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Molecular dynamics study of structural properties of amorphous Al2O3
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The structural properties of amorphous aluminum oxide (Al2O3) have been investigated by means of the
molecular dynamics technique. The simulations were done in a microcanonical ensemble, using a pairwise
potential, on systems with up to 1800 particles. Three different systems, at densities ranging from 3.0 to
3.3 g/cm3, were prepared by quenching from the melt. The network topology of our system is analyzed
through partial pair correlations, coordination numbers, angle distributions, and ring statistics. A detailed
analysis of the interatomic distances reveals that in the amorphous state there is a short-range order dominated
by a slightly distorted (AlO4)52 tetrahedron, in agreement with recent experimental results. This conclusion is
supported by the distribution of nearest-neighbor coordination numbers, where more than 75% of Al atoms
have four O as nearest-neighbors. Ring statistics reveal the presence of two- to fivefold rings, with a peak at the
fourfold ring and where the two- and threefold rings are planar. Comparison with available experimental data
and earlier calculations shows that the structures of amorphous and liquid alumina are very similar. The
amorphous structure also presents close similarities to the surface structure ofg-alumina at room temperature.
Simulations for systems at different densities show that the coordination number of the elementary unit
increases as the density increases, suggesting that the tetrahedrally and octahedrally coordinated forms of
amorphous alumina found experimentally correspond to different densities.

DOI: 10.1103/PhysRevB.65.104202 PACS number~s!: 61.43.Fs, 81.05.Pj
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I. INTRODUCTION

Amorphous alumina is of great interest both from the e
perimental and theoretical point of view. It is present at
surface of most crystal alumina polymorphs, as well as at
surface of aluminum in contact to air. In fact, it is we
known that metals easily oxidize in the atmosphere, form
thin oxide films on their surfaces. In the case of stainl
steel, titanium, and aluminum, the passivating effect of s
films is responsible for their successful utilizations as en
neering materials. This surface treatment of aluminum
done mainly by anodic oxidation.1 It has also been found tha
aluminum nanoclusters in low-density oxygen gas at ro
temperature form layers of thin alumina films.2 Such films
have a rather complex amorphous structure, and knowle
of their microscopic structure would be a very important s
in the understanding of the detailed mechanism of the ox
tion and passivation process. In addition, molten alumina
one of the precursors of the allotropic formg-Al2O3, and
information on the atomic level about its structure would
very useful to understand the transition from amorphous
mina towards the stablea-Al2O3 phase.3,4 Finally, in ceram-
ics science, SiO2-Al2O3 is one of the most important binar
systems, and there is a long-standing interest in the un
standing of the structure of these aluminosilicate glasse
relation to their composition and material properties.5,6

Amorphous Al2O3 films can be formed by anodization o
aluminum in acid solution.1 It is known that these oxide lay
ers can be divided into two types:~i! the porous layer
~‘‘outer’’ !, developed in acid solutions, which allows a pa
tial solubility of Al2O3 ~e.g., sulphuric acid!, and ~ii ! the
non-porous, uniform inner thin layers~‘‘barrier’’ !, formed in
0163-1829/2002/65~10!/104202~9!/$20.00 65 1042
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solutions that do not dissolve alumina~e.g., sodium borate!.
The structure of amorphous Al2O3 formed by anodization
has been studied by a number of authors using different
perimental techniques. Okaet al.7 investigated the structure
of anodic alumina films by x-ray radial distribution function
and correlations method. They prepared the anodic alum
films in sulphuric acid under two different electrolytic con
ditions. According to their measured spectra, the Al-O d
tance is 1.85 Å in both samples, whereas the Al coordina
number is estimated as 4.64 and 4.81 in the films prepa
using ac and dc polarizing voltages, respectively. The vari
peaks in the spectra were interpreted in terms of a disord
structure derived fromg-alumina, with Al31 ions in both
tetrahedral and octahedral coordination. El-Mashri and
workers studied amorphous alumina films by both exten
x-ray absorption fine structure8 ~EXAFS! and electron ex-
tended energy loss fine structure9 ~EXELFS! techniques.
They found that in the case of porous films~low density! the
Al-O bond length is 1.8 Å and most Al atoms have coord
nation 4, whereas in the case of the nonporous films~high
density!, the Al-O bond length is 1.9 Å and most Al atom
are octahedrally coordinated.

Recently, Lamparter and Kniep10 have measured the x-ra
and neutron diffraction spectra of amorphous alumina fil
in samples prepared by anodic oxidation of aluminum fo
Together, the x-ray and neutron static diffraction spec
they present the total pair correlation function. According
their estimates, the Al-O bond length is 1.8 Å and the
coordination number is 4.1. Interestingly, they calculated
partial pair correlation functions from computer simulatio
of the structure by using the reverse Monte Carlo~RMC!
method.11 The distribution of the Al-O coordination numbe
©2002 The American Physical Society02-1
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in the RMC cluster was characterized by the frequenc
3(20%), 4(56%), and 5(22%). Thus, according this mo
most atoms are tetrahedrally coordinated. In the same w
the estimated Al-Al nearest-neighbor distance was 3.2
with a coordination of 6 and the O-O nearest-neighbor d
tance was 2.8 Å. Combining this result with the Al-O bo
length, they concluded that the Al-O-Al bond angle betwe
two neighbor tetrahedra is 125°. These authors also cha
terized the pores in the sample, giving a diameter of ab
140 Å at an average distance of 340 Å.

In this contribution, we use molecular dynamics~MD!
simulations in order to investigate in detail the short- a
intermediate-range order of the amorphous structure as
ferred from the pair distribution function, coordination num
ber, bond angle distribution, and rings statistics. Compu
simulations12 provide a useful technique to deal with amo
phous and liquid materials and to analyze their atomi
correlations. Surprisingly, as far as we know, no other sim
lations have been done to study the structure of amorph
alumina, although some MD simulations exist regard
structural properties of liquid alumina.13–15Very recently two
different simulations of the oxidation of an aluminum nan
cluster have been published, where some structural cha
terization of the amorphous surface oxides is presented16,17

In this sense, a detailed analysis regarding the microsc
structure of amorphous alumina would be very useful in
der to compare with amorphous surface oxides as wel
with previous experimental works.

This paper is organized as follows. After this introductio
in Sec. II we provide details of the MD simulation and th
preparation of the amorphous state. Results for the sh
range order and network topology are presented in Sec. I
discussion of our findings is given in Sec. IV, and the co
clusions are drawn in Sec. IV.

II. COMPUTATIONAL PROCEDURE

Molecular dynamics simulations are carried out in the m
crocanonical ensemble (NVE) for N51800 atoms~360
Al2O3 units!, in an orthorhombic cell, using periodic boun
ary conditions. The system we analyze in detail was prepa
at a mass density ofr53.175 g/cm3 and run atT5700 K in
order to compare with a reported experiment.10 The volume
of the simulation cell wasV526.667325.659328.045 Å3.
Two additional systems, at a mass density ofr53.0 g/cm3

~low density! r53.3 g/cm3 ~high density! and at the same
temperature, were also prepared.

A. Interatomic potential

A most essential input in classical MD is the choice
force fields to describe the interatomic interactions. Amon
number of potentials which have been developed to st
Al2O3 in its different crystalline phases,18–24 we have
adopted the transferable potential of Matsui,21 which is still
simple and has been demonstrated to reproduce a numb
experimental properties such as structure, density, b
modulus, thermal expansivities, and melting temperatu
10420
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among others25–28 as well as liquid structure properties.15

The potential employs pairwise additive interatomic terms
the form

V~r i j !5
qiqj

r i j
2

CiCj

r i j
6

1D~Bi1Bj !expS Ai1Aj2r i j

Bi1Bj
D ,

~1!

where the terms represent Coulomb, van der Waals, and
pulsion energy, respectively. Herer i j is the interatomic dis-
tance between atomsi and j, andD is a standard force con
stant 4.184 kJ Å21 mol21. The effective chargeq, the
repulsive radiusA, the softness parameterB, and the van der
Waals coefficientsC are the energy parameters, which can
found in Refs. 15 and 21. The long-range Coulomb inter
tions are calculated with the standard Ewald summat
technique. The equations of motion are integrated with
modification of Beeman algorithm, as is implemented in t
programMOLDY,29 using a time stepDt51310215 s.

B. Preparation of the amorphous state

The amorphous states were prepared by starting with
orthorhombic lattice corresponding toa-Al2O3 at the density
of 2.75 g/cm3. We chose this initial low-density system i
order to have a liquid at 5000 K at zero pressure28 and also to
avoid the unphysically attractive features of the potentia
very short distance, as is discussed in Ref. 30 for this kind
potential. Thus, this initial configuration is heated to 5000
and thermalized for over 45 000 time steps. Then, the sam
is cooled to 3000 K by using a velocity scaling procedure
intervals of 10 time steps during 60 000Dt ~i.e., at a rate of
1 K each 30Dt). Next, the system is allowed to reach equ
librium for over 55 000Dt without any disturbance. With
this well-equilibrated Al2O3 liquid at 3000 K we prepare
three systems, with densities 3.0, 3.175, and 3.3 g/cm3, by
reducing simultaneously the lengths of the MD cell and
positions of all the atoms. From this stage we thermalized
systems at 3000 K for over 55 000Dt. Finally, we lowered
the temperature to 650 K during the next 650 000 tim
steps31 and ran the systems for over 35 000 time steps w
out any disturbance. Because it is a known fact that in so
cases not only the macroscopic but also the microsco
properties depend on the cooling rate,32 other simulations
were tried with different schedules and different initial co
figurations, but for this case no significant differences w
found.

III. RESULTS

First, we make a comparison of the calculated scatter
static structure factors, both neutron,SN(q), and x ray,
SX(q), with the diffraction measurements of Lamparter a
Kniep.10 Then, partial pair distribution function~PDF! gab ,
coordination numbers, bond-angle distributions, and ring
tistics are used to infer structural properties and determ
the topology of our model. Atomic trajectories obtained fro
MD simulations are employed to calculate these kinds
positional and angular correlations by performing an aver
over the last 100 configurations, separated by 100 time st
2-2
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MOLECULAR DYNAMICS STUDY OF STRUCTURAL . . . PHYSICAL REVIEW B 65 104202
In the case of the pair distribution function, we take t
average over 2000 configurations separated by 10 time s
All the following results correspond to a system at a dens
of 3.175 g/cm3.

A. Comparison with diffraction experiments

Structural correlations in amorphous Al2O3 have been
studied both by neutron and x-ray diffraction techniques10

Our MD simulation can be compared directly to these
periments by calculating the scattering static struct
factor.33 This comparison, together with that of the pair d
tribution functions, constitutes a convenient test for the r
ability of our model. Partial static structure factors are cal
lated from the Fourier transform of the corresponding par
pair distribution functions by means of

Sab~q!5dab14pr~cacb!1/2E
0

R

r 2 @gab~r !21#

3
sin~qr !

qr

sin~pr /R!

pr /R
dr, ~2!

whereca(b)5Na(b) /N is the concentration ofa(b) species.
The window function sin(pr/R)/(pr/R) has been introduced
to reduce the termination effects resulting from the fin
upper limit.34 The cutoff lengthR is chosen to be half the
length of the simulation box.

The neutron scattering static structure factor can be
tained from the partial static structure factors by weight
them with the coherent neutron scattering lengths:

SN~q!5

(
ab

babb~cacb!1/2@Sab~q!2dab1~cacb!1/2#

S (
a

bacaD 2 ,

~3!

whereba denotes the coherent neutron scattering length
speciesa. We usebAl50.344931024 Å and bO50.5805
31024 Å.35

In a similar way, the x-ray diffraction factor is calculate
by the formula

SX~q!5

(
ab

f a~q! f b~q!~cacb!1/2Sab~q!

(
a

f a
2~q!ca

, ~4!

where f a(q) is theq-dependent x-ray form factor, given b

f a~q!5(
i 51

4

aa,iexp@2ba,i~q/4p!2#1ca . ~5!

The parametersaa,i ,ba,i , andca are taken from the paper o
Hemmatiet al.36

In Fig. 1 are shown the MD results for the neutron sta
structure factorSN(q) and the x-ray structure factorSX(q)
together with the experimental data measured by Lampa
and Kniep.10 In both cases the agreement with experim
10420
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for q*3 Å21 is very good in terms of the shape, positio
and amplitude of the peaks. For lowq, although the simula-
tion results do not fit completely with experimental curves
is clear that they resemble fairly well the ‘‘prepeak’’ which
present atq;2.1 Å21.

The origin of the peaks inSN(q) and SX(q) can be in-
ferred from the partial static structure factorSab(q) calcu-
lated from MD trajectories by means of Eq.~2!. The results
are shown in Fig. 2. It is evident that the shapes ofSN(q) and
SX(q) are not simply related to a single partial at any val
of q. Instead of that, due to the particular weightings, t
resulting shape involves subtle cancellations of different p
tials. For example, the first peak atq;2.5 Å21 in SN(q)
involves contributions from Al-Al and O-O correlations
with a partial cancellation arising from Al-O anticorrelation
but in the case ofSX(q), this peak is absent because t
Al-Al and O-O partials are strongly canceled by the Al-
contribution. From the partials it is clear that the ‘‘prepea

FIG. 1. Neutron and x-ray static structure function for amo
phous Al2O3. Dotted line: experimental results of Lamparter a
Kniep. The solid line gives the MD results.

FIG. 2. Partial static structure function for amorphous Al2O3

from MD results.
2-3
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GONZALO GUTIÉRREZ AND BÖRJE JOHANSSON PHYSICAL REVIEW B65 104202
at q;2.1 Å21 arises because the low-q parts of the partials
are in phase, and it is not associated with a peak of
partial. In this sense, this prepeak is different from the fi
sharp diffraction peak~FSDP! observed, for example, in
amorphous SiO2, where it can be associated with a genui
peak which is presented in the three partials.37

B. Short-range order

The nearest-neighborhood of an atom as defined by
shortest bond lengths and the angles between them co
tutes the short-range order. It has been investigated by
sideration of the partial pair-distribution functions, the co
dination number, and the angle distribution. The partial p
distribution functionsgab(r ) in a binary system are define
in such a way that, sitting on one atom of speciesa, the
probability of finding one atom of the speciesb in a spheri-
cal shell between r and r 1Dr is ^na,b(r ,r 1Dr )&
5rb4pr 2ga,b(r )Dr , whererb5Nb /V is the number den-
sity of speciesb, whereNb is the total number of atoms o
speciesb.

In Fig. 3~a! we display the calculated total neutro
weighted pair-distribution functiongN(r ), defined by

FIG. 3. Total neutron and partial pair-distribution function f
amorphous Al2O3. ~a! Dotted line: experimental results of Lam
parter and Kniep. The solid line gives the MD results.~b! Al-Al, ~c!
Al-O, and ~d! O-O partial pair-distribution functions.
10420
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cabacbbbgab~r !

F(
a

cabaG2 , ~6!

and compare it to the experimental one obtained by La
parter and Kniep.10 We can see that the agreement is not
good as in the case ofSN(q) or SX(q). In spite of the coin-
cidence in the position of the first two peaks, which are
cated at 1.8 Å and 2.8 Å in the experimental PDF, and
1.76 and 2.79 Å in the computed PDF, there is a shoulde
the experimental PDF which is not represented in the sim
lated PDF. The curves also agree in the position of the fi
minima, but at distance between 4 and 6 Å they dif
somewhat from each other. Note, for example, that aro
the second peak the experimentalgN(r ) has more structure
than the simulated one, whereas between 4 and 5 Å
converse is true.38 However, as we will see below, the simu
lated amorphous state reproduces the experimental da
short distances reasonable well.

The computed partial PDF’sgAl-Al , gAl-O , and gO-O are
shown in Figs. 3~b!, 3~c!, and 3~d!, respectively. From the
position of the first peak ingAl-Al we can infer that the Al-Al
nearest-neighbor distance is 3.1260.25 Å. In the same way
from Fig. 3~c! we can estimate the Al-O bond length to b
1.7660.1 Å and the O-O bond length 2.756 0.2 Å. The
errors are inferred from the full width at half maximum
~FWHM!.

A useful supplementary information can be obtained
integration around the first peak in the PDF, which provid
the average coordination numbernab ,

nab~R!54prbE
0

R

gab~r !r 2dr, ~7!

where R is a cutoff, usually chosen as the position of t
minimum after the first peak ofgab(r ). Within the cutoff
distanceRAl-Al 53.7,RAl-O52.2, and RO-O53.2 Å, the Al
atom is on the average surrounded by 8.26 Al atoms and
O atoms, while the O atom is surrounded by 2.83 Al ato
and 9.47 O atoms. To get a better idea of this, we show
Fig. 4 histograms with the distribution of coordination num
bers for different kinds of neighbors. We can see that the
related to the bond Al-O is very sharp: 548 (76%) of the
atoms have tetrahedral coordination, and 158 (23%) h
fivefold coordination, whereas only 12 Al atoms are sixfo
coordinated and 3 Al atoms have coordination 3. In the c
of oxygen atoms, most of them, 539 (78%), have coordi
tion 3, follow by 211 (20%) O atoms with coordination 2
and only 29(2%) with coordination 4. In contrast, the co
ordination number of Al-Al and O-O is rather broad, show
ing a maxima for 8 and 9 in Al-Al and 9 and 10 for O-O.

Further information about the local structural units is pr
vided by the angle distribution. In Fig. 5 we display the ang
distribution calculated with Al-Al, Al-O, and O-O cutoff dis
tances of 3.7, 2.2, and 3.7 Å, respectively. From the coo
nation numbers we infer that the basic unit is an Al ato
surrounded by four O atoms. It is well known that for a
2-4
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MOLECULAR DYNAMICS STUDY OF STRUCTURAL . . . PHYSICAL REVIEW B 65 104202
ideal tetrahedron the O-Al-O bond angle is cos21(21/3)
5109.47°, the O-O-O angle is 60°, and the Al-O-O angle
35.26°. The deviations from these values would indicate
amount of distortion with respect to an ideal tetrahedron. T
O-Al-O bond angle distribution has a peak at 104°(FWH
530°), O-O-O has a main peak at 60°(FWHM515°), and
Al-O-O present a main peak at 39°(FWHM515°). Thus,
combining this information with the interatomic distance a

FIG. 4. Distribution of Al and O nearest-neighbor coordinati
in amorphous Al2O3.

FIG. 5. Bond-angle distribution for amorphous Al2O3.
10420
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e
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coordination numbers, we can conclude that the elemen
unit of the system mainly consists of a slightly distort
(AlO4)52 tetrahedron. The other basic unit which emerg
from these data is a fivefold coordinated polyhedron AlO5,
although it is present to a much lesser extent~approximately
20%).

A summary of the short-range order described here is p
sented in Table I, together with the results extracted from
RMC model of Lamparter and Kniep. The table shows th
the differences in the interatomic distances are small,
coordination numbers being slightly larger in our work.39 On
the other hand, our results also compare well with the v
recent results of Refs. 16 and 17, regarding a MD simulat
of the oxidation process of an aluminum nanocluster. Th
found a Al-O bond length of 1.81 Å and O-Al-O angula
distribution peaked at 105°. The Al coordination numb
ranges between 3–4 and 4–5, depending of the radius o
spherical layer around the aluminum nanocluster.

C. Connectivity of the elementary units

The nearest-neighbor connectivity of these tetrahedra
the amorphous state is described by the Al-O-Al bond-an
distribution. It shows a small peak at 90°, and a main pea
120°, with a FWHM of 30°. Considering this value and th
remaining angle distributions one can infer that the tetra
dra are linked to each other in two principal ways, which a
shown in Fig. 6. The first model, Fig. 6~a!, correspond to a
corner-sharing tetrahedra network and is compatible to
peak observed at/Al-O-Al 5120°, the peak at/Al-Al-Al
560°, and the two peaks of the Al-Al-O distribution angle
30° and 90°.

On the other hand, Fig. 6~b! corresponds basically to a
edge-sharing polyhedra arrangement, in agreement with
small peak observed in the Al-O-Al bond angle distributi
at 90° and the peak at/Al-Al-Al 590° as well as the peak
shown by the Al-Al-O angle distribution at 45° and 90°. W
note that if one calculates the angle distribution and coo
nation numbers with a smaller Al-O cutoff distance, for e
ample 1.8 Å, the small peak at 90° in the Al-O-Al bon
angle distribution and the AlO5 polyhedron both disappea
given evidence for the assertion that this edge-sharing
mainly comes from the AlO5 polyhedron. In this sense, w
can have either two AlO5 edge-sharing polyhedra or a AlO4
linked by an edge to an AlO5 unit.

It is not difficult to see that the remaining peaks of t
Al-O-O, O-Al-O, and O-O-O angle distributions are compa

TABLE I. Short-range order in amorphous Al2O3. Comparison
of the RMC model of Lamparter and Kniep to our MD simulatio

Lamparter and Kniep This work

r ab nab r ab nab

Al-O 1.860.21 4.1 1.7660.1 4.25
O-O 2.860.58 8.5 2.7560.2 9.47
Al-Al 3.260.55 6 3.1260.25 8.26
2-5
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GONZALO GUTIÉRREZ AND BÖRJE JOHANSSON PHYSICAL REVIEW B65 104202
ible with both models. Of course, besides these two mod
there are other ways to connect the elementary units w
are compatible with the calculated data. For example, 2
of oxygen atoms have coordination 2, which means that
link is only between two elementary units.

D. Network topology

We can gain further insight into the nature of the conn
tivity of the elementary units beyond the nearest neighbo
terms of ann-fold ring analysis. Ann-fold ring is defined as
the shortest path of alternating Al-O bonds. Therefore,
n-fold rings consists of 2n alternating Al-O bonds.40 For
example, corundum has 40% of twofold and 60% of thr
fold rings whereasu-alumina has 23% of twofold rings
62% of threefold rings, and 15% of fourfold rings. In Tab
II we display the calculated ring statistics of amorphous a
mina. We found a distribution from twofold to sixfold rings

FIG. 6. Model for connectivity of the basic units in amorpho
Al2O3. ~a! Corner-sharing tetrahedra,~b! edge-sharing polyhedra. In
both figures, the small spheres correspond to aluminum atoms
the big spheres to oxygen atoms.
10420
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with a peak at fourfold rings (43.9%), followed by threefo
rings (37.7%), fivefold-rings (12.5%), and twofold ring
(9.1%). According to the angle distributions within the ring
where the twofold rings Al-O-Al and O-Al-O angle distribu
tions have a peak at 90° and the threefold rings Al-Al-Al a
O-O-O angle distributions have a peak at 60° both two- a
threefold rings are planar, in contrast to four- and fivefo
rings which have more complex structure. The presence
twofold rings means that the connectivity of (AlO4)52 units
consists not only of corner-, but also of edge- and/or fa
sharing tetrahedra. However, the modest number of two
rings suggests that most tetrahedra are linked to each o
by the corner, as in Fig. 6~a!, rather than by the edge and/o
the face.

The ring statistics provides us with a deeper understa
ing of the amorphous network topology. Note that for
sample withN fourfold coordinated Al atoms there are 4N
3 3

2 56N rings in the system, which corresponds to the
paths of the type O-Al-O present in the tetrahedron AlO4.
Similarly, in the case ofN fivefold andN sixfold coordinated
Al atoms there are 5N3 4

2 510N, and 6N3 5
2 515N rings in

the systems, respectively. Thus, knowing that we ha
3AlO3 ,548 AlO4 ,158 AlO5, and 11 AlO6 elementary units
in the actual system, the total number of rings present in
system can be estimated as 3331635481103158115
31155042, i.e., very close to the actual calculated value
5000. This give us proof of the internal consistency of o
analysis.

By calculating the coordination numbers and the ring s
tistics with different Al-O cutoff distances, we were able
determine that the twofold rings come from AlO5, as already
pointed out, whereas the fivefold rings are not related
AlO5 polyhedra. Moreover, we calculated approximately t
number ofn-fold rings which start either from a AlO4 or a
AlO5 elementary unit, obtaining 833 threefold rings, 17
fourfold rings, and 664 fivefold rings starting from a AlO4
tetrahedron. This gives a total of 3284 rings, close to
estimated 3288 corresponding to the tetrahedron. In the
of the AlO5 polyhedron, the corresponding total number
rings was estimated to be 1580, which can be decompo
into 458 twofold rings, 850 threefold rings, and 365 fourfo
rings, giving a total of 1670 rings. The small difference wi
respect to the estimated value is due to the rings that s
from a octahedron, which are not taken into account her41

IV. DISCUSSION

We will now comment about our findings in relation t
the available experimental information, to the structu
properties of the liquid, and to the different crystalline phas
of alumina.

Most of the amorphous samples of the experiments
mention here has been prepared by anodic oxidation7,8,10,42

nd

TABLE II. Distribution of rings in amorphous Al2O3.

Ring size~n! 2 3 4 5 6 7

Number of rings 458 1683 2149 664 45 1
2-6
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TABLE III. Density, coordination number, Al-O bond length, and rings statistic in terms ofn-fold rings,
for amorphous alumina~at l.d.: low density, at 3.175 g/cm3, and at h.d.: high density!, liquid alumina, and
the crystal phasesg,u, anda-Al2O3. The phase and mass density are given in the first and second colu
respectively. In the third column the coordination number of Al as well as of the O atom is given, wi
respective percentage in brackets. Bond length is given in the fourth column; the upper number is th
distance with higher multiplicity, and the lower number is the range of the bond length. In the last colum
present the percentage ofn-fold rings, from 2-fold to 6-fold ring.

Density Coordination Bond length Ring distribution (%)
Phase (g/cm3) number Al-O (Å) 2 3 4 5 6

Amorphous 3.0 Al:3(1%),4(85%),5(13%),6(1%) 1.76 8.5 30.5 42 16.9 1.9
~l.d.! O: 2(25%),3(74%),4(1%) ~1.71–1.79!
Amorphous 3.175 Al: 4(76%),5(22%),6(2%) 1.76 9.1 33.7 42.9 13.2 1

O: 2(20%),3(78%),4(2%) ~1.71–1.79!
Amorphous 3.3 Al: 4(65%),5(31%),6(4%) 1.76 11.4 36.9 40.9 10.4 0.3
~h.d.! O: 2(14%),3(80%),4(6%) ~1.71–1.79!
Liquid 3.175 Al: 3(13%),4(66%),5(20%) 1.75 13 24.6 31.6 22.6 7.5

O: 2(31%),3(61%),4(6%) ~1.71–1.79!
g 3.66 Al: 4(30%),6(70%) 1.941 40 40 18.5 1.5 0

O: 3(50%),4(44%),5(6%) ~1.77–2.24!
u 3.6-3.65 Al: 4(50%),6(50%) 1.904 23 62 15 0 0

O: 3(66.6%),4(33.3%) ~1.71–2.03!
a 3.98 Al: 6(100%) 1.97, 1.85 40 60 0 0 0

O: 4(100%)
ts
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or by rf sputter deposition.43 In general these experimen
agree in that the Al-O bond length distance is between
and 1.9 Å, and the Al coordination number has a value
tween 4.1 and 4.8. As regards the coordination number, it
been assumed that the elementary units of these systems
sist of both (AlO4) and (AlO6) polyhedra, whose proportion
depends on the different methods of preparation. For
ample, Okaet al.7 quote (AlO4)/(AlO6) ratios of 70:30 and
60:40 from films formed in sulphuric acid using ac and
polarizing voltages, respectively. El-Mashri and co-worke8

applied a simple model proposed by Normanet al.42 to cor-
relate the Al-O bond length with the Al coordination numb
By using that model, which assumes predominantly io
bonds and the presence of only tetra- and octahedrally c
dinated Al atoms, they estimated the proportions of (AlO4)
and (AlO6) from the reported data. Thus, the bond leng
RAl-O51.85 Å corresponds to an (AlO4)/(AlO6) ratio of
70:30 ~Ref. 42! and the Al coordination number of 4.8 co
responds to an (AlO4)/(AlO6) ratio of 60:40~Ref. 43!. Fi-
nally, for their own experiment they found two different va
ues. In the tartrate-formed films~the so-called nonporou
films!, with an Al-O bond length of 1.9 Å, the estimate
proportion for the (AlO4)/(AlO6) ratio is 20:80. In contrast
the film formed in phosphoric acid~the so-called porous
films! appears to be composed of only tetrahedrally coo
nated Al atoms or even lower coordination. Lamparter a
Kniep,10 after having analyzed their data by means of
RMC method, reported 20% of Al atoms with coordinatio
3, 56% with coordination 4 and 22% with coordination
The presence of a AlO5 polyhedra is also reported from me
surements done by Satoet al.6 using NMR on an
Al2O3-SiO2 glass system quenched from the melt. The
10420
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findings are supported by our simulation, where besides
AlO4 tetrahedron (76%), an important proportion of AlO5

polyhedra was found (21%).
In Table III we present a summary of our results togeth

with the ones reported for liquid alumina15 and structural
properties of some crystalline Al2O3 polymorphs.44–46 We
note that the amorphous phase follows the same trend
liquid alumina: the Al coordination number of both phas
has a peak at 4, and also the ring distribution presents a p
at the four fold ring. Because of the higher temperature,
coordination number distribution is broader in the liquid th
in the amorphous phase. Since on the experimental side
coordination number and, therefore, the proportion of diff
ent polyhedra appear to be related to the density of
sample,47 we checked our results over a density range fr
3.0 to 3.3 g/cm3. The small differences found in the bon
length and angle distributions are reflected in the coordi
tion number and ring distribution. It is clear from Table I
that in the simulated amorphous alumina the number of ov
coordinated polyhedra (AlO5 ,AlO6) increases at the sam
time as the number of less-coordinated polyhe
(AlO3 ,AlO4) decreases, according to the density incre
from 3.0 to 3.3 g/cm3. In particular, the Al coordination
number changes from 4.15 in the low-density system to 4
in the high-density system. Therefore, we found the sa
behavior as reported in the experiments. Interestingly,
increase of the Al coordination number as the density
creases could be related to an amorphous-amorphous p
transition,48 which would occur at higher densities, similar
the ones observed in other tetrahedral network, such as a
phous silica49 and germania.50,51The decrease of the fractio
of large size rings with respect to the increase in density
2-7
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consistent with the decrease of three- and four-coordin
and the increase of five-, and six-coordinated Al atoms. Th
highly coordinated polyhedra increase the number of sm
size rings and vice-versa, a trend also observed in amorp
SiO2.52,53

It is also interesting to compare the results of our simu
tion to the structural properties of the crystalline phas
Al2O3 has many metastable structures, the so-called ‘‘tra
tion alumina,’’ which are achieved by dehydration proces
~thermal treatment!. These processes are irreversible and
result ina-Al2O3, a stable phase with a rhombohedral str
ture. Among these transition aluminas are theg-Al2O3 ~cu-
bic spinel structure!,54, the d-Al2O3 ~tetragonal structure!,
and theu-Al2O3 ~monoclinic structure!. Since our amor-
phous Al coordination number is close to bulku-Al2O3, this
might suggest that this crystal phase is the most likely on
obtain from the amorphous state. However, it is known t
the following phase transformation to the stablea phase
takes place:

amorphous→g→d→u→a2Al2O3 .

There is experimental evidence indicating that the Al ato
have a low coordination at theg-alumina surfaces,55 and it
has been proposed that these surfaces could be conside
an amorphous like phase.56 Our calculated coordination
numbers support this conclusion, showing quite good ag
ment with the coordination numbers of the simulated surf
from Ref. 56. It should be noted that some authors h
related the amorphous state directly tog-alumina.57 Simi-
larly, its short-range order has been related qualitatively
the arrangements of aluminum atoms in bohemite
pseudo-bohemite modifications ofg-alumina.58 Also, re-
cently it has been pointed out that different local structure
the amorphous aluminum oxide scale exist from Al na
clusters to the bulk Al surface.17 Thus, according to the ex
perimental data, it seems that there are~at least! two kinds of
amorphous alumina, namely,~a! one where the elementar
units mainly consists of AlO6 octahedra and~b! another
where most of the elementary units consist of AlO4 tetrahe-
dra. Our simulations, as well as the experiments on por
samples, correspond to the latter. These two kinds of am
phous alumina would have different densities.
ic
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V. CONCLUSIONS

In this paper we have investigated the structural proper
of amorphous alumina by means of the molecular dynam
technique, using a pairwise potential. Our simulation allow
us to give a detailed account of the structural properties
amorphous alumina at the microscopic level and showe
favorable agreement with the experimental data from
work of Lamparter and Kniep,10 especially as regards th
short-range order.

The simulation shows that the amorphous state ma
consists of an arrangement of AlO4 tetrahedra, linked to eac
other by corners, with the Al-O-Al bond-angle distributio
peaked at 120°. This defines a network with a majority
three- and fourfold rings, where the threefold rings are p
nar, but where the fourfold rings present a more comp
structure. These results show qualitative similarities to
structure of liquid alumina, both above the melting point a
for the supercooled liquid. Also, we found that the calcula
amorphous structure presents striking similarities to
structure of the surface ofg-alumina at room temperature. I
this sense, our simulations give support to the picture
regards the surface ofg-alumina as an amorphous like phas

The MD results for systems at three different densiti
3.0, 3.175, and 3.3 g/cm3, show an increase of the coord
nation number of the elementary unit as the density
creases. Accordingly, the number of overcoordinated poly
dra (AlO5 ,AlO6) increases. This fact suggests that t
tetrahedrally and octahedrally coordinated amorpho
alumina found experimentally correspond to different den
ties of the samples. Similarly, it is interesting to note that
change of Al-O coordination number probably is due to
amorphous-amorphous phase transition, which is likely
take place at higher densities.
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