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Abstract A molecular dynamics study of the microstructure
and of diffusion in liquid MgO is reported. Models with 2,000
atoms were constructed in a wide temperature range, from 3,
400 to 5,000 K, at ambient pressure. Analyses of the nearest-
neighbor atomic exchange among coordination units, lifetime
of the coordination units, temperature dependence of the
velocity of the MgO, —»MgO,., transitions, and dependence
of the mean-squared displacement on the number of transi-
tions provide information on the structural dynamics and
diffusion mechanism. A new method to calculate the diffusion
coefficients is proposed, which yields coefficients in agree-
ment with the Einstein equation, a result that sheds light on the
mechanism of diffusion in liquid MgO. The dynamics is
shown to be spatially heterogeneous and the origin of this
heterogeneity is identified.

Keywords Microstructure - Dynamics - Transition -
Diffusion Mechanism

1 Introduction

Most liquids, including oxides, alloys, polymeric liquids, and
many others form a metastable supercooled state if cooled fast
enough to avoid crystallization. The dynamical behavior of
glass-forming liquids exhibit many interesting features, such
as non-exponential, multi-stage decay of fluctuations, absence
of changes in static structural quantities, and rapidly increas-
ing relaxation times [ 1—4]. Numerous approaches and several
theories have been proposed to explain these behaviors [5—7].
The Adam—Gibbs approach [8, 9] is fundamentally based on
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the concept of cooperatively rearranging regions (CRRs),
under the assumptions that the CRRs are independent of each
other and contain a number of atoms sufficiently large to
validate the methods of statistical mechanics. The Adam—
Gibbs theory connects dynamics to thermodynamics and ra-
tionalizes the Vogel-Fulcher law, but the validity of its as-
sumptions is still under debate.

A free volume theory of the glass transition was put forward
by Cohen and Turnbull [10—12], who proposed that the neigh-
borhood of an atom cannot be changed unless a free nearby
volume can be found. The atoms diffuse through the local free
volume. Although the theory offers good agreement with the
Vogel-Fulcher-Tamman law, the free volume concept is not
well-defined, and the pressure dependence of the viscosity is
inadequately accounted for. Besides, the free volume vanishes
at nonzero temperatures, a finding that has not yet been clar-
ified. Another formulation regarding the glass transition as a
density-fluctuation process is the Mode Coupling Theory
(MCT) [13-15]. The MCT well describes many aspects of
supercooled liquids, but it predicts dynamical arrest and the
system to turn into a glass at a temperature 7,7 that exceeds
the experimental Tg. Goldstein [16] argued that below T'ycr,
the atomic motion is dominated by potential energy barriers
that are high in comparison with the thermal energies, and the
slow relaxation is due to thermally activated processes taking
the system from one potential energy minimum to another.

On the basis of Goldstein’s free-energy landscape picture,
Stillinger and others [17-24] proposed the concept of inherent
structure. The inherent structure formalism is capable of
interpreting many observations in liquids and glasses, but it
has not yet identified the physical mechanism responsible for
the slowing down of supercooled liquids. The dynamical
behavior of glass-forming liquids can be rationalized in an-
other way, given the by now well-established existence of
dynamical heterogeneity, identified in experiments and com-
puter simulations [4, 25-28]. In MD simulations, dynamical
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Fig. 1 Schematic depiction of diffusion in liquid MgO (colored online)

heterogeneities are usually characterized by the aggregations
of the most mobile and of the least mobile atoms. The
clustering of mobile atoms has been confirmed in 3D
confocal microscopy experiments on colloidal suspen-
sion with liquid-like densities in the vicinity of Tg
performed by Weeks and coworkers [29]. Clusters of
mobile atoms are seen to grow and shrink with the
observation time as atoms escape their cages and be-
come trapped again, the cluster size increasing as 7T
decreases [26]. Notwithstanding many decades of exten-
sive experimental work, theoretical investigations, and
simulations [5—-15], no consensus has been reached
concerning a complete theoretical description of the
experimentally observed behavior of glass-forming lig-
uids. In particular, the origin of the spatially heteroge-
neous dynamics remains mysterious.

Recently we gave detailed attention to the microstructural
and dynamical properties of liquid MgO, a prototypical fragile-
glass former, at pressures ranging from 0 to 25 GPa [30]. The
results showed the structure of liquid MgO to consist of MgO,.
structural units (x =3, 4, 5, 6, 7). Upon compression, the size of
the units decreases slightly, but the shape is unchanged, inde-
pendent of pressure. The results for dynamical properties
showed that each atom undergoes a series of stages in which
the structure of the coordination unit MgO, or OMg,, to which
it belongs is unchanged. The lifetime of the coordination units,
as well as the transition rate, is strongly pressure dependent. We
associated diffusion with the transitions, which lead to the
nearest-neighbor atomic exchange among the coordination
units MgO, or OMg,. The transition distribution showed the
dynamics in liquid MgO to be spatially heterogeneous.

@ Springer

Here, we continue to investigate liquid MgO in a wide
temperature range. We calculate and analyze the structural
and dynamical properties, and the diffusion mechanism. We
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Fig.2 Radial distribution functions of Mg-Mg, Mg—0, and O—O pairs at
the indicated temperature
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Table 1 Coordination distribution for liquid MgO at different
temperatures

T(K) 3400 3,600 3,800 4,000 4200 4,500 5,000
Cs 042 039 068 084 11 189 194
Cs 1837 1881 2033 206  21.02 2166 22.86
Cy 5476 539 5257 5135 51.06 4957 4735
Cs 2324 2329 234 2382 2352 2369 24.15
Cs 265 271 278 281 285 294 315

C, denotes the percent fraction of the MgO,. unit

propose a new approach, in which the dynamical behavior of
glass-forming liquids is viewed as the nearest-neighbor atomic
exchange among coordination units. We compute the Mg
diffusion coefficient in liquid MgO by two methods and
compare the two results to describe the diffusion mechanism.
In addition, we discuss the relation between the structure and
the spatially heterogeneous dynamics.

2 Computational Procedure

Our MD simulation is carried out with MgO models consisting
of 2,000 atoms; 1,000 magnesium; and 1,000 oxygen, with
periodic boundary conditions. We use the Lewis—Catlow poten-
tial. More details about this potential can be found in Ref. [31].
We integrate the equation of motion with the Verlet algorithm, in
1.6 fs time steps. In the initial configuration, all atoms are
randomly placed in a simulation box and heated up to 7,000 K
to remove possible memory effects. The sample is subsequently
cooled down to the desired temperature. Next, a long relaxation
in ensemble NPT (at constant temperature and pressure) yields
the equilibrium sample. Seven models have been constructed
this way at ambient pressure and at temperatures ranging from 3,
400 to 5,000 K. To study dynamical properties, the obtained
samples are relaxed in ensemble NVE (at constant volume and
energy). In order to improve statistics, the measured quantities
such as coordination number and pair radial distribution

function (PRDF) are computed by averaging over 1,000 con-
figurations separated by 10 time steps.

MgO liquid at ambient pressure consists of the coordination
units (basic structural units) MgO, (x=2, 3, 4, 5, 6), which are
connected to each other by bridging oxygen atoms and form a
spatial network structure. The tetrahedral coordination units
(MgO,) are dominant, about 50 %, the remaining fraction
comprising the other coordination units (MgO,, MgOs, MgOs,
MgOg). The diffusion of Mg is obviously impossible unless
coordinated oxygen atoms are exchanged among the MgO,
units. Figure 1 illustrates diffusion by exchange of coordinated
oxygen atoms. Six sequential stages are shown: in Figure 1a, the
initial MgO, consists of one Mg and four coordinated oxygen
atoms labeled 2, 3, 4, and 5. Next, a MgO,—MgOs transition
occurs, i.e., oxygen atom 6 moves inside the unit and transforms
the MgO, unit into MgOs, which consists of an Mg and the five
oxygen atoms 2, 3, 4, 5, and 6 (Fig. 1c). In the following step, a
MgOs—MgO, transition occurs, but in this case, atom 5 leaves
the MgOs unit and a new MgO,4 unit comprising oxygen atoms
2, 3,4, and 6 is created (Fig. 1d). Next, atom 5 returns, so that
MgO,—MgOs (Fig. 1e). Afterwards, atom 6 leaves the unit and
MgOs—MgOy,. The process therefore consists of four transition
stages, two such that MgO,—MgOs [Fig. l1a and c— (here,
Fig.1b is the transition between Fig. 1a and c)] and two with
MgOs—MgO, (Fig. 1c—).

The stages in Fig. 1a and f are similar, both containing one
magnesium and the four oxygen atoms 2, 3, 4, and 5. The
stages in Fig. 1c and e are similar to each other. Hence, only
three stages (Fig. la, ¢, and d) are different. We call these
stages “non-repeated.” Let m ; ; and m , ;, with i denoting the
i™ atom, be the number of all stages and non-repeated stages,
respectively, that an Mg atom undergoes over a time interval
of At. Obviously, my, ; < m, ;. If many back-and-forth tran-
sitions occur, m,, will be small, which reduces the mean-
squared displacement (MSD). The diffusivity therefore de-
pends not only on the transition rate MgO, <>MgO,.;, but

N

also on the ratio 7y,=M,,/M,, where My = Y m,; and
i=1

5.0 —_— -_— .

Fig. 3 Evolution of the 7.0
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Table 2 The variation of coordination number of the i Mg atom over
stages

T (K) Stagel Stage 2 Stage 3 Stage 4 Stag 5

Z i n step Z i n step Z i n step Z i n step Z i n step

3400 S5 11 4 78 5 18 4 164 3 76
5000 4 70 3 44 4 14 5 64 4 155

N
Mg, = Y myg,,; . Here, N is the total number of Mg atoms in
i=1

the model. Let M,. and Mg, be the number of tran-
sitions and non-repeated transitions of N magnesium
atoms respectively. Since M, =M,—1 and M yp_,=M
—1, we have 7, (=M yp.;/M,.. In molecular dynamics
simulations, the atomic diffusion coefficient is usually
determined via the Einstein equation:

2
o< rit) >
D = lim (1 (1)
t—0 t
Where <r(1)*> is the MSD over time ¢. If we define
2
. <r(t) >
D, = lim <rly > (2)
my—>90 My
Equation (1) can be reduced to the form
: < r<t)2 > . Myans Dy
D=1 | = 3
m,}Too My tLr{(lJ t 6A[ ( )

where t=n.At; n is number of MD steps; At is MD step,
equal to 1.6 fs; m,. is the total number of MgO, MgO, .,
transitions per atom in n MD steps; and m ,.=m —1; V,.=m ./
n is the rate of MgO, MgO, . transitions. To describe diffu-
sion at the atomic level, we have calculated the diffusion
coefficient by both methods, Egs. (1) and (3).

Table 3 The lifetime distribution of MgO, at different temperatures

T (K) Average lifetime of MgO, units, (MD step)

3,400 3,600 3,800 4,000 4200 4,500 5,000
MgO, 53.10 53.60 5550 58.00 56.30 5730 59.30
MgO; 10620 103.30 105.10 10430 99.10 9930 95.20
MgO, 13790 12690 12530 118.00 110.10 10420 94.40
MgOs 8370 82.00 77.10 7400 70.10 66.70 60.80
MgOs 50.10 49.60 4650 4510 4390 41.00 38.60
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Fig. 4 Temperature dependence of the averaged lifetime of the MgO
coordination units

3 Results and Discussion
3.1 Structural Properties

To ascertain that the constructed models are reliable, we have
studied their characteristics. We have computed the PRDF’s
Zumg-0(1), Erg-uie(r), and g o_o(r) at different temperatures.
Figure 2 shows the results at 3,400; 4,000; and 5,000 K. For
all pairs (Mg—O, Mg-Mg, and O-O), the peak positions are
nearly temperature-independent while the peak heights de-
crease slightly as the temperature rises. The RDF’s g,
mg(r) and g o_o(r) are similar to each other; with close to a
1 A full-width half-maximum (FWHM). By contrast, the
FWHM of the RDF g, o(r) is rather small, nearly 0.5 A.
The first peaks of the PRDFs g 115 0(7), & re-ng(r), and go
o(r) are located at 1.90, 3.10, and 3.12 A, respectively. The

150
—O— 3400 K
—4— 3600 K
120 - —— 3800 K
| —>— 4000 K
——4200 K
90 - —%— 4500 K
«— —*— 5000 K
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©
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Fig. 5 Mean-squared displacement as a function of the number N
of MD steps
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Fig. 6 Mean square displacement as a function of the number of transi-
tion M 4

characteristics of the PRDFs are in good agreement with the
calculated functions in [31-36] and the experimental data in
[37, 38]. First-principles calculations and molecular dynamics
simulations (for liquids MgO, MgSiO;, and Mg,SiO,4) show
that the Mg—O bond length is between 1.92 and 1.97 A.
Neutron-diffraction experiment for the MgSiO; glass reveals
an average Mg—O bond length of roughly 2.0 A.

Table 1 shows the temperature dependence of the fraction
of MgO,. (x=2-6) coordination units. In the displayed tem-
perature range, from 3,400 to 5,000 K, the fraction of MgO,
units is very small, less than 2 %. At 3,400 K, the distribution
of Mg—O coordination numbers shows the following frequen-
cies: 18.37 % MgOs, 54.76 % MgO,, 23.24 % MgOs_ and
2.65 % MgOg. As the temperature rises, the fraction of MgO4

units decreases slightly, from 54.76 % at 3,400 K to 47.35 %
at 5,000 K. Conversely, the fractions of MgO; and MgOg units
grow slightly. The fraction of MgOs units remains nearly
unchanged as the temperature varies.

The average Mg—O coordination number is around 4.20 at
3,400 K, and 4.1 at 5,000 K. These results agrees with the
first-principles calculations in [31, 33] and the experimental
data in [36-38]. The first-principles calculations show that at
ambient pressure, the average Mg—O coordination number is
between 4.5 and 5 [33]. Neutron-diffraction data combined
with x-ray diffraction data and a reverse Monte Carlo model-
ing for MgSiO; glass [37] show that the average Mg—O
coordination number is close to 4.3, distributed among
61.9 % MgOQy, 33.2 % MgOs, and 4.9 % MgOg sites, with a
cutoff distance of 2.6 A.

3.2 Dynamical Properties and Diffusion Mechanism

To describe diffusion at the atomic level, we trace the move-
ment and change of coordination number for each atom during
the simulation. Figure 3 shows the coordination number for
one Mg atom along 5,000 MD steps at 3,400 K. Here z,;(n) is
the coordination number of the i ™ atom at the n™ MD step ».
Each atom goes through a series of stages, in each of which its
coordination number remains fixed. Each stage occupies a
time interval. In other words, a lifetime can be defined for
each coordination unit. Most of the time, as Table 1 shows, the
Mg atoms have coordination numbers 3, 4, and 5, correspond-
ing to the coordination units MgOs, MgO,, and MgOs. The
lifetime of the tetrahedral coordination unit is the longest, i. e.,
the MgO, coordination unit is more stable than the others.
Table 2 shows the coordination number of one Mg atom in a
short interval, only five stages, corresponding to several

Fig. 7 Time dependence of the 250 250
number of transitions (left) and O— 3400 K 1—0—3400K r
number of non-repeated ]—=—4000K ] ——4000 K
transitions (right) {—2—5000 K { —4—5000 K -
200 - . - 200
150 . L 150 o~
I L2
s ] I g
100 . -100 =
50 . 50
0 T T T T T T T T T T T T T T o
0 6 12 18 O 6 12 18

Time(10° MD steps)
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Table 4 Dynamical characteris-

tics of MgO liquids T (K) D, (4°/ one Vi Ve Mon-s D (10 cm?s)
MgO,—MgO,.)
3,400 0.29 9.17 5.65 0.62 0.99
3,600 0.32 9.85 6.25 0.64 1.19
_ 3,800 0.36 9.85 6.41 0.65 132
Vi is therate of MgO, —>Mg0yss 4 g9 039 10.30 6.87 0.67 151
transitions, i.e., the number of ’
MgO, —MgO..., exchanges in 4,200 0.41 10.93 7.51 0.69 1.66
one MD step; ¥z is the rate of 4,500 0.46 11.28 7.96 0.71 1.93
non-repeated MgO, —MgOx. 5,000 0.56 12.15 8.86 0.73 243

transitions

hundreds of MD steps, extracted from the simulation. At 3,
400 K, one Mg atom goes through five stages and takes the
coordination numbers 5, 4, 5, 4, and 3, with lifetimes of 11,
78,18, 164, and 76 MD steps, respectively. At 5,000 K, it goes
through five stages, with coordination numbers 4, 3, 4, 5, and
4 and lifetimes of 70, 44, 14, 64, and 155 MD steps,
respectively.

Table 3 shows the temperature-dependent lifetimes of the
MgO, coordination units. As the temperature rises, the life-
time of the MgO, coordination units grows from 53 MD steps
(at 3,400 K) to 59 MD steps (at 5,000 K). By contrast, the
lifetimes of other coordination units decrease. The lifetime of
MgO;, Mg0O,4, Mg0Os, and MgO¢ decreases from 106.02,
137.90, 83.70, and 50.10 MD steps (at 3,400 K) to 95.20,
94.40, 60.80, and 38.60 MD steps (at 5,000 K) respectively.
The average lifetime of MgO, therefore decreases from
roughly 118 MD steps (at 3,400 K) to 85 MD steps (at 5,
000 K), as shown by Fig. 4. The coordination units of liquid
MgO are therefore more stable at low temperature, an indica-
tion that as the temperature rises, the nearest-neighbor atomic

Fig. 8 Snapshot of the model
liquid MgO at 3,400 K (leff) and
5,000 K (right). The small
spheres are O atom; the other
spheres are Mg atoms (colored
online)

@ Springer

exchange among coordination units becomes more frequent,
which increases the diffusion coefficient. This diffusion mech-
anism is illustrated in Fig. 1. The MgO, unit initially consists
of one Mg atom, numbered 1, and four oxygen atoms, labeled
2,3,4,and 5, as depicted in Fig. 1a. An outside oxygen atom,
labeled 6, hops inside the MgOy, unit to build the MgOs unit,
as in Fig. 1b and c. As one of the neighbors of the Mg atom in
the MgOs unit moves out, a new MgOy unit is formed, as in
Fig. 1d. If this atom is the one labeled 6, i.¢., the last one to hop
in, the back-and-forth movements make no contribution to
diffusion. In Fig. 1d, by contrast, the outward moving atom is
the one labeled 5; the resulting movement does contribute to
diffusion. To sum up, the nearest-neighbor exchange sequence
a—b—c—d in Fig. 1 contributes to diffusion, while the
sequence a—b— e— f makes no contribution.

Figure 5 shows the time-dependent MSD in liquid MgO at
different temperatures. The MSD grows linearly with the
simulation time, or number of MD steps, and rises strongly
with temperature. Figure 6 shows the dependence of the MSD
on the number of transitions at different temperatures. Again,
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Fig. 9 Temperature dependence of diffusion coefficient of Mg in liquid
MgO. The diffusion coefficient is calculate by two methods: calculation
via Einstein equation (solid line) and calculation via the transitions
MgO, —>MgO,., (circles)

the dependence is linear, once again demonstrating that diffu-
sion in liquid MgO is due to nearest-neighbor atomic ex-
change among coordination units. The time dependences of
the number of transitions M, and the number of non-repeated
transitions M yz_,- are displayed in Fig. 7. Both M. and M yz.
. are linearly dependent on the simulation time. The linear fits
in Figs. 6 and 7 yield the velocities V. and V yz_s- as well as
the diffusion coefficient D,,..

Table 4 presents V., Vngsr. sn-s. Du», and D at different
temperatures. Both V. and Vz.,- monotonously increase
with temperature, indicating that they are well correlated with
the diffusivity, since 7y,,.s £ Myg_,/M . implies 1y, E Vyg-
!V i Since 1, also increases monotonously with tempera-
ture, we see that V' yz_,- grows with temperature more rapidly
than V,,.

Consider the motion of one Mg atom over a time interval
At ;. The Mg atom initially has x coordinated oxygen atoms.
If At; is not too long, xo (Where x > x) among these oxygen
atoms remain at the nearest-neighbor distance, i.e., x, 0xygen
atoms bond with Mg to build MgO,,. and the x — x, others

move away from the nearest-neighbor distance. The Mg and
X coordinated oxygen atoms move together as a particle.
Hence, the Mg atom within the MgO,, particle diffuses in
the network structure of our model, as in Fig. 8. Since MgO,,
is large in comparison with a single Mg atom, the mobility of
Mg in the MgO, particle is smaller than that of the single Mg
atom in the considered time interval. In addition, the MgO,,
unit blocks the diffusion of the other particles (Mg, O, and
MgQO,). Since 7, is directly related to the number of MgO,
particles, the diffusivity significantly depends on both quanti-
ties, V. and ) ,_,. Figure 9 shows the temperature dependence
of the diffusion coefficient calculated by two methods: (1) via
the Einstein Eq. (1); (2) via the new approach, i.e., via the
MgO, —-MgO, ., transitions, as described by Eq. (3). The
agreement between the open circles representing Eq. (3) and
the solid line representing Eq. (1) validates our code.

At very high temperatures, the lifetime of MgO, is very
short, because the transition rate is very high, and several
transitions make no contribution to diffusion. At 5,000 K,
the diffusion coefficient from Eq. (3) is a little higher than
the one from Eq. (1), but the difference is negligible. The
diffusion coefficient is in good agreement with the first-
principle calculation in [33], which shows that the diffusion
coefficients of Mg in liquid MgO at 4,000 and 5,000 K are
1.7x10~* and 2.7x10~* cm?/s, respectively. Reference [38]
calculated the properties of molten magnesium oxide with the
significant-structure theory of liquids. Diffusion coefficients
of 2.37x107%, 3.04x107*, and 3.7x10™* were obtained for
Mg at 3,400; 3,600; and 3,800 K, respectively, 2 to 3 times
higher than the diffusion coefficients in this work, depending
on the temperature.

The diffusivity in MD simulations significantly depends on
the employed force field [39]; first-principle calculations are
more accurate. The diffusion coefficients of Mg in liquid MgO
in this work are very close to the ones in [33], which attests to
the accuracy of the Lewis—Catlow potential and reliability of

Fig. 10 Distribution of 0.25
transitions (/eft) and non-repeated ] x O— 3400 K
transition (right) for 20,000 MD ] 3600 K
step. Here, m . and m yp._,. are the 0.20 - —L— 2800 E
number of transitions and non- 1 . 000
o . ] —>—4200 K
repeated transitions, respectively, 1
per Mg atom 0.15
c |
R )
2 |
g |
iC 0.10
0.05
0.00 15t N,
. T T T T — T T T T T T T T
120 140 160 180 200 220 240 120 140 180
m mNR—lr
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Fig. 11 Snapshot of the 100
atoms that are the most mobility
in model liquid MgO at 3,400 K
(left) and 5,000 K (right) (colored
online)

calculated quantities. The diffusion coefficients calculated
from Egs. (1) and (3) indicate that diffusion in liquid MgO
occurs via nearest-neighbor atomic exchange among coordi-
nation units. Because it is associated with the MgO, —
MgO,..; transition, the diffusion will depend on the distribu-
tion of MgO,—MgO,.; transitions. Figure 10 shows the
distribution of MgO,—MgO,.; transitions and non-
repeated transitions around Mg atoms. Both distributions have
Gaussian forms. For 20,000 MD steps, the average number of
transitions per atom is close to 180. For the transition distri-
bution, the shape, position of peak, and FWHM are nearly
independent of temperature, but the peak height slightly in-
creases as the temperature rises.

By contrast, the peak position for the non-repeated transi-
tion distribution systematically shifts to the right with increas-
ing temperature, the average number of non-repeated transi-
tions increasing from 110 at 3,400 K to 135 at 5,000 K. While
the FWHM for the repeated transition is close to 60, the

Fig. 12 Distribution of
coordination units MgOs in liquid
MgO at 3,400aK (left) and

5,000 K (right) (colored online)

@ Springer

FWHM for the non-repeated transition distribution is close
to 40 transitions. The large FWHM is evidence of spatially
heterogeneous dynamics. From the distributions, it is clear
that certain coordination units make very many transitions,
from 220 to 240. Conversely, certain units make relatively few
transitions, from 120 to 140 transitions. In the regions con-
taining coordination units with higher than average number of
transitions, i.e., higher than 180, the atoms are more mobile.
Namely, the lifetimes of distinct MgO,. units (x=3, 4, 5) are
different. The spatial distribution of the MgO, units is not
uniform; instead, for given x clusters of MgO, are formed.
The lifetime of the MgOs units is shorter than those of the
other coordination units. The atoms in the MgOs clusters are
more mobile than the ones in the MgO3 or MgO, clusters. In
the same time interval, the more mobile atoms undergo more
transition than the others. The different widths of the transition
distributions reflect the distinct mobilities of atoms at different
locations. In other words, the most mobile atoms are sparse
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and the dynamics is spatially heterogeneous. The more mobile
atoms assist their neighbors to become more mobile. This is an
example of dynamical facilitation, which forms mobile areas
where the atoms are very mobile.

Figure 11 is a snapshot of the most mobile 100 atoms
in the model liquid MgO at 3,400 K (left) and 5,000 K
(right). The pictures confirm that the highly mobile
atoms are not uniformly distributed in the model, but
tend to cluster together, leading to spatially heteroge-
neous dynamics. Dynamical heterogeneity in liquids has
been reported in Refs. [4, 25-29], but its origin was not
identified. The lifetime of the MgOs coordination unit is
the shortest among the lifetimes in Table 3. The mobil-
ity of an atom depends on its coordination unit. To
understand the dynamical heterogeneity in liquid MgO,
we have studied the distribution of the MgO, units in
model space.

Figure 12 displays the distribution of MgOj5 units, showing
that the MgOs units tend to combine with each other to form
clusters. Given that most of the coordination units in liquid
MgO are MgO, (x=3, 4, 5), Fig. 13 shows the temperature-
dependent lifetimes of the MgOs, MgQO,4, and MgOs units. In
the temperature range under study, the lifetime of MgOs is
always much shorter than the lifetime of the two other types
(MgOj3; and MgQO,). The atoms belonging to the MgOs5 units
have high mobility, and the clusters of MgOs form mobile
regions. Figure 14 shows the distribution of MgO, (x=3, 4, 5)
in the model of liquid MgO at 3,400 K. The regions with high
mobility formed by the clustering of MgOs units are highlight-
ed in red and the immobile regions formed by the clustering of
the other unit types (MgO; and MgO,) are painted black. The
(red) mobile regions are occupying various regions, which are
separated by (black) immobile regions. This interspersing of
mobile and immobile regions constitutes spatially heteroge-
neous dynamics. To recapitulate, the distribution of MgOs
units in the model is not uniform; instead, as Figs. 12 and 14

T T T T T T
140 a O MgO3
O—MgO4
© Q —2—MgO5
« 120 4 q
o Q.
=)
= o
S o o o o .
© - 4
g 100 =] o .
2
80 q
60 q
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3500 4000 4500 5000

Temperature (K)

Fig. 13 The temperature dependence of lifetime of coordination units
MgO, (x=3,4,5)

Fig. 14 Distribution of MgO, coordination units at 3,400 K. The red
regions are formed by MgOs coordination units; The black regions are
formed by other coordination units. The larger spheres are Mg atoms; the
smaller ones represent O atoms (colored online)

show, clusters are formed in such a way that structural hetero-
geneity arises and originates spatially heterogeneous
dynamics.

4 Conclusions

We have reported a MD study of the microstructure and
diffusion in liquid MgO. Our study traces the movement of
the MgO, coordination units (x=2, 3, 4, 5, 6) in the network
structure of liquid MgO during the simulation time at temper-
atures ranging from 3,400 to 5,000 K. The results show that
each atom goes through a sequence of stages, in each of which
it is attached to a fixed MgO, structure. The lifetime of the
coordination unit is strongly temperature dependent and varies
from unit to unit. The MSD grows linearly with the number of
transitions. The diffusion coefficient in liquid MgO depends
on the rate of MgO,—MgO, ., transitions and on the ratio
Nen-s=M,/M; between the number of non-repeated transi-
tions and the number of transitions. Diffusion in liquid MgO
occur trough nearest-neighbor atomic exchange among
distinct coordination units. As the temperature grows,
the transition rate V. and 7),,., increase. This increases
the diffusion coefficient. The distributions of the number
of transitions are Gaussians, analysis of which shows
that the liquid MgO dynamics is spatially heterogeneous.
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Dynamical heterogeneity in liquid MgO is a consequence of
structural heterogeneity.
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