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Introduction 

 

Glasses can be realized with very good homogeneity in a variety of forms 

and sizes, from small fibers to meter-sized pieces. Moreover, unlike 

crystalline materials, glasses can be doped with rare earth ions and micro-

crystallites, so to change their chemical and physical properties over a very 

wide range in order to meet the needs of different applications, from 

photonics to optic fibers and solid-state memories.  

However, despite glasses are widely used in several applications, the full 

understanding of their unique properties is still lacking. In particular, the 

detailed knowledge of the atomic-scale structure is of great importance. 

Another issue of relevant interest is the low frequency dynamics that is 

characterized by the presence of the ‘boson peak’, i.e. an anomalous excess of 

low energy vibrational modes with respect to the corresponding crystalline 

systems.  

The boson peak is a distinctive poorly understood feature of glasses and in 

general of amorphous systems. Therefore, explaining its origin would permit 

to clarify the puzzling issues regarding the vibrational dynamics and the 

structure of disordered systems.  

Although the boson peak shows properties, such as its shape, underlining the 

universality of some characteristics for the amorphous state, its frequency 

position and intensity strongly depend on the peculiar structure of the 

investigated system. 

http://context.reverso.net/traduzione/inglese-italiano/misunderstood
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Detailed information on the low-energy vibrational dynamics can be 

obtained by low-temperature specific heat and inelastic neutron scattering 

measurements, which allow the determination of the vibrational density of 

states. Raman spectroscopy, as well, represent a valuable technique to 

investigate low frequency dynamics of amorphous systems.  

 

In this thesis, the issues of the vibrational properties of glasses, the origin 

and nature of the Boson peak and the structural order on the intermediate 

length scale will be addressed.  

The change of glass composition and of external pressure have been chosen 

as strategies for elucidating these features. 

The investigated samples were a series of alkaline borate glasses 

(M2O)x(B2O3)1-x, with M=Li, Na, K, Cs ions, a series of permanently 

densified B2O3 glasses and an α-quartz. 

 These samples have been chosen as model systems because they are being 

studied from a long time and many of their macroscopic physical and 

chemical properties are well known. Most importantly, the composition of 

alkaline borate glasses can be changed in a wide range, whereas the vitreous 

B2O3 can be easily hydrostatically pressurized. These characteristics make 

these systems interesting for the scopes of the present study.  

 

The thesis is organized into five sections. An overview of the structural and 

low energy-dynamical properties of glassy systems is given in Chapter 1.  

The Chapter 2 shows how these properties change with pressure. A 

description of the investigated samples is provided in the Chapters 3, 

whereas the description of Diamond Anvil Cell for high-pressure Raman 

measurements and an overview of all the experimental techniques used for 

the present study are given in the chapter 4. Finally, the experimental results 

and the discussion are illustrated in Chapter 5. 
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 Chapter 1 

  

LOW ENERGY VIBRATIONAL ANOMALIES 

IN AMORPHOUS SYSTEMS 

 

  

1.1 Structural properties of disordered systems 

 

Unlike the well-defined order that distinguishes crystals, the atomic order in 

amorphous systems is still not completely understood.  

 

The order of a material can be classified in three different levels: 

 

-  short range, which concerns the nearest neighbor atoms located at distances 

in the range between 3-5 Å;   

- intermediate range, which involves structures located on length scales 

between 5-20 Å;  
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- long range, which interests structures with a reciprocal distance greater than 

20 Å.  

 

 

 

The atomic arrangement in crystals (Figura 1a) is characterized by a 

translational periodicity in the disposition of the atoms.  

Differently, amorphous systems (Figura 1b) exhibit an unordered 

distribution of constituent atoms, thus not showing any long-range 

translational order over 20 Å; nevertheless, in glasses (and similarly in gases 

and liquids) a certain correlation between the atomic positions over the 

intermediate length scale is typically observed.   

 

 

 

 

  

Figure 1. Two-dimensional representation of a) a crystalline structure and b) of its 

corresponding amorphous structure. 
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1.1.1. Intermediate Range Structure and the First 

Sharp Diffraction Peak 

The atomic order in the intermediate range scale is peculiar of disordered 

systems that have predominantly directional bonds and it is generally 

attributed to the bonding lengths between the nearest neighbor atoms, the 

coordination number and the bonding angles. 

The structural correlations, which define the intermediate range order in 

glasses, are associated to the appearance in the neutron and X-ray diffraction 

pattern of a peculiar peak at scattering vector values Q lower than 2 Å-1 (1; 

2). This peak, named First Sharp Diffraction Peak (FSDP), has been 

observed in a wide range of disordered systems, including glass-forming 

liquids, solid glasses, molecular glasses, metallic glasses and polymers (3; 4; 

5; 6). 

Furthermore, it has a typical full-width at half maximum FWHM of 0.4–

0.5 Å−1 that is much sharper than the peaks at higher Q.  

The modulus of the momentum transfer wave vector Q is defined as 

 

Q=4π·sinθ /λ     (1) 

 

λ and 2θ being the wavelength of the incident radiation and the scattering 

angle, respectively. By the Fourier transformation of the structure factor 

S(Q), it is possible to obtain the corresponding reciprocal r-space, where the 

components of period ≈ 2π/Q ≈ 4-6 Å are involved (7).    

The Fourier analysis on the diffraction components localized in the limited 

Q region of the FSDP, results in delocalized features in the r space, with 

width ≈ 2π/ΔQ of the order of 15-25 Å. It corresponds to a remarkably long 

range for materials that by definition have no long range order, but, so far, no 

exhaustive and clear information about the involved interatomic correlations 

was given. Moreover, unlike the other peaks in the S(Q), this peak shows 
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anomalous and puzzling dependences on temperature, pressure and 

composition:  

 

- by increasing temperature,  the FSDP  intensity increases (see Figure 2), 

unlike the peaks in the S(Q) at higher Q values which follow the behavior  

predicted by the Debye-Waller model (8; 9; 10);  

 

- by increasing pressure or density, the FSDP decreases in intensity and 

shifts to higher values of Q (see Figure 3) (11; 12).  

- by changing the glass composition, as well as upon the addition of 

network modifier atoms, the intensity of FSDP markedly changes and/or 

splits (6; 13; 14; 15). 

 

 

 

Figure 2. Temperature dependence of S(Q) at 3.7 and at 9.9 GPa of SiO2 Glass (9). 
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Figure 3. Neutron diffraction pattern for ambient pressure and permanently 

densified lithium disilicate glasses. Data are vertically offset to enhance clarity (16). 

 

 
 

The position Q1 of the FSDP is related to a real space periodic distance, 

d=c/Q1 (where c is a constant, whose value has not been yet univocally 

defined); conversely, the width of the peak is attributed to the damping in 

amplitude of the real space oscillations even though the origin of such 

correlations is still unknown. 

 

1.1.2 Structural models for the FSDP in glasses  

Several interpretations have been elaborated to justify the structural origin 

of the FSDP characterizing the intermediate range order in amorphous and 

glassy systems; however it still remains a subject of theoretical controversy, 

since no convincing model accounting for all its anomalous behaviors has 

been proposed yet (17; 18).  

Most of the tentative explanations relates the FSDP to the presence of 

super-structural units (19; 20; 21). 



 6 

Several authors assume that FSDP arises from an underlying crystalline 

order (17; 18; 22) or, quite differently, from the chemical ordering of 

interstitial voids occurring in the structure (15; 23; 24; 25). 

The crystalline-like model is based on the hypothesis that the FSDP is the 

result of a characteristic distance corresponding to the set of Bragg planes in 

the related crystals with the largest inter-planar spacing (26). 

The traces of these lattice planes are believed to remain in the disordered 

phase and the FSDP is the result of the scattering from these planes: indeed, 

it had been observed that in many amorphous materials the wave vector of 

the FSDP is close to the position of the diffraction peak with the lowest wave 

vector of the related crystalline phase (Table 1).  

 

 

Table 1. Comparison of the position Q1 of the FSDP, for several glass and liquid 

systems, with 2π/dcryst , dcryst  being the lattice spacing of the first peak obtained by X-

ray diffraction in compositionally similar crystals (26). 
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The FSDP position, Q1, is related to the interlayer separation D via the 

relation (27)  

Q1~2π/D    (2) 

 

A more wide-ranging explanation for the origin of the FSDP is provided by 

the void-based model (28), which attributes the FSDP to structural voids, 

whose presence is a distinctive feature of glasses.  

This model interprets the FSDP in the structure factors of covalent glasses 

as a pre-peak in the concentration-concentration structure factor due to the 

chemical short range ordering of interstitial voids around cation-centered 

clusters. The Elliott’s model gives a satisfactory explanation also for 

network-modified glasses (i.e. glasses with a considerable amount of 

network modifiers in the structure), proposing a simple interstice-stuffing 

model, in which the network-modifying ions (NMI) occupy the structural 

interstices.  

A decreased intensity of the FSDP is predicted if the filling ion has a 

positive neutron scattering length, whereas an increased intensity of the 

FSDP is foreseen if the network-modifying ion has a negative neutron 

scattering length.  

Unfortunately, despite the merit of their generality and simplicity, both the 

crystalline- and the void-based models are found to generate contradictory 

results, being so dependent on the specificity of the questioned system. 

The crystalline-like model is inconsistent with some experimental 

observations, such as the unjustified persistence of the FSDP into the liquid 

(29), or the evidence of layered-like structures in systems which do not 

exhibit a FSDP (4).  

Furthermore, more recently, ab initio study has shown that the appearance 

of the FSDP is not correlated to crystalline-like layers, while cluster–void 

correlations were found (30).  

Even the Elliot’s void–cluster-based model is not infallible: it fails to justify 

the appearance of a pre-peak in the FSDP region of glassy networks 
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modified by the addition of metal cation (31; 32); furthermore, this model 

has been ruled out by evidence of the lack of a FSDP in the concentration-

concentration partial structure factor of silica glasses (6). 

Nevertheless, it is worth to note that, despite some inconsistencies, the 

Elliot’s model has lately received a renewed interest.  

In fact, recent atomic resolution transmission electronic microscopy 

measurements (33) have evidenced the existence of a continuous random 

network of rings in two-dimensional silica glasses, giving new support to the 

idea that voids could be the key to explain the microscopic origin of the 

FSDP. 

Very recent investigations of the structure of a series of alkaline borate 

glasses on the intermediate range length scale have shown that the FSDP in 

the structure factor is preceded by a pre-peak (15), whose position and 

intensity depend on the content and type of metal oxide added. Then, a 

revised void-based model has been proposed, in which the FSDP in glasses 

arises from the periodicity of boundaries of small voids, homogeneously 

distributed in the network.  

 

 

1.2 Vibrational dynamics in disordered 

systems    
 

In solid systems, the atoms execute small oscillations around their 

equilibrium positions at every temperature, both at the absolute zero, as a 

result of zero-point motion and at high temperatures, as a result of thermal 

fluctuations.  

Vibrational states of periodic crystals can be well described as quantized 

plane-waves (phonon modes), but the nature of vibrations in amorphous 

systems remains difficult to understand.  
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Furthermore, topologically disordered systems exhibit unusual thermal, 

vibrational and dynamics properties when compared with their crystalline 

counterparts, such as the acoustic dispersion and attenuation, the thermal 

conductivity and expansion, the low temperature specific heat, the low 

frequency inelastic Raman scattering and the vibrational density of states.  

 

 

 

1.2.1 Vibrations in solid  

The theory of the dynamical properties of a solid can be treated by using 

two approximations: Born-Oppenheimer and harmonic approximations. The 

first is the adiabatic approximation, which allows to separate the electronic 

dynamics from the nuclear one. The second one is based on considering the 

hypothesis of small nuclear oscillations around the equilibrium positions. 

The adiabatic approximation permits to describe the vibrational dynamics of 

a system of N atoms in positions{r}, by a Hamiltonian of the form: 

 

),...,(
2

1
1

2

N

i

ii rrVrmH  



     (3) 

 

where α indicates a Cartesian coordinate, mi is the mass of the ith-atom, and 

V (r1; r2, ..., rN) is the N-body potential which describes interactions of all 

atoms in the solid. Since, the atomic motions are small displacements u 

around an equilibrium position r0, hence ri  can be written as 

 

ri = r0i + ui    (4) 
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The use of the harmonic approximation simplifies the formula of the 

potential V, which, as a matter of fact, can be expanded in series of u's until 

the first non-vanishing term, which is the quadratic one:  
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where n runs over the number of Wigner-Seitz cells in the volume of the 

material N; α runs over the number of atoms in the basis r; i is one of the 

three Cartesian coordinates.  

The first term in this expansion is constant and represents the potential 

energy of the ion lattice in equilibrium. It can be omitted since does not 

appear in equations of motion. The second term is linear in inu   and it 

disappears because only equilibrium positions are considered. The third term 

is usually written in the following form: 
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  (6) 

  

where the force constant matrix
j βn'

 i nα , having 3rN rows and columns, 

represents the force in the i-th direction acting on the α-th atom in the n-th 

cell, when the  β-th atom in the n’-th cell is displaced by unit distance in the 

j-th direction.  

On these bases, the Hamiltonian of the system becomes: 

 

j β n'i n 

j βn'

 i nαj βn' i n 

2 uuΦ
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where mα is the mass of the α–th atom and unα is the instantaneous vector 

displacement from equilibrium. Therefore, we can write the equations of 

motion of the system as:  

 

j β n'

j βn'

 i nαj βn'j βn' 

j βn'

0j β n' i αn 

2

uΦu
rr

V
 




inum 

   (8) 

 

 

Considering a solution that is periodic in time, having thus the form of a 

plane wave 
ti

inin eumtu 
 )(  (where inu   are time independent), 

Equation 8 may be rearranged in: 

 

j β n'

j βn'

 i nαj βn'

uDine 2     (9) 

 

The problem is thus reduced to an eigenvalue problems for the 3N x 3N 

matrix D, whose elements are: 

 

jimm
D

j βn'

i nαj βn'

in




    (10) 

 

The real symmetric matrix D is called dynamical matrix, it has 3Nr real 

eigenvalues ω2
k and the 3N-dimensional eigenvectors uk are called normal 

modes. 

In this way, the coupled oscillations of the atoms are replaced formally by 

decoupled collective excitations, the phonons. 
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1.2.2 Vibrations in crystal and glasses 

In the case of a perfect crystal the situation is simplified by considering the 

lattice periodicity. 

The Bloch theorem allows to restrict the problem to a single unit cell of r 

atoms. Moreover, the vibrational eigenvectors in a crystal will be plane 

waves, labeled by well-defined wave vectors q, lying in the First Brillouin 

zone.  

In a quantum mechanical description, the 3N decoupled collective 

vibrations of a crystal can be described in terms of bosonic quasi particles 

called phonons. For each allowed q there are 3r real eigenvalues denoted as 

ωk
2(q) and the frequencies ωk(q) are real for the stability of the lattice.  

For each q, the 3r functions can be regarded as branches of a multivalued 

function and the relation ω= ω(q) is defined dispersion relation.  

In general, there are three branches called acoustic branches for which ω(q) 

goes to zero when q approaches zero. In this case, the vibrations of the atoms 

are in phase and there are one acoustic mode with longitudinal polarization 

and two with transverse one.  

If r >1, moreover, there are further 3(r-1) optic branches. These branches 

tend to a finite value as q approaches zero and if q=0 the basis atoms vibrate 

against each other. 

These conclusions in harmonic approximation do not hold in the case of 

amorphous solids, not allowing to predict the damping of the vibrational 

excitations.  

Because of the loss of periodicity, there are no restrictions to the values 

that the quantum number q can take. Thus, several vibrational modes with 

the same frequency, but different values of q, can coexist in amorphous 

solids.  

As it is possible to observe in the schematic representation of the 

dispersion curve in Figure 4, ω doesn’t follow a single curve vs q.  
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The curve shows that q is well defined at small wave-vector values, while 

at larger q-values the uncertainty in q considerably increases. 

 

 

Figure 4. Schematic representation of the dispersion curve ω (q) of an acoustic 

branch in a glass. 
 

 

 

 

 

 

This is due to the fact that, at low frequencies, i.e. in the long wavelength 

limit, a glass appears as an elastic continuum medium and the disorder does 

not affect the vibrational dynamics. By increasing the q-value, the excitation 

wavelength becomes shorter and the local structure is more and more 

relevant.  

As q approaches to zero, the vibrational excitations have the characteristic 

of linearly propagating acoustic waves, with speeds of sound vL and vT and 

the two transverse branch are degenerate because of the isotropy. At higher 

q-values, the well-defined sound waves turn into a complex pattern of atomic 

motions that mirrors the structural disorder.  

Moreover, although the Brillouin zone is not rigorously defined, the 

dispersion relation shows a structure which can be related with the peaks of 

the static structure factor S(Q) which act as smeared reciprocal lattice 

vectors. 
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1.2.3 The vibrational density of states 

To describe the vibrational properties in crystals as well as in disordered 

systems we can use the vibrational density of states (VDOS), which is 

defined as:  

 

  
k

kg )(     (11) 

 

where g(ω)dω is the number of vibrational states having frequencies 

between ω and ω + d ω. 

 

 

 

 

Figure 5. a) Phonon dispersion relation and b) phonon density of states VDOS of 

diamond. Solid curves show the calculated dispersions. Experimentally, dispersion 

relations over the Brillouin zone have been obtained by measurements such as 

neutron scattering, electron energy-loss spectroscopy, and x-ray scattering 

techniques (34). 
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In crystals, the sum over k is executed over all branches and covers the first 

Brillouin zone. The relation between the dispersion curve and the DOS of a 

crystal is shown in Figure 5: the peaks in the DOS of a crystal are associated 

with the Van Hove singularities that define the regions where the dispersion 

curve is flat ( 0/  q ). 

In glasses, the index k in Equation (11) is a label for the vibrational 

eigenstates. The typical sharpness of the crystalline DOS disappears and the 

Van Hove singularities are smeared out as a consequence of the finite width 

of the energy distribution of vibrational excitation about a given q value.  

The vibrational density of states represents a link between a microscopic 

description of a solid and its macroscopic properties. Therefore, knowing the 

g(ω) we can derive thermodynamic properties such as the heat capacity C 

and the thermal conductivity κ. 

 

 

 

 

 

 

1.2.4 Low temperature properties and specific heat 

The differences in the structures between glasses and crystals are considered 

responsible for the peculiar glassy anomalies observed in various physical 

properties, as the low temperature thermal properties.  

Thermal properties in crystals are predicted by the Debye’s theory, proposed 

in 1912 (35). Statistical mechanics describes atoms in solids as harmonic 

oscillators, and their specific heat is obtained by differentiating the average 

total energy of the system (36):  
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where D(ω) is the density of vibrational states and D(ω)dω is the 

fraction of modes within the frequency range ω, ω +dω. Equation (12) can be 

solved only if the analytical expression of the density of vibrational states is 

known.  

Debye proposed two simplifications. First of all, he considered the acoustic 

modes all having the same constant sound velocity vD. Since the sound 

velocity depends on the crystallographic direction of propagation and on the 

two different types of acoustic modes longitudinal and transverse, Debye 

defined vD as a weighted average of longitudinal vl and transverse velocities 

vt: 

 

333

213

tlD vvv
     (13) 

 

The second hypothesis formulated by Debye concerns the Brillouin zone 

(BZ) and affects the integration limits: Debye replaced the true shape of BZ 

with a sphere having the same volume in reciprocal space. This assumption 

implies the existence of a maximum allowed wavevector for lattice waves, 

the Debye wave-number qD equal to   3/1
2 NDq  and corresponding to the 

typical inverse inter-particle distance of the system. The wave-number qD is 

associated to the so-called Debye frequency ωD, defined as  

 

323 6 DND v      (14) 

 

 The VDOS predicted by the model has the following form  
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In this framework, Equation 12 becomes: 
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where KTz /  and ΘD is the Debye temperature which is defined by 

DDBk  .  

When T/ ΘD is large (T>>ΘD), the upper limit in the integral is small, so the 

integrand can be expanded giving the Dulong - Petit law: 

 

 

CV=3Nk    (17) 

 

 

At low temperatures (T<ΘD), the upper limit ΘD/T can be taken as infinite 

so the integral tends to a known value and the specific heat becomes: 
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Equation (18) represents the well-known T3-law of specific heats, valid only 

at low temperatures.  

Since at temperatures lower than ΘD (the temperature needed to excite all 

the acoustic modes) the mean free path of phonons is high, it is expected that 

structural disorder is unimportant; therefore, amorphous and crystalline solids 

could be both described within the same approximation, resulting in the same 

thermal properties.  



 18 

However, this is not experimentally observed: in many types of glasses the 

low temperature specific heat Cv increases linearly with the temperature T, 

unlike T3 as expected from the Debye model. 

The Figure 6 shows the specific heat Cv measured in both crystalline (α-

quartz) and amorphous SiO2: the two systems display a markedly different 

behavior in the low temperature range: the heat capacity of crystalline quartz 

data follow the Debye ~ T3 behavior, described by Equation  
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4
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   (18) 

 

whereas the specific heat of the vitreous silica decreases much more slowly 

with temperature than predictions and its trend can be described by an 

equation of the form: 

 

3bTaTCv      (19) 

 

where the coefficient b exceeds the values predicted by Equation (18).  

The thermal properties of glasses can be described separately in two 

temperature regimes. For T > 2K the theoretical models suit well to 

experimental data; for T < 2K the specific heat is essentially linear in 

temperature, indicating an approximately constant density of states in addition 

to the Debye one.  

As it is possible to see in Figure 6 b), in the region T > 2K, the reduced 

glassy heat capacity CV/T3 exceeds the crystalline one. Both phases show a 

asymmetric band at about 10 K (37), which reflects the presence of an excess 

of modes in the vibrational density of states g(ω) over the Debye density of 

states gD(ω): in crystalline system, it is related to an excess of the transverse 

acoustic vibrational excitations near the boundary of the First Brillouin zone; 
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in glassy system this hump appears shifted to lower temperatures, also 

showing an increased magnitude.  

The presence of an excess specific heat at low temperature is a distinctive 

feature of all glassy and amorphous investigated systems and the question of 

its origin is far to be completely clarified.  

 

 

 

 

 

 

Figure 6. a) Specific heat of vitreous SiO2 (red circles), compared with that of crystalline  

α-quartz (blue squares). b) Specific heat divided to T3 for crystals (blue line) and glass (red 

line); dashed lines are the Debye model predictions (38).  
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1.2.5 The excess of vibrational states vibrational 

density of states and the Boson Peak 

The excess of specific heat, observed in glassy systems at temperature 

above 1K, is related to the presence of an excess in low energy vibrational 

states. It is usually observed as a broad bump in the energy region lying 

between 2 and 10 meV of the vibrational density of states g(E)/E2, and 

usually referred to as the “Boson Peak” (BP), because its intensity scales 

with temperature approximately following the Bose Einstein statistics. 

 

Although the BP has been observed in a wide range of materials, both in 

experiments (Raman, neutron, X-ray, and other inelastic scattering 

experiments (39; 40; 41; 42) and in computer simulations  (43; 43), its 

physical origin and the nature of the modes responsible for this excess are 

object of a very intense and controversial debate (44; 45; 46).  

In particular, although a peak is often present in the reduced density of 

states g(E)/E2 of the crystalline phase, it is found at lower frequencies and 

with an enhanced intensity in the glassy counterpart, indicating the existence 

of an higher number of low energy states.  

Moreover, its energy (or frequency) position and intensity depend strongly 

on the peculiar structure of the investigated system, and consequently on the 

chemical bonds of the atoms forming the network: the number of modes 

contributing to this peak results higher in strong (like covalent systems) than 

in fragile glasses (molecular and ionic systems) (47).   

Therefore, a study of the changes of BP in intensity, position or width 

induced by variations of external parameters (i.e. pressure, temperature, 

composition) would let to explain the nature of low energy vibrational 

modes.  
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Numerical simulations (48) and recent experimental investigations (49) on 

several glass-forming systems showed that an increase in BP position and a 

decrease in its intensity take place if a hardening of the medium occurs (see 

Figure 7).   

This behavior has been tested for hardening of the systems originated by 

temperature (50) (51), aging (52) or densification (due to an increased 

polymer connectivity (53) or to applied pressure (42)).  

 

 

 

Figure 7. (a) Reduced density of vibrational states g(E)/E2, obtained by Inelastic 

Neutron Scattering, of normal GeO2 glass (violet diamonds) and permanently  

densified samples: 2 GPa (red circles),4 GPa (blue triangles), and 6 GPa (green 

squares ); (b) Temperature dependence of Cp /T
3 for permanently densified glasses 

(49). The continuous lines represent the fits of the data. 
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1.2.6. Experimental determination of vibrational 

density of states  

The nature and type of vibrations occurring in systems can be investigated by 

several experimental techniques. Since it is believed that the Boson peak is 

related to an anomaly in the density of states g(ω), this is the actual quantity 

to be determined.  

In particular, in glasses the density of vibrational states can be directly 

determined by means inelastic neutron scattering, low frequency light 

scattering experiments (Raman) or measurements of low temperature specific 

heat. 

The equation that relates the density of states to the specific heat (54) is 

given by: 

 dng
T

CV 


 )()(    (20) 

 

Therefore, if CV is measured, g(ω) can be determined within an additive 

constant.  

In the case of first-order Raman scattering on a disordered system, the 

Raman experimental intensity is proportional to the vibrational density of 

states g(ω). For a Stokes process, the relation between the Raman scattering 

intensity and the density of vibrational states is given by the following 

equation (55): 

 

 





1),()()(
)(exp




TngC
I    (21) 

 

where ω is the frequency shift, given by the difference between the 

incoming radiation frequency and the scattered light frequency; I(ω) is the 

Stokes component of the Raman scattering intensity; n(ω) is the Bose factor; 

C(ω) is the Raman phonon-photon coupling coefficient.  
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Removing the trivial temperature dependence given by the Bose factor and 

dividing by ω, we obtain the so called reduced Raman intensity IN(ω) which 

is directly proportional to g(ω)/ω2 trough the coupling function C(ω): 
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   (22) 

 

The Raman spectrum in solids can be usually divided in two parts: 

 

- the low frequency region (below 100 cm-1) 

- the high frequency region (above 100 cm-1) 

 

The low frequency range is characterized only by acoustic-type vibrations, 

while the high frequency region is connected to optical phonons.  

Owing to photon properties, Raman spectra of crystals do not exhibit any 

contribution in the acoustic range of vibrational states below 100 cm-1. This is 

due to the fact that light photons have wave-vector of the order of 105 cm-1, 

while the first Brillouin zone is about 108 cm-1; so only information at q=0 is 

provided. Thus the acoustic contributions never appear, since their dispersion 

curves are almost zero in this region.  

In glassy systems, the low frequency region can be further divided in: 

 

- the Boson peak region (above 10 cm-1) 

- the quasi-elastic scattering region (below 10 cm-1) 

 

The quasi elastic scattering contribution (QES) appears as a strong peak 

centered at ω=0 and having a characteristic width of a few cm-1. It dominates 

the Raman spectra at frequencies below 10 cm-1 and exhibits a strong 

temperature dependence. Although many models have been suggested to 

explain the QES, its nature is still a matter of intensive debate. 
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Scattering of photons on structural relaxations or scattering of photons by 

vibrations, which are damped by some relaxations are the most prevalent 

interpretations.  

On the other hand, the spectral region above 10 cm-1 is  dominated by the 

presence of the broad asymmetric peak, which is the Boson Peak.  

 

 

1.2.7 On the origin of the Boson Peak 

It is believed that understanding the behavior of the boson peak is the key to 

clarify the anomalies of the vibrational states of glassy and amorphous 

materials, which are beyond the simple plane-wave phonon picture valid for 

crystals.  

A common consensus considers the boson peak as an expression of the 

structural disorder. However, its physical origin is a controversial topic in 

condensed-matter physics and materials science: different theoretical 

interpretations have been suggested that include localized vibrational states 

(56), soft anharmonic vibrations (44), intrinsically diffusive relaxational 

motions (57; 58) and propagating modes (59). Two points of views can be 

mainly distinguished to sum-up all the phenomenological and material-

specific models concerning the nature of the Boson Peak:  

 

-  the first one attributes the origin of BP and the anomalies in the low 

temperatures thermal properties to propagating acoustic modes in the regime 

where the structural disorder comes into play (41; 60); 

-  the second one ascribes this excess in the density of states to the 

localizations of phonons strongly scattered at the BP energy or strictly 

introduced by the disorder (61). In this regards one of the most interesting 

model is the soft potential model (SPM) (62).  
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In particular, the SPM assumes the existence in glasses of some typical soft 

structure (defects with very small elastic constants) whose dynamics can be 

described by soft anharmonic potentials with parameters distributed 

according to a probability law because of the randomness of their local 

environment. The resulting potentials can be single (soft vibrations) or double 

wells and, depending on barrier height, it gives additional tunneling states and 

relaxations. 

It is also worth mentioning the models with spatially fluctuating elastic 

constants, the most important of which was proposed by Schirmacher (63; 

64). He solved a fluctuating force-constant scalar-vibration model using a 

Gaussian distribution of nearest-neighbour force constants, with a lower 

cutoff, which also include the negative force constants. The disorder in this 

model was found to give rise to a BP. Schirmacher showed that shifting the 

cutoff of the Gaussian distribution down, the disorder increases leading to 

downshift of the maximum of the Boson peak and to a simultaneous increase 

in intensity. Furthermore, he found that shifting the cutoff below a critical 

negative value led to an instability and concluded that the Boson peak is a 

precursor of an elastic instability. 

Other recent advances consider the boson peak as being the result of the 

contribution of a transverse acoustic branch (65). Indeed, in glasses, a further 

peak, in addition to that associated with the acoustic longitudinal modes, 

occurs in the spectra of the dynamic structure factor S(Q,E) at high Q-values 

(at least above Q0/2, Q0 being the position of the FSDP), whose position is 

weakly Q-dependent and the intensity increases with Q. The origin of this 

behavior seems to be harmonic and suggests the existence of a transverse 

dynamics: the presence of transverse vibrational modes in a longitudinal 

spectrum derives from the fact that the polarization characteristic of a mode is 

well defined only in the limit of large wavelengths (i.e. low Q). Conversely, it 

is loosely defined at small wavelengths, especially in the range where the 

wavelength is comparable with the scale of the topological disorder. In this 

limit condition, it is no longer possible to define a purely transverse or 
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longitudinal excitation. This explains why we can better observe the 

transverse dynamics with the increase of Q. According this theory, the excess 

of the BP arises from the states related to the transverse modes. This idea is 

validated by the experiments on vitreous silica and glycerol where the boson 

peak has its maximum at the same energies at which the transverse excitation 

is revealed in the dynamic structure factor (65; 66). 

 

 

 
Figure 8. Dispersion curves for a) glycerol and b) vitreous silica.  

The transverse branches are responsible for the excess states, which generates the 

boson peak (65; 66). 

 

 

1.3 Relations between structure and dynamics 

in glassy systems 

  

A full comprehension of the origin of the FSDP can provide useful 

information to clear up unsolved questions on the Intermediate Range Order 

of glasses, but also would allow to explain other anomalous behaviors of 

glasses. Indeed, recent emerging studies support the existence of a strict 

relation between the structural correlations of glasses in this length scale and 

their low energy thermal and vibrational properties, as well as on their 
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stability (67).  In particular, it has been found that the wavelength associated 

to the low frequency modes in amorphous systems lies just in the length 

scale of the IRO, defining the size of structural heterogeneities (68; 69). 

Moreover, the IRO limits the thermal conductivity by means the strong 

scattering of acoustic phonons (10). Therefore, the Boson Peak and the 

FSDP, both features typical of glasses, are related to properties of the 

intermediate range scale.  

Importantly, many attempts have been executed to correlate the structural 

length scale ascribed to the position of the FDSP to a dynamic length scale 

associated to the position of the Boson Peak (8; 70; 71; 72; 73). 

In particular, Elliot in his investigations shows correlations between the 

position of the FSDP Q1 and the wavevector Ω, corresponding to the 

maximum frequency of the boson peak ωm (8).  

He assumes that the frequency ωm of the Boson Peak in Raman spectra is 

determined by a characteristic length scale of the amorphous solid, the 

diameter of the density-fluctuation domains 2L. If the dispersion relation

v
q


  for propagating phonons in the Debye approximation is supposed 

valid, then  

 

L
m

2

v
     (23) 

 

 

with v̅  is the average sound velocity.  

The length scale is defined by L≈ αD, where α is a coefficient between 3 

and 4 and D is equal to the nearest neighbor cation-cation distance. The 

FSDP position Q1 is approximately given by the relation 

 

D
Q

2

3
1


     (24) 
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Thus, combining Equation (23) and (24), we obtain finally:  

 

v
31

mQ


 .    (25) 

 

Therefore, by plotting the experimental data of Q1 as a function of the 

wavevector 
v

m
 , a correspondence has to be found. 

In Figure 9, a plot of Q1 as a function of   is shown for a variety of 

amorphous solids.  

 

 

 

 

Figure 9. Plot of experimental values for the FSDP position Q1 as a function of 

normalized Boson Peak frequency Ω for 1)Ge; 2)Se; 3)As2Se3; 4)As2S3; 5)GeSe2; 

6)SiSe2; 7)GeSe2; 8)AgI-AgO-B2O3; 9)SiO2; 10)BeF2; 11)B2O3; 12) PMMA. The 

straight lines are theoretical predictions of the model with gradients of 30 and 40 

(74). 
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The experimental data show a very well accordance with the lines having 

the predicted gradient 3α≈3040, confirming the existence of a correlation 

between these two characteristic features of amorphous systems. 

 

Another meaningful study of Sokolov has shown a strong correlation 

between the position of the Boson peak in Raman spectrum and the half-

width of the FSDP ΔQ1 for different glasses (75).  

Indeed, if the position of a peak in the diffraction pattern is associated to 

some repetitive characteristic distances between structural units, then a 

correlation length will generate a broadening of the peak itself. To evaluate 

the correlation length, D, a simple expression 
Q

2





D  is used. A good 

correlation has been observed between the correlation length D and the 

dynamic correlation length obtained from the Boson peak frequency  

 

L= vt/2πcBP     (26). 

 

Furthermore, Greaves and co-workers, in investigating the low-frequency 

vibrational properties of zeolites crystals and on their compounds at different 

stages of amorphization, ascribed the excess of low energy modes compared 

to the Debye model (the Boson peak) found in high resolution inelastic 

neutron scattering measurements to the coupling of oscillations between 

connected rings of many sizes (76). These rings build up different structural 

units (α-cage, β-cage, D6R), whose frequencies of the fundamental normal 

modes (indicated by arrows in Figure 10) are found, to a first approximation,  

as 
L

vt and 
L

vl , where vt and vl  are the transverse and longitudinal sound 

velocities in zeolites and L is the circumference of the ring. 
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Figure 10. High resolution inelastic neutron scattering profiles at 20 K for 

anhydrous and hydrated zeolite crystals and their anhydrous compounds at different 

stages of amorphization. The bands at 4,5 and 9 meV of anhydrous zeolite are 

present even in the pressure-induced 90% amorphous material, but are absent in the 

hydrated zeolite, which instead exhibits the BP found in the glassy state. The arrows 

indicate the fundamental transverse (t) and longitudinal (l) normal mode frequencies 

vt/L and vl/L for the secondary building units of zeolite Y (α-cage, β-cage, D6R), 

where L is the circumference of the internal rings (20-fold, 12-fold, and 8-fold) and 

vt and vl are 3358 and 5181 m/s, respectively (76). 

 

 

In a very recent work on Zirconium-based metallic glasses, Ahmad (77) 

points out a universal correlation between the boson peak and atomic pair 

correlation function g(r).  It is found that the boson peak can be decomposed 

into six characteristic vibratory modes (a Debye’s vibratory mode ω1 and 

five Einstein’s vibratory modes ωi). Plotting the ratios 
ir

r1
, between the first 

peak position r1 in g(r) (Figure 11 a) and the next five well-dominant peaks 

positions ri, as a function of 
1

i
, a linear relation is noticeable (Figure 11 b). 

It is described by the equation: 
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1
1 
i

i
r

r
      (27) 

 

and surprisingly reveals that the vibrational frequencies of all the 

oscillators are strongly correlated with the local atomic packing.  

 

 

Figure 11. a) Pair correlation function data of the six studied Zr-based metallic 

glasses obtained from synchrotron radiation-based XRD measurements. b) Plot of 

ir

r1
versus

1

i
(with i=2,…6). The red solid line obeys the linear relation 1

1 
i

i
r

r
 , 

which is exactly in accordance with Ioffe–Regel condition.  
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The above-mentioned relation (27) is in perfect accordance with Ioffe–

Regel condition (78), according to which the vibration frequency ω is 

proportional to 1/d, where d is the diameter of the density fluctuation 

domains in amorphous solids. Ahmad, therefore, assigns the origin of the 

boson peak in glasses to the structure of the glasses and in particular to the 

vibrational contributions of regions with various local density fluctuations, 

identified by the pair correlation function g(r).  

 

 

 

1.3.1 Correlation of FSDP and BP in densified 

glasses 

 The truthfulness of a real correlation between structure and dynamics in 

glasses is often tested by analyzing the behavior of densified systems  (74; 

79; 15; 67). 

Inamura, in his study on densified SiO2 glass (79), shows that, in addition to 

the structure factor, also the low energy dynamics is strictly affected by the 

density. Thus, he points out a relation between structural correlations in the 

medium range order and low energy vibrational modes: the wavelengths 

associated to these modes lie indeed in the length scale of the IRO.  

The Elliot’s model (74), which well explains the structure-dynamics 

correlation in glasses, even allows the behaviour of the boson peak as a 

function of density to be understood. Generally, it appears that the maximum 

frequency ωm of the boson peak increases with increasing density of the 

material. 

Although some of the frequency shift can be accounted by the concomitant 

increases in the sound velocity v̅ (Equation 23), nevertheless this cause by 

itself is not completely sufficient. Therefore is reasonable that a 

corresponding decrease in the correlation length L occurs.  
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Chapter 2 

 

 THE EFFECT OF PRESSURE ON 

VIBRATIONS, SPECIFIC HEAT AND 

STRUCTURE OF DISORDERED SYSTEMS 

 

 

As already pointed out in the previous chapter, glasses exhibit an excess of 

low energy vibrational states and an intermediate-range order in their 

structure.  

Until now, no satisfying and complete explanation or a comprehensive 

theoretical model for all the observed anomalies has been proposed, thus 

both the IRO and the Boson peak remain a subject of discussions.  

Recently, some effective insights have been achieved by studying the 

changes of vibrational, thermal and structural properties following the in 

situ-densification or pressurization of glasses.  

Many studies have been performed in samples with the same stoichiometry 

but different densities in order to determine if any phase transition, 

associated to the BP changes, could take place. 
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Indeed, in a phase change, the topology of solids can profoundly be 

modified, because of the variations of coordination numbers and the 

consequent formation of atomic aggregates. As disordered solids are 

metastable and non-ergodic systems, the activation energy barriers between 

different metastable amorphous phases are lower than the energy required to 

undergo a transition to a stable state. The structural transition can be 

identified by using suitable experimental techniques of vibrational dynamics 

(i.e. Raman spectroscopy, inelastic neutron scattering) or structural analysis 

(i.e. neutron elastic diffraction). 

In this chapter, we discuss about the influence of the densification on the 

Boson Peak and the First sharp diffraction Peak of glasses. 

 

 

2.1 Pressure dependence of the FSDP  

 

The evolution of FSDP with pressure is commonly investigated by 

performing X-ray and neutron diffraction measurements (1; 2; 3).  

Many experimental results show that the increase of the density of glasses 

induces a shift in the position of the FSDP towards higher Q values and a 

decrease of its intensity (4), unlike the other peak in S(Q). This behavior is 

noticeable in many glasses, such as chalcogenide (5) and silica (6; 7). 

The pressure dependence of the FSDP intensity (𝜕𝐼/𝜕𝑝)T  can be  

expressed  by the equation:   

 

(
𝜕𝐼

𝜕𝑝
)
𝑇
= (

𝜌

𝐵
) (

𝜕𝐼

𝜕𝜌
)
𝑇

   (1) 

 

where B is the bulk modulus.  

The rapid decrease of the FSDP intensity with increasing pressure is 

attributed to the negative value of the factor (𝜕𝐼/𝜕𝜌)T (8). 
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A neutron scattering study by Inamura (9) on v-SiO2 has allowed to 

observe the detailed evolution of the intermediate range structure as a 

function of densification. It showed that the tetrahedral structure of silica 

glasses over the short range is scarcely affected by the density increase. On 

the other hand, the FSDP is strongly influenced by the densification, 

exhibiting some modifications in the IRO domain.  The densification 

determines the filling of the open glassy network, generating a strong 

reduction of the voids size.  

This interpretation is supported by MD calculations of Rino and co-

workers. They suggest that the major structural changes revealed in the S(Q), 

caused by the applied hydrostatic pressure, are attributable to the distortion 

of the tetrahedral packing, which rearranges, shrinking the volume of the 

inter-tetrahedral rings (10). Moreover, if the density is increased above a 

critical value, a modification of the coordination number occurs, marking the 

transition from fourfold to six-fold coordinated structure. These results are in 

agreement with Elliot’s void model. 

In other studies of computer simulations by Iyetomi on densified 

chalcogenides GeSe2 (8), the shift in position of the FSDP to higher values of 

Q with increasing pressure has been also explained on the basis of the model 

proposed by Elliot (4): the FSDP is interpreted as a pre-peak in the 

concentration-concentration partial structure factor due to the chemical short-

range ordering of interstitial voids around cation-centred clusters in the 

glassy structure. On the basis of these outcomes, the void structure can be 

considered the analogous of the inner space of the six-fold ring, becoming 

responsible for the intermediate range structure. 

A recent study analyzed and compared the medium-range structure of a 

series of densified glassy systems (GeO2, SiO2, GeSe2, Li2O-2SiO2, LDA, 

HDA) (11), concluding that the IRO arises from the periodicity of 

boundaries of nanovoids homogeneously distributed in the network. 

Furthermore, the changes in the FSDP intensity and position with the 

densification were found to reflect the variations in the distribution of void 
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sizes and shapes. In this approach, the Q position of the FSDP (QFSDP) 

provides a direct indication of the void diameter d as  

 

QFSDP = 2π/d      (2) 

 

 

 

 

2.2 Pressure dependence of the BP   

 

The previous paragraph was focused on the influence of the densification 

effects on the structure of vitreous systems. In this section, the changes of the 

vibrational dynamics generated in glasses by changes of the density will be 

described. 

The evolution of BP as a function of pressure or densification have been 

experimentally investigated by performing measurements of specific heat 

(12), Raman (13; 14), and inelastic neutron scattering (15). All these 

techniques have shown that the increase of the density induces a shift of the 

BP towards higher frequencies and a simultaneous decrease of its intensity 

(13; 16; 17), as it is possible to observe in Figure 7 of Chapter 1. 

 Furthermore, in both theoretical and experimental studies the BP intensity 

changes are closely related to its frequency shift (18).  

Despite the consistency of the experimental results, there is still no general 

interpretation that sheds light on the nature (acoustic, optical, localized or 

delocalized) of these low energy modes. Several plausible explanations have 

been proposed to explain the cause of the BP modifications. 

The most commonly used assumption considers the glass as an elastic 

medium, that supports a constant contribution of excess energy modes, and 

justifies the observed pressure-induced variations of the boson peak as due 

to the evolution of the elastic medium with density (19; 20; 21). This method 
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provided discordant outcomes. It properly describes the transformations of 

the vibrational density of states VDOS with pressure in some systems, such 

as silicate glasses, where, in the absence of local structural transformations, 

the Debye level and the glass-specific excess of vibrational states above it 

have the same dependence on density (21). Conversely, it does not fully 

account the changes with density of other systems like germania glass (22) 

or polymeric materials (23). 

Deschamps, instead, associates the low frequency anomalies in silica to the 

peculiar structures existing in the amorphous phase (13). 

Another approach attributes the decrease of the Boson peak intensity with 

the densification to the void space reduction within the three-dimensional 

network, which induces the suppression of the excess modes (24). 

 

 

 

 

Figure 1. The Boson peak of SiO2 glass and polymorphs, revealed by 

deviations of the heat capacities from Debye’s T3 law. 
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In Figure 1, the specific heat plotted as Cp/T
3 is showed for both SiO2 glass 

and some crystalline polymorphs. This plot reveals the deviation of the 

specific heat from Debye’s T3 law: the excess Cp strongly increases when the 

density decreases, becoming greater for the less dense polymorph cristobalite 

than for SiO2 glass; conversely, no Boson peak is observed for the dense 

tetragonal SiO2 (stishovite).   

Moreover, a comparison between the thermal and vibrational properties of 

ambient silica glass (ρ= 2200 Kg/m3) and α-quartz (ρ= 2650 Kg/m3) (25) is 

shown in Figure 2: the density of vibrational states vDOS in the glass is softer 

than in crystal (Figure 2 a); the reduced glassy vDOS (g()/2) exhibits a 

peak in the frequency region where the crystal has a flat trend (Figure 2 b) 

and the glassy specific heat shows an excess over that of the crystal (Figure 2 

c). These anomalies are usually attributed to disorder.   

 

 

 

 

 

 

Figure 2. Comparison between a) the density of vibrational states, b) the reduced 

density of vibrational states and c) the specific heat of a low-density silica glass 

(ρ= 2200 Kg/m3) and a high density crystal of α-quartz (ρ= 2650 Kg/m3). The solid 

and open circles refers to the NRAIXS and IXS data, respectively (25). 

 

 

 



 42 

A different interpretation of vibrational anomalies of glasses has been 

proposed by Chumakov (25), who suggested to compare glasses and crystals 

with the same density, in order to put in evidence the effect of disorder.  

The specific heat and the vibrational density of states of ambient-pressure 

silica glass and α-cristobalite having similar densities (2200 and 2290 Kg/m3 

respectively) are shown in Figure 3. The two samples show a strictly similar 

behavior of the DOS, except for the smearing out observed in the glass 

(Figure 3 a); the peaks of reduced DOS are located at almost the same 

energies (Figure 3 b) and the specific heats are almost identical (Figure 3 c)).  

Consequently, Chumakov associated the observed anomalies to the 

differences in the density rather than to disorder.  

Moreover, since the peak in the reduced DOS of the crystal is generated by an 

acoustic van Hove singularity, it has been proposed that also the Boson peak 

of silica has the same origin.  

In this perspective, the above-mentioned hypothesis should be correct for all 

vitreous systems, because glasses are always less dense than the crystalline 

counterparts. The same behavior of glassy SiO2 and its crystalline 

polymorphs has been observed in zeolites (26). 

 

 

 

Figure 3. Comparison of a) the density of vibrational states, b) the reduced DOS  

and c) the specific heat of ambient silica glass (ρ= 2200 Kg/m3)  and α-cristobalite 

(ρ= 2290 Kg/m3). The solid and open circles refers to the NRAIXS and IXS data 

respectively. The arrows emphasize the shift of the peaks in glasses, relative to 

humps in crystal. The solid lines represents theoretical curves evaluated by 

considering the finite size of Brillouin zone (25). 
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Chapter 3 

 

 SAMPLE DETAILS 

 

 

 3.1 Structure of borate glasses  

 

B2O3 is an archetypal network glass-forming material, widely used as 

industrial material. For example, it is a component of Pyrex, a 

boroaluminosilicate that has widespread laboratory and household use.  

Despite the numerous studies about the structure of vitreous B2O3, the 

exact nature of its atomic arrangement has remained a matter of some 

disputes.  

Indeed, while B and O atoms are known to be respectively in threefold and 

twofold coordination, it is not clear exactly what configuration of the basic 

molecular unit is involved in the atomic network.  

The most accredited hypothesis considers the structure of B2O3 glasses 

made of the symmetrical planar B3O6 boroxol rings (Figure 1), the 

superstructural units formed by three BO3 planar triangle (Figure 2) (1), 

which are corner-linked by sharing common O atoms. 
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This assumption can be deduced from the observation of an extremely 

intense, narrow and highly polarized peak in Raman spectra at 808 cm-1 (2). 

Indeed, the position of this band is un-shifted also with a 10B→11B isotopic 

substitution (2), implying that it is associated with modes which involve 

little or no motion of the boron atoms. Moreover, further Raman studies, in 

which the 16O→18O substitution was executed in addition to boron isotopic 

substitution, let to conclude that the sharp 808 cm-1 line is generated by the 

localized breathing mode of the oxygen atoms in boroxol ring (3). The 

sharpness of the line is associated with a localized motion to a single ring 

and to a restricted distribution of angles in the rings.  

A further signature of the structure is the broad 470 cm-1 line, that is also 

un-shifted after boron isotopic substitution, and is related to in-phase motion 

of the bridging oxygens (Figure 3). Its breadth is ascribed to an extended 

motion and to a large distribution of bridging oxygen B-O-B angles outside 

the ring. 

 

  

Figure 1. a) B3O6 boroxol ring with its characteristic interatomic separations 

(a=1.37 Å; b=2.37 Å; c=2.74 Å; d=3.62 Å; e=4.11 Å and f=4.75 Å) (4) and b) 

symbolic model of glassy B2O3, where some boroxol rings are formed. 
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Figure 2. The BO3 triangle basic structural unit used to describe the v-B2O3 

network. 

 

 

 

 

 

Figure 3. Three symmetrical vibrations of the boroxol ring: a) symmetric B-O 

stretching; b) trigonal deformation of the ring; c) ring breathing (B-O atoms in 

phase) (5). 
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3.2 Structure of alkaline borate glasses  

 

We term alkaline borate glasses with (M2O)x (B2O3)1−x , where x represents 

the molar fraction and M+ is an alkaline ion.  

The addition of alkali oxide to B2O3 determines substantial changes in the 

structure. According to the structural model proposed by Krogh-Moe (6), the 

network of alkaline glasses is built up by various structural units (boroxol, 

tetraborate, diborate groups), that also appear similar in the corresponding 

crystalline compounds.  

Raman spectroscopic studies on alkali borate glasses reveal the possibility 

of two competitive chemical processes promoted by the dispersion of alkali 

ions in the glassy structure.  

The first process, occurring at low concentrations of M2O, leads to the 

transformation of threefold-coordinated borons into fourfold-coordinated 

ones, with the positive alkali ion M+ adjacent to the negative BO4
- units in 

order to preserve the local charge neutrality (Figure 4 a). Conversely, the 

second process leads the formation of a non-bridging oxygen O- (NBO) 

adjacent to the positive alkali ion (Figure 4 b).  

 

 

Figure 4. Two chemical processes by means the alkali ions can be dispersed in the 

glassy structure: a) boron in fourfold coordination, with the positive alkali ion M+ 

adjacent to the negative BO4
- units; b) non-bridging oxygen O- adjacent to the 

positive alkali ion.  
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Nuclear magnetic resonance (NMR) (7), Raman (5; 8; 9), and infrared (10) 

experiments show differences in the fraction N4 of 4-coordinated borons for 

the different alkali borate systems (Figure 5). The dependence of N4 on the 

specific alkali ion presumably arises from a competition between the two 

processes.  

 

 

Figure 5. : N4 as a function of R (R=x/1-x) for alkali borate glasses, being LB, NB, 

KB, RB, CB the lithium, sodium, potassium, rubidium, cesium borate, respectively 

(7). 

 

 

It is expected that the negative Coulomb potential energy of the BO-M+ 

configuration decreases in magnitude as the alkali ion size increases. 

However, the separation between the ionic charge M+ and the O- should be 

less than the separation of the M+ from the effective center of the distributed 

negative charge on the BO4
-, and the deeper potential well for the O--M+ 

configuration would favor the formation of the NBOs.  

By indicating with N3 and N4 the fraction of three-coordinated and four-

coordinated borons, respectively, it shall be verified that N3+N4=1. 
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Therefore, the formation of NBO, which indicates the increase in the 

number of N3, implies a simultaneous decrease of N4. 

In Raman spectra, the evidence for such a process is provided by the 

appearance of a band around 775 cm-1 and by the simultaneous decrease in 

the intensity of the 808 cm-1 band, which suggested a gradual conversion of 

the borate structure into rings containing units with four bridging oxygen (9). 

The shift of the maximum position to lower R-values (with R=x/1-x), as 

the alkali ion size increases, indicates a more favorable formation of NBO 

compared with BO4 units (Figure 5). 

In particular, the borate units expected to exist in alkali borate glasses (11) 

(Figure 6) at different compositional ranges are:  

 

• 0-20% mol of M2O: boroxol, tetraborate, loose BO3 triangles and loose 

BO4 tetrahedra; 

• 20-35% mol of M2O: tetraborate, diborate, loose BO3 triangles and 

“loose” BO4 tetrahedra; 

• 35-50% mol of M2O: diborate, metaborate, pyroborate, orthoborate and 

“loose” BO3 triangles. 

 

Furthermore, in the range 0<x<0.3, the average size of borate groups 

increases with the increasing size of the alkali ions: triborate groups 

containing one six-member ring are dominant in the lithium borate glasses, 

while tetraborate groups that contain three linked six-member rings are 

dominant in the caesium borate glass (12).  

Many structural differences of alkali borate have been pointed out also by 

neutron diffraction measurements (13). The boron-oxygen network of glasses 

with different cation modifiers is very similar on the short-range order, 

involving nearest neighbor and next nearest neighbor distances. The change 

of boron atoms coordination from 3 to 4 is evident from the splitting of the 

first B-O distances with increasing modifier content. However, the most 
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significant differences between different modified glasses are observed in the 

intermediate range, involving the relative arrangement of the various 

molecular borate groups. The cations coordinate to oxygen and form bridges 

between neighbouring B-O chain segments: change of the coordination 

numbers and cation-oxygen interatomic distances produce different number 

densities as well as intermediate correlations.  

 
 

Figure 6. The structural groups present in several alkaline borate glasses (11) 
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3.3 Structure of α-quartz  

  

Being the second most abundant mineral in the earth’s crust (about 12% of 

its volume), the quartz (SiO2) is stable under a broad range of conditions 

including pressure, temperature, fluids presence, deformations.  

Its abundance is reflected in the presence in many rocks and in a very large 

variety of crystal structures.  

 A great interest in this material arises also from its technological 

applications. Importantly, it is used in the field of optic fibers technology. 

 

 

 

 

 

Figure 7. a) Bidimensional and b) tridimenional structure of crystalline α-quartz. 

Red dots are oxygen atoms while black dots refer to silicon ones (14).  

 

 

 

The α-quartz has a trigonal structure characterized by silicon-oxygen 

tetrahedra (14), which share four vertices to form right or left spirals (Figure 

7). Particularly, in a crystal these are all right-handed or all left-handed. 
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Its habitus consists of a hexagonal prism having, in the corners, the faces of 

two rhombohedra arranged to simulate a hexagonal bipyramid (15) (Figure 

8). 

 

 

 

Figure 8. Trigonal structure and habitus of α-quartz. In some crystals, the right or 

left crystalline parts coexist to form geminates. 

 

 

 

 

Two slightly different Si-O distances (1.597 and 1.617 Å) and a 

characteristic Si-O-Si angle equal to 144° are identified in α-quartz structure.  

An analysis of different silicates shows that this angle generally varies in the 

125-160 ° range. 

Modest differences exist between α and β forms of quartz: just a small 

relative rotation of the tetrahedrons, which does not change the connection 

way between the units. Therefore, the conversion to α → β does not require 

the breaking of Si-O-Si bonds, but only a small distortion of the structure 

and it is therefore an easy and reversible process.  
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3.4 Samples preparation 

 

3.4.1 Alkaline borate glasses 

Alkaline borate glasses (M2O)x (B2O3)1−x , where  M= Li+, Na+, K+, Cs+, 

with different molar fractions x, have been used for neutron diffraction 

measurements.  

The  glasses have been prepared from laboratory reagents with 99.99% of 

purity grades of the specific alkaline nitrate and boron oxide with a stated 

11B enrichment of 99% in order to minimize the influence of the high 

neutron absorption of the 10B present in natural boron.  

The appropriated amounts of powders were mixed to obtain the desired 

concentrations and melted in a crucible within an electric furnace by heating 

to 1373 K at a rate of 1 K/s in inert atmosphere. The mixture was kept at this 

temperature for more than 6 h and occasionally stirred to ensure 

homogeneity of the liquid. Then the melt was cooled spreading it on a rigid 

support to obtain a circular slab with a diameter of about 5 cm and a 

thickness of 0.2 mm. Afterwards, each glass was annealed and stabilized at 

about 20 K above its calorimetric glass transition temperature in a high-

purity nitrogen atmosphere and then cooled to room temperature. Finally, all 

samples were stored in a vacuum-sealed desiccator to avoid unwanted 

reaction with moisture. 

 

3.4.2 Densified borate glasses 

Densified borate glasses have been investigated by means elastic and 

inelastic neutron scattering, Raman experiment and measurements of low 

temperature specific heat. 

The densification was obtained with a high temperature-high pressure 

multianvil apparatus, schematically depicted in Figure 9 (16). The samples 
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were fused under pressure at 1160 °C (2-GPa glass) and at 1060 °C (4-

GPa/B3 glass) for about 20 min and then quenched at those pressures.  

Conversely, the sample 4-GPa/B4 glass was obtained by quenching from 

1200 °C melts of 11B2O3 under a pressure of 4 GPa.  

Thus, the densified B2O3 glasses were characterized by X-ray diffraction, 

which revealed no sign of crystallization.  

Crystalline sample (c-B2O3) was obtained by fusing 11B2O3 glasses at 1280 

°C under a pressure of 4 GPa for about 15 min and then by pressure-

quenching it to room temperature. The X-ray diffraction pattern of 

polycrystalline sample gave well-defined peaks, typical of trigonal 

crystalline B2O3 (α-B2O3) (17).  

It is worth noting that 4-GPa/B4 sample is structurally different from that 

also synthesized at 4 GPa, but pressure quenched from lower temperatures 

(4-GPa/B3). Indeed, 4-GPa/B4 reveals variation of the chemical bonding in 

the network with the formation of fourfold-coordinated boron atoms which 

gives rise to a higher density (at room temperature, ρ=2373 kg/m3 for 4-

GPa/B4 glass and ρ=2174 kg/m3 for 4-GPa/B3 glass). 

A very suitable parameter to account for variations in the microscopic 

structure of a glass is the atomic packing fraction ϕ, which is defined by the 

ratio between the ionic volume Vatomic and the molar volume Vmolar:  

 

molar

atomicA

V

VN
      (1) 

 

 

NA being the Avogadro number. The theoretical ionic volume is given by 

 

  iiatomic XrV 3

3

4
 ,      (2) 

 

ri and Xi being the radius and the fraction of the ith atom in the formula 

unit, respectively. 
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The ionic radii are taken from data by Shannon (18), accounting for the 

coordination of network-forming ions. 

The atomic packing fraction of 4-GPa/B4 glass is ϕ=0.457, to be compared 

with ϕ=0.419 of 4-GPa/B3 glass. 

The mass densities ρ and molecular number densities ρN  measured at room 

temperature, the Debye sound velocity vD and the elastic Debye temperature 

ΘD of the investigated samples are shown in  

Table 1.  

The Debye temperature values vD have been determined by means the 

longitudinal (vL) and trasversal (vT) sound velocities:  

 

333

213

TLD vvv
     (3) 

 

The velocities vL and vT are measured on the samples at 8 K, by using the 

pulse-echo-overlap (PEO) method proposed by Papadakis (19) on the basis 

of the superposition method due to McSkimin (20).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 1. Mass densities ρ and molecular number density ρN  measured at room 

temperature, longitudinal vL, transversal vT and  Debye sound velocity vD, elastic 

Debye temperature ΘD of B2O3 densified glasses. 

Samples 
ρ 

(Kg/m3) 

ρN 

(mol/Å3) 

vL 

(m/s) 

VT 

(m/s) 

vD 

(m/s) 

ΘD  

(K) 

       

v-B2O3 1826 0.07898 3242 1830 2035 260.3 

2GPa 2082 0.09006 3737 2141 2378 317.7 

4GPa/B3 2174 0.09404 5287 3021 3357 454.9 

4GPa/B4 2373 0.10265 6393 3653 4059 576 

c-B2O3 2550 0.11030 8344 4069 4571  
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Figure 9. Schematic representation of the multi anvil apparatus. The samples are 

loaded into holes drilled in a ceramic MgO2 octahedral cell. The faces of the 

octahedron seat against the truncated corners of a series of eight tungsten carbide 

anvils (a). The resulting cube is perfectly arranged in two sets of three wedges (up 

and down), which act upon the faces of the cubic assembly (b-c). These two sets of 

wedges are placed between the upper and the lower plates of a large press (d). 

During pressurization, the pressure medium squeezes out into the spaces between 

the anvils until the friction between the octahedron and the anvils balances the 

pressure generated inside the sample assembly. This set-up ensures that the pressure 

linearly applied by the press can be efficiently converted into a hydrostatic 

compression of the sample. The high temperatures are obtained by using an internal 

resistance furnace (graphite or LaCrO3). Temperature measurements have been 

performed by an iron-constantan thermocouple. e) picture of the multi-anvil 

apparatus. 

 

 

 

3.4.2 The α-quartz 

A sample of α-quartz has been used for in situ-high pressure Raman 

scattering measurements. The investigated sample was a round 20 μm chip 

and a three-screw diamond anvil cell (DAC) has been used to apply pressure 

in the range 0-26 GPa. The working principle and the technical features of the 

DAC are widely discussed in the next chapter.  
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Chapter 4 

 EXPERIMENTAL TECHNIQUES 

 

 

 4.1 Neutron scattering measurements 

 

Neutron scattering is a very powerful tool for studying both the structural 

and dynamic properties of materials. The de Broglie wavelength of thermal 

neutrons is comparable to the interatomic distances and thus neutrons, with 

energies appropriate for the experiments, can be used for diffraction. 

 Thanks to the absence of net electrical charge, neutrons can penetrate 

deeply into the materials; therefore, unlike X-rays which are scattered by the 

electron clouds surrounding the atoms, neutrons interact with atomic nuclei 

and are scattered via the strong nuclear force. 

Thus, the neutron scattering cross-sections are not related to the atomic 

number, so that also the lightest elements can be investigated and the 

different isotopes of a material can have vastly different scattering lengths.  

The interaction between neutrons and matter is weak and the system 

properties are not excessively altered. Thus, it may be treated by using first-

order perturbation theory of the Born approximation, which assumes the 

incident and scattered neutrons behave respectively like plane and spherical 



 59 

waves (small perturbation regime). It simplifies the expressions for the 

scattering cross-sections and, importantly, theory and experiments can be 

compared in a relatively straightforward way.  

 

 

 

 

Figure 1. The geometry of a scattering experiment and the scattering triangle. The 

incident neutrons with wavevector ki are scattered by the sample in the direction θ, ϕ 

with the final wavevector kf. Q is the scattering vector.  

 

 

 

 

 

 

In a neutron scattering experiment, the incident probes with energy Ei and 

wave number ki are scattered by the sample into an element of solid angle 

dΩ, in direction given by kf and with an energy between Ef and Ef +dEf 

(Figure 1).  

If ki=kf the process is called elastic. This condition allows to probe the 

structure of matter. 

 



 60 

The scattering vector Q is given by  

 

Q = ki - kf           (1) 

 

and the momentum transfer is  Q. 

 

Conversely, if ki≠kf, momentum is not conserved and the process is called 

inelastic. This condition allows to investigate the dynamic phenomena and 

the excitations.  

The number of neutrons scattered per second in all directions divided by the 

incident neutron flux Φ is defined the total differential cross-section tot. 

However, only a fraction of the solid angle during an experiment will be 

covered by the detectors and the number of neutrons scattered per second into 

a small solid angle dΩ in the direction θ, ϕ, divided by the incident neutron 

flux Φ, will be given by the partial differential cross-section 
d

d
. 

The incident neutrons, modelled as plane waves (ϕi=eikr), hit a single atom 

providing a weak perturbation, such that the scattered wave becomes 

spherically symmetric ( rbeikr

f / ), r being the radius of the scattered 

wave and its amplitude being the scattering length b.  

The scattering length b is related to the total scattering cross-section tot and 

usually determined from experiments:  

 

24
fluxincident 

flux scattered
btot      (2) 

 

It depends on the atom, the isotope and the relative orientation of the nuclear 

and neutron magnetic moments. Therefore, even if the scattering is coming 

from a single element, there will not be a single scattering length in the 
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sample, but a distribution of lengths. It implies that the scattered neutrons will 

have different phases, giving rise to two terms in the total scattering cross-

section:  

 

-   a coherent term arising from an average scattering length of the system, 

2

coh 4 b  ; 

-  an incoherent term, coming from the variation of the scattering lengths,









 2

__
2

incoh 4 bb . 

 

During a powder diffraction experiment, the recorded pattern will be the 

sum of the coherent scattering, seen as Bragg peaks, and a non-zero 

incoherent background. The structural information arising from the Bragg 

scattering due to an array of nuclei, n, is given by the differential cross-

section, defined as: 

 

2

)exp( 
 n

nn riQb
d

d
    (3) 

 

where r = xa + yb + zc gives the position of the interacting nucleus in terms 

of the lattice parameters.  

Diffraction occurs when Bragg’s law is satisfied, i.e. 

 

 sin2kQ      (4) 

 

Thus, nuclear scattering peaks will appear when the scattering vector is 

equal to a reciprocal lattice vector and 
d

d
 is defined as 
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    (5) 

 

where N is the number of unit cells, and the structure factor F(hkl) is given 

by 

 

  
n

nnnn lzkyhxibhklF )(2exp)(     (6) 

 

The intensity of the Bragg scattering will be proportional to 
2

)(hklF . 

 

 

 

4.1.1 Instruments to determine the structure: elastic 

scattering and the diffractometers D1 and D4 

Reactor diffractometers are instruments that allow to obtain information 

about the structure of the samples, but not a about its dynamics. Their 

detectors count neutrons scattered in all the directions from a quite 

monochromatic incoming beam, but completely disregarding their energy 

distribution.  

The length scales range is chosen depending on the desired information (the 

structure of the molecule itself, the relative arrangement of close molecules or 

the formation of superstructures).   

The interatomic distances in the system, r, and the modulus of the scattering 

vector, Q, are related through the Fourier transforms of the structure factor 

S(Q) and the pair correlation function g(r):  
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Since in an elastic scattering the neutrons do not transfer any energy to the 

sample, the relation between Q and θ become 

 

EEkQ 



 sin

4
sin2

0

0      (9) 

 

where k0 and λ0 are the wave number and the wavelength of the incident 

neutrons, respectively. Thus, the characteristic distances that can be measured 

will be related to the wavelength of the incoming neutrons and to the angular 

range that the detectors cover.  

 

 

 

Neutron diffraction measurements on D1b 

Neutron diffraction measurements on modified borate glasses have been 

performed at room temperature, by means of the two-axis D1b diffractometer 

at the Institut Laue–Langevin in Grenoble.  The incident neutron wavelength 

of 2.52 Å allowed us to access a Q range of 0.5–3.4 Å−1. 

An orange cryostat (300 K) and a vanadium sample holders with cylindrical 

geometry were used to measure the samples (Figure 2). Measurements on the 

empty container and on a vanadium slab with dimensions comparable to 

those of the sample were also carried out. The data were corrected for the 

contributions of the background scattering from the empty vanadium can, 

multiple scattering, absorption and were normalized to an absolute scale with 

the isotropic incoherent scattering of the vanadium.  
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Figure 2. a) Orange cryostat with the sample stick in place; b) warming and 

drying of the stick during a sample change; c) vanadium-aluminium sample holders 

used in D4 and D1B. 

 

 

 

 

D1B is a two-axis neutron diffractometer located at the ILL (Figure 3). The 

high efficiency of its position sensitive detector (PSD) and the high neutron 

flux make this instrument suited for real time experiments and for very small 

samples, since the diffraction patterns can be measured with satisfactory 

statistics in just a few minutes.  

D1B had a multiwire position sensitive 3He/Xe gas detector covering the 

angular range 2θE= 2° to 130° and had a 60% efficiency at 2.52 Å (1).  

Recently, the detector has been upgraded to a microstrip 3He/CF4 position 

sensitive detector with 1280 cells covering 128° of the scattering range (from 

2θE = 0.8 to 128.8), and has an increased efficiency at the same wavelength of 

detecting equal to 86%. 
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The instrument Figure 3) is located at a thermal guide, where the neutrons 

are thermalized in the water moderator at 300 K and have a peak at a 

wavelength of  λ = 1.2 Å. Three monochromators, made of pyrolytic graphite 

cut parallel to the 002 crystallographic plane, focus on the sample and select 

neutrons with a wavelength of 2.52 Å.  

 

 

 

 

 

Figure 3. Scheme of the two-axis diffractometer D1B at the ILL (2) 

(after the detector upgrade). 
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Neutron diffraction measurements on D4 

The neutron diffraction experiments on densified glasses have been carried 

out in the Institut Laue-Langevin facilities, at room temperature on the D4 

diffractometer with λ=0,49744 Ǻ (327 meV), which yielded a momentum 

transfer ranging up to Qmax =23.5 Å.  

After the corrections and normalizations applied at the instrument with the 

program RegD4c, a diffraction pattern of the neutrons scattered by the sample 

and its surroundings normalized to monitor counts is obtained. Further data 

treatment is required to single out the sample contribution.  

The computer code Correct (3) has been used to perform the background, 

multiple scattering and empty container attenuation corrections to the neutron 

diffraction data, as well as the normalization to another sample of known 

cross-section and volume (a vanadium rod), modified by a parameter 

accounting for the fullness of the sample holder. 

Moreover the inelastic correction of Placzek (4) is also performed: this 

method consists in assuming that the static approximation is the best fit and 

then deriving corrections, which are reasonable for nuclei with little recoil.  

 

D4 is a two-axis diffractometer (5), specially designed to study the short and 

intermediate atomic order in disordered materials (liquid, amorphous and 

nano-structured materials and disordered crystal). The short wavelength of 

the neutrons coming from the hot source and the large angular range covered 

by the array of microstrip detectors (2θE=1.5° to 138°) allow to obtain good 

quality data up to rather high values of q. It is a significant factor when data 

has to be Fourier transformed to real space, because it gives a better 

resolution. Moreover, a large detector system provides not only a high 

counting rate but also a very good counting-rate stability, which combined 

with a very low and stable background-counting rate, can determine the local 

atomic structure of disordered materials with excellent accuracy.  

Neutrons at D4 come from its hot source at 2600 K, giving rise a flux peak 

at 200 meV, which increases the flux of neutrons at smaller wavelengths 
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(<0.8 Å). The neutron beam goes through a monochromator that selects 

neutrons within a small range of wavelengths. Since the neutron energy 

distribution of the source is normally fixed, the more precise the wavelength, 

the less neutrons are available for the experiment, so an trade off must be 

found. The monochromator at D4 to obtain neutrons at λ~ 0.5 Å is a very 

large copper single crystal cut parallel to the 220 crystallographic plane. A 

low-efficiency detector, called monitor, is placed in the path of the beam 

before the sample, allowing to have a measure of the incident neutron flux 

needed for normalization. It, however, lets most neutrons travel through and 

can be used in the experiment, interacting with only 0.1 to 1 % of them (6).  

Just as in D1b, an orange cryostat (T = 1.5 K to 300 K) or a furnace (T =300 

K to 1100 K) are used as sample environments in the different experiments 

(Figure 2). A scheme of D4 diffractometer is shown in Figure 4.  

 

 

 

 

Figure 4. Scheme of D4, a liquid and amorphous materials diffractometer at the 

ILL (7). 
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4.1.2 An instrument to determine the vibrational 

dynamics: inelastic scattering and IN4 

The study of the dynamics is approached by perturbing the 

equilibrium of the system with an external force and studying its relaxation 

to the equilibrium state.  

The atomic dynamics can be investigated by means of inelastic scattering 

techniques, which involve an energy change of neutrons, gained or lost from 

the sample. The measurements provides the double differential scattering 

cross section,
fdEd

d



2
, having the dimensions of an area, with Ef the final 

energy of the neutron. 

In a coherent inelastic scattering from a single excitation, the momentum 

transfer is  Q and the energy transfer is defined as 
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Our target is the determination of the dynamic structure factor S(Q, ω), 

which contains the information about the system. It is proportional to the 

double differential cross-section via  
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   (11) 

 

The peaks exhibited in the energy spectrum can be associated with 

transitions between different crystalline electric fields levels, phonon 

scattering or magnetic excitations. 

Inelastic neutron scattering experiments on densified B2O3 have been 

carried out at room temperature on the time of flight (TOF) spectrometer 

IN4 at ILL Facility with neutron wavelengths of λ=2.6 Ǻ. 
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The recorded TOF spectra are used to obtain the scattering function S(Q;ω) 

of the sample using the standard IN4 data reduction techniques in the LAMP 

software (8).  

In order to compare the different datasets, the intensities are normalized to 

their monitor counts, making the data independent from the measuring time 

and from the time fluctuation of the incident flux.  

Then, an appropriate subtraction of the background and the empty cell 

contributions is performed and the calibration to a full absorber, having the 

same dimensions of the sample plus container system (Cadmium), is also 

executed.  

A further measurement on an elastic incoherent scatterer (vanadium) 

provides a tool to normalize the data, taking into account the instrumental 

effects and allowing to determine the instrumental resolution.   

 

IN4 is a TOF spectrometer located at the Institute Laue-Langevin in 

Grenoble, France, that is used to study excitations in the thermal neutron 

energy range of 10 to 100 meV (9; 10).The instrument is designed to have a 

high flux and signal-to-noise ratio with good resolution, by using improved a 

focusing optics, the background suppression by the chopper system and a 

large area detector (Figure 5).  

On IN4, the incoming neutron beam first passes through a shield (Al), 

protecting the beam tube, which is one of the main losses of flux for the 

instrument. After the shield, two background choppers act as a low-bandpass 

filter and eliminate the fast neutrons and gamma rays that give rise to noisy 

spectra. Thus, a large area (440 cm2) double curvature monochromator 

selects a specific incident neutron energy and focus the beam giving a high 

incident flux at the sample position. The variable curvature of the 

monochromator in both the horizontal and vertical planes allows to trade 

intensity for resolution by using variable take-off angles and a time focusing 

technique. The monochromator assembly, moreover, allows for four separate 
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crystals, PG(002), PG(004), Cu(111) and Cu(220), to be used for a selection 

of incident wavelengths.  

The best energy resolution is obtained at the longer wavelengths, with 

minimum ΔEi/Ei ≈ 2%. A Fermi chopper transforms the incident beam into a 

set of short pulses required for the TOF technique. Varying the speed of this 

chopper changes the time resolution. A scheme of IN4 diffractometer is 

shown in Figure 5. 

 

 

 

 

 

 

Figure 5. A diagram emphasizing the main elements of the IN4 instrument at a 

thermal neutron guide of ILL, France (9). 
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4.2 Raman scattering measurements 

 

Micro Raman scattering measurements were performed with a Jobin-Yvon 

Horiba LabRam-HR Evolution micro Raman Spectrometer (Figure 6), 

equipped with liquid nitrogen cooled charge coupled device (CCD) detector 

and an Olympus BX41 confocal microscope.  The data were collected at 

room temperature by using a 532 nm laser excitation in back scattering 

configuration with a 1800 lines/mm grating. A 50X objective (numerical 

aperture 0.100) was used to image the laser spot on the sample, keeping the 

laser power below 100 mW in order to avoid undue heating effect. The 

LabRam spectrometer is also equipped with an ULF (Ultra Low 

Frequencies) module, which allows to analyze the low frequency region 

down to about 5 cm-1. The accuracy of all stated spectra is within 1 cm−1. To 

minimize the effect of surface depolarization, before each run of 

measurement the surfaces of the glass samples were polished.  

A very low power (0,01 mW) was differently used for the measurements 

on the ruby pressure markers inside the DAC cell, because of their extremely 

high fluorescence signal. 

 

Figure 6. Jobin-Yvon Horiba LabRam-HR Evolution micro Raman Spectrometer 

set-up. 
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4.3   Low temperature specific heat              

measurements  

 

The specific heat capacity was measured over the range between 1.5 and 30 

K by means a home-made automated calorimeter, which operates by the 

thermal relaxation method in a 4He cryostat (11).  

Samples of about 20–30 mg were bonded to a silicon chip (bolometer), used 

as sample holder by vacuum grease Apiezon N to optimize the thermal 

contact. A SMD (surface mounting device) resistor and a constantan strain 

gauge were attached to the other chip surface using a thermosetting resin.  

The cryostat is immersed in liquid helium. The 1.5 K heat sinks thermalize 

the wires before connecting them to the sample holder. In this way, parasitic 

heat flows from the surroundings at room temperature are avoided. The 

temperature of the isothermal block is regulated by a Lake Shore resistance 

bridge, which uses the surface mounting device SMD as thermal regulation 

sensor and the constantana wire as heater element. The temperatures of the 

whole cryostat are measured by a calibrated germanium thermometer.  

 

Current is sent to the heater, which is used to increase the temperature of the 

sample from T0 (which is the temperature of the isothermal block) to T0 + ∆T, 

during a time interval t. After this delay time, the current is turned off and the 

temperature decreases according the relation 

 

T = T0 + ∆Te-t/τ    (12)  

 

where τ=C/K, C being the heat capacity of the whole system (sample + 

bolometer + addenda) and K the thermal conductance of the wires that 

connect the bolometer to the sample holder.  
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C is determined by fitting the measured decay by an exponential curve. The 

heat capacity of the sample, Cs, is computed by subtracting to C the 

bolometer and addenda contributions, which are measured during a different 

calorimetric run. 

In Figure 7 a detailed schematic illustration of sample holders is displayed. 

 

 

|  

Figure 7. Cryostat and sample holder for low temperature calorimetry. 
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4.4  In situ-high pressure measurements: 

the Diamond Anvil Cell  

 

As pointed in Chapter 2, high-pressure in-situ experiments are of 

paramount interest to get insight into the nature of the low energy excitations 

contributing to the Boson peak and the origin of the intermediate order range 

structure of glasses.  

 Thus, a consistent time period of my doctorate has been spent for 

designing and operating Raman  experiments  in which a diamond anvil cell 

(DAC) was used to apply high pressure (up to 30 GPa) to a sample of 

interest.  

This task is far from being trivial, due to the intrinsic difficulties to manage 

these cells and to obtain good Raman signal from very small samples 

enclosed in a DAC.  

In this thesis the results of an experiment on an α-quartz sample are shown.  

This investigation should be considered as a preliminary study that will pave 

the way for new and more specific in-situ high-pressure experiments. It is 

worth noting that, although the achieved results on in-situ high pressure 

Raman experiments at present are not so many, this technique has been 

introduced for the first time at the Laboratory of Optical spectroscopy of the 

University of Messina.  

Therefore, in the following, a detailed description of the cell, the assembly 

and the experimental setup will be given.  
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4.4.1 An overview  

The diamond anvil cell (DAC) is fast becoming the most powerful ultra-

high-pressure device, helping physicists and chemists to discover new states 

of matter and understand the basic physics underlying ultra-high-pressure 

phenomena.  

The DAC (Figure 8), indeed, is the only high-pressure device that makes 

possible the investigation of in-situ transformations at pressure above 1 GPa 

within a wide range of pressure (0 - 300 GPa) and temperature (4-7000 K).  

Thanks to these valuable prerogatives the DAC has been used to recreate 

the condition existing in the depth of planets, to synthesize materials and 

phases not observable under normal ambient conditions.  

Nevertheless, this technique presents big limits because of the very little 

sample sizes (5-50 μm), difficult to be handled and producing a low signal in 

the measurements.   

 

 

 

 

Figure 8. Pictures of two Diamond anvil cell  
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The samples under high pressure, illuminated by X-rays or visible light, 

can be observed through the diamonds, allowing to perform measurements of 

X-ray diffraction, fluorescence, optical absorption, photoluminescence, 

Mössbauer, Raman and Brillouin scattering, positron annihilation on the 

system of interest (12).  

Moreover, by applying externally magnetic and microwave fields it is 

possible execute magnetic measurements, such as cell nuclear magnetic 

resonance, electron paramagnetic resonance (13). High-temperature heating 

of the sample is also possible by attaching electrodes (up to 2000 K) or using 

laser-induced heating (up to 7000 K) (14) (15), as well as the cooling down 

to a few millikelvins (16). 

 

 

 

 

 

4.4.2 Technical features 

The basic principle of the DAC device consists in placing a metal gasket 

containing the sample, a pressure transmitting medium and a pressure sensor 

between the smallest parallel faces of two diamond anvils (culets): by 

pushing the opposed anvils one against the other, the compression of the 

sample occurs.   

The uniaxial pressure supplied by the diamonds is transformed into 

uniform hydrostatic pressure by using a pressure-transmitting medium, 

which is supposed to support no shear. The typical systems used to transmit 

the pressure are argon, neon, nitrogen, helium, iso-n pentane, paraffin oil, 

silicon oil, or a mixture of methanol and ethanol (16; 17).  

The pressure-transmitting medium is confined by the two diamond anvils 

and a metallic gasket (generally made of steel), as schematized in Figure 9. 

The pressure is monitored by using a reference material whose behavior 
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under pressure is known. Commonly the pressure standards used in the DAC 

cells are ruby (18; 19) or various structurally simple metals, such as copper or 

platinum (20). The value of the highest applicable pressure will depend on the 

ratio of the surface on which the force is applied and the diamond culet size. 

However, also the gasket material will influence the pressure. 

 

 

 

 

Figure 9. The scheme of a DAC cell: two opposed diamond anvils, a metal gasket 

for pressure transmitting medium confinement. 

 

 

 

 

 

 

 

Typically, a DAC consists of two diamonds, fixed on support plates. If the 

pressure applied on a plate is greater than the plastic deformation, the 

diamonds will be damaged or break: therefore, materials with a high plastic 

deformation, such as diamond, are required (21). A perfect assembling and 
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alignment of the two circular sections of the cell (lower and upper) allows to 

get high pressures without the breaking of the anvils.  

Two types of DAC cells can be generally used to perform high-pressure 

experiments: 

 

-  membrane cells. The fine calibration of force is applied by a metallic 

membrane, which is inflated with pressurised gas (typically helium or 

nitrogen) through a thin stainless steel capillary. The metallic membrane is 

inserted between the upper plate and a steel cylinder, which contains the two 

plates, and its dilation presses a diamond on the other, closing the cell. The 

pressure exercised by the gas on the membrane can be visualized through a 

pressure-measuring device, while the pressure inside the cell can be 

measured indirectly by the ruby fluorescence (see section 4.4.5). 

 

-   screw cell. Three or more screws pull the two plates together, carrying the 

diamond anvils with them.  

 

 

 

4.4.3 The choice of the anvil 

The diamond is the best material for the construction of high-pressure 

anvils, thanks to its mechanical (strength and hardness), thermal (good 

conductor of heat), electrical (good insulator), optical (low birefringence, low 

photoluminescence) properties.   

Indeed, the microscopic structural arrangement of the carbon atoms 

covalently bound with a tetrahedral disposition makes the diamond the 

hardest known available substance. Moreover, the diamond is optically 

transparent in broad regions of the UV-IR spectrum.  

According to their degree of purity and the presence of nitrogen impurities 

that affects the optical properties, the diamonds are classified in type-I A and 
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type II A.  Type-I A diamonds (~2x10³ ppm of nitrogen) show a characteristic 

IR absorption band centered at 1200 cm-1 (Figure 10 a), related to the 

impurities; type-II A diamonds, not having impurities (~1 ppm of nitrogen), 

do not present the IR band at 1200 cm-1, and show only the IR absorption 

band between 1800 and 2200 cm-1 (Figure 10 b) (21).  

 

 

 

 

Figure 10. IR spectrum of a) type-I A and b) type-II A diamond anvil.  

Type-I A diamonds show an absorption band centered at 1200 cm-1; 

 type-II A diamonds show only the IR absorption between 1800 and 2200 cm-1. 
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Great differences are also observable in Raman spectra. Despite the first 

order of both type-I A and type-II A diamonds show a sharp peak at 1332  

cm-1, their second order Raman spectra differ: type-IA diamonds have a flat 

fluorescence background under the two-phonon transition band between 

2200-2700 cm-1 (Figure 11 a), type-II A diamonds show a fluorescence 

increasing with the frequency (Figure 11 b).  

Type-IA diamonds with low fluoresce and ultra-low fluorescence are also 

available showing the intensity of the two-phonon Raman transition at 2564 

cm-1 respectively 1.25 and 2 times the intensity of the background 

fluorescence of diamond (Figure 12). All diamonds to be used for anvil 

manufacture are generally examined under a polarizing microscope for 

birefringence. Diamonds with significant birefringence discontinuity 

(>0.0001), typical of inclusions, are rejected. In addition diamonds can be 

selected for ultralow birefringence (<0.00005).  

 

 

Figure 11. Second order Raman spectrum of a) type- I A without Raman low 

fluorescence selection and b) type- IIA diamond anvil. Both type-I A and type-II A 

diamonds show a sharp peak at 1332 cm-1.  Type-IA diamonds have a flat 

fluorescence-background under the two-phonon transition band between 2200 and 

2700 cm-1; type-II A diamonds show a fluorescence increasing with the frequency. 
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Figure 12. Second, order Raman spectrum of type-IA diamond anvil with a) Raman 

low fluorescence selection and b) Raman ultra-low fluorescence selection. They 

show the intensity of the two-phonon Raman transition at 2664 cm-1 respectively 

1.25 and 2 times the intensity of the background fluorescence. 

 

 

 

 

 

 

A further significant aspect is the choice of the diamond size for the DAC, 

which generally is related to the desired pressure. Standard design anvils are 

made from rough diamonds. Then, they are polished according to the (100)-

crystal orientation for the highest strength. The dimensions of the anvil 

generally follow determined proportion (Figure 13).  
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Figure 13. Standard design, dimensions and approximate weight of type -I A  

(100)-oriented diamonds. 

 

 

 

 

The common diamond anvil has 16 facets and the diameter of the larger face 

of the diamond can vary between 2 and 4.5 mm, while the culet diameter can 

be between 50 μm and 1.2 mm: the higher the ratio between the two surfaces, 

the greater the magnification of the applied force to the sample and the 

pressure (Table 1).  

 

 

 

 

 

 

 

 

 

Table 1. Maximum reachable pressures related to the culet size of the diamonds 

 

Maximum pressure Culet size 

  

<5 GPa > 1.00 mm 

5-100 GPa 1.00 mm – 0.20 mm 

> 100 GPa < 0.20 mm, bevels up to 0.30 mm at 8° 
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The use of diamond for the anvil cell, however, presents some limiting 

factors, such as the high costs and the not negligible signals into a portion of 

IR and UV spectrum. Therefore, other materials, such as the sapphire, have 

been studied to be employed as anvil in high-pressure cells. Sapphire anvils 

cell (SAC) have indeed low fluorescence and high IR transmittance (Figure 

14), but they do not allow to reach values of pressure as high as in the 

diamond.  

Finally, thus, the choice of the anvil have to be a good compromise 

between the achievement of a high pressure and a low signal in region of 

interest for the investigation.   

 

 

 

 

 

 

Figure 14 . Absorption spectra of a type – II A diamond (red line) and a sapphire 

(black). Note that there is not absorption by the sapphire at 2500 cm-1.  
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4.4.4 Indenting, drilling and charge of sample  

Before starting the in situ measurements, a series of precise and 

complicated steps are required: the diamonds alignment, the gasket 

indenting, its drilling, the sample charging and the filling with the pressure-

transmitting medium.  

At the beginning, the upper and lower diamonds have to be carefully aligned 

with each other. After having correctly fit in the plates of the cell, three 

symmetrically situated micrometric screws let to translate the stationary 

diamond mount and rule the concentricity. Moreover, the hemispherical 

mount can be tilted in its socket by adjusting three other screws to secure 

parallel alignment of the diamonds: the correct position, under white light and 

with a distance between the two diamonds lower than 60 μm, will bring up an 

optical interference fringe pattern along the optical axis (Figure 15).  

 

 

 

 

 

Figure 15. Optical interference fringe pattern of aligned diamonds observed with a 

10X microscope 
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To confine the hydrostatic medium between the two diamonds a metal thin 

foil, the gasket, is used. Its thickness is primarily about 100-250 μm, its shape 

varies according to the cell geometry and the material is generally steel or 

rhenium.  

A pre-indenting of the gasket is carried out: the gasket is placed between the 

anvils and a pressure is applied to the diamonds, deforming plastically and 

symmetrically the gasket from both sides and generating a crater, whose 

imprint depends on the shape of the diamonds. The deeper the indentation, 

the higher the achievable maximum pressure. The initial thickness of the foil 

varies from 250 to 200 μm and the thickness after indenting from 150 to 100 

μm. 

 

 

Figure 16. General scheme of a Spark Eroder. It is constituted by a power source 

that supplies a pulsed discharge between one tip (anode) and a gasket (the cathode), 

through a dielectric liquid. The whole erosion process (advance of the tip, level of 
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discharge, alignment of the elements) is managed by a software through the 

visualization on a monitor. 

After the indenting, the gasket is drilled at the center of indentation 

(generally 200 μm in diameter hole) by an Electric Discharge Machine 

(EDM) or Spark Eroder (Scheme in Figure 16).  

This device removes material from the workpiece (gasket) by a series of 

rapidly recurring current discharges (sparks) between two electrodes (tip and 

gasket):  the electrical potential is applied between gasket and tip, separated 

by a dielectric liquid, and the discharge crosses the conductors producing 

heat, so that the material from the gasket evaporates explosively.  

It is fundamental to have a flat tip, with a sharp circular edge in order to 

have a homogeneous discharge and obtain a circular hole. 

 The gasket is seated on the lower diamond flat in the same orientation as it 

had when taking the indentation. Then, the sample and a ruby chip are placed 

in the hole. 

 

 

 

 

Figure 17. The procedure for indenting: a) the metal foil (gasket) is placed 

between the two diamonds; b) it is deformed by applying a pressure by means the 

diamond anvil; c) The sample region (yellow zone) is realized by drilling the gasket 

in its center.  
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The problem of the sample charging in a DAC cell is also of considerable 

importance because of its reduced dimension: the sample available space is 

given by the gasket thickness (typically 200 μm or less) and the central hole 

diameter (typically 30-50% culet size); therefore the sample size cannot 

exceed a diameter of 20-30 μm needing a thin needle for the charge.  

This process is followed by filling the hole with the fluid and sealing by 

bringing the upper anvil on the gasket.  

The gasket, in addition to providing the containment for the pressure 

medium, acts as a supporting ring, preventing the failure of the anvils due to 

a concentration of stresses at the edge of the anvil faces.  

 

 

4.4.5 The pressure monitoring inside the cell: the 

ruby fluorescence  

The force on the cell is produced through a metal membrane pressed by a 

gas (for membrane cell), or by using a dynamometric key (for screw cell).  

However, the pressure on the sample cannot be faithfully deduced from the 

membrane gas pressure or from the torque applied through the key, since 

several intrinsic factors affect the pressure.  

The most used way for correctly measuring the pressure inside the cell is the 

method of ruby fluorescence, in which the pressure is determined by the 

wavelength of a specific ruby emission line.  

Indeed, using well-established freezing points of several liquids and some 

solid-solid transitions as fixed points, it was observed that the lines position 

shifts almost linearly with hydrostatic pressure in a wide range, and that the 

line broaden if the pressure on the ruby is non-hydrostatic (18).  
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Figure 18.  Cr3+ energy levels in ruby. R1 and R2 lines correspond to the 

transitions 4Ag (t2g
3) ←2E(t2g

3).    

 

 

Figure 19. Ruby emission spectrum, at 300 K and ambient pressure, consists of two 

lines with wavelength 694.25 nm (R1) and 692.86 nm (R2). 
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Ruby is an aluminum oxide (Al2O3), doped with Cr3+ ions and it has a 

crystalline structure similar to corundum. The two fluorescence transitions 

4Ag (t2g
3) ←2E(t2g

3) between the Cr3+ energy levels (Figure 18), well 

described by crystalline field theory, determine in the ruby emission 

spectrum, at 300 K and ambient pressure, two intense lines R1 and R2 (Figure 

19), respectively with wavelength 694.25 nm and 692.86 nm (22). The R 

lines energy is quite sensitive to the concentration of Cr3+, the temperature 

and the pressure.  

Particularly, R1 exhibits a positive shift above room temperature with 

temperature (23): 

 

 R1(T) =14 423 + 4.49 × 10−2 T −  4.81 × 10−4 T2 + 3.71 × 10−7 T3    (13) 

 

Conversely, by increasing the pressure, the R lines shift at higher 

wavelengths. The line trend with pressure is well described by the Mao-Bell 

equation (24) :  

  

                                                     𝑷 (𝑮𝑷𝒂) =
𝑨

𝑩
[(

𝛌

𝛌𝟎
)

𝑩
− 𝟏]   (14) 

 

where P is expressed in GPa, A is a parameter equal to 1904 GPa, λ0 is the 

wavelength of the ruby fluorescence line R1 at pressure and room 

temperature, expressed in nm; the B parameter is related to the conditions of 

the measurements. According to the shock-wave primary calibrations, B is 

equal to 5 under non-hydrostatic conditions, 7.665 for quasi-hydrostatic 

conditions and 7.715 under hydrostatic conditions (24; 25). A plot of the 

relative ruby line R1 shift against pressure is shown in Figure 20.  

  

The tiny chip of ruby, used in DAC cell as pressure sensors, have typical 

dimensions of 5-10 μm and its fluorescence lines are quite intense. 
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Figure 20. Relative shifts Δλ/λ0 of ruby fluorescence line R1 with pressure (in Giga 

Pascal) for non- hydrostatic (dashed line), quasi – hydrostatic (dotted line), 

hydrostatic (solid line) liquid condition. 

 

 

 

 

4.4.6 Pressure-transmitting media 

High-pressure experiments are aimed to be carried out under hydrostatic 

conditions: indeed, being hydrostatic pressure a thermodynamic parameter, 

the results obtained under such conditions are intrinsic material properties 

comparable with theory.  

The transmitting media are supposed to support no shear. Unfortunately, the 

melting line of fluids increases under pressure and the solidification 

inevitably occurs; then, non-hydrostatic effects, such as inhomogeneous 
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pressure distribution (pressure gradient) and uniaxial (deviatoric) stress, 

appear, strongly influencing the physical state of the samples (26; 27).  

This leads to a decrease in the quality and accuracy of the data and often to 

the appearance of anomalies. The hydrostatic limits of the media used for 

transmitting pressure can be empirically determined by considering the ruby 

R1 line broadening ∆Γ. However the most sensitive and reliable criterion for 

measuring the pressure homogeneity across the chamber consists in 

determine the standard deviation σ of the pressures Pi , related to N ruby chips 

distributed over the area of the gasket aperture (28): 

 

 
2

1N

1




N

i

i PP  

 

where P  is the average pressure, given by 



N

i

iPP
1N

1
.  

 

 

 

Figure 21. Pressure dependence of the standard deviation σ for a) 1 : 1 iso-n-

pentane and b) silicon oil.  
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For purely hydrostatic pressures it shall be verified that σ = 0. Indeed, under 

this condition, after subtracting small but detectable offsets determined at the 

lowest pressure (P=0), all ruby spheres strictly indicate the same pressure.  

When the solidification of the pressure transmitting medium is reached, σ 

start to deviate from zero.  

Many pressure-transmitting media are used for high-pressure experiments in 

DAC cells (26; 27) .  

The most commonly used pressure transmitting medium is 4:1 methanol-

ethanol mixture, which is hydrostatic up to 10,5 GPa at room temperature; 

interestingly, a small addition of water to this mixture in the proportion 

16:3:1 methanol-ethanol-H2O moves the glass transition of the alcohol 

mixture to 14,4 GPa (29; 30). Conversely, it was found that in 1:1 and 5:1 

iso-n pentane mixtures the onset of detectable pressure gradients at 300 K is 

easily seen at 7.4 GPa (26) (Figure 21 a).  

In recent years, the use of silicon oils as pressure transmitting has also 

increased significantly.  

The transmitting medium can be also in solid phase: powder grains of 

potassium bromide (KBr) are often selected for high-pressure infrared (IR) 

spectroscopy experiments in DAC because of the transparence in the mid-IR 

range (31; 32). Unlike gas or liquid pressure-transmitting media, the 

hydrostatic limit of KBr cannot be defined easily because of the uniaxial load 

and deviatoric stresses between the axial and radial stress components 

(respectively in the direction normal and parallel to the DAC culet face). KBr 

can be pratically considered as quasi-hydrostatic pressure-transmitting 

medium up to 2.14 Gpa, where the differences between the axial and the 

radial stress components are about 0.063 Gpa. However, above this pressure,  

its behavior become non-hydrostatic: indeed,  the KBr phase transition from 

B1 to B2 at 2.3 GPa results in a constantly increasing deviatoric stresses with 

increasing pressure, which becomes 0.93 GPa at 5.63  GPa. 
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The highest hydrostatic limits of pressure media are evidenced by 

condensed gases (nitrogen, helium, neon, Argon, nitrogen), the use of which 

requires special filling techniques (33).  

In nitrogen the first pressure gradients (±0.02 GPa) appear slightly beyond 

10 GPa; then, the gradient rapidly increases and reaches 0.6–0.8 GPa at an 

average pressure of 20 GPa, i.e. 3–4%.  

Among the rare gases, Argon has the advantage that it is relatively easy to 

load and inexpensive. However, it has a low solidification pressure (1.4 GPa 

at 300 K) and it shows the first signs of non-hydrostaticity at 2 GPa reaching 

a standard deviation 0.1 GPa at 10 GPa (1%); then it seems to increase more 

rapidly above ∼20 GPa.  

In Neon the onset of detectable pressure gradients at 300 K is seen at 15 

GPa, where the standard deviation starts to increase under pressure to reach a 

value lower than 0,5 GPa at 50 GPa, i.e. less than 1 %.  

Helium is unquestionably the best available pressure-transmitting medium, 

even in its solid state, i.e. above 12.1 GPa at 300 K. Its standard deviation 

remains flat up to ∼23 GPa, but even beyond the values of pressure gradients  

remain very small: at 40 GPa the standard deviation of pressure detected by 

the different ruby spheres is lower than 0,15 GPa, i.e. 0.4%.  

A comparison between the solidified gases in the 0–10 GPa range are shown 

in Figure 22.  

It is possible to observe that, in the 0–10 GPa range, nitrogen can compete 

with neon, despite its lower solidification pressure. Therefore, up to 10 GPa 

nitrogen could be a very suitable alternative to neon, which is costly and more 

difficult to load. 
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Figure 22. Comparison of pressure dependences of the standard deviation σ of N2, 

Ar, Ne and He. The inset gives their freezing pressures at 300K (17). 

 

 

 

 

 

4.4.7 Experimental details of DAC measurements  

In the experiments, a three-screw diamond anvil cell (DAC) has been used 

to apply pressure. The cell was equipped with type-IA diamond anvils 

(~2x10³ ppm of nitrogen), characterized by16-sided, Ultra Low Raman 

Fluorescence and (100)-orientation.  

Moreover, the anvil has a 3.25 mm diameter, a 0.50 mm culet and 

bevels up to 0.70 mm at 8°.  

A 200 μm thick stainless steel disk, pre-indented to 100±10 μm, has been 

used as a gasket material. Gasket drilling has been performed by using the 
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automatic Spark Eroder SEA 303 equipped with tungsten electrodes, which 

generated a 200 μm diameter cavity acting as a sample chamber. The 

pressure-transmitting medium was extremely low fluorescence oil Cargille 

type HF.  

The frequency change of the R1 fluorescence line was obtained from the 

spectra of two different ruby grains with 15 and 20 μm diameters.  

The pressure on the cell was produced by tightening three screws through a 

dynamometric key, ranging between 0 and 120 N.cm and having a 1 N.cm 

sensibility.  

The uncertainty on pressure determination increases with pressure, as 

observable in the line R enlargement, due to the loss of liquid hydrostaticity. 

The B parameter used in Mao-Bell Equation for the pressure calculation is 

7.665 (quasi-hydrostatic conditions).  

The investigated sample is a 20 μm grain of α-quartz.  
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Chapter 5 

 

RESULTS AND DISCUSSIONS 

 

 

The study discussed in this thesis proposes to clarify unsolved questions 

about the anomalous behaviour of structure and dynamics in glass systems. In 

particular, its main goal is understand the nature of the low frequency modes 

contributing to the Boson Peak and the origin of the structural features 

contributing to the First sharp diffraction peak, and verify if a correlation 

between the specific structure of glasses in the mesoscopic length scale and 

their vibrational dynamics does exist.  

 

In order to get a deep insight into these relevant issues, several experimental 

investigations have been performed including: 

 

- neutron diffraction measurements 

- Raman scattering measurements 

- inelastic neutron scattering measurements 

- low temperature specific heat measurements 
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Alkaline borate glasses (M2O)x(B2O3)1-x, with M=Li, Na, K, Cs ions, 

permanently densified B2O3 glasses and an α-quartz have been investigated. 

 We chose these samples as model systems because their macroscopic 

physical and chemical properties have been studied for a long time and are 

widely known.  

Most importantly, the composition of alkaline borate glasses can be changed 

in a wide range, whereas the vitreous B2O3 can be easily hydrostatically 

pressurized. These features made them interesting systems for the scopes of 

the present study.  

 

 

 

 

 

5.1. Origin of Medium range order in alkaline borate 

glasses 

 

In this section, the issue of the origin of the FSDP in glasses will be 

examined by studying the compositional dependence of the low-Q features of 

S(Q) in a series of alkaline borate glasses, here chosen as model of network-

modifying glasses.  

 

As widely depicted in Chapter 3, the structure of boron oxide consists of a 

network of planar BO3 triangles, three out of four being grouped together to 

form planar B3O6 boroxol rings or rings of larger sizes (1). The addition of 

an alkali oxide determines the change of the boron coordination number 

from three to four, favoring the conversion of some BO3 basic units into 

negatively charged BO4
− tetrahedra and the consequent partial 

transformation of boroxol rings into larger superstructural units, containing 

at least one tetrahedra. The alkalis enter the network as singly charged 
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cations, occupying interstitial voids and they are loosely connected to BO4
- 

or to non-bridging oxygens in order to preserve electric neutrality of the 

network.  

The inclusion of a metallic oxide produces voids with different size and 

gives rise to a progressive expansion of the network. Because of its stronger 

bond ionicity, the size of the first coordination sphere of the Li ion with 

respect to oxygen is smaller than that of other alkali ions. In fact, a 

coordination number of 4 is found for Li, 5 for Na, 6 for K, and 7 for Cs.  

As a consequence, it is foreseen that the sizes of the borate sites hosting the 

metallic cations differ significantly: ever larger voids should form if alkaline 

ions of increasing radius are included in the borate skeleton.  

An indirect indication about the variation of the interstitial void size, 

occurring by changing the cations, can be obtained by the evaluation of the 

number density of boron atoms
M

A
at

P

N
xN


)1(2  , where ρ is the mass 

density, PM the molar mass and NA the Avogadro’s constant. 

 Nat is shown in Figure 1 as a function of x for the investigated alkaline borate 

glasses.   

It is possible to observe that, except for the lithium glasses, by increasing 

the alkali content, the atomic density decreases, indicating a progressive 

expansion of the network and a decreasing packing. 

Moreover, at a fixed concentration the number density decreases by going 

from lithium to cesium showing a greater efficiency in expanding the network 

for modifiers having a larger ionic radius. 

These data are confirmed by experimental thermal expansion measurements, 

shown in Figure 2 for glasses with x = 0.14, that give evidence for a dilatation 

coefficient that increases with the ionic radius over an extended temperature 

range.  
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Figure 1. Boron number density as a function of molar fraction x for 

(M2O)x(B2O3)1−x. 
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Figure 2. Temperature dependence of the linear expansion coefficient of 

(M2O)0.14(B2O3)0.86. 
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In order to estimate the size of interstitial void hosting the alkaline cations M, 

a model is proposed in which the voids hosting the alkaline cations have been 

represented as spheres, whose planar projections are cyclic regular polygons, 

having side length s (B-O distance) and 2n vertices, where n is the 

coordination number of M (4 for Li, 5 for Na, 6 for K and 7 for Cs). 

Therefore the radius of circumcircle of such polygons can be evaluated as  

 

n

s
Rtheo 

sin2

       (1)  

 

It’s important to note that, whatever is the structural units on which the 

borate skeleton is built on (triangles BO3, tetrahedra BO4 or other 

superstructural units), the contour of the planar projections of a void is always 

an n-membered ring formed by a sequence of B-O segments. 

 

 

 

 

 

 

 

Figure 3. Polygons schematically representing the two-dimensional (2D) section of 

spherical voids hosting M cations . The B-O average bond length was fixed at 1.37 Å 

(2). This description provides only an approximate sketch of the real shape of the 

structural voids in glasses that is rather irregular and asymmetric. 
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 Figure 3 shows the polygons representing the 2D section of the voids 

hosting the different M cations. The estimated void diameters range from 4 to 

6 Å , going from Li to Cs, thus indicating the formation of structures in the 

intermediate scale whose fingerprints in the diffraction spectra are localized 

below Q = 2 Å −1.  

In order to explore the MRO region of the alkaline borate glasses, two sets of 

neutron diffraction experiments have been performed, that separately probe 

the influence of the size and of the concentration of the metallic cations:   

 

- in the first set of measurements the network composition was kept constant, 

while the size of the modifier was changed.   

 

- in the second set of measurements, the network composition was changed, 

while the size of the modifier was kept constant. 

 

Although the total structure factor S(Q) looks similar for all samples at 

high Q values, the low Q range (Q < 2.5 Å−1) strongly depends on the type 

and content of alkaline cation incorporated into the glassy network.  

The neutron diffraction patterns of (M2O)x(B2O3)1−x glasses at fixed 

concentration x = 0.14  are shown in Figure 4.  

The presence of two peaks Pk1 and Pk2, respectively below and above the 

position of the first peak in the diffraction pattern of pure B2O3 glass (2) 

(Q=1.61 Å−1), is observed in all the investigated samples, except for lithium 

glasses. It is in agreement with previous neutron diffraction results on 

germanate glasses which showed the appearance of a pre-peak in the static 

structure factor after the addition of the rubidium oxide (3). 

The Pk1 and Pk2 position and intensity appear strongly affected by the size of 

the metallic cation. Particularly, the position of Pk1 decreases linearly with 

increasing the size of the metallic cation (Figure 5). 
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Figure 4. Structure Factor S(q) for (M2O)x(B2O3)1−x glasses with a different M 

cation at fixed x=0.14 obtained by TOF Neutron Diffraction Measurements on D1B 

diffractometer at ILL in Grenoble with λ=2.52Å 
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Figure 5. Experimental Pk1 positions as a function of ionic radius. 
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Further interesting details about Pk1 are revealed by the data shown in 

Figures 6, 7 and 8, where the S(Q) of lithium, sodium and caesium borate 

glasses at different compositions are compared.   
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Figure 6. Structure Factor S(Q) at different x in(Li2O)x(B2O3)1−x . The vertical 

dashed line indicates the position of the FSDP (Q=1.61 Å−1) in B2O3 glass (2). 
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Figure 7. Structure Factor S(Q) at different x in(Na2O)x(B2O3)1−x. 
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Figure 8. Structure Factor S(Q) at different x in (Cs2O)x(B2O3)1−x.  

 

 

 

 

On the basis of experimental evidences, the Pk2 is ascribed to the 

correlations arising from structural voids resulting from the arrangements of 

BO3 or B3O6 units present in the boron matrix. Conversely, the Pk1 is 

attributed to the correlations arising from rings of wider size originating from 

the structural modifications following the introduction of the alkaline oxide. 

This description supplies a simple understanding of the observed behavior: 

by increasing the concentration of sodium or caesium oxide, the Pk1 intensity 

increases owing to a higher number of voids of great dimension that are 

formed; whereas the Pk2 intensity decreases as a consequence of the 

reduction of voids present in the cation-free borate skeleton (Figures 7 and 

8). Conversely, the single peak observed in lithium glasses (Figure 6), keeps 

his feature almost unchanged, even for high concentrations of Li2O. 

Therefore, in analogy with the previous observations, the size of the voids 
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formed by the inclusion of lithium oxide keeps similar to that of voids 

present in the cation-free borate region, in agreement with the invariance of 

the number density (Figure 1). 

 

The variations in the position and number of the low-Q features in the 

structure factor data demonstrate that the presence of alkali metallic cations 

changes dramatically the medium-range order, while it does not influence the 

short-range order. 

In order to analyze in detail the revealed peaks, the diffraction curves were 

fitted with three Gaussian functions, which yielded the peaks' position, width 

and area. The results of fits for lithium, sodium and caesium glasses with x = 

0.25 are plotted in Figures 9, 10 and 11, respectively, while the fitting 

parameters Qi and Ai, indicating the position and the area of each peak, are 

reported in Table 1. 
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Figure 9. Structure factors of (Li2O)0.25 (B2O3)0.75 glasses with three-Gaussian fits 

(red line). A two-Gaussian fit is also shown for comparison (green solid line).  
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Figure 10. Structure factors of (Na2O)0.25 (B2O3)0.75 glasses with three-Gaussian fits 

(red line).  
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Figure 11. Structure factors of (Cs2O)0.25 (B2O3)0.75 glasses with three-Gaussian fits 

(red line).  
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Table1. Fit parameters for all the investigated alkaline borate glasses. 

 

Interestingly also in lithium samples two Gaussian profiles, with very close 

Qi, were necessary to reproduce the apparently single peak observed in the 

S(Q) below Q = 2 Å−1 (Figure 9). 

Concerning the peak located at Q > 2.5 Å−1, for all the investigated alkaline 

borate glasses, no relevant changes for the position Q3 and the area A3 are 

observed. This result confirms that, on this length scale, the structure of these 

systems is based on the same structural units and is not influenced by the 

presence of the specific metallic cation neither by its concentration. 

We ascribe the values of the repetitive characteristic distance L1 (L1 = 

2π/Q1, associated to Pk1) to the diameter 2r of the voids hosting the M+ 

cations and the length L2 (L2 = 2π/Q2, associated to Pk2) to the diameter of 

the empty voids in the borate skeleton. Note that the values of the repetitive 

characteristic distance Li closely correspond to the diameter 2Rtheo of the 

voids hosting the M+ cations (Table 1). The Q1 and Q2 values, together with 

the circular perimeter (=2π2/Qi) of the rings, at x = 0.14, are plotted as a 

function of the ionic radius of M+ in Figure 12 and Figure 13, respectively.  

SAMPLE 
Q1 

(Å-1) 
A1 

Q2 

(Å-1) 
A2 

Q3 

(Å-1) 
A3 

(Li2O)x(B2O3)1-x 

x=0.14 1.57 0.45 1.62 1.19 3.02 2.75 

x=0.25 1.52 0.81 1.86 0.81 3.20 2.60 

(Na2O)x(B2O3)1-x 

x=0.14 1.33 0.47 1.67 1.04 3.10 2.71 

x=0.25 1.33 0.82 1.84 0.82 3.05 2.11 

x=0.33 1.35 0.95 1.99 0.55 3.19 2.12 

(K2O)x(B2O3)1-x x=0.14 1.16 0.60 1.68 1.45 3.05 2.44 

(Cs2O)x(B2O3)1-x 

x=0.04 0.95 0.25 1.66 1.87 3.03 1.95 

x=0.14 1.05 0.68 1.71 1.36 3.05 2.11 

x=0.25 1.10 1.06 1.72 1.07 2.99 2.38 
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Figure 12. The Q-position of Pk1 and experimental (full symbols) and theoretical 

(empty symbols) void length vs ionic radius at x=0.14. 
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Figure 13. The Q-position of Pk2 and experimental void length vs ionic radius at 

x=0.14. 
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Increasing the ionic radius from lithium to caesium, Q1 linearly decreases, 

giving evidence for rings of increasing size, while an opposite behavior has 

been found for the position of the second peak, Q2. 

As a matter of fact, the network modifying ions (NMI) alter their local 

environment as a function of their ionic radius and the minimum size of the 

void hosting the alkaline cation increases by going from lithium to caesium 

borate glasses as a consequence of the decreasing bond field strength 

between the metallic cations and the surrounding network.  

At the same time, the enlargement of filled voids could produce the 

shrinkage of empty voids according to the increase of Q2 value. This effect 

would become more evident with the increase of the NMI content as a 

consequence of a greater number of filled voids, in agreement with Figure 

14, where Q2 as a function of the molar fraction is reported.  
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Figure 14. The Q2 position as a function of the metal oxide molar fraction. The lines 

are just guides for the eyes. 
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Furthermore, at low concentrations up to x = 0.14, an increase of the Pk2 

position by going from lithium to caesium system is observed.  

This finding would suggest that the corresponding decrease of empty void 

size is more evident for alkaline ions with increasing ionic radius since they 

need more space to be incorporated into the borate network. Conversely, at 

concentration higher than x = 0.14, an inversion in the Q2 trend as a function 

of the alkaline ionic radius is revealed.  

This experimental evidence could be explained considering that at this 

higher concentrations NBOs are created in the borate network and that the 

formation of these non-bridging atoms is favoured as the alkali ion size 

increases (4). This process contrasts to the formation of BO4
− and, thus, a 

decreasing number of superstructural units are created by going from lithium 

to caesium borate glasses. These structural units occupy large volumes 

plausibly obtained at the expense of the unfilled voids whose size, thus, is 

expected to decrease with the alkaline ionic radius. 

Furthermore, assuming that the area under Pk1 and Pk2 is proportional to the 

amount of nanovoids in the borate network, we have calculated the fraction 

of filled NPk1 and empty NPk2 voids according to  
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 where APk1 and APk2 are the area of Pk1 and Pk2 respectively. 
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Figure 15. The fraction of larger rings NPk1 as a function of x: a) M = Li, b) M = 

Na, c) M = Cs. 

 

 

 

 

Very importantly, a plot of NPk1, as a function of the cation molar fraction, 

x, yields a straight line of gradient 2 (Figure 15), while a plot of NPk2 vs the 

cation molar fraction shows a trend described by a (1−2x) dependence on x 

(Figure 16). Both these two evidences indicate that two larger voids instead 

of two smaller ones are formed as a consequence of the addition of a single 

molecule of alkaline oxide, as predicted by structural considerations. 
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Figure 16. The fraction of smaller rings NPk2 as a function of x: a) M = Li, (b) M = 

Na, c) M = Cs. 

 

 

 

 

In the following, some remarks on the width of the FSDP in glasses are 

presented. According to literature (5; 6), this width is believed to reflect a 

characteristic correlation distance on the medium-range length scale. In this 

regard, a different interpretation has come out from a recent study (7), where 

the diffraction patterns of glassy, thermal-treated and crystalline caesium 

borate samples have been compared, showing that the pre-peak and the 

FSDP revealed for the glass can be considered as the broadened envelopes of 

the corresponding peaks of crystalline phase.  
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According to these experimental evidences and in agreement with the here 

proposed void-based origin of the FSDP, it can be hypothesized that, 

whereas the crystal exhibits symmetric voids of a specific size, causing the 

appearance of distinct sharp peaks, the glass is characterized by a distribution 

of void sizes. In glasses, these voids have asymmetric shapes and their mean 

size corresponds to the Q-position at the maximum of the single broadened 

peak in the S(Q).  

Note that, in glasses, the voids have an asymmetric shape due to the 

structural arrest taking place during glass formation. 

This process would attenuate the higher structural order related to the most 

intense peak in the diffraction pattern of the corresponding crystal, keeping 

and exalting other possible structural orders. 

 

All of these considerations can be further extended to other glasses, where 

basic structural units building the glassy network form n-membered rings. 

We remark that these rings in the here considered framework represent the 

planar section of voids. 

In Figure 17, we report the experimental S(Q) of SiO2 (6), GeO2 (8), lithium 

and potassium borate glasses together with the diffraction patterns of related 

crystalline systems obtained from the Inorganic Crystal Structure Database.  

It is important to note that, in comparing glasses and crystals, just one 

crystalline phase has been considered, but, as previously observed for 

caesium borate glasses (7), it cannot be excluded that the diffraction patterns 

of the glassy systems can show similarities to more crystalline phases. 

Clearly, in Figure 17, it can observed that the amorphous nature of glasses 

leads to the disappearance or the smearing of some Bragg peaks from the 

diffraction pattern and the appearance of diffuse scattering haloes.  

Indeed, in the same Q region where these glasses show the presence of the 

FSDP (and of a pre-peak in the case of modified borate glasses), crystals 

show well-defined features. This comparison would suggest that the FSDP 

width, far from being related to a structural correlation length, could be 
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instead the result of the overlapping of several broadened peaks: the position 

and width of each peak being related to the size and to the irregular shape of 

a void, respectively.  

 

 

Figure 17. Diffraction patterns of: a) SiO2 glass (circles) and α-cristobalite (solid 

line); b) GeO2 glass (triangles) and rutile (solid line); c) (Li2O)0.25(B2O3)0.75 glass 

(squares) and Li2B4O7 crystal (solid line); d) (K2O)0.14(B2O3)0.86 glass (triangles) and 

KB3O5 crystal (solid line). 

 

 

 

Finally, it can be argued that the actual explanation of the origin of the 

FSDP can provide a general rationale for all the anomalous behaviors 

observed for this peak in glasses: temperature, pressure and compositional 

dependence.  
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Indeed, the anomalous temperature dependence of the FSDP can be 

ascribed to stronger correlations between the network forming ions (NFI) 

and oxygen atoms delimiting the voids. Temperature favours the relaxation 

of strained bonding in the n-membered rings, leading to a more regular 

(spherical) shape of voids. This describes the natural tendency of a glass 

towards the typical ordering of the crystalline state. In particular, in modified 

glasses, it can be predicted that relaxations are more substantial within large 

stuffed voids compared with those of small unoccupied voids. Stuffed voids 

in fact yield strain on the network to provide a favorable environment for the 

NMIs (more constrained hosting voids). With increasing temperature, this 

environment is strongly altered because the voids are expanded and the 

cations become highly mobile. As a consequence, the alkali bonding 

constraints are relieved, leading to relaxed B–O–B bond angles and 

reinforced O–O and B–O correlations within the boundaries and thus to a 

sharper increase of the intensity of the related FSDP (7). 

 

 

 

 

 

5.2 Estimation of void radius in tetrahedral glasses  

 
 

In this section, in order to verify the validity of the structural model here 

proposed, we applied it to a series of tetrahedral glasses: SiO2, GeO2, GeSe2. 

For these systems the theoretical void radius Rtheo has been estimated by 

calculating the radius of the incircle of a polygon having a side l equal to the 

side of the tetrahedral structural unit (Figure 18).  

In this way, it has been taken into account the steric hindrance of the 

tetrahedral units overlooking a void. Note that the planar section of the void is 

formed by an n-membered ring with all-side vertex sharing tetrahedral. Thus, 

the number n of sides of the polygon for the considered systems has been 
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established by considering the information on the distribution of ring 

structures, available in literature: SiO2 shows a prevailing contribution of six-

folded rings (9), GeO2 of four-folded (10) and six-folded (11) rings, GeSe2 of 

four-folded, five-folded, and six-folded rings (12). 

In details, for GeO2 the void radius has been determined as the average 

value between the theoretical  radii Rtheo of the incircles of a square and of an 

hexagon, for GeSe2, instead, the void radius has been determined as average 

of the three Rtheo of the incircles of a square, a pentagon, and an hexagon. 

 

 

Figure 18. Model of the planar section of a void delimited by tetrahedral units. The 

red segments represent the polygon circumscribable to the void having the anion- 

anion distances as sides. 

 

The model for the FSDP origin here described can provide also an easy 

explanation for the ubiquitous anomalous pressure dependence of FSDP: 

indeed, the observed shift to higher Q values and the decrease in intensity 

can be explained, respectively, as due to the decrease of the size and of the 

number of the interstitial voids that occur if an increasing pressure or 

densification is applied to glass. 

The reduction of the Rtheo in a glass subjected to external pressure or 

densified can be evaluated by simple geometric considerations.  
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Indeed, the diminuition of the molar volume ΔV, related to the increase of the 

density, is ascribable to a reduction of void size (this assertion is true if the 

application of pressures does not produce changes of the coordination number 

or bond length in the tetrahedral structural unit). Thus, by considering the 

same number of voids in normal and densified systems, ΔV can be calculated 

by the following expression:  

 

∆𝑽 = 𝑽𝒏 − 𝑽𝒅 =
𝑴𝝎(𝝆𝒅−𝝆𝒏)

𝝆𝒅𝝆𝒏
= 𝑽𝒏

𝒗𝒐𝒊𝒅𝒔 − 𝑽𝒅
𝒗𝒐𝒊𝒅𝒔 =

𝟒

𝟑
𝝅(𝑹𝒏

𝟑 − 𝑹𝒅
𝟑)𝑵𝒗𝒐𝒊𝒅𝒔 (4) 

 

where Mw is the molecular weight, V and ρ are the volume and the density, 

Vvoids is the empty volume among the structural units distributed as a number 

Nvoids of spherical voids of radius R and the subscripts n and d refer to the 

normal and densified glass, respectively.  

The number of voids can be quantified in the normal system by calculating 

Vvoids and dividing this value to the volume of a single void, 4πR3/3, where  

R=π/QFSDP. 

Furthermore, considering that the network of a mole of tetrahedral glass is 

based on a number NA/3 (where NA is the Avogadro constant) of tetrahedral 

structural units of mass M and side l, each one having a volume 𝑉 =
√2

12
𝑙3, we 

calculated  𝑉𝑣𝑜𝑖𝑑𝑠 as the difference of the total volume of the solid Vn and the 

volume of tetrahedral structures: 𝑉𝑣𝑜𝑖𝑑𝑠 = 𝑉𝑛 −
𝑁𝑎

3
𝑉.  

Finally, the theoretical void radius Rd of densified system, will be defined as  

 

𝑹𝒅 = √𝑹𝒏
𝟑 −

𝟑

𝟒𝝅
∙

𝑴𝝎

𝑵𝒗𝒐𝒊𝒅𝒔
∙

𝝆𝒅−𝝆𝒏

𝝆𝒅𝝆𝒏

𝟑
   (5) 

 

The RTheo values determined for densified glasses are reported in Figure 19 

as a function of Rexp, inferred by the corresponding Q position of the 

experimental first peak appearing in the structure factor S(Q).   

The theoretical radius for two different amorphous H2O phases, the low 

density (LDA) and the high density (HDA), is also shown. To determine the 
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void radius for LDA and HDA systems, the same theoretical approach used 

for densified tetrahedral glasses has been applied. In particular, the liquid 

water has been considered as the normal not densified system, whose network 

is made of tetrahedral units based on four H2O molecules, and whose FSDP is 

located at 2 Å−1 (13).  

The table 2 shows all the data used to determine the void radius for the 

analyzed systems. The very good agreement observed for this large number 

of systems strongly shows that the proposed approach, despite its extreme 

simplicity, can account for the major features of the FSDP in glasses. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. Pressure (P), mass density (ρ), tetrahedral side (l), Q1 position of the first 

peak in the diffraction pattern, experimental (RExp) and theoretical (RTheo) void 

radius values. 

SAMPLE P 

(GPa) 

ρ  

(g/cm3) 

l 

 (Å) 

Q1 

(Å-1) 

Rexp 

(Å) 

RTheo 

(Å) 

(Li2O)0.14(B2O3)0.86 ambient 2.0711 1.37 (dB-O) 1.57 2.00 1.79 

(Na2O)0.14(B2O3)0.86 ambient 2.122 1.37 (dB-O) 1.36 2.31 2.22 

(K2O)0.14(B2O3)0.86 ambient 2.088 1.37 (dB-O) 1.16 2.71 2.65 

(Cs2O)0.14(B2O3)0.86 ambient 2.484 1.37 (dB-O) 1.05 2.99 3.08 

SiO2 (14) 

 

ambient 2.198  

2.64 (dO-O) 

1.5 2.093 2.286 

4 2.255 1.572 1.997 2.075 

6 2.406 1.63 1.926 2.030 

8 2.670 1.807 1.738 1.959 

GeO2 (15) 
ambient 3.639  

2.83 (dO-O) 

1.575 1.994 1.932 

2 3.796 1.618 1.941 1.966 

3 4.041 1.719 1.827 1.924 

6 4.226 1.796 1.748 1.895 

GeSe2 (16) 
ambient 4.262  

3.89 (dSe-Se) 

1.010 3.109 3.312 

3.9 5.384 1.102 2.849 2.865 

5.3 5.660 1.131 2.776 2.815 

9.3 6.488 1.225 2.563 2.682 

 

Li2O-2SiO2 (17) 

ambient 2.34  

2.65 (dO-O) 

1.699 1.848 - 

1 2.39 1.743 1.801 1.835 

3 2.49 1.803 1.741 1.810 

6 2.58 1.847 1.700 1.788 

LDA ambient 0.940 4.508 1.69 1.858 1.605 

HDA ambient 1.170 4.508 2.15 1.460 1.484 
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Figure 19. RTheo of densified SiO2 (empty square (14)), GeO2 (empty circle), 

GeSe2 (empty down triangle), (Li2O)2(SiO2) (empty up triangle), LDA and 

HDA (empty diamond) together with theoretical void radius (full circle) of 

alkaline glasses versus the experimental void radius, RExp. The solid line is a 

guide to the eyes. 

 

 

 

 

 

5.3 Pressure-induced structural transformation in 

B2O3 glasses 

 

In order to study density-driven structural transformations in glass systems, 

a neutron diffraction investigation has been performed on densified B2O3 

glasses at pressures increasing from ambient up to 4 GPa (Figure 20).   

At ambient pressure, the neutron total structure factor S(q) shows an FSDP 

at a position qFSDP=1.58Å−1.  

As the pressure is increased, a reduction in height of the FSDP and an 

almost linear increase of its position QFSDP are observed (Figure 21).  
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Appreciable differences in the structure factors S(q) of the different 

systems are noticeable.  However, the diffractograms of 4GPa/B4 sample 

and the less dense 4-GPa/B3 glass show strong similarities. 
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Figure 20. The neutron total structure factor S(q) of densified B2O3 glasses, as 

measured using the D4 diffractometer. The spectra are normalized to the high Q- 

peak, which is supposed the same for all the systems.The high-pressure data sets 

have been shifted vertically for clarity of presentation. In the inset, a zoom of low Q-

region is shown. 
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Figure 21. The position (blue diamonds) and the amplitude (red circles) of the 

FSDP as a function of the number density.  

 

 

 

The corresponding real-space information which accounts for the local 

density fluctuations are included in  the total pair-distribution function g(r), 

which has been obtained by performing the Fourier transform relation from 

S(q) (Figure 22):  

  dqqrqqMqS
r

rg 



0

2
)sin()(1)(

2

1
1)(


  (6) 

 

where ρ is the atomic number density of the glass and M(q) is the Lorch 

modification function (18), defined by
 

max

max

/

/sin
)(

qq

qq
qM




  for 0≤q≤qmax 

and M(q)=0 for q> qmax. The Lorch function is introduced in order to reduce 

the severity of the Fourier transform artifacts and take into account that a 
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diffractometer can measure only over a finite q-range up to the maximum 

value qmax. 

Furthermore, since the pair distribution function is proportional to the 

probability of finding an atom at a certain distance from a reference element, 

it has been imposed to go to zero for distances smaller than the hard core of 

atoms.  
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Figure 22. Neutron total pair-distribution function g(r) for B2O3 glass, obtained as 

Fourier transforms of the measured S(k) function shown in Figure 20. At r-values 

smaller than the distance of closest approach between two atoms the limiting values 

of g(r → 0) is imposed going to 0. The high-pressure data sets have been shifted 

vertically for clarity of presentation. In the inset, a zoom of low r-region is shown. 
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Hence, the radial distribution functions (RDF) have been calculated by the 

following equation: 

)(4 2 rgrRDF       (7) 

 

 

that allows us to get information about the average number of elements in a 

spherical shell with radius r and differential thickness dr (Figure 23). 

Since the RDF is the radial number density of the sample at a certain 

distance of the reference molecule, not normalized to the area of the spherical 

shell, we can see that more molecules will be found as the distance to the 

reference particle increases.  
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Figure 23. Radial distribution function for densified B2O3 glasses. 
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The integration of the radial distribution function will directly yield the 

mean coordination number 
n  of a certain shell:  

 
j

i

j

i

r

r

r

r

drRDFrgdrrn )(4 2
    (8) 

 

i.e. the average number of β atoms contained in a volume defined by two 

concentric spheres of radii ri and rj, centered on an α atom.  

Some r-space values related to the measured functions are listed in Table 3. 

  

 

 

 

 

 

 

 

 

 

 

 

 

Table 3. R-space parameters derived from the g(r) and the RDF of B2O3 glasses: 

the B-O bond distance R1 as taken from the position of the first peak in g(r), the 

positions R2, R3, and R4 of the second, third, and fourth peaks in g(r), the ratio R2/R1 

and the mean B-O coordination number 
O

Bn . The mass and numeric number density 

of the samples are also listed. 

 

 

 
 

The first peak in g(r), located at R1~1.36 Å, is associated with nearest-

neighbor B-O correlations (19). By integrating over this peak up to the first 

minimum, the related mean B-O coordination numbers (
O

Bn ) is found be 

around 3.  

Sample 
ρ 

(Kg/m3) 

ρN 

(mol/Å3) 

R1 

(Å) 

R2  

(Å) 

R3  

(Å) 

R4  

(Å) 
R2/R1 

nB
o 

Step 

         
v-B2O3 1826 0.07898 1.36 2.37 2.78 3.62 1.74 2.9 

2GPa 2082 0.09006 1.36 2.37 2.77 3.62 1.74 3.0 

4GPa/B3 2174 0.09404 1.37 2.37 2.77 3.63 1.73 3.0 

4GPa/B4 2373 0.10265 1.37 2.38 2.77 3.63    1.74 3.3 
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The increase in pressure up to 4 GPa does not provoke, within the 

experimental error, any considerable r-shift of the nearest-neighbor bond 

distance R1; however, the value of its coordination number 
O

Bn  increases in 

the sample 4GPa/B4, consistently with the presumed formation of borons in 

fourfold coordination. 

The second peak in g(r) is localized at R2~2.37 and preserves its positions 

for all the investigated pressure conditions. It can be attributed both to the O-

O distances within BO3 units and the B-B distances between corner–linked 

triangles (19). 

By considering the structure consisting of planar boroxol rings formed from 

the linkage of three regular equilateral BO3 triangles (Figure 24), the O-O and 

B-B distance are supposed equal, so that rOO/rBO=rBB/rBO= 3 =1.73 (20). 

 

 

 

 

Figure 24. Scheme of a planar B3O6 boroxol ring showing several of its 

characteristic interatomic separation. The B and O atoms are indicated by the small 

grey and large open circles, respectively. 
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The ratio values r2/r1, measured in this study are therefore in perfect 

accordance with the expected ones.  

The third and fourth peaks in g(r) have contributions from boron to second-

neighbor oxygen distances (20). In particular, r3 is assigned to BO distance 

when both atoms lie within the same ring and r4 corresponds to BO distance if 

the B atom has its second-neighbor oxygen atom outside of its ring.  

The experimental findings well confirm the predictable value, r3/r1=2 and 

r4/r1= 7 . 

With increasing the pressure, the third peak is broadened and its intensity 

decreases. Since a large contribution for this peak probably comes from 

boroxol rings (19), then the intensity reduction is consistent with the Raman 

scattering experiments which show that the boroxol ring breathing modes at 

808 cm−1 (see section 5.4) are progressively suppressed by the pressure.  

The occurrence of not conspicuous changes in the g(r) implies that the 

short-range structure of BO3 units is preserved. Conversely, they reorganize 

on an intermediate length scale as indicated by changes in the FSDP.  
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5.4 Effect of pressure on low energy vibrations of 

borate glasses: Raman spectroscopy, neutron scattering 

and specific-heat measurements 

 

 
As widely described in Chapter 1, amorphous solids show universal 

characteristics in their low-frequency vibrational behavior, not found in their 

crystalline counterparts. At temperatures below 30 K, the reduced specific 

heat Cp /T
3 of these systems exhibits a sizable hump, which corresponds to an 

excess of low-energy vibrational states above the expected Debye level for 

acoustic waves model. This excess, referred to as the “boson peak”, is 

revealed also in inelastic neutron (21) and Raman-scattering (22) 

measurements below 10 meV.  

It has to be considered that a great number of structural parameters 

(including connectivity, nature of intermolecular and intramolecular bonds, 

and spatial dimensionality) potentially contribute to the low-energy dynamics 

and it is a very complicated task to separate their specific contribution and to 

establish how and how much they influence the BP.  

Such difficulty can be overcame by investigating the vibrational dynamics 

of systems in which the structural modifications are controlled and limited. 

For this purpose, alterations of the network structure caused by the 

densification offer the possibility to shed light on the nature of BP. Indeed, 

they lead to significant modifications of the short and medium range orders 

and to the reduction of the atomic mobility without altering the stoichiometry 

(23).  

The present paragraph is focused mainly on elucidating the influence of the 

densification on the low-energy vibrational dynamics of borate glasses. 

A combined use of inelastic neutron scattering INS, Raman and calorimetric 

measurements allowed us to get a detailed picture of the vibrational modes of 

these systems. 
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5.4.1 Raman measurements 

The Raman spectra of borate glasses at ambient pressure (v-B2O3) and 

permanently densified at 2GPa (2GPa) and 4 GPa (4GPa/B3 and 4GPa/B4) 

are shown in Figure 25 a), in the frequency range 10-1000 cm−1.  

Firstly, to each spectrum a background has been subtracted corresponding to 

the value of the Raman intensity at the highest investigated frequency, i.e., 

the region where no molecular vibrations are revealed. Then, the spectra have 

been normalized by the total integrated intensity of the multicomponent band 

between 330 and 760 cm-1, which reflects the vibrations of all the units 

forming the whole glassy network. 

It can be observed that all spectra at high frequency exhibit a strong, sharp, 

and highly polarized band at 808 cm−1, which arises from a localized 

breathing-type vibration of oxygen atoms inside the symmetric planar 

boroxol rings (24). It preserves its frequency after densification, indicating no 

variation of boron coordination; however, a progressive depression of its 

intensity with increasing density is observed. 

In the 4GPa/B4 sample, a further band at 775 cm−1 appears (indicated with 

an arrow in the Figure 25a), which is associated to the vibrations of 

superstructural units containing tetrahedral BO4 groups (the pentaborate 

units). Therefore, this feature is a signal of the variation in the chemical bond 

characterizing the network and of the rise of fourfold-coordinated boron 

atoms (25).  

Conversely, both the frequency region between 300 and 750 cm-1 and the 

region below 200 cm-1 of all the investigated samples notably change with the 

densification.  

The latter region is characterized by the presence of a broad band, the Boson 

Peak. By increasing the density, the magnitude of the BP maximum decreases 

and its frequency position changes from 26 cm-1 in normal B2O3 to about 68 

cm-1 in 4 GPa/B4 (see values in Table 4).  
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Figure 25. a) Raman intensity Iexp of vitreous B2O3 and of densified glasses, 

normalized by the total integrated area of the multicomponent band between 330 

and 760 cm-1(shown in the inset).  

 (b) Raman spectra of v-B2O3 (black line) and c-B2O3 (violet line). Above 

 970 cm-1, the y scale is expanded by a factor of 4.  
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The intermediate frequency range above 300 cm-1 is better shown in the 

inset of Figure 25 a. It appears rich in features that change with the 

densification.  

Because, as deduced by neutron diffraction experiments (see section 5.3), 

the B-O and O-O distances  remain essentially unchanged upon densification, 

the observed changes can be attributed to the bending, breathing, twisting 

puckering vibrations and flexing vibration mode of B and O units in n- 

membered rings, similarly to the widely studied silica oxide glass. 

The Raman main band at 450 cm-1 gradually broadens and shifts to 475 cm-1 

with the increase of pressure. This indicates a larger mean value and a 

narrower distribution of B-O-B angles by compression.  

The sharp peak at ~ 600 cm-1 can be attributed to the breathing mode of 3-

membered rings of B and O. The shift to higher frequency can be believed to 

be caused by the slight buckling of these rings with densification.  

Conversely, the clear shift to lower frequencies of the band at 650 cm-1 

might be associated with a B-O stretching motions and would suggest a 

lengthening of B-O bonds with increasing densification.  

The observed changes in intensities might indicate that the network to which 

the n-membered rings are bonded and in which they vibrate is modified 

during the different cold-compression process.  

 

In Figure 25 b), the spectrum of the vitreous B2O3 compared to the 

corresponding crystalline phase (c-B2O3) is shown.  

Unlike the glass, which is characterized by a wide distribution of bonds and 

torsion angles, the crystal shows a strictly limited number of them. Its 

structure, indeed, is built on infinite ordered chains of interconnected BO3 

triangles (26), which determine the presence of narrow peaks in the Raman 

spectra. Moreover, the 808 cm-1 band does not appear in c-B2O3, implying 

the absence of  boroxol rings within the crystalline structure.  
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According to Shuker and Gammon (27), the low frequency Raman 

scattering Iexp in glasses is related to the vibrational density of states g(ω) by 

the following equation:  
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where  1),( Tn   is the Bose-Einstein population factor for the Stokes 

component, C(ω) is the light-vibration coupling coefficient and ω the 

harmonic propagator (27) 

Figure 26 shows the normalized spectra IN for ω<200 cm−1, which represent 

the product between the true vibrational densities of states as g(ω)/ω2 and the 

coupling constant C(ω):  
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At frequencies lower than the BP position, the spectra are marked by the 

quasielastic light-scattering excess QS, which is associated to the coupling 

between the light and the thermally activated fast relaxations (28). 

It exhibits a temperature dependence much stronger than the Bose factor and 

dominates the frequency region below about 20 cm-1.  

An accurate elimination of all the relaxation mechanisms which are the 

source for QS requires to perform Raman-scattering measurements at low 

temperatures, down to about 10 K (29). However, low temperature light 

scattering measurements of fast relaxation in v-B2O3 showed that QS affects 

significantly the low-frequency spectra up to about 10 cm-1 (30).  

In the present study the fast relaxation contributions have been subtracted 

from all the spectra by fitting them through a Lorentzian function centred at 

ω=0. 
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Figure 26. Normalized Raman spectra of densified borate glasses in the BP region. 

The fast relaxation contributions, which dominate the Raman pattern at low 

frequency and high temperatures, have been evaluated through a Gaussian fit and 

subtracted from all the spectra. 

 

 

 

 

The Figure 27 shows the normalized intensities of the BP (blue circles) and 

of the band at 808 cm-1 (green triangles) as a function of the atomic packing 

fraction φ, which is defined as  

 

molar

atomicA

V

VN
      (11) 

 

 

Vmolar being the molar volume and Vatomic the ionic volume. 
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Figure 27. The normalized intensities of the BP (green diamonds) and of the band 

at 808 cm-1 (blue triangles) as a function of the atomic packing fraction φ. 

 

 

The densification leads to a progressively decreasing content of boroxol 

rings, as inferable by the decrease of 808 cm-1 band, until their full 

disappearance in the crystal, characterized by the most efficient packing of 

BO3 units.  

It is worth noting that also the BP decreases its intensity with increasing 

density and, most importantly, both the bands show a strikingly similar linear 

decrease, pointing to zero in correspondence to the value of the crystal.  

Reasonably thus these observations disclose a strong correlation in glasses 

between the boroxol ring population and the additional localized low energy 

vibrations of unknown units underlying the BP.  

It is important to remark that, beyond the boroxol rings, some further 

superstructural units can characterize the network of densified glasses and 

determine the low energy excess vibrational contribution. These 

superstructural units could arise from the breaking up of boroxol rings in the 

melt under pressure, which originates the formation of larger puckered rings 

made up of connected BO3 triangles folded on themselves. They are surely 
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preserved in densified glasses also contributing to the observed increase of 

the packing (23). Therefore, it is conceivable that these large rings can also be 

a source for the excess soft energy vibrations, contributing to both the BP and 

excess heat capacity.  

Another interesting evidence is obtained by plotting the curves IN scaled by 

the maximum intensity of the BP, IBP, as a function of the ratio ω/ωBP (Figure 

28). Despite the significant differences observed in Figure 25a for BP 

amplitudes and positions, surprisingly all the scaled curves overlap and show 

a nearly identical shape up to ω/ωBP =5. 

The invariance of IN/IBP curves, reveals that all the low energy vibrational 

modes underlying the BP, extended and localized, are coupled and 

hybridized, determining an overall spectral distribution whose spectral shape 

does not depend on the different packing fractions of the systems. 

The small differences observed on the right side of the BP can be ascribed 

to residual quasi-elastic light-scattering contribution.  
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Figure 28. Normalized Raman intensity, IN, scaled by the maximum intensity of the 

BP, IBP, as a function of the ratio ω/ωBP of normal and densified B2O3 glasses. 
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5.4.2 Inelastic neutron scattering measurements 

In Figure 29 the low-frequency vibrational densities of states derived by 

inelastic neutron scattering measurements, represented as g(ω)/ω2, are shown. 

Also neutron spectra are characterized by the decrease of BP intensity and the 

shift of its frequency position ωBP to higher values with increasing the 

packing of the system (Table 4).  

By comparing Raman and neutron spectra, it’s noticeable that the shapes of 

the patterns are similar. However, the frequency values obtained by Raman 

measurements ω’BP are always higher than those obtained by inelastic neutron 

scattering ωBP. Indeed, the neutron BP frequency, ωBP, corresponds to the 

maxima in g(ω)/ω2, while the Raman BP frequency, ω’BP, is also related to the 

phonon-photon coupling coefficient C(ω), which is not constant but rather a 

monotonically increases with ω. 
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Figure 29. Vibrational density of states g(ω)/ω2  by inelastic neutron scattering 

measurements as a function of frequency for densified borate glasses. 
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5.4.3 Specific-heat measurements 

 
The temperature dependence of the reduced specific-heat Cp/T

3 for the 

investigated samples is shown in Figure 30.  
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Figure 30. Temperature dependence of the specific heat as Cp/T
3of the densified 

B2O3 glasses.  

 

 

All the investigated glasses show a well-defined asymmetric broad peak, 

which is the evidence of an excess Cp(T) over the specific-heat capacity of the 

Debye contribution CD(T) defined as  
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A growing densification depresses the excess specific heat CP(T) over the 

whole explored temperature range, giving rise to a significant decrease of the 

peak intensity and to an increase of the bump temperature Tmax, which shifts 

from about 5.7 K in v-B2O3 to about 12 K in 4-GPa/B4 glass (see Table 4).  

To point out the changes of the excess specific heat arising from the 

variations of the elastic continuum, the specific heat CP(T) scaled by CD(T) 

for the densified B2O3 glasses as a function of T/ϴD is shown in Figure 31. 

It increases its intensity with densification and exhibits an evident shift of 

the maxima. 

This observation reflects a variation of Tpeak stronger than that experienced 

by ϴD. Importantly, by scaling the specific heats of densified B2O3 glasses by 

the specific-heat of the peak (Cp/T
3)peak in the bumps region, a surprising 

identical shape of the curves is evidenced (Figure 32).  

These findings well agrees with the invariance of the shape of the scaled BP 

revealed by Raman scattering (Figure 28) and confirm the results obtained in 

densified SiO2 (31) and GeO2 (32) glasses and alkaline borate glasses (33). 
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Figure 31. CP(T) scaled by CD(T) for the densified B2O3 glasses as a function of 
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by the specific-heat of the peak (Cp/T
3)peak as a function of T/Tpeak. 

 

 

Moreover, all the samples show an upturn below T=2.5 K, particularly 

evident in more densified glasses. It is usually ascribed to the existence of 

tunneling states in glasses exhibiting a linear dependence on temperature (34). 

It is more evident in samples where the peak intensity is lower and its 

maximum is shifted to higher temperatures. 

More accurate measurements at lower temperature would be required for the 

study of this topic; however, it is beyond the purpose of this thesis.  

Low-temperature specific heat and low-energy vibrational density of states 

are connected by the following equation: 
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where N is the number density, KB is the Boltzmann constant and ωo the 

highest vibrational frequency.  

In particular, the position of the bump in the specific heat refers directly to 

the boson peak, being the equivalent in temperature of the BP energy in the 

dominant phonon approximation. 

 

 

 

 

5.4.4 Relations between Raman, neutron and specific heat 

results and determination of coupling coefficients C(ω) 

 
The experimental results shown in the previous paragraphs evidence a good 

agreement between spectral shapes of densities of states and the specific-heat 

behavior. All the spectra are indeed characterized by a large peak showing a 

widening on the descending side (Figure 26, 29 and 30); moreover, the 

position and the intensity of the boson peak in g(ω)/ω2 follows closely the 

changes with the density displayed in the Cp/T
3. 

 

 

 

 

 

 
 

 

 

 

 

 

Table 4. Values of the molecular number density ρN, atomic packing fractio φ, BP 

frequency by Raman (ω'BP ) and neutron (ωBP ) scattering and the temperature Tmax of 

the bump in the CP/T3 of the studied glasses. 

 

Sample

s 

ρN 

(mol/Å3

) 

φ 

ω'BP  

(cm-1) 
ωBP 

 (cm-1) 

TMAX 

(K) 

      

v-B2O3 0,07898 0.352 26 17 5.7 

B2O3-2GPa 0,09006 0.401 37 26 7.7 

B2O3-4GPa/B3 0,09404 0.419 51 32 10 

B2O3-4GPa/B4 0,10265 0.457 68 47 12 
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An accurate comparison between the experimental results points out that the 

change of the Raman intensities with the density in correspondence of the 

maximum are unusually small in proportion to those observed for Tmax of the 

specific heat data.  

This evidence leads to believe that the strength of the phonon-photon 

coupling constant C(ω) changes for the different processes of densification in 

a nontrivial way.  

However, both low-energy Raman and neutron scattering spectra show 

maxima whose frequencies, ωBP and ω’BP, increase with density with the same 

rate of Tmax in CP/T3 data (Figure 33).   
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Figure 33. BP frequencies in Raman  and neutron scattering measurements 

(ω’BP  and ωBP, respectively) and temperature of the bump in CP/T3 (Tmax) as a 

function of the molecular number density.  
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Consequently, both experimental probes seem to be sensitive to the same 

vibrations revealed in the specific-heat measurements.  

Hence, these techniques are interchangeable in providing information about 

the boson peak. 

Thanks to the availability of both neutron and Raman spectra, the 

determination of the Raman light-to vibration coupling coefficient C(ω) has 

been possible, by dividing the normalized Raman intensity IN by g(ω)/ω2 

(Equation 9).  

The knowledge of the frequency dependence of coupling coefficient C(ω) is 

very significant to clear up some questions about low-frequency vibrations, 

because it contains information on the vibrational wave function (27) and 

consequently can make easier the identification of the modes involved in the 

ambiguous dynamics of the boson peak. 

The two most known models suggested for the description of C(ω) are 

based on different predictions: the first one, formulated by Shucker and 

Gammon (27), predicts that C(ω)=const and assumes that the vibrations in 

glasses are localized on a distance much shorter than the light wavelength. 

The second model was proposed by Martin and Brenig (35) and suggests that 

at low frequency C(ω)~ω2, as a consequence of the effect of the polarizability 

disorder on slightly damped acoustic waves.  

More recently it has also found that quasi-plane acoustic waves with finite 

mean free path l also contribute to the low-frequency Raman spectrum with 

C(ω)~ω2 when l-1~ ω4 (36) or with C(ω)=const  when l-1 ~ ω2 (37). 

Although there is a widespread assumption that the vibrations around the 

boson peak are hybridized and cannot be easily separated, this issue is not yet 

fully settled.  

A linear frequency dependence of C(ω) in the frequency region below 150 

cm−1 is a behavior common to many glassy systems (38).  

On the hand hand, a constant value of C(ω) is invoked by different models 

(38) and associated to the existence of localized vibrations. 
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The finding of a universal behavior of C(ω) for glasses having different 

structures should suggest the presence of a single type of vibrations in the BP 

region. Anyway, the possibility that two possible interrelated types of 

vibrations (localized and propagating) coexist, cannot be precluded (39). 

The experimental determination of the elastic constant is a difficult task, just 

because in order to avoid the influence of the quasi-elastic contribution, very 

low-temperature light and neutron scattering data should be used. However, 

it’s worth to remark that, although the spectroscopic data reported in this 

study have been collected at room temperature, the quasi-elastic contribution 

decays so fast that it is negligible above 20 cm−1 for all glasses, making the 

following analysis reasonable. 

The coupling coefficients obtained for investigated samples are shown in 

Figure 34. 

 

 

Figure 34. Frequency dependence of the coupling coefficient C(ω) densified 

B2O3. Dashed lines are descriptions by linear dependence. 
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In the low frequency region, C(ω) reveals a similar frequency behaviour in 

all the investigated samples, showing a linear trend in proximity of the 

frequency position of the Boson Peak.   

Indeed, the linear regime is maintained up to higher frequencies in samples  

of increasing density. Furthermore, the magnitude of C(ω) is different for the 

different densified samples: for frequencies below 50 cm−1, it decreases by 

increasing density, tending to a similar value at frequencies higher than 60 

cm−1.  

As concerning the linear frequency dependence of C(ω), it has recently 

shown that a broad set of different glasses can be scaled to a single master 

plot with a frequency dependence C(ω)=A(ω/ωBP+B), where B=0.5 and ωBP 

is defined as the position of maximum of g(ω)/ ω2 (33). 

In Figure 35, C(ω) plotted against the scaled frequency ω/ωBP is shown.  
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Figure 35. Frequency dependence of the coupling coefficient C(ω) of densified 

glasses as a function of the scaled frequency ω/ωBP. The dashed-dotted line is a fit of 

C(ω)ω/ωBP+0.5. The solid line is a fit C(ω)ω2. 
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Importantly, although the coupling coefficients show differences for the 

differently densified samples (Figure 34), they strikingly falls onto the same 

curve after the frequency is scaled by the boson peak position (Figure 35).  

More precisely, above the boson peak (ω/ωBP>1) a linear behavior described 

by the equation C(ω)=A(ω/ωBP+0,5) is observed.  

Conversely, in the region below and near the BP, the coupling coefficient 

strongly deviates from the previous linear behavior and, in analogy with the 

observation of Surovtsev and Sokolov (38), follows a quadratic frequency 

dependence C(ω)ω2, tending to the value C(ω)=0 to the limit ω→0, as 

expected in the case of scattering from acoustic-like vibrations (35) or from 

spatially attenuated acoustic waves (36).  

This finding is observed in all the samples, leading to the conclusion that the 

boson peak wave functions are unaffected by the density. 

The change in C(ω)-frequency dependence from parabolic to linear suggests 

a wide participation of acoustic modes to the boson peak dynamics. 

Therefore, the BP frequency marks the crossover to a different regime, where 

localized and extended excitations plausibly coexist. 

Finally, the prediction of the Soft Potential Model as concerns the variations 

of the boson peak frequency under pressure has been verified (40). 

According to SPM predictions  

 

ωBP(P) = ωBP(0) (1+P/P0)1/3      (14) 

 

where P0 is related to the bulk modulus K and two parameters of soft 

potentials: the strength of the random force f0 between quasilocalized 

vibrations and a random deformation potential of the quasilocalized vibration 

(40).  

 It has been found that, assuming P0 constant (P0=0.71), the Equation 14 well 

describes the behavior of the boson peak frequency with pressure in all 

investigated densified samples, except for the 4GPa/B4 samples (Figure 36).   
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Figure 36. Pressure dependence of the boson peak frequency in densified B2O3 

compared to the prediction of the soft potential model. Symbols are experimental 

data and line is the fit. The fit assumes P0 is independent of pressure and equal to 

0.71. 

 

 

 

 

 

The deviation observed in 4GPa/B4 can be ascribed to the relevant changes 

of the atomic structure occurred during the hot compression, leading to the 

formation of BO4 units.  
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5.4.5 Relation between the boson peak strength and the 

elastic moduli 

 

Different hypothesis have been advanced about the boson peak origin, 

ascribing it to van Hove singularities located at high-symmetry points at the 

boundaries of the first Brillouin zone (41) or to the existence of a strongly 

dispersive transverse-acoustic branch (42).  

Importantly, recent measurements on metallic glasses have pointed out a 

possible relation between the boson peak strength and the elastic moduli (43; 

33). 

In these studies, it was observed that, in many crystalline and glassy 

systems, the peak temperature Tmax of the reduced low temperature specific 

heat is related to the crossover frequency, ωco, where the Debye and the 

effective experimental VDOS cross for the first time (44).  

The crossover frequency ωco should correspond to the Brillouin-zone-

boundary frequency for shear waves, which for elastically isotropic glasses is 

defined as 

BZCO K
c

2/1

442



















    (15) 

  

where ρ is the density, C44 is the elastic constant for pure transverse waves, 

and KBZ is the wave vector magnitude at the end of the first pseudo-Brillouin 

zone. Therefore, the Equation 15 implies a linear correspondence between the 

frequency of the boson peak and the transverse velocity vt , since C44= ρvt
 2.  

The dependence of Tmax on the shear velocity vt, for the investigated samples 

is shown in Figure 37. 

By increasing the density, the temperature of the bump in Cp/T
3 increases 

linearly with vt, and it seems clear that the validity of the Equation 15 is 
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confirmed also by a wide group of glasses (33; 45), appearing as a promising 

general feature of glasses. 

Furthermore, it’s important to note that in these glasses the longitudinal 

sound velocity is related to the transverse component (Table 5) by the relation 

vL=1.7 vT.  

Taking these results into consideration, it is possible to affirm that 

transverse modes are directly involved in the boson peak dynamics settling its 

position. Moreover, the asymmetric shape of the boson peak, appearing as a 

broadening on its right tail (Figure 26 and 29) can be considered as the 

signature of the involvement of longitudinal modes, which are expected to 

contribute at higher frequencies and temperatures. 
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Figure 37. Temperature Tmax of the bump in the Cp/T
3 as a function of transverse 

velocity for densified borate glasses. In the figure the data of Se, GeO2, SiO2 (45) 

and lithium, sodium, potassium, cesium borate glasses are also reported (33). 
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Table 5. Values of room temperature molecular number density ρN , longitudinal vL and 

trasversal vT  sound velocity, shear (G), bulk (B) and  Young’s (Y) modulus, of B2O3 densified 

glasses, determined by ultrasonic measurements. 

 

 

Since the structure of the investigated densified glasses and the atomic 

forces inside and between the structural units are basically of the same type, 

the strong differences in the vibrational dynamics and sound velocities are 

ascribed to the effects of the densification. Indeed, notwithstanding the 

short-range order is almost preserved over a wide range of pressure, an 

increase of density determines the shrinkage of interstitial voids and the 

consequent reduction of the distances between the boroxol units. Hence, the 

different size of the structural voids will imply the formation of bonds of 

different strength between the atoms and the surrounding groups, strictly 

influencing the Coulombian interaction and the potential energy gradient. 

A more detailed information about the nature of molecular bonds can be 

inferred by the elastic moduli. The elastic bulk modulus (B), Young’s 

modulus (Y), and shear modulus (G) of the investigated glasses have been 

determined from the experimental values of density ρ, longitudinal velocity 

vl, and shear velocity vt, using the Lamè coefficients λ= ρ(vl
2− 2vt

2) and 

μ=ρvt
2 through the following standard relations: 

 

Samples 

ρN 

(mol/Å

3) 

VL 

(m/s) 

VT 

(m/s) 

B 

 (GPa) 

G 

(GPa) 

Y 

(GPa) 

       

v-B2O3 0.07898 3242 1830 11.04 6.11 15.48 

B2O3-2GPa 0.09006 3737 2141 16.35 9.54 23.97 

B2O3-4GPa/B3 0.09404 5287 3021 34.31 19.84 49.90 

B2O3-4GPa/B4 0.10265 6393 3653 53.76 31.67 79.65 

c- B2O3 0.11030 8344 4069 121.24 42.22 113.49 
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The measured shear, bulk, and Young’s moduli follow the same trend of 

ultrasonic velocities with the density (Figure 38).  
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Figure 38. Longitudinal (vL) and trasversal (vt) velocities as a function of molecular 

number density. The elastic bulk (B), Young’s (Y), and shear (G) moduli are also 

shown. 
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The reduced resistance to shear in less densified glasses could arise from 

their looser structure in comparison with more compacted ones. 

According to the model proposed by Bridge and Higazy (46), the bulk 

modulus of the glass network depends on both the cross-link density and the 

bond-stretching force constant. 

Therefore, the observed differences in the bulk modulus of the investigated 

glasses should mostly arise from marked differences in the bond-stretching 

force constants, related the size of the structural voids.  

The densification determines a growing strength of interaction between the 

structural units and, as a consequence, the B-O environment overlooking 

interstitial voids undergoes a progressively stronger strain. 

 

By considering the behavior of peak temperature in CP/T3 as a function of 

density (Figure 33), higher values in correspondence of greater densities 

reveal a strong sensitivity of the boson peak modes to the structural scale 

involving the voids force fields. 

In the light of these evidences, it can be believed that vibrations merging 

into the boson peak arise from low atomic density regions and that they are 

strongly affected by constraints imposed by the density on transverse 

displacements of structural units overlooking these voids.  

Therefore, the decrease in the intensity of the boson peak, clearly observable 

in Figure 26 and 30, would be the natural consequence of a transfer of these 

modes toward higher frequencies. Indeed, the densification, giving rise to 

stronger Coulombian bonds, determines a shift and to a considerable 

reduction in the amount of low-energy vibrations.  
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 5.5 Structural and low energy–dynamical 

correlations in densified borate glasses 

As pointed out by the presence of the first sharp diffraction peak (FSDP) in 

X-ray and neutron structure factor S(Q) of vitreous systems, a regularity in 

the structural order is supposed to exists beyond second nearest neighbors. 

The FSDP is indeed a manifestation of the structural peculiarities in the 

intermediate-range scale and its position, Q1, provides an estimation of the 

related length scale:   

1

2

Q
R


      (19) 

 

On the other hand, the characteristic low-frequency modes in Raman and 

inelastic neutron scattering measurements (the Boson peak) have associated 

wavelengths lying just in the same length scale. Many scientists assume that 

the boson peak is the result of quasi-local excitations, characterized by a 

correlation radius (47; 48) defined by  

 

C

T

cR

v




2
max       (20) 

 

where vT is the transverse sound velocity and c is the velocity of light.  

RC is the dynamic correlation length and represents the range over which the 

system can be considered homogeneous for the phonons and for the light that 

they scatter (49). 

 Several model have suggested the existence of a strict connection between 

structural correlations on the mesoscopic length scale and low-energy 

dynamics (48; 49; 50; 51; 52) in glass systems.  

In order to test the validity of these assumptions, the correlation length R 

(estimated by Equation 19) related to the FSDP position has been compared 
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in Figure 40 to the correlation length RC associated to the boson peak in 

Raman spectra (estimated by Equation 20).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6. Frequencies of the boson peak maximum and parameters related to the FSDP 

in normal v-B2O3 and densified glasses. The related correlation lengths are also 

provided. 
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Figure 39. The boson peak frequencies, obtained by means neutron and Raman 

measurements as a function of the FSDP position.  

 

Samples 
ω'BP 

(cm-1) 

Q1 

(Å-1) 

RC 

(Å) 

R 

(Å) 

     

v-B2O3 26 1.58 3.74 3.97 

B2O3-2GPa 37 1.74 3.07 3.61 

B2O3-4GPa/B3 51 1.83 3.14 3.43 

B2O3-4GPa/B4 68 1.85 2.85 3.39 
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Figure 40. Correlation lengths R as obtained from Q1 as a function of  the dynamic 

correlation length RC; the values are showed in Table 6. 

. 

 

 

 

This analysis shows that a strong correlation exists between the two lengths, 

supporting the hypothesis of the presence in glasses of strong localization of 

low-frequency vibrational excitations. 

The values of the correlation lengths RC become smaller by increasing the 

density, denoting a loss of correlation in the arrangement of densified 

systems. It could mean that the density causes the shrinkage of the network 

and provides an additional chemical disorder. 

The sample densified at 4 GPa (4 GPa /B3 and 4 GPa/B4) does not show 

any important change in Q1. This is due to the fact that the related length of 

the vitreous structure is formed in the supercooled melt and does not depend 

on the melting temperature, but on the quenching pressure, in accordance 
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with previous studies in glass-forming liquids and rapidly quenched glasses 

(53; 54).  

This finding implies that the correlation length RC of vitreous structures in 

the intermediate-range scale is closely related to some characteristic distances 

R between the underlying structural units contributing to the FSDP in the 

diffraction pattern (48).  

We are thus led to conclude that  in vitreous materials a structural order on a 

scale of 4-10 Å exists, which is responsible of the FSDP in S(Q) and 

determines the appearance of quasi-local vibrational excitations responsible 

of the BP.  

 

 

 

 

 

5.6 In situ high-pressure study of α-quartz by 

Raman spectroscopy 

 

As widely described in the previous chapters, amorphous solids are 

thermodynamically metastable and can be crystallized into one or more 

metastable or stable polycrystalline phases upon thermal annealing or high-

pressure application. Thus, pressure is a thermodynamic variable that can be 

used to control the crystallization of amorphous solids. 

The application of an external pressure remarkably enhances the thermal 

stability of the amorphous solids and promotes the formation of crystalline 

phases with larger densities. The transformation from amorphous to crystal 

phase involves a negative total volume change and inevitable plastic 

deformations that may create atomic defects giving rise to heterogeneous 

nucleation of the crystalline phase.  
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Thus, the study of the transformations from amorphous to crystal under 

pressure-application can provide a powerful way to shed light on some 

fundamental issues of glasses.  

On the other hand, the investigation of pressure-induced solid-state 

amorphization is another important field of research in phase transitions at 

high pressure. 

 The number of substances found to become amorphous under high 

pressure is steadily increasing. In some solids, the amorphization is an 

irreversible process, with the sample remaining amorphous upon pressure 

release, while in others the crystal-to-amorphous transition is a perfectly 

reversible process. 

In spite of the high level of research activity in the field, many features of 

pressure-induced amorphization are still unclear. 

In a pressure induced amorphization process, the initial crystalline order 

may break down by means three different mechanisms: mechanical 

deformation, chemical decomposition and crystallographic transformation.  

The first mechanism implies a non-homogeneous macroscopic deformation 

of the crystalline sample by non-hydrostatic shear components, preserving 

the short-range chemical order. The second mechanism implies the 

decomposition of an initially complex compound into simpler components. 

Finally, the crystallographic mechanism leads to a disorder in the crystal 

structure, both orientational and positional, but without any substantial 

atomic displacement or diffusion and without changes in the initial chemical 

composition. The final disordered isotropic state should be considered as a 

new phase (stable or metastable). 

 It appears clear that pressure-induced crystallization and pressure-induced 

amorphization are two sides of the same coin. The investigations of both 

issues can provide a deeper understanding of glassy properties and of the 

role of structural defects and shear instability in originating the Boson Peak.  

 

http://context.reverso.net/traduzione/inglese-italiano/of+the+same+coin
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Among the most studied substances found to become amorphous under high 

pressure there is the α-quartz. At room temperature and for pressures up to 3 

GPa, α-quartz is the stable form of silica. At higher pressures, the quartz 

structure persists as a metastable state, which gradually transforms to an 

amorphous form in the 25-35-GPa range. 

In the following, the results of a high pressure Raman investigation on α-

quartz will be described. This represents a preliminary study of a pressure-

induced amorphization process. At the same time, it is the first experiment in 

which a Diamond Anvil Cell has been used as experimental strategy to 

perform in situ pressure-investigations at the laboratories of the Physics 

Department of the University of Messina. 

 

 

Room-temperature Raman spectra of α-quartz was carried out in the range 

0 -26 GPa.  

The pressure inside DAC cell has been determined by monitoring the 

wavelength of the characteristic fluorescence line of two different ruby 

grains (15 and 20 μm diameters), according to the Mao-Bell equation (55):   

 

𝑷 (𝑮𝑷𝒂) =
𝑨

𝑩
[(

𝛌

𝛌𝟎
)

𝑩

− 𝟏]    (21) 

 

where P is expressed in GPa, A is a parameter equal to 1904 GPa, λ0 is the 

wavelength of the ruby fluorescence line R1 at room-pressure and 

temperature (694.25 nm); the B parameter is equal to 7.665 (quasi-

hydrostatic conditions).  

In Figure 41, the ruby fluorescence spectra at some of the investigated 

pressure are shown. The R lines shift at higher wavelenghts by increasing 

the applied pressure. The uncertainty on pressure measurements increases 

with pressure because of the loss of liquid hydrostaticity, as deductible in the 

line R enlargement. 
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Figure 41. Emission spectra of the ruby grains inside the DAC cell at different 

pressures. The background-subtracted data are normalized to the R1 line intensity. 

 

 

 

 

In Figure 42 the in situ Raman spectra of α-quartz at 0 GPa, 3,7 GPa, 7,5 

GPa and 22 GPa are plotted. The frequency changes appear negligible for 

the modes 304, 393, 402 cm–1. Conversely, a strong pressure dependence is 

observed for the modes 204, 263 and 463 cm–1, that show a large initial 

increase of the frequency and a rapid flattening at higher pressure. 
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Figure 43 shows the Raman shifts as a function of pressure of six low 

frequency-vibrational modes. 
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Figure 42. Effect of pressure on low frequency Raman spectra of α-quartz.The 

high-pressure data sets have been shifted vertically for clarity of 

presentation. 
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Figure 43. Frequency shifts of the Raman active modes in α-quartz as a function of 

pressure. 

 

 

 

The variations in vibrational spectra are inferable to pressure-induced 

changes in structure of α-quartz. In the investigated low frequency range, 

they are ascribed to complex translations and rotations of SiO4 tetrahedra 

(56).  

Particularly, the strongest band at 463 cm-1 is ascribed to the symmetric Si-

O-Si stretching modes and depends on the smallest ring sizes (and therefore 

smallest ϴSi-O-Si angles) in the structure (57). The compression generates the 

reduction of the Si-O-Si angle, which has been shown to decrease from 144° 

under ambient conditions to 134° at 6 GPa (58), involving the observed 

consistent increase of frequency.  
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Conclusions 

 

The vibrational dynamics and structural properties of a series of alkaline 

borate glasses, permanently densified B2O3 glasses and an α-quartz have 

been investigated. Furthermore, a set-up for in-situ high-pressure Raman 

experiments was developed.  

Permanently densified B2O3 samples were obtained by using a high- 

pressure-high temperature apparatus achieving a densification up to the 30%. 

The low energy vibrational dynamics and the structure were investigated 

by means inelastic neutron scattering, low temperature specific heat, Raman 

scattering and neutron diffraction.  

The neutron diffraction spectra of the series of alkaline borate glasses 

showed the existence of strong differences in the intermediate range order as 

a function of the specific alkaline ion and of its concentration. It was found 

that the shape of the structure factor of alkaline borate glasses in the low-Q 

region emerges as a result of the existence of two length scales associated 

with the diameter of voids. A model is proposed in which the planar section 

of a void is an n-membered ring of all-side vertex sharing basic structural 

units. This description explains the anomalous compositional and pressure 

dependence of the FSDP in glasses as due to changes in the distribution of 

the sizes of the voids.  

The analysis of the diffraction spectra of the densified B2O3 shows that the 

position of the FSDP moves to a higher momentum transfer, as the pressure 

is increased, providing indication of the change of the intermediate range 

order, whereas the short-range order remains unchanged.  
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The changes in the FSDP (shift in the position, reduction in its height) are 

due to a shrinkage of the structural voids.  

Finally, the comparison of the S(Q) between glasses and corresponding 

crystals shows that diffraction lines for the crystalline phase are found in the 

same region where the FSDP is observed in glasses. We suggest that the 

width of the FSDP is caused by the overlapping of several broadened peaks 

that arise from voids of irregular shape and different size. 

 

The detailed analysis of the Boson peak in densified B2O3 glasses, obtained 

by neutron, Raman and specific heat, demonstrates that under pressure (i) the 

boson peak position shifts more strongly than the sound modes, (ii) the 

intensity of the boson peak relative to the Debye level increases.  

These results clearly indicate that changes in the boson peak are stronger 

than the elastic medium expectation, and that they are ascribed to a 

suppression of the low-frequency modes. The observed independence of the 

scaled spectral shape (spectra normalized by the intensity of BP at the 

maximum) suggests that the vibrations in glasses form a universal 

distribution and change in a similar way under compression. In other words, 

all the low-energy vibrational modes underlying the BP, extended and 

localized, are coupled and hybridized, determining an overall spectral 

distribution, whose spectral shape does not depend on the different packing 

fractions of the systems. Furthermore, a clear correlation between the boson 

peak frequency (or the temperature of the maximum in Cp/T
3) and the 

transverse sound velocity is found.  

The Raman coefficient C(ω) has been evaluated and it appears almost 

similar for all glasses. Moreover, it is demonstrated that above the boson 

peak maximum, C(ω) has a linear dependence on frequency, 

C(ω)=A(ω/ωBP+0,5) and a superlinear behaviour at frequencies below ωBP.  

It is believed that vibrations merging into the boson peak arise from low 

atomic density regions and that they are strongly influenced by constraints 

imposed by the densification on transverse displacements of structural units 
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overlooking these voids. These findings suggest a mainly transverse 

character of the excess vibrational modes in glasses. 

 

The correlation lengths of densified glasses, estimated from the boson peak 

in Raman spectra and from the position of the first sharp diffraction peak, 

were compared. This comparison shows that these two lengths, which are 

respectively based on dynamic and static properties, are in good quantitative 

agreement. The present finding suggests that the low-frequency excitations 

are defined by the characteristic length of voids in the glassy structure. The 

large suppression of the low-energy dynamics is thought to be related to the 

shrinkage of the void space. Soft modes in the void space can plausibly be 

suppressed by its shrinkage. 


