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The correlation between coordination and bond angle
distribution in network-forming liquids
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The structure and diffusion in SiO2 and Al2O3 liquids under pressure have been studied by molecular dynamics simulation.
We show that although different states of considered liquids differ significantly in the number of TOx units and OTy linkages
(T = Si, Al; x = 4, 5, 6; y = 2, 3, 4), their partial bond angle distributions (BAD) are identical. Furthermore, the total BADs are
directly related to the partial BADs and coordination distribution. This result supports a technique to determine the fraction of
TOx and OTy from the experimental bond angle distribution. The simulation also reveals the anomalous behavior of diffusion in
silica liquid caused by the change in diffusion mechanisms occurring in low- and high-density models. The diffusion in alumina
liquid also results from a similar mechanism like the one for high-density sample of silica liquid.
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1. Introduction
Silica and alumina are of important relevance in

many technology fields such as electronics, met-
allurgy, ceramic materials, etc. At ambient pres-
sure, the most stable crystal phases of silica and
alumina are α-quartz and corundum. The melting
temperature is 1980 K and 2326 K for silica and
alumina, respectively. At the liquid state, the struc-
ture of silica as well as alumina is believed to be
composed of TOx units connected to each other by
bridging oxygen atoms. The microstructure change
in those liquids under pressure is of great interest
and has been intensively studied for a long time
[1–5]. It was found that when applying pressure,
the liquid silica undergoes a transformation from
tetrahedral to octahedral network structure. Upon
pressure lower than 5 GPa, the structure of liquid
silica comprises mainly of SiO4 tetrahedra [6–12].
As shown by X-ray Synchrotron Radiation, Neutron
Diffraction and NMR experiments in [12–14], at
ambient pressure, the liquid alumina also consists
of AlO5 and AlO6 species besides AlO4. The ave-
rage coordination number of aluminum is 4.5. At a
pressure higher than 20 GPa, both liquid silica and
alumina consist mainly of TO6 species.
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The microstructure can be described by bond
angle distribution measured by X-ray diffraction,
Neutron Diffraction and NMR method. The expe-
rimental results in [15, 16] show that the mean Si–
O–Si bond angle for amorphous silica varies from
142° to 160° and full width half maximum (FWHM)
of BAD varies in a wide range from 10° to 46°.
High pressure X-ray diffraction experiment in [1]
revealed that O–Si–O BAD decreases as the pres-
sure increases; at 42 GPa, the mean O–Si–O bond
angle is 96°. This is an intermediate value between
90° (for tetrahedral network) and 109.5° (for octa-
hedral network). Because molten silica evaporates
very quickly at temperatures above 2140 K, there
are only few experimental works for liquid silica
[17]. A recent investigation shows that the bigger
size of the SiO4 tetrahedrons in melted silica in-
duces the decrease of the mean Si–O–Si bond angle
in comparison with amorphous silica [18]. In case
of amorphous alumina, X-ray and Neutron Diffrac-
tion experiments show that the structure is built up
by AlO4 and that the Al–O–Al bond angle, between
two corner sharing tetrahedrons, is about 125° [8].

Because of difficulty in performing the experi-
mental studies at high temperature, at present, simu-
lation methods are still useful tools for studying the
structure of liquid silica and alumina, especially at
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high temperatures and pressures. Classical molecu-
lar dynamics (MD) simulations can get insight into
the structure and dynamics properties of liquid si-
lica and alumina under high pressure [19–22]. The
simulation results in recent works concerning silica
and alumina reveal that a gradual transition from
tetrahedral to octahedral coordination induces the
variation of total O–T–O and T–O–T BAD. It means
that there is a correlation between the total O–T–O,
T–O–T BADs and coordination distribution. Basing
on this correlation, one can determine the fraction
of TOx and OTy units from the experimental BADs.
For a network-forming liquid, the dynamics proper-
ties and diffusion depend strongly on TOx fraction
in the model [20], thus this correlation also allows
the estimation of diffusion. However, as far as we
know, no other works have been done to clarify
the correlation between the total O–T–O, T–O–T
BADs and coordination distribution. Specially, the
anomalous diffusion in silica is still in debate.

In this work, the structural characteristics of liq-
uid silica and alumina are investigated in detail in
order to find the correlation between the total BADs
and coordination distribution. The diffusion mecha-
nism in these materials, especially the anomalous
diffusion in silica is also analyzed and discussed
here.

2. Computational procedure
Molecular dynamics simulations are carried out

on silica and alumina models consisting of 1998
and 2000 atoms respectively. The simulation has
been performed in a cubic cell where the periodic
boundary conditions were applied. The BKS and
Born Mayer potentials are used to construct SiO2
and Al2O3 models, respectively. More detail about
these potentials can be found elsewhere [19, 23, 24].
The initial configuration is generated by placing all
atoms randomly in a simulation box and heating it
up to 5000 K to remove possible memory effects.
Afterward, the sample is cooled down to 4500, 4000,
3500 and finally to 3000 K with a rate of 0.25 K/ps.
The equation of motion is integrated using the Ver-
let algorithm with a time step of 0.46 fs. At tem-
peratures of 4500, 4000 and 3500 K, a relaxation
with 2×104 time steps is accomplished and then a

106 time step relaxation is performed to produce a
model at 3000 K, upon ambient pressure. Hereafter,
the obtained model is called S0/A0 corresponding
to silica/alumina. Next, we produce six different
models of SiO2 and Al2O3 by subjecting the model
S0 or A0 to different pressures. More details about
this calculation can be found in [22]. The structural
data of considered models are determined by ave-
raging over 2000 configurations during the last 104

time steps. To calculate the coordination number
and bond angle, we use the cut-off distance RSi−O =
2.38 Å and RAl−O = 2.56 Å. Here, RSi−O and RAl−O
are chosen as the first minimum after the peak of
pair distribution functions (PDF) for silica (at the
density of 3.44 g·cm−3) and alumina (at the density
of 3.20 g·cm−3) respectively.

3. Results and discussion
The structural characteristics of liquid silica and

alumina models are presented in Table 1 and 2, re-
spectively. For liquid silica, the results show that at
low density (2.61 g·cm−3), about 94 % Si atoms
have tetrahedral coordination with a mean coor-
dination number of ZSi−O = 4.05, 97 % O atoms
have twofold coordination with a mean coordina-
tion number of ZO−Si = 2.03. This reveals that at
low density, the structure of liquid silica is built up
by SiO4 tetrahedrons and forms a simple continu-
ous random network of corner-sharing tetrahedrons.
For liquid alumina, the results show that at low den-
sity (2.71 g·cm−3), the Al–O coordination number
distribution is characterized by the frequencies of
4 (66 %), 5 (29 %) and 6 (3 %) with a mean co-
ordination number of ZAl−O = 4.30. The coordina-
tion number distribution O–Al is characterized by
the frequencies 2 (22 %), 3 (70 %) and 4 (8 %)
with a mean coordination number of ZO−Al = 2. 86.
This means that at low density, the structure of liq-
uid alumina is built up by AlO4 and AlO5 units
and forms a continuous random network of these
units. The simulation results for liquid silica and
alumina show a good agreement with experimental
data as well as the simulations of other works in
bond length, coordination number and bond angle
[1, 8, 12, 13, 15, 16, 19, 21, 29]. Now, we will focus
on investigating BAD and establishing the correla-
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Table 1. Structural characteristics of liquid silica. rxy – position of the first peak of PDF gxy(r);
Zxy – the mean coordination number; Six, Oy – the fraction of structural SiOx units and
OSiy linkages.

Models M1 M2 M3 M4 M5 M6 References

ρ , g·cm−3 2.61 3.09 3.44 3.69 3.87 4.04 a2.20 b2.67
ZSi−O 4.05 4.37 4.75 5.07 5.39 5.44 d4.0 c3.88±0.20
ZO−Si 2.03 2.18 2.38 2.53 2.70 2.72 d2.0

rSi−Si, Å 3.08 3.08 3.08 3.08 3.08 3.08 a3.065 b3.00
rSi−O, Å 1.60 1.60 1.60 1.62 1.62 1.64 a1.626 b1.60 c1.626
rO−O, Å 2.60 2.58 2.50 2.50 2.46 2.42 b2.60

<θO−Si−O> 107° 105° 103° 103° 102° 102° a109.43° b09° c107°±2°
<θSi−O−Si> 143° 131° 123° 119° 117° 116° a143.38° b141° c128÷136°

Si4 0.94 0.66 0.38 0.21 0.10 0.07
Si5 0.05 0.31 0.49 0.51 0.43 0.44
Si6 0.00 0.03 0.13 0.27 0.45 0.47
O2 0.97 0.81 0.63 0.48 0.35 0.32
O3 0.03 0.19 0.36 0.50 0.63 0.66
A 0.16 0.13 0.11 0.10 0.08 0.07
B 0.95 0.74 0.55 0.46 0.41 0.39

a,b,c,dExperimental data given in [25], [26], [18] and [28] respectively

Table 2. Structural characteristics of liquid alumina. rxy – position of the first peak of PDF
gxy(r); Zxy – the mean coordination number; Alx, Oy – the fraction of structural AlOx
units and OAly linkages.

Models M1 M2 M3 M4 M5 M6 References

ρ , g·cm−3 2.71 2.98 3.20 3.40 3.56 3.68 a2.81 b2.81 c 3.175
ZAl−O 4.30 4.50 4.73 4.93 5.14 5.29 a4.20 b4.20 c4.10
ZO−Al 2.86 3.50 3.15 3.29 3.43 3.53 – – c2.72

rAl−Al , Å 3.14 3.12 3.08 3.06 3.04 3.04 – b3.25 c3.15
rAl−O, Å 1.68 1.70 1.70 1.72 1.72 1.72 a1.76 b1.78 c1.71–1.79
rO−O, Å 2.78 2.74 2.72 2.68 2.64 2.62 – b2.84 c2.75

<θO−Al−O> 105° 103° 103° 103° 102° 101° – – c103°
<θAl−O−Al> 116° 114° 111° 110° 109° 108° – – c115°

Al4 0.66 0.53 0.38 0.27 0.19 0.12
Al5 0.29 0.39 0.50 0.54 0.50 0.49
Al6 0.03 0.06 0.12 0.19 0.30 0.37
O2 0.22 0.14 0.07 0.04 0.02 0.01
O3 0.70 0.72 0.71 0.64 0.55 0.48
O4 0.08 0.14 0.21 0.31 0.41 0.48
A 0.14 0.12 0.11 0.10 0.09 0.09
B 0.36 0.32 0.29 0.26 0.24 0.22

aExperimental data at ambient pressure given in [12]
bExperimental data at ambient pressure given in [13]
cSimulation data at ambient pressure given in [10]

tion between coordination number distribution and
BADs. We only consider O–T–O and T–O–T bond
angle. The first describes the topology structure of
TOx units and the second describes the connectiv-

ity between the TOx units. From Tables 1 and 2, it
can be seen that there is a gradual transition from
the tetrahedral coordination to the fivefold and six-
fold coordinations with increasing the density. The
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fraction of TO4 units decreases monotonously from
94 % (for silica at density 2.61 g· mathrmcm−3) and
66 % (for alumina at density 2.71 g·cm−3) to 7 %
(for silica at density of 4.04 g·cm−3) and 12 % (for
alumina at density of 3.68 g·cm−3). Conversely, the
fraction of TO6 increases monotonously, whereas
the fraction of TO5 increases gradually up to the
maximum value (51 % for silica, 54 % for alumina)
and then decreases gradually.

The connection between TOx units through an
O bridge forms an OTy linkage. For liquid silica,
most of the linkages are made of OSi2 and OSi3; the
fraction of OSi4 linkages is very small.

To establish the correlation between the coordi-
nation number distribution and total O–T–O BAD,
let nT x be the number of TOx units; here x= 4,5 and
6. The total number of O–T–O angles in TO4, TO5
and TO6 is 6nT 4, 10nT 5 and 15nT 6, respectively. We
ascribe mT x(θ) to the number of angles in an inter-
val of θ ± dθ in TOx units. The probability that a
given angle lies in the interval θ ±dθ in a sample,
is given by

gT (θ) =
mT 4(θ)+mT 5(θ)+mT 6(θ)

6nT 4 +10nT 5 +15nT 6

= 6AgT 4(θ)T4 +10AgT 5(θ)T5 (1)

+15AgT 5(θ)T5

where A = (nT 4 + nT 5 + nT 6)/(6nT 4 + 10nT 5 +
15nT 6); gT 4(θ) = mT 4(θ)/6nT 4; gT 5(θ) =
mT 5(θ)/10nT 5; gT 6(θ) = mT 6(θ)/15nT 6. The
function gT x(θ), actually represents the probability
that the given O–T–O angle in TOx units lies in the
interval of θ ± dθ . Therefore, the function gT (θ)
describing the total O–T–O BAD can be expressed
via the fraction of Tx and the functions gT x(θ)
which represent the partial BAD for the TOx units.
Here, the notation Tx (T = Si or Al; x = 4, 5, 6) is
the fraction of TOx in the sample. The values of Tx
(Six for liquid silica, Alx for liquid alumina) are
given in Table 1 and Table 2. Previous works [15]
showed that, upon compression, the TOx fractions
vary strongly, but the topology of the TOx units is
unchanged, e.g. the liquids with different density
consist of identical TOx units. It means that there
are the common functions gT x(θ) for all considered
models. These functions are presented in Figs. 1

Fig. 1. The partial O–Si–O angle distribution functions
gSx(θ) for basic units SiOx.

Fig. 2. The partial O–Al–O angle distribution functions
gAlx(θ) for basic units AlOx.

and 2. For TO4, the function gT 4(θ) has a form of
Gauss function with a pronounced peak at 105°; in
the case of TO5, the function gT 5(θ) has a peak and
a shoulder: a main peak is located at 90° (for silica),
85° (for alumina), the shoulder is at 165° for both
silica and alumina; for TO6, the function gT 6(θ)
has a pronounced peak at 85° (for silica), 80° (for
alumina) and a small peak at 160°.

Figs. 3 and 4 show the total O–T–O BADs for
silica and alumina models together with the result
calculated by Equation (1) at different densities. It
can be seen that the total O–T–O BAD changes
significantly with density. Its main peak slightly
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Fig. 3. The total O–Si–O bond angle distribution; the symbols present simulation data; the lines
present data calculated by Equation (1).

Fig. 4. The total O–Al–O bond angle distribution; the symbols present simulation data; the lines
present data calculated by Equation (1).
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Fig. 5. The partial Si–O–Si bond angle distribution func-
tions gOy(θ) for OSiy linkages.

shifts to lower angles and the height of the main
peak decreases with the density. Furthermore, it is
clear that the calculation results reproduce very well
the simulation data indicating a way to extract the
fraction of TOx units on the base of known functions
gT x(θ). In similar way, the total T–O–T BAD can
be given as

gO(θ) =
mO2(θ)+mO3(θ)+mO4

nO2 +3nO3 +6nO4

= BgO2(θ)O2 +3BgO3(θ)O3 (2)

+6BgO4(θ)O4

where gO2(θ) = mO2(θ)/nO2; gO3(θ) = mO3(θ)/
nO3; gO4(θ) = mO4(θ)/nO4; B = (nO2 + nO3 +
nO4)/(nO2 + 3nO3 + 6nO4). Similar to gT x(θ), the
function gOy(θ) represents the probability that the
given T–O–T angle in OTy lies in the interval of
θ ±dθ .

The partial bond angle distributions for OTy are
shown in Figs. 5 and 6. For OT2 linkages, gO2(θ)
has a main peak at 145° (for silica), 153° (for
alumina); in the case of OT3 for silica, the func-
tion gO3(θ) has two peaks at 100° and 120° but
for alumina it only has one peak at 115°. In con-
trast to liquid silica, the fraction of OAl4 linkages
in liquid alumina is rather high (48 % at density
ρ = 3.68 g·cm−3) and the function gO4(θ) has a
peak at 95°.

Fig. 6. The partial Al–O–Al bond angle distribution
functions gOy(θ) for OAly linkages.

The total T–O–T BADs are shown in Figs. 7
and 8. It can be seen that with increasing den-
sity, the total T–O–T bond angle shifts to lower
angles. For liquid silica, the total Si–O–Si BAD
shifts to lower angles then splits into two peaks. The
main peak that is located at 143°, splits into two
sub-peaks at about 95° and 130° as the density is
higher than 3.44 g·cm−3. For alumina, at density of
2.71 g·cm−3, gO(θ) has a peak at about 118°, this
peak shifts to 100° at density of 3.68 g·cm−3. The
results also reveal that there is a good agreement be-
tween the simulation results and the data calculated
by Equation (2).

Fig. 9 shows the pressure dependence of diffu-
sion coefficient in liquid silica and alumina. It can be
seen that the diffusion coefficient of Si atoms in liq-
uid silica is similar to O atoms. It also shows anoma-
lous behavior. The diffusion coefficient approaches
its maximum at a pressure of about 12 GPa, which
is similar to the results in references [30–32]. In the
case of liquid alumina, the diffusion coefficient of
Al as well as O atoms decreases with pressure. The
pressure dependence of the diffusion coefficient of
atoms in alumina is similar to the one in silica at a
pressure higher than 12 GPa. To clarify the diffusion
mechanism that causes the anomalous diffusion in
liquid silica we have investigated the displacement
and the process of neighbor change for the atoms in
the models.
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Fig. 7. The total Si–O–Si bond angle distribution; the symbols present simulation data; the lines
present data calculated by Equation (2).

Table 3. The frequency of changing the neighbor of Si and O at
the 5000, 20000 and 40000 run steps.

5000 steps 20000 steps 40000 steps
P(GPa) ρ , g·cm−3 Si O Si O Si O

0 2.61 659 1165 707 1366 701 1377
5 3.09 214 410 221 438 223 442

10 3.44 144 280 145 288 146 289
15 3.69 126 245 128 253 129 257
20 3.87 121 235 121 239 121 240
25 4.04 119 231 118 234 106 233

Table 3 shows the frequency of changing the
neighbor of Si and O after the 5000, 20000 and
40000 time steps. Although the fraction of SiOx in
the model at a given pressure is definite, the neigh-
bors of atoms are always changed and this change
causes the movement of atoms. It can be seen that
the frequency of changing the neighbor of an atom
does not depend on the run time but on the pressure.
At ambient pressure (run time is over 20000 steps),
the frequency of changing the neighbor of Si and
O is about 700 and 1370 time steps respectively.
At 25 GPa, the frequency of changing the neighbor
of Si and O is about 110 and 230 time steps, re-
spectively. The more frequently atoms change their

neighbors, the higher mobility they get. This ex-
plains the increase in diffusion coefficient as the
pressure or density increases. The data in Table 3
also show that the frequency of changing the neigh-
bor increases strongly as the pressure increases from
0 to 10 GPa. This is due to the considerable increase
of the fraction of SiO5 units and OSi3 linkages as
the pressure increases. The SiO5 unit and OSi3 link-
age is unstable so that Si and O atoms in SiO5 and
OSi3 can easily change their neighbor. In the range
from 10 to 25 GPa, the frequency of changing the
neighbor varies only slightly because the fractions
of SiO5 and OSi3 almost do not change (see Ta-
ble 1). It means that the frequency of changing the
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Fig. 8. The total Al–O–Al bond angle distribution; the symbols present simulation data; the lines
present data calculated by Equation (2).

Table 4. Effect of pressure on the change of neighbor of atoms in the model
after 40000 run steps.

n 0 GPa 5 GPa 10 GPa 15 GPa 20 GPa 25 GPa
Si O Si O Si O Si O Si O Si O

0 464 1107 29 287 0 93 10 122 4 94 16 160
1 166 205 139 617 29 420 53 488 32 459 68 547
2 30 20 236 381 102 613 129 549 116 558 162 476
3 5 0 160 46 214 194 203 165 219 214 198 144
4 1 0 82 1 219 12 190 8 174 7 158 5
5 18 0 87 0 53 0 99 0 51 0
6 2 0 15 0 28 0 21 0 13 0
7 1 0

neighbor depends strongly on the fraction of SiO5
and OSi3 in the model.

Table 4 displays the effect of pressure on the
change of neighbor of atoms after 40000 run steps.
At ambient pressure (0 GPa), most of atoms do
not change their neighbors (464 Si atoms and
1107 atoms do not change any neighbor); 166 Si
atoms and 205 O atoms change one neighbor; 30 Si
atoms and 20 O atoms change two neighbors; 5 Si
atoms change three neighbors; only one Si atom
change all four neighbors. At 25 GPa, most atoms
change their neighbors after 40000 run steps; only

16 Si atoms and 160 O atoms do not change any
neighbor. This demonstrates again that the mobility
of atoms increases with increasing pressure.

The results in Table 5 show that the average
displacement of one atom after one time changing
neighbor decreases as the pressure increases. After
5000 run steps, this average displacement decreases
from 0.196 Å at 0 GPa to 0.032 Å at 25 GPa. After
40000 run steps, the average displacement of one
atom after one time changing neighbor decreases
from 0.111 Å at 0 GPa down to 0.024 Å. Table 5
also shows that as the number of run steps increases
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Table 5. The average displacement of atom after one time changing
the neighbor at 5000, 20000 and 40000 time steps.

Time steps Average displacement/one time changing neighbor
0 GPa 5 GPa 10 GPa 15 GPa 20 GPa 25 GPa

5000 0.196 0.053 0.039 0.036 0.033 0.032
20000 0.147 0.043 0.031 0.028 0.026 0.026
40000 0.111 0.039 0.032 0.028 0.025 0.024

Fig. 9. The diffusivity as a function of pressure.

then the average displacement of one atom after
one time changing neighbor decreases. At ambient
pressure, it is 0.196 Å after 5000 run steps, 0.147 Å
after 20000 run steps, 0.111 Å after 40000 run steps.
This can be explained as follows: the time evolution
of the mean square displacement r2(t) consists of
three time stages (see Fig. 10). The first stage is a
ballistic motion (short time, about 500 time steps).
The second stage is the caging stage in that the parti-
cles are temporarily trapped in the cages formed by
their neighbors. The third stage is a diffusive motion
(long time). From above analysis, it can be seen that
the diffusion mechanism in silica liquid is caused
by the change of neighbor atoms. There are two
mechanisms causing the anomalous behavior: 1) the
increase in frequency of changing neighbor as the
pressure increases, which results in increasing the
diffusion coefficient; 2) the decrease in the average
displacement of an atom after one time changing
neighbor as the pressure increases, which causes the
decrease in the diffusion coefficient. The combina-
tion of the two mechanisms results in the maximum
of diffusion coefficient in the range of considered
pressures (from 0 to 25 GPa), see Fig. 9.

4. Conclusions

We have constructed six models of liquid silica
with different density in the range from 2.61 to
4.04 g·cm−3 and six models of liquid alumina with
density in the range from 2.71 to 3.68 g·cm−3. The
structural characteristics of the constructed models
are in good agreement with the experimental re-
sults as well as with the simulation results of other
works. The results of our studies led us to the con-
clusion that liquid silica and alumina undergo sig-
nificant variation in the network structure, leading
to the change in the number of TOx polyhedrons
and OTy linkages. The topology structure of these
polyhedrons and linkages is identical for all con-
structed models. Consequently, all the models have
the same partial bond angle distributions gT x(θ) and
gOy(θ). This result enables us to establish a simple
relationship between the bond angle distribution
and the fractions of TOx polyhedrons and OTy link-
ages. The simulation results show a good agreement
with the data calculated by the obtained expression
for both total T–O–T and O–T–O BADs. Diffusion
in liquid silica shows anomalous behavior. Diffu-
sion mechanism is caused by the change of neigh-
bors. Two competing mechanisms that result in the
anomalous diffusion in liquid silica are the increase
of frequency of neighbor change and the decrease
of average displacement after one time changing
neighbor as the pressure increases. The dependence
of diffusion coefficient on pressure (density) has a
maximum at a pressure of about 12 GPa.
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Fig. 10. The dependence of mean square displacement on the num-
ber of run steps knowledgement.
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