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Molecular
�

dynamics� MD � simulationsof liquid aluminumoxide(Al2	 O
 3
� )� werecarriedout on a systemwith

up to 1800particles,usinga pairwisepotential.All simulationsweredonein themicrocanonicalensemble,for
two
�

densities,3.0 and 3.175 g/cm3
�
,� at temperaturesof 2200,2600,and 3000 K. A detailedanalysisof the

interatomicdistances,given by the partial pair-distributionfunctionsandthe bond-anglesdistribution,reveals
that
�

in the liquid statethereis a shortrangeorderdominatedby a somewhatdistorted(AlO4
� )� 5
� �

tetrahedron,
in
�

agreementwith recentexperimentalmeasurements.This conclusionis supportedby the distribution of
nearest-neighborcoordinations,wheremore than 60% of Al atomshave four O as nearestneighbors.This
finding doesnot changeover the exploredtemperaturerange.Becauseof the presenceof twofold rings, the
connectivity� of (AlO4

� )� 5
� �

units consistsof corner,edge,and facesharingtetrahedra.Basedin this structural
information,
�

i.e., bond lengths,coordinationnumbers,bond-angledistributions,and ring statistics,our MD
simulation� allows us to put forward a possiblestructureof liquid Al2O



3
� .�

PACS
�

number� s� � : 61.20.Ja,61.25.� f

I. INTRODUCTION

Aluminum oxide, Al2O
�

3
� ,� traditionally referredto as alu-

mina, is a very importantceramicmaterialwith many tech-
nological� applications.Its greatusefulnessasa technological
system restsprimarily on its extremehardness! Moh

"
9# ,� high

melting point $ 2327 K % ,� and low electrical conductivity
(1
&

0' 12 S/
(

m at 20°C). It hasa wide rangeof applications,
from electronics,optics, biomedical and mechanicalengi-
neeringto catalystsupport.Crystal polymorphsof alumina,
particularly) its thermodynamicallystablephase* -Al2O

�
3
� , o� r

corundum,+ havebeenstudiedratherextensively,bothexperi-
mentallyand theoretically,with emphasison propertiesand
phase) transitionsat room temperature.In spiteof that, there
are, many metastablestructureswhich so far are not well
understood- . see for example,Ref. / 10 ,� andfor a morerecent
review seeRef. 1 2243 .

Liquid
5

aluminais alsoof greatinterestboth from the ex-
perimental) and theoretical points of view. It is a well-
recognizedreferencematerial in high temperatureapplica-
tions,
6

hence knowledge of its properties is essentialfor
industrial
7

applicationin materialsprocessingsuchassinter-
ing
7

reaction for producing new ceramics 8 39 : . In addition,
molten alumina is one of the precursorsfor the allotropic
form
; <

-Al2O
�

3
� ,� andatomic-levelinformationaboutits struc-

ture
6

would be very useful to understandthe transition to-
wards= the stable > -Al2

? O� 3
� phase.)

However,
@

in contrastto the crystal phases,only a few
studies existaboutliquid alumina.This is partially dueto the
difficulties
A

of doing experimentalstudiesat elevatedtem-
peratures,) and also becausethe theoreticalapproachesem-
ployed) areusuallyrestrictedto applicationsat 0 K. For liquid
alumina,, therearemeasurementsof its volumeexpansionB 4C
and, optical properties D 5,6

E F
. Recently,the Al coordination

numbers� havebeenestimatedfrom NMR measurementsin
liquid Al2

? O� 3
� G 7,8

H I
and, in glass as well as in liquid

Al
J

2O
�

3
� -SiO2 K 9,10

L M
. Also, solidificationbehaviorN 11O and, the

pressure) dependenceof its melting temperatureP 12Q have
been
R

reported.

As far as the structuralpropertiesof liquid aluminaare
concerned,+ two experimentalstudieshavebeenpublishedre-
cently,+ one by WasedaetS al. T 13U and, the other by Ansell
etS al. V 14W . Unfortunately their resultsare in disagreement
with= each other. The measurementsof Wasedaand etS al.
were= done by meansof x-ray diffraction technique,at the
temperature
6

of 2363K. The radial distributionfunction was
estimatedX by using the interferencefunction refining tech-
nique,� assuminga density Y[Z 3.01

9
g/cm3

�
,� obtainingfor the

pair) distributionfunction a first peakat 2.0 Å anda second
peak) at 2.8 Å . They havealso calculatedthe partial distri-
bution
R

functions,obtainingfor nearestneighborinteratomic
distances
A

Al O,
�

O O,
�

and Al Al,
J

the values2.02 Å ,
2.82 Å , and 2.87 Å , respectively. The Al coordination
number� wasestimatedto be 5.6. Thus,octahedrallycoordi-
nated� aluminumis foundasthe fundamentalclusterconfigu-
ration in themelt. Theseresultscontradicttheonesfoundby
Ansell etS al.,� who reportedmeasurementsusing x-ray syn-
chrotron+ radiation at 2663 K and 2223 K. They used the
maximum\ entropy Fourier transform method, assuminga
density
A

of 3.175 g/cm3
�
,� to obtainthe pair distributionfunc-

tion.
6

The first peak is at 1.76 Å and the secondpeak at
3.08
9

Å, and the Al coordinationnumberwas estimatedin
4.4] 1.0. Theseresultsimply that Al2

? O� 3
� undergoes- a major

structural rearrangementon melting,with anAl coordination
change+ from octahedral̂ solid phase_ to

6
tetrahedral̀ liquid

a
phase) b ,� which remainsover a temperaturerangeof 500 K.
The
c

interatomicdistanceswere estimatedto be 1.76 Å for
Al O

�
and 3.08 Å for O O.

�
No explanationthat might

account, for this discrepancywith theresultsof WasedaetS al.
has
d

beenprovidedby Ansell etS al. It
e

shouldbe notedthat in
the
6

former experimentthe samplewasheatedin a molybde-
num cell, whereasin the secondone the specimenswere
levitated
a

in a conical nozzleandmeltedwith a laser.How-
ever,X the coordinationnumberfound by Ansell etS al. is

7
sup-

ported) by the measurementsdoneby CouturesetS al. f 7H g and,
Massiot
"

etS al. h 8i j using- 27Al
J

magic-anglespining NMR
spectroscopy on liquid Al2O

�
3
� ,� from which it is inferredthat

liquid
a

consistsof predominantlyfour-coordinatedAl3
� k

,� with
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an, averageAl coordination number of 4.5r 1.0. Similar
NMR
s

resultshavebeenobtainedfor theAl2O
�

3
� -SiO2 system, 

both
R

for glassquenchedfrom the melt t 9L u as, well as for
liquid
a v

10w . Moreover,quenchedexperimentsdo supportthis
proposed) tetrahedralcoordinationabove the melting point
because
R

high cooling rates( x 105
y

K/
z

s) from melt result in
crystallization+ of either { -Al2O

�
3
� or| various orderedtransi-

tion
6

Al2
? O� 3

� phases,) all containingtetrahedrallycoordinated
aluminum, } 15~ .

In view of the abovediscrepancies,it would be very in-
teresting
6

to perform a theoreticalstudy on the structureof
liquid Al2O

�
3
� which= might contributeto resolving this con-

troversy.
6

Molecular dynamics � MD � techniques
6 �

16� seem 
well= suitedto tackle the type of problemsat hand.In fact,
three
6

recentMD works haveobtainedinterestingresultsus-
ing pair potentials.In Refs. � 17,18� ,� the authorscalculated
the
6

melting temperaturewith respectto the pressureusing
the
6

so-called‘‘two-phasemethods,’’obtaininga closeagree-
ment\ with the experimentalvalues.They alsopresentedthe
pair) distribution function at 2663 K. SanMiguel etS al. � 19�
haveperformedMD simulationsfor systemsat temperatures
ranging� from 2200 K to 3000 K. They havefound that the
liquid
a

structureis invariant as a function of temperatureat
constant+ volume, and concludedthat more than 50% of Al
atoms, aretetrahedrallycoordinatedat four differenttempera-
tures.
6

Thesethree papersare in good agreementwith the
results� of Ansell etS al.,� giving supportto the thesisthatshort
rangeorder in molten alumina is definedessentiallyby a
(
&
AlO4

� )� 5
y �

basic
R

unit.
In this contribution we report on a MD study of liquid

Al
J

2
? O� 3

� . Our maingoal is to investigatein detail theshortand
intermediate
7

rangeorder of the liquid structureas inferred
from thepair-distributionfunction,coordinationnumber,and
bond-angle
R

distribution. We will also discussthe effect of
temperature
6

and pressureon theseproperties.The present
paper) is organizedasfollows: after this introduction,in Sec.
II we presentan outline of the MD simulationsfor liquid
Al
J

2
? O� 3

� . Results for pair-distribution functions, bond-angle
distributions,
A

andrings statisticsarepresentedin Sec.III. A
discussion
A

of our findings and the conclusionare drawn in
Sec.
(

IV

II. COMPUTATIONAL PROCEDURE

Molecular
"

dynamicssimulationsarecarriedout in themi-
crocanonical+ ensemble(NVE

�
)
�

for N
� �

1800 atoms � 720
H

Al
and, 1080O� ,� in an orthorhombiccell, usingperiodicbound-
ary, conditions.Two systemswere prepared,at massdensi-
ties
6

of � a� � 3.0
9

g/cm3
�

and, �
b
� � 3.175

9
g/cm3

�
,� in order to

compare+ with reportedexperiments� 13,14� ,� andrun at three
different
A

temperatures,T � 2200 K, T � 2600 K, and T� 3000
9

K. The cell box lengths are L
�

x� � 27.175
�

Å, L
�

y�� 26.148 Å , andLz�   28.580 Å for the low densitysystem
and, Lx� ¡ 26.667 Å , Ly� ¢ 25.659 Å , and Lz� £ 28.045 Å for
the
6

high densitysystem.
A
J

major issuein MD is the choiceof the interactionpo-
tential.
6

In additionto someab¤ initio MD
"

simulationson alu-
mina ¥ 20,21¦ ,� a numberof interatomicpotentialshavebeen
developed
A

to study Al2
? O� 3

� in
7

its different phases§ 2� 2–28̈ .
Following
©

previous works ª 17,18« ,� we have adopted the
transferable
6

potential of Matsui ¬ 25 ,� which is still simple

and, hasbeendemonstratedto reproducea numberof experi-
mentalpropertiessuchas structure,density,bulk modulus,
thermal
6

expansivities,andmelting temperaturesamongoth-
ersX ® 29,30

� ¯
. The potential employspairwise additive inter-

atomic, termsof the forms

V ° r± i j ²´³ qµ iq
µ

j
¶

r± i j

· C iC j
¶

r i j
6
¸ ¹ D

º »
B
¼

i ½ B
¼

j
¶ ¾ expX A

¿
i À A
¿

j
¶ Á r± i j

B
¼

i Â B
¼

j
¶ Ã

2.1Ä
where= the termsrepresentCoulomb,van der Waals,andre-
pulsion) energy,respectively.Herer i j is the interatomicdis-
tance
6

betweenatomsi
Å

and, j
Æ
,� andD is a standardforce con-

stant 4.184 kJ Å Ç 1 molÈ 1. The effective charge qµ ,� the
repulsiveradiusA,� thesoftnessparameterB,� andthevander
Waals
É

coefficientsC are, the energyparameters,which are
listed
a

in Table I. The long rangeCoulomb interactionsare
calculated+ with theEwaldsummationtechnique.In thesimu-
lation, the equationsof motion areintegratedwith a modifi-
cation+ of the Beemanalgorithm Ê 31

9 Ë
,� using a time step Ì tÍÎ 1 Ï 10Ð 15 s. All the calculationswere done using the

MOLDY
Ñ program) Ò 31

9 Ó
.

TheAl2
? O� 3

� liquid systemsweregeneratedby startingwith
an, initial orthorhombiclattice correspondingto Ô -Al2O

�
3
� at,

the
6

densityof 2.75 g/cm3
�
. This initial low densitysystem

was= chosenin orderto havea liquid at 5000K at zeropres-
sure Õ 18Ö ,� and also to avoid the unphysicallyattractivefea-
tures
6

of thepotentialat very shortdistance,asis discussedin
Ref.
× Ø

32
9 Ù

for
;

this kind of potential.Thus,this initial configu-
ration� is heatedto 5000 K and thermalizedfor over 45000
time
6

steps.Then, the sampleis cooledto 3000 K and ther-
malized\ for over55000 Ú tÍ . In thethermalizationprocessthe
temperature
6

wasloweredwith velocity scalingat intervalsof
10 time stepsduringthefirst 10000 Û tÍ ,� after that thesystem
is
7

allowedto reachthe equilibrium without any disturbance.
With
É

this well-equilibratedAl2
? O� 3

� liquid at 3000K we pre-
pare) thetwo systems,reducingsimultaneouslythe lengthsof
the
6

MD cell andthepositionof all theatoms.Fromthis stage
we= thermalizedthe systemsat 3000 K for over 45000 Ü tÍ .
Preliminary
Ý

simulationswere tried with different schedules
and, different initial configurations,but no significantdiffer-
encesX werefound.

III. RESULTS

Complete
Þ

informationon thestructuralcorrelationsof the
simulated liquid canbe inferredfrom pair-distributionfunc-
tions,
6

coordinationnumbers,bond-angledistributions,and
ring statistics.Atomic trajectoriesfrom MD simulationsare
used- to calculatethesekinds of positionaland angularcor-
relations.� All structuralpropertiesare calculatedby taking
the
6

averageover the last 100 configurations,separatedby
100 time steps.In the caseof the pair-distributionfunction,

TABLE I. Potentialparametersfor Al2O



3
� .�

qß (
à á

eâ ã )� A
ä

(Å) B
å

(Å)
à

C (Å
à 3
�

kJ
æ 1/2 molç è 1/2)

�
Al 1.4175 0.7852 0.034 36.82
O é 0.9450

ê
1.8215 0.138 90.61
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we= takeanaverageover2000configurationsseparatedby 10
time
6

steps.

A. Pair-distribution function

Basic informationaboutstructuralcorrelationsis derived
from
;

the partial pair-distributionfunctionsgì íïî . In a binary
system thesearedeterminedfrom

gì ð , ñóò r ô´õ
ö
n÷ ø , ùóú r± ,� r± ûýü r± þ ÿ

4 � r2
? �

r

V

N
� � ,� ��� ,� �	� Al,O 
 ,� � 3.1

9 �

where=  n÷ � , � (& r,� r ��� r)
� �

denotes
A

the averagenumberof par-
ticles
6

of species� surrounding a particle of species� in
7

a
spherical shell betweenr and, r ��� r,� and N

� �
is the total

number� of particlesof species��� being
R

N
� �

N
� ���

N
�  

the
6

total
numberof particlesin thesystem! . Thetotal pair-distribution
functionsareobtainedfrom

gì " r± #%$'&)(*&,+ c- . c- / gì 02143 r± 5 ,� 6 3.2
9 7

where= c- 8 (
9 :

)
; < N

� =
(
9 >

)
; /? N� is

7
theconcentrationof @ (

& A
)
�

species.
The total pair-distributionfunctionsgì (

&
r)
�

from the work
of| WasedaetS al. and, from the work of Ansell etS al. are
shown in Fig. 1. Togetherwith theseexperimentalestimates,
we= plot our computedgì (

&
r± )� correspondingto the systemat

density
A

3.175 g/cm3
�

and, temperatureof 2200 K. The two
experimentalX resultsarequite different from oneanother,as
we= alreadypointedout. The computedgì (

&
r± )� showsa better

agreement, with the resultsof Ansell etS al., especiallyin the
first
B

peak,althoughat distancesbeyond5 Å the curvesdif-
fer. In spiteof that, the simulatedliquid reproducesthe ex-
perimental) results of Ansell etS al. at short distancesvery
well,= aswe will showbelow.

In
e

Figs. 2C a, D and, 2E bR F we= show the computedtotal pair-
distribution
A

functionsat two different densitiesand at three
temperatures.
6

FromFig. 2G a, H ,� which correspondsto thelower
density
A

system,we canseethat the only changewhich hap-
pened) underpressureis relatedwith the heightof the peaks,
whereas= the position remainsalmost the same.Similar be-
havior is shownin Fig. 2I bR J corresponding+ to the high den-
sity system.ComparingFigs. 2K a, L and, 2M bR N ,� we notice that
while= the first peak is locatedat the sameposition in both
figures, 1.75 Å , the secondpeak shifts to the left, from

2.85 Å in the low density systemto 2.80 Å in the high
density
A

system.The other featuresof the curvesare almost
the
6

same.In bothsystemstheAl coordinationnumberis 4.4,
calculated+ with a cutoff locatedat the first minima of gì (

&
r).
�

Thus,regardingthedensityof liquid alumina,asidefrom the
shift in the secondpeak,no significantchangeswere found
in
7

the rangeexploredwhich roughly correspondsto the ex-
perimental) densityvalue O 33,38

9 P
. With respectto the behav-

ior at different temperatures,theonly noticeablechangesare
the
6

heightsandwidths of the peaks:the higherthe tempera-
ture,
6

thelower andwider is thepeak.This is anexpressionof
the
6

increaseddisorderwith temperature.The sametrend is
found
;

in the partial pair-distributionfunction as well as in
the
6

angledistribution.Theseresultsagreewell with theones
of| Ansell etS al.,� exceptfor the position of the secondpeak,
for which the valueobtainedin our simulationis smaller,as
in
7

the caseof the work of San Miguel etS al.,� and for the
width= of the peaksthey are narrowerthan the experimental
ones.| Basedon theseconsiderations,we will in the rest of
this
6

paperextractconclusionsfor theresultsof thehigh den-
sity system,Q b

� R 3.175
9

g/cm3
�
, a� t T

S T
2200
�

K, which corre-
sponds to the supercooledsystemof Ansell etS al.

Thepartialpair-distributionfunctionsareshownin Fig. 3.
We
É

find that the Al O
�

and O O
�

bond lengths,given by
the
6

positionsof thefirst peakin gì A
U

l–O and, gì O–O
V ,� are1.75 Å

and, 2.75 Å , andthe correspondingfull width at half maxi-
mum\ W FWHM

© X
are, 0.4 Å and 0.6 Å , respectively.The

nearest-neighbordistancefor Al Al is 3.15Y 0.4
Z

Å. It is
clear+ from this figure that the secondpeakof gì (

&
r)
�

is dueto
a, superpositionof O O

�
and Al Al

J
nearest-neighbordis-

tances,
6

andnot only dueto O O
�

closestdistance.Also, the
third
6

peakof the total pair-distributionfunction at 4.25 Å ,
according, to this simulation,comesfrom the Al O

�
second

nearestneighbors,and not from O O
�

next nearestneigh-

FIG.
[

1. Total pair-distributionfunctionfor liquid Al2O3
� . Dashed

anddottedline, experimentalresultsof Wasedaet al. andAnsell et
al., respectively.Solid line, MD result.

FIG. 2. Total pair-distributionfunction for liquid Al2
	 O3
� , calcu-

lated at three different temperatures,T \ 2200, T ] 2600, and T^ 3000 K, and at two different densities,_ àba ac d 3.0
e

g/cm3
�

andfg
bhji b

k l 3.175 g/cm3
�
.
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bors
R m

at, 5.15 Å), aswassuggestedby Ansell etS al.
In
e

orderto obtainmoreinformationabouttheshortrange
correlations,+ it is essentialto supplementthe informationof
the
6

bond lengths with the nearest-neighborscoordination
numbers.� Theaveragecoordinationnumbern÷ n2o is

7
calculated

from

n÷ p2q4r Rs t%u 4
v w

cx y n÷
0
z R
{

gì |~}4� r± � r± 2dr
�

,� � 3.3
9 �

where= n÷ � N
�

/
?
V is the averagenumberdensity.Thus,within

the
6

cutoff distance RAl–O � 2.2, RO–O
V � 3.2

9
and RAl–Al� 3.7

9
Å, the Al atomis on the averagesurroundedby 8.24

Al
J

atomsand4.1 O atoms,while the O atomis surrounded
by
R

2.72 Al atomsand 8.84 O atoms.Figure 4 showshisto-
grams� with the distributionof coordinationnumbersfor dif-
ferent
;

kindsof neighborsat threedifferent temperatures.We
can+ seethat at T � 2200 K, morethan60% of the Al atoms
have
d

tetrahedralcoordination,and more than 60% of the O
atoms, have three Al atomsas first nearestneighbors.The
coordination+ number for Al Al is peakedat 8 and for
O
�

O
�

it is peakedat 9. Note that the numberof Al atoms
coordinated+ with six oxygenatomsis small, suggestingthat
the
6

presenceof AlO6
¸ octahedra,| if presentat all, must be

very� small � lessthan2%� .
Although thesenumberschangevery little over the range

of| temperaturesconsidered,we can seethat in the Al O
�

coordination+ number,thefractionof three-coordinatedAl at-
oms| inscreaseswith temperature,whereasthe fraction of
four-
;

and five-coordinatedAl decreases.In the case of
O
�

Al coordinationnumber,the fraction of two- and four-

coordinated+ O atomsincreasesa little at the expenseof the
three-coordinated
6

O atoms.The overall picture can be seen
as, a consequenceof increaseddisorder and interdiffusion
when= the temperatureincreases.In fact, this trend remains
the
6

samewhenonedecreasesthe temperatureandobtainsan
amorphous, system,where the distribution of coordination
numberpresentsa clearmaximaat four-coordinatedAl and
three-coordinated
6

O � 34
9 �

.

B.
�

Angle distributions

Valuable
�

informationaboutthe local structuralunits and
their
6

connectivityin the liquid is providedby thebond-angle
distribution
A

P �~�2� (& � )� . Figure 5 displaysthe bond-angledis-
tribution
6

calculatedwith Al O,
�

O O,
�

andAl Al
J

cutoff
distances
A

of 2.2, 3.2, and 3.7 Å , respectively. The
O
�

Al
J

O
�

bond angle distribution has a peak at 95°,
Al
J

O
�

O
�

at 40° and O O
�

O
�

at 60°, with FWHM of
3
9
0°, 10°, and 10°, respectively.Knowing that thecoordina-

tion
6

numberof Al is aroundfour, and combiningthesere-
sults with the interatomicdistance,we canconcludethat the
basic
R

unit in molten aluminais a somewhatdistortedtetra-
hedron
d

(AlO4
� )� � 5

y
,� where the oxygen atomsat the vertices

forms
;

a nearlyperfecttetrahedron,but wherethe Al atomis
not placedat the very center.The bond anglesin an ideal
tetrahedron
6

are � O
�

Al
J

O
� �

109.47°, � O
�

O
�

O
� �

60°
�

and, � Al O
�

O
� �

35.26°
9

.
The
c

connectivity of thesetetrahedracan be ascertained
through
6

the remaining bond-anglesand rings analysis.In
Fig. 5 thedistributionof Al Al Al displaysa peakaround
60°
�

, and a hump between80 to 120°. The distribution of
Al
J

O
�

Al
J

angles,which tells us aboutthe connectivityof
two
6

basicunits,showsa peakat 115°, with a FWHM of 50°.
So,
(

Al atomsarelinked to O atomsat 115°, andat thesame
time,
6

Al atomsform an equilateralangle. Taking into ac-
count+ that thecoordinationnumberof O Al

J
is peakedat 3,

we= canassertthat thereis oneO atomnearlyat thecenterof
this
6

triangle. This picture is supportedby the Al Al
J

O
�

distribution
A

angle,which hasonesmall peakat 35°.

FIG. 3. Partialpair-distributionfunction for liquid Al2
	 O
 3
� , a� tt he

density � b
� � 3.175
e

g/cm3
�

andf temperatureT
  ¡

2200
¢

K.

FIG. 4. Distributionof Al andO nearest-neighborscoordination
in liquid Al2

	 O3
� , at the density £ b

� ¤ 3.175
e

g/cm3
�
,� at threedifferent

temperatures:2200K, 2600K, and3000K.
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To
c

gaininsight into networktopology,we havecalculated
the
6

rings statistics.An n÷ -fold ring is definedas the shortest
path) of alternatingAl O

�
bonds.Thus,startingwith an Al

atom, we locatethe positionsof the restof the atomsaround
it,
7

within a spherewith a cutoff radiusof 2.2 Å . Then,the
nearest-neighbors� O atomsof the centralAl aredetermined.
Moving to one of the O atoms,we determineits nearest-
neighborsAl atoms,excluding the previousAl atom. This
procedure) is continueduntil oneof theatomsin the(n÷ ¥ 1)th
sequence correspondsto the centralatom.Therefore,n÷ -fold
rings� consistof 2n÷ alternating, Al O

�
bonds.For example,

corundum+ has40% of twofold and 60% of threefold rings
whereas= ¦ -aluminahas23% of twofold rings,62% of three-
fold
;

rings, and15% of fourfold rings. In liquid aluminawe
found a nearly symmetricdistribution, from two- to seven-
fold rings,with a peakat fourfold rings § 31.6%

9 ¨
,� followed by

threefold
6

rings © 24.6%
� ª

,� fivefold rings « 22.6%
� ¬

,� and a few
six-  7.5%

H ®
and, sevenfoldrings ¯ 1.1%° . Becauseof thepres-

enceX of twofold rings ± 13%² ,� the connectivityof (AlO4
� )� ³ 5

y
units- consistsnot only of corner,but also of edgeand face
sharing tetrahedra.

C.
´

Structural model of liquid Al2µ O3
¶

From the calculatedinformation, we now put forward a
structural modelof liquid alumina.Figure6 displaysa snap-
shot of typical structuralunitsandtheir connectivityfoundin
the
6

simulation.Accordingto our results,this polyhedroncor-
respondsto the majority building blocks in the system.In
fact, aswasshowin Fig. 4, morethan60%Al atomsbelong
to
6

a (AlO4)
� · 5
y

tetrahedron.
6

Moreover,this picture is consis-
tent
6

with the rest of the coordinationnumbers:eachAl is
coordinated+ with four O, and in its turn, eachO is coordi-
natedwith two othersAl atoms,giving anAl Al coordina-
tion
6

numberof 8. In the sameway, we canseefrom Fig. 6

that
6

eachO is coordinatedwith nine oxygen,in correspon-
dence
A

with the peaksshowin Fig. 4.
Of
�

course,thereareotherpossibleconnectionsof the tet-
rahedra.� Thereareapproximately35% of O atomswith co-
ordination| 2, which meansthat the link is only betweentwo
tetrahedra,
6

and it canbe corner,edge,or facesharingtetra-
hedra.Also, we canstill havean O atomlinking four tetra-
hedra,
d

although its numbermust be very small ¸ less
a

than
8%
i ¹

.
Finally, we alsonotethattetrahedronasa basicunit is not

the
6

only possibility.Roughly40%of theAl atomshaveboth
coordination+ 3 and5, so we mustalsoexpectotherkinds of
structures compatiblewith the sameinteratomic distances
and, bondangles.

IV.
º

DISCUSSION AND CONCLUSION

A MD calculationbasedon the two bodypotentialin Eq.»
2.1¼ was= implementedto model liquid alumina.The results

provide) considerableinsight into the atomic-levelstructure
of| the system,and appearsimilar to thoseobtainedby San
Miguel etS al. using- a different interatomicpotential and a
different
A

preparationof the system.Both simulationsare in
good� agreementwith the experimentalresults reportedby
Ansell
J

etS al.,� exceptfor thepositionof thesecondpeakin the
total
6

pair-distribution function. The experimental value,
3.01
9

Å, is greaterthan the value found in the MD simula-
tions:
6

2.9 Å in the work of San Miguel etS al. ½ 19¾ ,� and
2.8 Å for ¿jÀ 3.175

9
g/cm3

�
and, 2.85 Å for ÁjÂ 3.0

9
g/cm3

�
in our simulations.This lastvalueis comparableto thevalue
estimatedX by WasedaetS al. for

;
this peak, 2.8 Å , using a

density
A

of 3.01 g/cm3
�
. However, aside from this coinci-

dence,
A

which seemsto be a systematicdeviationof two dif-
ferent
;

MD simulations,our findingsarevery different from
the
6

onesreportedby WasedaetS al.
Let
5

us comparethe structuralresultsobtainedfor liquid
alumina, to someallotropic forms of Al2O

�
3
� . As we notedin

the
6

Introduction,moltenaluminais oneof the precursorsof
metastable\ polymorphs; in particular, the following phase
transformation
6

towardsthe stable Ã -Al2O
�

3
� phase) is known:

meltÄÆÅÈÇÊÉ ,� ËÍÌÆÎ -Al2O
�

3
� ,�

FIG. 5. Bond-angledistribution for liquid Al2O



3
� at the densityÏ

b
� Ð 3.175 g/cm3

�
andthe temperatureT Ñ 2200 K.

FIG. 6. A typical representativepolyhedronfound in the simu-
lation. The small spherescorrespondto aluminumatomsand the
big spheresto oxygenatoms.
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and, in general,crystallizationgoesto phasescontainingboth
tetrahedrally
6

and octahedrallycoordinatedaluminum.Table
II
e

showssomecalculatedstructuralpropertiesof theliquid in
order| to compare to Ò ,� Ó ,� and Ô alumina, polymorphÕ
35,39,40
9 Ö

. Crystalphasesaredenserthanthe liquid, aswell
as, presentlongerbond lengthand larger fraction of octahe-
drally
A

coordinatedAl atoms.This is consistentwith the fact
that
6

the liquid has a lower coordination than the crystal
phases,) so its bondlengthwill alsobeshorter.Moreover,the
ring� distribution showsthat the fraction of four-fold, five-
fold, and six-fold rings decreasesas the density increases,
and, arenot presentat all in theoctahedral× phase.) A similar
behavior
R

havebeenobservedin the caseof SiO2 Ø 36
9 Ù

. Ac-
cording+ to thecoordinationnumbers,it seemsthat the liquid
state resemblesmore the Ú than

6
the Û phase.) Therefore,it

should be more probableto get the Ü phase) when liquid
alumina, is quenchedfrom the melt. However,we think that
this
6

is not true,becauseherewe only considerthebulk prop-
erties,X andthe surfacestructureof the Ý phase) hasdifferent
structural properties.It hasbeensuggestedthatthesurfaceofÞ -aluminacould be consideredas an amorphouslikephaseß
37
9 à

. In fact, the coordinationnumbersof the simulatedsur-
face agreewith the onesof the liquid, and show an even

better
R

agreementwith thecoordinationnumberof amorphous
alumina, á 34

9 â
.

In
e

conclusion,we haveperformedMD simulationsof liq-
uid- Al2O

�
3
� ,� which supportthe recentexperimentalmeasure-

ment\ presentedby Ansell etS al. ã 14ä within= the temperature
range� studied,and disagreewith previousexperimentalre-
sults of WasedaetS al. From our resultswe concludethat the
structure mainly consistof a tetrahedralbasicunit (AlO4

� )� å 5
y
,�

linked
a

throughcorners,edges,andfaces.Moreover,we con-
clude+ that most of thesetetrahedraare connectedbetween
them
6

by anoxygenatomwhich links threetetrahedrato each
other.|
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