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Melting and liquid structure of aluminum oxide using a molecular-dynamics simulation
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The radial distribution functionG(r ) for liquid aluminum oxide~corundum! is calculated by means of the
two-phase molecular-dynamics method utilizing a previously developed pairwise interatomic potential. Our
results agree very well with the recent experimental results of Ansellet al. @Phys. Rev. Lett.78, 464 ~1997!#,
confirming a tetrahedral aluminum coordination in the liquid phase. The calculated melting curve is in good
agreement with existing experimental data up to 25 GPa. The melting is calculated to involve a radical change
from octahedral to tetrahedral coordination and an accompanying large volume expansion of about 20%, in
good agreement with experiment.@S1063-651X~98!04102-6#

PACS number~s!: 61.20.Ja, 64.70.Dv
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Aluminum oxide ~corundum! is a very important refrac-
tory ceramic material. It is known to exist in a number
different phases, such asa ~hexagonal!, b ~hexagonal!, g
~cubic spinel!, h ~cubic spinel!, u ~monoclinic!, k ~ortho-
rhombic!, d ~tetragonal!, andx ~cubic!. In technological ap-
plications, for instance, in wear-resistant cutting tool mate
als @1#, the most commonly used phases are the stabla
phase and the metastablek phase. From a geophysical poi
of view, aluminum oxide is believed to be one of the ma
constituents of the Earth’s composition@2#. Even though it is
unlikely to exist in the Earth in any substantial quantity
the form of the pure oxide, the phase diagram of corundum
important since it is the end member in a number
Al2O3-containing systems. Corundum is often used as a p
surizing medium@3,4# and, when doped with Cr, as a pre
sure calibrant in diamond anvil cell high-pressu
and temperature experiments@5–7#, and also as a window
material in shock-wave experiments@8,9#. Due to the most
important refractory property of corundum, it is of particul
interest to be able to describe the thermal stability of Al2O3
lattice against melting.

Corundum has been studied extensively both experim
tally @5–7,9–12# and theoretically@13–20# with emphasis on
properties at room temperature including phase transitio
However, few studies have been done at high temperat
especially in combination with high pressure. This is p
tially due to the difficulties of doing experimental studies
elevated temperatures, but also because of theoretical lim
tions. There is only one experimental study done as reg
the pressure dependence of the melting temperature@21#. Re-
cently, Ansellet al. @22# have measured the total structu
factor S(Q) and determined the corresponding radial dis
bution functionG(r ) for supercooled and stable liquid Al2O3
using x-ray synchrotron radiation in the temperature ra
2200–2700 K. These authors have shown that the inte
structure does not change appreciably with temperatur
the stable and supercooled liquid. These experiments
important microscopic data for a refractory material at te
peratures that have not been accessible before. Tyrole
and Lu @23# have also studied the melting of Al2O3. They
found a 20% volume expansion on melting and specula
that this is due to large structural rearrangements. Theo
571063-651X/98/57~2!/1673~4!/$15.00
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cally, the melting transition can often be reasonably w
calculated using the molecular dynamics~MD! approach
@24–28#. The simplest way to study melting is to use MD
simulate a system of interacting atoms and increase the
perature until it becomes a liquid. This approach leads to
overestimation of melting temperatures due to superheat
One way of avoiding this overestimation is to calculate t
free energies of the solid and liquid phases and at a gi
pressure (P) determine the temperature (T) where these en-
ergies are equal. However, such an approach has a numb
difficulties and drawbacks@28#. Another approach, which is
computationally less expensive, is to carry out a so-ca
two-phase simulation, where two phases~liquid and solid!
are put together comprising a common interface and t
simulated at a givenP and T. Such a two-phase system
usually develops into a homogeneous state and, depen
on which phase remains in the computational box at the
of the simulation run, the corresponding conclusion on ph
stability can readily be made.

In this paper we use the two-phase simulation meth
@24# and a previously developed interatomic potent
@19,20,29# to calculate the melting curve of corundum an
also the structure of liquid Al2O3. We will also compare the
two-phase and one-phase simulation methods. The com
son between these two methods and experimental data s
that whereas the two-phase simulation approach produc
melting curve in reasonable agreement with the experim
the one-phase method overestimates substantially the m
ing temperatures, and this inaccuracy increases with incr
ing pressure.

A detailed description of the molecular dynamics a
proach can be found elsewhere@30# and an introduction to
the two-phase simulation technique is provided in an ear
paper @24#. A description of the ‘‘straightforward’’ one-
phase simulation for calculating melting temperature can
found in a recent paper@31# on melting of MgO. Whatever
the particular modification of the molecular dynamics a
proach is, one has to have a model describing the interac
between the particles constituting the studied system. Ma
@19# has developed a transferable pairwise potential desc
ing interactions in the CaO-MgO-Al2O3-SiO2 system. The
potential was demonstrated to correctly reproduce a num
1673 © 1998 The American Physical Society



d

su
i-
s
on

f

t
e

ffe
ion
e
a
st

ca
io
ep
bl
eg
h

lle

y a
an
u
al
lu
io

th

f t
e

pr
y
m
ow
a

ase
ly,
so
m
out

ase
ing

is
la-
ns

of
f a
he

f
s

ne-
, and
e and
ved
ns;

es

1674 57RAJEEV AHUJA, A. B. BELONOSHKO, AND BÖRJE JOHANSSON
of experimental properties@20,29#. In the present work it is
this potential that we apply to describe the Al-Al, Al-O, an
O-O interactions in corundum.

All simulations have been done using a constant pres
algorithm @32# with a Nosè@33# thermostat. The usual per
odic boundary conditions were imposed and the equation
motion were solved numerically. The Coulomb interacti
was calculated using the Ewald technique. Parameters
calculating the Ewald sum were obtained using Fincham@34#
recommendations. The number of atoms in the case of
one-phase simulation was 1500. The calculations have b
checked using systems of 3000 atoms and no relevant di
ences were noticed. In the case of the two-phase simulat
a solid and a liquid part, containing 1500 atoms each, w
put together to comprise a system of 3000 atoms. In this c
the results were checked using 12 000 atoms. The time
was, accordingly, 1 femtosecond~10215 sec! and the results
have been checked with a time step of 2 fsec. In criti
cases, i.e., at temperatures close to melting, the simulat
were checked using very long runs, up to 200 000 time st
Generally 20 000 time steps were sufficient to get relia
results. The approach to equilibrium was controlled by a r
istration of the fluctuations of intermediate averages. T
calculations were done using the programMOLDY, installed
on the IBM SP2 massively parallel computer at the Para
Computer Center in Stockholm~Sweden!.

Melting is a first-order transition that is accompanied b
discontinuous behavior of thermodynamic parameters
abrupt changes of related properties, for example, struct
The molecular dynamic method provides a full track of
relevant parameters such as pressure, temperature, vo
and structure during the whole simulation run. The behav
of volume, for example, is very informative as regards
melting transition. For example, Vocadlo and Price@31#
choose the change in volume as a major characteristic o
melting transition. The change in volume during the on
phase and two-phase simulations was calculated at zero
sure as a function of temperature. The results are displa
in Fig. 1, where the temperature dependence of the volu
as simulated using the one-phase initial configuration, sh
a sudden increase between the temperatures 2425 K

FIG. 1. Calculated zero-pressure temperature dependence o
volume of Al2O3 using simulations for one-phase and two-pha
systems as described in the text.
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2475 K due to melting. At the same pressure, the two-ph
simulation results in melting starting at 2200 K. Obvious
the volume change in the two-phase simulation is not
drastic because half of the computational box is liquid fro
the very beginning. Overheating at room pressure is ab
200–300 K.

The melting temperatures as obtained by the one-ph
and two-phase MD simulations are compared with exist
experimental@21# data at pressures up to 25.4 GPa~Fig. 2
and Table I!. The melting temperature at room pressure
somewhat~100 K! underestimated in the two-phase simu
tions, while it is overestimated in the one-phase simulatio
~200 K!. Note that the agreement~or disagreement! between
experiment and simulation has no bearing on the fact
overheating. The overheating is an intrinsic feature o
model combined with a particular method of simulation. T

the
e

FIG. 2. Melting temperatures of corundum calculated using o
phase and two-phase MD simulations at zero pressure, 25 GPa
100 GPa. Open squares and open circles represent one-phas
two-phase simulations, respectively. Error bars show the achie
resolution of the melting temperature obtained in the simulatio
compare Fig. 1. Experimental@21# data are shown by the filled
circles.

TABLE I. Calculated and experimental melting temperatur
~K! as a function of pressure~GPa!.

Calculation

Pressure
One-phase
simulation

Two-phase
simulation Experimenta

0.0 2425–2475 2000–2200 2200
2.0 2275
7.0 3000
9.0 3140
16.0 3250
17.0 3300
18.0 3470
21.0 3500
25.0 4425–4500 3500–3750 3510
25.4 3540
100.0 6250–6500 5250–5750

aReference@21#.
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true value of overheating can be calculated only when co
pared with the correctly calculated melting temperature~e.g.,
by a two-phase simulation! for a given model of a solid. The
overheating increases with increasing pressure~Fig. 2! and
amounts to at least 700 K at 25 GPa and approximately
same value at 100 GPa. The pressure dependence o
overheating follows the dependence of the enthalpy of m
ing @27#.

The overall agreement between the experimental and
calculated MD simulation~two-phase! melting curve seems
to be most reasonable. It suggests that the model of inte
tion developed by Matsui@19# is able to correctly reproduc
the interactions in the liquid, where the structure is subst
tially different from that of solid. Therefore, one can expe
the model to be successful also when applied to simu
solid-solid transitions.

In Fig. 3 and Table II we show the calculated and expe
mental radial distribution function of liquid Al2O3. G(r )
shows a strong peak at 1.76 Å and progressively wea
peaks at 3.08 and 4.25 Å. Experimentally, peaks have b
observed at 1.76 Å~strong peak! and at 3.08 and 4.25 Å
~also with progressively weaker peaks!. The calculated inten-
sity of the first peak is somewhat higher than the experim
tal value, whereas for the second peak it is a little bit le
than observed experimentally. For the third peak, the ca
lated and experimental peak intensities are close. The
peak inG(r ) at 1.76 Å is found to arise from Al-O pairs
This is comparable to the distance of closest approach,
Å, based on the 0.36 and 1.36 Å ionic radii of Al31 and O22

ions, respectively@35#. In Fig. 4 we have plotted our calcu
lated coordination number as a function of distance for
Al-O, O-O, and Al-Al pairs. It is common to derive the co
ordination number from the content of particles lying with
a sphere with a radius corresponding to the position of
first minimum in the pair distribution function@36#. It is clear
from Fig. 4 that this gives a coordination of 4. Thus, in t
liquid phase the aluminum atoms are surrounded by f
oxygen atoms, while the coordination is 6 in the solid pha
This agrees very well with the value of 4.461 derived by
Ansell et al. @22# from their experimental data. The tetrah
dral coordination of Al can be also supported by the follo

FIG. 3. Radial distribution functionG(r ) for Al2O3 calculated at
2663 K using the two-phase MD simulation at zero pressure
gether with the experimental data of Ansellet al. @22#.
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ing fact, as also suggested by Ansellet al. @22#. In the a
phase of solid Al2O3, the Al-O nearest-neighbor distance
1.91 Å. Meadeet al. @37# have measured the x-ray structu
factor for SiO2 glass and have shown that the difference
the bonding distance between tetrahedral and octahedral
around 1.15 Å. In our simulation the corresponding diffe
ence in Al2O3 is around 1.15 Å, again suggesting that Al31

is tetrahedrally coordinated in the liquid phase. If the Al-
bond length is 1.76 Å, corresponding to the first peak po
tion in our calculatedG(r ), then the O-O distance in th
tetrahedron becomes 3.05 Å. This value compares very
with the calculated second peak of 3.05 Å, giving addition
support to the picture of a tetrahedral coordination in mel
corundum.

Our results show that the experimental data for the pr
sure dependence of the melting temperature of corundum

-

TABLE II. Calculated radial distribution functionG(r ) at 2663
K using the two-phase MD simulation at zero pressure toge
with experimental data.

r ~Å! Calculation Experimenta

1.2 0.0 0.0710
1.6 0.4161 1.9200
1.8 2.6001 2.079
2.0 1.2013 1.440
2.4 0.3977 0.460
2.8 1.0340 1.022
3.0 1.1325 1.2867
3.2 1.1449 1.2555
3.6 1.0106 1.0683
3.8 0.9619 0.8638
4.0 0.9726 0.9266
4.4 1.0623 1.0270
4.8 0.9920 0.9371
5.0 0.9855 0.9312
5.2 0.9761 0.9298
5.6 0.9955 0.9546
6.0 1.0060 0.9839

aReference@22#.

FIG. 4. Calculated number of particlesn(R) within a sphere of
radiusR for the Al-O, O-O, and Al-O pair distributions at 2663 K
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be well reproduced using the pair interaction developed
Matsui @19# and the two-phase molecular dynamics simu
tion method@24#. This suggests that this model can be us
for predicting, for example, high-pressure solid-solid tran
tions in Al2O3. Two melting curves, calculated by the on
phase and two-phase simulation methods, show large di
ences with increasing pressure. Accordingly, the overhea
in the one-phase simulation can be substantial and there
this method is not a suitable tool for predicting melting te
peratures at high pressure. At the very least, such simulat
have to be reversed in order to assess the possible magn
of overheating. Such reversal, however, leads to large h
a

f
,

.

L.
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teresis, especially at high pressure@38#, and a direct compari-
son of the melting temperatures becomes difficult.

We conclude that our calculations nicely reproduce
structure of liquid aluminum oxide and, in agreement w
experiment, show that a major structural rearrangement ta
place upon melting. The main driving force for the soli
liquid phase transition is the change in the Al coordinati
from octahedral to tetrahedral.
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