene was cooled 
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following a typical MDSC profile from liquid to the glass. Since it is in thermodynamic 

equilibrium there should not be a non-reversing peak when cooling. However, a relatively 

big non-reversing peak was observed. [58].  

Hence, the non-reversing heat capacity approach is experimentally and conceptually an 

ambiguous method, and while the non-reversing heat capacity may contain some 

information related to the relaxation processes its interpretation remains uncertain. In 

addition, it has been shown that enthalpy relaxation can be measured much more 

accurately by standard DSC technique[65].  

In this work we have therefore used the complex heat capacity approach using Schawe’s 

method and in particular, we focus on the imaginary heat capacity which contains the 

phase lag angle data which can be directly related to structural relaxation processes.  

2.5.4 Linear Response and Lissajous curves 

As previously mentioned the complex Cp interpretation relies on the fluctuation-

dissipation theorem and linear response theory. Therefore one must ensure that the 

system responds linearly in order for this interpretation to be valid. The linearity of the 

system in the glass transition range is of particular concern for relaxation measurements 

of annealed systems since large and rapid enthalpy release can occur [57, 59, 65, 66]. The 

linearity of the measurement can be confirmed using Lissajous loops by plotting the 

output data as a function of input data. If the response is linear it displays a retraceable 

linear pattern. However, this is derived for ideal heat transfer conditions assuming zero 

sample thickness. Due to the thermal inertia effects, linear systems yield an elliptical 

retractable output.  
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a  b  

Figure 2.11. Lissajous loops calculated for PVC with zero thickness assumption shows a 

non-linear region in the glass transition temperature. b. Polystyrene Lissajous loops 

calculated for different thicknesses to demonstrate the change in the elliptical shape. 

(from [66]) 

 

The linearity is affected by the experimental conditions such as rate, amplitude and 

frequency, but also by the characteristic of the sample, in particular the thermodynamic 

fragility of the glass. Most early MDSC experiments were focusing on organic glasses 

which are known to have high thermodynamic fragilities and therefore a big Cp jump at 

the glass transition region. This led to large enthalpy change even when the temperature 

was raised at low heating rate. Hence non-linear response appeared as a serious limitation 

for MDSC technique. However, the chalcogenide glasses studied in this work are 

stronger in comparison to most organic glasses. The fragility of chalcogenide glasses 

change with composition, but overall they less prone to non-linearity effects in 

comparison to organic glasses and proper experimental conditions can be chosen to avoid 

non-linear effects entirely as demonstrated from the Lissajous curves.   
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Figure 2.12. Lissajous loops for a GeSe4 chalcogenide glass in the glass transition range. 

Elliptical geometry is perfectly preserved throughout the transition region. The slope of 

the curves changes following the Cp trend in the transition range. Experimental 

conditions: 3C/min, 140s period and 2C amplitude 
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3. Structural Origins of the Physical Properties in the 
AsxSe1-x Glass System 

 

3.1. Introduction 

Philips-Thorpe rigidity percolation theory [43, 44] was developed with the assumption 

that there are no dangling bonds and the bonds between atoms are rigid. If this 

assumption is satisfied, the coordination of an atom can be estimated from Mott's 8-N 

rule where N is the number of valence electrons. Having a highly covalent nature, 

chalcogenide glasses are materials of choice to test the applicability of the rigidity 

percolation theory. Our motivation for the study of the correlation between the structure 

and physical properties comes from the potential of As-Se glasses to be used as a model 

system for constraint theories. In addition, the binary As-Se system is one of the simplest 

system of the chalcogenide glasses family. A deep understanding of their structure and 

physical property relationships can help understand more complex chalcogenide systems. 

3.1.1. The Intermediate Phase Model 

The intermediate phase (IP) model was developed [67] as an extension to the original 

rigidity-percolation theory. According to the original theory[43], network glass 

compositions were classified into two groups: the floppy-underconstrained phases and the  

overcontrained rigid phases. The threshold between the two regions was defined at the 

average coordination <r>=2.4. The IP model proposed that, with increasing coordination, 

the self organizing network leads to a transition from the floppy phase to a rigid but 

unstressed intermediate phase before it reaches the rigid and stressed phase. Non-

reversing heat capacity interpretation of the MDSC data was thought be an experimental 

support for the existence of the isostacially rigid phase [68]. Non-reversing enthalpy was 
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calculated from the non-reversing heat capacity which was deconvoluted using Reading’s 

method [53, 54]. 

 

a  

b  

Figure 3.1. a) Deconvolution of heat capacity into reversing and non-reversing parts. 

Area under the non-reversing heat capacity is equal to the non reversing enthalpy b) Non 

reversing enthalpy versus arsenic content. IP phase is proposed to be in the  0.29<x< 0.37 

for AsxSe1-x system (from [69])  

 

According to Boolchand[69], vanishing of the non-reversing enthalpy is an indication of 

a “reversing window” and it corresponds to the rigid but not stressed, the so called IP 

phase. The IP phase was argued to be a consequence of the existence of quasitetrahedral 

As-Se units[69] that include double bonds between arsenic and selenium atoms. 

However, the presence of such quasitetrahedral units has never been observed by any 
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spectroscopic techniques [70, 71]. In this study, the existence of the IP phase will be 

investigated. 

3.1.2. As-Se Glasses and the Continuous Network Reticulation 

For Se-rich compositions in the 0<x<0.4 range, previous nuclear magnetic resonance 

(NMR) and x-ray photoelectron spectroscopy (XPS) studies[70] have shown that the 

glass structure can be explained using a chain crossing model for the selenium rich 

compositions. This model is based on the increasing crosslinking of selenium chains by 

arsenic atoms with increasing arsenic content. If we employ a continuous reticulation 

model we can expect the network to become more constrained as a function of increasing 

arsenic content. However, this model has been debated[69] so its validity should be 

examined.  

In this study, mechanical properties of AsxSe1-x  system was measured in the 0£ x £ 0.6 

range that covers a wide domain of coordination on both sides of the <r>=2.4 rigidity 

percolation threshold. Raman spectroscopy and NMR techniques were used to reveal the 

structural origins of the trends in the physical properties as a function of composition.  

 

3.2. Experiments 

3.2.1. Sample Preparation 

Chalcogenide glasses are very sensitive to oxygen. Even ppm levels of oxygen can 

change the properties of chalcogenide glasses. Therefore, the whole glass synthesis 

process must be completed in an oxygen free environment. To avoid contamination from 

impurities and oxygen, chalcogenide glass rods were prepared under vacuum in silica 

ampoules. First of all, fused silica tubes (purity~99.995%) were etched with HF and 



 49 

washed with deionized (DI) water (resistivity at 25
o
C=18M�-cm) and dried under 

vacuum. Commercially available (5N Plus Inc., Canada) 99.999% purity glassy selenium 

was further purified under vacuum (1x10
-6

 Torr pressure) at 240
o
C in order to remove the 

surface oxidation. The same purification process was applied to commercially available 

(All-Chemie Ltd., USA) 99.99999% purity arsenic at 350
o
C to remove the surface 

oxidation. Then, raw elemental batches were prepared in the composition range of 

0£ x£ 0.6 and they were introduced into the washed and dried silica ampoules. Silica 

ampoules were evacuated under vacuum, which was 1x10
-6

 Torr pressure, and sealed 

with the help of a flame torch. The sealed ampoules were introduced into a rocking 

furnace and the temperature was gradually increased (at 2C/min) up to 800
o
C. The 

furnace was always slowly rocking from the heating step to the end of the synthesis to 

ensure melt homogenization and to avoid any compositional heterogeneities. The rocking 

furnace was kept isothermal for 12h at 800
o
C where the viscosity is low so the highly 

fluid state allowed good homogenization.  

 

Figure 3.2. Standard vacuum set up used to prepare the ampoule under vacuum  
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Figure 3.3. Time vs. temperature during in 4 steps of the glass making process 

 

In the next step, the temperature was slowly decreased to 650 
o
C and kept isothermal for 

1 hour to allow the vapor phase to condense in the liquid. Finally, the ampoules were 

quenched in water and annealed at 10 
o
C below their glass transition temperatures. Then, 

the samples were removed from the ampoules, cut into 1-2mm discs and then they were 

polished using alumina powders with 0.1 micron grain size.  

X-ray diffraction (XRD) method was used to verify the amorphous structure and no 

crystal peaks were observed in any composition. The optical homogeneity was confirmed 

with a thermal imaging camera and the energy dispersive (EDS) X-ray spectroscopy 

verified the chemical composition.  

3.2.2. Measurements 

Mechanical property measurements were performed at the University of Rennes in 

France. All measurements were performed within 1 month of the synthesis to avoid 

artifacts of structural relaxation. Archimedes method was used to measure the density of 

the samples. This method basically involves measuring the weight in two different 
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environments which are DI water and air. Then, the density ( r ) can be estimated from 

the following equation (3.1)  

20

20

H

H

air

air

m

m m
r r=

-
                                               (3.1) 

where mair is the measured weight in the air, mH20  is the measured weight in the DI water 

and �H20 is the density of water which is 1 gcm
-3

.  

Young’s modulus and shear modulus were measured using ultrasonic pulse echo 

technique. In this technique, an ultrasonic wave is generated by a 10 MHz piezoelectric 

transducer. When the wave propagates through the sample, longitudinal (Vl) and 

transverse wave velocities (Vt)) exhibit temporal shifts depending on the interatomic 

bonding energies. Young’s modulus (E) was calculated from the equation[72] (3.2): 

2 2
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l t

l t

V V
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V V

r
=

-
                                                    (3.2) 

and the shear modulus(G) was calculated from equation (3.3): 

2
tG Vr=                                                            (3.3) 

Poisson’s ratio(v) can be estimated from E and G as in the following equation (3.4): 

2 1

E

G
n =

-
                                                           (3.4) 

The bulk modulus(K) is estimated from Young’s modulus and the Poisson’s ratio as 

follows: 

 
3(1 2 )

E
K

n
=

-
                                                      (3.5) 
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The glass transitions temperatures of the samples were measured using a Differential 

Scanning Calorimeter (DSC, TA Instruments model: Q1000). The temperature of the 

DSC was calibrated using an Indium standard and the heat flow was calibrated with 

sapphire standards. In chapter 1, we defined the glass transition temperature as the 

limiting fictive temperature and experimentally it can be measured from a heating ramp 

from glass to the liquid. The glass transition temperatures were measured following a 

standard thermal history erasing procedure. The samples were firstly equilibrated at the 

liquid state far above the glass transition for 2 minutes and then cooled at 10 
o
C/min to 

the glass state and then Tg is measured using the data collected from a heating ramp from 

the glass to the liquid state at 10 
o
C/min. As shown in the Fig. 3.4, the onset point of the 

extrapolation of the glass state and the extrapolation of the transition curve yields the 

glass transition temperature for the corresponding heating rate.  

 

Figure 3.4. The glass transition temperature of selenium at 10C/min heating rate 
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3.2.3. Raman Spectroscopy 

Raman spectra measurements were conducted at Arizona State University. A 785 nm 

laser was used as a source to irradiate the samples to observe the inelastic Raman 

scattering. The optical specifications of the laser focusing were: 20X long working 

Mitutoyo objective with a numerical aperture of 0.42. Neutral density filters were used to 

control the laser power. Shamrock 303 Spectrograph and a deep depleted Andor charge 

coupled detector were used to collect the data. The spectra were firstly collected at low 

laser intensities. Since As-Se glasses are photosensitive semiconducting materials the 

laser power was increased gradually to avoid photo induced structural effects. Then, the 

laser power was optimized for the best signal to noise ratio when there were no 

photostructural effects.  

3.2.4. Nuclear Magnetic Resonance (NMR) 

NMR measurements reflect the average chemical shift from a reference material which 

has a known resonance frequency. These shift peaks is affected by the chemical 

environments and can be used to identify the type of interatomic bonding.  NMR does not 

reveal any information about the bond angles or molecular structures so Raman and 

NMR are complimentary methods to each other. In this study, NMR measurements were 

conducted at University of Rennes. Bruker Avance 300 spectrometer (7.1T), which 

operates at Larmor frequency of 57.3 MHz for 
77

Se, was used with a 4 mm double 

resonance probe head. Spinning frequency of 15 kHz was used to average the chemical 

shift anisotropy.  
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3.3. Results 

Figure 3.5. shows the composition dependence of the density from pure Se to As60Se40. 

The density increases linearly until the stoichiometric As40Se60 composition and then it 

decreases. The covalent coordination of arsenic is 3 and selenium is 2. Using equation 

(2.6) we find that As40Se60 also corresponds to the average coordination number, <r>=2.4 

which is the rigidity percolation threshold.  

 

Figure 3.5. Composition dependence of density (data published in [73] 

 

Figure 3.6. Composition dependence of Young’s modulus(E), shear modulus(G) and bulk 

modulus(K) (data published in [73]) 
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Figure 3.7. Composition dependence of Poisson’s ratio (data published in [73]) 

 

Similarly, Young’s modulus, bulk modulus, and shear modulus display the same single 

and sharp maximum at <r> =2.4 while Poisson’s ratio exhibits a single minimum at the 

same threshold composition.  

Both the interatomic bonding energy and the atomic packing density are the main factors 

that dictate the mechanical properties of materials so Elastic moduli measurements can be 

correlated to the interatomic bonding energy. Applying the Mie-Coulomb potential, the 

first Gruneisen rule[74] is expressed as  

1 1

9

o

o

m n U
K

V
=                                                              (3.6) 

where Uo is the atomic bonding energy, Vo is the atomic volume at equilibrium, m1 is the 

exponent of the power law describing the attractive forces, and n1 is the exponent of the 

power law describing the repulsive forces. Vo can be estimated using the data from the 

density measurements and the molar mass of the samples. If we assume m1n1/9=1 [75] for 
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the samples in this study the mean atomic bonding energy (Uoex)   can be calculated and is 

presented in Table 3.1.  

 

 

Table 3.1. Experimental values of v, K, Vo and mean atomic bonding energies U01 

estimated from these experimental values. (data published in [73]) 

 

Figure 3.8. Composition dependence of the mean atomic bonding energy estimated from 

experimental elastic moduli measurements  
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In order to compare the composition dependent mean bonding energies estimated from 

the experimental data with the continuous reticulation model prediction, literature values 

of the interatomic bonding energies can be used. Interatomic bonding energies for three 

possible type of bonding, UAs-Se, UAs-Se, USe-Se, were obtained from experimental 

calorimetric measurements and are summarized in Table 3.2 [76, 77]  .  

kJ/mol Ref. Shkolnikov 1985 Ref. Pauling 1960 

Se-Se 223 184.2 

As-Se 227 177.4 

As-As 202 134.39 

 

Table 3.2. Interatomic bonding energies for three possible As-Se bonding from  

(from [76, 77] 

 

 

In order to compute the mean bonding energy it is necessary to estimate the fraction of 

each of these bonds in the glass structure. 

Since selenium is two coordinated and arsenic is three coordinated three types of 

selenium and four types of arsenic environments can be defined (Fig. 3.9)   

 

Figure 3.9. Three types of selenium environments (a,b,c) and four types of arsenic 

environments (d, e, f, g) 
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To implement the ideal continuous reticulation model for the selenium rich compositions 

(0£ x<0.25) the mean atomic bonding energy can be defined by using two selenium 

environments (a and b) and one type of arsenic (d) environment: 

  0

1 1 1 1
( ) 2d 3
2 2 2 2

As Se Se Se As Se As SeU b U U c U U- - - -= · + + · · + ·         (3.7) 

For a glass composition expressed as AsxSe1-x, the fraction of arsenic and selenium 

environments can be written as 

d=x , and a+b=1-x                                                          (3.8) 

Since every b-type selenium atom is bonded to d-type arsenic atom it derives that: 

b=3d                                                                     (3.9) 

When equations (3.8) and (3.9) are inserted into (3.7), the mean atomic bonding energy 

yields: 

0 (3 2.5 )Se Se As Se Se SeU U U U x- - -= + -                   (3.10) 

For 0.25 £ x£ 0.4, with increasing arsenic content two types of selenium (b and c) and 

one type arsenic (d) are identified to estimate the mean bonding energy and it is written 

as: 

0

1 1 1 1
( ) 2 d 3
2 2 2 2

As Se Se Se As Se As SeU b U U c U U- - - -= · + + · · + · ·     (3.11) 

The fraction of arsenic and selenium environments can be related to the composition 

using the following equations 

b+c=1-x and b+2c=3d                                                   (3.12) 

so that the mean bonding energy can be rewritten by inserting (3.12) into (3.11): 

      0 (3 2.5 )Se Se As Se Se SeU U U U x- - -= + -         (3.13) 
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Equation (3.10) for 0 £ x<0.25, and equation (3.13) for 0.25 £ x£ 0.4 are identical so the 

composition dependent mean bonding energy follows the same linear trend in  the 

0£ x£ 0.4 range.  

For arsenic rich compositions in the 0.4<x<0.6 range there is only one type of 

selenium(c) and there are four types of arsenic (d, e, f, g) so that the mean bonding energy 

can be expressed as:  

0

1 1 1 1
2 d 3 (2 )

2 2 2 2

1 1 1
( 2 ) g 3
2 2 2

As Se As Se As Se As As

As Se As As As As

U c U U e U U

f U U U

- - - -

- - -

= · · + · · + · · +

+ · + · + · ·

 (3.14) 

The fraction of arsenic and selenium environments can be related to the composition as:  

d+e+f+g=x and c=1-x                                                (3.15) 

Combining (3.14) and (3.15) yields: 

0 2 (2.5 2 )As Se As As As As As SeU U U U U x- - - -= - + -       (3.16) 

According to the ideal continuous reticulation model arsenic rich samples follow a 

different linear decay trend as a function of increasing arsenic content. Using the 

literature values of interatomic bonding energies shown in Table 3.2., the mean atomic 

bonding energies for the continuous reticulation model were obtained and illustrated in 

Figure. 3.10. in comparison to the values obtained from experimentally measured elastic 

moduli.  
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Figure. 3.10. Composition dependence of the mean atomic bonding energy estimated 

from elastic moduli experiments (blue circles) (data published in [73]) and calculated 

following the ideal continuous reticulation model and using the interatomic bonding 

energy data from the literature [76, 77] 

 

The mean atomic bonding energies calculated from the literature values using the 

continuous reticulation model are obviously different than the experimentally estimated 

ones. For the compositions below 40% As content, there is a global agreement between 

the three data sets which all linearly increase. However, experimental values linearly 

decrease above the threshold while model calculations exhibit no decreasing trend even 

though they follow two different linear functions. The difference in the trends provides 

strong indication that the continuous reticulation model cannot be used to model the As 

rich glasses and that there consequently must be a significant change in the structure of 

the glass network above the stoichiometric threshold composition, As40Se60. 
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Figure 3.11. Solid state NMR results show the evolution of atomic bonding environments 

(data published in [78]) 
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To understand the structural origin of the sharp change in the physical properties at 

<r>=2.4, solid state 
77

Se NMR experiments were conducted. Figure 3.11. shows 

deconvoluted NMR spectra of selected Asx-Se1-x compositions in the range of  0 £ x £ 0.6 

The pure selenium exhibits a single peak centered at ~850ppm which corresponds to the 

Se-Se-Se bonds., The relative intensity of the selenium peak decreases as a function of 

increasing arsenic content. For the compositions 0<x<0.4, the network consists of three 

main environments which are Se-Se-Se (a), Se-Se-As (b), and As-Se-As(c). At the 

stoichiometric As40Se60 composition, the NMR spectrum shows a single peak centered 

around 580ppm which corresponds to a unique As-Se-As environment.  Arsenic rich 

samples exhibit significant amount of As-Se-As and As-Se-Se environments. However, a 

third line close to Se-Se-Se position is present and its relative intensity is shown to 

increases with As content. Although this third line is close to signal for pure selenium it 

is not reasonable to attribute this line to a pure selenium environment due to the arsenic 

rich nature of these compositions. More importantly this peak becomes stronger with 

increasing arsenic content so it should be expected to be related predominantly to an 

arsenic-rich environment. To elucidate the assignment of this peak, As4Se3 and As4Se4 

crystals were prepared. Crystalline As4Se3 was synthesized by vacuum sublimation of the 

As4Se3 glass and carbon disulfide extraction of the sublimed product. Crystalline As4Se4 

was synthesized by heat treatment of the As4Se4 glass. Measured XRD data matched with 

the ICDD card numbers 38-0942 and 71-0388 for crystalline As4Se3 and AsSe4 

respectively. NMR spectra of the crystals displayed strong peaks around the investigated 

peak line which is centered around 820ppm and they are illustrated in Figure 3.12. 
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Figure 3.12. NMR spectra of crystalline As4Se3 and As4Se4 and arsenic rich glasses (data 

published in [73]) 

 

In the crystalline As4Se3 spectra, stars indicate the spinning side bands and the actual 

chemical shifts are labeled with arrows. Therefore, it is suggested that for the higher 

arsenic content glasses, x>0.4, the creation of As-Se-Se environments is compensated by 

the formation of arsenic-rich cage molecules As4Se3 and AsSe4. This is a reasonable 

interpretation for the arsenic rich glasses as As-Se-Se environments can only exist in the 

glassy network if arsenic atoms are depleted by the formation of arsenic rich clusters.  

Raman spectra of these glasses are in a very good agreement with the NMR 

interpretation. Evolution of the Raman spectra of twelve As-Se compositions from pure 

selenium, <r>=0, to As60Se40, <r>=2.60, is shown in Figure 3.13.. In the selenium rich 

compositions, the network is dominated by the vibrational modes of the selenium chains 

which are centered around 250 cm
-1

. With increasing arsenic content, the relative 

intensity of the Se chain modes progressively becomes smaller while the peak near 

230cm
-1

 corresponding to the pyramidal modes of AsSe3, increases. This is accompanied 

by a shift in the pyramidal peak position due to the change in the pyramidal apex angle.   



 64 

 

Figure 3.13 . Composition dependence of the evolutions of structural motifs    

(data published in [73]) 

 

At the stoichiometric composition, the apex angle of the pyramids is at the maximum 

value since there is no excess selenium that interconnects pyramids and the structure only 

consists of 2D layers of AsSe3 pyramids. In addition, a shift in the selenium chain 

position due to the change in the selenium chain lengths indicates the depletion of 

selenium chains when approaching the stoichiometric <r>=2.4 composition. At <r>=2.4 

selenium chains are depleted and the network is purely composed of AsSe3 pyramidal 
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layered structures and it is represented with a wide and single peak around near 230 cm
-1 

. 

For arsenic rich compositions, the spectra exhibits very interesting features due to the 

contribution of molecular clusters. The sharp peaks around 210 cm
-1

, 240 cm
-1 

and
 

250cm
-1 

correspond to the As4 tetrahedral units as well as As4Se3, and As4Se4 cage like 

clusters. To confirm the existence of such clustered units, Raman spectroscopy 

measurements were performed on crystalline As4Se3, and As4Se4 (Figure 3.14.). The 

Raman signal of te main peaks for As4Se3, and As4Se4 agree well with that observed in 

the As-rich glasses. 

 

Figure 3.14. Comparison of Raman spectra of crystalline As4Se3 and As4Se4 with glassy 

As60Se40  . As4 peak is assigned according to the literature date.   
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In order to quantitatively analyze the structural trends, literature peak assignments [79-

83] were used to deconvolute the spectra (Figure 3.15.).  

 

Figure 3.15.  Raman deconvolution of As60Se40 sample  (data published in [73]) 

 

Relative ratio of each mode was calculated by integrating the peak surface area for 

selenium chains, pyramidal modes and molecular clusters As4Se3, As4Se4 and As4. Figure 

3.16. shows the progressive decrease in the selenium chain ratio until x=0.4 where 

selenium chains are depleted. For the arsenic rich compositions, x>0.4, three cage 

molecules rapidly increase and starts to dominate the structure at As60Se40. The shape of 

the trend in the ratio of selenium chains and molecular clusters reflect the structural 

evolution of the glass and resembles the trends in the physical properties depicted in 

Figure 3.6.  
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Figure 3.16. Normalized Raman intensities for selenium chain and arsenic rich cage 

molecules obtained by integrating the surface and normalizing by the total surface are of 

the Raman spectra. (data published in [73]) 

 

Based on our analyses of the Raman and NMR results, arsenic rich glasses can be 

described as a structure where pyramidal units are interconnected by Se atoms or Se-Se 

fragments and arsenic rich molecular clusters surrounds the backbone of the network.  

Normalized Raman intensity and the peak positions of the AsSe3 pyramidal modes that 

form the back bone of the network display the same V-shaped trend as in the physical 

properties (Fig. 3.17).  Since the apex angle depends on the interconnectivity of the 

pyramids, it reaches its maximum value for the stoichiometric composition where each 

arsenic atom is bonded to another selenium atom to form layers of AsSe3 pyramids.  



 68 

 

Figure 3.17. Normalized intensity and peak position of the AsSe3 pyramids  

(data published in [73]) 

 

3.4. Discussion 

It is expected that the bulk modulus increase monotonically proportional to the network 

reticulation while Poisson’s ratio monotonically decrease. According to the continuous 

network reticulation model the mechanical properties should display a liner monotonic 

trend with increasing average coordination number. However, this model fails to predict 

the properties for x>0.4. The model assumes increasing dimensionality with increasing 

average coordination and it ignores the possibility of clustering and weak intermolecular 

van der Waals interactions. NMR and Raman spectroscopy revealed that the network 

connectivity decrease above the stoichiometric threshold even though average 

coordination is increasing.  

The structure exhibits a transition from one dimensional selenium chains to two 

dimensional pyramidal modes in the selenium rich part and this is consistent with the 
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chains crossing model. Above the x=0.4 threshold the structure loses connectivity as the 

trivalent arsenic atoms are concentrated in zero dimensional molecular cages.  

The network connectivity dictates the glass transition temperature and increasing glass 

transition temperature is an indication of the increasing network connectivity.  As shown 

in Figure 3.18. Tg of AsxSe1-x  glasses increase until x=0.4 and then following the same V-

shaped trend Tg values decrease linearly. Since intermolecular van der Waals forces are 

very weak and they require less energy to break, the Tg values decrease with increasing 

amount of molecular clusters. Tg measurements are another evidence that continuous 

network reticulation model cannot be applied to arsenic rich samples and the 

dimensionality decreases above x=0.4  

 

Figure 3.18. Composition dependence of glass transition temperature  

(data published in [73]) 

 

The composition dependent mechanical properties show a sharp single extremum at 

<r>=2.4 and structural modes that control these properties are consistent with the v-

shaped trend. Conversely, the IP theory, as introduced in section 1, suggests an 

intermediate transition in the composition range of 0.29<x< 0.37 [69].  If the IP were 
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indeed present it should be reflected on the physical property measurements and result in 

a smooth evolution which is not consistent with the V-shaped trend observed 

experimentally. As a result it can be concluded that there is no indication of an 

intermediate phase in As-Se glasses. This mismatch is likely due to the fact that the 

observation of an intermediate phase is largely based on questionable experimental 

approaches: 

 a) Non-reversing interpretation of MDSC data is not well defined as has long been 

debated[58]. 

b) Above the glass transition temperature where MDSC measurements are performed, a 

large fraction of the network bonds are broken and network constraints are reduced. Yet 

the IP interpretation is defined for an intact network at 0 
o
K.  

This overall suggests that the IP model is likely not valid.  

 

3.5. Conclusions 

The composition dependence of physical properties in the As-Se glass system has been 

investigated. All physical properties show a sharp single extremum at <r>=2.4 NMR and 

Raman spectroscopy were used to explain the structural origin of this trend. The glass 

network was shown to increase its connectivity in the selenium rich samples up to the 

stoichiometric composition and to decrease again in the arsenic rich samples. It was 

revealed that arsenic rich samples do not follow the predictions of the continuous 

network reticulation model as the network connectivity is broken. Arsenic rich glasses 

contain an increasing amount of molecular units. Overall, the physical properties of As-
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Se glasses show a single sharp extremum and there is no evidence for the existence of an 

intermediate phase.    

4. Fragile-Strong Behavior in the AsxSe1-x Glass System 
 

4.1. Introduction 

The structural origin of the mechanical properties of AsxSe1-x  glasses has been discussed 

in chapter 3. Various physical properties measured at room temperature have a sharp 

extremum at <r>=2.4 which is the rigidity percolation threshold. These results are 

therefore consistent with the constraint theory of Philips and Thorpe. On the other hand, 

high temperature properties such as fragility index and activation energy for viscous flow 

of the AsxSe1-x glass system have been shown to exhibit a minimum at <r>=2.3[84]. 

However, these measurements were performed over a limited composition range. Non-

reversing enthalpy interpretation of the MDSC data also showed a minimum at <r>=2.3 

which was associated with the existence of an intermediate phase[69]. However the use 

of reversible enthalpy is questionable as discussed in chapter 2. Hence there is a need to 

clarify the behavior of AsxSe1-x glasses in the high temperature regime. 

In this chapter, fragile-strong behavior of glass forming liquids in the AsxSe1-x glass 

system are investigated in view of the structural information derived in chapter 3. Heat 

capacity spectroscopy, DSC, and viscosity measurements are used to characterize the 

trends in physical properties with composition. A correlation is shown between the 

dimensionality of the network and the trends in transport properties.  
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4.2. Experiments 

The As-Se samples that were prepared for the low temperature physical property and 

structure measurements were used in this study. Details about the sample preparation 

procedures were presented in chapter 3.  

The viscosity was measured using spherical indentation on polished samples and the 

viscosity was calculated from equation (4.1) : 

1.5
13 (t)

( )
16

P du

dtR
h -=                                         (4.1) 

where R is the indenter radius (750 �m), P is the constant load applied and u is the 

penetration depth of the indenter.   The activation energy for viscous flow was estimated 

by fitting the viscosity data with equation (4.2): 

exp
E

A
RT

h
h

h
� �

= � �� �
                                            (4.2) 

where T is the temperature, Ah is the pre-exponential factor, and R is the gas constant. 

Differential scanning calorimetry was used to measure the activation energy for enthalpy 

relaxation. A DSC1 from Mettler Toledo was used for DSC measurements. Heat flow 

and temperature of the DSC were calibrated with an indium and a zinc standard. The 

Activation energy was estimated by Moynihan’s heating rate method [15, 85] which is 

based on the shift in the glass transition as a function of heating rate. The details about 

this method are presented in chapter 2. Each sample (~10mg) was equilibrated in the 

liquid state and cooled below the glass transition temperature and then heated at the same 

rate above Tg. This procedure was repeated in the heating range of 3
o
C/min to 30

o
C/min.  

An MDSC, Q1000 from TA Instruments, was utilized to perform heat capacity 
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spectroscopy measurements. The heat flow was calibrated using sapphire standards and 

the temperature was calibrated using an indium standard. Prior to heating the samples, the 

same thermal history erasing procedure was followed as in the DSC measurements. The 

temperature was modulated with a sinusoidal oscillation which is superimposed on the 

average heating rate. The whole set of samples were scanned with heating rate of 

3
o
C/min, and with a constant sinusoidal oscillation frequency of 3

o
C. The same procedure 

was repeated in the frequency range of 0.01Hz to 0.005Hz which corresponds to periods 

of 100s to 200s. Figure 4.1. shows the real ( 'Cp ) and imaginary ( ''Cp ) parts of the 

complex heat capacity ( *Cp ) obtained from the phase angle between the modulated heat 

flow rate and modulate heating rate oscillations. The details about this interpretation are 

presented in chapter 2.  

 

Figure 4.1. 'Cp and ''Cp parts of *Cp for for As30Se70 Experimental conditions:  heating 

rate: 3
o
C/min, amplitude: 3

o
C and period of oscillation: 100s (data published in [78]) 
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Figure 4.2. Modulated heating rate vs. modulated heat flow in the glass transition range 

for As30Se70 glass for the same experimental conditions in Figure 4.1.  

 

In ideal conditions, it is expected that the phase angle between the two signals is zero in 

the glass and liquid states, but an additional constant phase angle is observed due to the 

heat transfer between the sample and the instrument. Figure 4.3. shows phase angle 

correction[86] which is necessary to obtain the real and imaginary parts.  

 

Figure 4.3. The phase angle correction is performed by shifting the phase angle on the 

vertical plane.  
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As discussed previously, the real and imaginary interpretation of the complex heat 

capacity relies on the linear response theory[56]. In this theory, there is a linear relation 

between the input and the output, the modulated heating rate and the modulated heat flow 

respectively. The linearity can be illustrated by Lissajous curves and in ideal conditions; a 

straight line is anticipated to be observed. In real linear systems, due to the thermal inertia 

effects, an undistorted elliptical shape[87] can be observed. Lissajous curves of a 

As40Se60 sample is shown in the Figure 4.4 At all temperatures from the glass to the 

liquid, Lissajous plot shows an elliptical shape while the ellipses are retractable out of the 

glass transition range. Since the slope of the Lissajous curves is related to the specific 

heat capacity the glass transition range exhibits a change of the slop while it is preserving 

its undistorted elliptical shape[66]. Therefore, we can rely on the complex heat capacity 

interpretation of the data as the linearity is satisfied with the experimental conditions used 

in this study.  
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Figure 4.4. Lissajous curves of an As40Se60 sample 

 

 

4.3. Results 

The results of the viscosity measurements are shown in Figure 4.5. for a selected number 

of samples at and around <r>=2.4. The results are displayed as in Angell’s fragility plots 

[36, 38] where the viscosity shows an Arrhenius behavior in a very limited temperature 

range near the glass transition. Therefore, viscosity data can be fit with equation (4.2) to 

obtain the activation energy for viscous flow. As40Se60 exhibits a significantly bigger 

slope in the viscosity plot in comparison to the compositions around it so it can be 

expected to correspond to a local maximum in activation energy at <r>=2.4. The results 

of this estimation for the compositions from x=0.1 to x=0.6 are shown in Figure 4.6. The 

activation energy trend displays a double minimum; one is at <r>=2.3 and the other is at 

<r>=2.5.  
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Figure 4.5. Logarithmic viscosity versus the temperature normalized by the glass 

transition temperature (data published in [78]) 

 

 

 

Figure 4.6.  Activation energy for viscous flow (E�) versus average coordination 

number(data published in [78]) 

 

 

Activation energy for enthalpy relaxation was estimated using Moynihan’s method from 

equation (4.3): [15] 

g

ln

(1 / T )

Hd Q E

d R
= -                                                        (4.3) 
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where R is the gas constant, q is the heating rate, and EH is the activation energy for 

enthalpy relaxation.  

 

Figure 4.7.   Activation energies are estimated from the linear fit of lnQ vs. 1000/Tg 

(data published in [78]) 

 

 

 

The slope of the lnQ  vs. 1000/Tg plot is equal to HE

R
- .  Figure 4.8. shows the activation 

energy for enthalpy relaxation estimated from the lnQ  vs. 1000/Tg plots in the 

composition range of x=0.1 to x=0.6. The HE  trend as a function of average 

coordination number is very similar to the E� trend which shows two local minima at 

<r>=2.3 and <r>=2.5.  
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Figure 4.8.  HE  vs. average coordination number (data published in [78]) 

 

 

 

The activation energy for structural relaxation ES was obtained from the shift in the peak 

maximum of the imaginary heat capacity as a function oscillation frequency. 

 

Figure 4.9.  ''Cp  vs. temperature for the oscillation periods of 100s, 120s, 140s, 160s, 

and 180s for a As30Se70  sample (data published in [78]) 
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The imaginary heat capacity represents the time lag between the oscillating heating rate 

(input) and the oscillating heat flow (output). The time lag between the two oscillations 

yields an imaginary heat capacity which can be used to study the kinetics of the slow 

dynamic processes. Since the average relaxation time decreases with increasing 

temperature the ''Cp  peak shifts to higher temperatures for higher oscillation frequencies 

[61, 62]. This linear relation can be written as   

ln

(1 / T )

sEd

d Rw

w
= -                                                     (4.4) 

Where � is the oscillation frequency of the heating rate, T� is the temperature at the 

''Cp peak maximum, and ES is the activation energy for structural relaxation. This 

equation is similar to Moynihan’s heating rate method although the heat spectroscopy 

method uses the frequency shift instead.  

 

Figure 4.10.  w  vs. Tw of a As30Se70  sample (data published in [78]) 

 

 

Figure 4.10. shows the shift in the peak maximum as a function of frequency. The slope 

of the linear fit is equal to sE

R
- . Activation energies estimated from this method are 
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shown in Figure 4.11. The trend is globally in good agreement with the activation energy 

for viscous flow and the activation energy for enthalpy relaxation data and shows the 

same two minima at <r>=2.3 and 2.5. 

 

Figure 4.11.  Activation energy for structural relaxation as function of average 

coordination number.  (data published in [78]) 

 

 

The kinetic fragility index m was obtained from equation (4.5) using the activation 

energy estimated from the viscosity measurements: 

 
ln(10)g

E
m

RT

h
=                                                      (4.5) 

 

where R is the gas constant. As expected the fragility index trend follow a similar pattern 

as the activation energy E�.  

The thermodynamic fragility can also be correlated to the jump in the Cp at the glass 

transition and the width of the glass transition range[38]. As shown in Figure 4.12, for 

selenium rich compositions 0.1<x<0.3, both the fragility index and the jump in heat 

capacity decrease with increasing average coordination while the width of the glass 
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transition becomes wider. Selenium rich compositions become less fragile with 

increasing arsenic content until x=0.3 (<r>=2.3). Then it increases again and reach a local 

maximum at x=0.4 (<r>=2.4). The glass compositions in the range of 0.4<x<0.5 follow 

fragility values decrease again until x=0.45-0.5 (<r>=2.5). In the composition range of 

0.1<x<0.3 both thermodynamic and kinetic fragility follow the same trend. However, the 

As-rich compositions kinetic and thermodynamic fragilities exhibit exactly an opposite 

trend. While the kinetic fragility (determined from viscosity data) increases rapidly, 

thermodynamic fragility (determined by calorimetry) becomes significantly smaller. The 

origin of the mismatch between the two fragility values at higher arsenic content will be 

discussed in the following section. 

  

  

Figure 4.12. a) TgD  and CpD  displays represents the thermodynamic fragility as a 

function of average coordination b)  Fragility index vs. average coordination number. 

Fragility index denotes the kinetic fragility of the glass forming liquid. 

(data published in [78]) 

 

 

 

 

 

 

 

 



 83 

4.4. Discussion 

Imaginary part of the complex heat capacity can be considered as a spectrum of 

relaxation times in the temperature domain. Therefore, the shape and the width of the 

''Cp  peak are directly related to the distribution of dynamic responses which are 

governed by the structure of the local microscopic regions[62]. For all the compositions 

in the range 0.1<x<0.5 a normal distribution is observed and all these peaks can be fitted 

with a single Gaussian peak as shown in Figure 4.13. However, arsenic rich samples 

exhibit a non-Gaussian distribution which becomes very pronounced for As60Se40 where 

a bimodal distribution is observed with two distinct peaks as shown in Figure 4.14.  

 

 

Figure 4.13. Imaginary heat capacity of an As30Se70 sample fitted with a Gaussian 

(data published in [78]) 
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Figure 4.14. Imaginary heat capacity of all AsxSe1-x MDSC conditions; heating rate: 

3
o
C/min, amplitude: 3

o
C, frequency: 0.005Hz (data published in [78]) 

 

 

The fragility of glass forming liquids is related to the ability of the system to respond to a 

temperature change and in particular to the time required to equilibrate the structure. The 

fragility therefore has a direct connection to the relaxation function and should therefore 

be linked to the shape of the ''Cp  peak. The full width at half maximum (FWHM) of the 

''Cp  peak which reflects the distribution of relaxation times shows a very similar trend 

as in the thermodynamic fragilities. 

 

Figure 4.15. FWHM of Cp'' vs arsenic content (data published in [78]) 
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There are two main factors affecting the width of the ''Cp  peak: 

a) Activation Energy: A small temperature difference leads to a big change in 

relaxation time for the glasses that have high activation energy. Therefore, the 

timescale of the measurement (�
-1

) matches the response time of the sample in a 

small temperature range and it is observed with a narrow ''Cp  peak. On the other 

hand, glasses with low activation energies exhibit a wide ''Cp  as they are less 

“fragile” to temperature differences.  

b) Glasses that have more than one average relaxation time responses in a wide 

temperature range which covers the distinct relaxation times.  This can be a 

microscopic scale structural heterogeneity where two distinct dynamic behaviors 

are convoluted into a non-Gaussian peak or a two (or more) relaxation behaviors 

can be observed in distinct peaks that have different kinetic responses.  

In the AsxSe1-x glass system we can observe both the first and the second factors that 

dictate the width of the ''Cp  peak. For the composition range of x<0.5 the width of the 

''Cp  peak is governed by the activation energies. In the arsenic rich glasses, bimodal 

relaxation dynamic is shown in Figure 4.14. Both a wide non-Gaussian peak (x=0.55) and 

two distinct peaks (x=0.6) can be seen. Thus, both activation energies and the bimodal 

structure determine the shape of the ''Cp  peak in arsenic rich compositions. 

To further investigate the structural origins of different dynamic behavior with 

composition, we can use the NMR data discussed in the previous chapter. Se rich glasses 

x<0.3 are composed of long Se chains which are lightly crosslinked by As atoms. The 

structure is mostly one dimensional with a small amount of three dimensional network. 

The network dimensionality increases with arsenic content and at x=0.3 the structure 
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corresponds to a fully 3D network. Increasing network dimensionality leads to a fragile to 

strong trend in 0.1<x<0.3. At As2Se3 the glass composition reaches the ideal 

stoichiometry where each As is bonded to a Se atom and there is no excess structural 

fragment. At x=0.4 the glass structure therefore has a two dimensional character which 

can be thought of as layers of AsSe3 pyramids. Decreasing structural dimensionality is 

reflected by a local fragility maximum at the stoichiometric composition 

 

Figure 4.16. Structure of As-Se glasses in relation to the dimensionality (published in 

[78]) 
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In the previous chapter we showed that the glass transition of this layered structure is 

very high due to the high coordination between the layers. However, the low 

dimensionality cause the rapid collapse of the network after it reached the glass transition 

range due to the weak interlayer Van der Waals interactions and a large jump in Cp is 

observed as shown in Figure 4.17. 

 

Figure 4.17. Normalized heat capacity data displays the jump in the heat capacity for 

selected compositions on both side of the stoichiometric composition (data published in 

[78]) 

 

In order to probe the bimodal dynamic behavior of the arsenic rich glasses an additional 

As57.5Se42.5 composition was prepared to clearly see the evolution of cage like clusters in 

the 0.55<x<0.6 range. A non-Gaussian peak (in x=0.55) denotes the distortion of the 

single Gaussian distribution by the contribution of small amount of arsenic rich cages. 

Increasing amount of arsenic directly leads to formation of clustered arsenic rich cages. 

As shown in Figure 4.18. The ''Cp  peak exhibit a wide non-Gaussian with a shoulder at 
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x=55 which rapidly increase for x=57.5 and splits into two distinct peaks at x=60.  The 

shoulder corresponds to the dynamic response of the cage molecules.  

 

Figure 4.18. Imaginary heat capacity in the arsenic rich range 

 

 

 

To further investigate the dynamic responses of these two peaks a heat capacity 

spectroscopy measurement in the frequency domain was performed. Figure 4.19. shows 

the imaginary heat capacity of As60Se40 as function of temperature modulation frequency. 

It can be clearly seen that the low temperature peak has a Gaussian-like shape and it 

shifts with frequency following the trend shown in equation (4.4) 
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Figure 4.19. Response of imaginary heat capacity of As60Se40 at different temperature 

modulation frequencies. 

 

The FWHM of the low temperature peak is ~13
o
C which is very narrow for strong 

compositions. In addition, the activation energy of the low temperature peak was 

estimated to be 293kJ/mol. Therefore this peak can be assigned to the dynamics of the 

backbone network. The high temperature peak does not shift significantly as expected 

from high activation energy systems. It is a very wide non-Gaussian peak. It is most 

probably a convolution of several dynamic responses. Since the intermolecular 

interaction between the As-rich molecules involve very weak van-der Waals forces the 

activation energy of these molecules are expected to very high. As a result, the high 

temperature peak can be attributed to the dynamic responses of As4, As4Se4 and As4Se3 

molecules. These two distinct peaks can be an indication of macroscopic level of phase 

separation. Indeed the heat capacity of As60Se40 measured by DSC shows two distinct 

glass transition temperatures as shown in Figure 4.20. Hence, the two distinct peaks are 
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likely the result of structural heterogeneity that leads to a distinct dynamic response in the 

heat capacity spectroscopy.  
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Figure 4.20. Differential scanning calorimetry of a As60Se40 glass 

 

 

 

Overall, the high temperature properties of the AsxSe1-x melts show a significantly 

different trend than the AsxSe1-x glass properties at low temperature. At low temperatures 

constraints are intact and most physical properties can be predicted by the rigidity 

percolation theory. However, at high temperatures the glass gains translational degrees of 

freedom and the constraints are broken. It rather appears that high temperature properties 

are governed by the dimensionality of the network.  
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4.5. Conclusion 

A double minimum in fragility was observed and its correlation with the dimensionality 

trend was demonstrated. Low dimensionality is an indication of high kinetic fragility 

since the collapse of the network is very rapid with temperature [37, 38]. The network 

follows a trend from 1D to 3D until the first minimum, a 3D to 2D trend is followed until 

the local maximum in fragility at the stoichiometric composition, a 2D to 3D trend is 

followed until the second minimum and finally for arsenic rich composition 2D+0D 

dimensionality emerges from the formation of cage molecules. The peculiar fragility 

behavior of As-rich glasses was demonstrated. They have a bimodal structural relaxation 

behavior in the glass transition region and the dynamic behavior spreads over large 

temperature range so that they exhibit low thermodynamic fragilities. However, their 

structural dimensionality is very low and the network collapses with temperature so their 

kinetic fragility is very high. As a result arsenic rich compositions were defined as 

thermodynamically strong albeit kinetically fragile glasses.  

MDSC was demonstrated to be an effective technique to perform heat capacity 

spectroscopy and characterize the structure and dynamics of glasses. The promising 

potential of the imaginary heat capacity interpretation of MDSC data was introduced and 

heat capacity spectroscopy is shown to be a usefull complimentary method to structural 

techniques such as NMR.  
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5. Structural Clustering in Ge-Se glasses in relation to 
dynamic processes 

 

5.1. Introduction 

GexSe1-x glasses are one of the most studied families of chalcogenide glasses. They have 

been used in correlation with the rigidity constraint models to understand the structure 

and the physical property relations of covalent network glasses[43]. The main 

components of the structure were identified as selenium chains and GeSe4/2 tetrahedra. 

There is still currently no consensus on the exact nature of the distribution of these 

structural units through the glassy network. The structure of GexSe1-x glasses has been a 

controversial topic and there is still significant debate on the exact nature and extent of 

the structural linkage between the two type of units.  

The chain crossing model[88] (CCM) was the earliest model proposed to explain the 

structure of GexSe1-x glasses. According to this model, GeSe4/2 tetrahedral units are cross-

linked by Se chains and the chain length increases with increasing Se content [88, 89]. 

However, Raman studies have revealed the presence of edge sharing tetrahedral units 

even for high selenium containing compositions [90, 91]. The CCM model is at odds with 

the Raman results since it implies separation of GeSe4/2 tetrahedral units by increasingly 

long Se chains. The tetrahedral units should be evenly distributed through the structure 

and would statistically not be expected to connect into edge sharing clusters. In addition, 

such clustering should significantly affect the dynamic properties of the glassy network 

relative to an homogeneous CCM type network. 
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In order to clarify the structure and investigate the dynamic behavior of GexSe1-x glasses a 

Raman and NMR structural analysis followed by a heat capacity spectroscopy 

characterization was performed.  

 

5.2. Measurements 

The exact same sample preparation method was used, as explained in chapter 3. 

99.9999% purity germanium was mixed with selenium instead of arsenic. A wide domain 

of coordination on both sides of the rigidity percolation threshold was measured using 

NMR, Raman, DSC and MDSC techniques. NMR measurements were conducted at the 

University of Rennes in France. 
77

Se NMR spectra were obtained using the same 

measurement conditions as explained in chapter 3. Raman spectra measurements were 

performed at Arizona State University and the same measurement conditions and 

instrumentation was used as in chapter 3. Both DSC and heat capacity spectroscopy 

measurements were conducted with a Q1000 MDSC from TA instruments and the 

calibration was performed as explained in previous chapters.  

5.2.1. NMR measurements at room temperature 

Figure 5.1. shows the results of the room temperature NMR measurements. Even though 

magic angle spinning method was applied a peak broadening is observed due to the 

glassy state of the samples. Pure selenium sample exhibits a single peak centered at 

850ppm line. This peak can be attributed to the Se-Se-Se fragments as this composition 

only consists of selenium chains and rings. A second peak around 430ppm gradually 

grows with increasing germanium content while the relative ratio of the Se-Se-Se peak 

decreases. These two peaks have approximately the same intensity for the GeSe4 
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composition. The peak centered at 430ppm corresponds to that of  GeSe2 consisting of 

only GeSe4/2 tetrahedra. Therefore, we can associate the second peak at 430ppm with Ge-

Se-Ge environments of GeSe4/2 tetrahedra. Figure. 5.2 shows the peak fitting of GeSe4 

with two peaks which correspond to Se and GeSe2.  

It is worthwhile noting that no Ge-Se-Se environment is observed in these spectra hence 

it is suggested that connectivity between the Se chains and GeSe4/2 tertrahedra must be 

minimal. 
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Figure 5.1. 
77

Se NMR spectra of of Se, GeSe9, GeSe4, and GeSe2 samples (data published 

in [92] ) 

 

 
 

Figure 5.2. Measured NMR spectra (experimental spectrum) of GeSe4 is reconstructed 

using peak fitting method with only two peaks  (data published in [92] ) 
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5.2.2. Raman Spectroscopy  

Raman spectra exhibits three main peaks as shown in Figure 5.3.a The peak which is 

centered around 255 cm
-1 

corresponds to the vibrational modes of the rings and chains of 

selenium and it can be fit by three selenium modes. The peaks located at 195 cm
-1 

 and 

213 cm
-1 

 are assigned to breathing corner and edge-sharing tetrahedral modes 

respectively. Each of these two peaks can be fitted with a single Gaussian peak. Relative 

ratio of the selenium peak decreases with increasing germanium content as expected. The 

Raman spectra reveal valuable information about the connectivity of the tetrahedral units.  

The edge sharing tetrahedral peak is very pronounced even at very high selenium 

containing compositions as shown in Figure 5.3.b. The presence of edge sharing units can 

be clearly seen on the GeSe9 spectrum where the peak at 213 cm
-1 

forms a very 

pronounced shoulder near the corning sharing tetrahedral peak. The presence of edge 

sharing tetrahedral modes for selenium rich samples contradicts the propositions of the 

CCM or other models that claim a homogeneous structure. In these models, 

stoichiometric excess of selenium atoms are accounted for as the crosslinking units 

between the GeSe4/2 tetrahedra. However, existence of high amount of edge sharing 

tetrahedral units in selenium rich samples implies that the GeSe4/2 has a tendency to 

aggregate together regardless of the composition.  
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Figure 5.3. a) Raman deconvolution of GeSe4 spectrum and b) Raman deconvolution of 

selected compositions cover a wide domain of coordination on both sides of the rigidity 

percolation threshold <r>=2.4 (data published in [92] ) 
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The relative ratio of the surface areas of corner sharing and edge sharing tetrahedral 

modes are reported in Table 5.1. It clearly shows that even when the Se/Ge ratio is 

increased from 3 to 10, corner/edge sharing ratio only increases from 4.43 to 6.50.     

As a result, it can be said that tetrahedral units tend to cluster together while excess 

selenium tends to form longer chains which are dispersed in the system. This model is in 

a good agreement with NMR results where only two main peaks were observed which 

were assigned to Se-Se-Se and Ge-Se-Ge environments.  

 

Table 5.1. Ratio of the surface area of corner to edge sharing tetrahedral units as a 

function of average coordination number and selenium to germanium ratio (data 

published in [92] ) 

 

Recently, a more detailed Raman analysis has supported these results[93]. A similar 

Raman study was conducted over smaller composition intervals in the same average 

coordination domain. The results of this study is shown in Figure 5.4. In addition, Figure 

5.5. shows that the edge sharing ratio saturates at low selenium contents. Even when 

Se/Ge ratio is equal to 19 a significant amount of edge sharing tetrahedra can be 

observed. This study corroborates our experimental results.  
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Figure 5.4. Raman spectrum of GexSe1-x samples in the range of 0.05<x<0.33 (from [93]) 

 

 
Figure 5.5.  Raman Surface area of  the ratio of edge corner/ sharing tetrahedral units as a 

function of germanium content (from [93]) 
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5.2.3. Investigation of the Dynamics of Structural Units by High 

Temperature NMR  

In order to investigate the network dynamic in correlation with the inhomogeneous 

character of the structure, high temperature NMR and heat capacity measurements were 

conducted.  

A high temperature NMR experiment using the same experimental conditions as in the 

room temperature measurements was performed on a GeSe9 sample. The sample was 

systematically measured over a wide temperature range from room temperature to 247
o
C 

which is 150 
o
C above its glass transition temperature. Figure 5.6. shows the evolution of 

the NMR spectra as a function of increasing temperature. A very pronounced narrowing 

of the Se peak occurs with increasing temperature while the GeSe2 peak shape remains 

unchanged. NMR peak narrowing is a clear indication of an increased mobility of the 

corresponding structural unit. Hence it can be concluded that Se chains and GeSe4/2 

tetrahedra follow distinct dynamic behaviors at high temperature. 
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Figure 5.6.  NMR spectra of a GeSe9 sample as a function of increasing temperature (data 

published in [92] ) 

 

NMR spectra are needed to be collected in a very long measurement time (~24h) in order 

to increase the resonance sensitivity. Since the sample is held above the glass transition 

for a long time crystallization cannot be avoided. Figure 5.7 shows the X-ray diffraction 

pattern of the selenium sample which was held above the glass transition for 24h. The 

presence of the crystalline Se was shown with sharp crystal peaks superimposed on an 

amorphous background bump. The reference Se crystal pattern lines matches the sharp 

peak positions and they are indicated on the XRD pattern.  
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Figure 5.7.  XRD pattern of the sample that was held 150 
o
C above the Tg for 24h (data 

published in [92] ) 

 

 

Using the pure crystalline selenium data, where the crystalline selenium peak is located at 

800ppm, high temperature spectra was reconstructed. The constructed NMR data is in a 

very good agreement with the raw data and the pronounced peak sharpening is made very 

evident. More importantly, the ratio of the surface area of the two NMR peaks does not 

change with increasing temperature while the selenium peak is narrowing. As a result we 

can confidently say that the two dynamic domains act totally independent of each other 

and their dynamic response is substantially different at high temperatures.  

 

Figure 5.8.  Reconstructed NMR of the GeSe9 sample as a function of increasing 

temperature (data published in [92] ) 
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The two structural units are expected to have two different dynamic responses at high 

temperatures since their structural rigidity is significantly different. Selenium chains have 

higher degrees of freedom and they can be identified as the floppy units while the GeSe4/2 

tetrahedral units are very rigid.  

 

5.2.4. Investigation Dynamics of the Structural Units by Heat Capacity Spectroscopy 

Heat capacity spectroscopy measurements were conducted on Ge-Se samples following 

the same thermal history erasing procedure as described in chapter 3. Sinusoidal 

oscillating heating conditions were selected based on the limitations of the linearity 

condition. The linear response was confirmed by Lissajous curves as shown in Figure 5.9.  

Ideal conditions were found to be heating rate of 3
o
C/min and oscillation amplitude of 2 

o
C and the frequency of oscillation of 200 s

-1
.  All the samples were also scanned over 

broad frequency range (100s
-1

 to 200s
-1

) to obtain the frequency dependent response.  
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Figure 5.9.  Lissajous curves for a GeSe4 glass for: q= 3
o
C/min, AT=2

 o
C and �

-1
=180s 

 

The imaginary heat capacity was extracted using the phase angle between the modulated 

heat flow rate and the modulated heating rate as previously explained in chapters 2,4. 

Imaginary heat capacities of the samples from <r>=2.2 to <r>=2.55 are displayed in the 

Figure. 5.10.  
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Figure 5.10.  Imaginary heat capacities of the Ge-Se glass system from <r>=2.2 to 

<r>=2.55 on the intensity normalized scale 

 

 

The narrow imaginary heat capacity peak at GeSe9 (<r>=2.2) broadens with increasing 

germanium content until GeSe4 (<r>=2.4) where the FWHM of the peak reaches its 

maximum. Then the FWHM of the peak decrease again with further addition of 

germanium. This trend is illustrated in Figure 5.11 and shows a V-shape trend. It should 

be noted that GeSe4 is the rigidity percolation threshold.  
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Figure 5.11.  FWHM of Imaginary heat capacities of the Ge-Se glass system from 

<r>=2.2 to <r>=2.55 

 

 

To investigate the origins of this broadening each peak was fitted with a Gaussian and it 

was found that the broad peaks near <r>=2.4 cannot be fitted with a single peak. We de-

convoluted each Cp'' peak with two Gaussians and then calculated the ratio of the root 

mean square error (RMS) values of the single and two Gaussian fittings. The trend of the 

RMS values with average coordination numbers is shown in Figure 5.12. The selenium 

rich and germanium rich composition can be easily fit with a single Gaussian so there is 

very small difference between the two Gaussian fitting RMS values. On the other hand, 

compositions near <r>=2.4 show a significant difference in RMS values between the two 

fitting methods. As reviewed in chapter 2 and implemented on As-Se system in chapter 4, 

the temperature spectrum of the imaginary heat capacity can be correlated to the 
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distribution of relaxation times. Two different structural motifs which have no or limited 

connectivity are expected to have distinct average relaxation times and dynamic 

responses. Therefore, the Cp'' data suggest that these compositions indeed involve two 

distinct dynamic responses. These results are in a very good agreement with the high 

temperature NMR data that showed two distinct dynamic response for Se and GeSe4/2.  
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Figure 5.12.  RMS ratio of two Gaussian/one Gaussian peak fittings of the imaginary heat 

capacity. Deviation and the error bars indicate the statistical analysis performed on a 

frequency range 
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We have now confirmed that there are two different structural domains which respond 

differently to temperature perturbation throughout the glass transition. However, these 

two Gaussian peaks are not clearly distinct peaks as in the arsenic rich glasses. A 

statistical analysis of the deconvolution of the Cp'' peak can help understand the ratio of 

the two dynamic domains as a function of composition. In order to perform the statistical 

analysis each Cp'' peak was de-convoluted using a series of peak fitting combinations by 

systematically changing the relative peak intensity. Since selenium chains are floppy and 

have less number of constraints they are expected to match �
-1

 of the temperature 

oscillation at lower temperatures. Thus the low temperature peak was assigned to 

selenium chains and the high temperature peak was assigned to GeSe4/2 tetrahedra. The 

RMS value of the each peak fitting was plotted against the ratio of the surface area of the 

two peaks and it is shown in the Figure 5.14. The RMS exhibits a V-shaped trend and the 

deconvolution that corresponds to the minimum RMS value was selected for the 

statistical analysis. Then, the same process was repeated for 5 different oscillation 

frequencies.  

The results of this analysis are displayed in Figure 5.15. It is interesting to note that the 

surface of the two peaks becomes equal at <r>=2.4 for the GeSe4 composition. This 

composition can indeed be divided in two fractions corresponding to GeSe2 and Se2 

which contribute equally to the relaxation process. Hence the extremum in behavior at 

<r>=2.4 does not appear to be correlated to the rigidity percolation but rather to a simple 

stoichiometric ratio leading to a maximum broadening of the relaxation function under 

the contribution of two distinct structural domains. 
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Figure 5.13.  Deconvolution of a <r>=2.3 sample. The data obtained from the 

deconvolutions are used in Figure 5.15.  

 

 

Figure 5.14.  RMS of the deconvolutions for systematic peak positions and intensities 
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Figure 5.15.  Surface area of the two peaks used to deconvolute the Cp'' Error bars 

indicate the different values obtained from different frequencies  

 

Finally, we have estimated the activation energy of structural relaxation using the 

frequency dependency of the average relaxation time in the heat capacity spectroscopy. 

Each sample was scanned using the period of oscillations from 100s to 200s in 20s 

intervals. Details of this method have been explained in chapter 4. In summary, 

imaginary heat capacity shifts to higher temperatures with higher frequencies and the 

glasses that have high activation energies exhibit a smaller shifting rate since they gain 

structural degrees of freedom in a narrow range of temperatures and vice versa for the 

glasses that have low activation energies. The raw data collected for GeSe4 and GeSe9 are 

shown in Figure 5.16. GeSe4 exhibits a bigger temperature shift with frequency in 

comparison to GeSe9   
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Figure 5.16. Normalized imaginary heat capacity as a function of frequency for GeSe9  

and GeSe4. Reconstructed peaks(from the two Gaussian peak fitting) are displayed for 

reader’s eyes. Activation energies were calculated from the original measured data. 
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a  

b  

Figure 5.17. T�. as a function of oscillation frequency for a) GeSe4 b)GeSe9  glasses. Data 

points were obtained from the peaks shown in Figure 5.16. 

 

 

Figure 5.17. shows the linear relation between the logarithm of the oscillation frequency 

and the reciprocal of the peak maximum of the imaginary heat capacity, T�.. The 

activation energy for structural relaxation is equal to the slope of the linear fit of the ln� -

1000/T� plot multiplied by the ideal gas constant. The trend of the activation energy with 

average coordination numbers is shown in Figure 5.18. Activation energy shows a sharp 

minimum at <r>=2.4 which correspond to the GeSe4 composition.  
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Figure 5.18. Activation energy for structural relaxation versus average coordination 

number.  

 

In addition to the heat capacity spectroscopy, the activation energy for enthalpy 

relaxation was estimated using the standard Moynihan method. Details of this method 

have been introduced in chapter 4. A set of cooling/heating ranging from 3
o
C/min to 

30
o
C/min were used to estimate the shift of the glass transition with heating rate as shown 

in Figure 5.19. 

 

Figure 5.19. Natural log cooling rate vs. glass reciprocal glass transition  
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The activation energy for enthalpy relaxation is equal to the slope of the linear fit of the 

lnQ -1000/Tg  plot multiplied by the ideal gas constant. Figure 5.20 shows the activation 

energies estimated from DSC data which are very similar to the activation energies 

estimated from the MDSC data. Comparison of the non-reversing enthalpy with the 

activation energy for enthalpy relaxation is shown in Figure 5.21 
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Figure 5.20. Circles denote the activation energy for enthalpy relaxation and the squares 

denote the activation energy for structural relaxation 

 

 

Figure 5.21. Solid circles denote the activation energy for enthalpy relaxation measured 

in this study and open circles denote the non-reversing enthalpy from [94] 
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Both MDSC and DSC results contrast with the non-reversing enthalpy measurements and 

they provide no evidence for the so called IP phase.  

 

5.3. Conclusion 

Structural heterogeneity and formation of clusters in Ge-Se glasses have been 

demonstrated spectroscopically. Room temperature NMR measurements showed two 

peaks assigned to selenium chains and tetrahedral units of GeSe4/2 . Raman spectroscopy 

data revealed that edge sharing tetrahedral contribution is significant even for high 

selenium contents which can be related to clustering of GeSe4/2 and structural 

heterogeneity. High temperature NMR and heat capacity spectroscopy experiments 

indicate that selenium chains and tetrahedral molecules follow two distinct dynamics 

which are responsible for the extremum in behavior at the GeSe4 composition. This is 

consistent with, the frequency dependent heat capacity spectroscopy and the heating rate 

dependent Tg measurements which showed a sharp single minimum at <r>=2.4 indicative 

of strong glass behavior. The broadening of the Tg characteristic of strong glasses is the 

result of the contribution of two domains with different dynamic reponse. 
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6. Non-monotonic Evolution of Enthalpy Fluctuations 

During sub-Tg Annealing of Glassy Selenium 
 

6.1. Introduction 

Microscopic origins of the non-exponential structural relaxation have been a long 

standing question in glass science [49, 95-97]. The non-exponential relaxation behavior is 

considered to be governed by spatially heterogeneous dynamics. It is proposed that each 

spatial domain have unique relaxation kinetics and the distribution of relaxation times is 

related to the non-exponential structural relaxation [98, 99]. Calorimetric[31], 

magnetic[33], dielectric[34] and optical[32] experimental studies have supported the 

presence of the dynamic heterogeneity in glasses. Very limited number of studies has 

focused on the dynamic heterogeneities in inorganic glasses although organic glasses 

have been studied in more details. In this context, glassy selenium can be used to study 

the spatially heterogeneous dynamics for a number of reasons: a) it is an elemental glass 

former and artifacts of compositional fluctuations can be circumvented b) due to its high 

fragility a pronounced non-exponential relaxation can be observed c) its highly covalent 

nature allows the enthalpy landscape model to be employed to simulate the relaxation 

process.  

The results of theoretical models have recently demonstrated that the density fluctuations 

are related to the spatially heterogeneous dynamics in glassy selenium[100]. Density 

fluctuations are suggested to be associated with a large distribution of relaxation times. 

Low density domains relax faster and have a bigger contribution to the relaxation at the 

early stages of the annealing while high density domains relax slower and exhibit 

significant contribution only after long annealing times. This leads to a non-monotonic 
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relaxation of the fluctuations during isothermal annealing below the glass transition 

temperature.  

In this study, heat capacity spectroscopy experiments were conducted to investigate the 

evolution of enthalpy fluctuations and standard calorimetric experiments were performed 

to quantify the average enthalpy evolution. Both techniques were in very good agreement 

with the enthalpy landscape model predictions.  

 

6.2. Experiments 

Commercially available 99.999% purity Se was further purified using the method 

described in chapter 2. Then, ground selenium was passed through 140- and 200- mesh 

sieves to obtain particles in the range of 74 to 105 �m. To reduce the thermal gradient 

effects on the measured heat flow, the sample thickness should be as small as possible 

and the contact surface area of the sample must be large. Minimum sample mass that 

covers the whole surface of the DSC pans were measured to be ~14mg so each sample 

were weighed with a precision of – 0.01 mg to an exact mass of 14.27 mg which 

corresponds to a sample thickness of 250( – 20) �m.  

Heat capacity spectroscopy and average heat capacity measurements were conducted 

with a Q1000 MDSC from TA Instruments. The temperature was calibrated using an 

indium standard and the heat flow was calibrated using sapphire standards. Each sample 

was sealed in aluminum hermetic pans equilibrated in the liquid state, at 56 
o
C, for 2 

minutes to erase the thermal history and cooled below the glass transition to 25 
o
C at 

1
o
C/min rate. Then, the samples were placed in a temperature controlled ( – 0.1

 o
C) 

incubator and equilibrated at 25 
o
C. MDSC measurements were performed on the 
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samples systematically in the range of 30min to 2 weeks annealing time range. Each 

measurement involves two consecutive steps: 

a) measurement of the annealed state where samples were heated from 25
 o

C  to 56
 

o
C following a sinusoidal heating ramp using the heating rate of 1

o
C/min, the 

oscillation amplitude of 0.8
 o

C, and oscillation frequency of 0.00833Hz(120s). At 

56
 o

C, the sample was equilibrated for 2min and cooled down to 25
 o

C at 1
 

o
C/min.  

b) measurement of the rejuvenated reference state which follows exactly the same 

sinusoidal heating conditions as in the first step.  

Figure 6.1. shows the raw modulated heat flow data which is the response from the 

sample as a result of imposed oscillation heating rate. The average heat flow and the 

average heating rate were calculated from the temporal average of the modulated data.  

 

Figure 6.1. The raw data as collected from the instrument. Black lines denote the real 

input and the output in a sinusoidal function. Temporal averages are superimposed on the 

raw data and displayed as red lines. (data published in [55]) 
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The enthalpy landscape model calculations were performed by Dr. John C. Mauro at 

Corning Incorporated. The inherent structures and transition saddle points of the enthalpy 

landscape were determined by ab-initio derived two and three body potentials. Monte 

Carlo simulation was used to calculate the inherent structure densities [3, 101-103]. The 

evolution of enthalpy fluctuations were calculated by  

2
22 2(t) ( ) ( ) ( ) ( )H i i i i

i i

H t H t p t H p t Hs
� �

= - = - � �
� �

� �   (6.1) 

where (t)Hs is the standard deviation of enthalpy fluctuations, ip  is the probability of 

occupying basin in the landscape at time t, and Hi is the inherent structure enthalpy basin 

i[100].  

 

6.3. The Complex Heat Capacity Interpretation 

The real and imaginary interpretation of the complex heat capacity in relation to the 

linear response theory was discussed in details in chapter 2. In chapters 3-5, we 

implemented this method on As-Se and Ge-Se glasses and the linear response was 

confirmed with Lissajous curves. It has been argued that MDSC has a limited 

applicability to the characterization of annealed non-equilibrium systems [59, 65, 66] 

because the linearity of the response is more pronounced for:  

 

 

 

a) glasses that exhibit a steep change in the heat capacity at the glass transition due 

their thermodynamically fragility  
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b) glasses that have been annealing below the Tg   for a long time which leads to a 

large jump in the heat capacity at the Tg  due to the contribution of released 

enthalpy 

Se is a relatively fragile glass former and in this study we will be measuring a long range 

of annealing times so linearity must be carefully examined.  In addition, it has been noted 

that the equivalency of the average heat capacity to the specific heat capacity is only 

valid when the transition is not too sharp[58, 59, 65, 66]. It is obvious that higher 

oscillation frequency and lower heating rates yield a higher number of modulation 

periods within the transition region. Considering all these limitations, ideal MDSC 

conditions were determined by systematic test scans. The test runs covered a wide range 

of heating rate, frequency and amplitude combinations to identify the optimal parameters 

including: 

• heating rates: 0.2
  o

C/min to 3
  o

C/min 

• amplitudes: 0.2 
o
C to 2

 o
C  

• periods of oscillation: 60s to 180s.  

The ideal conditions were found to be the heating rate of 1
 o

C/min, the oscillation 

amplitude of 0.8 
o
C, and the period of oscillation of 120s. Samples that are annealed for 

longer times posses a higher risk of non-linearity. Lissajous plots for the sample that was 

annealed for 249h, the longest annealing time in this study, are illustrated in Figure 6.2. 

The glass transition range is the point of interest as the change in the heat capacity is 

much more pronounced. Figure 6.2.a shows the elliptical retractable curves in both the 

liquid and the glass state. In the glass transition range undistorted elliptical shape is 

preserved as shown in Figure 6.2.b and the change in the slope of the curve reflects the 
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change in the heat capacity. The linearity of the system is confirmed for annealing times 

up to 249h provided the measurement is performed in the ideal experimental conditions.  

  

 

 

Figure 6.2 Lissajous curves of a Se sample annealed at 25 
o
C for 249h a) in the glassy 

and liquid regios, b) in the glass transition range  MDSC conditions: amplitude =0.8
 o

C,  

heating rate= 1
 o

C/min, period= 120s (data published in [55]) 

 

To demonstrate the importance of experimental conditions, an example of a higher 

heating rate and a slower oscillation frequency used for a Se sample that was annealed for 
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192h at 22
 o

C is depicted in Figure 6.3. The elliptical shape is clearly distorted in the 

glass transition range albeit linear in the glass and liquid states.  

 

Figure 6.3. Lissajous curve of a Se sample annealed at 22 
o
C for 192h MDSC conditions: 

amplitude =1
 o

C,  heating rate= 2
 o

C/min, period= 180s (data published in [55]) 

 

Figure 6.4 shows the raw phase angle and the corrected phase angle. The phase correction 

was performed using the standard method demonstrated in the previous chapters. This 

correction method does not modify the shape of the curve and it only involves: 

a) tilting the baseline to obtain a curve parallel to the temperature axis. 

b) shifting the peak vertically.  

In the first step, (a) the shift in the heat flow due to the difference in thermal contact 

between the sample and the aluminum pan is corrected. The second step (b) corrects the 

additional constant phase angle due to the sample thickness and instrumental thermal 

inertia effects. These corrections have no effect on the linearity of the system. 

Theoretically, the phase angle is defined to be equal to zero for the liquid and the glassy 
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states so the corrections are required to obtain the imaginary heat capacity peak so that 

the full width at half maximum (FWHM) can be estimated 

 

Figure 6.4. Phase angle correction. The curve on the top represents the raw data, the 

corrected curve is at the bottom.  

 

6.4. Results 

The real ( 'Cp ) and the imaginary ( ''Cp ) parts of the complex ( *Cp ) heat capacity were 

obtained using Schawe’s method[56] as explained in chapter 2. The ''Cp  peak is 

stretched throughout the glass transition region and the ''Cp  peak shape can be fitted 

with a Gaussian function. The Gaussian FWHM can be correlated to the distribution of 

fictive temperatures Tf  .according to the TNM equation[26] (chapter 2) which shows that 

relaxation time is a direct function of Tf .  Thus, a wide distribution of dynamic micro-

domains with different Tf will lead to a wide distribution of relaxation times. The 

imaginary heat capacity represents the response of the system when the local relaxation 

time equals the period of oscillation (�
-1

), hence a system with a wide distribution of 

micro-domains will exhibit a Gaussian peak with a large FWHM. Therefore, the FWHM 
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of the ''Cp  peak is regarded as a measure of the distribution of dynamic domains and 

permits to characterize the evolution of the enthalpy fluctuations with annealing time. 

 

Figure 6.5. The real  and imaginary parts of complex heat capacity for an unannealed Se 

sample (data published in [55]) 

 

  

In addition, it is emphasized that the FWHM of the ''Cp  peak can be correlated to �, the 

stretched exponential coefficient in TNM model[62]. A model to predict the � using 

MDSC data has been proposed[104]. However, the applicability of this model as a global 

method to predict the � has not been confirmed and it has been only tested for a very 

limited number of samples from the same glass system[104]. Nevertheless, there is a 

consensus that the width of the imaginary heat capacity peak is related to the distribution 

of dynamic domains [62, 105].  

The temperature indicated with a dotted line (T�) in Figure 6.5. corresponds to the 

temperature where the average relaxation time is equal to �
-1

 and it shifts to higher 

temperatures with increasing annealing time as shown in Figure 6.6.  As explained in 
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chapter 2 during annealing below Tg the fictive temperature shifts to lower temperatures 

as the structure is approaching the equilibrium state. Figure 6.6. shows the shift in the T�  

which is representative of the decrease in fictive temperature during annealing.  

 

 
Figure 6.6. Monotonic shift of T� denotes the monotonic decrease of the fictive 

temperature towards the equilibrium  (data published in [55]) 

 

 

The average heat capacity obtained from the temporal averages of the heat flow and 

heating rate (as shown in Figure 6.1.) is equal to the standard heat capacity measured 

from a DSC measurement when the linearity conditions are satisfied[65]. Average heat 

capacities exhibit an increasing magnitude of jump at the glass transition with increasing 

annealing time as shown in Figure 6.7. 
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Figure 6.7. Selected average heat capacities from the early stages of the experiment 

(80min) to the longest annealing time (249). Reference curve displayed with a red line 

corresponds to the unannealed state.    (data published in [55]) 

 

The enthalpy released ( releasedH ) during the annealing can be calculated from equation 

(6.2) which is written as[106]: 

2 2

1 1

T T

released anneal ref anneal ref

T T

H H H Cp dT Cp dT= - = -� �                   (6.2) 

where Hanneal is the enthalpy of the annealed state, Href is the enthalpy of the unannealed 

glass, Cp(anneal) is the average heat capacity obtained from the first heating scan 

consecutively after removing from the incubator, Cp(ref) is the average heat capacity 

measured in the second heating scan after erasing the thermal history, and T1 to T2 is the 

scanning temperature range. The released enthalpy values obtained from this method are 

shown in Figure 6.8a for up to 249 hours of annealing at room temperature. Enthalpy loss 

values were also calculated with the enthalpy landscape model using the exact same 
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experimental conditions and it showed a monotonic stretched exponential decay function 

very similar to the measured released enthalpy trend.  

 

 

Figure 6.8. a) Enthalpy released follows a monotonic stretched exponential trend with 

annealing time b) Computed evolution of average enthalpy loss  (data published in [55]) 

 

The evolution of the enthalpy has been shown to follow a KWW[28] type stretched 

exponential decay function. This decay follows the expected pattern and is clearly 

monotonic. On the other hand, enthalpy fluctuations quantified as the FWHM of the 

imaginary heat capacity follow a non-monotonic trend where the width becomes narrow 
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until it reaches a minimum then broadens again as depicted in Figure 6.9.a. Computed 

enthalpy fluctuations exhibit the same non-monotonic trend where the enthalpy 

fluctuations start to increase again after a local minimum is reached as shown in Figure 

6.9.b.  

 

Figure 6.9. a) Non-monotonic evolution of the FWHM b) Computed enthalpy 

fluctuations shows the same non-monotonic evolution (data published in [55]) 

 

The time when the enthalpy fluctuations reach the minimum is one order of magnitude 

off between the model and experiment. This is possibly due to the difference between the 
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fragility index used in the simulation (m=49) and the experimental value of the fragility. 

Yet, the qualitative trend of the model and the experiment is in a good agreement. 

 

6.5. Discussion 

The configuration of glass forming liquids can be represented as a wide distribution of 

basin depths and potential energy barriers in a hyper surface energy landscape. Low 

density configurations are characterized by shallow energy barriers for inter-metabasin 

transitions which correspond to faster kinetics of �  (structural) relaxation. High density 

configurations, on the other hand, exhibit deep energy barriers for inter-metabasin 

transitions which lead to slower structural relaxation. Consequently, distribution of 

potential energy barriers between metabasins governs the distribution of relaxation time 

of the system.  

 

 

Figure 6.10. Schematic illustration of the 3N+1 dimensional energy landscape on a 2D 
plot for a) a strong glass forming liquid and for b) a fragile glass forming liquid  (from 
[107])  
 


