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Understanding the glass transition phenomenon is one of challenging problems in condensed matters. This
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phenomenon appears in various kinds of materials, such as polymers, colloidal suspensions, and metallic
liquids. Hence, different types of approaches and models have been proposed to clarify characteristic
features of statics and dynamics. As a result, a universal approach is somehow lacking. Thus, in this thesis,
we shall regard the glass transition phenomenon as a diffusion process. In other words, our aim is to
characterize dynamical and static quantities on the glass-forming materials by the self-diffusion coefficient
Dst from the universal point of view. We perform extensively molecular dynamics (MD) simulations of
several glass-forming models at different temperatures, pressures, and compositions in NpT ensembles.
Then, we analyze the MD results by Dst and theoretical predictions, and explore a universality of the
glass-forming liquids in the following. At first, we explore universal relationships between thermodynamics
and dynamics. We can show thermal temperatures are consistent with dynamic temperatures obtained
from Dkl Therefore, a peak temperature Tpeak of the specific heat G, or the thermal expansion coefficient ap
would be related to a deeply supercooled liquid temperature Tk of a mobile atom, and a thermal T to a
dynamic T;. These associations would be valid in other physical variables, that is, pressure, volume, and free
energy. Next, we investigate structural changes and dynamics crossovers at Tpeak~Tk. Our investigations
suggest that peaks of (, and @ should be responsible for rearrangements of atoms around the second
nearest orders and for a kind of hopping processes. Finally, we examine the composition dependence of a
single particle dynamics by Ikl from the universal standpoint. We can obtain a universal curve for DsL,

which is independent of compositions and components. In addition, master curves for the mean-square
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displacement Mz(f) and mean-fourth displacement Mi(#) are shown to be regardless of compositions. The
above findings indicate that the Dsl can be regarded as a universal parameter, and therefore this universal
approach would play a significant role on quantifying fundamental features of the metallic glass-forming
melts at different compositions and on developments of applications of them.

This Ph. D thesis is composed of 6 chapters. In chapter 1, we shortly introduce what happens on the glass
transition phenomena and review a history of researches for them. Then, our objectives and methods of
this thesis are presented. On the glass transition phenomena, three characteristic states show up, that is,
liquid, supercooled liquid, and glassy states. These states are conventionally defined in thermal descriptions
by the melting temperature 7 and a glass transition temperature 7y as follows. Enthalpy or specific volume
behaves linearly as a function of T"at each state. On crystallization, these properties drop discontinuously at
Tw. However, in the glass-forming systems, they continuously change even below Tm. On further cooling, a
slope value of them becomes more smoothly around 7. A supercooled liquid state (T;< T < Tw) is considered
as a quasi equilibrium state, but glassy state (T'< Tp) is as a non-equilibrium state from the thermal
viewpoint. Thus, 7; is dependent on observable conditions such as a cooling rate and waiting time in
experiments or simulations. In contrast to statics, glass-forming liquids exhibit dramatic changes in
transport properties by approaching to Tg. In order to clarify the dynamics, it has been proposed that the
long-time self-diffusion coefficient sl characterize dynamics of a single atom in glass-forming materials by
analysis of Ma(?) in different classes of glass-forming materials. In the thesis, we examine general features in
glass-forming materials by adopting this proposal. Thus, we explore not only M(?) but also Mi(f) and
thermal quantities at wide regions by Dst from the universal standpoint.

In chapter 2, we explain MD simulation models in this thesis. For qualitative discussions, we adopt
simple models of glass-forming materials, that is, binary Lennard-Jones (IJ) AsoBzo mixtures and ternary
metallic glass-forming CusoTi40+Zrx melts in NpT ensembles. We also use the Berendsen method in order to
attain a constant temperature and pressure in the MD simulations. A motion of particles obeys the Newton
equation and the particles interact with each other throughout the two-body potentials. For potential forms
and parameter sets, we adopt the LJ potential of the Kob-Andersen model in AsoB2o and Stillinger-Weber
potential of the Han-Teichler model in CueoTisw~Zrx, respectively. The former model has been proposed
originally in NVT ensembles. Thus, we set an external pressure p as a value estimated in NVT systems, for
instance, p=20 at 7=2.0 and p=10 at 7=1.0. In the latter model, the electron gas potentials have been

additionally considered. Although the latter model originates from CusoTi20Zr20, we simply expand this
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model to other compositions x of CusoTu0xZrx. Such a simple model allows us to consider composition effects
separately. Thus, they categorize into an effect of the potential and that of number of components.

In chapter 3, we focus on macroscopic correlations between thermodynamics and dynamics by MD
simulations of AsoBzo at different pressures p=0, 5, 10, 15, 20 and p=30 without attractive interactions.
Understanding relationships between thermodynamics and dynamics is one of the essential topics on the
glass transition phenomena. For the purpose, researchers have proposed relevant temperatures to specify
static and dynamical quantities. In terms of thermodynamics, the glass transition temperature 7 is defined
as a crossover point of specific volume and enthalpy by linear extrapolations. Around T, the specific heat G
rapidly decreases. The decrease implies a dramatic slowdown of dynamics around 7Ty because (G is
associated with degrees of freedom of motions. Motivated by it, it has been discussed that transport
properties such as the viscosity n and self-diffusion coefficient Dst around the thermal Tg. Instead of linear
fittings, in their works, several empirical functions have been used in order to obtain a dynamic 7. Thus, the
dynamic Ty can be defined as a crossover point where the transport properties obey one function from
another function. It has been successfully shown that the dynamic 7% is consistent with the thermal 7Tg.
However, a physical meaning of the dynamic T is still unclear because of the use in the empirical functions.
In addition, other characteristic temperatures are somehow less focused. Thus, in this chapter, we shall
explore how thermal temperatures correspond to dynamic temperatures. An analysis of Ikl by two
theoretical curves gives rise to two characteristic temperatures of Iksl, that is, a dynamic Ty and a deeply
supercooled liquid temperature Tx. Thus, we can show not only a correspondence of Ty in between the
thermal and dynamical definitions, but also that between a peak temperature Tpeak of Cp and Tk of the
mobile component B. In addition, we can check the above correspondences could be universal in various
kinds of metallic glass-forming melts, regardless of the pressures, compositions, and components.

In chapter 4, we investigate what's going on dynamics and statics around 7y~ Tpeak by the MD simulation
studies of AsoB2o at different pressures, p=10, 20 and p=30 without attractive interactions. Then, a second
peak of the radial distribution function is split up and a peak height of the non-Gaussian parameter becomes
more than 1 around the crossover point. This correspondence between a rearrangement and activation of
particles is consistent with a coincidence of the peak between ap and C,. We also explore length and time
scales of M(f) and Mi(#) at the caging regions, and confirm no significant change in differences between
them around 7. Thus, the time and length scales seem to behave in the same ways.

In chapter 5, we try to clarify the composition dependence of a single-particle dynamics in metallic
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glass-forming melts by the universal parameter Dkt Recently, the bulk metallic glasses (BMGs) and
glass-forming melts have received considerable attentions in application fields because they exhibit good
mechanical properties such as a high strength, low Young's modulus, and so on. In order to develop BMGs to
practical fields, one needs to fabricate a larger size of BMGs and better stability against crystallization. Then,
a glass-forming ability (GFA) is a quite useful factor to evaluate better BMGs. In order to define GFA and to
establish the way of evaluations, one needs to explore a composition-dependence of statics and of dynamics
in multi-component metallic glass-forming melts. Thus, in the current chapter, we shall pay attention to a
single dynamics for different compositions x by performing MD simulations of ternary metallic glass-forming
CusoTis0xZrs melts at different compositions x=10, 20, and 30. It is expected that investigations for the
composition-dependence of the single-particle dynamics in liquid and supercooled liquid regions might lead
to understandings of GFA in static ways because the self-diffusion coefficient Ikl is associated to thermal
quantities as discussed in chapters 3 and 4. We can show Ikl for different compositions x would have a
universal curve, independently of x, as a function of induced temperature. The universal curve is obtained by
analysis of theoretical predictions with singular temperatures. We can also show dynamics of M(f) and
Mi(d) are governed by only Isl, which indicate a simple mechanism of them should be existed. These results
suggest that once few data of dynamics in metallic glass-forming melts at a composition, we could expect
their dynamics at wide temperature regions.

In chapter 6, we summarize and conclude the present work in this thesis. We have examined the
pressure, temperature, and composition dependences of dynamical and thermal quantities in several kinds
of glass-forming materials in NpT ensembles by the MD simulations. We have figured out that simple
universalities of them are obtained by using the self-diffusion coefficient DsL. Thus, we could regard Dst as a
universal parameter on the diffusion processes in different kinds of glass-forming materials. These facts
indicate the current simple approaches by Dsl shed light on understanding of mechanism behind a slow
dynamics and rearrangement of atoms at short and medium range orders on the glass transition
phenomena from the unified point of view. In addition, it is expected that the current results would make

applied and engineering fields be more developed.
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