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ABSTRACT 
 
 
 The purpose of this project is to contribute to a better understanding of 
Metallic Glasses. In particular, the study is focused on the behaviour of local atomic 
collectivities and their dynamics. The collective atomic behaviour is responsible of the 
mechanical response of a material, and consequently its comprehension leads to a 
better understanding of the structural properties of Metallic Glasses. 
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INTRODUCTION 
 
 

The structural materials used in airframe and propulsion systems influence the 
cost, performance and safety of aircrafts, spacecraft, etc. The knowledge of available 
materials, as well as their properties and reliability, is essential for the aerospace 
community. 
 
 Metallic glasses are metastable solids without the long-range order present in 
crystals. Conventional metallic materials have a crystalline structure consisting of 
single crystal grains of varying sizes that fit together to form the metal’s 
microstructure. Metal alloys are usually obtained by melting and subsequent 
solidification; the particular cooling path, as well us further thermal treatments, are 
eventually responsible of the crystallization process and final metallic microstructure 
which, in turn, define the mechanic response. 
 
 Unlike crystalline alloys, Bulk metallic glasses are obtained by fast cooling 
below the crystallization temperature. Fast cooling prevents regular crystallization, 
and thus the material keeps the structure of the precursor liquid; bulk metallic glasses 
are thus undercooled liquid materials. This solid, non-crystalline structure makes bulk 
metallic glasses more resistant to permanent deformation than their crystalline 
counterparts - by factors of 2 or 3 – and tougher than ceramics. 
 
 The first metallic glass, discovered over forty years ago by Pol Duwez at 
Caltech, was produced by rapid cooling an Au–Si eutectic liquid. (1) However, the 
extremely high critical cooling rate (e.g., 106 K/s) limited sample dimensions to the 
micrometer range, restricting applications to a few areas such as micro mechanisms 
in transformers and sensors. It was in the 1990s when a variety of alloy systems with 
low critical cooling rates, around 0.1–100 K/s (2, 3) , was discovered. This allowed 
the production of metallic glasses with dimensions of millimeters to centimeters via 
conventional casting technologies well known by metallurgists. 
 
 The disordered atomic structure of metallic glasses provides many super 
mechanical properties compared to crystalline exemplars. For example, elastic 
strains up to 2% have been measured (most engineering materials exhibit 0.2% or 
less), with failure strengths approaching theoretical values; the strength-to-density 
ratio for Al-, Ca-, and Mg-based bulk metallic glasses is at least twice that of the 
corresponding crystalline materials. Most exciting is the development of new Fe-
based bulk metallic glasses, so-called amorphous steels (4, 5) , which have exhibited 
failure strengths exceeding twice that measured for conventional high strength steels. 
The combination of the unique mechanical properties with easy processability and 
shaping provides the potential for a new generation of structural materials with 
cutting-edge applications in a variety of industries including aerospace and 
aeronautics, high-performance sports equipment, armor and anti-armor devices, 
biomedical, and conventional structural applications. 
 
 The continuous research effort on BMG is resulting in the continuous 
appearing of new amorphous compositions for use in several applications -sports 
equipment, medical tools, military hardware, spacecraft parts, etc. -.Better 
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measurements of viscosity and a better understanding of the atomic structure will 
help researchers to improve a variety of materials with a wide application range. 
 
 One of the principal tools in the theoretical study of metallic glasses is 
molecular dynamics simulations (MD). MD simulations are used to investigate the 
structure dynamics and thermodynamics of materials. The use of empirical potentials 
allows faster calculations following only specific atomic degrees of freedom and, as a 
result, larger and more complex systems can be treated by allowing some reduction 
in accuracy. They are also used in the determination of structures from x-ray 
crystallography and from NMR experiments. In the particular case of metallic 
glasses, the most reliable theory establishes that liquid fragility depends on both the 
local topology and the interatomic potential, in particular its anharmonicity. Here, 
large scale MD simulations may allow one to separate the different effects of 
topology and anharmonicity 
 
 
 
 

Outline 

 
This work is organized in Introduction and 6 main chapters. In Chapter 1 are 

defined some of the main concepts for a better understanding of this work. Explaining 
briefly what Bulk Metallic glasses are, their structure, properties and applications. It is 
given a short review about Molecular Dynamics simulations, and a short introduction 
about phonons.  
 

In Chapter 2, the objectives of this work can be found and in the next one, 
Chapter 3, a quick brief about the state-of-the art. 
 

Chapter 4 explains the methodology used in this work. Splitting it in two parts, 
the computational method and the experiments. 
 
 

In Chapter 5 we focus on the results, explaining the computational method used 
in the work and the basic concepts as Vibrational density of states, Radial distribution 
function and dynamic structure factor used for interfering information about Bulk 
Metallic Glasses structure.  
 

Finally, Chapter 6 some conclusions obtained from the results are provides, as 
well as some discussion about the results.  
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Chapter 1 
 

PRINCIPLES 
 
 
 

1.1. Metallic Glasses 

 
 Metallic glasses are metastable solids without the long-range order present in 
crystals. They are emerging as potentially useful materials at the frontier of materials 
science research. They combine the advantages and avoid many of the problems of 
normal metals and glasses 

 
Amorphous metallic alloys or metallic glasses are relatively newcomers to the 

world of glasses ,  they have properties that are unusual for metallic solids. Metallic 
glasses, which exist in very wide variety of compositions, combine fundamental 
interest with practical applications. They also serve as precursors for exciting new 
nano crystalline materials. Their magnetic (soft and hard) and mechanical properties 
are of particular interests. 

 
 Amorphous alloys  have attracted considerable attention due to their unique 
properties, such as mechanical, magnetic, electronic, chemical and other properties. 
These properties make them of great interest in fundamental studies in solid state 
physical and very useful for application. 
 

In the last two decades, metallic glasses have regained more interest due to the 
discovery of new glass-forming compositions that have a critical cooling rate of less 
than 100k/s and can be made glassy in bulk shapes. The availability of bulk metallic 
glasses opens the materials being used for engineering applications. They offer an 
opportunity to revolutionize the field of structural materials with combinations of 
strength, elastic limit, toughness, wear resistance and corrosion resistance. 
 

1.1.1. What are Metallic Glasses 

 
A glass is a solid material produced when a liquid is cooled without 

crystallizing. Bulk Metallic Glasses (BMGs) are alloys having amorphous or glassy 
structure. 
 

When a conventional metal or alloy cools from the liquid melt, equilibrium is 
reached when it solidifies into the lowest energy state in a crystalline lattice. Most 
metals crystallize at a temperature just below the melting point in microseconds 
during solidification. But rather than forming a perfect single crystal, most metals are 
polycrystalline, with grains of varying shape and size. Grain boundaries and crystal 
defects represent weak spots of less than optimal atomic packing, where fracture can 
form and corrosion often starts. 
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A glass solidifies without crystallizing; it retains a much more disordered 

structure reminiscent of the liquid state. The disordered structure of glasses gives 
them unique properties, the most distinctive of which is the glass transition. A crystal 
will melt at a specific temperature when heated. A glass will not melt; instead, it 
gradually softens, changing from solid to liquid over a range of temperature. This can 
be very useful for processing glasses into complex shapes. 

 
 

1.1.2. Processing  

 
Virtually any liquid can be turned into a glass if it is cooled quickly enough to 

avoid crystallization. The question is:  how fast does the cooling need to be? 
 
 

 
 

Figure 1-1: Glass transition 

 
 
 

Common oxide glasses (such as ordinary window glass) are quite resistant to 
crystallization,  they can be formed even cooling the liquid really slowly,  and many 
polymers cannot be crystallized at all. For both oxides and polymers, the key to glass 
formation is that the liquid structure cannot be rearranged to the more ordered 
crystalline structure in the time available. 
 Metallic glasses are another story. Because the structural units are individual 
atoms (as opposed to polymer chains or the network structure of an oxide), in most 
alloys it is relatively easy for crystals to nucleate and grow. As a result, the earliest 
metallic glasses (which were discovered at Caltech in the late 1950s) required very 
rapid cooling - around one million degrees Celsius per second - to avoid 
crystallization. Although this sounds impressive, it's actually not as hard to achieve as 
you might imagine. One way to do it is by single-roller melt spinning, as shown 
here: 
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Figure 1-2: Single-roller melt spinning 

 
 
 
 

In this process, the alloy is melted (typically in a quartz tube) by induction 
heating, and then forced out through a narrow nozzle onto the edge of a rapidly 
rotating chill wheel (typically made of copper). The melt spreads to form a thin ribbon, 
which cools rapidly because it is in contact with the copper wheel. 

 

Melt spinning and other rapid solidification techniques have been used to 
make a wide variety of amorphous and nano crystalline metals from the 1960s to the 
present. However, materials produced in this way have a key limitation: At least one 
dimension must be very small, so that heat can be extracted quickly enough to 
achieve the necessary cooling rate. As a result, the early glass-forming alloys could 
only be produced as thin ribbons (typically around 50 μm thick), wires, foils, or 
powders. 

Although some applications (notably those that made use of the magnetic 
properties of iron- and nickel-based alloys) could use metallic glasses in these forms, 
structural applications were obviously impractical. 

The earliest demonstration of a bulk metallic glass came from Harvard 
University in the 1980s, where  was shown that by using a flux to remove impurities, 
a palladium-based glass could be produced in thickness of more than a millimeter. 
More rapid progress was made in the early 1990s on developing alloys that could 
form glasses at much lower cooling rates, down to one degree Celsius per second or 
less. Today, a wide range of glass-forming alloys are known, based on common 
elements including iron, copper, titanium, magnesium, zirconium, and platinum. 

These alloys can be produced using variations on standard metallurgical 
casting techniques, although in most cases processing must be done in vacuum or 
under an inert atmosphere to prevent contamination. 
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Another technique for producing metallic glasses is suction casting. An ingot 
in the upper chamber under an inert atmosphere is melted with an electric arc (much 
like in arc welding) and then sucked into a mold when the lower chamber is opened 
to vacuum. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

One of the potentially useful properties of metallic glasses is that they do not 
melt abruptly at a fixed temperature. Instead, like ordinary oxide glasses, they 
gradually soften and flow over a range of temperatures. By careful control of 
temperature, the viscosity of the softened glass can be precisely controlled. This 
ability can be used to form metallic glasses into complex shapes by techniques 
similar to those used for molding polymers. 

 
 
 

1.1.3. Structure 

 
In a crystal (below left), there is a great deal of regularity or order to the atomic 

positions. In comparison, the atomic positions in a glass (below right) are much more 
disordered. 

 

 

 

 

 
 

 
 
 

Figure 1-3: Suction casting 

Figure 1-5: Amorphous 

Figure 1-4: Crystal 
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There are several things to notice about these simple models. In the crystal, 
the local environment around each atom is the same: Every atom has six neighbors, 
all at the same distance. (In three dimensions, each atom would have twelve 
neighbors.) In the glass, each atom has about six neighbors on average, but some 
atoms have fewer than six while others have more. Furthermore, the neighbors 
around a given atom are not all at the same distance, although again an average 
near-neighbor distance can be defined. The same basic principles apply to real 
metallic glasses, but the situation is more complex because metallic glasses usually 
have more than one kind of atom. 

 

We can study the atomic-scale structure of metallic glasses using some of the 
same techniques used to study crystalline materials. The most widely-used technique 
is x-ray diffraction. Because of their wave nature, x-rays will diffract from the 
regularly-spaced planes of atoms in a crystal, following Bragg's Law: 

 

d2
sin  

                                                       
(1.1) 

 

Where  θ is one-half of the scattering angle, λ is the wavelength of thex-rays, 
and d  is the distance between the atomic planes. 

 
 

 
 
 
 

In an x-ray diffraction experiment, the intensity of the diffracted x-rays is 
measured as a function of θ, as shown schematically here: 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

If Bragg's Law is satisfied, then x-rays will be strongly diffracted and a large 
intensity will be recorded. Because of the highly ordered nature of a crystal, this will 
happen only at a few angles. So the diffraction pattern from a crystal consists of a few, 
sharp diffraction peaks as shown in the top pattern below: 

Figure 1-6: X-ray diffraction 
experiment 
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The disordered atomic-scale structure of a glass, on the other hand, leads to a 
diffraction pattern that has only a few, broad scattering features, as shown in the 
bottom pattern above. 

 

 

The difference in structure can also be seen in the electron microscope. 
Shown below are two high resolution transmission electron microscope (HRTEM) 
images. In the image on the left, you can clearly see the highly ordered contrast 
associated with the periodicity of a crystal. In the image on the right, which is from a 
glass, there are no periodic features. 

 

 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1-7: Diffraction Patern 

Figure 1-8: HRTEM image 
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1.1.4. Properties 

 

1.1.4.1. Mechanical properties 

 
Much of the recent interest in metallic glasses centers on their unusual and 

potentially useful mechanical properties. The differences in behavior between 
metallic glasses and conventional alloys (which are crystalline) result directly from 
differences in structures. 

 
The strength of a crystalline metal is limited by the presence of defects in the 

crystalline structure called dislocation. An amorphous material, such as a metallic 
glass, has no defects and so its strength can approach the theoretical limit 
associated with the strength of its atomic bonds. Here's a comparison of the 
mechanical properties of some metallic glasses, along with a few conventional alloys 
for comparison: 

 

 

Table 1.1: Mechanical properties 

 
ALLOY Yeld Strenght Density Strength 

to weight 
ratio 

Elongation 
(%) MPa ksi g cm

-3 
Lb in

-3 

Metallic glasses 
Zr41.25Ti13.75Cu12.5Ni10Be22.5 1900 275 6.1 0.22 310 2 

Mg65Cu25Tb10 700 100 4.0 0.14 175 1.5 

Fe59Cr6Mo14C15B6 3800 550 7.9 0.29 480  2 

Conventional alloys 
Aluminium (7075-T6) 505 73 2.8 0.1 180 11 

Titanium(Ti-6Al-4V) 1100 160 4.4 0.16 250 10 

Steel (4340) 1620 190 7.9 0.29 206 6 

Magnesium (AZ80) 275 400 1.8 0.07 150 7 

 
 

We can see from the table that metallic glasses can in fact be quite strong. For 
instance, iron-based glass in the table (Fe59Cr6Mo14C15B6) is more than twice as strong 
as  high-strength steel. As you might expect, the high strength of metallic glasses has 
generated lots of interest in them for structural applications. 

 

Another consequence of the unusual structure of metallic glasses is that they 
are somewhat (20-30%) less stiff than similar crystalline alloys. ("Less stiff" means 
that they deform more, given the same amount of force.) Although this might seem 
undesirable, in some applications a less stiff alloy is actually advantageous. For 
instance, springs made of metallic glasses are springier. Another example would be 
orthopedic implant; in this case, if the implant material is much stiffer than the bone, 
the implant carries too much of the load and the bone becomes weaker (a response 
called "remodeling"). A metallic glass could be a better match than a crystalline alloy 
of similar composition, reducing the effects of remodeling. 
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Not all of the mechanical properties of metallic glasses are good. Notice the 
final column of the table 1.1  above, "Plastic elongation" is a measure of ductility, and 
it is a useful property of metals for two reasons. First, it means that metals can be 
formed into a wide variety of shapes by deformation processing (such as forging, 
rolling, and extrusion). Second, since the opposite of ductile behavior is brittle 
fracture, ductility is obviously desirable in any structural application. But from the 
table above we see that metallic glasses are not ductile, which is potentially a 
significant barrier to their widespread application. 

 

Ironically, the same feature of metallic glasses that gives them their high 
strengths a lack of dislocations is also responsible for their lack of ductility. 
Dislocations cause strain hardening, which means that crystalline metals actually get 
stronger in response to deformation. Thus, if a small region of a crystalline metal 
deforms plastically, it gets stronger. Rather than continuing to deform in that same 
spot, deformation occurs someplace else which has not strain hardened and is 
therefore weaker. In this way, plastic deformation spreads through a relatively large 
volume of material. Metallic glasses have exactly the opposite response–they strain 
soften. So once plastic deformation sets in, it tends to continue in the same region, a 
process called shear localization. The result is the formation of shear bands, which 
are regions of highly localized plastic deformation, as shown here: 

 

 

 

 
 

 

 
 
 

Figure 1-9: SEM picture of two shear bands crossing with each other on the Zr
52.5

Cu
17.9

Ni
14.6 

Al
10.0 

Ti
5.0

 BMG specimen 
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The image shows the surface of a metallic glass specimen subjected to 

bending, as seen in a scanning electron microscope. The deformation has caused 
shear bands to form on the surface of the specimen. There is extensive shear 
deformation on each shear band, but little deformation occurs in between the bands. 
The fracture could occur easily the major shear band. 

The lack of tensile ductility in metallic glasses presents a potential problem for 
structural applications, where brittle behavior is undesirable. The problem is not quite 
as bad as it might seem, because despite their brittle behavior many metallic glasses 
still have reasonably good fracture toughness. In addition, it is possible to achieve 
some ductility by making a composite materials consisting of relatively soft, ductile 
crystalline metal particles or fibers embedded in a metallic glass matrix. The particles 
both promote shear band formation and inhibit shear band propagation. Generating 
more shear bands might not seem like a good thing, but the idea is that many small 
shear bands are preferable to a single, large shear band that would cause fracture. 

One final consequence of the microstructure of metallic glasses is that they 
appear to be more susceptible to fatigue failure than conventional crystalline alloys. A 
simple explanation for this is that once a small crack forms, there are no micro 
structural features in a metallic glass to impede its growth under cyclic loading. It may 
be that fatigue performance of metallic glasses can also be improved by making a 
composite material, but to date there has been relatively little work in this area. 

 
 
 
 

1.1.4.2. Magnetic properties 

 
Despite the tremendous recent interest in the mechanical properties of metallic 

glasses, the most common real-world application of metallic glasses actually make 
use of the novel magnetic properties of some amorphous alloys based on iron, nickel, 
and cobalt. Although the saturation magnetization of these alloys is not as great as 
that of the pure elements, the lack of a crystalline structure can be an important 
advantage. In particular, amorphous alloys tend to have low coercivity because there 
are no boundaries between crystalline grains to impede the motion of magnetic 
domain walls and because there is no magneto crystalline anisotropy. Furthermore, 
although metallic glasses are electrically conductive, their resistance to current flow 
is generally higher than that of crystalline alloys. This helps to minimize eddy-current 
losses that occur due to rapid magnetization and demagnetization of the material. 

 
 

1.1.4.3. Other properties 

 
Like crystalline metals, metallic glasses have free electrons to conduct 

electricity, which makes them both electrically and thermally conductive. However, 
compared to crystalline alloys they are not especially good conductors, due to their 
disordered atomic structure and high levels of alloying elements. It is sometimes 
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assumed that metallic glasses, like common oxide glasses, are transparent to visible 
light, but this is not so. Photons at visible wavelengths are strongly scattered and 
absorbed by the conduction electrons in metallic glasses. As a result, metallic 
glasses have the shiny luster typical of other metals and are not transparent. 

 

Another common claim about metallic glasses is that they are resistant to corrosion, 
a property which is usually attributed to the lack of crystalline grain boundaries (which 
in ordinary crystalline metals can be particularly susceptible to chemical attack). It is 
true that some amorphous alloys are resistant to corrosion, but others are not, so any 
such claims should be treated with caution. 
 
 
 
 
 
 
 
 

1.2. Molecular Dynamic Simulations 

 
Molecular dynamics simulation is used for computing the equilibrium and transport 
properties of a many- body system.   
 
 Results from computer simulations are compared with analytical predictions 
and experimental data to test the accuracy of the model. So computer simulations 
provide a good test for theory.  Moreover, they are used as a complement to 
conventional experiments or to learn something new, carrying out simulations that 
are difficult or impossible in the laboratory (for example, working at extremes of 
temperature or pressure) and they help one to understand experiments on a 
microscopic level. Molecular dynamic simulations can be considerate and 
intermediate trade between experiments and theory. 
 
 
 
 
 
 
 
 
  
 
 
 
 
 
 
 
 

Figure 1-10: Molecular dynamics situation 
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 The predictions are `exact' in the sense that they can be made as accurate 
as we like, subject to the limitations imposed by our computer budget.  
  
 Molecular dynamics simulation is a technique by which one generates the 
atomic trajectories of a system of N particles by numerical integration of Newton’s 
equations of motion, for a specific interatomic potential, with certain initial conditions 
and boundary conditions. 
 
 Simulations can be treated like an experiment in which the system is adjusted 
until it reaches the desired condition, and then perform property averages and is 
carried out like an experiment. A sample is prepared, a model system of N particles 
is selected and Newton’s equations of motion are solved for this system until the 
properties of the system doesn’t change with time because the system has been 
equilibrated. Then, measurements are done. Take into account that to measure an 
observable quantity this must be expressed as a function of the position and the 
moment of the particles in the system 
 
 
 

 
Figure 1-11: Molecular dynamic simulations steps 
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1.2.1. Interatomic Interactions – Lennard Jones potential 

 
 
 

 
In molecular dynamics forces are derived from a potential energy function U, which 
depend on the particle coordinates: 
 

 
Ni

rrU
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F  (1.2) 

 

 
 
  The potential energy between N particles can be divided into terms that 
depend on individual atoms, pairs, triplets and so on 
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where 
 
rN = (r1 , r2 , . . . , rN )  for the complete set of 3N particle coordinates. 

represents one-body term, due to an external field or boundary 

conditions represents two-body term, or pair potential. The interaction of any 

pair of atoms depends only on the space between them and it is not affected by the 

presence of other atoms.  represents the interaction of a pair of atoms 

modified by the presence of a third atom. 
  
 
  Mainly pair-wise interactions are considered because this contribution is the 
most significant.   Therefore the total potential energy of the system of N atoms 
interacting via pair potential is: 
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 (1.4) 

 

 Where   
  

 
 The pair potential depends only on the magnitude of pair separation 
 

 
 Lennard-Jones potential is a mathematically simple model that approximates 
the interaction between a pair of neutral atoms or molecules. The most common 
expressions of the L-J potential are: 
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where ε is the depth of the potential well, σ is the finite distance at which the inter-
particle potential is zero, r is the distance between the particles, and rm the distance 
at which the potential reaches its minimum. 

 

 
Figure 1-12: Lennard-Jones potential 

 
 
 

Note that the deeper the well depth r the stronger the interactions between the 
two particles. When the bonding potential energy is equal to zero, the distance of the 
separation ε will be equal to σ. 

 
Due to their computational simplicity, the Lennard-Jones potential is used 

extensively in computer simulations even though more accurate potentials exist. 
 
 
 
 

1.2.2. Boundary conditions 

 
 In Molecular dynamics simulations we are providing information about a 
physical system from tenths to thousands or even millions of atoms. What we are 
simulation it is not that system, it is only a small sample. 

 Periodic Boundary Conditions are a set of Boundary conditions that are used 
to simulating a large system by modelling a small part that is far from the edge.  They 
are implemented for removing the surface effects implementing an infinite bulk 
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surrounding. The system is surrounded for an infinite number of identical copies and 
where the particles in this system move at the same time. 

 

The system consisits on a set of small boxes, all of the them in the same conditions. 
When one particle passes through one face of the unit cell, it reappears on the 
opposite face with the same velocity. 

 

 

 

 

 

 

Figure 1-13: Boundary condition in simulation box 

 
  
During the simulation only the properties of the unit cell need to be recorded, so we 
can save lot of space of memory. 
 
 
 

1.2.3. Equation of motion 

 
 
 
 In order to obtain the velocities the Newton’s equation of motion is integrated. 
In this case the Verlet Velocity algorithm is used. 
 
 Using Taylor expansion of the coordinates of a particle around time t, it is 
obtained: 
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 Adding this two expressions we get the Verlet algorithm: 
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 The truncation error is  4
ΔtO . The velocity of the particles is given by: 
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 The velocity Verlet algorithm, it is a variant of the Verlet algorithm, computes 
the positions at time   tt   using only positions at time t and their time derivate. So 
there is no need for storing the positions from two previous time-steps. The equations 
are: 
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1.2.4. Parinello-Rahman baro-stat and Anderson-Hoover thermostat 

 
 

 
The Nosé-Hoover thermostat and Parrinello-Rahman baro-stat can be used to 
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provide realistic fluctuations in temperature and pressure when one is interested in 
the thermodynamic properties of a system. 
 
  The Nose-Hoover thermostat is a method controlling the temperature in 
Molecular Dynamics simulations. The basic idea of the Nose-Hoover thermostat is to 
use a friction factor to control particles velocities. This friction factor is actually the 

scaled velocity  , of an additional and dimensionless degree of freedom , µ.  

The friction parameter  µ which is determined using a differential equation 
 
 
The Nose-hoover thermostat tries to reproduce the canonical phase-space 
distribution. In order to do this, modifies the equations of motion to include a non-
Newtonian term in order to maintain the total kinetic energy cinstant. The modified 
equations is given by: 
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This degree of freedom µ has an associated ``mass'', Q, which effectively 
determines the strength of the thermostat. The Thermostat can be implemented 
using predictor-corrector method or a variation to Verlet Algorithm. The choice of Q is 
critical in the implementation of this thermostat. 

 Parinello-Rahman method was developed to adjust the pressure in a 
simulation of interacting particles. 

 Because simualting crystals is not sufficient only to scale the volume, 
Parinello-Rahman extended the method proposed by Andersen to let the simulation 
box also changes it's shape (gives control of stress as well as pressure). The 
additional terms in the equations of motion are of similar type to that shown for the 
Nosé-Hoover thermostat. 
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1.3. Phonons 

 
 Studiyng physical properties of solids, including material's termal and electrical 
conductivities phonos play a major role. The study of phonons is an important part of 
solid state of physics(6). 

  In physics, a phonon is a collective excitation in a periodic elastic arrangement 
of atoms or molecules in condensed matter, such as solids and some liquids. For 
example, the study of the propagation of phonons is an important tool to investigate 
the unexpected and baffling dynamic properties of amorphous solids. 
 
 The vibrational dynamics of phonons is important for understanding the 
thermodinamics and transport properties of solids.   
 
    In perfect crystals the vibrational motion of undamped atoms is easily 
decomposed into independent normal modes, therefore, their vibrational excitations 
are generally well-understood. 
 
  
 

These normal modes are plane-wave excitations and are called phonons. 
Phonons have associated a frequency, wavevector and polarization vector. 
 
 Anharmonic effects lead to a coupling between these modes resulting in a 
finite lifetime. In general crystal imperfections give rise to localized excitations which 
can also limit the phonon lifetime through elastic or inelastic scattering. 
 
 In amorphous solids, the situation is more complex and less understood. The 
lack of periodicity complicates the situation. The normal modes can not be expresed 
as a normal waves, phonons are damped as in anharmonic crystals, and this effect is 
more important as the phonon wavelenght approaches the interatomic spacing. 
Therefore, the dispersion curve in amorphous solids is smeared out increasing wave 
vector and phonons in the original sense pass away. 
 
 
 Reaching the wavelength limit, at low frequencies, anyhow, glasses, like 
crystals behave as elastic continua. As well defined dispersion relation exists. 
 
 

It must be taken into account that the fact that a system is in equilibrium does 
not mean absence of particle dynamics. Fluctuations appear continuously in the 
system. How fluctuations are able  to disappear is an essential feature associated 
with the macroscopic behavior. This is an important reason for the study of the 
phonons of metallic glasses. 
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Figure 1-14: Phonons have Energy (E),frequency (ω), wavelength (λ), wave vector (q) and 

propagate at a velocity v=ω/q. 
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Chapter 2 
 

 OBJECTIVES 
 
 
 
 
 This Master thesis is focused on the local atomic analysis of metallic glasses 
through the use of Molecular Dynamic simulations. The main objective of the thesis is 
to obtain a better understanding of the collective atomic dynamics in metallic glasses. 
 
 In a crystalline material the lattice is characterized by the cell parameters, 
which define the lattice periodicity. However, no lattice parameters can be defined in 

MG, and so a different approach is needed. Some of the parameters used to 
describe amorphous structures are: The Radial Distribution Function (RDF), the 
Vibrational Density of State (VDOS) and the Dynamical Structure Factor (S(q,ω)). 
 
 These parameters can be used to infer information about the short and 
intermediate range order in glasses. In this way, the main objectives of this work can 
be summarized as follows: 
 
• Computation of the RDF in selected compositions of metallic glasses with Lennard-
Jones potentials. 
 
• Development of a code to compute the VDOS. 
 
• Development of an algorithm and code to calculate the S(q,ω). 
 
• Development of a parallel version of all the previous codes to allow the analysis of 
large systems and long simulations. 
 
• Comparison of the results of numerical simulation to experimental data from 
microscopic and macroscopic origin.(7) 
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Chapter 3  
 

STATE-OF-THE-ART 
 
 
The structure of metallic glasses (MG) has been a long standing challenge. 
 
On one hand, MG are amorphous materials without long range order in their 
structure; on the other hand, short to medium range is expected to be pronounced 
due to their high atomic packing density. 
 
The goal of the structural study of MGs is to extract statistical information about the 
glass structure to unveil the key features of the short and medium range order, and to 
identify the physical principles that constitute the structural basis of glass formation 

and glass properties. Different aspects have been already analyzed along the last 
years. In this work, we are interested in the collective dynamics in the MG. 
Elementary excitations such as phonons were extensively studied in crystalline 
materials by both experimental and theoretical techniques in the eighties, but the 

situation is very different for amorphous solids. In disordered systems, one cannot 
take advantage of the reciprocal-lattice vectors, and this is the main reason for the 
absence of experimental information on dynamic structure factors in glasses. As far 
as the Raman scattering is concerned, a large amount of experimental data is 
available mainly in the spectral region of the so-called ’boson peak’, that is the 
energy region where the intermolecular modes are expected to dominate. 
Unfortunately, the interpretation of the Raman spectra of topologically disordered 

solids is controversial and this is basically due to the theoretical difficulty in 
disentangling the true dynamical effects from the frequency dependence of the 
photon excitation coupling. 
 

Thus, in spite of the large efforts dedicated to the study of topologically disordered 
systems, the description of the microscopic dynamic of glasses is still poorly 

understood. It is, for example, quite difficult to obtain the dispersion relationship of 
phonons in a glass since only average quantities are known, such as the radial 
distribution function or the density. The dispersion relations of the crystal excitations 
can be measured, for example, by inelastic (coherent) neutron scattering. However, 
this technique, which is able to explore a large region of the energy- momentum 
plane, cannot access the low-q region due to kinematical limitations. Of particular 
interest because wave vector is no longer a good quantum number, one would like to 
know how far out the dispersion curve can be followed and how the peaks in S(q,ω) 
broaden with increasing frequency. 
 
Gary S. Grest, Sidney R. Nagel and A. Rahamn (8) calculated for the first time the 
structure of the normal modes for a monoatomic closed packed glass. 
 
Later, J.Hafner calculated the dynamical structure factor and the local vibrational 
density of state for a particular metallic glass Ca70 Mg30 (9). This study was 
performed via Molecular Dynamic Simulations in 2D models. 
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 Other similar systems were studied later using more realistic potentials. 
R.N.Barnett, C.L.Cleveland and Uzi Landman (10) studied the glass transition, 
structure and dynamics of a Ca67 Mg33. 
 
 In the ninety’s Wei Jin, Priya Vashishta and Rajiv K.Kalia (11) performed a 
study of the Dynamic structure factor and vibrational properties of the glass SiO2. The 
structure was studied by experimental and theoretical methods. X-ray, neutron and 
NMR experiments were compared to the results obtained using molecular dynamics 
simulations in 2D systems. 
 
In this period some other studies were performed. M. Sampoli, P. Benassi, R. 
Dell’anna, V. Mazzacurati and G. Ruocco (12) studied the low frequency atomic 
dynamics in a Lennar-Jones glass, but with just a kind of atoms. 
 
 On one hand, in 2008, H.Shintani and H. Tanaka (13) analyzed the boson 
peak that is believed to be the key to the fundamental understanding of the 
vibrational states of glassy and amorphous materials. The calculations were 
performed using molecular dynamic simulations and numerical methods. In this work 
some of the parameters of our interest were computed, but all of them in 2D 
systemsor in small 3D systems. In their work 10 different configuration systems were 
used and averaged to obtain the final result. 
 

 On the other hand, P.M.Derlet, R. Maass and J.F. Loffler studied the local 
atomic structure for 3D systems using numerical simulations and numerical methods 
(14). In this work they investigated the nature of the low-frequency modes and how 
they are influenced by local atomic structure. 
 
 Lately, P. Bruna, G. Baldi, E. Pineda, J. Serrano, J.B. Suck, D. Crespo, and G. 
Monaco studied the collective dynamics of the Pd77 Si16.5 Cu6.5 metallic glass using 
high resolution X-ray scattering. The dispersion relation and the width of the acoustic 
excitations were determined showing how the longitudinal acoustic modes maintain 
their dispersive character for frequencies well above the boson peak frequencies. 
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Chapter 4 
 METHODOLOGY 

 
 

In this chapter the methodology used will be explained in more detail.  
 
On one hand, most of the work in this project is performed by using Molecular 

Dynamics simulations (15-17). This part is addressed to describe the main functions 

implemented and the parameters use in the simulations.  
 
 
On the other hand, the validity of results must be checked with experimental 

data of structure factors and local atomic order obtained by XRD and EXAFS. This 
data comes from Synchrotron radiation experiments to obtain further information on 
the local structure of metallic glasses. The radial distribution functions obtained from 
molecular dynamics simulations it is compared with those obtained from X-Ray 
diffraction, and the local atomic distribution with that obtained from EXAFS 
experiments. For the macroscopic data, the fragility of metallic glasses of different 
compositions could be measured by using the DMA. IXS experiments could be 
performed to continue testing the correlation between the non-ergodicity of the 
potential and the fragility. (7) 
 
 
 
 

4.1. Computational methods 

 
The goal of this chapter is a better understanding on the main functions used 

and the data analysis.  
 

The study was developed using Molecular Dynamics simulation (15-17)  The 
use of Molecular Dynamics simulations allows the access to data that otherwise 
would be inaccessible.    
 

Molecular dynamics simulations were performed on binary Lennard-Jones (18, 
19) particles systems by the use of some software developed. 

 The investigated systems consist of N =1728, 13824, 108000, 110592 and 
1098500 binary systems interacting via Lennard-Jones potentials. Standard 
molecular dynamics simulation of different systems was performed using the 
Wahnstrom parameterizations (20) ε=1, σ11=1, σ12= σ22=11/12, σ22=5/6. The potential 
is cut-off at Rc=2.5 σ. The masses of the LJ particles are taken as m1=2 and m2=1. 
Following standard practice when using such model LJ potentials, all simulations 
results are reported in dimensionless units, where energy is measured in ε, length in 
σ 11= σ, temperature in ε/KB, and time in ζ=(m1* σ11²/ ε)¹/² =  (m* σ ²/ ε)¹/² 
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 All the systems began from a well equilibrated system at 10000K x KB,(ε / KB,) 
and hydrostatic pressure P=8/160 (ε / σ11³). These structures were then quenched by 
step-wise, reducing both, the temperature (ΔT=-198K x KB, (ε/KB,)) and pressure 
(ΔP=-0,158/160 (ε / σ11³)) 

Different quench rates were considered, performing the reduction every 500 
time steps, every 5000 time steps and every 50000 time steps. 

 

 For the MD simulations a Parinello-Rahman (21) baro-stat was used to evolve 
the periodic cell side lengths response according to the applied hydrostatic pressure 
and an Anderson-Hoover (22)thermostat was used for temperature control. 

 

After the quenching procedure, the samples were relaxed to 0K and zero 
hydrostatic pressure. 

 

 The static structure factor S(q) and the pair correlation function g(r) were 
calculated and compared with those of a crystal to ensure that the samples were not 
recrystallized. Samples of different size were studied in order to check the size 
independence of the results and to extend the analysis as far as possible in the low 
energy region.  

 

 

As it was mentioned before, due to the lack of lattice periodicity in MG some 
other different dynamical quantities were investigated, firstly the VDOS and secondly 
the dynamic structure factors (S(q,ω)). 

 

  
 

4.1.1. Radial distribution function 

 
The Radial Distribution Function (RDF) infers information about the topology 

of the material. It describes how the atomic density varies as a function of the 
distance from a particular atom. 

 
 It is a measure of the spatial correlation between particles within a 

system. Specially, it is measure of the average probability of finding a particle at a 
distance of r from a given reference particle. 
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Figure 4-1:  Atoms at a r distance from a given reference particle  

 

 
 
 
 
 The radial distribution function has distinguishable features for gas, liquid and 
solid. In a gas, because the atoms are constantly moving, for this reason there are 
not prominent peaks. In contrast, in a liquid, one marked peak can be found easily. 
Finally, in a solid, different peaks can be observed due to the reference network. 
 

 
 

Figure 4-2: RDF for gaseous, liquid and solid state 
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4.1.2. Vibrational density of State 

 
In a crystal where periodicity is present, vibrational states can be well 

understood as a plane-wave phonons mode, but in disordered systems vibration 
states remains elusive. 

 The Vibrational Density of States describes the preferred states of the system 
and it is computed though the velocity autocorrelation function. 

 

)0()0(/)0()( vvvtv   
                                                 

(4.1) 

 

 Using the MD trajectories at temperature T, the VDOS can be calculated by 
Fourier transforming the velocity auto-correlation function (13): 

 

The VDOS per particle i, Di (ωBP) is defined as: 
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 It may be noted that the VDOS of the glass shows an excess of low-frequency 
states, when compared with that of the corresponding crystal; this corresponds to an 
anomalous low-temperature behavior of the specific heat. Figure 5.4 shows the 
VDOS computed in systems of different size, showing that the noise of the function 
decreases as the size of the set of values decrease due to the average. 

 

 

Figure 4-3: VDOS for a system taking different set data sizes 
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4.1.3. Dynamic Structure factor 

 
The dynamic structure factor, S(q,ω) contains information about inter-particle 

correlation in their time evolution. 

 

 Because the wave vector is not well-defined, one would like to know how far 
out the dispersion curve can be followed and how the peaks in S(q, ω) broaden with 
increasing the temperature. 

 

 S(q,ω) can be derived from the Fourier transform of the self-correlation  
function of the longitudinal current jL(q,t) (13) , that is: 
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Where α can be L or T and 
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Where   

 
 
 

4.1.4. Parallelization of the code 

 
A parallelization of the code and the remaining developed software was 

necessary in order to study large systems. The behavior of glasses is controlled by 
the cooperative interaction of large numbers of atoms; thus, simulations of metallic 
glasses need to be done at a really large atomic scale in order to offer realistic 
results. 
 
 For the parallelization of the code Open MPI libraries were used and the 
different routines in the program were adapted.  
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4.2. Experimental results 

 
As was mentioned, at the beginning of this work, molecular dynamics 

simulations are an intermediate trade between experiments and theory, for this 
reason most of the results obtained can be compared and checked with the results 
obtained from experiments. 

 
Applying different technics, different information about the system can be 

obtained. In the following, some different techniques are introduced, but must me 
remarked that Inelastic X-ray Scattering is the only one that has been used until the 
moment. This data comes from Synchrotron radiation experiments and gives further 
information about the local structure of metallic glasses. 

 
 
 

4.2.1. X- ray diffraction (XRD) 

 
XRD is mostly used to determine the internal structure of components with 

long-range order, although using advanced analysis techniques XRD could be used 
for quantitative phase analysis, structure determination and structure refinement.  

 
In metallic glasses, due to their lack of long-range order, the XRD is useful for 

analyzing the local structure factor.  
 
 

 
 
 

4.2.2. Inelastic X-ray Scattering (IXS) 

 
Using neutron or X-ray Scattering can be measured the kinetic energy 

changes that occurs during the collision between the neutron or X-ray and the 
sample. 

 

 
Figure 4-4: Collision between the neutrons and the sample 
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Inelastic X-ray Scattering spectroscopy (IXS) is the only method to gain 

information on the high frequency collective dynamics in Metallic Glasses dur to their 
usually high longitudinal sound speeds.  

 
Trough X-ray Scattering one can obtain information about the elastic and 

inelastic excitations. That is information about the dynamic structure factor.  
 
 

 

 
 

Figure 4-5: Experiment review 
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Chapter 5 
 

 RESULTS 
 
 

 
At the beginning of the project, Molecular Dynamic simulations using 

LAMMPS (23) software were performed. Further, after a training period, new 
simulations were performed using the software already developed by prof. P. Derlet 
at PSI. Once this was achieved, the following weeks were dedicated to the 
introduction of specific potentials. 
 
 In this period, molecular dynamics simulations of metallic glasses using model 
LJ inter-atomic force models for a variety of system sizes were performed in order to 
gain experience in sample preparation via liquid equilibration and quenching to obtain 
a well relaxed structural glass system. Figure 5.1 and Figure 5.2 shows the behavior 
of the box and temperature along the equilibration time. It can be observed that the 
fluctuations of the box is of the magnitude of few decimals and the fluctuations in the 
temperature are in the order or plus minus ten Kelvins. 
 
 
 

 
Figure 5-1: Box side length vs. time during the final equilibration period 
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Figure 5-2: Temperature vs. time during the final equilibration period 

 
 
In Figure 5.3 can be seen the box vs. time along a quenching process between 
10.000 K and 100 K. It can be observed that the box suffers a modification of the 
volume, this is due to reorganization on the structure in the metallic glass. 

 
Figure 5-3:  Plot of box length versus time along a quench of the system from 

10000K to 100K 
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 Some Molecular Dynamics simulations were also carried to discriminate the 
concurrent effects. We maintained the same nominal composition but altered the 
shape of the potential, so as the observed changes were unambiguously related to 
the anharmonicity of the potential (24, 25).  In this part of the project, during the study 

of different systems, some unexpected segregations were found in the liquid phase 
(26). This was achieved by using atomistic visualization software (Amira software)  
(27) available at PSI, and is shown in Figure 5.2. The use of this advanced graphics 
software was extremely helpful to identify the segregation phenomenon that 
otherwise would have remained hidden. 
 
 
 
 

 
 

Figure 5-4:  View of a simulated binary amorphous sample showing the seg- 

regation phenomena 
 
 
 
 In a dilute gas, the molecules are widely separated and move several 
angstroms before "colliding" with another molecule. In a liquid, the packing is very 
similar to that of a solid except that the molecules are moving all the time. In a solid, 
the molecules remain at fixed positions with translational symmetry, and the spacing 
between the molecules can be determined by x-ray diffraction. In a liquid, there is a 
definite structural arrangement in the vicinity of every particle and when we take an 
average over the structural arrangement of all the molecules, we obtain the structure 
of a liquid. 
 
 The functions characterizing the liquid structure are the spatial distribution 
functions. The radial distribution function, RDF, describes how the atomic density 
varies as a function of the distance from a particular atom. In other words, it is a 
measure of the spatial correlation between particles within a system. Specifically, it is 
a measure of the average probability of finding a particle at a distance of r from a 
given reference particle. 
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A code to calculate the Radial Distribution Function (RDF) was developed, 
showing differences between the types of elements. This program calculates 
independent RDF for every type of element.  

 
 

Figure 5-5: Radial distribution function distinguee between the type of element 

 
 
 

 
This code was used to determine the RDF in the systems studied by Bordat 

[28] [29]. Segregation was found even in properly equilibrated systems, but the 
shape of the RDF, shown in Figure 5.3, matches perfectly to that reported by Bordat. 
These results confirm, that Bordat et al. had segregations in their systems, although 
they did not notice. Fact that was later pointed out by Kob (26). So this test confirms 
the validity of the code developed to compute the RDF. 
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Figure 5-6: Radial distribution function of a 1728 atoms Lennard-Jones system 
 

  

 The second step of the work program consisted in modifying the serial version 
of the molecular dynamics code to add the ability to measure the velocity-velocity 
auto correlation function, whose Fourier transform gives the density of states of the 
available vibrational models within the structural glass. The boson peak is typically 
ascribed to an excess density of vibrational states, and it is believed to be the key to 
the fundamental understanding of the vibrational states of glassy and amorphous 
materials, which are beyond the simple plane-wave phonon picture for crystals. 
 
 
 

Once this was achieved, the code was modified to obtain the reciprocal space 
dependent current-current correlation function; whose Fourier transforms gives the 
dynamical structure factor. The program developed was subsequently transferred to 
the parallel version of the host’s molecular dynamics code. Experimental 
measurement of the Boson peak and the underlying acoustic modes is performed via 
inelastic neutron or X-ray scattering; both of them can probe the dynamical structure 
factor as a function of scattering vector and energy transfer. The structure factor 
allows us compare the experimental data to the data from the simulations. 

 
 

 
 All these developments were tested in different systems. In this case, the 
study of the local atomic structure of different glasses was performed in Lennard-

Jones glasses. Different systems with different compositions, cooling rate, sites, etc., 
were studied. Binary systems up to 1.098.500 atoms of 2 types of atoms in a 
percentage of 50 per cent of each one and interacting via Lennard-Jones potential 
were analyzed. All the values chosen and data needed for these simulations were 
already explained in Chapter 4.  
 

The dynamical properties of these systems were investigated by the time 
evolution of the atomic trajectories during molecular dynamics runs at low 
temperature. The vibrational density of states (VDOS) and the dynamic structure 
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factors have been calculated. By the analysis of the previous dynamical quantities 
and from the direct inspection of the pattern of the eigenvectors, we derive a 
consistent picture of the atomic dynamics in the boson peak energy region. 
 
 
 
 In figure 4-3 can be observed thtat around a value of angular frequency of 0,4 
fs -1, in sets of 10000 or 20000 timesteps there is a small jump that corresponds to 
the Boson Peak. For every system there is an optimum value of number of timesteps 
needed for calculating the VDOS, in this case, it would be 10000 but modifying the 
system this value could change.  
 
  

For the dynamic structure factor, different size system, quench rates and q 
regions were analyzed. In Figure 5-7 the longitudinal dynamic structure factor was 
calculated for 1098500 atoms systems using a Lennard-Jones potential and after a 
quench and an equilibrium process. This figure shows the dynamic structure factors 
S(q, ω ) for 10 selected q values in the small-q region (owing to the system isotropy, 
S(q, ω ) depends on q = |q| only).  The values of the q were selected conforming 
q=2πk/L, where L is the box side length and k is an integer. In this case q1=2π/L, 
q2=2π2/L, q3=2π3/L, q4=2π4/L, q5=2π5/L, q6=2π6/L, q7=2π7/L, q8=2π8/L, 
q9=2π9/L, q10=2π10/L where in this case L=95’50252 Å. As was mentioned before, 
in this system small q-regions of the systems can be observed because the system 
that is being worked big is big enough.  

 

 
 

Figure 5-7: Dynamic structure factor longitudinal in 1098500atoms LJ system for 10 different 
q values. 
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The data obtained from the systems with N = 1728, 13824, 108000, 110592 

and 1.098.500 atoms are compared in order to show that the size of the sample does 
not affect on the results. For the same systems, the transverse dynamic structure 
factor was studied, obtaining similar qualitative results.  

 

It can be noted that, for all the reported q values, the dynamic structure factor 
displays a sharp q-dependent peak, which continuously broadens and becomes 
more and more asymmetric with increasing q. That is due to the q dependence of the 
longitudinal and transverse dynamic structure factor.  

 

The characteristics of the transverse dynamic structure factors closely 
resemble those of the longitudinal ones. 

 

 

 

Figure 5-8: Dynamic structure factor transverse in 1.098.500atoms LJ system for 10 different 
q values. 

 

 

 At low ω (angular frequency), the longitudinal and transverse dynamic 
structure factor can be fitted with a damped harmonic oscillator model: 
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(5.1) 

 

 

Where α=L and T for longitudinal and transverse mode respectively, Ω(q) 
corresponds to the excitation frequency and Γ(q) corresponds  to the full-width at half 
maximum of the excitations. 

 

Moreover, this fitting function is the same used in the experimental part. The 
Inelastic X-ray Scatteting (IXS) intensity at selected q is proportional to the dynamic 
structure factor, S(q,w), that, at low q values can be fitted in a similar way than for the 
simulated date using damped harmonic oscillator mentioned above (5.1).  

 

 

Figure 5-9: Fitting of the longitudinal dynamic structure factor for q=1 using the function 
above (red-adjustment, blue-values from simulation) 

 
 
 
 The dispersion relation can be calculated from the position of the peaks in the 
dynamic structure factor.  In Figure 5.10 can be observed the calculated values for 
the system studied in the longitudinal case.  
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Figure 5-10: dispersion relation for longitudinal and transverse 

 
 
 
 The Ioffe-Regel limit condition is given by 

 

   qq  
                                                       

(5.2) 

 
From Figure 5-10, the Ioffe-Regel limit can be determined for the transverse wave 

 as 0.14. For the longitudinal wave, the Ioffe-Regel limit is not observed in this 
system due to the short q range, but a value higher than for the transverse is 
expected.  
 

Ω(q) presents a linear behavior, in the longitudinal and transverse case. In 
contrast, can be observed that Γ(q)  presents a change in its behavior after the Ioffe-
Regel limit.  

 

 The straight line in Ω(q) represents a longitudinal sound velocity, so on, using 
the data from the simulations the apparent longitudinal phase velocity as a function of 
the momentum transfer q was calculated.  
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Figure 5-11: Apparent longitudinal phase velocity as a function of momentum transfer q 

 
 
 

 

 
Figure 5-12: Apparent transverse phase velocity as a function of momentum transfer q 

 
 
 

 All the data presented before, can be compared in qualitative way from the 
obtained one using Inelastic X-ray Scattering. The experiments were performed and 
presented by Dr. Bruna (7) 
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 Using the selected IXS spectra of a Pd77Si16.5Cu6.5 metallic glass the Bragg 
reflection was measured, obtaining in this way the data corresponding to the elastic 
and the inelastic part.   

  

 
   

 

 
Figure 5-13: IXS of Pd77Si16.5Cu6.5 . Experimental results (P.Bruna, G. Baldi, E. Pineda, 

J.Serrano, J.B. Suck, D.Crespo and G.Monaco: J. Chem. Phys. 135, 101101(2011) 

 
 
 

The IXS is proportional to the dynamic structure factor, that, at low q values, 
can be fitted with the sum of a delta function for the elastic component and a damped 
harmonic oscillator function for the inelastic component, similar to the one used for 
fitting the data from the simulations: 
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(5.3) 

 

 

 S(q) is the static structure factor and Ω is the excitation frequency of the 
inelastic peak that corresponds to the maximum of the longitudinal current spectrum. 
Γ(q)  is the broadening and corresponds to the sound attenuation.  
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In Figure 5-13, the thick line corresponds to the fit using the fit using the 
equation 5.1, whereas the dashed lines display the individual elastic and inelastic 
contributions. The small peaks correspond to the inelastic part and are the one that 
provide information about the dynamic structure factor.  

 
 
 Dispersion relation obtained from experimental data must be compared with 
the data from the experiments, (Figure 5-10). It can be observed that the behaviour 
for the Ω(q)  and πΓ(q)  before and after the Ioffe-Regel limit matches properly.  
 
 
 
 
 

 

 
Figure 5-14: Experimental results (P.Bruna, G. Baldi, E. Pineda, J.Serrano, J.B. Suck, 
D.Crespo and G.Monaco: J. Chem. Phys. 135, 101101(2011) 

 
 
 

 

 In the case of the apparent longitudinal phase velocity it can be seen that for 
small q regions a plateau with a decrease in the velocity in the middle is formed.  
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Figure 5-15: Experimental results (P.Bruna, G. Baldi, E. Pineda, J.Serrano, J.B. Suck, 

D.Crespo and G.Monaco: J. Chem. Phys. 135, 101101(2011) 
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Chapter 6 
 

 DISCUSSION AND CONCLUSION 
 
 
 

The main objective of this master thesis was to obtain a better understanding 
of the collective atomic dynamics in metallic glasses though the computation of the 
Radial Distribution Function (RDF), the Vibrational Density of State (VDOS) and the 
Dynamical Structure Factor (S(q,ω)). 
  
 After the research of the main concepts in different papers and works, we 
have obtained a good understanding of the main concepts that has been showed in 
Chapter 1.  
 
 In this work, it has been able to write a code to perform the desired 
calculations and infer information about their structure. A later parallelization allowed 
us to work with bigger systems. Working with bigger systems implies working with 
more realistic systems and consequently obtaining more realistic results.  
 
Furthermore, the q vector we are using has a minimum value determined for the size 

of the box, that is   ; k=1,2,…. With this, it’s obtained that for reaching 
small values for q, big boxes are required, and this implies larges systems.  
 
The comprehension of this dynamics has been very important for a better 
understanding on the singular behavior of metallic glasses.  
 
In this project, has been computed for first time the dynamic structure factor for 
metallic glasses in 3D multimillion systems. It has been found that the only metallic 
glasses studied by molecular dynamics simulations in 3D systems were systems of 
few thousand of atoms. Therefore, it has been reached values for q smaller and 
consequently had been studied regions that have never been before analyzed.  
 
The results obtained through the computational methods have been compared in a 
qualitative way with that obtained from experiments from Synchrotron facilities. 
 
 It has been confirmed that the computational method is reliable as the results 
obtained matches with previous obtained results, in small systems, and in a 
qualitative way with the experimental results.  
 
 In a future work it would be interesting adapt the code to the use more realistic 
potentials (28, 29) in order to analyze more realistic systems, and to capture a more 
complex behavior. 
 
 Summarizing, during the elaboration of this master thesis was obtained a deep 
insight in molecular dynamics simulation and a more confident use of massive 
parallel computing facilities. 
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