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Abtract: Diffusion mechanism and dynamics in AL,O5 liquid have been studied via molecular
dynamics simulation. Six models with different density and at temperature of 3000 K have been
used to study the atomistic mechanism governing the process of the bond-breaking and bond-
reformation (the transition AIO,—AIO,,; and Al0,—AIlQO, ;). Calculation shows that the diffusion
of particle Al is realized via the transition AlO,—AIO,, and the rate of transition AlO,—AIO, 4
monotonously increases with pressure. When applying pressure to liquid the diffusion mechanism
changes from strong localization of transitions SiO,—SiO, in the sample at ambient pressure to
uniform distribution transitions SiO,—Si0,4 in high-pressure sample. Furthermore, we find two
distinguish regions with quite different coordination environment where the rate of transitions
Si0,—Si0, 4 strongly differs from each other. The result obtained clearly evidences the spatially
heterogeneous dynamics in the liquid.

1. Introduction

Recently, the dynamics in network-forming liquid continues to attract a great interest among the
researchers in the field of material science. The problem debated for long time is the dynamics
heterogeneity (DH) [1-3]. In the system displaying DH there are distinguish regions where the
mobility of particles is fast or slow. The fast and slow regions migrate over time in the space. DH has
been detected by two- and four-point dynamical correlation function [4] and is visualized through
simulation for the soft-sphere systems [5], hard-sphere systems [6] and Lennard-Jones (LJ) systems
[7]. Experimentally, DH is detected for fragile liquids [8] and for colloidal dispersions using particle-
tracking technique [9].

Several theories have been proposed to interpret the phenomena mentioned above. The Adam-
Gibbs approach [10] sees the glass transition phenomenon as resulting from an increase of
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cooperatives of molecular dynamics upon cooling. Very recently, Garrahan and Chandler (GC) [11]
introduced a microscopic model of super-cooled liquids, which is based on two important points: (i)
Particle mobility is sparse and dynamics are spatially heterogeneous at times intermediate between
ballistic and diffusive motion. (ii) Particle mobility is the result of dynamic facilitation, i.e., mobile
particles assist their neighbors to become mobile[12]. Furthermore, it was shown that a group of
particles follows one another along string-like paths [13]. However, the physical mechanism behind
this phenomenon has not been successfully identified in these studies.

Alumina is an important ceramic material and has many technological applications, from
electronics, optics, biomedical and mechanical engineering [14]. So, the knowledge of the structure
and dynamics at atomic level would be an important step towards understanding this material. As
shown from previous studies the spatial distribution of transitions MO,—MO,, (SDT) strongly affects
the diffusivity in the disordered systems [15]; here M is cation. Hence, the specific behavior of
dynamics in alumina liquid may be originated from SDT, but this problem is not studied yet. This
motivated us to perform a systematic study on the microstructure and dynamics of alumina liquid on
base of transition A10,—AIO, 4

2. Calculation method

The Al,O; liquid has been studied via molecular dynamics method, which applied here can be
found elsewhere [16,17]. The model MD of liquid Al,O; is carried out containing 2000 atoms with
periodic boundary conditions. The Born-Mayer type pair potential used here is given as [17]

2
uij(r)=zizj67+ B exp (—Rr—UJ (1)

The long-range Coulomb interactions are calculated with the standard Ewald summation
technique. The Verlet algorithm with a time step (MD step - typ) of 0.47 fs was adopted. Initial
configuration was generated by random placing all atoms in a simulation box with sizes of 29.03 A
under the constraint that the distance between every two pairs is higher than a specified value. This
configuration is heated to 5000 K. A well-equilibrated liquid model (M1) has been constructed at
temperature of 3000 K and at ambient pressure. We prepare four other models (M2-M6) by
compressing model M1 to desired density and consequent long relaxing in N-P-T ensemble (constant
temperature and pressure) until reach equilibrium. We also perform a long relaxation in N-E-V
ensemble (constant volume and energy) to obtain well-equilibrated sample and collect the dynamical
quantities.
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Fig. 1. Schematic illustration of diffusion mechanism in Al,O;liquid; (a, ¢) tructural
units AlO, and (b, d) structural units AlOs.

The diffusion of the Al atoms was performed via the breaking and reforming of structural units
AlOx (x=4, 5, 6). The number of transitions AlO;—AlOq and AlOg— AlO, are very small so that these
can be ignored. Hence, we consider only the transitions AlO,—AlOs and AlOs —AIOs
(AlO,—AlO4,;) as shown in Fig 1. These transitions can be viewed such as two types: The first one
creates a new stage of AlO, (see in Fig. 1: a—b—c), and the second one is a back-forth
transition which restores the previous state (see in Fig. 1: a—b—a or c—b—c or c—d—cC). 1y, is
a number of transitions AlO,—AlQO,.; occurred within the time.

The diffusion coefficient of particles in MD model is usually determined

D=Av_d )

trans " trans

1 . <r(t) > m
Where A =— dtmns = lim L’ vmms — _“trans (3)

m, —>00
t MD trans m rans n

Where n is number of MD steps; fyp is MD step, t=ntyp;, Uyums 1S a rate of transition
AlO,—AlO,.;; The cutoff distance used to calculate the coordination number is 2.54 A.

3. Result and discussion

3.1. The mechanism of diffusion

The firstly, modeling results are compared to experimental data, and therefore allow us to test the
reliability of models. The total radial distribution function (RDF) g(r) of model M1 and experiment
[18] is shown in Fig. 2. It can be seen that the curves fit well the positions of two peaks and our
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calculated g(r) is in good agreement with the experimental one. The distribution of coordination
number calculated here shows that the liquid transforms from tetrahedral to octahedral network
structure as the pressure varies from zero to 20 GPa. This result is also in good agreement with
previous study.

Table 1. C,, Cs are the fraction of four- and five-told coordination, respectively. Ce,omer 1S total fraction
of six coordination and another type coordination (3 or 7)

Model M1 M2 M3 M4 M5 M6
Pressure., K -0.15 2.96 6.37 11.22 15.89 20.47
Cy 0.67 0.54 0.41 0.29 0.20 0.14

Cs 0.27 0.40 0.47 0.52 0.52 0.50
Cérother 0.06 0.07 0.11 0.19 0.28 0.37

Fig.1 shows for instance the coordination evolution. We can see that the particle Al undergoes
three stages AlO,4, AlOs and AlO, with two transitions AlO4;—AlOs and AlOs—AlO,. The time
separation between transitions shown in Fig.1 is the lifetime of the stage AlOs. Important quantity
characterized the dynamics is the mean lifetime AlO,. We denote 7, 75, % and 7. to the mean
lifetime of stages AlO,, AlOs, AlOg,ome: Of all stages AlO,. Obviously, v, **=7 -

rans X

In Fig.3 we show the lifetime of stage AlOy as a function of pressure. For low-pressure sample we
see a significant large value of 7, compared to other types of lifetime AlO, that indicates most stable
unit AlO,4 in the low-pressure liquid. Meanwhile, for high-pressure sample the unit AlOg is most
stable, and therefore we observe the monotonous increase in 7; (see Fig.3). The average lifetime z, in
contrast, decreases with increasing the pressure.

Table 2 show the value of v,,,,* and d,,,,s of alumina liquid under pressure. v, (rate of transition
AlO,—AlO, ) is determined by means of slope of dependence m,,,,; on step n; d.. is determined by
means of slope of dependence <r( t)2 > ON Myygps
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Fig. 2. Total RDF of liquid AI203 model M1 ( T = 3000 K and P= 0 GPa ) and experimental [18]
data in Ref.
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Table 2. The parameters Vs and d,,,,; of alumina liquid under pressure.

Model M1 M2 M3 M4 M5 M6
Pressure. GPa -0.15 2.96 6.37 11.22 15.89 20.47
Vprans x 107 4.87 6.27 7.44 8.72 9.82 10.52
srans 107 4.89 6.28 7.47 8.74 9.83 10.55
yyanss A 0.06 0.04 0.03 0.02 0.02 0.01
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Fig.3. The pressure dependence of averaged lifetime of stage AlO,.

The monotonous increase of v, with increasing pressure again indicates most stable units AlO,
at ambient pressure. This implies that the Al-O bond is weaker under pressure. The pressure
dependence of d,,,,; is more complicated due to that it strongly depends on the spatial distribution of
AlO,—AIlO, 4.

The diffusion constant plotted in Fig.4 for different pressure shows a good agreement between data
<r(@)’>

calculated by Einstein equation D:lim6— 4) and via parameters Uy, and dg In
t—o0 t

accordance to Eq.(2). From above results, one time again it demonstrates that the diffusion mechanism
in liquid alumina is realized by the change of nearest-neighbor atoms amongst coordination units. In
other word, the diffusion mechanism in liquid AL,O; is based on the transition AlO,—AlO,4 The
diffusivity of alumina occurs when there is a change in the coordinated oxygen of AlO,.
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calculated by (4)
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Fig.4. The pressure dependence of coefficient diffusion for Al,Os;.
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The change in diffusion coefficient under pressure can be expressed as

_bwp) v, Pd, (P) 5
o D(0) U,ram(O) dmm (0) NivansMatrans

o 5 10 15 20
Pressure [GPa]
Fig.5. The dynamical quantities for Al,O; liquid.

Thus 77p can be expressed by two terms. The first one relates to the transition frequency of
AlO,—AIlO, which is strongly correlated with the change in statistic properties of liquid. The second
term depends on the spatial distribution of AlO,—AlO,. In Fig.5 we show the 7,4,s and 745 as
function of pressure.

3.2. Heterogeneous dynamics.

As shown above, the diffusion mechanism in alumina is realized by exchanging the nearest-
neighbor atoms amongst coordination units (transition AlO,— AlOy.;). Considering the distribution of
the transition AlO,—AIlO,4 (Fig.6) we find that the distribution transition for each atom in the
simulation samples at pressure from 0 GPa to 20GPa is the Gaussian form with the peak at 240
transitions. It means that the average number of transitions per an atom is about 240 and it almost does
not depend on pressure. Although the position of the peak of transition distribution does not depend on
compression, the full width half maximum (FWHM) of transition distribution is depend on
compression. At pressure of 0 GPa, the FWHM is about 360 transitions and at 20.47 GPa, it down to
about 260 transitions. These distributions are the evidence of the spatially heterogeneous dynamics.
From the distribution, it is clearly that there are coordination units that have the number of transitions
very high. Conversely there are units that have the number of transitions very low. In the space, where
contains coordination units with the number of transitions higher than the average value, then the
atoms at that location have higher mobility and vice versa. In other word, the mobile atoms are sparse
and dynamics are spatially heterogeneous. Mobile atoms assist their neighbors to become more
mobile. This is dynamic facilitation and form mobile areas where there are atoms with high mobility
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Fig. 6. The distribution transition AIO,—AlO, 4
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Fig.7. The evolution of transition Al0,—AlO, 4 for most fast and slow
(MFP and MSP) with one particle Al.
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4. Conclusions

The structural dynamics and diffusion mechanism in liquid Al,O; are studied by the mean of
molecular dynamic simulation. We trace the evolution of coordination units AiO, (x = 4, 5, 6) in
network structure of liquid Al,O; over the simulation time. Simulation results have shown that each
atom undergoes a series of stages where the coordination AlOy is changed. The lifetime of
coordination units is depend on pressure and varies from one to other units. The atomic diffusion in
liquid AL,Oj; is realized through the transitions AlO,—AlQO, 4 (exchanging the nearest neighbor atoms
amongst coordination units). Diffusion coefficient in liquid Al,O; depends strongly on the lifetime of
coordination units AlO, (the rate of transition AlO,—AlO,). Simulation also shows that the low-
pressure sample contains distinguished regions where AlO,—AlO, occurs frequently and other ones
where AlO,—AlO, 4 is rare, leading to spatially heterogeneous dynamics in the liquid.
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