
Can Tho University Journal of Science   Vol. 54, No. 8 (2018): 143-148 

 143 

 
DOI: 10.22144/ctu.jen.2018.049 

Glass formation and thermodynamics of 3D simple system 

Dang Minh Tan*, Pham Thanh Hieu, Nguyen Huu Toan and Ha Ngan Ha 

College of Natural Sciences, Can Tho University, Vietnam 
*Correspondence: Dang Minh Tan (email: tandang1412@gmail.com) 

Article info.  ABSTRACT 

Received 18 Jan 2018 

Revised 11 Aug 2018 

Accepted 30 Nov 2018 

 Procedure for molecular dynamics simulation in cooling 3D simple mon-

atomic supercooled liquid from liquid to glassy state is presented. Models 

contain 2,744 particles interacted via Lennard-Jones-Gauss potential. 

Evolution of structure and various thermodynamic properties upon cool-

ing from liquid to glassy state is analyzed in detail via radial distribution 

function, temperature dependence of potential energy, mass density, time 

- temperature dependence of mean - squared displacement, coordination 

number distribution, bond-angle distribution, fraction of solid-like atoms, 

and 3D visualization of atomic configurations. Via intensive molecular 

dynamics simulation of glass formation in 3D simple supercooled liquids, 

it was found that fraction of solid-like atoms (i.e. with the slowest mobili-

ty) increases monotonously with a sudden increase in the vicinity of glass 

transition reaching almost 100% at low temperature to form a solid 

glassy state. 
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1 INTRODUCTION 

Despite long and intensive efforts for decades, un-

derstanding of glass formation is far from com-

plete, even for the simplest system, and it has been 

under intensive investigations by experiments, the-

oretical approaches, and computer simulation 

(Donth, 2001). Glass transition is still an unsolved 

problem in condensed matter physics. Understand-

ing of the nature of a glass transition is still limited. 

Most simulations of the glass transition have been 

performed for the binary liquid, since monatomic 

simple liquids readily crystallize under cooling 

from the melts. In fact, many efforts have been 

made to create materials in the glass state of a sim-

ple atomic system. In 1924, Jones gave Lennard-

Jones potential (LJ) an interactive representation of 

the structure and properties of inert gas, particular-

ly with Argon. LJ is used to simulate gas, liquid, 

solid (glass and crystalline). However, in the glass 

state, LJ gives lower icosahedra, leading to a labile 

glass state that is crystallized into face cubic center 

when the system cooled from liquid with slow rate 

at low temperatures. Therefore, it is difficult to 

investigate the thermodynamic properties of single 

atomic glass states. In order to avoid the crystalli-

zation of simple monatomic liquid when cooling 

the system from high temperature to low tempera-

ture, Dzugutov (1992) proposed a new interaction 

potential compared with that of LJ, Dzugutov po-

tential has a peak at the position equal to the coor-

dinated distance of the second coat in the close-

packed crystal Thus, limiting the crystallization of 

monatomic liquid. In other words, Dzugutov poten-

tial increases crystallization of the system. Indeed, 

the initial state of the system with the Dzugutov 

potential was quite stable. Thus, the appearance of 

Dzugutov has promoted deeply study about the 

structure and the thermodynamic properties of su-

percooled liquids and the glass state. However, the 
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glass state will not stable. After recovering at low 

temperatures for a long time, the glass state turns 

into quasicrystal) (Kim and Medvedev, 2006), oth-

erwise, the Lennard-Jones-Gaussian interaction 

(LJG) (Jones, 1924; Belashchenko, 1997; Heyes, 

1977; Balbuena and Seminario, 1999; Kim and 

Medvedev, 2006), shows the stability of the glass 

state, difficulty to crystallize in 3D and 2D. The 

liquid and glass state of the Lennard-Jones-Gauss 

system has a high concentration of icosahedra, sim-

ilar to that of liquid metals and glass. 

2 CALCULATION 

A system of single-component atoms that interact 

mutually through the LJG potential was considered 

(Engel and Trebin, 2007; Mizuguchi and Odagaki, 

2009). 
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The LJG potential is a sum of the Lennard-Jones 

potential and a Gaussian contribution. The model is 

performed the molecular dynamics simulation in a 

cube containing 2,744 atoms because the model is 

relative and statistically insignificant under period-

ic boundary conditions. The following LJ-reduced 

units were used in the present work: the length in 

unit of  , temperature T  in unit of / Bk , and 

time in unit of /0 m  = . Here, 
Bk is the Boltz-

mann constant, m  is an atomic mass,  is atomic 

diameter, and   is a depth of LJ part of LJG poten-

tial. For Ar,  It has  m
250.66x10 kg−= , 

/ Bk 118K= , 3.84= Å, and therefore, 

/ 2.440 m  = = ps. The Verlet algorithm was used 

and MD time step is 0.001 0dt =  or 2.44fs  if taking 

Ar for testing. NPT ensemble simulation was em-

ployed where the temperature and pressure are 

controlled by the standard algorithm. The initial 

simple cubic structure configurations have been 

relaxed at temperature as high as 2.0T=  for 
52 10 MD steps in order to get an equilibrium 

liquid state. Then the system is cooled, and the 

temperature is decreased linearly with time as 

0T T n= −   via the simple atomic velocity 

rescaling until reaching 0.1T = . Here, 
610 −= per 

MD step is a cooling rate (or 104.83x10 K/s  if taking 

Ar for testing), and n  is the number of MD steps. 

VMD software was used for 3D visualization of 

atomic configurations. 

3 RESULTS AND DISCUSSION 

Temperature dependence of some thermodynamic 

quantities of the system upon cooling from liquid 

to glassy state can be seen in Figure 1. 

Temperature dependence of potential energy per 

atom is rather continuous indicated a glass 

formation in the system (Figure 1a). The linear part 

of the high temperature region of the curves is 

related to the equilibrium liquid state. Therefore, 

the starting point of deviation from the linearity, 

.661AT = , is a crossover temperature where the 

change in mechanism of diffusion occurs. The 

relatively linear part of the low temperature region 

of the curves is related to the glassy state. The 

starting point of deviation from the linearity is a 

glass transition temperature, .910gT = . 

 
Fig. 1: Temperature dependence of potential 

energy per atom (a), mass density (b), the 

Lindemann ratio (c), and Time-temperature 

dependence of MSD (d) (the bold line is 0.91Tg = , 

from top to bottom for temperature ranged 

from 1.9T =  to 0.1T = ) 

As shown in Figure 1b, temperature dependence of 

mass density increases with decreasing tempera-

ture. Therefore, atomic arrangement becomes more 

close-packed with decreasing temperature; espe-

cially mass density strongly increases for the re-

gion T T Tg A  , reaching the saturated value for 

glassy state of around 031.7 =  at gT . The 

Lindemann ratio in the system is also calculated 

(Figure 1c) (Lindemann, 1910), e.g. the Lindemann 

ratio for the ith atom:
 

2 1/2 /r Ri i =  . Here,
 

2 1/2ri   is the mean-squared-displacement 

(MSD), and R 0.9=   is a mean interatomic dis-

tance. For the supercooled and glassy states,
 

R  
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does not change much with temperature and that 

this value was fixed for calculations. The Linde-

mann ratio 
L  of the system is defined by averag-

ing of 
i  overall atoms in the system,

 
/NL ii = . On the other hand, MSD of atoms in 

the system exhibits a common behavior of glass-

forming system. In Figure 1d, it can be seen that 

the MSD has three regimes: the ballistic regime at 

the beginning of motion, followed by the plateau 

regime, which  relates to the caging effects, and 

finally the diffusive regime over longer time. These 

three regimes are seen clearly at low temperature. 

 
Fig. 2: Evolution of radial distribution function 

of the system upon cooling from 2.0T =  to 0.1T =  

Glass formation in the system is also confirmed via 

evolution of RDF for temperature ranged from 
2.0T=  to 0.1T =  (Figure 2). It can be seen that at 

high temperature, the RDF is rather smooth, and 

the height of its peaks is small, exhibiting a clearly 

normal liquid state. However, the height of first 

and second peaks is enhanced when temperature 

decreases. At 0.91Tg = , additional peaks appear, and 

multi-peak RDF exhibits clearly a glassy state of 

3D LJG system. It indicated that vitrification of the 

system at low temperature. More detailed infor-

mation about the local structure in the system can 

be found via coordination number and bond-angle 

distributions shown in Figure 3. That, coordination 

number distribution is broad,  indicated the inho-

mogeneous structure of a model, and it is typically 

seen for isotropic potential (Doye, 2003). Figure 3 

shows that atoms in the amorphous model are 

mainly surrounded by 12, 13 or 14 neighbors, 

which may be related to the icosahedra with 12 

vertices or polytetrahedra of 13 or 14 vertices 

(Honeycutt and Andersen, 1987; Doye, 2003). On 

the other hand, bond-angle distribution in the mod-

el has a single peak at around, indicating the domi-

nation of equilateral or slightly distorted equilateral 

triangles in the system, which may be related to the 

faces of icosahedra and polytetrahedra (Doye, 

2003). Almost the same coordination number and 

bond-angle distributions have been found (Van 

Hoang and Odagaki, 2008). 

 
Fig. 3: Coordination number (a) and bond-angle 

(b) distribution in model obtained at 0.1T =  

 Solid-like atoms are dectected by the Lindemann 

criterion 
i C  . Hence, it can be found the critical 

value for
L  in Figure 1c and T Tg=  it is equal to 

0.162 . It is noted that a purely Lindemann criterion 

established that melting occurs when a root of 

MSD is at least 10% (usually around 15%) of the 

atomic spacing (Lindemann, 1910; Flores-Ruiz and 

Naumis, 2009). In the present work, atoms 

with
i C   are classified as solid-like, and atoms 

with
i C   are classified as liquid-like. This 

means that the critical value for the Lindemann 

ratio is
C 0.162 = . Therefore, atoms with 

i 0.162   can be considered as solid-like. It is 

noted that for bbc crystal 
C 0.18 =  (Stillinger, 

1995), for Lennard-Jones fcc crystal 
C 0.22 =  

(Tomida and Egami, 1995), for 3D sys-

tems
C 0.21 =  (Hoang and Odagaki, 2011).  

Solid-like atoms have a tendency to form clusters 

even in the initial stage of their formation. If two 

atoms are connected in one cluster when their dis-

tance is less than the radius of the first coordination 

sphere, i.e., 0 1.213R = . This cutoff radius is 

equal to the position of the first minimum after the 

first peak in RDF of a glassy state obtained at 

0.1T= . Figure 4 presents the temperature depend-

ence of a fraction of solid-like atoms (n / )S N  and 

the ratio of the size of the largest cluster of solid-
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like atoms to the total number of atoms in the sys-

tem 
max( / )S N . It is found that solid-like atoms 

form in the early stage of the supercooled region, 

i.e. the first 7 or 8 solid-like atoms form throughout 

the model at 1.66T =  and n /S N  increases with 

decreasing temperature. The increment is small in 

the first stage, and then it progressively increases, 

leading to the percolation threshold of solid-like 

clusters at 1.3T = when the fraction of solid-like 

atoms reaches 24.85%. This fraction grows up to 

78.87% at the glass transition and reaches 100% at 
0.1T = . 

 
Fig. 4: Temperature dependence of fraction of 

solidlike atoms (n / )S N  

 
(a) 1.4T =                                                       (b) 1.0T =  

 
(c) 0.5T =                                       (d) 0.1T =  

Fig 5: 3D visualization of atoms with the same (or close) atomic displacement ( ad , in reduced unit) 

after relaxation for 5000 MD steps at a given temperature, atoms are colored as follows: blue 

for [0.0 0.2)ad = − , red for [0.2 0.4)ad = − , gray for [0.4 0.6)ad = − , orange for [0.6 0.8)ad = − , 

yellow for [0.8 1.0)ad = − , tan for [1.0 1.2)ad = − , silver for [1.2 1.4)ad = − , green 

for [1.4 1.6)ad = − , pink for [1.6 1.8)ad = − , cyan for [1.8 2.0)ad = −  
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Atoms with different atomic displacements ( ad ) 

are colored and it is found  that atoms with the 

same or very close mobility are strongly correlated 

(Figure 5). At very high temperature, dynamics of 

atoms is rather homogeneous and heterogeneous 

dynamics is enhanced with lowering 

temperature.Atomic configurations are showed at 

temperature above and below 0.91Tg =  in Figure 5. 

Some important points can be drawn: (i) Atoms 

with the same or very close mobility have a 

tedency to aggregate into clusters; (ii) Population 

of atoms with high mobility have a tendency to 

decrease while population of atoms with low 

mobility have a tedency to increase with decreasing 

temperature; (iii) Atoms with a high mobility have 

a tendency to aggregate into string-like form 

clusters (Figures 5a and 5b) while atoms with very 

slow mobility (the ‘blue’ ones) have a tendency to 

aggregate into more compact clusters (Figures 5b 

and 5c); the latter grows into the largest one which 

spans almost throughout model at temperature 

much below Tg  (Figure 5d). The results are 

consistent with previous results of 2D system 

(Hoang et al., 2015). 

4 CONCLUSIONS 

Many characters of MD simulation of glass 

formation in 3D simple supercooled liquids with 

LJG interatomic potential, and some important 

conclusions of this paper can be drawn as follows: 

− Phase transition temperature ( .910Tg = ) is
 
lower 

than Hoang and Odagaki’s (2011) ( 1.0Tg = ), because 

the cooling rate 
610 −= is smaller than 

. Results are more accurate than 

Hoang et al., 2011. Because, the faster of the 

cooling rate, the higher temperature of the phase 

transition will be. 

− The process of glass formation of the 

supercooled simple monatomic liquid happened 

along with the separation of the second peak of the 

g(r), which indicates the formation of close-packed 

structure of the model at the glass temperature. At 

the same time, three regimes of MSD were 

observed at low temperatures: the ballistic regime 

at the beginning of motion, the plateau regime and 

finally the diffusive regime over a longer time. 

− At .910gT = , coordination number distribution 

is broad, indicating an inhomogeneous structure of 

the system. It can be found that bond-angle 

distribution at 0.1T =  in the model has a single 

peak at around
060 . Bond-angle distribution 

indicated the domination of equilateral triangles in 

the system, which may be related to the faces of 

icosahedra and polytetrahedra. 

− Solid-like atoms have a tendency to form 

clusters even in the initial stage of their formation. 

Fraction of solid-like atoms increase with 

decreasing temperature. The increment is small in 

the first stage, and then it progressively increases, 

leading to the percolation threshold of solid-like 

clusters at 1.3T = when the fraction of solid-like 

atoms reaches 24.85%. This fraction grows up to 

78.87% at the glass transition and reaches 100% at 
0.1T = . 

REFERENCES 

Kim, A.V., Medevdev, N.N., 2006. Melting and homo-

geneous crystallization of a Lennard-Jones system, 

Journal of Structural Chemistry, 47(1): S141-S150. 

Belashchenko, D.K., 1997. Computer simulation of the 

structure and properties of non-crystaline oxides. 

Russian chemical reviews, 66(9): 733-762. 

Heyes, D.M., Barber, M. and Clarke, J.H.R., 1977. Mo-

lecular dynamics computer simulation of surface 

properties of crystalline potassium chloride. Journal 

of the Chemical Society, Faraday Transactions 2: 

Molecular and Chemical Physics, 73(7): 1485-1496. 

Donth, E., 2001. The Glass Transition: Relaxtion Dy-

namics in Liquids and Disordered Material. Spring-

er-Verlag Berlin Heidelberg, 418 pages. 

Doye, J.P., 2003. A model metal potential exhibiting 

polytetrahedral clusters. The Journal of chemical 

physics, 119(2): 1136-1147. 

Engel, M., Trebin, H.-R., 2007. Self-assembly of mona-

tomic complex crystals and quasicrystals with a dou-

ble-well interaction potential. Physical review letters, 

98(22): 225505-225508. 

Flores-Ruiz, H.M., Naumis, G.G., 2009. Excess of low 

frequency vibrational modes and glass transition: A 

molecular dynamics study for soft spheres at con-

stant pressure. The Journal of chemical physics, 

131(15): 154501. 

Honeycutt, J.D., and Andersen, H.C., 1987. Molecular 

dynamics study of melting and freezing of small 

Lennard-Jones clusters. The Journal of physical 

chemistry. 91(19): 4950-4963. 

Jones, J.E., 1924. On the determination of molecular 

fields. -II. From the equation of state of a gas. Proc. 

R. Soc. Lond. A, 106(738): 463-477. 

Lindemann, F.A., 1910. Uber die berechnung moleku-

larer eigenfrequenzen. Physikalische Zeitschrift. 11: 

609-612. 

Mizuguchi,T., and Odagaki, T., 2009. Glass formation 

and crystallization of a simple monatomic liquid. 

Physical Review E, 79(5): 051501. 

Dzugutov, M., 1992. Glass formation in a simple mona-

tomic liquid with icosahe-dral inherent local order. 

Physical Review A, 46(6): R2984. 



Can Tho University Journal of Science   Vol. 54, No. 8 (2018): 143-148 

 148 

Balbuena, P., and  Seminario, J.M. (Eds.). (1999). Mo-

lecular dynamics from classical to quantum methods 

(Vol. 7). Elsevier. 

Stillinger, F.H., 1995. A topographic view of super-

cooled liquids and glass formation. Science, 

267(5206): 1935-1939. 

Tomida, T., and Egami, T., 1995. Molecular-dynamics 

study of orientational order in liquids and glasses and 

its relation to the glass transition. Physical Review B, 

52(5): 3290. 

Van Hoang, V., and Odagaki, T., 2008. Glasses of sim-

ple liquids with double-well interaction potential. 

Physica B: condensed Matter, 403(21-22): 3910-

3915. 

Hoang, V.V., and Odagaki, T., 2011. Glass formation 

and thermodynamics of supercooled monatomic liq-

uids. The Journal of Physical Chemistry B, 115(21): 

6946-6956. 

Van Hoang, V., Teboul, V., and Odagaki, T., 2015. New 

scenario of dynamical heterogeneity in supercooled 

liquid and glassy states of 2D monatomic system. 

The Journal of Physical Chemistry B, 119(51): 

15752-15757. 

 


