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First-principles simulations of thermodynamical and structural properties
of liquid Al2O3 under pressure
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First-principles molecular dynamics simulations within local density approximation were carried out for liquid
alumina over a pressure range from 0 to 150 GPa at 3000, 4000, and 6000 K. Liquid alumina is more compressible
and less dense than solid alumina, and the density difference between two phases decreases with compression
with a density crossover occurring around 90 GPa at 3000 K. The calculated thermodynamic properties including
specific heat, thermal expansion coefficient, and Grüneisen parameter are strongly pressure dependent. The liquid
structure is more sensitive to compression than temperature: mean Al−O and O−Al coordination numbers which
remain nearly unchanged on isochoric heating increase from 5.2 and 3.4, respectively, at 0 GPa to 6.8 and 4.5,
respectively, at 150 GPa along 3000 K isotherm. Coordination environments consist of various species with
low-coordination species (three- and four-coordinated Al atoms) disappearing and high-coordination species
(six- and seven-coordinated Al atoms) appearing as the liquid is compressed. We also analyze the structure in
terms of bond distances and bond angles.
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I. INTRODUCTION

Alumina (Al2O3) is one of the most important refractory
ceramic oxides used in numerous applications such as cutting
tools, electronic devices, optics, biomedical, mechanical en-
gineering, and high pressure experiments. In addition to its
technological importance, alumina is also considered to be
an important component in any Earth’s mantle compositional
model. In particular, knowledge about molten Al2O3 at high
pressure is essential to understanding the properties of geolog-
ically relevant silicate melts (magmas) and how they have been
controlling the dynamics throughout the Earth’s history.1–10

Experimental studies of liquid alumina have provided
important information about its structure.11,12 Most of the
data on mean Al−O coordination fall in the range of 4–5
except the x-ray diffraction results (Ref. 13), which quote
a value of 5.6. The nuclear magnetic resonance (NMR)
investigations suggest that the liquid primarily consists of
four-coordinated Al with an average coordination of 4.5.14,15

While numerous first-principles investigations have been
reported for crystalline alumina,2–5 liquid alumina is yet to
be studied from first principles. Previous molecular dynamics
simulations are based on the model interaction potentials,
which were fitted either to experimental data or to the forces
and multipoles derived from density functional theory.6–10

Such potentials allow longer run times and bigger supercells
but their accuracy is questionable, especially under varying
conditions of temperature and pressure. In recent years, the
first-principles molecular dynamics (FPMD) approach has
been applied successfully to many liquids.16–20 In this paper,
we report a FPMD study of the thermodynamical and structural
properties of liquid Al2O3 over a wide range of pressure at three
temperatures, 3000, 4000, and 6000 K.

II. DETAILS OF SIMULATIONS

The first-principles molecular dynamics simulation method
used is based on the finite temperature local density functional

theory and the projector augmented wave method as imple-
mented in the VASP package.21–23 The Al and O potentials were
generated with 3s2, 3p1 and 2s2, 2p4 valence configurations,
respectively. The plane wave energy cutoff was 600 eV for
which the Pulay stresses are negligible. Only the � point
was used in the Brillouin zone integration. Thermodynamic
pressure was obtained by adding the ideal gas contribution to
the “external pressure”’ calculated in VASP.

A series of equilibrium FPMD simulations were carried
out using a cubic supercell containing 24 formula units
(48 Al + 72 O) in the canonical ensemble (NVT) with periodic
boundary conditions imposed. Temperature was controlled
by Nosé thermostat24 and the equations of motion were
solved iteratively with a 1 fs time step using the interatomic
forces obtained from the self-consistent electronic structure
calculations. Initial liquid configuration was generated by
melting α-Al2O3 constrained inside a cube at 10 000 K
followed by an equilibration period of 10 ps. The molten
sample was then quenched down isochorically to desired
temperatures. The liquid state was confirmed by inspection
of the calculated radial and bond-angle distribution functions
and mean square displacement functions. Ensemble averages
of pressure (P ) and internal energy (E) were computed by
applying the block average technique.25 The uncertainties are
σP = 1.1 GPa and σE = 6.5 kJ/mole. To test the effect of
system size on liquid properties, simulations were repeated
with a double-sized supercell (containing 108 Al and 162 O
atoms), which produced pressure and internal energy within
statistical uncertainties. Simulations were run for 10–50 ps
depending upon temperature and volume (density) conditions.

III. RESULTS AND DISCUSSION

A. Thermodynamical properties

The calculated pressure-volume isotherms (Fig. 1, left)
can be described accurately by the Mie-Grüneisen thermal
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TABLE I. Birch-Murnaghan equation-of-state fit parameters for liquid (fourth-order) and crystalline (third-order) alumina. Density (ρ0)
and bulk modulus (K0) are in g/cm3 and GPa, respectively. Previous theoretical (Refs. 2 and 4) and experimental (Refs. 26–31) results are
given for comparison.

Liquid, 3000 K Solid, 0 K Solid, 3000 K Liquid Solid

ρ0 3.038 4.062 3.683 ρ3000 K
0 ρ0:3.98 a,b

K0 36.50 265 169 2.85c K0: 258,d 262,e

K ′
0 9.27 3.84 4.40 2.74f 255b 254a

K ′′
0 –1.280 2.70g K ′

0: 4.06,d 3.79,e

2.41h 5.1,b 4.27a

aReference 30.
bReference 31.
cReference 26.
dReference 2.
eReference 4.
fReference 27.
gReference 28.
hReference 29.

equation of state:

P (V,T ) = P (V,Tref) + �Ptherm(V,T ). (1)

Here, the first term represents the reference isotherm fitted
to a fourth-order Birch-Murnaghan equation of state with
Tref = 3000 K. The second term represents thermal pressure
given by

�Ptherm(V,T ) =
(

∂P

∂T

)
V

(T − Tref) ≡ B(V )(T − Tref), (2)

where the thermal pressure coefficient is B(V ) = 16.384 −
0.2261V .

The fit parameters are given in Table I. The predicted
liquid density 3.038 g/cm3 at ambient pressure is higher by a

few percent than the experimental data,26 which are scattered
between 2.41 and 2.74 g/cm3 (see Table I).27–29 The density
overestimation can be attributed to local density approximation
used because of its well-known overbinding nature.

The pressure-volume isotherms of corundum were also
calculated at 0, 2000, and 3000 K (Fig. 1, right). Unlike
liquid, crystalline phase P -V isotherms show a good fit to
the third-order Birch-Murnaghan equation of state with 0 K
as a reference temperature. The fit parameters agree well with
previous theoretical2,4 and experimental30,31 results (Table I).
At ambient pressure, Al2O3 solid expands by 10% over the
temperature range of 0–3000 K in good agreement with the
previous theoretical32 and experimental results.33 Our results
show that the liquid phase is more compressible (∼4.5 times
at zero pressure) than the solid phase along the 3000 K
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FIG. 1. (Color online) Pressure-volume relationships of liquid (left) and solid alumina (right). The calculated results are shown by circles
(3000 K), squares (4000 K) and diamonds (6000 K) and smooth lines are fit to the Mie-Gröneisen equation of states. Dashed line shows solid
isotherm at 3000 K (left). The experimental data at 300 K (Refs. 30 and 31) and the Hugoniot data for corundum from (Ref. 34) are shown
for comparison. V is volume per formula unit. Note that Hugoniot represents curve in P -V -T space so as the Hugoniot pressure increases,
temperature also increases causing thermal pressure to increase. This is why the Hugoniot data show a better match with 2000 K isotherm as
pressure increases (right).
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FIG. 2. (Color online) Calculated temperature-average thermal pressure coefficient B (MPa/K), isochoric heat capacity CV , Grüneisen
parameter, and thermal volume expansion coefficient of liquid alumina under compression (circles). Experimental data on corundum are for
Grüneisen parameter (Ref. 35) shown by squares and volume thermal expansion data from Ref. 36 (triangles) and Ref. 37 (squares).

isotherm. The solid is about 20% denser than the liquid at
ambient pressure, and the density contrast between solid and
liquid alumina decreases rapidly with increasing pressure.
A consequence is the solid-liquid density crossover, which
appears around 90 GPa; i.e., the liquid becomes denser than
the solid at pressures above 90 GPa. Such a density crossover,
also predicted in silica liquid,19 is relevant in magma dynamics
in Earth’s interior.

Pressure and internal energy calculated as a function
of volume and temperature can be used to derive various
thermodynamic properties of interest. They include the iso-
choric specific heat capacity CV , thermodynamic Grüneisen
parameter γ , and volume thermal expansion coefficient α

defined through the following relations:

CV =
(

∂E

∂T

)
V

, (3)

γ = V

CV

(
∂P

∂T

)
V

, (4)

α = 1

V

(
∂V

∂T

)
P

. (5)

We compute these thermodynamic quantities by assuming
that both pressure and energy are linear in temperature for a
given volume. The different physical properties are sensitive
to compression to different extents (see Fig. 2). The specific
heat decreases by about 20% from 4.23 ± 0.14NkB at V =
61.24 to 3.94 ± 0.15NkB at V = 30.63 Å3 per formula
unit. The Grüneisen parameter increases by 1.5 times over
the same volume range, which means that the effect of
temperature on pressure actually increases on compression.
This opposite behavior to solids for which γ decreases with
compression was previously predicted for other liquids.18–20

One can attribute the pressure-induced increase in γ to the
increase in coordination number.18 As pressure increases, the
thermal expansion coefficient initially decreases rapidly and
varies by a factor of 8 over the entire compression range
studied.

B. Structural properties

1. Radial distribution functions

Unlike solids, liquids do not possess long-range structural
order. The short-range order of liquids is usually probed by
radial distribution functions. The partial radial distribution
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FIG. 3. (Color online) Calculated radial distribution functions at
2.763 (light gray lines), 3.683 (thin olive lines), and 5.524 g/cm3

(thick red lines) densities at 3000 K. Pressures corresponding to these
densities are ∼2, 15, and 150 GPa, respectively. The arrow points to
the appearance of a new second peak.

function (RDF) gαβ(r) gives the probability of finding species
β at a distance r away from species α relative to that for an
ideal gas of the same density. It can be easily calculated by
counting the average number Nαβ of β-type ions around an
α-type ion inside a spherical shell between r and r + dr:38

gαβ(r) = 〈Nαβ(r,r + �r)〉
4πr2�r

V

Nβ

, (6)

where V is the volume of the simulation cell and Nβ represents
the total number of β-type ions.

The calculated radial distribution functions gAl−Al(r),
gO−O(r), and gAl−O(r) for ρ = 2.763 (–2 GPa), 3.683 (15 GPa),
and 5.524 (150 GPa) g/cm3 at 3000 K are shown in Fig. 3.
They were calculated up to half of the simulation cell due to the
imposed periodic boundary conditions. The gAl−O(r) function
shows the sharpest first peak and well-defined minimum, and
also a broader second peak. This means that Al−O bonding
controls the melt structure. The other two functions have
relatively broader and shorter peaks, and also the peaks are
located at larger distances.

With increasing temperature at a given volume or density,
the peaks become shorter, wider, and less symmetric, and
the RDF weight at the minimum increases. These changes
reflect an increased disorder of melt structure. As the liquid is
compressed, the peak positions and amplitudes in gAl−Al(r) and
gO−O(r) are affected much more than those in gAl−O(r). The
first peak in both like-atom RDFs grows taller and moves to a
shorter distance. Even a new second peak appears (indicated
with the arrow in Fig. 3) in gO−O(r) in the close vicinity of
the first peak at pressures above 10 GPa—a feature which was
previously seen in the simulations of silica and other silicate
liquids,18,19 suggesting significant rearrangement of O atoms
at high pressure. Homopolar bonds (Al−Al and O−O) exist
in small proportions as indicated by small overlap of gAl−Al(r)
and gO−O(r) with the first peak of gAl−O(r), and the numbers
of these bonds increase on compression.

The mode of the first peak in RDF can be taken as the most
probable bond length or distance between the corresponding
two ions. Thus estimated Al−O, O−O, and Al−Al bond
lengths of 1.76, 2.76, and 3.13 Å, respectively, at ρ =
2.763 g/cm3 and 3000 K are in excellent agreement with
the experimental data. The latest neutron diffraction study
for ρ = 2.81 g/cm3 has found a first Al−O peak at 1.76 ±
0.1 Å and a second O−O peak around 2.8 Å17. However, in
an x-ray diffraction experiment the Al−O, O−O, and Al−Al
bond lengths were estimated to be 1.76, 3.08, and 4.25 Å,
respectively.11 Note that the peak assignment in experiments
is dependent on how the peaks are modeled and interpreted.
Previous classical molecular dynamics results are in good
agreement with our first-principles results (see Table II). All
bond distances decrease with increasing pressure (Fig. 4), with
the Al−O distance showing much smaller variations (∼4%)
compared to O−O and Al−Al distances (∼15%) over the
entire pressure regime studied. This suggests that O−O and
Al−Al correlations play an increasingly important role in the
densification of Al2O3 liquid on compression.

2. Coordination numbers

All partial radial distribution functions gαβ(r)’s changing
with temperature and compression imply that the coordination
environments (which represent the local packing of atoms)
are also sensitive to both temperature and pressure. There
are four types of coordination environments, which include
like-atoms (Al−Al and O−O) and unlike-atoms (Al−O and
O−Al) coordination. The mean coordination number nαβ can
be calculated using

nαβ(Rmin) = 4πNβ

V

∫ Rmin

0
gαβ(r)r2dr, (7)
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FIG. 4. (Color online) Pressure variations of the calculated average bond distances and coordination numbers for liquid alumina at 3000
(circles), 4000 (squares), and 6000 K (diamonds). Gray vertical lines mark the zero pressure.

where Rmin is the position of the first minimum of the
corresponding radial distribution function (see Table II). At
0 GPa and 3000 K, the calculated mean Al−O coordination
number is 5.2 which lies within the experimental range of
4.2 to 5.6 (Refs. 11–13). Our result also compares well with
previous classical MD results (see Table II). As shown in Fig. 4,

the mean coordination numbers for all types Al−O, O−Al,
Al−Al, and O−O increase considerably as pressure increases,
suggesting increased packing of atoms on compression. The
Al−O and O−Al coordination numbers increase from 5.2
and 3.4, respectively, at 0 GPa and 3000 K, to 6.8 and 4.5,
respectively, at 150 GPa and 3000 K. In contrast, the effects

TABLE II. Calculated positions of the first peak (rαβ ), and the first minimum (Rmin) of different radial distribution functions together with
coordination numbers (nαβ ) for three selected densities at 3000, 4000, and 6000 K. All distances are in Å and densities are in g/cm3.

ρ = 2.763 ρ = 3.683 ρ = 5.524 Previous results

Al−O rAl−O 1.77,1.76, 1.77 1.79, 1.77,1.74 1.70, 1.70, 1.70 rAl−O : 1.78,a 1.75,b 1.75c

Rmin 2.65, 2.69, 2.70 2.59, 2.59,2.69 2.41, 2.49, 2.51 rAl−Al: 3.20,c 3.15b

nAl−O 4.64, 4.68, 4.67 5.52, 5.53, 5.86 6.78, 6.75, 7.21 rO−O: 2.79,c 2.75b

Al−Al rAl−Al 3.13, 3.16, 3.10 3.02, 2.97, 2.96 2.69, 2.68, 2.65 nAl−O: 4.41,a 4.1,b 3.91c

Rmin 4.10, 4.19, 4.35 4.13, 4.15, 4.23 3.78, 3.83, 3.84 nAl−Al: 7.46,c 8.24b

nAl−Al 9.0, 9.61, 10.6 12.4, 12.5, 13.0 14.1, 14.3, 14.7 nO−O: 6.87,c 8.84b

O−O rO−O 2.76, 2.75, 2.73 2.61, 2.57, 2.55 2.33, 2.31, 2.26 nO−Al: 2.79,c 2.72b

Rmin 3.93, 3.96, 4.07 3.95, 3.90, 3.84 3.05,3.04, 2.99
nO−O 12.0, 12.3, 13.2 15.6,15.2, 14.7 11.7, 11.6, 10.9

O−Al nO−Al 3.1, 3.12, 3.1 3.69, 3.69, 3.90 4.52, 4.50, 4.80

aReference 1: For ρ = 2.81 g/cm3 at 2600 K.
bReference 7: For ρ = 3.175 g/cm3 at 2200 K.
cReference 8: For ρ = 2.65 g/cm3 at 3500 K.
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FIG. 5. (Color online) Abundances (%) of different coordination species (ZCAlO and ZCOAl) in liquid Al2O3 as a function of pressure at
3000 K.

of temperature on coordination are relatively small at a fixed
density because the RDF peaks become broader and shorter to
similar extents.

The Al and O coordination environments consist of various
species whose abundances change with temperature and pres-
sure. Temperature shows a general trend that coordination dis-
tribution becomes broader with the appearance of new species
(both low and high coordination) but without significantly
affecting the mean coordination numbers on isochoric heating.
On the other hand, pressure tends to systematically shift co-
ordination distribution to high value with appearance of high-
coordination species at the cost of low-coordination species.
Pressure variations of various Al−O and O−Al coordination
species at 3000 K are shown in Fig. 5. At zero pressure,
the four-, five- and sixfold Al−O coordination species are
present in significant amounts (36, 48, and 14%). As the
liquid is compressed, the tetrahedral abundance decreases very
fast whereas the pentahedral abundance initially increases and
then decreases beyond 10 GPa. As a consequence, the abun-
dance of sixfold coordination (octahedral) species gradually
increases and also high-coordination species including seven-
and eightfold coordination species appear at high pressure.
Their respective values are 37, 43, and 16% at 150 GPa
and 3000 K. On the other hand, the O−Al coordination
changes from being dominated by three- and fourfold species
(65 and 24%) at the ambient pressure to being dominated by
four- and fivefold species (52 and 41%) at 150 GPa and 3000 K
pressure.

A high degree of Al and O coordination means that Al2O3

liquid is highly networked. To further explore the connectivity,
we examine the distribution of the quantity ZAln, which is
similar to the widely used quantity Qn defined for fourfold
Si−O coordination (Z = 4) in silicates. Here, n is the
number of bridging oxygen atoms (an oxygen atom which
is also bonded to one or more Al atoms) attached to an Al
atom under consideration, which can be in any coordination
state in our case (see Table III). The calculated distribution
consists of a mixture of different species with ZAl4, ZAl5,
and ZAl6 dominating at low pressure. The absence of ZAl0

and ZAl1 species means that the Al−Al network is complete.
As compression increases, the distribution shows increased
abundances of higher-order species, ZAl6, ZAl7, and ZAl8

species together counting for 98%. The preponderance of
higher-order species in compressed liquids is consistent with
the increased 4COAl and 5COAl abundances (see Table IV).

The high degree of structural packing is reflected by rela-
tively high mean values of Al−Al and O−O coordination. The
Al−Al coordination number increases monotonically from
11.4 to 14.6 between 0 to 150 GPa at 3000 K. On the other hand,
the mean O−O coordination number falls significantly after
10 GPa and then again gradually increases with pressure reach-
ing 11.5 at 150 GPa. The predicted abrupt change in the O−O
coordination can be attributed to the pressure-induced pushing
of the first peak and minimum in gO−O(r) to smaller distances
and also to the eventual appearance of a new second peak. Our
results show that both Al−Al and O−O coordination show a

TABLE III. Percentage abundances of various ZAl/Sin species of liquid alumina and silica.

T (K), P (GPa) ZAl3
ZAl4

ZAl5
ZAl6

ZAl7
ZAl8

3000, 5 0.31 16 49 32 2.09 0.09
Silica 0.98 97 1.6 0.01 0.00 0.00
4000, 9.6 0.49 16 45 33 4.5 0.19
6000, 19 1.9 16 40 33 8.4 0.83
3000, 35 0.00 0.48 13 60 24 3.4
3000, 150 0.00 0.00 0.69 36 45 18
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TABLE IV. Abundances of various Al−O coordination species (denoted as ZCAlO and ZCOAl) of alumina liquid compared with Si−O
coordination in silica liquid. Here, Z represents the coordination number.

T (K), P (GPa) 3CAlO 4CAlO 5CAlO 6CAlO 7CAl0 2COAl 3COAl 4COAl 5COAl

3000, 5 0.33 16 49 32 2.90 3.0 51 42 3.8
Silica 0.44 98 1.6 0.02 0.00 99 0.76 0.00 0.00
4000, 9.6 0.54 16 45 33 4.5 4.2 47 44 5.4
6000, 19 1.9 16 40 33 8.4 6.2 42 43 8.7
3000, 35 0.00 0.47 13 60 24 0.06 8.7 72 17
3000, 150 0.00 0.00 0.69 36 45 0.00 0.08 49 45

wide variety with 12-fold and higher species existing in large
amounts (50 to 95% in total) at the highest pressure studied.

Comparison between Al2O3 and SiO2 liquids allows us
to understand the effects of Al2O3 and SiO2 components
on the properties of silicate melts. The calculated Al−O
RDF shows a shorter and broader first peak located at larger
distance, compared to the first peak in the Si−O RDF.
This is consistent with larger effective size of the Al ion.
Not only are Al−O bonds relatively long, they are also
relatively weak and are hence broken at much higher rates
than Si−O bonds (see Table V). These differences mean that
the two liquids show significant differences in their structures.
Al2O3 liquid shows higher coordination and a richer set of
coordination species than SiO2 liquid. Both liquids form
complete networks, which are of different types. SiO2 liquid
essentially represents a nearly pure tetrahedral network (98%
four-oxygen-coordinated Si and 99% bridging oxygen, i.e.,
two-silicon-coordinated O).19 On the other hand, Al2O3 liquid
consists of a mixture of different Al−O coordination polyhedra
in significant proportions; almost half of the Al atoms are
fivefold coordinated with oxygen, the other half showing four-
and sixfold coordination. Consistently, O−Al coordination is
dominated by three- and fourfold species with only about 3%
bridging oxygen. The bond activities also control transport
properties including diffusion and viscosity coefficients. Since
new Al−O bonds are formed at a higher rate than new Si−O
bonds, Al2O3 liquid should show faster dynamics than silica
liquid (see Table V).

TABLE V. Al−O bond parameters at different conditions. Here,
αB is the rate of bond breakings (per picosecond), τB is the mean
bond lifetime (in femtoseconds) defined as NB/αB , where NB is the
mean number of Al−O bonds in the simulation cell (i.e., 48 times
mean coordination number), and αT represents the fraction of the
bond events, which result in the formation of new bonds and thus
cause the transfer of oxygen from one coordination shell to another.
Si−O bond parameters for silica liquid are also given.

T (K), P (GPa) αB τB αT

3000, 5 590 430 0.21
Silica 19 5050 0.16
4000, 9.6 835 300 0.24
6000, 19 1340 187 0.24
3000, 35 780 422 0.08
3000, 150 830 399 0.04

3. Bond-angle distributions

We now describe the melt structure in terms of bond-angle
distributions. Two bond angles are of interest: The O−Al−O
bond-angle contains the intrapolyhedral information whereas
the Al−O−Al bond tells us about interpolyhedral connectivity.
Figure 6 shows the bond-angle distributions using Rmin in
gAl−O(r) calculated for ρ = 2.763, 3.683, and 5.524 g/cm3

at 3000 K. The O−Al−O bond-angle distribution has a
broad peak between 92◦ and 121◦, with a large dispersion
extending to 180◦. We separate the bond-angle distribution into
three components corresponding to tetrahedra, pentahedra, and
octahedra, which show maxima around 105◦, 85◦, and 75◦
(second maximum peak at 160◦), respectively. Note that the
O−Al−O bond-angle for ideal tetrahedron is 109.47◦

, and for
pentahedron and octahedron the possible values are 90◦ and
180◦. The bond-angle analysis also supports the prediction
that the liquid state consists of the distorted tetrahedral,
pentahedral, and octahedral units. These polyhedral units
are linked to form a network with Al−O−Al angle peaked
at 94◦ with broad dispersion towards the larger angles. On
compression, the major peak of O−Al−O distribution shifts
towards lower angles and becomes sharper. An extra peak
starts to develop around 135◦. This bimodal distribution is
consistent with the melt structure dominated by octahedra
and high-coordination polyhedra. Similarly, the Al−O−Al
bond-angle distribution becomes bimodal with the first peak
becoming sharper with a shoulder appearing at the high angle
side as the liquid is compressed.

IV. SUMMARY

Using first-principles molecular dynamics simulations, the
thermodynamical and structural properties of liquid Al2O3

were probed extensively. The density contrast between liquid
and solid alumina decreases rapidly with compression and
around 90 GPa the density crossover occurs, i.e., liquid
becomes denser than solid. This density crossover is expected
to result in a maximum of the melting temperature under
pressure. The calculated P -V-T results were successfully
described with the Mie-Grüneisen form of the equation of state.
The constant volume specific heat coefficient of liquid alumina
is much higher than what is expected from the classical theory
of Dulong-Pettit; i.e., liquid alumina can hold much higher heat
than the Dulong and Pettit liquid for a given temperature rise.
With compression the constant volume heat capacity decreases
but it always remains above the classical value. The liquid
Grüneisen parameter varies unusually with compression, i.e.,
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FIG. 6. (Color online) Calculated bond-angle distribution functions (in arbitrary units) for densities, ρ = 2.763 (left column), 3.683 (middle
column), and 5.524 g/cm3 (right column) at 3000 K.

unlike in solids, it increases with compression by a factor
of 1.5 over the studied density range. The linear thermal
expansion coefficient initially decreases sharply with pressure
and it changes by a factor of 8 over the entire pressure range.
The predicted behavior of various properties can be attributed
to the continuous structural change of liquid with compression
unlike in solids where the structural changes are always
discontinuous. We find that liquid alumina shows a rich variety
of structural features (which are lacking in a solid), which
are defined in terms of bond length and angle distributions,
and coordination environments. The liquid alumina is highly

networked. The mean Al−O and O−Al coordination numbers
increase from 5.2 and 3.4, respectively, at 0 GPa and 3000 K, to
6.8 and 4.5, respectively, at 150 GPa and 3000 K. Coordination
environments consist of various species whose abundances
change as the liquid is compressed.
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